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Preface

v

It is a rote of modern molecular biology classrooms to stress the importance of DNA–
protein interactions by pointing out that species such as the bonobo and the human being 
share more than 95% of their genes – a level of similitude far exceeding that of, say, the 
translations of the Odyssey by Robert Fitzgerald and by Samuel Butler. The nonnegligible 
differences between our hirsute cousins and us, the argument goes, must find its explana-
tion not so much in what genes we both use but in when and to what extent they are used. 
Hence the truly vital importance of understanding how regulatory proteins, be they active 
or passive, activating or inhibiting, interact with the genetic material to see it expressed in 
the proper way.

We say  vital not only in the strictly intellectual sense of understanding the basic mech-
anisms of the living world (although that would seem to be a worthwhile goal in itself) 
but because our lives as individuals may well soon depend on an ever more precise under-
standing of gene expression. Following the discovery and widespread use of antibiotics 
in the mid-twentieth century, and the massive campaigns of vaccination that eradicated 
smallpox and helped control ancient scourges such as polio and tuberculosis, our species 
has recently become free, for the first time in its history, of the constant and urgent threat 
of infectious diseases. Next on the list of challenges to our health come problems associ-
ated with our recent extended lease on life, problems that are statistically rare in young 
people but tend to crop up in our later days. Type II diabetes, cardiovascular problems, 
neurodegeneracy, cancer, these are the new specters that haunt each of our visits to the 
doctor’s office. These diseases have multiple etiologies and we have had some success in 
identifying and correcting some of their causes (be they environmental, related to our 
lifestyle or triggered by certain pathogens). In the long run, however, we understand 
that truly vanquishing them will demand a thorough understanding of the molecular 
mechanisms that turn cells immortal, that cause neurons to start dying, or that make cells 
insensitive to insulin. The same will hold true of multiple but less heralded pathological 
conditions associated with an improperly expressed genome, which are certainly as impor-
tant to the person enduring them as cancer would be to the population at large.

Of course, the relevance of DNA–protein interactions is not limited to biology, medi-
cine, or pharmacology. The word “biotechnology” coined by the Hungarian Karl Ereky 
in 1919 originally described the use of preexisting biological material for the creation 
of products and services but has come to signify much more in recent years. Gene splic-
ing and the creation of transgenic species have fairly revolutionized agriculture, and in a 
world of roughly 7 billion mouths to feed, that qualifies as a life-altering realization in 
more ways than one. As we learn more and more about the interaction between DNA and 
the proteins that see to its proper expression in an ever-increasing number of species, we 
will be in a position to augment the benefits we reap from nature while at the same time 
minimizing our footprint on the environment. Whether this goal will be reached or not 
is another matter, but it is certainly easier to devise more efficient and environmentally 
friendly agribusiness strategies with a better understanding of how the world actually 
functions than relying on wild guesses and wishful thinking. Not content with modifying 
existing species, we have also taken the first steps in devising new life forms that may help, 



for example, cleaning up oil spills; the success of such endeavors will rely heavily on our 
understanding of gene expression.

This is the third edition of DNA–Protein Interactions: Principles and Protocols. 
Each edition is separated from its predecessor by roughly 7 years, a period that appears 
to be sufficient for the field to come up with wild innovations in technology and its 
applications. New protocols are added to each successive edition, sometimes based on 
the novel use of ancient techniques, sometimes relying on new technological advances, 
but most of the time on some new integration of the two. These new ways to do things 
allow us to study where, when, and to what extent proteins interact with DNA, and 
that with an unprecedented precision and on a larger scale than ever. The current 
edition has retained updated versions of the basic techniques, the old-but-trusted ones 
that may never go out of fashion, but the impetus for this edition is the recent develop-
ment of in vivo and genome-wide interaction techniques that have taken the domain 
by storm. The results obtained by years of in vitro techniques make everyone curious 
about whether they can be translated to an in vivo context, with DNA packaged in 
chromatin, and with several signaling cascades and protein actors all acting their part 
in unison. We are therefore happy to present several chapters on chromatin immuno-
precipitation and other in vivo techniques. Along with new chapters on topological 
studies, photocrosslinking, FRET, and imaging techniques, we believe that this new 
edition will prove a worthy and practical addition to the series. As always, following 
the enlightened format of Methods in Molecular Biology, each protocol is rich in notes 
that authors think are important but which rarely make it into the spartan protocols 
that accompany most research papers. In the past, such notes were always our favorite 
part of these protocols, and we are glad to once again be able to exclaim “so that’s 
how they do it” while perusing the notes section. It should be mentioned that some 
protocols featured in previous editions did not make it this time around, as they were 
either unchanged or perhaps less frequently used, but they are luckily still available on 
the SpringerProtocols.com database.

Although rapid progress in analytical capacities is something to be very proud of, we 
think it would be presumptuous to claim that the study of DNA–protein interactions has 
“finally come of age” following the recent (and sometimes spectacular) advances described 
in these pages. That is certainly not meant to belittle such amazing approaches as microar-
ray-based gene expression analysis, atomic force microscopy studies, or ChIP-on-chip 
cartography, all of which were technological quantum leaps in the field and important 
enough to warrant the use of that overwrought cliché. It is meant, however, to emphasize 
the speed at which our fast-evolving technology allows us to ask new questions and to 
provide new answers. In a sort of biological application of Moore’s law, we now live in a 
world where our ability to generate data on DNA–protein interactions and our ability to 
analyze it seems to increase exponentially, while the costs involved are getting low enough 
that experiments that were once the sole purview of big laboratories become available to 
most everyone. (Granted, we still have some work to do regarding the lowering of costs, 
but we are getting there.) The ingenuity of the scientific and engineering communities, 
driven by more and more demands from the medical and biotechnology fields, is bound 
to give rise to even more startling analytical technologies in the future, and personally I 
cannot wait to read further editions of this volume. I am sure that I will be as amazed then 
as I was this time around.

vi  Preface



  Preface vii

The current edition would not have been possible without the pioneering work of 
Geoff Kneale on the first edition, or without the expansion and diversification made by 
Tom Moss in the second edition. Both have my gratitude, and I thank Tom for bringing 
me aboard as coeditor for this third edition.

Have fun in the laboratory.

 Benoît Leblanc
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 Chapter 1     

  Filter-Binding Assays        

     Peter G.   Stockley       

  Summary 

 Structural studies of DNA–protein complexes reveal networks of contacts between proteins and the 
phosphates, sugars and bases of DNA. Our understanding of these structures, especially at the usual level 
of resolution for complexes between proteins and DNA (1.5–3.0 Å), is not sufficient to be able to infer 
directly the relative contributions of each contact to the overall binding energy. A range of biochemical 
methods have therefore been developed in order to probe the relative affinities of proteins for particu-
lar DNA target sites in vitro. Of these, one of the easiest and most widely used is nitrocellulose filter-
binding. By exploiting the differential adsorption to nitrocellulose of proteins and peptides compared to 
nucleic acids, it is possible to prepare equilibrium mixtures of the proteins and nucleic acids of choice and 
estimate the amount of complex formation by rapid filtration. The concentration dependence of binding 
yields estimates of the equilibrium dissociation constant and trivial variations allow access to kinetic and 
thermodynamic data. The use of this technique is illustrated here using results from our experiments with 
the  Escherichia coli  methionine repressor, MetJ.  

  Key words:   Filter-binding ,  DNA–protein interactions ,  Affinity and kinetics ,  MetJ ,  Methionine 
repressor.    

 

 Adsorption of biological samples to nitrocellulose in one form 
or another has been known for a very long time  (1)  but it was 
not until the 1960s that this property was exploited for the study 
of protein–nucleic acid complex formation, firstly for RNA–
protein complexes  (2) , and only then for DNA–protein interaction 
studies  (3) . The principle of the technique is straightforward. 
Under a wide range of buffer conditions, nucleic acids pass freely 

 1. Introduction  
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through nitrocellulose membrane filters, whereas proteins and 
their bound ligands are retained. Thus, if a particular protein 
binds to a specific DNA sequence, passage through the filter will 
result in retention of a fraction of the protein–DNA complex by 
virtue of the protein component of that complex. The amount of 
DNA retained can then be determined allowing a binding curve 
to be constructed. Although filtration results in a separation of 
an equilibrium mixture, it is relatively rapid and can be used to 
analyze both binding equilibria and kinetic behavior  (4–  6) , and, 
if the DNA samples retained on the filter and in the filtrate are 
recovered for further processing, the details of the specific bind-
ing site can be probed by interference techniques  (7,   8) . The 
assay has also been used as the basis for fractionating the bound 
and unbound components in in vitro selection (SELEX) experi-
ments  (9–  11) . The technique has a number of advantages over 
footprinting and gel retardation assays, although there are also 
some relative disadvantages, especially where multiple proteins 
are binding to the same DNA molecule. We have used the tech-
nique to examine the interaction between the  E. coli  methionine 
repressor, MetJ, and its various operator sites cloned into restric-
tion fragments  [(12–  14) ,  see   Figs.1      and  2 , and also the Chapter 
entitled “Ethylation Interference Footprinting of DNA–Protein 
Complexes”]. Results from these studies will be used to illustrate 

  Fig. 1.    The structure of the minimal MetJ repressor–operator complex (pdb 1cma). The sequence of the consensus two 
met box operator ( top strand  ) is shown alongside from 5 ¢  ( top ) to 3 ¢  ( bottom ). The repressor is shown as a  ribbon  rep-
resentation with one subunit  shaded . The corepressor molecules (AdoMet) are shown as  ball  and  stick  representations 
and the DNA operator is a framework model. (I am grateful to Prof. Simon Phillips and his colleagues for production of 
this figure.)       .
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the basic technique. The amount of DNA retained on the filter is 
most often determined using radioactively labeled samples. There 
are now also a number of nonradioactive alternatives that avoid 
the use of radioisotopes  (15,   16) . In addition, an innovation to 

  Fig. 2.    Filter-binding assay of MetJ:operator interaction. ( a ) A plot of the fractional satu-
ration with respect to repressor concentration of radiolabeled DNA fragments encom-
passing an operator consisting of two adjacent consensus met boxes cloned into a 
polylinker ( open square ); the same site cloned with anti-met boxes (sequences least 
likely to allow nonspecific binding by MetJ  (12) ;  open circle ) and the same polylinker 
lacking the insert, i.e., a nonspecific control ( filled square ). The  curve  drawn through the 
met box data is for a Hill plot model with weakly interacting sites. ( b ) A plot of log  K  d  
vs. −log [KCl] determined by filter-binding assays of the operator containing fragment 
from ( a ), demonstrating the strong ionic strength dependence of the interaction. Figure 
redrawn from  (14)        .
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allow simultaneous determination of the amount of uncomplexed 
DNA, by passing the filtrate from the nitrocellulose sheet directly 
through an adjacent DEAE membrane that retains all unbound 
DNA, allows improved quantitation of interactions in a higher 
throughput format  (17) . Readers interested in these variations 
of the basic protocol described here should consult the primary 
references.   

 Before discussing the experimental protocols involved with 
such assays it is important to understand some fundamental 
properties of the filters being used. Nitrocellulose is a nitrated 
derivative of cellulose in which all the hydroxyl groups have been 
substituted. It therefore presents hydrophobic surfaces to pro-
tein molecules. The filters contain long pores through which the 
molecules must pass but these are much larger than the biologi-
cal samples that get retained, so the physical basis of the tech-
nique is adsorption to the hydrophobic surface. In the past it 
has been assumed that this adsorption property is universal 
and that all proteins, even short peptides with molecular weights 
>2 kDa  (18)  will stick, although it was known that they do so 
with different efficiencies. More recent experiments with the  lac  
repressor system, which was used to develop the assays initially 
 (4–  6) , have shown that complexes containing DNA loops with 
protein bound simultaneously to two targets sites in the same 
fragment have dramatically lower retention efficiencies than that 
of singly bound species  (19) . 

 The cause of this change in relative retention of the same 
protein has been investigated in detail and provides an impor-
tant caveat for all assays of protein–nucleic acid interactions using 
nitrocellulose filters  (20) . It seems that proteins are “sticky” only 
if they have hydrophobic, and somewhat unstructured, regions on 
their surfaces. Lac repressor, in common with many other DNA-
binding proteins, is relatively dynamic in the DNA-binding 
motif and careful experiments have established that it is the DNA-
binding motif that allows the protein to stick to filters. Thus 
DNA-binding and filter-binding are competing for the same sites 
on the protein and when the DNA-binding sites in the repressor, 
which is normally a tetramer of 38 kDa subunits, are saturated 
the complex will not be retained by the filter and a naïve inves-
tigator would draw the wrong conclusion about the result. It is 
therefore important to validate these assays before spending a 
great deal of time on them. This is best done by showing that 
proteins of interest still bind to the filters even when saturated 
with excess target DNA. This allows the retention efficiency to be 
estimated. Tractable experimental values range from 30 to >95%. 
An example of the sort of results obtained with the MetJ repres-
sor is shown in  Fig. 2a   .  
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      1.    Plasmid DNA carrying the binding site for a DNA-binding 
protein on a convenient restriction fragment (usually <200 
bp).  

    2.    Restriction enzymes and the appropriate buffers as recom-
mended by the suppliers.  

    3.    Phenol: Redistilled phenol equilibrated with 100 mM Tris–
HCl, pH 8.0.  

    4.    Chloroform.  
    5.    Solutions for ethanol precipitation of DNA: 4 M NaCl and 

ethanol (absolute and 70%, v/v).  
    6.    Alkaline phosphatase (AP), from calf intestine or shrimp.  
    7.    AP reaction buffer, 10×: 0.5 M Tris–HCl, pH 9.0, 0.1 M 

MgCl 2 , 0.001 M ZnCl 2 .  
    8.    TE buffer: 10 mM Tris–HCl, pH 8.0, 1 mM ethylenediami-

netetra-acetic acid (EDTA).  
    9.    Sodium dodecyl sulfate (SDS) 20% (w/v).  
   10.    Ethylene diaminetetra-acetic acid (EDTA), 0.25 M, pH 8.0.  
   11.    T 4  polynucleotide kinase (T 4  PNK).  
   12.    T 4  PNK reaction buffer, 10×: 0.5 M Tris–HCl, pH 7.6, 0.1 M 

MgCl 2 , 0.05 M dithiothreitol.  
   13.    Radioisotope: [ g - 32 P] ATP, typical specific activity >6,000 

Ci/mmol. Use appropriate measures for protection against 
this radiation hazard.  

   14.    30% (w/v) Acrylamide stock (29:1 acrylamide:  N , N  ¢ -
methylene-bis-acrylamide).  

   15.    TBE buffer, 5×: 450 mM Tris–borate, 5 mM EDTA, pH 8.3.  
   16.    Polyacrylamide gel elution buffer: 0.3 M sodium acetate, 

0.2% (w/v) SDS, 2 mM EDTA.  
   17.    Polymerization catalysts: ammonium persulfate (10%, w/v) 

and  N , N , N  ¢ , N  ¢ -tetramethylethylene diamine (TEMED).      

      1.    Nitrocellulose filters: We use HAWP (00024) filters from 
Millipore (Bedford, MA) but suitable filters are available 
from a number of other manufacturers, such as Schleicher 
and Schuell (Dassel, Germany). Filters tend to be relatively 
expensive. Some manufacturers produce sheets of membrane 
that can be cut to size and are thus less expensive.  

    2.    Filter-binding buffer (FB): 100 mM KCl, 0.2 mM EDTA, 
10 mM Tris–HCl, pH 7.6.  

 2. Materials  

 2.1. Preparation of 
Radioactively 
End-Labeled DNA 

 2.2. Filter-Binding 
Assays 
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    3.    Binding buffer (BB): This is FB containing 50  m g/mL 
bovine serum albumin (BSA, protease and nuclease free;  see  
 Note 1   ).  

    4.    Filtration manifold and vacuum pump: We use a Millipore 
1225 Sampling Manifold (cat. no. XX27 025 50), which has 
12 sample ports.  

    5.    Liquid scintillation counter, vials, and scintillation fluid.  
    6.    Siliconized glass test tubes.  
    7.    TBE buffer: 89 mM Tris, 89 mM boric acid, 10 mM EDTA, 

pH 8.3.  
    8.    Formamide/dyes loading buffer: 80% (v/v) formamide, 0.5× 

TBE, 0.1% (w/v) xylene cyanol, 0.1% (w/v) bromophenol 
blue.  

    9.    Sequencing gel electrophoresis solutions and materials: 19% 
(w/v) acrylamide, 1% (w/v) bis-acrylamide, 50% (w/v) urea 
in TBE.  

   10.    Acetic acid (10%, v/v).       

 

      1.    Digest the plasmid (20  m g in 200  m L) with the restriction 
enzymes used to release a suitably sized DNA fragment (usu-
ally <200 bp). Extract the digest with an equal volume of 
buffered phenol and add 2.5 vol of ethanol to the aqueous 
layer in order to precipitate the digested DNA. If preparing 
samples for interference assays, only one restriction digest 
should be carried out at this stage.  

    2.    Add 50  m L 1× calf intestinal phosphatase (CIP) reaction 
buffer to the ethanol-precipitated DNA pellet (<50  m g). Add 
1 U CIP and incubate at 37°C for 30 min followed by addi-
tion of a further aliquot of enzyme and incubate for a further 
30 min. Terminate the reaction by adding SDS and EDTA 
to 0.1% (w/v) and 20 mM, respectively, in a final volume of 
200  m L and incubate at 65°C for 15 min. Extract the digest 
with buffered phenol, then with 1:1 phenol:chloroform, and 
finally ethanol precipitate the DNA from the aqueous phase 
as above.  

    3.    Redissolve the DNA pellet in 18  m L 1× T 4  PNK buffer. Add 
20  m Ci [ g - 32 P] ATP and 10 U T 4  PNK and incubate at 37°C 
for 30 min. Terminate the reaction by phenol extraction and 
ethanol precipitation (samples for interference assays should 
be digested with the second restriction enzyme at this point). 

 3. Methods  

 3.1. Preparation of 
End-Labeled DNA 
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Redissolve the pellet in nondenaturing gel loading buffer 
and electrophorese on a nondenaturing polyacrylamide gel.  

    4.    After electrophoresis, separate the gel plates, taking care to 
keep the gel on the larger plate. Cover the gel with plastic 
wrap and, in the darkroom under the safe-light, tape a piece 
of X-ray film to the gel covering the sample lanes. With a 
syringe needle, puncture both the film and the gel with a 
series of registration holes. Locate the required DNA frag-
ments by autoradiography of the wet gel at room tempera-
ture for several minutes ( » 10 min). Excise slices of the gel 
containing the bands of interest using the autoradiograph as a 
guide. Elute the DNA into elution buffer overnight (at least) 
at 37°C. Ethanol precipitate the eluted DNA by adding 2.5 
vol of ethanol, wash the pellet thoroughly with 70% (v/v) 
ethanol, dry briefly under vacuum, and rehydrate in a small 
volume ( ~ 50  m L) of TE. Determine the radioactivity of the 
sample by liquid scintillation counting of a 1- m L aliquot.      

       1.    Presoak the filters in FB at 4°C for several hours before use. 
Care must be taken to ensure that the filters are completely 
“wetted.” This is best observed by laying the filters carefully 
onto the surface of the FB using blunt-ended tweezers.  

    2.    Prepare a stock solution of radioactively labeled DNA frag-
ment in an appropriate buffer, such as FB. We adjust con-
ditions so that each sample to be filtered contains roughly 
20,000 cpm. Under these conditions the DNA concentra-
tion is <1 pM. Aliquot the stock DNA solution into plastic 
Eppendorf tubes. It is best at this stage if relatively large vol-
umes are transferred in order to minimize errors caused by 
pipeting. We use 180  m L per sample. If the DNA-binding 
protein being studied requires a cofactor, it is best to add it 
to the stock solution at saturating levels so that its concentra-
tion is identical for every sample.  

    3.    Prepare a serially diluted range of protein concentrations 
diluting into binding buffer (BB). A convenient range of 
concentrations for the initial assay is between 10 −11  and 10 −5  
M protein.  

    4.    Immediately add 20  m L of each protein concentration care-
fully to the sides of the appropriately labeled tubes of stock 
DNA solution. When the additions are complete centrifuge 
briefly (5 s) to mix the samples and then incubate at a tem-
perature at which complex formation can be observed (37°C 
for MetJ). For each binding curve it is important to prepare 
two control samples. The first contains no protein in the 20 
 m L of BB and is filtered to determine the level of background 
retention. The second is identical to the first but is added 
to a presoaked filter in a scintillation vial ( see  step 6  ) and is 

 3.2. Filter-Binding 
Assays 

 3.2.1. Determination of 
the Apparent Equilibrium 
Constant 
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dried directly without filtering. This gives a value for 100% 
input DNA.  

    5.    After an appropriate time interval to allow equilibrium to be 
established, re-centrifuge the tubes to return the liquid to 
the bottom of the tube and begin filtering.  

    6.    The presoaked filters are placed carefully on the filtration 
manifold ensuring that excess FB is removed and that the fil-
ter is not damaged. Cracks and holes are easily produced by 
rough handling. The sample aliquot (200  m L) is then imme-
diately applied to the filter, where it should be held stably 
by surface tension. Apply the vacuum. If further washes are 
used they should be applied as soon as the sample volume has 
passed through the filter. Remove the filter to a scintillation 
vial and continue until all the samples have been filtered.  

    7.    The scintillation vials should be transferred to an oven at 
60°C to dry the filters thoroughly ( » 20 min) before being 
allowed to cool to room temperature and 3–5 mL of scintil-
lation fluid added. The radioactivity associated with each fil-
ter can now be determined by counting on an open channel 
( see   Note 2   ).  

    8.    Correct the value for each sample by subtracting the counts 
in the background sample (no protein). Calculate the per-
centage of input DNA retained at each protein concentration 
using the value for 100% input from the unfiltered sample. 
Plot a graph of percentage retained vs. the logarithm of the 
protein concentration (e.g.,  Fig. 2a   ). The binding curve 
should increase from left to right until a plateau is reached. 
This is rarely at 100% of input DNA. The plateau value can 
be assumed to represent the retention efficiency, and for 
quantitative measurements the data points can be adjusted 
accordingly. There is not enough space here to describe in 
detail the form of the binding curve or how best to inter-
pret the data. (For an authoritative yet accessible account 
 see   ref. 21. ) For our purposes the protein concentration at 
50% saturation can be thought of as the equilibrium dissocia-
tion constant ( K  d ) under these conditions.  

    9.    Once an initial binding curve has been obtained, the experi-
ment should be repeated with sample points concentrated in 
the appropriate region, i.e., the region where the percentage 
retained is changing most rapidly.     

 Control experiments with DNAs that do not contain specific 
binding sites should also be carried out to prove that binding 
is sequence specific ( Fig.  2a  ). Highly diluted protein solutions 
appear to lose activity in our hands possibly because of nonspecific 
absorption to the sides of tubes, among other things. We there-
fore produce freshly diluted samples daily. BB can be stored at 
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4°C for several days without deleterious effect. Ideally binding 
curves should be reproducible. However, there is some variability 
between batches of filters and we therefore recommend filtering 
triplicate samples at every protein concentration and not switching 
lot numbers during the course of one set of experiments.  

  Kinetic analysis of the binding reaction depends on prior deter-
mination of the equilibrium binding curve, especially the concen-
tration of DNA-binding protein required to saturate the input 
DNA. This information allows a reaction mixture to be set up 
containing a limiting amount of protein, for example, at a protein 
concentration that produces 75% retention. Both association and 
dissociation kinetics can be studied. The major technical prob-
lem arises because of the relatively rapid sampling rates that are 
required. However, it is almost always possible to adjust solu-
tion conditions such that sampling at 10 s intervals is all that is 
needed. Dissociation measurements often need to be made over 
periods of up to 1 h, whereas association reactions are usually 
complete within several minutes. 

  Repeat  steps 1  and  2  of Subheading  3.2.1  but do not aliquot the 
stock DNA solution. Add to this sample the appropriate concen-
tration (i.e., which produces  ~ 75% retention) of stock protein 
and allow to equilibrate. Add a 20-fold excess of unlabeled DNA 
fragment containing the binding site and begin sampling ( » 200-
 m L aliquots) by filtration. Plots of radioactivity retained vs. time 
can then be analysed to derive kinetic constants. In the simplest 
case of a bimolecular reaction, a plot of the natural logarithm of 
the radioactivity retained at time  t  divided by the initial radioac-
tivity vs. time yields the first-order dissociation constant from the 
slope. An important control experiment is to repeat the experi-
ment with competitor DNA that does not contain a specific bind-
ing site to show that dissociation is sequence specific. 

 A variation of this experiment can be used in which the con-
centration of protein in the reaction mix is diluted across the range 
where most complex formation occurs such that the final protein 
concentration is well below the  K  d . In this case it is necessary to 
prepare the initial complex in a small volume ( » 50  m L) and then 
dilute 100× with BB, followed by filtering 500- m L aliquots.  

  Set up a stock DNA concentration in a single test tube as above 
(Subheading  3.2.1 ,  steps 1  and  2) . Incubate both this DNA and 
the appropriate solution of protein at the temperature at which 
complexes form. Add the appropriate volume of protein (e.g., 
200  m L) to the DNA stock solution (1,800  m L) and immediately 
begin sampling (10 × 200  m L aliquots).   

  Experiments of this type can be used to gain information about 
the site on the DNA fragment being recognized by the protein. 

 3.2.2. Kinetic 
Measurements 

 Dissociation 

 Association 

 3.2.3. Interference 
Measurements 
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The principle is identical to that used in gel retardation interfer-
ence assays but has the advantage that the DNA does not have to 
be eluted from gels after fractionation.
   1.    Modify the purified DNA fragment radiolabeled ( ~ 100,000 

cpm) at a single site with the desired reagent; for example, 
hydroxyl radicals, which result in the elimination of individual 
nucleotide groups  (12) , dimethyl sulfate, DMS  (11) , which 
modifies principally guanines, or ethyl nitrosourea, ENU ( see  
Chapter “Ethylation Interference Footprinting of DNA–Protein 
Complexes”), which ethylates the nonesterified phosphate 
oxygens. These techniques are covered in detail in Chapters 
“Hydroxyl Radical Footprinting of Protein–DNA Complexes,” 
“Identification of Protein/DNA Contacts with Dimethyl Sul-
fate: Methylation Protection and Methylation Interference,” 
and “Ethylation Interference Footprinting of DNA–Protein 
Complexes,” respectively. The extent of modification should 
be adjusted so that any one fragment has no more than one 
such modification. This can be assessed separately in test reac-
tions and monitored on DNA sequencing gels.  

   2.    Ethanol precipitate the modified DNA, wash twice with 70% 
(v/v) ethanol and then dry briefly under vacuum. Resuspend 
in 200  m L FB. Remove 20  m L as a control sample. Add 20  m L 
of the appropriate protein concentration to form a complex 
and allow equilibrium to be reached. Filter as usual but with 
a siliconized glass test tube positioned to collect the filtrate. 
(The Millipore manifold has an insert for just this purpose.) 
Do not over dry the filter.  

   3.    Place the filter in an Eppendorf tube containing 250  m L FB, 
250  m L H 2 O, 0.5% (w/v) SDS. Transfer the filtrate into a 
similar tube and then add SDS and H 2 O to make the final vol-
ume and concentration the same as the filter-retained sample. 
Add an equal volume of buffer-saturated phenol to each tube, 
vortex, and centrifuge to separate the phases. Remove the 
aqueous top layers, re-extract with chloroform:phenol (1:1), 
and then ethanol precipitate. A Geiger counter can be used to 
monitor efficient elution of radioactivity from the filter, which 
can be re-extracted if necessary.  

   4.    Recover all three DNA samples (control, filter-retained, and 
filtrate) after ethanol precipitation and, if necessary, process the 
modification to completion (e.g., piperidine for DMS modifi-
cation, NaOH for ENU, and so on). Ethanol precipitate the 
DNA, dry briefly under vacuum, and then redissolve the pel-
lets in 4  m L formamide/dyes denaturing loading buffer. At 
this stage it is often advisable to quantitate the radioactivity in 
each sample by liquid scintillation counting of 1- m L aliquots. 
Samples for sequencing gels should be adjusted to contain 
roughly equal numbers of counts in all three samples.  



 Filter-Binding Assays 11

   5.    Heat the samples to 90°C for 2 min and load onto a 12% 
(w/v) polyacrylamide sequencing gel alongside Maxam–
Gilbert sequencing reaction markers  (13) . Electrophorese 
at a voltage that will warm the plates to around 50°C. After 
electrophoresis, fix gel in 1 L 10% (v/v) acetic acid for 15 
min. Transfer the gel to 3MM paper and dry under vacuum 
at 80°C for 60 min. Autoradiograph the gel at −70°C with an 
intensifying screen or use a phosphorimaging screen.  

   6.    Compare lanes corresponding to bound, free, and control 
DNAs for differences in intensity of bands at each position 
( see   Note  3  ). A dark band in the “free fraction” (and a corre-
sponding reduction in the intensity of the band in the “bound 
fraction”) indicates a site where prior modification interferes 
with complex formation. This is interpreted as meaning that 
this residue is contacted by the protein or a portion of the 
protein comes close to the DNA at this point. ( See  Chapters 
“Identification of Protein/DNA Contacts with Dimethyl Sul-
fate: Methylation Protection and Methylation Interference” 
and “Ethylation Interference Footprinting of DNA–Protein 
Complexes” for more extensive discussions of interference 
experiments.)       

   Figure  1   shows a cartoon representation of the X-ray crystal 
structure of the minimal operator complex between wild-type 
methionine repressor, MetJ, and an oligonucleotide fragment 
encompassing two adjacent consensus met boxes (pdb 1cma). 
A typical filter-binding curve for MetJ binding to this operator 
site cloned into a plasmid polylinker and a fragment released 
and radiolabeled as described above ( see   Subheading 3.2.1   ), is 
shown in  Fig.  2a  , together with a similar curve for binding to 
the polylinker fragment lacking the specific operator site. Both 
curves show similar levels of saturation ( ~ 90%) but with dramati-
cally different protein concentrations. The apparent  K  d  values 
determined from the point at which 50% input DNA was bound 
being 4.0(± 3 .0) × 10 −9  M and 1.1 × 10 −6  M repressor dimer for 
the specific and nonspecific complexes, respectively. The almost 
300-fold difference in apparent affinity confirms the ability of 
the assay to discriminate between specific and nonspecific DNA-
binding. Also shown in the figure is the binding curve for the 
same operator fragment flanked by specific DNA sequences 
designed to prevent additional repressor binding. This has the 
same affinity as the consensus operator in the polylinker, imply-
ing that all the interactions being assayed occur within this 16-bp 
operator site. Although the apparent equilibrium constant is 
derived from a technique that separates equilibrium mixtures, it 
is in very close agreement with a fluorescence anisotropy titration 
of a similar DNA fragment carrying a terminal fluorescein dye 

 3.3. Results and 
Discussion 
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( K  d  3.6(±0.7) × 10 −9  M dimer; unpublished observation). Similar 
binding curves have been analyzed to produce Scatchard and Hill 
plots  (21)  in order to examine the co-operativity with respect 
to protein concentration  (14) . However, such multiple binding 
events should also be studied by gel retardation assays which yield 
data about the individual complex species ( see  Chapter “Electro-
phoretic Mobility Shift Assays for the Analysis of DNA–Protein 
Interactions”). 

 The power of filter-binding assays is illustrated in  Fig. 2b    
which shows a plot of the  K  d  values, determined at different salt 
concentrations, against the KCl concentration. Nitrocellulose 
filters are largely unaffected by changing buffer and salt con-
centrations, although the retention efficiency may vary slightly, 
and so it is facile to investigate the electrostatic contribution to 
complex formation. In this case, there is a steady decrease in 
operator affinity as the salt concentration is raised from 50 to 
400 mM KCl. The plot of log  K  d  vs. −log [KCl] is roughly linear 
as expected and suggests that roughly two potassium ions are 
displaced from the DNA per repressor dimer during complex 
formation. Extrapolating these data suggests that the nonelec-
trostatic component of the observed binding free energy is 
 »  −20 kcal/mol, i.e., equivalent to −10 kcal/mol per repressor 
dimer, or roughly 80% of the total for the formation of a dimer 
of repressor dimers along the DNA (−24.4 kcal/mol)  (14) . The 
effects of altering the nature of the counterions or changing the 
temperature of complex formation are also easily investigated, 
the latter allowing thermodynamic analysis of the interaction. In 
this case, the data obtained with differing cations or at different 
ionic strengths suggest that the buffer conditions used to form 
the operator complex shown in  Fig.  1   do not alter the interac-
tion of the protein and DNA, validating the interpretation of the 
structure seen in the crystal. 

  In recent years in vitro selection experiments have been used to 
identify the range of preferred DNA target sequences by DNA-
binding proteins ( see  Chapter “Identification of Nucleic Acid 
High Affinity Binding Sequences of Proteins by SELEX” and 
 refs. 9–11 ). The technique depends on the separation of protein-
bound DNA sequences from unbound, nonspecific, or low affinity 
sites. Filter-binding is an attractive option for this selection step 
because of the speed with which filtration and recovery of the 
bound fraction can be achieved. However, it is important to be 
aware that some minor DNA variants can be retained specifically 
by the filters, thus biasing the selected sequences. One way to 
avoid this and still retain the advantages of filter-binding is to 
alternate rounds of filter-binding with separation by gel retar-
dation ( see  Chapter “Electrophoretic Mobility Shift Assays for 

 3.3.1. In Vitro Selection 
Experiments 
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the Analysis of DNA–Protein Interactions”). A detailed discus-
sion of the factors involved in such experiments is beyond the 
scope of this chapter and the reader is referred to more detailed 
descriptions  (11) .    

 

 There are a number of common problems in using this assay and 
here are answers to some of the most frequent:
   1.    None of the radioactivity is retained by the filter. This again 

can be caused by a variety of factors. Check that the prepara-
tion of DNA-binding protein is still functional (if other assays 
are available) or that the protein is still intact by SDS-PAGE. 
Check the activity/concentration of the cofactor if required. 
A common problem we have encountered arises because of 
the different grades of commercially available BSA. It is always 
advisable to use a preparation that explicitly claims to be nucle-
ase and protease free.  

   2.    All of the radioactivity is retained by the filter. This is a typical 
problem when first characterizing a system by filter-binding 
and can have many causes. Check that the filters being used 
“wet” completely in FB and do not dry significantly before fil-
tration. Make sure that the DNA remains soluble in the buffer 
being used by simple centrifugation in a benchtop centrifuge. 
If the background remains high, add dimethyl sulfoxide to the 
filtering solutions. Classically 5% (v/v) is used but higher con-
centrations ( ~ 20%, v/v) have been reported with little, if any, 
effect on the binding reaction. We have experienced excessive 
retention when attempting to analyze the effects of divalent 
metal ions on complex formation, and in general it is best to 
avoid such buffer conditions.  

   3.    Poor recoveries from the filter-retained samples in interfer-
ence assays, or other problems in processing such samples fur-
ther, can often be alleviated by addition of 20  m g of tRNA as 
a carrier during the SDS/phenol extraction step.          

 

 I am grateful to Dr. Iain Manfield for his helpful comments on 
the manuscript.  

 4. Notes  

 Acknowledgments 
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 Chapter 2     

  Electrophoretic Mobility Shift Assays for the Analysis 
of DNA–Protein Interactions        

     Manon   Gaudreault   ,    Marie-Eve   Gingras   ,    Maryse   Lessard   ,    Steeve   Leclerc   , 
and    Sylvain L.   Guérin       

  Summary 

 Electromobility shift assay is a simple, efficient, and rapid method for the study of specific DNA–protein 
interactions. It relies on the reduction in the electrophoretic mobility conferred to a DNA fragment by 
an interacting protein. The technique is suitable to qualitative, quantitative, and kinetic analyses. It can 
also be used to analyze conformational changes.  

  Keywords:   EMSA ,  Gel-shift ,  Mobility shift assay ,  Gel retardation    .

 

 Several nuclear mechanisms involve specific DNA–protein interac-
tions. To study such interactions, a simple, efficient, and widely 
used method, first described several years ago  (1,   2) , is the electro-
phoretic mobility shift assay (EMSA, also known as gel mobility 
shift assay or gel retardation). Its ease of use, its versatility, and 
especially its high sensitivity (10 −18  pmol of DNA  (2) ) make it a 
powerful method that has been successfully used in a variety of 
situations, particularly in gene regulation analyses, but also in studies 
of DNA replication, repair, and recombination. EMSA can be 
carried out in three simple steps (1) labeling of the DNA probe, (2) 
isolation of the labeled probe, and (3) preparation of the DNA–
protein binding reaction and its analysis on a native polyacrylamide 
gel. Besides being useful for qualitative purposes, EMSA has 

 1. Introduction  
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the added advantage of being suitable for quantitative and kinetic 
analyses  (3) . Furthermore, because of its very high sensitivity, EMSA 
makes it possible to resolve complexes of different protein or DNA 
stoichiometry  (4)  or even to detect conformational changes. 

  EMSA is based on the simple rationale that molecules of differing 
size, molecular weight, and charge will have different electrophoretic 
mobilities in a nondenaturing gel matrix. In the case of a DNA–
protein complex, the presence of a DNA-binding protein will cause 
the complex to migrate differently (usually more slowly) relative to 
the free DNA, and will thus cause a shift visible upon detection. 

 While the kinetic analysis of EMSA, which has recently been 
covered extensively elsewhere ( see   ref. 5    and references therein), 
is not the focus of this practical work, it is useful to understand 
the basic theory underlying the method. A univalent protein, P, 
binding to a unique site on a DNA molecule, D, will yield a com-
plex, PD, in equilibrium with the free components:  

 
a

d
P D PD,

k

k
+ ���⇀↽���       

 where  k  a  is the rate of association and  k  d  is the rate of dissociation. 
In the case of a strong interaction between protein and DNA, with 
 k  a  >  k  d , two distinct bands are observed, corresponding to the complex 
PD and to the free DNA. However, because of the dissociation 
that inevitably occurs during electrophoresis, and because DNA 
released during electrophoresis can never catch up to the free 
DNA, a faint smear may be seen between the two major bands. 
In contrast, a weak DNA–protein interaction, with  k  a  <  k  d , should 
produce a fainter band corresponding to the complex PD and a 
more intense smear. However, even weak DNA–protein complexes 
show distinct bands in EMSA, because they are stabilized in the 
gel matrix through cage effect  (6)  and/or molecular sequestration 
 (7) . In both mechanisms, the dissociation of the complex is slower 
in the gel than in free solution, thereby contributing to complex 
stabilization. But whereas in the cage effect, the gel matrix prevents 
dissociated components P and D from diffusing out in the gel and 
thus favors re-formation of complex PD, molecular sequestration 
implies that the gel matrix isolates complex PD from competing 
molecules that would promote its dissociation. 

 As for a single DNA molecule bearing multiple binding sites 
for an individual protein, there will be as many complexes formed, 
as there are binding sites: 

 

2PD + D                    PD1 + P

PD2 + P                        P2D

k a

k d1

k a

k d4

k a kd2 k a k d3

 

 1.1. Principle of the 
Method 
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 and this would result in three bands (D, P2D, and PD1-PD2, 
which migrate together). 

 Kinetics of more complicated situations, such as dimerizing 
protein complexes and multiple DNA–protein interactions, are 
too lengthy to go in details and are beyond the scope of this 
volume. We therefore refer the reader to some interesting and 
insightful papers  (4,   8) , where these questions are addressed 
extensively.  

  Several components are required for EMSA and may influence 
the outcome of the procedure. 

  The choice of extract is governed by the objective of the study. 
Whole-cell or nuclear extracts are very useful in analyzing the 
regulatory elements of a DNA fragment such as a gene promoter. 
Partial proteins purification allows further characterization of a 
DNA–protein interaction and can be obtained by column chro-
matography on DNA–cellulose or heparin-Sepharose, or by SDS-
polyacrylamide gel fractionation–renaturation ( (9)  and  see   Note 1   ). 
Purified or recombinant proteins give valuable information on 
protein interactions, competition, dimerization, or cooperativity. 
Whatever protein extract is used, the quality of its preparation is 
essential in EMSA ( see   Notes 2    and  3 ).  

  Cloned DNA fragments of 50–400 base pairs (bp) in length or 
synthetic oligonucleotides of 20–70 bp both work very well in 
EMSA ( (10)  and  see   Note 4   ), and although double-stranded 
DNA is used more often, single-stranded DNA is also effective 
 (11) . Whereas DNA fragments reveal more extensive regulatory 
sequences, oligonucleotides usually target fewer sites, thereby 
yielding more specific information; the two approaches can obvi-
ously complement one another. Detection of DNA–protein com-
plexes usually involves labeling of the DNA ( see   Note 5   ), which 
is most commonly performed using a [ 32 P]-labeled deoxynucle-
otide. However, other, less hazardous methods are available 
( see   Note 5   ), including labeling with  33 P  (12) , digoxygenin  (9) , 
or biotin  (13) .  

  Acrylamide ( see   Note 6   ) combines high resolving power with 
broad size-separation range and is the most widely used matrix, 
although use of less toxic, commercially available alternative 
matrices has been reported  (14–  16) . Because of its lower resolv-
ing power, agarose is sometimes used, alone or in combination 
with acrylamide, to study larger DNA fragments or multiprotein 
complexes  (17) . Gel concentration is also important in EMSA 
( see   Note  7  ); although lower concentrations will allow resolution 
of larger complexes, it may affect their stability ( see   Fig. 1a    and 
 (7) ). The temperature at which the migration is carried out can 
also influences the migration of the DNA–protein complexes 
( Fig. 1b    shows the influence of either room temperature (RT) 

 1.2. Overview of the 
Procedure 

 1.2.1. Nuclear Extracts 

 1.2.2. DNA Probe 

 1.2.3. Gel Matrix, 
Temperature, and Voltage 
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or 4°C on the formation of the Sp1 DNA–protein complex). 
However, among these many criteria, the voltage selected for 
the migration of the DNA–protein complexes into the polyacr-
ylamide gel remains the most important. Indeed, reducing the 
voltage (which consequently increases the migration time) has 

  Fig. 1.    Influence of the gel concentration, voltage, and running temperature on the formation of protein–DNA complexes 
in EMSA. A synthetic double-stranded oligonucleotide bearing the high-affinity binding site for the transcription factor 
Sp1 was 5 ¢ -end labeled and incubated with (C+) or without (C−) 5 µg crude nuclear extract from human epithelioid 
carcinoma HeLa (ATCC CCL 2) cells. The EMSAs were run at 4°C on native polyacrylamide gels whose concentration 
ranged from 4 to 12% ( a ), on a 6% gel runned at two different temperatures (4°C and room temperature (RT)) ( b ) or at 
three different voltages (60, 120, and 200 V) on either 6 and 10% polyacrylamide gels ( c ). The position corresponding to 
the Sp1 and Sp3 DNA–protein complexes (Sp1/Sp3) as well as that of the free probe (U) is indicated       .
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proved to substantially alter the stability of DNA–protein com-
plexes in a gel-concentration-dependent manner (compare the 
results between the 6 and 10% gels on  Fig. 1c   ; also  see   Note 8 ).   

  Different low-ionic strength buffers can be used in EMSA 
( (16)  and  see   Note 9   ), and they may include cofactors such as 
Mg 2+  or cAMP, which may be necessary for some DNA–protein 
interactions  (17) .  

  To ensure specificity of the DNA–protein interaction, a variety of 
nonspecific competitors may be used. This is particularly impor-
tant when using a crude protein extract, which contains nonspe-
cific DNA-binding proteins. To avoid this problem, nonspecific 
DNA such as salmon sperm DNA, calf thymus DNA, or synthetic 
poly(dI:dC) is used ( (17)  and  see   Notes 10  and  11 ). Addition 
of nonionic or zwitterionic detergents  (18)  or nonspecific pro-
teins (e.g., albumin  (19) ) may also increase specific DNA–protein 
interactions.   

  Because EMSA often allows the detection of specific DNA-
binding proteins in unpurified protein extracts  (20) , the technique 
has been widely used to analyze crude cell or tissue extracts or 
partially purified extracts for the presence of protein factors 
implicated in transcription  (21–  24)  and in DNA replication  (20, 
  25) , recombination  (11) , and repair  (26) . The use of unlabeled 
competitor DNA fragments further aids in identification of 
DNA-binding proteins ( (10,   11,   20)  and  Fig. 2a   ), and their 
purification can be monitored easily in EMSA ( (20,   23)  and  Fig. 
3    as well as  Note 11   ). Moreover, mutation or base deletion of 
residues on the labeled DNA probe is often an efficient approach 
to use when identifying the binding site of the protein of interest 
 (21,   23) .   

 EMSA also yields invaluable data when purified or recom-
binant proteins are analyzed, since quantification and kinetic 
studies are rapidly achieved  (21,   25) . Parameters of the DNA–
protein interaction, such as association and dissociation constants 
and affinity, are accurately measured  (2,   3,   7,   21) , and the effect 
of salt, divalent metals, protein concentration, and temperature 
of incubation on complex formation is directly observed ( (11, 
  28,   29)  and  Figs.  1   and  4 ). EMSA has also greatly contributed to 
the elaboration of complex assembly models in transcription  (22, 
  31) , DNA replication  (25,   32) , and DNA repair  (26,   33) .  

 Although EMSA is an informative and versatile method on 
its own, it becomes even more powerful when used in combina-
tion with other techniques. Methylation  (34)  and other forms 
of binding interference studies, where a partly methylated DNA 
probe is used, helps to define the exact position of the DNA binding 

 1.2.4. Buffer 

 1.2.5. Nonspecific 
Competitors 

 1.3. Alternative 
Procedures and 
Applications of the 
EMSA 
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site of the protein  (21,   35) . Immunological methods using specific 
antibodies, as in supershift experiments ( (23,   24)  and  Fig. 2b   ), 
are also very helpful in identifying the protein component of the 
complexes. However, when analyzing large or multiprotein comp-
lexes, supershift may not be suitable, because supershifted complexes 
either are not distinct from the shifted ones or do not identify 
the different proteins involved. Therefore, other methods that 
resolve these problems have been developed, such as immuno-
blotting of EMSA gels  (36,   37) , “Shift-Western blotting”  (38) , 
and immunodepletion EMSA  (39) . In addition, determination 
of the molecular weight of the DNA-binding protein(s) identi-
fied in EMSA can also be achieved by running a SDS-PAGE, 

  Fig. 2.    ( a ) Competition in EMSA as a tool to evaluate the specific formation of DNA–protein complexes. A synthetic 
double-stranded oligonucleotide bearing the high-affinity binding site for the transcription factor Sp1 was 5 ¢ -end labeled 
and incubated with 3 µg of crude nuclear extract from primary cultured rabbit corneal epithelial cells (RCECs). Different 
concentrations (50-, 100-, 200-, 400- and 800-fold molar excesses) of an unlabeled double-stranded oligonucleotide 
bearing either the high affinity GC-rich binding site recognized by Sp1 or the target site for the unrelated transcription 
factors NFI and E2F1 (800-fold molar excess used) were added during the binding assays. Formation of DNA–protein 
complexes was evaluated on a native 8% polyacrylamide gel. Control  lanes  containing the labeled probe alone (C−) 
or incubated with proteins in the absence of any competitor (C+) have also been included. The position of the specifi-
cally retarded DNA–protein complexes (Sp1/Sp3 and Sp3) is indicated along with that of a nonspecific complex (NS). 
 U  unbound fraction of the labeled probe. ( b ) Supershift analyses in EMSA as a tool to unravel the identity of a DNA binding 
protein. The Sp1-labeled probe used in ( a ) was incubated with 3 µg of a crude nuclear extract prepared from primary 
cultured RCECs ( a ), either alone or in the presence of polyclonal antibodies directed against Sp1 and Sp3 (added indi-
vidually or in combination). Formation of DNA/protein complexes was then monitored by EMSA as in ( a ). The position of 
the previously characterized Sp1 and Sp3 DNA/protein complexes is shown along with that of a supershifted complex 
(SC) resulting from the specific interaction of the antibodies with the Sp1 and Sp3–DNA complexes. The position of the 
remaining free probe (U) is indicated  (27)        .
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either immediately  (40)  or following ultraviolet cross-linking 
of the DNA to the protein(s)  (41) . Another approach to detect 
unknown DNA-binding protein(s) consists to label the protein 
from any given DNA/protein complex with fluorescein follow-
ing the EMSA. Briefly, the DNA-binding proteins complexed 
with labeled, double-stranded oligonucleotide probes are first 
resolved by EMSA. After locating their position by autoradiog-
raphy, the shifted DNA-protein complexes are excised from the 
gel and incubated with 5-iodoacetamidofluorescein (5-IAF) for 
labeling of the protein component from the complexes. Proteins 
containing cysteine residues then become labeled with fluorescein 
through S-alkylation of the thiol residue of cysteine (Cys-SH) by 
5-IA. The proteins are then separated by SDS-PAGE and both 
their number and molecular masses are analyzed by immunoblot-
ting with fluorescein antibodies  (42) . 

 With some modifications, the EMSA can also be used to 
estimate the binding capacity of a small ligand, such as drug 
candidates, and a receptor. A probe corresponding to the ligand 
modified with DNA is incubated with a sample containing the 

  Fig. 3.    Monitoring the enrichment of a nuclear protein by EMSA. Crude nuclear proteins 
(50 mg) of a rat liver extract were prepared and further purified on a heparin-Sepharose 
column. Nuclear proteins were eluted using a 0.1–1.0 M KCl gradient and fractions 
individually incubated with a 34-bp double-stranded synthetic oligonucleotide bearing 
the DNA sequence of the rat growth hormone promoter proximal silencer-1 element as 
the labeled probe. Both the concentration of KCl required to elute the proteins contained 
in each fraction, as well as the fraction number selected are indicated, along with the 
position of a major shifted DNA–protein complex corresponding to the rat liver form of 
the transcription factor NFI (termed NFI-L).  C  control  lane  in which the silencer-1 labeled 
probe was incubated with 5  m g crude nuclear proteins from rat liver;  U  unbound fraction 
of the labeled probe       .
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  Fig. 4.    ( a ) Salt-dependent formation of DNA–protein complexes in EMSA. A 5 ¢ -end labeled 35-bp synthetic double-stranded 
oligonucleotide bearing the NFI-L binding site identified in the 5 ¢ -flanking sequence of the human CRBP1 gene (and des-
ignated Fp5) was incubated in the presence of 1 µg of a heparin-Sepharose-enriched preparation of NFI-L and increasing 
concentrations of KCl (5–800 mM) using binding conditions similar to those described in this chapter. Formation of the Fp5/
NFI-L DNA–protein complex was then resolved by electrophoresis on a 4% native polyacrylamide gel. Very little free probe 
(U) is observed in the presence of either 50 or 100 mM KCl, providing evidence that optimal binding of NFI-L to its target 
site in Fp5 is obtained at these salt concentrations (modified from  (28) : reprinted with permission from Biotechniques, 
Copyright (2008)). ( b ) DNA binding properties of nuclear proteins revealed by EDTA chelation in EMSA. A double-stranded 
synthetic oligonucleotide bearing the sequence of the rat PARP US-1 binding site for the positive transcription factor Sp1 
was 5 ¢  end-labeled and incubated with 10 µg crude nuclear proteins from HeLa cells in the presence of increasing con-
centrations of EDTA (0–100 mM) under binding conditions identical to those described in this chapter. Formation of DNA–
protein complexes was evaluated in EMSA on an 8% polyacrylamide gel. As little as 10 mM EDTA proved to be sufficient to 
chelate the zinc ions to totally prevent binding of Sp1 to the US-1 element. Similarly, reaction mixtures containing the US-1 
labeled probe incubated with 10 µg nuclear proteins from HeLa cells in the presence of 25 mM final concentration of EDTA 
were supplemented with increasing concentrations (0.5–100 mM) of zinc acetate (ZnOAc) to evaluate the binding recovery 
for both Sp1 and the nonspecific DNA–protein complex (NS). A substantial proportion of the DNA binding capability of both 
the Sp1 and the NS proteins could be recovered upon further addition of 25 mM zinc acetate providing evidence that both 
factors likely interact with DNA through the use of a Zn-finger-containing DNA binding domain, a fact that was already 
known for Sp1 (modified from  (30) : reprinted with permission from Eur. J. Biochem., Copyright (2008))       .
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receptor and separated by agarose gel electrophoresis. Interaction 
between the modified ligand and the receptor gives rise to a 
shifted complex. The concentration of the ligand in the sam-
ple could be determined by adding increasing concentrations of 
free ligand  (43) . A variation of the traditional EMSA that can 
reveal the DNA binding capacity of any given protein consists 
in synthesizing and labeling this protein with  35 S and incubate 
it with unlabeled DNA. This method proved useful for studying 
a specific protein and for the detection of protein–DNA affinity 
constants when the protein concentration is unknown  (44,   45) . 
The DNA–protein complex can also be separated by electrophoresis 
through uncoated capillaries or on poly(ethylene glycol)-modified 
glass microchannels instead of a polyacrylamide gel. Although 
less affordable, these methods, however, have the advantages 
of being computerized, very fast, and to require small amounts of 
samples  (46–  48) .   

 

     1.    [ g - 32 P] ATP. Caution:  32 P emits high-energy beta radiations. 
Refer to the rules established by your local control radioac-
tivity agency for handling and proper disposal of radioactive 
materials and waste ( see   Note  5  ).  

   2.    About 25–50 ng of DNA from a 30-bp double-stranded 
oligonucleotide. For a typical 70-bp probe derived from a 
subcloned promoter fragment, estimate the amount of the 
plasmid DNA that is required to end up with about 100–200 
ng of the DNA fragment of interest following its isolation 
from the polyacrylamide gel ( see   Note  4  ).  

   3.    Calf intestinal alkaline phosphatase (CIP) and 10× CIP reac-
tion buffer (0.5 M Tris–HCl pH 9.0, 10 mM MgCl 2 , 1 mM 
ZnCl 2 , 10 mM spermidine).  

   4.    T 4  polynucleotide kinase and 10× kinase buffer (0.5 M Tris–
HCl pH 7.5, 0.1 M MgCl 2 , 40 mM DTT, 1 mM spermidine, 
1 mM EDTA).      

     1.    Standard electrophoresis apparatus for agarose gel.  
   2.    Stock solution of 10× TBE (0.89 M Tris, 0.89 M boric acid, 

20 mM EDTA).  
   3.    1% (w/v) agarose diluted in 1× TBE supplemented with 1  m L 

of a 10 mg/mL solution of ethidium bromide. Caution: ethid-
ium bromide is a suspected mutagenic agent ( see   Note 12   ).  

   4.    Restriction enzyme(s) with corresponding buffer(s).  
   5.    For DNA precipitation, a preparation of 1 mg/mL tRNA, a 

solution of 3 M NaOAc (pH 5.2), and a supply of dry ice.  

 2. Materials  

 2.1. Probe Labeling 

 2.2. Probe Isolation 
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    6.    Phenol/chloroform (Phenol saturated in 100 mM Tris 
pH 8.0).  

    7.    Stock solution of 40% (w/v) acrylamide prepared in a ratio of 
29:1 (w/w) acrylamide and  N , N  ¢ -methylene bis-acrylamide. 
After complete dissolution of the components, the solution 
must be filtered on a Whatman paper and can be stored at 
room temperature. Caution: acrylamide is a potent neuro-
toxic agent ( see   Note 6   ).  

    8.    Dialysis tubing (molecular weight cut off of 3,500 and flat 
width of 18 mm).  

    9.    Saran Wrap ® .  
   10.    Autoradiography cassettes and films (Kodak XOmat AR).      

      1.    Standard vertical electrophoresis apparatus for polyacryla-
mide gels ( see   Note 13   ).  

    2.    A stock solution of 40% (w/v) acrylamide prepared in a 39:1 
(w/w) ratio of acrylamide and  N , N  ¢ -methylene bis-acrylamide. 
Caution: acrylamide is a potent neurotoxic agent ( see   Note 6   ).  

    3.    A stock solution of 5× Tris–glycine (250 mM Tris, 12.5 mM 
EDTA, 2 M glycine) ( see   Note 9   ).  

    4.    Extract (crude or enriched) containing cell or tissue nuclear 
proteins ( see   Notes 2    and  3 ).  

    5.    A stock solution of 2× binding buffer (20 mM Hepes pH 
7.9, 20% glycerol, 0.2 mM EDTA, 1 mM tetrasodium pyro-
phosphate ( see   Note 3   ) and 0.5 mM PMSF).  

    6.    A stock solution of 6× loading buffer (0.25% bromophenol 
blue, 0.25% xylene cyanol, and 40% sucrose).  

    7.    Whatman chromatographic paper (3MM) and Saran Wrap ® .  
    8.    Standard gel dryer.  
    9.    Autoradiography cassettes and films (Kodak XOmat AR).       

 

       1.    Select restriction enzymes that produce the shortest DNA 
fragment containing the sequence of interest. One of these 
restriction enzymes should produce a protruding 5 ¢ -end or 
blunt end to support labeling with T 4  polynucleotide kinase 
( see   Note 14 ). Following the manufacturer’s optimal enzy-
matic conditions, prepare a digestion mix with one of 
the restriction enzymes in 50 µL to linearize the vector. 
The initial amount of DNA should be calculated to end up 

 2.3. Electrophoretic 
Mobility Shift Assay 

 3. Methods  

 3.1. Probe Labeling 

 3.1.1. Labeling DNA 
Fragments Derived from a 
Subcloned Sequence 
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with at least 100–200 ng of DNA after double restriction 
enzyme digestion and further isolation of the DNA fragment 
from the polyacrylamide gel.  

    2.    Before proceeding with dephosphorylation, make sure that 
digestion is complete by loading a sample (50–100 ng) on a 
1% (w/v) agarose minigel. Once complete digestion of the 
plasmid DNA has been verified, add directly to the digestion 
reaction mix, 1 unit of CIP and 10  m L of 10× CIP buffer and 
fill to 100  m L with H 2 O. Incubate at 37°C for 90 min.  

    3.    To totally eliminate and inactivate CIP, transfer the reaction 
mix at 70°C for 10 min and perform both a phenol/chlo-
roform and a chloroform extraction. Precipitate DNA with 
1/10 volume of NaOAc 3 M pH 5.2 and 2 volumes of cold 
90% ethanol. Allow DNA to precipitate on dry ice for 30 
min then centrifuge for 15 min.  

    4.    Resuspend DNA in 33  m L of H 2 O and add 5  m L of 10× 
kinase buffer, 2  m L of T 4  polynucleotide kinase, and 100  m Ci 
of [ g - 32 P] ATP. Mix and incubate at 37°C for 2 h.  

    5.    Following the labeling procedure, precipitate DNA and 
resuspend in 30  m L of H 2 O. Keep a 2- m L sample and digest 
the remainder with the second restriction enzyme, following 
manufacturer’s conditions.      

      1.    Anneal equal amounts of the complementary strands, heat 
the resulting DNA mix at 5°C over the specific melting tem-
perature ( T  M ) of the oligo for 5 min and let cool at room 
temperature (RT). When DNA reaches RT, store at 4°C for 
a few hours prior to use.  

    2.    Use 25–50 ng of the double-stranded oligonucleotide prep-
aration and perform DNA labeling with T 4  polynucleotide 
kinase as described in  step 4  but using 30  m Ci of [ g - 32 P] ATP 
( see   Subheading 3.1.1   ).       

       1.    Rigorously clean and dry the polyacrylamide gel apparatus 
and its accessories prior to use. Gel plates should be cleaned 
using any good quality commercial soap and then rinsed 
with 95% ethanol. One plate can be treated with a coat of 
Sigmacote (chlorinated organopolysiloxane in heptane) to 
facilitate gel removal from the plates after running.  

    2.    Prepare a 6% polyacrylamide gel  (49)  as follows; mix 2.5 mL 
of 10× TBE, 3.75 mL of 40% acrylamide (29:1) stock solution 
and H 2 O to obtain 25 mL. Add 180  m L of 10% ammonium 
persulfate and 30  m L of TEMED. Carefully stir and pour the 
acrylamide solution between the plates. Place a comb and 
allow the gel to set for 30 min then mount the gel in the 
electrophoresis tank and fill the chamber with 1× TBE.  

 3.1.2. Labeling Double-
Stranded Synthetic 
Oligonucleotides 

 3.2. Probe Isolation 

 3.2.1. For a Typical 70-bp 
Probe Derived from a Sub-
cloned Promoter Fragment 
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    3.    To the double digested DNA, add 10  m L of 6× loading buffer 
and load into two separate wells. For the 2-mL control sam-
ple from the single digestion, add 2- m L of loading buffer 
and load in a free well. Migration should be stopped when 
bromophenol blue, which is used as a migration marker, 
reaches two-third of the gel length.  

    4.    Under radioactive protection, carefully disassemble the 
apparatus. Discard the running buffer as radioactive waste. 
Remove one plate and leave the gel on the remaining plate. 
Cover the gel with Saran Wrap and, in a dark room, place a 
film over it. It is very important to mark the exact position 
of the gel on the film as a reference. This can be achieved by 
drawing symbols on white lab tapes with [ 32 P]-labeled black 
ink. Once the labeled black ink has dried, stick the tapes (at 
least two of them) at different positions on the Saran Wrap-
covered gel. Expose the film for 3 min and proceed with 
development.  

    5.    If the digestion step with restriction enzymes is correct, two 
labeled bands resulting from the double digestion should 
appear on the autoradiogram (provided that each of the 
restriction enzymes selected initially cut the promoter-bearing 
recombinant plasmid only once). Using a razor blade, cut 
and remove from the film the lower band corresponding to 
the appropriate selected probe. Using the reference marks, 
place the film over the gel (still covered with Saran Wrap ® ). 
Use the hole on the film corresponding to the exact position 
of the probe and cut the probe-containing gel fragment 
using a scalpel blade.  

    6.    Place the acrylamide fragment in a dialysis tubing closed at 
one end and add 1 mL of 1× TBE. Remove any remaining 
air bubble, close the other end and place the dialysis tubing 
in a standard electrophoresis tank for agarose gel filled with 
1× TBE. Run at 100 V for 15 min.  

    7.    Through the action of electrophoretic migration, the labeled 
probe will pass from the acrylamide fragment to the TBE 
solution contained in the dialysis tubing. DNA will concen-
trate on a tiny line along the dialysis tubing (on the cathode 
side). It must be removed by gently rubbing the tubing with a 
solid object. Other procedures may be selected for extracting 
the labeled probe from the polyacrylamide gel  (50) . Using 
a Pasteur pipette, transfer the labeled probe-containing TBE 
from the dialysis tubing into three separate microcentrifuge 
tubes (about 300  m L each).  

    8.    Repeat    steps 6  and  7    to make sure that all the probe has 
been eluted from the acrylamide fragment. At the end of 
the second elution, recover the TBE again into three other 
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microcentrifuge tubes. The probe is then purified by DNA 
purification columns (like the Elutip ® -D columns, Whatman, 
Inc., Schleicher & Schuell, Sanford ME).  

    9.    Precipitate the probe with 1/10 volume of NaOAc 3 M pH 
5.2 and 2 volumes of cold 90% ethanol. Allow labeled DNA 
to precipitate on dry ice for 30 min.  

   10.    Centrifuge and discard the supernatant and resuspend DNA 
in 50 mL of sterile H 2 O. Pool every sample into one micro-
centrifuge tube and precipitate as in  step 9 .  

   11.    Count the DNA pellet using a beta counter by Cerenkov 
counting or resuspend DNA in a small volume (100  m L) and 
count a 1- m L aliquot in scintillation liquid.  

   12.    Resuspend labeled DNA in order to obtain 30,000 cpm/ m L.      

      1.    Proceed as in Subheading  3.2.1  except that  steps 1–8  should 
be omitted and replaced by two sequential precipitations as 
described in  step 9  ( see   Note 14   ).       

      1.    Rigorously clean and dry the electrophoresis tank and its 
accessories prior to use and treat the glass plates as previously 
described for probe isolation ( Subheading  3.2.1  ,  step 1) .  

    2.    For a typical 70-bp probe, prepare a 6% polyacrylamide gel 
( see   Note 7   ) by mixing 2.5 mL of 10× Tris–glycine, 3.75 
mL of 40% acrylamide (39:1) stock solution and H 2 O to 
obtain 25 mL. Add 180  m L of 10% ammonium persulfate 
and 30  m L of TEMED. Carefully stir and pour the acryla-
mide solution between the plates ( see   Note 15   ). Use a comb 
that has 0.8-cm width teeth. Allow the gel to set for at least 
2 h then mount gel in the electrophoresis tank and fill the 
chamber with 1× Tris–glycine ( see   Note 8   ). As soon as the 
gel is mounted and set, remove the comb and carefully wash 
the wells with running buffer.  

    3.    Pre-run the gel at 4°C and 120 V until the current becomes 
invariant (this usually takes 30 min on average). This pre-
running step ensures that the gel will be at a constant tem-
perature at the moment of sample loading.  

    4.    When the gel is ready for loading, prepare samples as follows. 
For each sample, mix 12  m L of 2× binding buffer, 1  m L of 1 
mg/mL poly(dI:dC) ( see   Notes 10   ,    11 , and  17 ) and 0.6  m L 
of 2 M KCl ( see   Note  11  ) then add 30,000 cpm of labeled 
probe. When possible, pool together invariant components 
in one microcentrifuge tube and then redistribute equal 
amounts into different tubes accounting for the different 
experimental conditions. Finally, add 1–10  m g nuclear pro-
teins and add H 2 O to a final volume of 24  m L. Mix gently each 

 3.2.2. For a Double-
Stranded Oligonucleotide 
Labeled Probe 

 3.3. EMSA 
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tube and incubate at RT for 3 min. As a control, prepare a 
sample without nuclear extract and add 1 μL of 6× loading 
buffer containing bromophenol blue and xylene cyanol.  

    5.    Load samples by changing the pipette tip for each sample.  
    6.    Run at 120 V and let samples migrate until the free probe 

reaches the bottom of the gel ( see   Note 8   ). In the case of a 
70-pb probe loaded on a 6% acrylamide gel, this means 5–6 
h of migration.  

    7.    After the gel is run, disassemble the apparatus and remove 
one of the glass plates, place a Whatman paper over the gel 
and carefully lift the gel off the remaining plate. Make sure 
that the gel is well fixed on the Whatman before lifting the 
gel to avoid gel breakage. Place a Saran Wrap ®  over the gel 
and dry at 80°C for 30 min.  

    8.    Place an X-ray film over the gel in an autoradiography cas-
sette and expose at −80°C overnight.       

 

     1.    Very intense, large, or smeary shifted complexes usually 
result from multiple comigrating DNA–protein complexes 
that possess nearly identical electrophoretic mobilities in 
native polyacrylamide gels despite that the nuclear proteins 
they contain usually have distinctive molecular masses on 
denaturing SDS-PAGE  (51,   52) . An attractive method that 
helps to distinguish between the nuclear proteins yielding 
these multiple, comigrating complexes is the SDS-polyacr-
ylamide gel fractionation–renaturation procedure  (53) . It 
allows recovery and enrichment of nuclear proteins that then 
become suitable for further analyses by EMSA, in addition to 
providing their precise molecular mass. Changing the con-
centration of the native acrylamide gel may also proved use-
ful in resolving comigrating DNA–protein complexes, as can 
be appreciated in  Fig. 1a   .  

    2.    When using crude nuclear extracts for detecting DNA–pro-
tein complexes in EMSA, their quality is obviously very criti-
cal. Whenever possible, nuclei purification procedures using 
sucrose pads  (54)  is preferred in order to eliminate contami-
nation by cytosolic proteins, which most often also contain 
substantial amounts of proteases. Purifying nuclei on sucrose 
pads has generally yielded high-quality nuclear extract sam-
ples. However, they require large quantities of fresh tissue, 
which renders the approach inappropriate when limiting 

  4. Notes        
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amounts of small animal tissues such as spleen, pancreas, or 
prostate are available. In these cases, short, microprocedures 
adapted to prevent protease actions can also be performed 
 (55) . Once the crude extract has been obtained, its quality 
must then be evaluated. An informative way to test this con-
sists in assessing the DNA binding ability of the ubiquitously 
expressed positive transcription factor Sp1. We have found 
this transcription factor to be particularly sensitive to the 
action of proteases  (56) . Little or no Sp1 binding to its high-
affinity binding site (5 ¢ -GATCATAT-CTGCGGGGCG-
GGGCAGACACAG-3 ¢ )  (57)  used as a probe in EMSA is 
usually indicative of poor-quality nuclear extracts. Although 
such an assay is clearly invaluable when crude extracts are 
obtained from established tissue-culture cells, some caution 
must be observed when they are prepared from whole ani-
mal tissues since not all organs express Sp1 at the same level 
 (30,   56,   58) .  

    3.    The use of crude extracts prepared from whole animal tis-
sues in EMSA is still restricted partly because of the numer-
ous enzymatic activities they support, such as proteases and 
deacetylases, that strongly interfere with the EMSA’s 
sensitivity. Degradation of nuclear proteins by endogenous 
proteases can be prevented by the further addition of pro-
tease inhibitors to the buffers used. However, whole animal 
tissue extracts are also often contaminated with considerable 
amounts of highly active endogenous phosphatases. Tissues 
such as liver, kidney, and bone have been reported to be rich 
in these enzymes  (59) , some of which substantially decrease 
the sensitivity of the EMSA by removing the [ 32 P]-labeled 
phosphate from the DNA probe. Although addition of phos-
phatase inhibitors, such as tetrasodium pyrophosphate or 
sodium fluoride, to the reaction buffer can efficiently pre-
vent dephosphorylation, we have found that the same can 
also be achieved by simply reducing either the temperature at 
which the binding reaction is normally performed (30 min of 
incubation at 4°C) or the time allowed for the DNA–protein 
interaction to occur (as low as 1 min of incubation at 22°C) 
 (29) . Alternatively, probes labeled by fill-out of unpaired 5 ¢  
termini using T 4  DNA polymerase or the Klenow fragment of 
DNA polymerase I and an appropriate [ a - 32 P] dNTP may be 
used ( see also   Note 13   ).  

    4.    When double-stranded oligonucleotides are selected as 
labeled probes in EMSA, we recommend their size to be 
in the range of 20–70 bp. When working with subcloned 
DNA sequences, optimal signal strength and resolution can 
be achieved using fragments of 50–250 bp. Although larger 
fragments may be used, they require longer migration time 
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in order to efficiently resolve the potential DNA–protein 
complexes. Furthermore, larger labeled probes are likely to 
bind an increased number of nuclear proteins, which might 
complicate result’s interpretation.  

    5.    Handling [ g - 32 P] ATP requires that special care be taken 
when labeling the DNA probes used in EMSA. The reader is 
referred to standard procedures and guidelines on manipulation 
of radioactive materials in effect at its own research  facility. 
Alternative procedures for nonradioactive probe labeling 
have been reported for EMSA analyses  (9,   13,   60–  62) .  

    6.    Acrylamide is a potent neurotoxic compound that is easily 
absorbed through skin. Wearing gloves and a mask to avoid 
direct contact with the skin or inhalation is therefore required 
when manipulating acrylamide dried or in solution. Similar 
care should also be taken with polyacrylamide gels, as they 
might still contain low levels of unpolymerized acrylamide. 
The acrylamide solution is light-sensitive and should be kept 
away from direct light. It is worth noting that acrylamide 
and bis-acrylamide are slowly converted to acrylic and bis-
acrylic acid, respectively, upon prolonged storage. To avoid 
the use of acrylamide, alternative nontoxic gel matrices are 
available, with resolution properties comparable to those of 
polyacrylamide  (14,   15) . The use of agarose gels containing 
a nontoxic synergistic gelling and sieving agent (Synergel TM ) 
that helps improve the resolution of DNA–protein com-
plexes has also been reported  (16) .  

    7.    The concentration of the polyacrylamide gel used in EMSA 
is primarily dictated by both the size of the labeled probe 
selected and the resolution of the DNA–protein complexes 
obtained. It can vary from 4% with large labeled DNA frag-
ments (of over 150 bp in length) up to 12% with synthetic 
oligonucleotides (we even used 14% gels on some specific 
occasion). Two (or more) closely migrating DNA–protein 
complexes that would normally appear as a single diffuse, 
smeary complex on a 4% gel can usually be resolved on a 
8% gel. However, although increasing the gel concentration 
clearly improved the resolution of most DNA–protein com-
plexes, formation of others turned out to be unstable under 
high gel concentration therefore interfering with their detec-
tion in EMSA.  

 8. Formation of DNA–protein complexes is highly dependent 
on the voltage selected for their migration into the poly-
acrylamide gel (7). We have found that reducing the migra-
tion time by running the EMSA at voltage lower than 120 
V (usually corresponding to 10 mA for a single gel) on a 6% 
polyacrylamide gel rendered very unstable the formation of 
most DNA–protein complexes and consequently resulted in 
our inability to detect them (see Fig. 1c).
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    9.    Although we feel DNA–protein interactions are best revealed 
using the Tris–glycine buffer system, some complexes may 
turn out to be undetectable under such conditions. The 
alternative use of other running buffer systems with varying 
ionic strength such as Tris–acetate, pH 7.5 or TBE, pH 8.0 
 (34,   63)  is advisable in order to explore all kind of DNA–
protein binding kinetics.  

    10.    Nonspecific DNA–protein interactions are usually pre-
vented by the addition to the reaction mix of 1–5  m g of a 
nonspecific competitor DNA. Although this is clearly very 
effective when crude nuclear extracts are used, such high 
concentrations of nonspecific competitor DNA were found 
to compete even for specific DNA–protein complexes when 
enriched preparations of nuclear proteins are used in EMSA 
 (64) . The more enriched the nuclear protein of interest, the 
lower the amount of nonspecific competitor required. For 
example, we routinely use 1–2  m g poly(dI:dC) with crude 
nuclear proteins, 250 ng when the nuclear extract is enriched 
on heparin-Sepharose column, and no more than 25–50 ng 
with purified or recombinant proteins.  

   11.    The signal strength of a shifted DNA–protein complex can be 
substantially increased by favoring the odds for the interaction 
between the protein of interest and its target sequence. This 
can easily be achieved with enriched preparations of nuclear 
proteins either by increasing the amount of the labeled probe 
selected, or by decreasing the concentration of poly(dI:dC), or 
both. Furthermore, the DNA binding ability of some nuclear 
proteins proved to be highly dependent on the amount of 
salt (usually provided by KCl) that is present in the reaction 
mix. Transcription factors such as NFI and Sp1 best interact 
with their respective target sequence in the presence of 100 
mM and 150 mM KCl, respectively  (28) . It is therefore useful 
to evaluate which KCl concentration best allows binding of 
nuclear proteins to a specific DNA target probe.  

   12.    Ethidium bromide is a suspected carcinogen that also possesses 
a moderate toxicity. Wearing gloves is required when manipulat-
ing solutions that contain this DNA dying agent. Decontamina-
tion of ethidium bromide-containing solutions can be achieved 
using either hypophosphorous acid or potassium permanganate 
( see   ref. 49    for an overview and detailed protocols).  

   13.    Nearly all-vertical electrophoresis apparatus can be used in 
order to perform EMSA analyses. Although some EMSA 
protocols involve gel migration at room temperature, we 
recommend the polyacrylamide gel to be run at 4°C. With 
some apparatus, this can be easily achieved using cooling 
units specially designed for these pieces of equipment. How-
ever, for those which are not equipped with such cooling 
apparatus, simply run the gel in a cold room.  
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   14.    Although 5 ¢  end-labeling of the selected DNA fragment is 
best done using polynucleotide kinase, very efficient labeling 
can also be accomplished using alternative procedures, such 
as filling 5 ¢ -protruding ends using the Klenow fragment 
of  E. coli  DNA polymerase I  (49) , a particularly attractive 
alternative when crude nuclear extracts rich in various phos-
phatases are used (in the event that no phosphatase inhibi-
tors are used in the binding buffer). Larger DNA segments 
can also be efficiently labeled by PCR.  

   15.    Chemical synthesis of any olignonucleotide yields a substan-
tial proportion of intermediate products of progressively 
decreasing length, which is particularly true for larger oligos, 
since the efficiency of synthesis normally ranges between 
98.5 and 99% for each single nucleotide addition. For a 
40-nucleotide oligo, this means that 60% of the synthesized 
products are of the correct length and that the remaining 
40% range in size between 1 and 39 nucleotides. Further 
HPLC, OPC column, or gel purification is recommended 
before proceeding to the annealing of the oligos. The loss of 
a few bases on either side of the resulting double-stranded 
oligonucleotide might be sufficient to prevent protein bind-
ing and therefore result in a reduced ability to detect such a 
DNA–protein complex in EMSA.  

  16.    We have found that thickness of the native polyacrylamide 
gel profoundly affects resolution of the shifted DNA–protein 
complexes: the thinner the gel, the better the resolution. We 
currently load our sample reactions on 0.75-mm thick gels.  

  17.    Adding high concentrations of neutral osmolytes such as 
betaine glycine, triethylene glycol, or methylglucoside in 
reaction mixture for EMSA may help prevent dissociation of 
already formed specific DNA–protein complexes  (65,   66) .          V
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   Chapter 3   

  DNase I Footprinting        

     Benoît   Leblanc    and    Tom   Moss  

     Summary 

 The association of proteins with the DNA double helix can interfere with the accessibility of the latter to 
nucleases. This is particularly true when using bulky nucleases such as DNAse I. The DNAse I footprint-
ing method was developed to make use of this phenomenon in the study of DNA–protein interactions; it 
consists in comparing the pattern of fragments produced by the partial digestion of DNA in the absence 
of a protein to that produced by partial digestion of DNA in the presence of a protein. Normally, when 
the two sets of fragments are separated side by side on a gel, the fragments produced in the presence of 
the protein will feature blank regions (indicating protection) and/or enhanced cleavage sites (indicating 
increased availability). This technique can furthermore reveal if multiple sites for a DNA-binding protein 
are present on a same fragment, and allow the comparison of their respective affinities.  

  Key words:   DNAse I ,  Footprint ,  Footprinting ,  Protection.    

 

 DNase I footprinting was developed by Galas and Schmitz in 1978 
as a method to study the sequence-specific binding of proteins to 
DNA  (1) . In the technique, a suitable uniquely end-labeled DNA 
fragment is allowed to interact with a given DNA-binding pro-
tein and the complex is then partially digested with DNase I. The 
bound protein protects the region of DNA with which it interacts 
from attack by the DNase. Subsequent molecular-weight analysis 
of the degraded DNA by electrophoresis and autoradiography 
identifies the region of protection as a gap in the otherwise con-
tinuous background of digestion products; for example,  see   Fig.  1  . 
The technique can be used to determine the site of interaction 
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of most sequence-specific DNA-binding proteins but had been 
most extensively applied to the study of transcription factors. 
Because the DNase I molecule is relatively large as compared to 
other footprinting agents ( see  Chapters “Hydroxyl Radical Foot-
printing of Protein–DNA Complexes” and “The Use of Diethyl 
Pyrocarbonate and Potassium Permanganate as Probes for Strand 
Separation and Structural Distortions in DNA” on the use of 
hydroxy radicals and diethylpyrocarbonate), its attack on the 
DNA is relatively easily sterically hindered. Thus, DNase I foot-
printing is the most likely of all the footprinting techniques to 
detect a specific DNA–protein interaction. This is clearly demon-
strated by our studies on the transcription factor xUBF, a factor 
binding DNA with relatively low affinity ( see   Fig.    2  ).   

 DNase I footprinting can not only be used to study the DNA 
interactions of purified proteins but also be used as an assay to 
identify proteins of interest within a crude nuclear extract  (2) . 
Thus, it can serve much the same function as an EMSA analysis 
( see  Chapter 2 “Electrophoretic Mobility Shift Assays for the Analysis 

  Fig. 1.    Example of DNase I footprinting. A DNA fragment containing a mutated version 
of the mouse RAR b 2 gene promoter, labeled downstream of the initiation site, was 
incubated with decreasing amounts of recombinant RAR/RXR heterodimers and par-
tially digested with DNase I. The direct repeat (DR) elements bound by the proteins 
are indicated by  solid boxes . Protected regions are indicated by  empty boxes . DNase 
I-hypersensitive sites, which are more frequently cleaved in the presence of the proteins 
than in their absence, are indicated by  arrowheads . Note that the heterodimers bind to 
direct repeats separated by 5 nucleotides (DR5) with roughly five times more affinity 
than to direct repeats separated by 4 nucleotides (DR4), a preference that can be easily 
visualized by this technique.       
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of DNA–Protein Interactions”) in following a specific DNA-
binding activity through a series of purification steps. Because 
DNase I footprinting can often be used for proteins that do 
not perform well in EMSA experiments (the above-mentioned 
UBF is an example of a protein more easily studied by footprint-
ing than by EMSA), it has more general applicability. However, 
because of the need of an excess of protein and the visualiza-
tion of the footprint by a partial digestion ladder, the technique 
requires considerably more material than would an EMSA assay 
and cannot distinguish individual components of heterogeneous 
DNA–protein complexes. 

 DNase I (E.C.3.1.4.5) is a protein approximately 40 Å in 
diameter. It binds in the minor groove of the DNA and cuts the 
phosphodiester backbone of both strands independently  (3) . Its 
bulk helps to prevent it from cutting the DNA under and around 
a bound protein. However, a bound protein will also usually have 
other effects on the normal cleavage by DNase I ( see   Figs.    1   
and   2  ). It is also not so uncommon to observe a change in the 
pattern of DNase cleavage without any obvious extended protection 
( see   Fig.    2  ). 

  Fig. 2.    Course of digestion with increasing amounts of DNase I. Here xUBF was foot-
printed on the  Xenopus  ribosomal promoter using a 5 ¢  end-labeled fragment. The  num-
bers  above the tracks refer to the DNase I dilution (in units/ m L) employed and  minus  and 
 plus  to the naked and complexed DNAs, respectively. The predominant footprints are 
indicated by  solid boxes . A visible double-stranded fragment, which could be mistaken 
for a hypersensitive site, is marked by an  arrowhead.        
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 Unfortunately, DNase I does not cleave the DNA indiscri-
minately, some sequences being very rapidly attacked while 
others remain unscathed even after extensive digestion  (4) . This 
results in a rather uneven “ladder” of digestion products after 
electrophoresis, something which limits the resolution of the 
technique (as seen in the naked DNA tracks in  Figs.    1   and   2  ). 
However, when the protein-protected and the naked DNA ladders 
are run alongside each other, the footprints are normally quite 
apparent. To localize the position of the footprints, sequencing 
ladders originating from the same nucleotide that is labeled in the 
footprinted DNA fragment should accompany the naked and the 
protected tracks ( see   Note    1  ). As a single end-labeled fragment 
allows one to visualize interactions on only one strand of DNA at 
a time, it is informative to repeat the experiment with the same 
fragment labeled on the other strand. DNA fragment can be 
conveniently 5 ¢  labeled using T 4  DNA polynucleotide kinase and 
3 ¢  labeled using the Klenow or the T 4  DNA polymerases (in fill out 
reactions) or terminal transferase  (5) . To analyze both strands of 
the DNA duplex side by side and make direct comparisons between 
the two, two footprinting reactions should be run in parallel. 
Both would use the same DNA fragment labeled at the same end, 
but one would label the 5 ¢ -strand and the other 3 ¢ -strand. 

 DNase I footprinting requires an excess of DNA-binding 
activity over the amount of DNA fragment used. The higher the 
precent occupancy of a site on the DNA, the clearer a footprint 
will be observed. It is therefore important not to titrate the avail-
able proteins with too much DNA. This limitation can, in part, 
be overcome when a protein also generates a gel-shift. It is then 
feasible to fractionate the partially DNase-digested protein–DNA 
complex by nondenaturing gel electrophoresis and to excise the 
shifted band (which is then a homogeneous protein–DNA com-
plex) before analyzing the DNA by denaturing gel electrophore-
sis as in the standard footprint analysis. 

 Footprinting crude or impure protein fractions usually requires 
that an excess of a nonspecific competitor DNA be added to the 
reaction. The competitor binds nonspecific DNA-binding pro-
teins as effectively as the specific labeled target DNA fragment 
and hence, when present in sufficient excess, leaves the main part 
of the labeled DNA available for the sequence specific protein. 
Homogeneous and highly enriched protein fractions usually 
do not require the presence of a nonspecific competitor during 
footprinting. When planning a footprinting experiment, it is pre-
requisite to start by determining the optimal concentration of 
DNase I to be used. This will be a linear function of the amount 
of nonspecific competitor but more importantly (although less 
reproducibly) it will also be a function of the amount and purity 
of the protein fraction added. As a general rule, more DNase I 
will be required if more protein is present in the binding reaction, 
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whether or not this protein binds specifically. Thus, very different 
DNase concentrations may be required to produce the required 
degree of digestion on naked and protein-bound DNA. A care-
ful titration of the DNase concentration is therefore essential 
to optimize the detection of a footprint and can even make the 
difference between the detection of a given interaction or lack 
thereof. 

 The following protocol was developed to study the footprint-
ing of the  Xenopus  ribosomal transcription factor xUBF, which is 
a rather weak DNA-binding protein with a rather broad specifi-
city. It can be broadly applied and has been used successfully for 
studies on the human retinoic acid receptor alpha and the yeast 
Ace1 transcription factor, among others. We recommend that the 
reader also refer to  ref.   6  for more information on the quantita-
tive analysis of protein–DNA interactions by footprinting.  

 

     1.    Binding buffer (2×): 20% glycerol, 0.2 mM EDTA, 1 mM 
dithiothreitol (DTT), 20 mM HEPES pH 7.9, and 4% poly 
(vinyl alcohol) ( see   Note    2  ).  

    2.    poly(dAdT)-poly(dAdT) (Sigma-Aldrich #P0883): 1 mg/
mL solution in TE. Keep at −20°C ( see   Note    3  ).  

    3.    End-labeled DNA fragment of high specific activity ( see  
 Note    1  ).  

    4.    Cofactor solution: 10 mM MgCl 2 , 5 mM CaCl 2 .  
    5.    DNase I stock solution: a standardized vial of DNase I 

(Sigma-Aldrich #D4263) is dissolved in 50% glycerol, 135 
mM NaCl, 15 mM CH 3 COONa pH 6.5 at a concentration 
of 10 units/ m L. This stock solution can be kept at −20°C 
indefinitely ( see   Note    4  ).  

    6.    1 M KCl solution.  
    7.    Reaction Stop solution: 1% sodium dodecyl sulfate (SDS), 

200 mM NaCl, 20 mM EDTA pH 8.0, and 40  m g/mL 
tRNA ( see   Note    5  ).  

    8.    10× TBE buffer: 900 mM Tris–borate pH 8.3 (108 g/L 
Tris base and 55 g/L boric acid, 20 mM EDTA).  

    9.    Loading buffer: 95% formamide, 0.05% xylene cyanol, 0.05% 
bromophenol blue.  

    10.    6% Acrylamide, 7 M urea, and 1× TBE sequencing gel.  
   11.    Phenol: chloroform: isoamyl alcohol (25:24:1, v/v) (Invit-

rogen #15593-031).  

 2. Materials  
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   12.    Sequenase DNA sequencing kit (USB #70770) or an equiv-
alent.  

   13.    A sequencing primer of appropriate sequence, as defined in 
 Subheading    3  ,  step 12 .  

   14.    Fixing solution: 10% ethanol, 10% acetic acid.  
   15.    Blotting paper (Whatman 3MM or the equivalent).      

 

 The footprinting reaction is performed in three stages (1) binding 
of the protein to the DNA; (2) partial digestion of the protein–
DNA complex with DNase I and recovery of these fragments; 
and (3) separation of the fragments on a DNA sequencing gel.
   1.    Each binding reaction is performed in a total volume of 50  m L 

containing 25  m L of 2× binding buffer, 0.5  m L of 1 mg/mL 
poly(dAdT)-poly(dAdT), 2–3 ng of end-labeled DNA frag-
ment (approximately 15,000 cpm) ( see   Note    6  ), an adjustable 
volume of protein fraction, and enough 1 M KCl to bring the 
final KCl concentration to 60 mM. The maximum volume of 
the protein fraction that can be used will often be determined 
by how much salt it contains. Each reaction is performed in a 
1.5-mL Eppendorf tube. The following work chart,  Table    1  , 
can be used to facilitate the experiment.  

   2.    Incubate on ice for 20 min (binding reaction).  
   3.    During the binding reaction, prepare the many DNase I working 

dilutions in 1.5-mL Eppendorf tubes. We suggest diluting an 
aliquot of the stock solution in water, on ice, to concentra-
tions ranging from 0.0005 to 0.1 Kunitz units/ m L. A good 

 3. Methods  

  Table 1          
Work chart for DNAse I footprinting reactions

 Tube # 
 Labeled DNA 
(15,000 cpm) 

 2× Binding 
buffer 

 Poly(dAdT)−
poly(dAdT) 1 mg/mL 

 Protein 
fraction 

 1 M KCl 
(to 60 mM final)  H 2 O 

 Final 
volume 

    m L  25  m L  0.5  m L   m L   m L   m L  50  m L 

 1               

 2               

 3               

 4               

   �                  
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  range of useful dilutions would consist in aliquots at 0.0005, 
0.001, 0.002, 0.004, 0.008 for the digestion of naked DNA, 
and 0.005, 0.01, 0.02, 0.04, and 0.08 for the digestion of 
protein–DNA complexes ( see   Note    7  ).  

    4.    Set up the digestion reaction. You should have three micro-
pipettes on hand: one set at 50  m L, another set at 5  m L, and 
the last one set at 100  m L. Pipette tip boxes should be nearby 
and kept open (as  step 5  will require to move quickly). The 
cofactor solution and the reaction stop solutions should both 
be at room temperature (R/T), in open tubes, and within 
easy reach. The DNase I dilutions should also be within easy 
reach, kept on ice, with the tube lids open. Have a watch 
or a stopwatch on the bench (not on your wrist). Since the 
DNA fragment is radioactive, all the operations should be 
performed behind a plexiglass shield.  

    5.    Once the 20 min of the binding reaction is over, transfer 
the reaction tubes, eight at a time, to a rack at R/T. Each 
of the eight tubes will be processed one after the other, at 
15-s intervals. Start with the first tube and (a) add 50  m L of 
cofactor solution; (b) add 5  m L of the appropriate DNase 
I dilution; (c) cap the tube and move on to the next one. 
(Roughly 15 s should have elapsed, as you can judge from 
the watch on the bench.)  

    6.    After having processed the eighth tube, you go back to the 
first one and stop its digestion reaction by adding 100  m L 
Reaction Stop solution. As previously, move on to each sub-
sequent tube every 15 s. The total digestion time for each of 
the eight tubes will have been 2 min ( see   Note    8  ).  

    7.    After all the reactions have been processed, extract each of 
them with phenol:chloroform.  

    8.    Add at least 1 volume of isopropanol to precipitate the 
nucleic acids.  

    9.    Microcentrifuge for 15 min at approximately 15,000 ×  g . 
Remove the supernatant with a micropipette and keep it in a 
fresh tube in case the nucleic acids did not precipitate. Check 
the presence of a radioactive pellet with a Geiger counter. 
(The pellet might come unstuck and could be found floating 
in the supernatant. If that occurs, centrifuge again.)  

    10.    Add 100  m L ice cold, 70% ethanol. Microcentrifuge for 2 min 
as above. Remove the supernatant, checking with the Geiger 
counter that you did not pick up the pellet (the supernatant 
at this step should not be radioactive, or only very slightly). 
Air dry the pellets or briefly dry in a vacuum dessicator. Do 
not overdry.  

   11.    Resuspend each pellet in 5  m L loading buffer, vortex, and 
centrifuge briefly. The samples are now ready to be loaded 
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on a sequencing gel, but can be kept at −20°C and run at a 
later time.  

   12.    A sequencing ladder should be run in parallel with the sam-
ples on the sequencing gel  (step 13) . Traditionally, this lad-
der has mostly been a G + A chemical degradation ladder 
generated by the Maxam and Gilbert method  (5) . Briefly, 
approximately 200,000 cpm of end-labeled DNA are diluted 
into 30  m L H 2 O (no EDTA). Two microliters of 1 M pip-
eridine formate (pH 2.0) are added and the solution is incu-
bated at 37°C for 15 min; 150  m L of 1 M piperidine are 
then added directly and the solution is incubated at 90°C for 
30 min in a well-sealed tube (we use a microtube in a ther-
mal cycler). After incubation, the sample is transferred into 
a 1.5-mL Eppendorf tube and 20  m L of 3 M CH 3 COONa 
and 500  m L of ethanol are added. DNA is precipitated at 
−80°C for 10–20 min. DNA is centrifuged (10,000 ×  g , 10 
min), resuspended in 200  m L of 0.3 M CH 3 COONa, and 
precipitated again with 500  m L of ethanol. It is centrifuged 
again as above and resuspended in 200  m L of H 2 O. It is 
then lyophilized to remove the last traces of piperidine. The 
dry pellet is finally resuspended in gel loading buffer; about 
5,000 cpm are used per track. However, a much better reso-
lution can be achieved by using the four tracks (A, C, G, 
and T) of a sequencing reaction performed according to the 
Sanger protocol  (7) . This can be done using home-made 
reagents or a commercial kit such as the one listed in  Sub-
heading    2  . For the sequencing ladder and the footprinting 
ladders to be properly aligned, care must be taken in using 
a sequencing primer that aligns precisely with the labeled 
base of the DNA fragment that is footprinted ( see   Note    9  ). 
Although such a sequencing reaction is performed with  35 S 
instead of  32 P, the intensity of its signal after autoradiography 
is quite acceptable and in the range of that of the footprint 
ladders.  

   13.    Pre-run a standard 6% polyacrylamide sequencing gel until 
hot (roughly 30 min) before loading the samples. Wash the 
wells thoroughly before loading. Denature the samples for 
2 min at 95°C and load with a micropipette. (We find that 
regular tips, wedged at the top of the wells, work just as well 
as specialty elongated tips and do not clog as easily.) Run the 
gel hot to keep the DNA denatured ( see   Note    10  ). The gel 
should be run until the xylene cyanol reaches two-third of its 
way to the bottom.  

   14.    After the run, fix the gel with 10% ethanol and 10% acetic 
acid. It is not necessary to immerse the gel in the solution; 
laying it flat in or near a sink and covering it with a thin 
layer of solution will suffice. (The gel plate can be put in a 
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large tray if no large sink is available.) The solution can be 
replenished from time to time for about 5–10 min. The gel 
should then be covered with a wet piece of blotting paper 
and washed with gently running water for about 3–4 min, 
which will help remove the urea. The paper is gently removed 
(make sure the gel does not stay attached to it or start tear-
ing up!) and replaced with a new, dry piece of blotting paper. 
The gel is then dried in a gel drier.  

   15.    Expose the gel overnight to an autoradiography film or with 
in phosphorimager cassette.       

 

     1.    Single-stranded breaks in the end-labeled DNA fragment 
must be avoided as they give false signals indistinguishable 
from genuine DNase I cleavage and hence can mask an oth-
erwise good footprint. It is therefore advisable, when run-
ning the gel, to keep one lane for the undigested footprinting 
probe which should give only one band. Radiochemical 
nicking is a theoretical threat to the probe’s integrity, but in 
practice it has never caused us any problem.  

    2.    This binding buffer has been shown to work well for the 
transcription factor NF-1  (6) . In our hands it has also 
worked well for several other factors, such as the human 
retinoid receptors RAR and RXR, the yeast Ace1 factor, and 
 Xenopus  and human UBF. Glycerol and poly (vinyl alcohol) 
(an agent used to reduce the available volume of water and 
hence concentrate the binding activity) are not mandatory. 
In fact, very simple binding buffers can be used; the original 
footprinting conditions for the binding of the  lac  repressor 
to the  lac  operator were 10 mM cacodylate buffer pH 8.0, 
10 mM MgCl 2 , 5 mM CaCl 2 , and 0.1 mM DTT  (1) . Par-
ticular conditions of binding might be required depending 
on the protein studied.  

    3.    Poly-dIdC is another popular nonspecific general competi-
tor. Its only drawback is that it may act as a specific com-
petitor for proteins favoring GC-rich stretches. Another 
nonspecific competitor can be sheared genomic DNA.  

    4.    Note that the usual unit for DNase I activity is the  Kunitz  
unit; the name “Kunitz” should not be mistaken for 1,000 
units. The standardized vials give very reproducible results. 
Glycerol in the buffer will keep the enzyme from freezing.  

    5.    Do not be tempted to use too much carrier tRNA, as an 
excess of it causes a very annoying fuzziness of the gel bands, 

 4. Notes  
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preventing resolution of closely packed individual bands. If 
attempting to omit the carrier altogether, make sure that the 
labeled DNA does precipitate by using the Geiger counter. 
Alternatively, 10  m g glycogen can be used as a carrier.  

    6.    The use of 5 ¢ -end labeling with polynucleotide kinase in the 
presence of crude protein extracts can sometimes lead to a 
severe loss of signal because of the presence of phosphatases. 
In these cases 3 ¢ -end labeling by “filling out” with Klenow 
or T 4  DNA polymerase is to be preferred.  

    7.    Ranges of dilutions should be tested empirically with the 
experimenter’s material. Initial experiments should be only 
concerned with defining the appropriate range of dilutions 
that give the best looking footprint. In  step 3 , we suggested 
a series of twofold dilutions; a series of fivefold digestions 
would also be acceptable (and require fewer lanes on a gel, as 
well as less material) to identify the best-suited range. Note 
that naked DNA or DNA–protein complexes using highly 
purified proteins will always require less DNase than when 
crude protein fractions are used.  

    8.    The 15-s interval are quite convenient once one gets the 
hang of the technique. Intervals of 10 s can be considered 
for the most daring, but they increase the chance of making 
a mistake and do not really save time. For beginners, inter-
vals of 30 s should be considered (and so four tubes could be 
processed at a time instead of eight).  

    9.    The chemical G + A ladder has the advantage of using the 
same labeled DNA fragment as the footprinting reaction; 
however, it requires the use of toxic reagents and its inter-
pretation can be ambiguous since it does not differentiate 
between purines. The four ladders generated by the dideoxy-
nucleotide method allow a full read of the region of  interest, 
use mostly innocuous reagents, and have a long shelf life 
since they are labeled with  35 S. For them to be aligned with 
the footprint ladders, the only thing to pay attention to is 
that the 5 ¢  end of the sequencing primer be at the same posi-
tion as the labeled nucleotide of the footprinting probe. For 
example, let us imagine a DNA fragment cut with  Eco RI and 
labeled with T 4  kinase. The labeled fragment (and so the one 
that is visible on the gel) would look like this: 5 ¢  *AATTC-
NNNNNN…3 ¢ , where the asterisk represents the radioactive 
label. To match such a footprinting probe, the sequencing 
reaction should be performed with a primer starting at the 
same base: 5 ¢  AATTCNNNNNN 3 ¢ .  

   10.    Sequencing gels are not denaturing unless run hot (7 M 
urea produces only a small reduction in the  T  m  of DNA). 
A double-stranded form of the full-length DNA fragment is 
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therefore often seen on the upper part of the autoradiogram 
( see   Fig.    2  ), especially at low levels of DNase I digestion, and 
can often be misinterpreted as a hypersensitive cleavage site. 
Comparison to an undigested track of DNA should clarify 
the point.          
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   Chapter 4   

  Exonuclease III Footprinting on Immobilized 
DNA Templates        

     Patrizia   Spitalny    and    Michael   Thomm     

  Summary 

 DNA footprinting is a widely used method to locate the binding sites of protein on the DNA. It is based 
on the observation that a protein bound to DNA protects it from degradation by an enzyme or chemical 
reagent.

Exonuclease III is a suitable probe to analyze the boundaries of a protein when it is necessary to 
eliminate any excess unbound DNA from the reaction to avoid background problems. In combination 
with biotin-labeled DNA that is bound to streptavidin-coated magnetic particles, information on the 
precise position of a DNA bound protein is available within a few hours. The position of the archaeal 
RNA polymerase at different stages of transcription in the  Pyrococcus furiosus  in vitro transcription system 
was analyzed by this method.  

  Key words:   Exonuclease III ,  Immobilized DNA ,  Archaea ,  In vitro transcription ,  Stalled transcription 
complexes.    

 

 To easily determine the position of the RNA polymerase in vari-
ous registers of transcription within a few hours, we used Exonu-
clease III (ExoIII) as a footprinting probe in combination with 
DNA immobilized on magnetic particles. This method can also 
be used for the detection of the boundaries of any DNA binding 
protein recognizing a specific sequence. 

 Apart from having RNase H, 3 ¢ -phosphatase and 
AP-endonuclease activities ExoIII catalyzes the stepwise removal 
of nucleotides from the 3 ¢ -hydroxyl termini of double stranded 

 1. Introduction  
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DNA  (1) . A specifically bound protein blocks the action of ExoIII 
and leaves double stranded DNA only in the region protected 
by the protein ( see   Fig. 1   ). Any free DNA is fully digested, an 
important advantage of ExoIII over other footprinting probes. 
Especially in reactions that do not allow DNA–protein binding to 
saturation level it is necessary to avoid a high background signal.  

 The DNA bound to magnetic particles with a biotinylated 
5 ¢  terminus allows fast and easy isolation of DNA–protein com-
plexes and is a suitable tool for the precise detection of the band 
marking one boundary of the protein. Only the free 5 ¢ -terminus 
can be radioactively labeled leaving only one strand detectable on 

  Fig. 1.    Exonuclease III footprintig procedure. ( a ) Schematic representation of ExoIII digestion of immobilized end-labeled 
DNA. To identify both boundaries of the DNA bound protein either the template strand (1) or the RNA-like strand (2) is 
radioactively labeled, determined by the position of the magnetic particle (MP). ExoIII hydrolyzes the DNA from both 
3 ¢  ends to the binding site of the protein ( dotted line ). Only the resulting length of the labeled strand is detected on a 
sequencing gel as shown in ( b ). The  arrows  indicate the position of the bands representing the upstream (1) or down-
stream (2) boundary of the protein on the DNA.       
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the sequencing gel for each reaction. To determine the complete 
binding region for one protein on the DNA the same reaction 
has to be conducted twice with either the RNA-like strand ( Fig. 
1a    (1)) or the template strand ( Fig. 1a    (2)) being attached to the 
magnetic particle. The ExoIII footprint is seen as band that marks 
the 3 ¢ -boundary of the protein on the labeled strand ( Fig. 1b   ). 

 For the interpretation of the results it is important to know 
that ExoIII may have an effect on the DNA–protein complex. 
A steric hindrance caused by the size of both proteins has to be 
taken into account when the maximum extension of the binding 
site is estimated. With weak DNA–protein interactions ExoIII 
digestion activity can run into the region bound by the protein. 
This may lead to a smaller protection site. To analyze whether 
such an action occurs a kinetics experiment of ExoIII digestion 
should be performed. 

 The activity of ExoIII is partially dependent on the helical 
structure of DNA  (2)  and it displays a sequence dependence (C > 
A = T > G)  (3)  that leads to additional pausing sites detectable as 
bands on the gel. To identify the band marking a protein bound-
ary a control reaction without protein has to be done for every 
reaction ( Fig. 1b   ). Subtracting the control lane from the lane 
with protein leaves only the signal caused by the bound protein. 

 ExoIII footprinting has been used to follow the movement 
of  E. coli  RNAP during transcription  (4,   5)  and also the trans-
location of pol II transcription complexes has been analyzed by 
this method  (6) . In our studies we followed the movement of 
the archaeal RNA polymerase from  Pyrococcus furiosus  along the 
DNA during the transition from initiation to elongation of tran-
scription  (7) . RNA synthesis was paused at distinct positions from 
+5 to +20 by the use of a C-less cassette until the desired stop 
position. The paused ternary complexes were isolated by the use 
of a magnetic particle separator and subjected to ExoIII diges-
tion to detect the boundaries of the archaeal RNA polymerase at 
each defined position.  

 

     1.    Streptavidin magnetic particles (Roche, Basel, Switzerland). 
Can be stored for many years at 6–8°C.  

   2.    Magnetic particle separator (Caution: keep away from computer 
discs, etc. because the strong magnetic field can cause damage 
to magnetic storage material).  

   3.    DNA template from a PCR reaction with a primer 5 ¢ end-
labeled with biotin.  

 2. Materials  

 2.1. Preparation of 
Immobilized and 
End-Labeled DNA 
Templates 
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   4.    Wash-buffer A: 10 mM Tris–HCl pH 7.5, 1 mM EDTA, 
100 mM NaCl.  

   5.    Binding buffer B: 50 mM Tris–HCl pH 7.5, 1 mM EDTA, 
100 mM NaCl.  

   6.    Wash-buffer C: 10 mM Tris–HCl pH 7.5, 1 mM EDTA, 1 M 
NaCl.  

   7.    TE 10: 0.1.  
   8.    [ a - 32 P] ATP (220 TBq/mmol) (Hartmann Analytic, Braun-

schweig, Germany) (Caution:  32 P is a radionuclide. Wear a lab 
coat and gloves at any time. Use shielding).  

   9.    T 4  Polynucleotide kinase (New England Biolabs, Ipswich, USA).      

     1.    Sequencing gel apparatus (Sequi-Gen GT System 21 × 50 cm, 
Bio-Rad, Hercules, USA).  

   2.    Sigmacote (Sigma, St. Louis, USA).  
   3.    6% acrylamide solution: for 1 L add 420 g urea, p.a. (Merck, 

Darmstadt, Germany) to 200 mL of Rotiphorese Gel 30, 
37.5% acrylamide: 1% bisacrylamide (Roth, Karlsruhe, Ger-
many), (Caution: acrylamide and bisacrylamide are neurotox-
ins and should be handled with gloves) and 100 mL 10× TBE, 
adjust to 1 L.  

   4.    10× TBE: 900 mM Tris   , 900 mM boric acid, 20 mM EDTA.  
   5.    10% (w/v) Ammonium persulfate (Merck, Darmstadt, Ger-

many) ( see   Note 1   ).  
   6.    TEMED 99%, p.a. (Roth, Karlsruhe, Germany).  
   7.    Running buffer: 1× TBE.      

     1.    Transcription buffer: 40 mM HEPES, 0.1 mM EDTA, 1 mM 
DTT, 275 mM KCl, and 3 mM MgCl 2  ( see   Note 2   ).  

   2.    660 ng RNA polymerase purified from  P. furiosus   (8) .  
   3.    63 ng recombinant TBP and 125 ng recombinant TFB from 

 P. furiosus  expressed and purified from  E. coli  as described pre-
viously  (9) .  

   4.    End-labeled immobilized DNA fragment.  
   5.    NTPs: 40  m M ATP, 40  m M GTP, and 2  m M UTP.  
   6.    Wash-buffer WB: 40 mM HEPES, 0.1 mM EDTA, 1 mM 

DTT, 275 mM KCl, and 3 mM MgCl 2 , 0.5% (w/v)  N -lau-
roylsarcosine (NLS) and 40  m M GTP ( see   Note  3  ).      

     1.    Exonuclease III (New England Biolabs, Ipswich, USA). Can 
be stored for many months at −20°C.  

   2.    Reaction buffer (Exo RB): 40 mM KCl, 2 mM MgCl 2 , 100 
mM Tris–HCl pH 8.5, and 1 mM DTT.  

 2.2. Sequencing Gel 

 2.3. Archaeal In Vitro 
Transcription and 
Preparation of 
Isolated Ternary 
Transcription 
Complexes 

 2.4. Exonuclease III 
Digestion 
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   3.    0.5 M EDTA.  
   4.    Loading buffer: 98% formamide, 10 mM EDTA, and 0.1% 

each bromphenol blue and xylene cyanol.       

 

     1.    The template used for our experiments was cloned into pUC19 
and contained a C-less cassette from the transcription start site 
to the position that was probed. Amplify the DNA template 
by PCR in a 100  m L reaction using one primer with a 5 ¢  biotin 
modification. Subsequent PCR purification is not necessary.  

   2.    Wash 50  m L of the magnetic particles with 90  m L of wash-
buffer A, discard the supernatant and repeat the washing step 
tree times.  

   3.    Resuspend the washed pellet in 90  m L of binding buffer B and 
add 50  m L of the PCR product.  

   4.    Incubate 30 min at room temperature. Make sure by gently 
shaking that the beads do not settle.  

   5.    Remove supernatant and repeat  steps 3  and  4  adding the 
other 50  m L of PCR product ( see   Note 4   ).  

   6.    Remove supernatant and resuspend in 90  m L of wash-buffer 
C. Let stand for 1 min, remove the supernatant and repeat the 
washing step.  

   7.    Resuspend the pellet with the immobilized DNA template in 
90  m L TE 10: 0.1 ( see   Note 5   ).  

   8.    Label 40  m L of the immobilized DNA at the free 5 ¢ -end ( see  
 Note 6   ) by using 4  m L T4 polynucleotide kinase and 4  m L 
fresh [ a - 32 P] ATP.      

     1.    The instructions refer to the use of the Bio-Rad Sequi-Gen 
GT System 21 × 50 cm but can as well be used for any other 
gel system.  

   2.    Thoroughly wash the front and back glass plate with soap and 
water. Rinse with deionized water and dry. Wet plates with 
96% ethanol and wipe dry with lint-free paper towel. Apply a 
film of Sigmacote on the front plate. After the film dried wipe 
with lint-free paper towel.  

   3.    Assemble the gel with 0.4-mm thick spacers and place it flat 
on the lab bench.  

   4.    Prepare 80 mL of 6% acrylamide solution in a 100-mL beaker, 
add 20  m L of TEMED and 400  m L of 10% ammonium persul-
fate and mix thoroughly.  

 3. Methods  

 3.1. Preparation of 
Immobilized and 
End-Labeled DNA 
Templates 

 3.2. Sequencing Gel 
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    5.    Put the gel solution immediately into a syringe, avoid bub-
bles, and inject it through the injection port of the caster at 
the bottom of the Sequi-Gen GT cell.  

    6.    When the gel solution reaches the top of the gel plates insert 
the 16 wells forming comb. Be careful to avoid bubbles.  

    7.    The gel should polymerize for 1–2 h ( see   Note 7   ).  
    8.    Prepare running buffer by diluting 100 mL of 10× TBE with 

900 mL of deionized water.  
    9.    Remove the caster. Excess acrylamide should be removed 

from around the comb with a razor blade before the comb is 
removed.  

   10.    Assemble the gel unit and pour the running buffer into the 
upper and lower reservoirs.  

   11.    Connect the gel system to a power supply. The gel can be run 
at 2,000 V, 50 W, and 25 mA. Maintain a gel temperature of 
 ~ 50°C ( see   Note 8   ).  

   12.    After electrophoresis transfer the gel to Whatman paper and 
expose the gel to an X-ray film overnight at −70°C using 
an intensifying screen. Alternatively use an phosphoimaging 
plate for 1–2 h to visualize the bands.      

      1.    For the in vitro transcription reaction add 3  m L of immobi-
lized end-labeled DNA containing a C-less cassette, 660 ng 
of purified  P. furiosus  RNA polymerase, 63 ng of purified 
recombinant  P. furiosus  TBP and 125 ng of purified recom-
binant  P. furiosus  TFB and NTPs (40  m M ATP, 40  m M GTP, 
and 2  m M UTP) to transcription buffer in a total volume of 
25  m L.  

    2.    Incubate in a thermocycler 3 min at 70°C.  
    3.    Isolate paused transcription complexes at room temperature 

by the use of the magnetic particle separator. Remove super-
natant, wash with 30  m L of wash-buffer WB, and resuspend 
the pellet in 25  m L of reaction buffer for exonuclease III 
digestion (Exo RB).      

      1.    Subject the isolated ternary complexes resuspended in Exo 
RB to ExoIII digestion by adding 100 units of the enzyme.  

    2.    Incubate 15 min at 37°C.  
    3.    Stop the reaction by adding 1.5  m L of EDTA and 13  m L of 

loading buffer. Denature at 95°C for 3 min. Under these 
conditions the DNA is released from the magnetic particles.  

    4.    To avoid partly blocked wells due to the presence of magnetic 
particles they were pelleted. Twelve microliters of the super-
natant were loaded onto the sequencing gel. A sequencing 
ladder was loaded to identify the length of the bands.       

 3.3. Archaeal In Vitro 
Transcription and 
Preparation of 
Isolated Ternary 
Transcription 
Complexes 

 3.4. Exonuclease III 
Digestion 
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    1.    Ammonium persulfate is very reactive and hygroscopic by 
nature. It starts to break down almost immediately when 
dissolved in water. It is recommended to prepare it freshly 
every time. Alternatively it can be stored in 1.5 mL aliquots at 
−20°C for several months. Storage at 6–8°C is possible for a 
few days.  

   2.    Prepared as stock solution the transcription buffer can be 
easily adjusted to the volume of proteins in the transcription 
reaction. At −20°C it can be stored for many months.  

   3.    In our experiments GTP (40  m M) was added to the wash-
buffer WB    to stabilize paused transcription complexes. All 
used templates had a GTP as last incorporated nucleotide 
before the first C position. GTP in the WB prevented the 
RNA polymerase from backtracking while paused.  

   4.    Take an aliquot of the supernatant in each step before and 
after the binding reaction. Analyze it on an agarose gel to 
make sure the binding reaction works to saturation. After 
the first binding reaction there should be no DNA left in the 
supernatant. After the second binding step there should still 
be some DNA detectable on the agarose gel.  

   5.    The immobilized templates can be stored at 6–8°C for many 
months. Do not freeze them because they will accumulate and 
settle more quickly so the handling will become difficult.  

   6.    Depending on which strand is attached to the magnetic par-
ticle on the 5 ¢ -end either the coding or the noncoding strand 
can selectively be labeled. The specifically labeled DNA can 
easily be purified from the labeling reaction by the use of the 
magnetic particle separator. Resuspended in water it was used 
in the in vitro transcription reaction.  

   7.    The polymerization time should not exceed a few hours to 
avoid drying in the region around the comb. The sequencing 
gel can be stored at 6–8°C for up to 2 days. Put a paper towel 
soaked with 1× TBE over the comb. Wrap the top of the gel 
with plastic wrap.  

   8.    With the used gel apparatus the upper buffer chamber is 
attached to the back of the glass plate and acts in cooling 
the entire gel area during electrophoresis. Alternatively use 
an aluminum plate for other gel systems. Uniform heating 
prevents sample mobility artifacts and greatly reduces cracking 
of plates.          

 4. Notes  
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      Chapter 5

  Hydroxyl Radical Footprinting of Protein–DNA Complexes        

     Indu   Jagannathan    and    Jeffrey J.   Hayes          

  Summary 

 This unit details the use of hydroxyl radicals to characterize protein–DNA interactions. This method 
may be used to assess the exact location of contacts between a protein and its cognate DNA and details 
of the complex structure. We describe several methods to prepare DNA templates for footprinting and 
ways to avoid many of the pitfalls associated with the use of hydroxyl radical footprinting. In addition, 
we describe in detail one example of the application of this technique.  

  Key words:     Hydroxyl radical footprinting ,  Footprinting ,  Protein–DNA interactions    .

 Footprinting is a powerful technique allowing regions of DNA 
in contact with sequence-specific DNA binding proteins to be 
determined. Traditionally, such experiments have been accom-
plished with the endodeoxyribonuclease, DNase I. Enzymatic 
reagents such as DNase I digestion can reveal many details about 
the location, affinity, and extent of protein–DNA interactions and 
can be used in complicated extracts containing multiple reagents 
and factors  (1) . However, finer details of protein–DNA interac-
tions and DNA structure within protein–DNA complexes can be 
obtained by footprinting with the hydroxyl radical, an efficient 
chemical nuclease. Because of the small size (about the size of a 
water molecule) and lack of sequence specificity of this diffusible 
reactive species, very fine details of DNA conformation and pro-
tein–DNA contacts can be resolved. These features are reflected 
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in the rates of DNA cleavage at individual nucleotide positions. 
Cleavage is effected by the abstraction of a hydrogen atom by a 
hydroxyl radical from a carbon within a deoxyribose in the minor 
groove of the DNA  (2) . This leaves a carbon-centered radical, 
which rapidly disintegrates to leave 5 ¢  and 3 ¢  monophosphoester 
termini on either side of a one nucleoside gap. Typically, hydroxyl 
radicals are conveniently produced in solution by chemical 
means, although radical production by gamma photon photoly-
sis of water has been employed for footprinting  (3,   4) . Hydroxyl 
radicals can be efficiently produced in solution in virtually any 
salt conditions and in the presence of any soluble protein–DNA 
assembly via the one electron reduction of hydrogen peroxide by 
an iron(II)EDTA complex to produce ·OH and OH − :  

  
− − −+ → + +i2 1

2 2[Fe(II)EDTA] H O OH OH [Fe(III)EDTA]    

 The oxidation of Fe(II) is readily reversible by mild reducing 
agents such as sodium ascorbate, thus effectively recycling the 
iron complex until the peroxide is depleted ( see   ref.   5  for a com-
plete review of hydroxyl radical mediated DNA cleavage). 

 Note that the hydroxyl radical cleavage procedure has the 
drawback that the complexes must be prepared in relatively pure 
form and buffer solutions must be free of radical scavengers. 
Common buffer components such as glycerol >0.2%, Tris buffer 
in excess of 10 mM, and carbohydrates must be avoided. Here we 
describe the basic methodology for footprinting using chemically 
generated hydroxyl radicals and detail one example. 

    1.    Plasmid containing the DNA fragment of interest or oligonu-
cleotides that can be annealed to produce a double-stranded 
DNA fragment with the cognate site for the protein (see other 
alternative strategies for generation of the DNA fragment, 
below).  

   2.    10× T4 polynucleotide kinase (PNK) buffer (supplied with 
enzyme).  

   3.    [ g - 32 P]ATP, 6,000 Ci/mmol.  
   4.    T4 polynucleotide kinase (PNK) 10,000 units/ml (NEB).  
   5.    2.5 M ammonium acetate.  
   6.    3 M sodium acetate, pH 5.2.  
   7.    95% Ethanol, −20°C.  
   8.    70% Ethanol, −20°C.  

2. Materials

2.1. Radioactive End-
Labeling of a DNA 
Fragment
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    9.    10% sodium dodecyl sulfate (SDS) stock solution.  
   10.    Alkaline phosphatase, calf intestinal (Roche Applied Sci-

ence).  
   11.    TE buffer: 10 mM Tris–HCl pH 8.0 and 1 mM EDTA.     

     1.    10× G-specific reaction buffer: 0.5 M Na cacodylate and 10 
mM EDTA.  

    2.    Dimethylsulfate (DMS) (Sigma).  
    3.    G-reaction stop buffer: 1.5 M Na acetate, 1 M  b -mercap-

toethanol and 1  m g/ m l sonicated calf thymus DNA.  
    4.    Piperidine (neat, 10 M stock) (Sigma-Aldrich).     

     1.    5 g Fe(II)(NH 4 ) 2 SO 4 ·(H 2 O) 6 , reagent grade, (Sigma-
Aldrich) (store in dark).  

    2.     L -Ascorbic acid (sodium salt), reagent grade, (Sigma-
Aldrich) (store dry).  

    3.    H 2 O 2 , 30% solution, store at 4°C.  
    4.    TE (10 mM Tris–HCl, pH 8.0, 1 mM EDTA).  
    5.    Stock solution of 20 mM sodium ascorbate, store frozen 

at −20°C.  
    6.    Stock solution of 1 mM Fe(II) EDTA; store frozen 

at −20°C.  
    7.    Solution of 0.15% H 2 O 2 , freshly made.  
    8.    Stop solution I: 50% glycerol and 10 mM EDTA.  
    9.    Microcentrifuge filtration devices (similar to Series 8,000 

originally made by Lida Manufacturing Corporation now 
part of Thermo-Fisher).  

   10.    10 mM Tris–HCl pH 8.0 and 0.1% SDS.  
   11.    Microcentrifuge pestles, can be obtained from Stratagene. 

95% and 70% ethanol solutions, cooled to −20 °C.  
   12.    3 M sodium acetate.  
   13.    0.7% agarose gels made with 0.5× TBE.  
   14.    Pronase or Proteinase K solution; 25 mg/ml stock.     

     1.    Solid urea; molecular biology grade.  
    2.    5× TBE.  
    3.    40% Acrylamide (19:1 acrylamide:bis-acrylamide).  
    4.    20% ammonium persulfate (APS).  
    5.     N , N , N  ¢ , N  ¢ -Tetramethylethylenediamine (TEMED).  
    6.    Formamide loading buffer: 100% formamide, 0.05% 

bromophenol blue, 0.05% xylene cyanol FF, and 1 mM 
EDTA.     

2.2. Maxam–Gilbert 
G-Specific Reaction

2.3. Footprinting of 
Protein–DNA Interac-
tions with Hydroxyl 
Radicals

2.4. Sequencing Gel 
Analysis
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    1.    30% glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol 
FF, 0.4% SDS. Store at 4°C.     

    1.    10× PCR buffer (no MgCl 2 ) (from polymerase manufacturer).  
   2.    1.5 mM MgCl 2 .  
   3.    Plasmid DNA template 0.5  m g.  
   4.    Cold primer 0.5  m g.  
   5.     32 P labeled primer (0.5  m g labeled) 10  m l.  
   6.    dNTPs 2.5 mM each.  
   7.    VENT/Taq polymerase, 1  m l.     
 Final volume 100  m l 

 The basic protocol includes the preparation of radiolabeled DNA, 
some details of complex formation (although the exact details 
will depend on the particular protein of interest), the cleavage 
reaction, and analysis of cleavage products by sequencing gel 
electrophoresis. Our procedure includes an optional nucleopro-
tein gel electrophoresis for fractionation of the complexes before 
sequencing gel analysis of the cleavage patterns. 

 Proper sample preparation is critical for the hydroxyl  radical 
footprinting method. Complexes are prepared with DNA 
containing a unique radioactive end-label. Alternatively, 5 ¢  end-
label can be incorporated after the cleavage reaction. Note that 
unlike DNase I or other nucleases that require metal-cofactors, 
chelation agents such as EDTA or ATP do not affect the chemi-
cal system used to generate ·OH. Similarly, typical salts, even in 
high concentrations do not reduce the efficiency of cleavage  (5) . 
For radioactively end-labeled complexes, it is recommended that 
each sample contain at least 5,000 cpm. Samples containing less 
radioactivity can be used depending on the losses during sample 
preparation, but at least 2,000 cpm should be loaded in each lane 
of the sequencing gel. Note that the samples to be treated with 
hydroxyl radicals prior to resolving nucleoprotein complexes on 
preparative 0.7% agarose gels should contain >20,000 cpm (see 
below). 

 The objective is to prepare a DNA fragment containing a radiola-
bel at either the 5 ¢  or 3 ¢  end of one of the two strands. We have 
used at least three methods for this preparation. 

 The easiest and most traditional is to radiolabel the DNA frag-
ment as it is excised from a purified plasmid.

2.5. 6× SDS Gel Load-
ing Solution

2.6. PCR Reaction 
Setup

3. Methods

3.1. DNA Fragment 
Preparation and 
Labeling

3.1.1. Method 1
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   1.    Cut  ~ 5  m g of a plasmid containing the ultimate DNA frag-
ment of interest a selected restriction enzyme according to 
the manufacturer’s specifications. Typically, an enzyme that 
cuts the plasmid only once, about 30–100 bp from the site of 
interest is used to allow for proper resolution on sequencing 
gels (see below) ( see   Notes   1  and  2 ).  

   2.    For samples to be treated with PNK to radiolabel the 5 ¢  end 
of the DNA, treat the plasmid with alkaline phosphatase 
according to manufacturer’s instructions and proceed to 
 step 3 . For DNA to be filled in with DNA polymerase Kle-
now fragment (Klenow) and radiolabeled dNTPs, proceed 
to  step 5 .  

   3.    Remove the phosphatase by phenol/chloroform extraction. 
Adjust the volume of the reaction to 200  m l with TE contain-
ing 0.2% SDS; add 200  m l of water-saturated phenol/chloro-
form (50:50) and vortex vigorously, then spin for 2 min in 
the microfuge. Carefully remove and keep the aqueous layer 
– it is ok to leave a small amount of aqueous layer behind. 
Add 160  m l of TE back to the organic layer and repeat the 
extraction, combining the two aqueous layers in a separate 
tube. Add 40  m l of 3 M NaOAc and 1 ml of ice-cold 95% 
ethanol, vortex and microfuge at top speed to precipitate 
the DNA. Carefully remove the supernatant with a pipette, 
taking care to not disturb the pellet. Add 200  m l of 0.3 M 
NaOAc, vortex, then repeat the precipitation with 550  m l of 
EtOH. Carefully wash the final pellet with 500  m l of ice-cold 
70% EtOH (do not vortex), spin the tube for 2 min in the 
microfuge, and slowly remove 95% of the supernatant with 
a narrow-bore transfer pipette. Dry the tube completely in 
a Speed Vac then resuspend the DNA in 20  m l of TE for the 
kinase reaction.  

   4.    Radiolabel the free 5 ¢  ends in the plasmid by treating with 
polynucleotide kinase and ~5  m l of [ g   32 P]-ATP according to 
manufacture’s instructions and according to safe radioactiv-
ity practices. Terminate the reaction with 200  m l of 2.5 M 
NH 4 OAc, then precipitate with 700  m l of ice-cold EtOH as 
described above. Note that the supernatant should be care-
fully discarded into the liquid  32 P waste. Resuspend the pellet 
in 180  m l TE by gentle vortexing and collect the liquid in the 
bottom of the tube with a quick microfuge spin. Adjust the 
solution to 0.3 M sodium acetate by the addition of 20  m l 
of 3 M sodium acetate stock and reprecipitate the DNA by 
the addition of 700  m l of −20°C 95% ethanol as described 
above, again discarding the supernatant into the radioactive 
(hot) waste. Wash the final pellet and dry in a Speed Vac as 
described above. Resuspend the pellet in 25  m l of TE and 
transfer to a new eppendorf tube. Discard the old tube in the 
hot waste and proceed to  step 6 .  
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   5.    Alternatively, radiolabel the free 3 ¢  ends in the plasmid by fill-
ing in with Kenow fragment of DNA polymerase I and  ~ 5 
 m l of  the appropriate a  [32-P]-dNTP according to manufac-
ture’s instructions and according to safe radioactivity practices. 
Terminate the reaction with 200  m l of 2.5 M NH 4 OAc, then 
precipitate with 550  m l of ice-cold EtOH as described above. 
Note that the supernatant should be carefully discarded into 
the liquid  32 P waste. Resuspend the pellet in 180  m l of TE by 
gentle vortexing and collect the liquid in the bottom of the 
tube with a quick microfuge spin. Adjust the solution to 0.3 
M sodium acetate by the addition of 20  m l of 3 M sodium ace-
tate stock and reprecipitate the DNA by the addition of 550 
 m l of −20°C 95% ethanol as described above, again discarding 
the supernatant into the hot waste. Wash the final pellet and 
dry in a Speed Vac as described above. Resuspend the pellet in 
25  m l of TE and transfer to a new eppendorf tube. Discard the 
old tube in the hot waste and proceed to  step 6 .  

   6.    Digest the sample with a second restriction enzyme, typically a 
single-cutter, to liberate the DNA fragment of interest accord-
ing to manufacture’s instructions such that the resulting frag-
ment is 100–350 bp in size. Multiple cutters can be used for 
the second restriction enzyme cut but the DNA fragment of 
interest must be resolved from the second radiolabeled frag-
ment (in the case of a single-cutter first enzyme) on the pre-
parative acrylamide gel. Note that DNA fragments larger than 
about 400 bp are inefficiently recovered from acrylamide gels 
 (step 7) .  

   7.    After the digestion (1 h) add 5  m l of SDS-gel loading solu-
tion and apply the sample to a preparative 5% polyacrylamide 
gel with 1/2× TBE both in the gel and as a running buffer. 
Run the gel for 1.5 h (actual time may vary depending on 
size of fragments) to separate the radiolabeled fragment from 
the other longer (or shorter) radiolabeled fragment(s). Note 
that if you used two single-cutter enzymes then the unwanted 
fragment will be large and contain the remainder of the origi-
nal plasmid ( see   Note   3 ).  

   8.    Expose the wet gel to autoradiographic film for 30 s to 2 min 
and, using the film as a guide, cut out the appropriate band 
with a razorblade. Recover the DNA from the gel slice by pas-
sive elution (crush and soak) or by electroelution ( see   Note   4 ).  

   9.    Precipitate the eluted DNA. Carrier DNA ( ~ 0.1  m g) can be 
added to improve recovery. Resuspend the DNA in TE buffer 
at no more than  ~ 10 kcpm/ m l. Store at 4 °C.     

 This method involves using PCR to generate the fragment of 
interest. Note that radiolabeling of primers typically results in less 
specific activity incorporated into the nucleic acid compared to 

3.1.2. Method 2
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 Subheading  3.1.1  . Nevertheless, this method does not require 
appropriately positioned restriction sites and does not require large 
amounts of the parent fragment.
   1.    Design two primers to PCR the DNA fragment from an avail-

able template containing the DNA binding site of interest. See 
above for criteria for selection of the fragment size and posi-
tion of the binding site.  

   2.    Radiolabel one of the two primers. Typically,  ~ 0.5  m g of primer 
is radiolabeled via the procedure mentioned above. How-
ever, employ  ~ 2× more  g [ 32 -P]ATP, precipitate the primer as 
described, rinse and dry. Resuspend in 10  m l of TE.  

   3.    Carry out a PCR reaction containing the radiolabeled primer 
and the cold primer.  

   4.    Isolate the radiolabeled fragment as described above.     

 A similar method may be used to generate an appropriate binding 
target for the protein of interest directly from synthesized oligo-
nucleotides. Two complementary oligonucleotides are prepared, 
one radiolabeled as above, then annealed together. The annealed 
product is then isolated from a preparative nondenaturing gel. 
While the simplest approach, this method is limited due to the 
size of the oligonucleotides that can be annealed and may be sub-
ject to background bands in the final analysis due to the less than 
perfect chemical synthesis used to generate the oligonucleotides.
   1.    Oligonucleotides. The length of the oligonucleotides depends 

on the size of the binding site but should be >40 nt each. This 
allows for efficient recovery and resolution of shorter cleavage 
products on the sequencing gel as oligonucleotides <15 nt 
tend not to precipitate efficiently in ethanol.  

   2.    Radiolabel the 5 ¢  end of one oligonucleotide as per above 
procedure.  

   3.    Anneal the radiolabeled oligonucleotide with a 1.5-fold 
excess of the unlabeled complementary oligonucleotide. Mix 
both together in TE, incubate at 90°C for 10 min, turn off 
the heating block then allow to slowly cool to room tem-
perature.  

   4.    Isolate the radiolabeled annealed product from a preparative 
acrylamide gel ( see   Note 3    regarding background in the oligo-
only method).  

   5.    For constructing longer DNA substrates, two primers can be 
ligated in the presence of a splint for correct alignment. The 
ligated primers can be used for further annealing thus forming 
the necessary DNA substrate  (6) .     

 Typically, footprinting reactions involve purified proteins mixed 
with a radiolabeled DNA fragment containing the cognate site 

3.1.3. Method 3

3.2. Hydroxyl Radical 
Footprinting Reaction
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for the protein in a buffer compatible with binding activity and 
with the chemical generation and cleavage activity of hydroxyl 
radicals. In practice this means that often common reagents such 
as glycerol that are good scavengers of hydroxyl radicals must 
be omitted or minimized in the buffers. However, as mentioned 
above, the cleavage reaction is compatible with a wide range of 
salts.
   1.    Prepare the protein–DNA complex in a solution containing 

 £ 0.2% glycerol and  £ 10 mM Tris–HCl. Most salts and EDTA 
may be present at any concentration  (5) . Any volume may be 
used; typically the protein–DNA binding reaction is prepared 
at seven-tenths of the final reaction volume with no correction 
for dilution that occurs upon addition of the cleavage rea-
gents. However, if there is concern, additional binding buffer 
can be added by making the sodium ascorbate 3× in binding 
buffer (see below).  

   2.    Prepare  ~ 500  m l working stocks of 1 mM Fe(II)/2 mM EDTA, 
10 mM sodium ascorbate, and 0.12% H 2 O 2  (1:250 dilution 
of the 30% stock) from the concentrated stocks immediately 
before the cleavage reaction ( see   Note 5   ).  

   3.    The cutting reaction is initiated by placing a drop each of the 
iron/EDTA solution (one-tenth volume), 10 mM sodium 
ascorbate (one-tenth volume) and the 0.12% H 2 O 2  (one-tenth 
volume) on the inner wall of a 1.5-ml Eppendorf tube that 
contains the nucleoprotein binding reaction (seven-tenth vol-
ume). This allows the three reagents to be mixed very briefly 
and then immediately after the addition of the peroxide solu-
tion, the reagents are pushed down to the solution contain-
ing the nucleoprotein complex using a pipette tip. The whole 
reaction is then mixed thoroughly by pipetting. For example, 
for digestion of a 35  m l solution of protein–DNA complexes, 
5  m l of each of the reagents would be mixed together on the 
side of the tube and then rapidly mixed with the sample.  

   4.    The free radical reactions are incubated at room temperature 
for 30 s to 2 min and then the cleavage reaction is quenched. 
The method used to terminate the reaction depends on the 
subsequent steps to be followed. If complexes are to be frac-
tionated by preparative nucleoprotein gel electrophoresis, stop 
the reaction with the addition of glycerol to 5% and the entire 
reaction volume transferred to the gel as described in  step 6 . 
If the cleaved DNA is to be prepared for sequencing gel elec-
trophoresis, the reaction is adjusted to 0.3 M sodium acetate 
and precipitated with ice-cold ethanol as above. Note that the 
presence of ethanol effectively quenches the radical cleavage 
reaction. The reaction may also be quenched by adjusting 
the solution to 50 mM thiourea  (7) . Note that the extent 
of cleavage of the DNA can be adjusted by changing either 
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the incubation time for cleavage, or reducing the Fe[EDTA] 
concentration or adjusting the H 2 O 2  concentration. Under 
optimal conditions approximately two-third to three-fourth 
or more of the original DNA fragment should remain  uncut  
after digestion ( see   Note 6   ).  

   5.    Purify the DNA for sequencing gel electrophoresis. Com-
plexes containing protein concentrations in excess of 0.1 mg/ml 
should be digested with proteinase K or Pronase  ~ 0.5 mg/ml 
final concentration for 2–3 h at 37–42°C in the presence of 
0.2% SDS, by the addition of one-tenth volume of a 10× stock 
solution. The sample volume is then adjusted to 180  m l with 
TE, 0.1% SDS, and extracted with one volume of buffer-
equilibrated phenol. The aqueous phase is then adjusted to 
0.3 M sodium acetate by the addition of 20  m l of 3 M sodium 
acetate stock and the DNA precipitated by the addition of 550 
 m l of −20°C 95% ethanol. The DNA pellet is collected by cen-
trifugation at the  ~ 14,000 rpm in a benchtop microfuge for 
20–30 min at room temperature and the supernatant carefully 
removed with a transfer micropipette. The DNA is then resus-
pended in 0.3 M sodium acetate/TE and reprecipitated with 
ethanol to remove additional salt and SDS, The final pellet 
gently washed with 400  m l of ice-cold 70% ethanol. However, 
typical preparations of reconstituted protein–DNA complexes 
with pure proteins contain protein concentrations that do not 
require protease treatment and phenol extractions. These may 
be precipitated directly with ethanol/salt in the presence of 
SDS as described. The DNA pellet is then dried and analyzed 
as in  step 9 .  

   6.    If digested complexes are to be fractionated by nucleopro-
tein gel electrophoresis, the reaction is stopped by addition of 
one-tenth volume 25 mM EDTA/50% glycerol. The sample 
is then immediately loaded onto a 0.7% preparative agarose 
gel (45 mM Tris borate, pH 8.3) with an applied voltage of 
5 V/cm and the samples electrophoresed for 3 h. Typically, all 
visual tracking dyes such as bromophenol blue or xylene cya-
nol are omitted from complex samples but are loaded in adja-
cent wells to gage the progress of the gel. The bromophenol 
blue dye is typically run to about one-half to two-third of the 
way through a standard 10–12 cm horizontal agarose gel.  

   7.    The gel is wrapped tightly in Saran wrap and exposed to auto-
radiographic film at 4°C. We find that the gel must be exposed 
for 1.5–3 h before sufficiently dark bands are obtained (over-
night exposure might be required in some cases). It is crucial 
at this point to mark the film to be able to precisely align 
the gel with the exposure after developing. We typically use 
phosphorescent markers available from Stratagene which are 
placed directly on the surface of the plastic wrap. Alternatively, 
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one can simply cut one corner from the gel, wrap it in Saran 
wrap, then carefully trace around the edges of the gel with 
a marker right on the film. Care must be taken so that the 
film does not shift position as the gel is prepared for exposure 
(the gel can be fastened at the corners with scotch tape). The 
gel may also be aligned by preparation of radioactive “marker 
dye” Some older radioactive nucleotides are mixed with con-
centrated bromophenol blue dye and spotted into the gel 
with a micropipette. Although the dye diffuses somewhat, the 
original point of placement usually can be visualized on the 
gel and the exposure. It is also possible to prepare a “radio-
active marker pen” by dipping the end of a marker in some old 
source radioactivity and then writing directly onto the Saran 
wrap.  

   8.    Cut out the digested protein–DNA complex and naked DNA 
bands and isolate the radiolabeled DNA. This can be accom-
plished by electroelution of the isolated band or by standard 
“freeze and squeeze” procedures using a small filtration unit 
that fits into the top of a microfuge tube (pore size 0.4  m m). 
If the latter is used, we find it improves recovery to reextract 
the plug of agarose in the filter with 0.5 ml of TE, 0.2% SDS 
solution either overnight at room temperature or with con-
stant gentle mixing on a rotator for 2 h at 37°C. Radiolabeled 
digested DNAs are recovered by adjusting the salt concentra-
tion to 0.3 M sodium acetate and precipitation with −20°C 
ethanol via standard protocols.  

   9.    The DNA is analyzed by sequencing gel electrophoresis. The 
digested DNA is typically resuspended in 10–20  m l of TE, 
depending on how many radioactive counts are used in the 
experiment. This allows the radioactivity to be more quantita-
tively resuspended by vortexing. Note that typically, much of 
the precipitated, dried DNA is stuck to the inner wall of the 
microfuge tube and care must be taken to resuspend all the 
radioactive material. This can be done by vigorous vortexing 
and/or by rubbing the droplet of TE against the inner wall 
of the tube. Ideally, approximately one-fourth of this solution 
( ~ 5  m l) is transferred to a fresh microfuge tube and dried to 
completion in a Speed Vac. This sample is then easily resus-
pended in  ~ 3  m l of 100% formamide containing 1 mM EDTA 
and 0.005% tracking dyes, denatured at 90°C for 2–5 min and 
loaded into the well of a sequencing gel. The gel is run and 
exposed to autoradiographic film or a phosphoimager plate. 
The extent of cleavage in the hydroxyl radical treated samples 
and the level of background in the control samples are evalu-
ated ( see   Notes     6– 9  ). The cleavage patterns are then analyzed 
by phosphorimage and densitometric scanning.     
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 The Msh2/3 complex binds DNA containing mismatched bases 
and other unusual secondary structures  (8) . To determine the 
extent of interaction of purified Msh2/3 with a stem-loop struc-
ture, two oligonucleotides were annealed to generate the CA4 
loop DNA All oligonucleotides were obtained PAGE purified 
(from IDT, Coralville, IA). Approximately 1  m g of either top 
strand or bottom strand oligonucleotides were radioactively end-
labeled with T4 polynucleotide kinase (New England Biolabs) 
and [ g - 32 P]ATP as described above. The oligonucleotides were 
then precipitated and isolated on 10% polyacrylamide gels (1× 
TBE), the band carefully excised to eliminate oligonucleotides 
differing by >1 nucleotide in length. The labeled DNA was pas-
sively eluted into 600  m l extraction solution (0.4% SDS in TE), 
and fragments of gel removed by filtration with 0.45- m m filters 

3.3. Example of 
Hydroxyl Radical 
Footprinting

  Fig. 1 .   Footprinting of the Msh2/3 complex bound to a CA4 loop. The hMsh2/3 complex was prepared and bound to 
annealed oligonucleotides as described in the text and in ref.  8 . The gel shows a G-reaction marker ( lane 1 ), untreated 
control DNA ( lane 2 ), and DNA digested in the absence or presence of the hMsh2/3 complex ( lanes 3  and  4 , respectively). 
 Black bars  indicate regions in which cleavage is somewhat diminished in the presence of the protein. In this experiment 
the  top strand  contained a radiolabel at the 5 ¢  end of the strand. The  right half  of the figure shows the scans of  lanes 3  
and  4  ( gray  and  black lines , respectively) and, below, a scheme of the location of protections for this experiment and an 
analogous experiment in which the radiolabel was located on the  bottom strand . The  star  corresponds to the single A 
residue for which cleavage is not diminished in presence of the protein in the center of the binding site (see gap between 
 black lines )       .
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(SPIN-X, COSTAR). Oligonucleotides were precipitated then 
finally resuspended in 60  m l of TE buffer (10 mM Tris –HCl , pH 
8.0, 1 mM EDTA). Labeled top or bottom strands were annealed 
with 2.5  m g of either cold bottom or top strands, respectively, by 
incubation at 83°C for 5 min in TE buffer, then gradual cooling 
to 25°C. The annealed samples were PAGE purified on 10% poly-
acrylamide/1× TBE gels as described above. The final annealed 
structure is shown in  Fig. 1   , right.  

 Approximately 2 ng of the annealed double-stranded oligo-
nucleotides was incubated without or with  ~ 100 ng hMSH2/3 
protein for 30 min at RT in binding buffer in a total volume 
of 20  m l, then treated with 2  m l of each of the hydroxyl radical  
reagents for 2 min at room temperature, and the reaction 
quenched by the addition of 3  m l of 50% glycerol. Digested DNA 
was precipitated and total radioactivity recovered was determined 
by Cerenkov counting (Beckman, LS600SC). About 7,000 cpm 
from each digest was loaded on 10% polyacrylamide sequencing gels 
and electrophoresed for 1 h 5 min at 60 W, then the dried gels 
analyzed by Phosphoimager using Imagequant software (Molec-
ular Dynamics). The patterns were further compared by densito-
metric scanning of the phosphorimager files using the program 
Imagequant. Although the protection by the protein is not readily 
apparent in the gel image, the scans reveal a clear footprint due 
to the Msh2/3 complex. 

    1.    A restriction enzyme that cuts the plasmid more than once 
can be used here but after cleavage with a second enzyme to 
liberate the fragment ( Subheading 3.1.1   ,  step 6)     one must 
be able to resolve the fragment of interest from other radi-
olabeled products; also when multiple ends are available for 
labeling, the efficiency of radiolabel incorporation into the 
fragment of interest can be decreased. Thus, carefully planned 
strategy must be employed.  

   2.    It is important to choose a restriction enzyme that generates 
a 5 ¢  overhang after cleavage so that either the kinase or fill-in 
reactions can proceed efficiently.  

   3.    When isolating a radiolabeled DNA fragment for the first 
time, it is a good idea to apply size markers to the gel in a lane 
that can be cut away and stained with ethidium bromide.  

   4.    The radiolabeling should produce a DNA fragment with 
200,000 to 1 million cpm in total. This will be evident by a 
dark band after a maximum of 2 min exposure. If a dark band 

4. Notes
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is not observed, stain the preparative gel to determine 
if the DNA fragment was recovered efficiently from the 
precipitation.  

   5.    Efficiency of radical production is greatly reduced in acidic 
solutions. Thus, it is important to employ sodium ascorbate. 
Prepare sodium ascorbate solutions from dry crystals that do 
not appear to have become moist or reddish in color. We have 
found that 1 M solutions of this reagent are stable for >1 year 
when stored at −70°C and the 10 mM working stocks are 
stable for >3 months when stored frozen. Likewise the work-
ing stocks of the Fe(II)EDTA complex are stable for extended 
periods if kept frozen. Note that on formation of insoluble 
 m -hydroxy iron complexes, the stock should be discarded. 
Although solutions of 30% H 2 O 2  are stable for several years 
if stored properly at 4°C, contamination of this solution with 
transition metals can cause a loss of peroxide. In addition, 
the diluted working stock solution of hydrogen peroxide is 
relatively unstable on the bench top and should be discarded 
immediately after the reaction.  

   6.     Evaluation of the extent of cleavage.  Since the hydroxyl radical 
yields an even pattern of cleavage at every nucleotide position, 
the intensity of individual bands on the gel is somewhat less 
than that obtained with DNase I. Thus, it is sometimes dif-
ficult to evaluate the extent of cleavage. A common problem 
is the lack of apparent cleavage on the gel and due to underex-
posure of the gel. Thus it is essential that a control sample of 
undigested DNA of equivalent cpm to the experimental sam-
ples be loaded onto the gel. The gel is exposed to the point 
that the “background” within the control lane is barely vis-
ible and compared to the signal in the experimental lane. The 
bands in the latter should be  ³ 10× darker than those in the 
control lanes. If not, see below. In addition, the full-length 
bands from hydroxyl radical treated samples should be about 
75–80% the intensity of the untreated control. This may be 
evaluated by a 10–15 min exposure of the top of the gel.  

   7.     Determination of background.  The hydroxyl radical cleavage 
pattern within DNAs containing a high amount of inherent 
background cleavage may be difficult to see. The amount 
of background cleavage may be judged by running a mock-
treated sample as described above and direct evaluation of 
the autoradiograph. Alternatively, after a brief exposure, the 
full-length band may be cut out of the sequencing gel and the 
total counts within this band determined by scintillation. 
The total counts within this band should be  ³  95% of the counts 
loaded in the lane.  

   8.     Background remediation . (a) High background in native DNA 
fragments or DNA produced by PCR may be due to several 
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problems. Note that labeled DNA should be stored in the pres-
ence of EDTA if possible and at < ~ 10,000 cpm/ m l to avoid 
autoradiolysis. In addition, DNA subjected to treatment with 
Fe(II)EDTA should never be stored as a precipitate immedi-
ately after the digestion; the DNA should be processed at least 
through the rinse step. Another source of background comes 
from the use of old formamide or excessive heating before 
loading the sequencing gel. DNA should not be heated in for-
mamide at temperatures greater than 95°C and the formamide 
should be stored frozen at –20°C between uses. These prob-
lems are manifested as elevated background cleavage at purine 
residues within the DNA. (b) Background in DNA fragments 
generated by PCR ( Subheading 3.1.2   ) can be due to exces-
sive PCR cycling that can result in depletion of dNTPs in the 
final cycles and incomplete extension of one of the strands. 
This will show up on the sequencing gels as a background 
near the full-length product. If this occurs, increase dNTP 
concentrations to 10 mM and/or reduce the number of cycles 
used. (c) Background in the oligo-only method ( Subhead-
ing 3.1.3   ) can come from remnants of the chemical synthesis 
method such as incomplete deprotection or modified bases. 
In the case of background using this method, the individual 
oligonucleotides can be incubated for 2 min in hot (95°C) 
formamide then isolated from preparative denaturing acryla-
mide gels. The location of the full-length band on these gels 
can be determined by radiolabel or UV shadowing on a TLC 
plate. (d)  Buffer components.  A lack of cleavage may be due 
to the presence of radioprotectants within solutions. Buffer 
components such as glycerol in excess of  ~ 0.2% and Tris –HCl  
in excess of 10 mM should be avoided.  

   9.     Band smearing.  “Smeary” bands may be due to several prob-
lems. First, a common mistake is to use too much carrier in 
the preparation of samples. For example, an excess of tRNA 
added as carrier will cause a smear in the region 120–150 bp 
on the sequencing gel. Most samples will have sufficient DNA 
for quantitative precipitation without addition of carrier. 
Another source of “fuzziness” is loading too much of the 
final sample into the gel pocket. The sample typically con-
tains relatively insoluble contaminants from the agarose gel. 
If these are loaded into the well, the heated sample has a very 
viscous character and yields a poorly resolved lane. If neces-
sary, remove 20  m l of the 25 total resuspension in TE after 
a brief microfuge spin of this material to sediment insoluble 
contaminants.         
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      Chapter 6

  The Use of Diethyl Pyrocarbonate and Potassium 
Permanganate as Probes for Strand Separation 
and Structural Distortions in DNA        

     Brenda F.   Kahl    and    Marvin R.   Paule                

  Summary 

 Diethyl pyrocarbonate (DEPC) and potassium permanganate are useful reagents for detecting DNA 
distortions, especially melted regions. Unlike most other footprinting methods, these reagents can detect 
such distortions even within the regions of protein–DNA complexes normally protected in other foot-
printing techniques. Further, reactions are very robust, so that distorted regions can be detected even 
under conditions where efficiency of DNA–protein complex formation is not high. DEPC reacts with 
bases that are fully or partially unstacked in DNA, in the preferential order adenosine > guanine   >>   
cytosine. Permanganate reacts strongly with thymine in unstacked regions of DNA, and exhibits only 
very weak reaction with guanine, cytosine, or adenine. The combination of both reagents gives excel-
lent coverage of all sequence regions of DNA. Because reaction requires unstacking, the two reagents 
detect both melted regions and regions that are unstacked because of other distortions such as bending. 
Permanganate has the additional advantage that it can be utilized in living cells.  

 Key words:      DNA ,  Footprinting ,  Melted DNA ,  DNA bending ,  Dithylpyrocarbonate ,  Permanganate   .

 In the search for methods to explore the interaction between 
proteins and DNA, a plethora of footprinting techniques have 
been developed and many of which are discussed elsewhere in 
the present work. Most footprinting techniques are based on the 
simple premise of specific DNA regions being protected from the 
reagent by the bound protein or molecule of interest. However, 
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a number of studies over the past decade have revealed remarkable 
distortion of the DNA molecule, including bending and strand 
separation, in response to the bound protein. These distortions 
are often within the classical footprint, but are rarely detected by 
these classical techniques. Thus, their detection requires alterna-
tive approaches. Unlike enzymatic methods, the chemical probes 
diethyl pyrocarbonate (DEPC) and potassium permanganate can 
access and react with the entire sequence of the DNA, distinguish-
ing DNA distortions “under the foot” of a typical footprinting 
experiment. Combining the information obtained from these 
chemical probing techniques with the spatial information afforded 
by traditional footprinting gives an in-depth account of the various 
ways proteins and other molecules interact with DNA. 

 DEPC and potassium permanganate are useful probes 
because of their preferential reactivity with single-stranded over 
double-stranded DNA. In addition, unlike typical footprinting 
techniques where near saturation of the DNA with protein is 
necessary to observe a clean footprint, potassium permanganate 
and DEPC probing does not require most of the DNA to be in 
complex with the protein or molecule of interest. Due to the 
sensitivity of these chemical probes, it is possible to observe reac-
tive bases even when the population of single-stranded DNA is 
very small. 

 The mechanism by which DEPC modifies bases has been 
investigated, but is still not clearly understood  (1–  3) . DEPC 
predominantly reacts with purine residues, but may react weakly 
with cytosine residues as well. DEPC modifies DNA by an out-
of-plane attack on several of the nucleophilic centers in purines, 
leading to the scission of the glycosidic bond. Double stranded 
B-form DNA does not undergo modification by DEPC because 
the close stacking of neighboring bases occludes access to the 
out-of-plane surfaces. However, under conditions where the 
conformation deviates from B-form (such as strand separation 
or bending), purines in the sequence become more accessible to 
modification by DEPC. Carbethoxylation of the imidizole ring 
N-7 produces strand scission under alkaline conditions. Thus, 
DEPC is commonly used to detect purines which are present 
in melted or distorted DNA sequences. While DEPC can react 
with both purines, it shows a marked preference for adenines over 
guanines in most instances. 

 Potassium permanganate reacts with double bonds, oxidiz-
ing them to vicinal diols. In nucleic acids, the base thymine is 
oxidized most vigorously, while reaction with C, G, and A is mini-
mal. The mechanism behind this preferential reactivity is believed 
to arise from an out-of-plane attack on the 5,6-double bond of 
the thymine ring  (4–  9) . Although the ring is still intact, the loss 
of aromaticity resulting from insertion of hydroxyl groups on 
the 5- and 6- carbons leads to a reduction in hypochromicity. 
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Treatment of the vicinal diol with strong base leads to ring opening 
and cleavage of the phosphodiester backbone. As with DEPC, 
stereochemical hindrance from base stacking prohibits reactivity 
of double stranded B-form DNA. In DNA, which is denatured or 
is altered from B-form, the thymine ring becomes susceptible to 
modification by potassium permanganate. Because of their base 
preferences, the combined use of DEPC and potassium perman-
ganate allows complete analysis of both GC- and AT-containing 
sequences in DNA. 

 DEPC and potassium permanganate modification have been 
used to detect a number of distorted DNA structures in both 
prokaryotic and eukaryotic cells, including open complex forma-
tion during transcription  (10–  14) , steps in promoter clearance 
 (15–  17) , elongation  (17–  19) , and termination  (20,   21) , RNA–
DNA hybrid structures in transcription elongation complexes 
 (22,   23) , drug binding to DNA  (24–  26) , chromatin position-
ing  (27,   28) , recombination events  (29–  31) , and single-stranded 
binding protein binding domains  (32–  34) . On DNA alone, these 
reagents can reveal sequence-dependent distortions  (35–  37) , 
negatively supercoiled DNA  (38–  40) , cruciform DNA structures 
 (41,   42) , DNA hairpins such as those found in triplet expansion 
diseases like fragile X-syndrome  (43,   44) , and Z-DNA, H-DNA, 
or triplex DNA  (45–  48) .  Figures  1   and   2   give examples of the 

  Fig. 1 .   Potassium permanganate sensitive sites when an open promoter complex is 
formed on the coding strand by RNA polymerase I from  Acanthamoeba castellanii .  Lane 
M  contains a G + A Maxam–Gilbert sequencing ladder,  lane 1  contains DNA exposed to 
KMnO 4  treatment in the absence of any proteins, and  lane 3  contains DNA with the addi-
tion of proteins necessary for melting of DNA.  Numerical designations  refer to the tran-
scription start site. Hypersensitive sites in  bold  denote regions of strand separation       .
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data which can be obtained.  Figure 1    shows one of the more 
common uses of potassium permanganate, the analysis of open 
promoter complex formation.  Figure 2    shows results for both 
DEPC and potassium permanganate acting on a stalled transcrip-
tion elongation complex, showing both the melted transcription 
bubble and the unreactive RNA–DNA hybrid.   

 Virtually any sequence that deviates from B-form DNA is 
a candidate for probing with DEPC and potassium permanga-
nate. Since DEPC and potassium permanganate only modify 
the susceptible bases without cleaving the phosphodiester back-
bone, further steps need to be taken to visualize the positions 
of the modified bases. There are three different methods com-
monly used: The first, which can only be used for experiments 
performed in vitro, utilizes 5 ¢  or 3 ¢  end-labeled DNA fragments. 
After treatment with DEPC or potassium permanganate, the 
DNA is treated with piperidine to cleave the phosphate back-
bone on the 3 ¢  side of the modified nucleotide. This procedure 
is useful when comparing the results from multiple footprinting 

  Fig. 2 .   Potassium permanganate and DEPC probing of stalled transcription complex. ( a ) Potassium permanganate prob-
ing of the coding strand when RNA polymerase I is paused at +31 from the transcription start site.  Lane M  contains G + A 
Maxam–Gilbert sequencing ladder,  lane 1  contains DNA alone with KMnO 4  treatment, and  lane 2  displays the permanga-
nate sensitive sites when RNA polymerase from  Acanthamoeba castellanii  is paused at +31 from the transcription start 
site. The hypersensitive sites in  bold  at positions +21, +22 and +32, +33 define the transcription bubble on the coding 
strand. Hyposensitive thymidines in the transcription bubble depict protection due to the formation of an RNA–DNA 
hybrid. ( b ) DEPC probing on the noncoding strand when RNA polymerase I is paused at +31 from the transcription start 
site.  Lanes  are the same as in ( a ). DEPC sensitive sites in  bold  define the leading edge of the transcription bubble on the 
noncoding strand. Unreactive  A s in the region may be due to protein interference or the slightly less reactive nature of 
DEPC compared to KMnO 4        .



 The Use of Diethyl Pyrocarbonate 77

techniques, since the same fragment of labeled DNA may be uti-
lized with each type of experiment. This method also works well 
when examining short tracts of DNA or DNA which does not 
amplify well in a thermocycler. The other two methods, primer 
extension and thermocycle amplification, are used when working 
in vivo (potassium permanganate only) or with circular pieces of 
DNA in vitro. Thermocycle amplification is particularly beneficial 
when working with limited amounts of DNA (in the low nano-
gram range) or when the ratio of protein–DNA complex to DNA 
is low.  Subheadings 2    and  3  are general guidelines for probing 
with DEPC and potassium permanganate. Care and attention to 
detail is necessary for all of these methods as footprinting with 
these reagents is generally somewhat more difficult than with 
many other footprinting reagents. There is usually a need to opti-
mize conditions for each particular application, and guidelines for 
this can be found in  Subheading 4   . 

    1.    Potassium permanganate, DEPC, piperidine, and 2-mercap-
toethanol can be purchased from Sigma-Aldrich. DEPC, pip-
eridine, and 2-mercaptoethanol should be stored at 4°C and 
used with caution in a fume hood. Other reagents listed below 
should be of the highest quality. Low adhesion microcentri-
fuge tubes (siliconized) can be obtained from USA Scientific 
(Ocala, FL).  

   2.    The following stock solutions can be made, filter sterilized, 
divided into aliquots, and stored at −20°C until ready for 
use:
  –  1 M HEPES pH 7.9.  
 –  1 M MgCl 2 .  
 –  0.5 M dithiothreitol (DTT).  
 –  2 M KCl.  
 –  10 mg/mL Bovine Serum Albumin (BSA), DNase free.  
 –  0.5 M EDTA pH 8.0.  
 –  3 M Sodium acetate pH 5.2.  
 –  5 mg/mL linear polyacrylamide (acrylamide polymerized 

without  N,N ¢  -methylenebisacrylamide).  
 –  10 mg/mL Proteinase K.  
 –  10% SDS.  
 –  DEPC Stop Buffer: 0.2% SDS, 0.6 M sodium acetate 

pH 5.2.  

2. Materials
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 –  TE: 10 mM Tris–HCl pH 8.0, 1 mM EDTA.  
 –  Electrophoresis loading buffer: 0.1% bromophenol 

blue, 0.1% xylene cyanol, 10 mM EDTA, 80% deionized 
formamide.     

    3.    A 300 mM stock solution of KMnO 4  can be made by heating 
2.73 g of KMnO 4  in 50 mL of deionized water. The solu-
tion can be stored at room temperature in a brown bottle for 
1 month.  

    4.    10× reaction buffer, for example: 200 mM HEPES pH 7.9, 
100 mM MgCl 2 , 1 mM DTT, 1 mg/mL BSA, 100 mM KCl. 
The choice of this buffer will depend upon the conditions 
needed to form the complex under study.  

    5.    Protein dilution buffer, for example: 20 mM HEPES pH 
7.9, 1 mM EDTA, 10% glycerol. Choice will dependent on 
protein used.  

    6.    1 M piperidine: 10% v/v in water, freshly made.  
    7.    0.6 M sodium acetate.  
    8.    0.6 M sodium acetate, 20 mM EDTA.  
    9.    10× neutralization buffer: 0.5 M HEPES pH 7.9, 0.1 M 

MgSO 4 , 2 mM DTT.  
   10.    dNTP mix: 5 mM of each dNTP.     

 Experiments using DEPC or potassium permanganate follow 
similar protocols. The only exceptions are the addition of 2-mer-
captoethanol to quench reactions using potassium permanga-
nate, the duration of the DNA modification reactions, and the 
necessity to purify the modified DNA away from DEPC before 
the cleavage step. 

     1.    End-labeled DNA (5 ¢  or 3 ¢ ) should be separated from excess 
radiolabeled precurser either by agarose gel electrophoresis 
or by size exclusion column chromatography, and stored 
in TE.  

    2.    In a 1.5-mL siliconized microcentrifuge tube, add 4  m L 10× 
reaction buffer, 40,000 cpm of DNA, and sterile deionized 
water to a volume of 20  m L. Proteins, diluted in an appropri-
ate buffer, are added to the reaction to give a final volume of 
40  m L ( see   Note 1   ). Incubate for the desired amount of time 
to form DNA–protein complexes.  

    3.    Modifying the susceptible bases ( see   Notes  2 –4   ):

3. Methods

3.1. In Vitro Experi-
ments on Linear DNA 
Fragments
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  –   KMnO   4   treatment . Add freshly diluted potassium perman-
ganate to give the appropriate concentration and incubate 
for desired time period. For example, adding 2  m L of 100 
mM KMnO 4  (approximately 9 mM final concentration) 
for 2 min seems to work well for detecting melted DNA in 
transcription initiation complexes.  

 –   DEPC treatment . Add 1  m L of DEPC to each tube. Mix 
by briefly vortexing and repeat vortexing every 5 min for 
15 min. Vortexing is necessary because DEPC is sparingly 
soluble in aqueous solutions, so all reactions are run at 
essentially saturating DEPC and the concentration cannot 
be altered significantly.     

   4.    Stopping the reactions:
  –   KMnO   4   treatment . Quench the reaction by adding 3  m L of 

2-mercaptoethanol, vortex and place on ice. Add 45  m L of 
0.2% SDS, 2 mg/mL proteinase K and incubate at 50°C for 
1 h. Add 90  m L of 0.6 M sodium acetate, 300  m g/mL linear 
polyacrylamide and 2.5 volumes 95% ethanol. Mix and cen-
trifuge for 30 min at 14,000 rpm (16,000g)    in a microfuge. 
Remove supernatant and wash with 150  m L of 70% ethanol. 
Centrifuge 5 min as above. Remove supernatant and dry the 
pellet on medium heat for 5 min in a Speed Vac.  

 –   DEPC treatment . Stop the reaction by adding an equal 
volume of DEPC Stop Buffer and phenol–CHCl 3  extract. 
Add 5  m L of 5 mg/mL linear acrylamide, and precipitate 
with 2.5 volumes of ethanol as above. After centrifuga-
tion, rinse with 70% ethanol and centrifuge again. Remove 
supernatant and dry the pellet on medium heat for 5 min 
in a Speed Vac.     

   5.    Alkaline cleavage: Suspend the pellet in 50  m L of 1 M piperi-
dine (10% v/v) and incubate at 90°C for 30 min. Place a lead 
weight on top of the tubes or use tube locks to prevent the lids 
from opening.  

   6.    Place tubes on ice to cool and centrifuge briefly. Add 50  m L of 
0.6 M sodium acetate, 300  m g/mL linearized polyacrylamide, 
and 250  m L of 95% ethanol. Mix and centrifuge for 30 min 
as above. Wash the pellet with 150  m L of 70% ethanol. Spin 
samples for 5 min. Remove supernatant.  

   7.    To remove residual piperidine, add 30  m L of sterile deionized 
water to each sample and dry on medium heat in a Speed Vac 
( see   Note 5   ).  

   8.    Add 5  m L of electrophoresis loading buffer, vortex samples for 
30 s and heat samples at 95°C for 3 min. Place samples on ice.  

   9.    Load samples on sequencing gel and analyze by standard 
methods ( see   Notes 6    and  7 ).     
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 Potassium permanganate has been used to modify DNA in vivo, 
followed by analysis of modifications by primer extension or 
PCR. DEPC cannot be used for in vivo experiments because of 
its low solubility. The procedure for in vivo modification is fairly 
straightforward, however, certain nutrient rich media can quench 
permanganate. To avoid this problem, use minimal medium or 
increase the permanganate concentration so that the reaction 
mixture does not turn brown in less than 1 min. For some experi-
ments, one can dilute the culture in minimal medium just prior 
to treatment with potassium permanganate. In vivo modification 
of mammalian cell cultures usually requires the removal of the 
growth medium just prior to treatment.
   1.    To 10 mL of diluted bacterial or yeast culture, add the 

appropriate amount of KMnO 4  (typically in the low mM 
range, depending upon the medium, approximately 10–20 
mM for most media) for the desired amount of time (10 
s to 5 min) in a shaking water bath. To quench treatment, 
remove samples from the water bath and pour immediately 
into prechilled Corex tubes and add 2-mercaptoethanol until 
the purple color disappears. Centrifuge to    pellet the cells in 
a cold Sorvall SS34 rotor for 5 min at 5,000 rpm (3,000g)   . 
Discard the supernatant.  

   2.    For mammalian cells grown to subconfluence on plastic 
growth dishes, remove growth medium and wash twice with 
phosphate buffered saline or minimal growth medium. Add 
the desired concentration of potassium permanganate (usually 
2–20 mM) for the necessary period of time (10 s to 5 min). 
Stop the permanganate reaction by washing cell monolayers 
twice with phosphate buffered saline containing 2% 2-mercapto-
ethanol and once with phosphate buffered saline. Cells are 
then harvested with a rubber policeman or cell scraper.  

   3.    Plasmid and genomic DNA can be isolated by a variety of 
standard methods  (49–  51) . Purified modified DNA should be 
adjusted to a final concentration of approximately 15 ng/ m L 
and be free of contaminants that interfere with extension reac-
tions. Extractions involving phenol should be repeated 3–4 
times or until there is no contaminating interphase. Modifica-
tions to the DNA can then be visualized by PCR amplification 
detailed in  Subheading 3.4   . An alternative method for iden-
tifying modified genomic DNA is the use of ligation mediated 
PCR (LMPCR)  (52,   53) .     

 Since DNA modified in vivo or when in circular form is not end-
labeled, primer extension is the method of choice to analyze the 
sites of modification. Modified bases result in extension stop 
sites because they block the elongating DNA polymerase. For in 
vitro studies, follow  steps 2–4  of  Subheading 3.1   , substituting 

3.2. Treatment of DNA 
In Vivo with KMnO4 
and Purification

3.3. Primer Exten-
sion Analysis of DNA 
Treated In Vitro or 
In Vivo
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20–500 ng of purified DNA in place of radiolabeled DNA. For 
in vivo studies follow the steps of  Subheading 3.2   .
    1.    To the isolated, modified DNA (20–500 ng for in vitro and 

500 ng for in vivo studies), add 0.3–0.5 × 10 6  cpm of 5 ¢  end-
labeled primer and dilute to 36  m L with distilled water.  

    2.    Add 4  m L of 0.01 M NaOH to each reaction and mix well.  
    3.    Denature DNA by heating to 95°C for 2 min.  
    4.    Add 5  m L of 10× neutralization buffer and mix.  
    5.    Hybridize primer to DNA by heating sample for 3 min at or 

just under the calculated  T  m  of the primer.  
    6.    Add 5  m L of a solution containing all four dNTPs at a con-

centration of 5 mM each.  
    7.    Add 0.5–1.0 unit of the Klenow fragment of DNA polymerase 

I and mix gently. Incubate tube for exactly 10 min at 50°C.  
    8.    Quench by adding an equal volume ( ~ 50  m L) of 0.6 M 

sodium acetate, 20 mM EDTA, and place on ice.  
    9.    Precipitate DNA by adding 300  m L of 95% ethanol, mix and 

centrifuge for 30 min. Wash the pellet with 150  m L of 70% 
ethanol. Centrifuge for 5 min, remove supernatant, and dry 
the pellet.  

   10.    Suspend the pellet in 5  m L of electrophoresis loading buffer 
and run on a normal sequencing gel. Analyze by standard 
techniques ( see   Notes 8    and   9  ).     

     1.    In a 0.65-mL microcentrifuge tube, add the following:
  –  5  m L 10× reaction buffer supplied with the thermostable 

polymerase  
 –  2  m L of dNTP mix  
 –  0.5 × 10 6  cpm end-labeled primer  
 –  Distilled water to a final volume of 49.5  m L.     

    2.    Program thermocycler. For example:
  –  1 Round:

  •  2 min at 95°C, pause and add 0.5  m L of thermostable 
polymerase (2.5 units/ m l)  

 •  30 s at  T  m  of primer  
 •  30 s at 72°C     

–   15–20 Rounds:
  •  1 min at 95°C  
 •  30 s at  T  m  of primer  
 •  30 s at 72°C     

–   1 Round:
  •  5 min at 72°C.        

3.4. PCR Amplification 
of DNA Treated In Vivo 
or In Vitro
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   3.    Precipitate DNA by adding 50  m L of 0.6 M sodium acetate, 
300  m g/mL of linear polyacrylamide, and 250  m L of 95% eth-
anol. Mix and centrifuge for 30 min at 14,000 rpm    (16,000g) 
in a microfuge. Wash the pellet with 150  m L of 70% ethanol, 
centrifuge for 5 min. Remove the supernatant and dry the pel-
let on medium heat for 5 min in a Speed Vac.  

   4.    Suspend the pellet in 5  m L of loading buffer and run on 
sequencing gel. Analyze by standard techniques ( see   Notes 8    
and  9 ).     

1. False positive results can occur from the presence of nucle-
ases in any of the proteins being tested. A necessary control 
is to incubate each protein with the DNA in the absence of 
further treatment with the modifying reagent. The DNA 
isolated from these reactions is run through the remainder of 
the analysis procedure to reveal any digestion of the DNA by 
contaminating nucleases.

  2.    Certain sequences of DNA are sensitive to DEPC and potas-
sium permanganate treatment even in the absence of proteins. 
It is important to run a control lane of DNA to obtain a back-
ground level of sensitive sites.  

   3.    To optimize reaction conditions, a titration of potassium 
permanganate for varying amounts of time may be neces-
sary. Too little potassium permanganate results in no signal, 
and too much potassium permanganate can result in a high 
background. 2–5 mM potassium permanganate is typical for 
in vitro experiments, but for in vivo experiments where the 
medium may quench the reagent, concentrations up to 200 
mM can be used. Times of reaction have been varied from 10 
s up to 5 min, but in our hands there is much less difference 
in the results obtained with different reaction times than with 
different potassium permanganate concentrations. Thus, one 
can set up the experiment for a convenient period of time.  

   4.    Potassium permanganate and DEPC react with proteins as 
well as DNA, which can impair their function. Thus, negative 
experiments may result from protein denaturation rather than 
a lack of DNA modification by the protein.  

   5.    It is important to remove all the piperidine from the DNA 
following cleavage. If smeared bands are found on the gel, 
try doing more than one round of drying in the Speed Vac by 
redissolving the pellet in 30  m L of deionized water and drying 
as described in  step 7  of  Subheading 3.1   .  

4. Notes
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   6.    To obtain the maximum amount of information from the 
DNA of interest, perform separate experiments with either the 
template or the RNA-like strand radiolabeled.  

   7.  A Maxam and Gilbert sequencing ladder of the DNA being 
analyzed run adjacent to the probing reactions is useful to 
identify specific modified sites.

   8.  For primer extension and PCR amplification reactions, several 
factors can affect the observed signal. A loss of signal can be 
due to (a) improper primer sequence; (b) annealing tempera-
ture higher than Tm ; (c) contaminants present in reaction; 
and (d) high concentration of magnesium ion.

  9.  Extra bands or smearing can occur if the annealing temperature 
is suboptimal and allows mispriming. Nonspecific hybridization 
can also occur if the radiolabled primer has undergone exten-
sive decay. Freshly labeled primer reduces the risk of mispriming 
events. Supercoiled DNA can cause sequence induced stopping 
of the DNA polymerase. Linearizing the plasmid before fill-in 
or amplification can reduce improper extension.
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      Chapter 7

 Uranyl Photofootprinting       

     Peter E.   Nielsen          

  Summary 

 The uranyl-(VI) cation (UO 2  
2+ ) forms strong complexes with accessible phosphates of nucleic acid (DNA 

and RNA) backbones. Upon excitation with long wavelength ultraviolet light (  l   = 300–420 nm), uranyl 
ions bound to backbone phosphates oxidize proximal sugars and induce nucleic acid backbone cleavage. 
Thus the uranyl(VI) ion functions as a very specific and efficient photochemical probe for identifying 
ligand(protein)-phosphate contacts in nucleic acid complexes as well as potential (high affinity) cation 
(e.g., Mg 2+ )-binding sites in folded nucleic acids. Finally, the cleavage modulation of duplex DNA reflects 
helix conformation in terms of minor groove width, due to preferential affinity/oxidation efficiency for 
such regions of the DNA helix.  

  Key words:   Uranyl ,  Nucleic acid photocleavage ,  DNA footprinting ,  DNA conformation ,  Metal 
ion binding    .

 It has long been known that the uranyl-(VI) ion (UO 2  
2+ ) forms 

strong complexes with various inorganic and organic anions, 
including phosphates, and that the photochemically excited state of  
this ion is a very strong oxidant  (1) . For instance, uranyl-mediated 
photooxidation of alcohols has been studied in detail  (2,   3) . 
It is also widely recognized that uranyl chemistry and photophys-
ics/photochemistry are very complex. Thus monomeric UO 2  

2+  
is only present at low pH (pH ~ 2), whereas polynuclear species 
and various “hydroxides,” which often precipitate form aqueous 
solution, form at higher pH  (4) . 

 In spite of this complexity we have found that uranyl-mediated 
photocleavage of DNA can be used to probe for accessibility of 
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the phosphates in the DNA backbone  (5–  8) . Thus uranyl is a sen-
sitive probe for protein–DNA-phosphate contacts  (5,   6)  as well 
as for DNA conformation in terms of DNA minor groove width 
 (7–  11)  and helix flexibility/deformability  (12) . Furthermore, 
binding sites for divalent metal ions in folded DNA  (13)  or RNA 
 (14,   15)  can be studied by uranyl photocleavage. 

 The systems that have so far been analyzed by uranyl-mediated 
DNA photocleavage include the   l  -repressor/O R 1 operator 
complex  (5) ,  E. coli  RNA polymerase/deoP1 promoter tran-
scription initiation open complex  (6) , transcription factor IIIA 
(TFIIIA)/Xenopus 5S internal control region (ICR) complex 
 (16) , catabolite regulatory protein (CRP)/operator DNA com-
plex and the CRP/RNA polymerase/deoP2 promoter initiation 
complex  (17) , bent kinetoplast DNA  (7) , and triplex DNA  (18) . 
Furthermore, we have found that some small ligand–DNA com-
plexes (exemplified by mitramycin  (19) , distamycin  (20) , and 
spermine  (21) ) may also be studied by uranyl photofootprinting. 
Finally, divalent metal ion-binding sites in an RNA polymerase–
promoter open complex  (6) , a four-way DNA “Holliday junc-
tion”  (13) , a hammer head ribozyme  (14) , and in yeast tRNA phe  
 (15)  have been analyzed by uranyl photocleavage. This technique 
takes advantage of competition of low-affinity cleavage (binding) 
sites by a metal ion chelator like citrate. 

 The molecular mechanism for uranyl-mediated photocleavage 
of DNA is not fully understood, but we have shown that  uranyl 
binds to the phosphates of DNA and oxidizes the proximal deoxy-
riboses most likely via a direct electron transfer mechanism  (22) . 
The main products are 3 ¢ -phosphate and 5 ¢ -phosphate termini 
in the DNA, and the free nucleobases are liberated in the proc-
ess  (19) . Since uranyl binding is to the phosphate groups of the 
DNA, very limited sequence dependence of the photocleavage is 
seen. 

    1.    Uranyl nitrate (UO 2 (NO 3 ) 2 ), analytical grade: 100 mM stock 
solution in H 2 O. This solution was found to be stable for photo-
footprinting purposes for at least 12 months and was diluted to 
working concentrations immediately prior to use ( see   Note 1   ).  

   2.     32 P-Endlabeled DNA restriction fragments ( see   Note 2   ).  
   3.    Buffer for formation of protein–DNA complex ( see   Note 3   ).  
   4.    Na-acetate, 0.5 M, pH 4.5.  
   5.    Ethanol, 96%.  

2. Materials
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    6.    Ethanol, 70%.  
    7.    Calf thymus DNA, 2 mg/ml.  
    8.    Gel-loading buffer 80% formamide in TBE buffer, 0.05% 

bromophenol blue, 0.05% xylene cyanol.  
    9.    TBE buffer: 90 mM Tris-borate, 1 mM EDTA, pH 8.3.  
   10.    Polyacrylamide gel: 8% acrylamide, 0.3% bis-acrylamide, 

7 M urea, TBE buffer. Size: 0.2 mm × 60 cm × 20 cm.  
   11.     l -Repressor: 1  m g/ m l ( see   Note  4  ).  
   12.    Buffer for   l  -repressor footprinting: 40 mM Tris–HCl, pH 

7.0, 2.5 mM MgCl 2 , 1 mM CaCl 2 , 0.1 mM EDTA, 200 mM 
KCl.  

   13.    DNase I: 1 mg/ml in 10 mM Tris–HCl, pH 7.4, 1 mM 
MgCl 2 .  

   14.    X-ray film: Agfa Curix RP1.  
   15.    Philips TL 40W/03 fluorescent light tube which fits into 

standard (20 W) fluorescent light tube sockets if the trans-
former is changed to 40 W ( see also   Note 5   ).     

 A typical uranyl photoprobing experiment is performed as 
follows:
    1.    Form the complex to be analyzed by mixing the  32 P-

endlabeled DNA fragment (>20,000 cpm/sample) ( see    
Note 2   ) with the DNA-binding ligand in 90  m l of the buffer 
( see   Note 3   ) (containing 0.5  m g calf thymus DNA carrier) in 
a 1.5-ml polypropylene microfuge tube at the desired tem-
perature.  

    2.    Dilute the 100 mM uranyl stock solution to 10 mM in 
H 2 O.  

    3.    Add 10  m l of this to the sample and mix well ( see   Note  6  ).  
    4.    Place the sample in a thermostated heating/cooling block if 

the temperature is critical.  
    5.    Irradiate the sample for 30 min at 420 nm by placing the 

open microfuge tube directly under the fluorescent light 
tube ( see   Note 5   ).  

    6.    Add 20  m l of 0.5 M Na-acetate, pH 4.5, to prevent copre-
cipitation of uranyl (which will interfere with subsequent gel 
analysis), and precipitate the DNA by addition of 250  m l 96% 
ethanol.  

3. Methods

3.1. Protocol
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    7.    Place the sample on dry ice for 15 min (or overnight at 
−20°C) and centrifuge 30 min at 20,000 ×  g .  

    8.    Wash the pellet with 100  m l 70% ethanol, dry in vacuo, and 
redissolve in 4–10  m l 80% formamide gel-loading buffer.  

    9.    Heat the sample at 90°C for 5 min.  
   10.    Load 10,000 cpm on a polyacrylamide sequencing gel 

(0.2–0.4 mm thick, 60-cm long) and run the gel at 2,000 
V. A sequence ladder (e.g., A + G) is run in parallel (see 
example).  

   11.    Visualize radioactive bands by autoradiography overnight 
(or longer) at −70°C using amplifying screens.  

   12.    Quantitate the results by densitometric scanning of the auto-
radiograms, if desired ( see   Note 7   ).     

 Figure 1     shows a footprinting experiment of the complex 
between   l  -repressor and the O R 1 operator DNA using uranyl 
and DNase I. Quantitative analysis of these results by densi-
tometric scanning, and displaying the results on the DNA 
sequence ( Fig. 2a    )  reveals that mainly four regions of the O R 1 
operator are protected from photocleavage by uranyl. The 
results, furthermore, show that these regions coincide with 
those protected from attack by hydroxy radicals as well as the 
phosphates indicated by ethylation interference and X-ray crys-
tallography to be involved in protein binding  (23) . However, 
the footprinting patterns are not identical as discussed later. 
Display of uranyl footprinting results on a DNA double helix 
model is very informative and in the case of the   l  -repressor/
O R 1 complex shows ( Fig. 2b   ) that the repressor binds to one 
face of the helix and that the phosphate contacts are positioned 
mainly in regions across the major groove of the DNA thus in 
full accord with binding of the  a  3 -recognition protein helix of 
each repressor subunit in the major groove.   

 The results obtained by uranyl photofootprinting are comparable 
to those obtained by hydroxyl radical (EDTA(FeII)) footprinting 
 (24,   25)  and ethylation interference experiments  (26) . 

 Because the uranyl ion binds to the phosphates of the DNA, 
a uranyl photofootprinting experiment will report which phos-
phates of the DNA backbone are accessible to the uranyl, and 
which are therefore not involved in contacts with the bound 
ligand. Hydroxyl radical footprinting reports accessibility of the 
deoxyriboses of the DNA backbone and in the cases studied with 
both uranyl and hydroxyl radical probing (  l  -repressor  (5,   24) , 
RNA polymerase  (6,   27) , and TFIIIA  (14,   28) ), the footprint 
obtained by uranyl involves fewer nucleobase positions than that 
obtained by EDTA(FeII). 

3.2. A Typical Analysis

3.3. Comparison of 
Uranyl Photoprobing 
to Other Techniques
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  Fig. 1 .   Uranyl photofootprint and DNase I footprint of the   l  -repressor/O R 1 operator com-
plex ( see  ref.  5  for details). The O R 1 operator sequence was cloned into the  Bam / Hin dIII 
site of pUC19 and the 225-base pair  Eco RI/ Pvu II fragment labeled with  32 P at the 3 ¢ - 
or 5 ¢ -end of the  Eco RI site was used in the experiments.  Lanes 1  and  3  are controls 
without added   l  -repressor (0.7  m g/sample).  Lanes 1  and  2  are uranyl photofootprints, 
while  lanes 3  and  4  are DNase I (0.5  m g/ml, 5 min at RT) footprints.  Lanes S  are A + G 
sequence reactions obtained by treating the DNA with 60% formic acid for 5 min at RT 
and subsequent piperidine treatment. The samples were analyzed on an 8% polyacry-
lamide gel and run at 2,500 V. The gel was subjected to autoradiography for 16 h at 
−70°C using intensifying screens       .
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 Interference probing by phosphate ethylation using ethyl 
nitroso urea also reports the involvement of individual phosphate 
groups in protein–DNA interaction. However, this is an inter-
ference technique and therefore only phosphate groups which 
are indispensable for complex formation are detected. Thus for 
small complexes – e.g., the   l  -repressor – O R 1 complex-ethylation 
interference and uranyl results are virtually equivalent, whereas for 
larger complexes – e.g., RNA polymerase–promoter-complexes – 
only part of the contacts detected by uranyl photofootprinting 
are picked up by ethylation interference. In conclusion, ethyla-
tion interference, hydroxyl radical, and uranyl footprinting 
complement each other. Hydroxyl radicals reflects the  accessibility 
of individual deoxyriboses, uranyl reports on the accessibility of 
individual phosphates, and ethylation interference reports on 
phosphates which are indispensable for complex formation. 

 Furthermore, both hydroxyl radicals and uranyl are able 
to sense variations in DNA conformation, and for both probes 
groove width has been implicated as the determinant factor. Gen-
erally speaking, hydroxyl radical cleavage is more intense as the 
minor groove widens, whereas uranyl photocleavage becomes 
more intense as it narrows. Macroscopically bent DNA contains 
a number of A-tracts in phase with the DNA helical pitch. These 
A-tracts all exhibit a significantly narrowed minor groove which is 
sensed by both uranyl and hydroxyl radicals. However, the bend-
ing is most likely confined to the A-tract junctions. Interestingly, 

  Fig. 2 .   ( a ) O R 1-operator sequence ( box ) showing uranyl photofootprint ( arrows ), EDTA/
FeII footprint ( dots   (  23  ) ) ethylation interference ( arrow heads   (  24  ) ) and DNase I footprint 
( brackets ). ( b ) Display of the uranyl photofootprint on O R 1-helix model. The size of the 
 dots  signifies degree of protection       .
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identically positions mixed A/T tracts do not induce macroscopic 
bending of the DNA helix, although such A/T tracts according 
to uranyl photoprobing possess a narrow minor groove very simi-
lar to A-tracts  (12) , whereas they are not recognized by hydroxyl 
radicals as having a narrowed minor groove. It has been proposed 
that the explanation for this apparent contradiction resides in the 
mechanism of action of the uranyl ion, which requires actual 
complexation with the DNA which may affect the DNA helix 
conformation. Therefore, a DNA helix which is poised for minor 
groove narrowing, i.e., for which the energy difference between 
a “normal” and a narrow minor groove is rather small, may upon 
binding of uranyl (or other ligands such as distamycin and similar 
minor groove DNA binders) which prefer binding to such a nar-
row minor groove conformation adopt this conformation by an 
induced fit mechanism  (12) . Thus while hydroxy radicals only 
probe existing (static) DNA conformations, the uranyl may in 
addition probe energetically close and thus dynamically possible 
DNA conformations, which may be very important for ligand 
(protein) binding in general  (12) . 

 Finally, UO 2  
2+  being a divalent cation may to some extent 

mimic Mg 2+  in terms of high-affinity binding sites in protein–
nucleic acid complexes and in folded nucleic acids. Consequently, 
such high-affinity binding sites for the UO 2  

2+  ion can result in 
hypersensitive cleavage sites. In this respect the uranyl photoprob-
ing can be compared to oxidative cleavage of nucleic acids by the 
Fe 2+ /Fe 3+  ion redox pair  (29,   30) . Uranyl being a photochemical 
technique has the added – but so far unexplored – potential to be 
used for temperature and kinetic studies. 

    1.    Uranyl acetate (UO 2 (CH 3 COO) 2 ) gives identical results, but 
the 100 mM stock solution in this case has to be made 50 mM 
in HCl in order to be stable.  

   2.     32 P-endlabeled DNA fragments of ~50–300 base pairs in 
length are prepared by standard techniques  (31) : Typically, 
the plasmid containing the protein-binding site is opened by 
a restriction enzyme that cleaves at a distance of 20–50 base 
pairs from the binding site. (This distance is important since 
the best resolution is obtained in the 20–70 base interval and 
the bands of uranyl cleaved DNA fragments become “fuzzy” 
above ~ 100 bases). The plasmid is labeled either at the 3 ¢ -end 
with  a - 32 P-dNTP and the Klenow fragment of DNA polymer-
ase, or at the 5 ¢ -end (after dephosphorylation with alkaline 

4. Notes
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phosphatase) with  g  32 P-ATP and polynucleotide kinase. 
The plasmid is then treated with a second restriction enzyme 
cutting 50–300 base pairs from the labeling site, and the DNA 
fragment containing the protein-binding site is purified by gel 
electrophoresis in 5% polyacrylamide, TBE buffer. The DNA 
fragment is extracted from the excised gel slice with 0.5 M 
NH 4 -acetate, 1 mM EDTA (16 h, RT) and precipitated by 
addition of 2 vols. of 96% ethanol. The pellet is washed with 
70% ethanol and dried.  

   3.     Choice of Buffer . The choice of an optimal buffer for a uranyl 
photofootprinting experiment is crucial for a successful result. 
In particular, the pH of the medium is important. The uranyl-
mediated photocleavage of DNA is extremely dependent on 
pH being most efficient at pH ~ 6, less efficient at pH 5 and 7, 
and virtually absent at pH 8  (22) . Furthermore, as the pH is 
lowered, a strong modulation of the sequence dependence of 
the cleavage is observed. In fact, this modulation reflects the 
conformation of the DNA  (7–  10) . Thus for photofootprint-
ing where an even cleavage is warranted, buffers of pH 6.5–
7.0 are advantageous whereas buffers of pH 6.0–6.5 should 
be chosen for studies of DNA structure. If information about 
metal ion-binding sites is desired, citrate (0.1–1 mM) should 
be included in the buffer.

The composition of the buffer and the buffer capacity is also 
of importance. Since the uranyl solution is acidic, it should be 
checked if addition of uranyl changes the pH of the medium. 
Furthermore, uranyl-mediated photocleavage of DNA is most 
efficient in acetate of formate buffers, less efficient in Tris–
HCl, very inefficient in Hepes or Pipes buffer, and virtually 
absent in phosphate buffers (uranyl phosphate precipitates). 
The ionic strength (as Na + ) is of minor importance and the 
cleavage is not affected by the presence of Mg 2+  or DTT 
either. Finally, the uranyl photoreaction is not influenced by 
the tempe rature (0–70°C)  (31) . Within these constraints a 
buffer that allows protein–DNA binding must be chosen.  

   4.      l  -Repressor was prepared according to ref.  32  using an over-
producer plasmid, pAE305 in  E. coli .  

   5.    Light source. Any light source emitting at 300–420 nm can be 
used. This could be the Philips TL 40W/03 tube emitting at 
420 ± 30 nm. Alternative fluorescent light tubes are Philips TL 
20W/12 (300 nm) or TL 20W/09N (365 nm). Lamps emit-
ting below 300 nm are not recommended due to absorption 
by the DNA bases at these wavelengths. The fluorescent light 
tubes suggested in this paper are not very powerful, but quite 
sufficient for footprinting and they are inexpensive and do not 
require sophisticated power supplies. However, if shorter irradi-
ation times are required, uranyl photofootprinting experiments 
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are quite adequately performed with pyrex-filtered light from 
high-pressure Hg-lamps, Xenon lamps, or lasers of the appro-
priate wavelength (300–420 nm).  

   6.    Order of mixing. It is important that the uranyl be added last 
since the uranyl–DNA complex is very stable ( K  a  is estimated 
to 10 10  M −1   (31) ). Uranyl–DNA aggregates which precipitate 
often form, without this affecting adversely the outcome of 
the footprinting reaction. Conversely, if uranyl is added prior 
to the DNA-binding ligand, the ligand will only have limited 
access to the DNA.

It is also extremely important that dilution of the uranyl 
stock solution is performed immediately prior to use since 
uranyl solutions are not stable at pH  ³  2.  

   7.    Examples of densitometric scanning and quantification of 
footprinting experiments can be found in  (8,   33,   34, 35) .         
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      Chapter 8

  Identification of Protein/DNA Contacts with Dimethyl 
Sulfate: Methylation Protection and Methylation 
Interference        

     Peter E.   Shaw    and    A. Francis   Stewart          

  Summary 

 Sequence-specific protein/DNA contacts direct most transcription factors to binding sites within the 
promoters of genes they regulate. Several chemical probes, such as dimethyl sulfate, have been used to 
obtain information on these sites of interaction. Protection and interference patterns frequently 
correspond to highly conserved positions within binding sites and are often specific for a given transcrip-
tion factor or family of factors. The methods described here can be used to identify sites within a DNA 
sequence that are bound by nuclear factors or to characterise the contacts made by a purified factor or 
recombinant protein in vitro. As methylation protection is the in vitro equivalent of in vivo genomic 
footprinting, a direct comparison between in vivo and in vitro footprints can be made.  

  Key words:   Maxam and Gilbert sequencing ,  Gel electrophoresis ,  DNA-binding proteins ,  Gel 
retardation.    

 Dimethyl sulfate (DMS) is an effective and widely used probe for 
sequence-specific protein/DNA interactions. It is the only probe 
routinely used both for in vitro (methylation protection, meth-
ylation interference) and in vivo (DMS genomic footprinting) 
applications since it rapidly reacts with DNA at room tempera-
ture and readily penetrates intact cells  (1) . DMS methylates pre-
dominantly the 7-nitrogen of guanine and 3-nitrogen of adenine. 
Thus reactivity with G residues occurs in the major groove and 
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with A residues occurs in the minor groove. In standard Maxam 
and Gilbert protocols  (2) , the methylated bases are subsequently 
converted to strand breaks and displayed on sequencing gels. 

 Methylation protection and interference are essentially com-
binations of the gel retardation assay  (3,   4)  with the DMS reac-
tion of the Maxam and Gilbert sequencing procedure. Protein/
DNA interactions are reflected either as changes in DMS reac-
tivities caused by bound protein (methylation protection) or as 
selective protein binding dictated by methylation (methylation 
interference). 

 In methylation protection, protein is first bound to DNA that 
is uniquely end-labelled and the complex is reacted with DMS. 
DMS reactivities of specific residues are altered by bound protein 
either by exclusion, resulting in reduced methylation, increased 
local hydrophobicity, resulting in enhanced methylation or by 
local DNA conformational changes, such as unwinding, result-
ing in altered reactivity profiles  (5–  7) . After the DMS reaction, 
free DNA is separated from protein bound DNA by gel retarda-
tion and both DNA fractions are recovered from the gel. Meth-
ylated residues are converted into strand scissions and the free 
and bound DNA fractions are compared on a sequencing gel. 
A complete analysis requires the examination of both strands. This 
is accomplished by preparing two DNA probes, each uniquely 
labelled at one end, and carrying both probes through the proto-
cols. A binding site characterised by methylation protection will 
therefore appear as a cluster of altered DMS reactivities. 

 In methylation interference  (8,   9) , DNA is first reacted with 
DMS, purified, and then presented to protein. Under the reac-
tion conditions used methylation is partial, yielding approxi-
mately one methylated base per DNA molecule. Thus the protein 
is presented with a mixture of DNA molecules that differ with 
respect to the positions of methyl groups. Some methyl groups 
will interfere with protein binding since they lie in or near the 
binding site. Gel retardation separates the mixture into two frac-
tions: free DNA, which, as long as DNA is in excess over binding 
activity, represents the total profile of methylation reactivity and 
bound DNA, which will not contain any molecules with methyl 
groups incompatible with binding. Both free and bound DNA 
fractions are recovered, methylated residues are converted to strand 
scissions and the fractions are compared on a sequencing gel. The 
binding site is observed as the absence of bands in the bound 
sample corresponding to the positions where methylation interferes 
with binding. 

 It is obvious that these two uses of DMS may not deliver iden-
tical results. For example,  Fig. 1      presents a comparison obtained 
from experiments with the serum response element (SRE) in the 
human c- fos  promoter and its binding factors SRF and p62 TCF /
Elk-1  (10) . Since the use of DMS in vivo for genomic  footprinting 
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is limited to the equivalent of methylation protection, a direct 
comparison between in vivo and in vitro footprints requires 
the use of methylation protection rather than the more widely 
used methylation interference assay. These two techniques are, 
however, very similar in practical terms and thus are presented 
together. Both techniques rely on pre-established conditions that 
permit a protein/DNA complex to be resolved in a gel retarda-
tion assay ( see  Chapter “Electrophoretic Mobility Shift Assays for 
the Analysis of DNA–Protein Interactions   ) and on the chemical 
DNA sequencing methodology of Maxam and Gilbert, for which 
the reader is advised to consult ref. 2  and chapter “In Cellulo DNA 
Analysis (LMPCR Footprinting)” for a detailed treatment.  

    1.    Dimethyl sulfate (Merck), analytical grade.  
   2.    Piperidine (Sigma), analytical grade: use freshly made 1:10 

dilution in double-distilled water.  
   3.    Phenol/chloroform 50% v/v, buffered with 50 mM Tris–HCl 

pH 8.  
   4.    NA45 paper (Schleicher and Schuell) or equivalent, if 

available.  
   5.    3MM paper (Whatman).  
   6.    Gel retardation equipment ( see  Chapter “Electrophoretic 

Mobility Shift Assays for the Analysis of DNA–Protein 
Interactions”).  

   7.    Electro-blotting apparatus for Western transfer, e.g. Bio-Rad 
Trans-Blot.  

2. Materials

  Fig. 1 .   Comparison of methylation interference and protection patterns formed by factors binding at the c- fos  serum 
response element (SRE) in vitro and in vivo. G residues identified by methylation interference  (9) , methylation protection 
and in vivo genomic footprinting  (7)  are indicated. An additional G on both the  upper  and  lower  strands is implicated in 
the protein/DNA interaction by methylation protection       .
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    8.    Standard DNA sequencing gel electrophoresis equipment.  
    9.    Vacuum gel drier (optional).  
   10.    TBE buffer: 108 g Tris base, 55 g boric acid, 40 mL of 0.5 M 

EDTA pH 8.3 per litre for 10× stock; working solution is 
89 mM Tris base, 89 mM boric acid, 2 mM EDTA.  

   11.    NA45 elution buffer (10 mM Tris–HCl, pH 8.0, 1 mM 
EDTA, 1 M NaCl).  

   12.    Salmon testis DNA or calf thymus DNA, sheared, as carrier 
(Sigma; dissolved at 3 mg/mL in 10 mM Tris–HCl pH 8.0, 
1 mM EDTA).  

   13.    Sequencing loading buffer (90% formamide, 10 mM EDTA 
0.1% w/v bromophenol blue, 0.1% w/v xylene cyanol 
blue).  

   14.    Gel retardation loading buffer (20% Ficoll, 20 mM EDTA, 
0.1% w/v bromophenol blue).  

   15.    2× DMS buffer (120 mM NaCl, 20 mM Tris–HCl pH 8.0, 
20 mM MgCl 2 , 2 mM EDTA).  

   16.    DMS stop buffer (1.5 M NaAc pH 7.0, 1 M 2-mercapto-
ethanol), store frozen.  

   17.    X-ray film (e.g. Kodak X-Omat) or imaging plate for phos-
phorimager.     

     1.    Incubate 300,000 cpm of uniquely end-labelled DNA probe 
and a corresponding amount of protein together, as previously 
optimised for gel retardation analysis ( see  Chapter “Electro-
phoretic Mobility Shift Assays for the Analysis of DNA–Pro-
tein Interactions, Note 1   ) in a total volume of 100  m L.  

    2.    Add 1  m L of DMS and incubate at room temperature (the 
incubation time depends on the length of the DNA probe 
and is empirical: as a guide 200 bp fragment  t  = 1.5 min; for 
50 bp oligo duplex  t  = 3.0 min).  

    3.    Add one-tenth volume of 250 mM DTT, mix gently, add 
one-tenth volume of gel retardation loading buffer, mix 
gently and load onto a 2-mm-thick retardation gel in 1× 
TBE (or alternative buffer) and run as optimised for analyti-
cal gels. However, the load should be spread over up to ten 
times more well area ( see   Note 5   ).  

    4.    After electrophoresis, separate the glass plates carefully so 
that the gel adheres to one plate and cover the gel with cling 
film. Expose to X-ray film long enough to reveal complexes 

3. Method

3.1. Methylation 
Protection
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clearly, i.e. 6 h to overnight. The alignment of the film to the 
gel must be reliably marked.  

    5.    Put the developed film on a light box. Remove the gel from 
the cling film and re-align it on the X-ray film. Cut pieces of 
NA45 paper (or equivalent) sufficiently large to cover individ-
ual complexes in the gel yet small enough to fit into 1.5-mL 
tubes when rolled up. Wet the paper pieces in retardation gel 
running buffer and, with the help of tweezers, position one 
over each complex of interest in the gel, as visualised from the 
underlying film. Also position a similar sized piece of NA45 
paper over (some of) the uncomplexed DNA. NA45 paper 
can be labelled with pencil before wetting ( see   Note 6 ).  

    6.    Carefully cover the gel and paper pieces with two sheets of 
3MM paper wetted in 1× TBE (or alternative gel running 
buffer from  step 3 ). Lay a scotch bright pad from the electro-
blotting apparatus on top of the paper and turn the gel over. 
Carefully remove the second glass plate, cover the other 
side of the gel with 3MM paper and scotch bright as before, 
and insert the package into an electro-transfer apparatus as 
described in the manufacturer’s instructions with the NA45 
paper towards the anode. Transfer in 1× TBE (or alternative 
buffer) at 80 V for 1.5 h ( see   Note 2 ).  

    7.    Stop the transfer, unpack the gel carefully with the NA45 
paper on top and transfer each piece to a labelled 1.5-mL 
tube containing 600  m L of elution buffer (check that the 
radioactivity has transferred to the paper). Incubate at 70°C 
for 1 h.  

    8.    Remove NA45 paper from each tube, check that the radio-
activity has eluted into the buffer (do not expect quantitative 
elution but at least 50% should come off) ( see   Note 3 ), add 
20  m g carrier DNA, extract with phenol/chloroform and 
precipitate with 1 volume of isopropanol ( see   Note 4 ). Wash 
the precipitate once in 70% ethanol and dry under vacuum.  

    9.    Dilute piperidine 1:10 in water and add 50  m L to each pellet
(see Note 11). Vortex briefly and incubate at 90°C for 30 min 
(tubes must be clamped or weighted down to prevent the 
lids opening) then dry under vacuum. Take up the samples 
in 100  m L of water and repeat the drying process.  

   10.    Measure the Cerenkov counts in each tube, then re-dissolve 
the samples in water (e.g. 10 cpm/ m L) and transfer equiva-
lent counts (1,000 cpm in each case would be optimal ( see  
 Note 7 )) from each into fresh tubes. Dry down and re-dis-
solve in 5  m L sequencing loading buffer ( see   Note 8 ).  

   11.    Prepare and pre-electrophorese a standard sequencing gel 
(5–12% acrylamide, depending on probe length) ( see   Note 9 ). 
Denature probes at 95°C for 5 min, snap cool in ice and 
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load onto the gel. Run the gel until optimal separation of 
sequence is achieved ( see   Note 10) .  

   12.    Stop electrophoresis, remove the gel from the tank and lift 
off one glass plate. Fix the gel in 20% ethanol, 10% acetic acid 
for 10 min. Drain briefly and then overlay the gel with two 
sheets of 3MM paper and carefully peel it off the glass plate. 
Cover the gel surface with cling film and dry on vacuum gel 
drier ( see   Note 12 ). Expose the dry gel to X-ray film with 
intensifying screens as necessary, or to imaging plate.     

     1.    Mix 300,000 cpm of end-labelled probe, 100  m L of 2× DMS 
buffer and water to 200  m L. Add 2  m L of DMS and incubate 
at RT (the same guidelines as given in  step 2  of  Subhead-
ing  3.1  . apply for the reaction time). Stop the reaction by 
the addition of 50  m L cold DMS stop mix and precipitate 
with 850  m L cold ethanol. Re-dissolve in 200  m L cold 0.3 M 
NaAc pH 7.0, add 700  m L cold ethanol and re-precipitate.
Wash twice in 80% ethanol and re-dissolve the probe in water 
or binding buffer (about 20,000 cpm/ m L).  

    2.    Incubate the probe with protein for gel retardation as previ-
ously optimised for gel retardation analyses of the complexes 
in question ( see  Chapter “Electrophoretic Mobility Shift 
Assays for the Analysis of DNA–Protein Interactions”) in a 
total volume of 100  m L.  

    3.    Add one-tenth volume of gel retardation loading buffer, 
mix gently and load onto a 2-mm-thick retardation gel in 
1× TBE (or alternative buffer) and run as optimised for analy-
tical gels. However, the load should be spread over up to ten 
times more well area ( see   Note  5 ) .  

    4.    Continue with  step 4  and all subsequent steps as described 
for methylation protection ( Subheading 3.1   ).     

     1.    To have sufficient counts to complete the procedure, proceed 
with at least ten times the amount of material required for a 
simple gel retardation analysis, i.e. at least 300,000 cpm.  

    2.    It is also possible to use a semi-dry electro-transfer apparatus 
(e.g. Bio-Rad Trans-Blot SD) to transfer the DNA from the 
gel retardation gel onto NA45 paper. In this case the transfer 
time and potential are both reduced.  

    3.    In some instances it may prove difficult to elute the DNA from 
the NA45 paper, in which case raising the salt concentration 

3.2. Methylation 
Interference

4. Notes
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or the temperature may improve elution. (Extending the 
incubation time does not seem to help.) If not, the batch of 
NA45 may be to blame or it is even conceivable that the DNA–
protein complex in question is adsorbed too tightly onto the 
paper. It is not possible to phenol extract the NA45 paper in 
order to remove bound protein/DNA.  

    4.    Retain the isopropanol supernatants until you are sure the 
samples have precipitated quantitatively. Add more carrier 
DNAs if required.  

    5.    A common difficulty with these methods is the persistence 
of contaminants that accompany DNA after the preparative 
retardation gel. These contaminants interfere with the migra-
tion of DNA on the sequencing gel producing blurred and 
distorted patterns. In order to minimise this problem it is 
worth ascertaining the load limit of the retardation gel so that 
the protein/DNA complex will not smear but be well resolved 
and therefore concentrated in the gel before elution.  

    6.    As an alternative to electro-elution from the gel onto NA45 
paper, corresponding gel slices can be excised and the DNA 
recovered with the following protocol  (11) . Incubate gel slice 
overnight at 37°C in 0.5 mL 0.5 M ammonium acetate, 0.1% 
SDS, 1 mM EDTA, 10% methanol, and 25  m g proteinase 
K. Remove gel fragment (check that radioactivity has eluted 
into the buffer), extract with 1 volume of phenol/chloro-
form (1:1) and precipitate DNA with ethanol. Re-dissolve 
DNA in 200  m L of 1 mM Tris–HCl, 0.1 mM EDTA pH8.0, 
add 0.5  m g carrier DNA and spermine to 0.5 mM final con-
centration, incubate on ice for 10 min and recover DNA by 
centrifugation. Re-dissolve DNA in 1 mM Tris–HCl, 0.1 mM 
EDTA pH8.0 and 1 M NaOAc, dilute with 3 volumes of 
1 mM Tris–HCl, 0.1 mM EDTA pH8.0 and precipitate with 
ethanol.  

    7.    It is similarly advisable to load as little material onto the 
sequencing gel as practicable. With the advent of the phos-
phorimager the lower limit for the sequencing gel is well 
under 1,000 cpm/lane.  

    8.    Bromophenol blue and, to a lesser extent, xylene cyanol 
blue have been observed to cause exclusion distortions in 
the sequencing gels and either can be excluded from the 
sequencing loading buffer if this occurs in a critical part of 
the gel.  

    9.    If the end-labelled DNA fragment is relatively long and mul-
tiple binding sites are to be resolved, a gradient or wedge 
sequencing gel can be used in  step 11  of  Subheading  3.1  .  

   10.    An appropriate complement for the final result is to perform 
the Maxam and Gilbert G + A reactions on the end-labelled 
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probe. On the sequencing gel these reactions should provide 
unambiguous sequence information and, in case difficulties 
are encountered, clues as to the steps that are problematic.  

   11.    The strand scission protocol described here should not con-
vert methylated A residues into strand breaks. It is often 
observed, however, that breakages at As occur with reason-
able efficiency. The following modification will produce effi-
cient cleavage at both G and A residues. After the preparative 
retardation gel, re-suspend the dried, purified DNA in 30  m L 
of 10 mM sodium phosphate pH 6.8, 1 mM EDTA. Incu-
bate for 15 min at 92°C. Then add 3  m L of 1 M NaOH 
and incubate for 30 min at 92°C, followed by 320  m L of 
500 mM NaCl, 50  m g/mL of carrier DNA and 900  m L of 
ethanol. Chill and centrifuge to pellet the radioactivity. Wash 
the pellet in 70% ethanol and dry. Proceed as above from 
 step 10    .  

   12.    It is not essential to dry down the sequencing gel as, after one 
glass plate has been removed, it can be covered with cling 
film and exposed to X-ray film at −70°C with one screen. 
This alternative should only be considered if the signal is suf-
ficiently strong or if a gel drier is not available.         
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   Chapter 9   

  Ethylation Interference Footprinting 
of DNA–Protein Complexes        

     Iain W.   Manfield    and    Peter G.   Stockley      

  Summary 

 Structural studies of DNA–protein complexes reveal networks of contacts between proteins and the 
phosphates, sugars and bases of DNA. A range of biochemical methods, termed chemical footprinting, 
aim to determine the functional groups on DNA which are protected in solution by bound protein 
against modification or where chemical pre-modification interferes with subsequent protein binding. 
One of these approaches, termed ethylation interference footprinting, reveals which backbone phosphate 
groups are contacted by protein and the positions where the DNA–protein interface is so tight that the 
modification cannot be accommodated. This chapter describes the steps necessary to perform an ethyla-
tion interference experiment, including modification of DNA using ethylnitrosourea, fractionation of 
the products based on their affinities for a DNA-binding protein and analysis of the “bound” and “free” 
fractions to reveal sites critical for complex formation. This is illustrated using results from our experi-
ments with the  Escherichia coli  methionine repressor, MetJ.  

  Key words:   Ethylation interference ,  Ethylnitrosourea ,  Footprinting ,  MetJ ,  Methionine repressor , 
 DNA–protein interactions    .

 

 Structural studies of double-stranded DNA–protein complexes 
have shown that specific sequence recognition is accomplished in 
two ways, either directly by the formation of hydrogen bonds to 
base-pair edges from amino acid side chains located on a DNA-
binding motif, such as a helix–turn–helix, or indirectly as a result 
of sequence-dependent distortions of the DNA conformation  (1) , 
and often by a combination of these two types of interaction. 
These contacts occur in the context of oriented complexes between 
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macromolecules that juxtapose the specific recognition elements. As 
part of these processes, proteins make a large number of contacts to 
the phosphodiester backbone of DNA, as was predicted from bio-
chemical assays of the ionic strength dependence of DNA binding. 

 Contacts to phosphate groups can be inferred by the ethylation 
interference technique  (2) . Ethylnitrosourea (EtNU) reacts with 
DNA to form, principally, phosphotriester groups at the non-
esterified oxygens of the otherwise phosphodiester backbone. 
Minor products are the result of the reactions of EtNU with oxygen 
atoms in the nucleotide bases themselves ( see   Note 1   ). Under 
alkaline conditions and at high temperature, the backbone can 
be cleaved at the sites of modification to form a population of 
molecules carrying either 3 ¢ -OH or 3 ¢  ethylphosphate groups. 

 The length of the ethyl group ( ~ 4.5 Å) means that at a 
number of positions along a DNA molecule encompassing the 
binding site for a protein, complex formation will be inhibited 
by the presence of such a modification. At other modified sites, 
outside the binding site, no interference with protein binding 
will be observed. Addition of the DNA-binding protein to a ran-
domly ethylated DNA sample, followed by some procedure to 
separate the complexes formed from unbound DNA, fractionates 
the DNA into those molecules still able to bind protein with 
high affinity and those for which ethylation has lowered the affinity 
( Fig. 1    ) . In practice, modification at different sites produces 
molecules with a spectrum of affinities for the protein. It is there-
fore not possible to prove conclusively that a particular phosphate 
is contacted by the protein, but only that ethylation at that site 
interferes with complex formation.  

 Only occasionally are large amounts of highly purified protein 
readily available for in vitro biochemical assay of DNA-binding 
activity. Often only small amounts of crude nuclear extracts are 
available. In many commonly used assays, complex formation 
could not easily be detected in such situations. For example, 
using DNase I or hydroxyl radical footprinting, a high level of 
binding site occupancy is required for a footprint to be detected. 
Fractional occupancy is readily detected by gel retardation of 
complexes but offers only limited characterisation of the details 
of the protein–DNA interaction. Interference techniques, such 
as the ethylation and hydroxyl radical interference techniques 
 (3) , do allow the molecular details of complex formation to 
be studied even when only small amounts of crude protein are 
available  (4) . Whatever the level of saturation, DNA fragments 
modified at sites reducing the affinity of protein for DNA are 
less likely to form complexes. The bound fraction on gel retar-
dation assays will therefore always give an indication of the sites 
that do not interfere with complex formation when modified. 
The groups on the DNA recognised by the protein can then be 
inferred. Ethylation can also be used to analyse RNA–protein 
complexes, e.g.  (5) . 



  Fig. 1.    Diagrammatic outline of the ethylation interference experiment. The  upper  section shows an end-labelled DNA 
randomly ethylated (ethyl groups represented by  triangles ) at sites outside or within a protein binding site ( grey boxes ), 
and subsequent complex formation with the protein (represented by  ovals ). The expected mobility of each species on 
non-denaturing gels is shown in the  middle  section. The pattern of cleavage products that might be expected after 
recovery of the DNA fragments (assuming random ethylated throughout their length) from the gel retardation assay is 
shown in the  lower  section. The distribution of products from unfractionated, ethylated DNA is represented by “U” and 
the products from “free” and “bound” fractions in gel shift assays by “F” and “B”. Sites critical for complex formation are 
under-represented (or  blank ) in the “bound” fraction and these sites are correspondingly over-represented in the “free” 
fraction. An example of the final autoradiograph for a MetJ:operator complex is shown in Fig.  2        .
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 We have used the ethylation interference technique to probe 
a number of DNA–protein complexes  (6,   7)  and illustrate the 
technique here with results from experiments probing the inter-
action of the  E. coli  methionine repressor, MetJ, with its binding 
site in vitro  (7) . Binding sites for MetJ consist of two or more 
immediately adjacent copies of an 8-bp site with the consensus 
sequence 5 ¢ -dAGACGTCT-3 ¢ , termed a “met box.” X-ray crys-
tallography has been used to determine the structure of the MetJ 
dimer, its complex with the corepressor,  S -adenosyl methionine 
(AdoMet), and a complex of the holorepressor with a 19-mer 
oligonucleotide containing two consensus met boxes  (8,   9)  ( see  
Chapter “Filter-Binding Assays”). The structure of the protein–
DNA complex in the crystal reveals two MetJ dimers (one per 
met box), binding to the DNA by insertion of a  b -ribbon into the 
major groove. The general features of this model have been cor-
roborated by the results of ethylation interference experiments and 
by the data from a range of other footprinting techniques  (7) .  

 

      1.    Plasmid DNA carrying the binding site for a DNA-binding 
protein on a convenient restriction fragment (usually <200 bp).  

    2.    Restriction enzymes and the appropriate buffers as recom-
mended by the suppliers.  

    3.    Phenol: Redistilled phenol equilibrated with 100 mM 
Tris–HCl, pH 8.0. Similar products can be purchased (e.g. 
Sigma, P4557).  

    4.    Chloroform.  
    5.    Solutions for ethanol precipitation of DNA: 4 M NaCl and 

ethanol (absolute and 70% v/v).  
    6.    Alkaline phosphatase (AP), from calf intestine or shrimp.  
    7.    AP reaction buffer, 10×: 0.5 M Tris–HCl, pH 9.0, 0.1 M 

MgCl 2 , 0.001 M ZnCl 2 .  
    8.    TE buffer: 10 mM Tris–HCl, pH 8.0, 1 mM ethylenediami-

netetra-acetic acid (EDTA).  
    9.    Sodium dodecyl sulfate (SDS) 20% w/v.  
   10.    Ethylenediaminetetra-acetic acid (EDTA), 0.25 M, pH 8.0.  
   11.    T 4  polynucleotide kinase (T 4 PNK).  
   12.    T 4 PNK reaction buffer, 10×: 0.5 M Tris–HCl, pH 7.6, 0.1 

M MgCl 2 , 0.05 M dithiothreitol.  
   13.    Radioisotope:  g -[ 32 P]-ATP, typical specific activity >6,000 

Ci/mmol. Use appropriate measures for protection against 
this radiation hazard.  

 2. Materials  

 2.1. Preparation of 
Radioactively 
End-Labelled DNA 
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   14.    30% w/v acrylamide stock (29:1 acrylamide: N , N  ¢ -methylene-
 bis- acrylamide).  

   15.    TBE buffer, 5×: 450 mM Tris-borate, 5 mM EDTA, pH 
8.3.  

   16.    Polyacrylamide gel elution buffer: 0.3 M sodium acetate, 
0.2% w/v SDS, 2 mM EDTA.  

   17.    Polymerisation catalysts: Ammonium persulfate (10% w/v) 
and  N , N , N  ¢ , N  ¢ -tetramethylethylene diamine (TEMED).      

      1.    End-labelled DNA in TE: 250,000 cpm are required per 
ethylation reaction (roughly 20 ng DNA fragment) to be 
performed. Ethylation of more DNA allows a range of pro-
tein concentrations to be used when protein–DNA binding 
reactions are prepared. Standard safety procedures should be 
used when handling radiolabelled DNA (e.g. work behind 
Lucite shields).  

    2.    Cacodylate buffer: 50 mM sodium cacodylate (used without 
adjustment of the pH, which is usually close to 8.0). Caco-
dylate buffer contains arsenic and therefore should be handled 
with caution. It is only necessary to prepare small volumes 
(ca. 10 mL) of this solution. Passing the solution through a 
0.45- m m filter is the preferred method of sterilisation.  

    3.    Ethylnitrosourea (EtNU): This reagent is readily synthe-
sized  (10)  or can be purchased from a commercial source 
(e.g. Sigma, St. Louis, MO, listed as  N -nitroso- N -ethylurea, 
cat. no. N 8509). The solid material should be stored at 
−20°C and allowed to warm to room temperature before 
use. EtNU should be handled in a fume hood, and contami-
nated waste stored there until disposal. Wear two pairs of 
latex gloves when handling samples containing EtNU.  

    4.    tRNA (1 mg/mL).  
    5.    Solutions for ethanol precipitation of DNA: 4 M NaCl and 

ethanol (absolute and 70% v/v).      

      1.    Complex buffer: for MetJ; 10 mM Tris–HCl, pH 7.4, 150 
mM NaCl, 1 mM  S -adenosyl methionine  p -toluene sulfonate 
salt (AdoMet). Add glycerol to this buffer to 10% v/v.  

    2.    Purified DNA-binding protein or protein extract.  
    3.    Non-denaturing gel acrylamide stock solution: 30% w/v 

(37:1 acrylamide: N , N  ¢ -methylene- bis -acrylamide).  
    4.    Electrophoresis buffer stock solution: 1.0 M Tris–HCl, pH 

8.0, solid AdoMet.  
    5.    Ammonium persulfate, APS (10% w/v).  
    6.    TEMED.  
    7.    Glass plates: 150 × 150 × 1.5 mm.  

 2.2. Ethylation 
Modification 

 2.3. Fractionation of 
Modified DNA 
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   8.    Peristaltic pump capable of recirculating buffer at 5–10 
mL/min.      

     1.    X-ray film.  
   2.    Autoradiography cassette.  
   3.    X-ray film developer and fixer.  
   4.    Plastic wrap.  
   5.    Scalpel blade.  
   6.    Syringe needle.  
   7.    Polyacrylamide gel elution buffer: 0.3 M sodium acetate, 

0. 1% w/v SDS, 1 mM EDTA.  
   8.    Solutions for ethanol precipitation of DNA: 4 M NaCl; 

ethanol (absolute and 70% v/v) and tRNA (1 mg/mL).      

     1.    Sodium phosphate, 10 mM pH 7.0, 1 mM EDTA.  
   2.    1.0 M NaOH (freshly prepared).  
   3.    Acetic acid solutions: 1.0 M and 10% v/v.  
   4.    Solutions for ethanol precipitation of DNA: 4 M NaCl; etha-

nol (absolute and 70% v/v) and tRNA (1 mg/mL).  
   5.    Sequencing gel loading buffer: 80% v/v formamide, 0.5× 

TBE, 0.1% w/v xylene cyanol, 0.1% w/v bromophenol blue.  
   6.    Acrylamide stock solutions for sequencing gel: 19% w/v acry-

lamide, 1% w/v  N , N  ¢ -methylene- bis -acrylamide, 50% w/v 
urea in TBE.  

   7.    TBE (1×): 90 mM Tris   , 90 mM boric acid, 1 mM EDTA, 
pH 8.3.      

  There is insufficient space to cover these methods in detail here, 
but extensive information, materials, methods, and trouble-shoot-
ing guides are readily available in published literature  (11,   12) .   

 

     1.    Digest the plasmid (e.g. 10  m g of the plasmid in a reaction 
volume of 200  m L) with one of the pair of restriction enzymes 
used to release a suitably sized DNA fragment (usually <200 
bp). Extract the digest with an equal volume of buffered phe-
nol, and then add one-tenth volume NaCl (4 M) and 2.5 vol-
umes of ethanol to the aqueous layer to precipitate the DNA.  

   2.    Add 50  m L 1× AP reaction buffer to the ethanol-precipitated 
DNA pellet (<50  m g). Add 1 U AP, incubate at 37°C for 30 

 2.4. DNA Recovery 

 2.5. Phosphotriester 
Cleavage and 
Denaturing Gel 
Electrophoresis 

 2.6. Maxam–Gilbert 
Chemical DNA 
Sequencing Reactions 

 3. Methods  

 3.1. Preparation of 
End-Labelled DNA 
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min, followed by addition of a further aliquot of enzyme, and 
incubate for a further 30 min. Terminate the reaction by add-
ing SDS and EDTA to 0.1% and 20 mM, respectively, in a 
final volume of 200  m L, and incubate at 65°C for 15 min. 
Extract the digest with an equal volume of buffered phenol, 
then with 1:1 phenol:chloroform, and finally ethanol precipi-
tate the DNA from the aqueous phase by addition of 2.5 vol-
umes of ethanol.  

   3.    Redissolve the DNA pellet ( ~ 2.5  m g) in 18  m L 1× T 4 PNK 
buffer. Add 20  m Ci  g -[ 32 P]ATP and 10 U T 4 PNK, and incu-
bate at 37°C for 30 min. Terminate the reaction by phenol 
extraction (followed by ethanol precipitation and a second 
restriction enzyme digest) or by addition of non-denaturing 
gel loading buffer, and electrophoresis on a non-denaturing 
polyacrylamide gel. We use 12% (w/v) polyacrylamide gels 
(19:1, acrylamide: bis -acrylamide) with 1× TBE as the electro-
phoresis buffer.  

   4.    After electrophoresis, locate the required DNA fragments 
by autoradiography of the wet gel for around 30 min (as 
described in  Subheading 3.4    ). Excise slices of the gel con-
taining the bands of interest using the autoradiograph as a 
guide. Elute the DNA into 500  m L elution buffer overnight 
(at least) at 37°C. Ethanol precipitate the DNA, wash the 
pellet thoroughly with 70% v/v ethanol, dry under vacuum, 
and rehydrate in a small volume of TE buffer (e.g. 50  m L). 
Determine the radioactivity of the sample by liquid scintilla-
tion counting of a 1  m L aliquot.      

     1.    Dispense the required volume containing  ~ 250,000 cpm of 
radiolabelled DNA solution into an Eppendorf tube, add 
cacodylate buffer to a final volume of 100  m L, and heat to 
50°C in a heating block. Prepare the minimum volume of 
EtNU-saturated ethanol (at 50°C) for the required reactions, 
add 100  m L of this to the DNA, mix, and incubate at 50°C for 
60 min ( see   Notes  1   and    2 ).  

   2.    Add to the sample 5  m L of 4 M NaCl, 2  m g of tRNA, and 150 
 m L of ethanol. Mix and place at −20°C for 60 min or in a dry 
ice/ethanol bath for 15 min. Pellet the DNA by centrifugation 
in a microfuge (15 min at 13,000 ×  g  and 4°C) and remove 
the supernatant (store separately to be destroyed by incinera-
tion). Add 500  m L of 70% ethanol, mix thoroughly, recentri-
fuge, and remove the supernatant. Dry the pellet briefly under 
vacuum.      

  The following procedure allows the separation of free and bound 
DNA by means of gel retardation. The precise conditions will 
depend on the protein under investigation ( see   Notes    3  –  7  ).

 3.2. Ethylation 
Reaction 

 3.3. Fractionation of 
DNA by Gel 
Retardation Assay 
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   1.    Mix 10 mL of non-denaturing acrylamide stock solution, 1.5 
mL of 1.0 M Tris–HCl, pH 8.0, 29.5 mL of distilled water, 
0.2 mL of APS, 15  m L of TEMED, and 1.5 mg of AdoMet 
(for the MetJ example), and pour into gel frame. Insert the 
well former and leave to polymerise for 1–2 h.  

   2.    When polymerised, insert the gel into the tank and connect 
peristaltic pump tubing such that buffer is pumped in both 
directions (i.e. top to bottom and bottom to top reservoirs). 
Pre-electrophorese gel for 30 min at 100 V.  

   3.    Redissolve the pellet of ethylated DNA in complex buffer plus 
glycerol ( see  Notes  4  and  5 ). Set aside 10% of the ethylated 
DNA sample, which will be used as an unfractionated control 
to indicate the variation in modification at each residue. Dry this 
sample under vacuum and store at −20°C until  step 1  of 
 Subheading 3.5    . Add DNA-binding protein to a concentration 
that would saturate unmodified DNA and incubate at 37°C 
for 15 min to allow complex formation (N.B. exact conditions 
will vary depending on the protein being studied).  

   4.    Load the DNA–protein complex solution onto the gel and 
electrophorese into the gel at 250 V for 2 min. Reduce the 
voltage to 100 V and continue electrophoresis until a small 
amount of bromophenol blue dye loaded into an unused lane 
has reached the bottom of the gel.      

     1.    After electrophoresis, remove one plate, and wrap the gel 
and remaining plate in clear plastic wrap film (we use Saran 
Wrap™). Cut a piece of X-ray film large enough to cover the 
lanes used on the gel and fix it to the gel firmly with masking 
tape. Using a syringe needle, make a number of holes through 
the film and gel that will serve to orient the developed film 
with respect to the gel.  

   2.    Place the assembly in an autoradiography cassette and leave at 
4°C overnight.  

   3.    Take the film off the gel and develop as usual. Align the film 
and gel using the holes created previously. Using a syringe needle, 
make a series of holes into the gel around the fragments of 
interest using the bands on the film as a guide. Remove the 
film and excise the marked regions of polyacrylamide. Place 
gel fragments ( ~ 10 × 5 mm) in Eppendorf tubes, add 600  m L 
of gel elution buffer, and incubate at 37°C overnight (at least).  

   4.    Transfer 400  m L of the eluate to a fresh tube, add 2  m g of 
tRNA and 1 mL of ethanol, mix, and place at −20°C for 60 
min. Pellet DNA by centrifugation in a microfuge for 15 min 
(13,000 ×  g , 4°C). Discard the supernatant (check for absence 
of radioactivity), wash the pellet with 500  m L of 70% ethanol, 
recentrifuge, and discard the supernatant. Dry the pellet briefly 

 3.4. DNA Recovery 
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under vacuum. If the DNA does not pellet readily, incubate 
the sample at −20°C for longer or recentrifuge at 4°C.      

     1.    Redissolve each pellet in 15  m L of sodium phosphate buffer 
and add 2.5  m L of 1 M NaOH. Seal tube with plastic film 
(e.g. Parafilm) and incubate at 90°C for 30 min. Centrifuge 
samples briefly to collect any condensation. Add 2.5  m L of 1.0 
M acetic acid, 2  m L of 4 M NaCl, 1  m g of tRNA, and 70  m L 
of ethanol. Leave samples at −20°C for 60 min. Pellet DNA as 
described in  step 4  of Subheading  3.4 .  

   2.    Redissolve the pellet in 4  m L of sequencing gel loading buffer. 
Heat to 90°C for 2 min and load samples onto a 12% w/v 
polyacrylamide sequencing gel alongside Maxam and Gilbert 
sequencing reaction markers. Electrophorese at a voltage that 
will warm the plates to around 50°C. After electrophoresis, fix 
the gel in 1 L of 10% (v/v) acetic acid for 15 min. Transfer the 
gel to 3MM paper and dry under vacuum at 80°C for 60 min. 
Autoradiograph the gel at −70°C with an intensifying screen.  

   3.    Compare lanes corresponding to bound, free and control 
DNA for differences in intensity of bands at each position; 
this is best done using densitometry ( see   Note    8  ). A dark band 
in the “free fraction” (and a corresponding reduction in the 
intensity of the band in the “bound fraction”) indicates a site 
where ethylation interferes with complex formation. This is 
interpreted as meaning that this residue is contacted by the 
protein or a portion of the protein comes close to the DNA 
at this point. For 5 ¢  end-labelled DNA, the ethylation reac-
tion products migrate slightly more slowly than the Maxam–
Gilbert chemical sequencing products ( see   Notes    9 & 10  , and 
also  Fig.    2  ).       

  The result of an ethylation interference experiment with MetJ is 
shown in  Fig.    2   along with densitometer traces showing quan-
titative comparisons of the distribution of products in bound 
and free fractions ( Fig.    3   ) . Visual examination of the autoradio-
graph shows that ethylation at 5 ¢ -pG2 results in total exclusion 
of such fragments from protein–DNA complexes. Densitom-
etry indicates that ethylation at other sites also inhibits complex 
formation to varying degrees. These data can be interpreted in 
terms of the MetJ–DNA crystal structure  (9) . The site at which 
ethylation completely inhibits complex formation corresponds to 
the phosphate 5 ¢  to the guanine at position 2 of each met box. 
The crystal structure shows a contact to this phosphate from the 
N-terminus of the repressor B-helix. Indeed, at the centre of the 
two met box operator complex, sequence-dependent distortions 
of the oligonucleotide away from the canonical B-DNA structure 
result in displacement of this 5 ¢  G2 phosphate by up to 2 Å in the 

 3.5. Phosphotriester 
Cleavage and DNA 
Sequencing 

 3.6. Results and 
Discussion 



114 Manfield and Stockley

direction of the protein. Variant oligonucleotides with less tendency 
to undergo this distortion are bound significantly less well than 
the consensus site  (13) . Thus, this site of complete inhibition of 
complex formation corresponds to an important contact between 
the DNA and a secondary structural element in the protein, which 
presumably is unable to adjust to the presence of a bulky ethyl 
group. The other sites of ethylation interference effects are con-
tacted by amino acid side chains and peptide backbone groups in 
extended loops of the repressor. It might be expected that side 
chains and loops can be flexible enough to reorient in order to 
reduce steric hindrance between the protein and the ethyl group, 
thus explaining these partial interference effects. Similar good 

  Fig. 2.    Ethylation interference of the MetJ:DNA interaction. Samples for denaturing gel 
electrophoresis were prepared following the methods given here. “G/A” and “C/T” are 
the products of the purine- and pyrimidine-specific Maxam–Gilbert chemical cleav-
age reactions, respectively. “Free” and “bound” are the DNA fractions that did not and 
did form complexes with MetJ, respectively. The sequence of the MetJ binding site 
is indicated alongside the autoradiograph. Electrophoresis is from  top  to  bottom . The 
phosphates, ethylation of which interferes most strongly with complex formation, are 
indicated by  solid triangles . Small,  open triangles  indicate the minor reaction products 
of the cleavage reaction, which, for small fragments, are resolved on these gels.       
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correlations between the contacts identified by ethylation inter-
ference experiments and those seen in crystals have been demon-
strated in other systems, such as phage 434 repressor  (14) .  

 MetJ shows a high level of sequence specificity and there-
fore clear interference effects are observed. However, we have 
observed that other proteins with low-sequence specificity show 
only relatively weak interference effects  (6) . Densitometry and 
quantitation may be necessary in these cases to resolve these 

  Fig. 3.    Summary of the results.  Top:  Densitometer traces of ethylated DNA from the free 
and bound fractions. DNA from the free and bound fractions is represented by the  upper  
and  lower curves , respectively. The sequence of the  top  strand of each binding site is 
indicated above the  curves . Note that the greatest inhibitory effect is at the second 
residue (G2) of each  box  and around five sites in each  box  show an interference effect. 
 Bottom:  Space filling representation of the operator site showing the positions where 
ethylation results in complete inhibition of complex formation (highlighted in  dark grey ). 
MetJ dimers bind in the major groove with contacts between adjacent protein dimers 
above the minor groove at the symmetry dyad of the oligonucleotide shown.       
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effects from the background of cleavage from fragments shifted 
by non-specifically bound proteins ( see   Note    8  ). Additionally, 
proteins binding to DNA asymmetrically, for example to sites 
which do not show the dyad symmetry common to prokaryotic 
repressor proteins, will show different interference effects on each 
strand, again providing valuable information on the structure of 
the protein–DNA complex in solution  (6) .   

 

    1.     Modification at secondary (non-phosphate) sites . Early work 
on the reaction of alkylating agents with DNA showed that 
a number of products are obtained. With EtNU, phosphotri-
ester groups comprise 60–65% of the reaction products  (10) . 
The remaining products are the result of reactions at base 
oxygen groups with relative abundance in the order thymine 
O2 = guanine O6 > thymine O4   >>   cytosine O2 for double-
stranded DNA  (15) . To our knowledge, the effects of such 
modifications on DNA binding by proteins have not been 
addressed in the literature on ethylation interference experi-
ments. However, some prediction of the effects might be 
made based on knowledge of the structure of DNA. Thymine 
O2 and cytosine O2 are in the minor groove, and guanine 
O6 and thymine O4 are in the major groove. For sequence-
specific DNA-binding proteins interacting with DNA via the 
major groove, it would be expected that the presence of an 
ethyl group would inhibit complex formation, but that a 
modification in the minor groove would be less inhibitory.  

   2.     Level of modification of DNA by EtNU . A similar intensity of 
each band (subject to the position-dependent variation of reac-
tivity observed with EtNU) is the required level of modifica-
tion. We have used a single batch of “home-produced” EtNU 
for all our ethylation interference experiments. The conditions 
of time and temperature used with this batch give an appropri-
ate level of probe modification. There may be variations in the 
reactivity of EtNU from different sources leading to under- or 
over-modification. The correct modification conditions can 
readily be determined by performing a test ethylation on a 
small amount of DNA, such as 20,000 cpm, followed by alka-
line cleavage (omitting the gel fractionation step), sequencing 
gel electrophoresis, and autoradiography. Over-modification 
will produce a bias toward short fragments.  

   3.     Choice of fractionation method . The original report of the use 
of the phosphate ethylation reaction used the filter binding 
assay to fractionate protein-bound and protein-free DNA  (2) . 

  4. Notes      
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Filter-bound DNA is then eluted by washing the filter in a 
high salt buffer containing SDS. For other experiments, we 
find that TE + 0.1% SDS efficiently elutes DNA from nitro-
cellulose filters. The rapid recovery of DNA from filters is an 
advantage of using the filter binding assay compared with the 
gel retardation assay. Despite this, fractionation by gel retarda-
tion assay has proven to be by far the most popular method 
in the literature. The advantage of the gel retardation assay is 
that the presence and amounts of multiple complexes can be 
determined and recovered separately, which is not possible by 
filter binding. Parallel binding reactions with ethylated and 
unethylated DNA and separation on non-denaturing polyacr-
ylamide gels readily demonstrate any differences in the mobil-
ity of complexes formed with each DNA sample.  

   4.     Cofactor requirements . High affinity DNA binding in our 
system (MetJ) is dependent on the presence of  S -adenosyl 
methionine at millimolar concentrations. This cofactor is present 
in binding reactions and is included in the gel mix, but it would 
be prohibitively expensive to include it in the  electrophoresis 
buffer. This does not seem to affect the results obtained by this 
technique. Electrophoresis for extended times does deplete 
the lower region of the gel of corepressor leading to some 
complex dissociation. Another feature specific to this system is 
the hydrolysis of the corepressor to presumably inactive products. 
For this reason, gels were not left to polymerise for more 
than 2 h. 

 In other systems where a cofactor is not required or in which the 
cofactor is cheap and/or stable over extended periods, the condi-
tions used for the gel retardation assay fractionation step should 
be optimised by a consideration of the specific features of the 
system under study. For further details, consult other chapters of 
this book.  
   5.     Effects of salt precipitates . During ethanol precipitation of 

DNA, salt is often also precipitated. This white crystalline pre-
cipitate is readily distinguished from the almost clear nucleic 
acid pellets. The interaction of DNA-binding proteins with 
their recognition sites is strongly ionic strength-dependent, 
and therefore the presence of a high concentration of salt 
following ethanol precipitations will inhibit complex formation 
in addition to any ethylation interference effects. After the 
cleavage reaction at modified sites, another ethanol precipitation 
is performed. The presence of a large amount of salt at this 
stage will prevent complete dissolution of the pellet and will 
interfere with subsequent electrophoresis. A dark background 
between each band was often observed on autoradiographs. 
It is believed that this is caused by the presence of salt in the 
sample. Reprecipitation as described below helps to reduce 
this problem. 
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 To remove any salt precipitate, the pellet can be dissolved 
in a small volume of TE (e.g. 100  m L) and precipitated by 
addition of 2 volumes of ethanol without addition of further 
amounts of salt. The DNA can be pelleted as described in  step 4  
of  Subheading    3.4  .  
   6.    Recommended controls for the gel retardation assay fraction-

ation step: With a pre-modification reaction such as this, it is 
important to perform appropriate control reactions especially 
for the gel retardation step. For such binding reactions, we use 
20,000 cpm unmodified DNA in the presence and absence of 
MetJ at the concentration used in the binding reaction with 
ethylated DNA samples. The specific activity of protein sam-
ples may vary from batch to batch. The control reaction out-
lined above will confirm that the protein sample used is active 
for DNA binding. In gel retardation assays, the mobility of 
complexes is a function of a number of properties of the 
system, such as charge and molecular weight of the protein, 
stoichiometry of the complex, and bending of the DNA 
induced by binding of the protein. Demonstration that the 
mobility of complexes formed with ethylated and unethylated 
DNA is the same is probably good evidence that there are no 
significant differences between the complexes.  

   7.    The protein concentration used in the fractionation step 
dictates how many interfering sites are reported. Because 
the ethyl groups at different sites affect protein binding to 
differing degrees, increasing the protein concentration can 
mask any weak interference effects such that only the most 
strongly interfering sites will be detected. The control reac-
tion with unmodified DNA will show the level of binding 
site saturation, and therefore indicate the level of discrimina-
tion between strongly and weakly interfering sites that can 
be expected. Using a range of protein concentrations in the 
binding reaction with aliquots of the ethylated DNA should 
therefore allow the strength of the inhibitory effect at each site 
to be placed in rank order. This is valuable structural informa-
tion, since it might be expected that the strongest effects will 
be observed at sites that are in closest contact to the protein 
in the complex.  

   8.    Quantitative data can be obtained by exposing dried sequenc-
ing gels to storage phosphor screens and analysing images 
using the software available with the phosphorimager. Alter-
natively, densitometry of images can be performed by scan-
ning autoradiographs and saving the image as a TIFF file for 
analysis using software such as the ImageJ program. In both 
cases a 1D line scan gives images such as that shown in  Fig.    3   
allowing comparison of peak heights from bound, free and 
unfractionated samples. In practice, the short distance between 
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bands corresponding to each fragment makes further quanti-
tation, of peak areas, impractical. However, the software used 
should be able to provide the  x ,  y  coordinates describing each 
curve and these can be used in spreadsheet software to pro-
duce presentation quality images.  

    9.    The presence of multiple cleavage products at each phos-
phate: The products of the cleavage reaction at phosphotri-
ester groups carry either 3 ¢ -OH or 3 ¢ -ethylphosphate groups. 
For large fragments on low percentage polyacrylamide gels, 
these two species are not resolved. However, for short frag-
ments on high percentage gels, two bands are observed at 
each residue. In practice, this does not produce problems 
with data analysis.  

   10.     Troubleshooting . We have experienced few problems with 
this technique. Most problems have been associated with the 
specific properties of the proteins we have studied. However, 
it is possible to envisage a number of potential problems and 
explanations for these, and remedies are presented here.     

 Of the available structures of DNA-binding proteins com-
plexed to DNA fragments, there are none in which the protein 
does not make some contacts to the phosphodiester backbone. 
Thus, it is expected that because of the size of the ethyl group, 
an interference effect will always be observed. In the event that 
no inhibition of complex formation is observed, it should be con-
firmed that ethylation has occurred by performing a titration of 
the ethylation reaction as discussed in  Note 2 . 

 It is possible that an increase in free DNA is observed on the 
gel retardation assay but that no cleavage products are observed 
on the sequencing gel, although the full length DNA is present. 
This could be caused by an error with the buffer used to resus-
pend the eluted DNA pellet, the NaOH solution used to perform 
strand scission, or the temperature of the reaction, all of which 
can be readily checked.      
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      Chapter 10

 Site-Directed Cleavage of DNA by Protein–Fe(II) EDTA 
Conjugates Within Model Chromatin Complexes       

     David R.   Chafin    and    Jeffrey J.   Hayes        

  Summary 

 The nucleosome and other chromatin complexes are examples of complicated protein–DNA assemblies 
that are not easily studied by traditional structural methods. Site-directed cleavage of DNA is a method 
for mapping the location of interaction of a specific site in a protein such as a linker histone within a large 
complex such as the nucleosome. In this chapter we describe the application of the site-directed cleavage 
method, employing linker histones site-specifically modified with the chemical cleavage reagent Fe(II)
(EDTA-2-aminoethyl   ) 2-pyridyl disulfide (ebr). Addition of hydrogen peroxide and a reducing agent to 
the complex containing the modified protein leads to the production of hydroxyl radicals from the iron 
center, resulting in cleavage of DNA backbones in the vicinity of the modified residue. The cleavages can 
then be mapped and ascribed to a particular location within the nucleosome, allowing the binding site of 
the protein within this structure to be determined.  

  Key words:   Site-directed cleavage ,  EPD ,  Cleavage mapping ,  Linker histones ,  Nucleosomes , 
 Hydroxyl radical cleavage of DNA    .

 

 The assembly of eukaryotic DNA into nucleosomes and high-
er-order structures within chromatin allows the efficient use of 
genomic DNA for nuclear processes such as replication, tran-
scription, recombination, and repair  (1) . Thus, to completely 
understand molecular mechanisms associated with these proc-
esses, an understanding of the details of the protein–DNA inter-
actions comprising chromatin is required. For example, two 
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fundamental questions still lingering concerning chromatin are 
the location interactions of the core histone tail domains and the 
site of contact of the globular domain of linker histones with the 
nucleosome  (2,   3) . Both the core histone tail domains and the 

  Fig. 1 .   Directed cleavage of nucleosome DNA by an EPD-modified linker histone. ( a ) 
Scheme showing site of modification of the linker histone used in this experiment ( see  
ref.  12)  and structure of EPD before the modification reaction ( see  ref.  9 ). ( b ) Specific 
cleavages by H1 G101C-EPD within a nucleosome. Nucleosomes were bound by the 
modified linker histone and cleavage carried out as described and cleavages analyzed 
via sequencing gel electrophoresis.  Lane 1  shows a G-reaction marker;  lane 2 , cleavage 
reaction with mock-modified linker histone;  lane 3 , cleavage reaction carried out with 
the modified linker histone. The  arrows  indicate the location of modification-dependent 
cleavages. The schematic indicates the location of the nucleosome ( oval  ) on the DNA 
( black line ). ( c ) The location of the cleavages indicated in ( b ) is indicated on the  left side  
of the figure. A plausible model for linker histone binding to the nucleosome is shown 
on the  right . The  large sphere  indicates the globular domain as shown by the  oval  in ( a ), 
while the  smaller spheres  indicate the N- and C-terminal tail domains       .
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linker histones play crucial roles in the stability and organization 
of chromatin but participate in poorly understood interactions 
 (4–  7) .  

 A useful strategy to map interactions of specific protein 
domains with DNA involves targeted cleavage of the DNA. 
This strategy generally involves site-specific attachment of a 
chemical nuclease to the protein of interest, formation of the 
complex, followed by localized cleavage of the DNA compo-
nent  (8–  14) . Of note, the reverse process can also be accom-
plished with site-directed cleavage of a protein backbone via 
cleavage reagents tethered to specific sites on DNA  (15) . 
Using the former approach, we previously mapped the loca-
tion of the globular domain of a linker histone when bound to 
a single nucleosome  (12,   16) . Histones are in general particu-
larly good candidates for the cysteine-dependent site-directed 
cleavage approach since most are naturally devoid of cysteine 
residues. This method, first introduced by the Fox and Ebright 
groups, takes advantage of the unique nucleophilic properties 
of the cysteine sulfhydryl, which can be placed at rationally 
selected locations with the protein of interest. The single sulf-
hydryl group within these proteins is then modified with a 
bifunctional reagent that contains a disulfide exchange moiety 
and an iron(II)-based DNA cleavage reagent ( Fig.    1a  )  (8,   9) . 
These proteins are then assembled into the complex of interest 
and DNA cleavage is initiated by addition of hydrogen per-
oxide to produce hydroxyl radicals. Hydroxyl radicals are 
produced by the one-electron reduction of hydrogen peroxide 
by the tethered iron(II)EDTA complex to produce  ·  OH and 
OH − :  

  [Fe(II)EDTA]2– + H2O2 → · OH+ OH– + [Fe(III)EDTA]1–   

 The oxidation of Fe(II) to Fe(III) is readily reversed by the rela-
tively innocuous reducing agent sodium ascorbate, while the 
OH −  is absorbed by the buffer  (17) . Hydroxyl radicals are highly 
reactive diffusible species that, upon encountering a DNA mol-
ecule, will abstract a hydrogen atom from the deoxyribose unit in 
the phosphodiester backbone, leaving a carbon-centered radical, 
which rapidly decays to leave primarily two phosphomonoester 
termini on either side of a one nucleotide gap at the original loca-
tion of the attack. Importantly, this cleavage occurs regardless 
of the identity of the base sequence at the attack position. Thus 
the location of the cleavage event is easily determined to single 
nucleotide resolution by monitoring the target DNA for strand 
breaks on sequencing gels.  
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      1.    Oligonucleotide primers: Two primers are complementary to 
the 5 ¢  and 3 ¢  ends of the coding sequence to be amplified. 
In addition, if the codon to be altered is located more than 
~10–15 nucleotides from the end of the coding sequence one 
additional primer is needed which must contain the sequence 
substitutions for the altered codon flanked by 12–15 nucle-
otides of complementary sequence on each side. Alternatively, 
a primer pair for the quick change (whole plasmid) PCR can 
be employed. Store at −20°C.  

   2.    10× Stock containing all four dNTPs at 10 mM concentration 
each.  

   3.    A source of clean reliable 18 M W  water, free of chemical con-
taminants.  

   4.    10× PCR buffer can be obtained commercially from the sup-
plier of the PCR enzyme of choice.  

   5.    Vent or Taq DNA polymerase can be obtained from commer-
cial sources.      

     1.    DH5 a  or BL21 cells can be obtained commercially or pre-
pared in competent form; store at −70°C.  

   2.    Luria broth (LB), sterile.  
   3.    1,000× stock of ampicillin (100 mg/mL).  
   4.    LB-agar plates containing 0.1 mg/mL ampicillin.      

       1.    100× (0.2 M) stock of isopropyl  b -D-thiogalactopyranoside 
(IPTG).  

   2.    Luria broth (LB), sterile.  
   3.    10 mg/mL lysozyme solution.  
   4.    A saturated room temperature solution of Phenylmethylsulfo-

nylfluoride (PMSF).  
   5.    Triton-X 100 detergent.  
   6.    A 2 M solution of NaCl.  
   7.    A 50% (v/v) slurry of Bio-Rex 50–100 mesh chromatography 

resin (BioRad).  
   8.    10 mM Tris–Cl of pH 8.0, 1 mM EDTA solutions containing 

0.5, 0.6, 1.0, and 2.0 M NaCl.       

     1.    1 M stock of DTT (Dithiothreitol), made fresh.  
   2.    A 50% slurry of Bio-Rex 100–200 mesh chromatography resin 

(BioRad).  

 2. Materials  

 2.1. Construction of 
Cysteine-Substituted 
Protein 

 2.1.1. Point Mutation by PCR 

 2.1.2. Ligation and 
Transformation of PCR 
Insert into DH5 a  or BL21 
Cells 

2.1.3. Overexpression 
and Purification of Mutant 
Histone Proteins

 2.2. Reduction and 
Modification of 
Cysteine-Substituted 
Proteins with EPD 
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   3.    10 mM Tris–Cl, pH8.0 solutions containing 0.5, 0.6, 1.0, 
and 2.0 M NaCl.  

   4.    0.3 M Stock of EPD (synthesized according to  (8,   9) ). Alter-
natively, iodoacetamido-1,10 phenanthrolineCu +2  can be 
employed in place of EPD (Molecular Probes, Eugene Ore-
gon, USA).  

   5.    Disposable 10-mL plastic chromatography columns (BioRad).      

       1.    Linear DNA fragment with convenient restriction sites on 
either end, previously phosphatased.  

   2.    10× T4 polynucleotide kinase buffer (supplied with enzyme).  
   3.    [ g - 32 P]dATP 6,000 Ci/mmol.  
   4.    T4 Polynucleotide Kinase: 10,000 units/mL (Promega).  
   5.    2.5 M ammonium acetate.  
   6.    −20°C 95   % Ethanol.  
   7.    −20°C 70% Ethanol.  
   8.    10% SDS stock solution.  
   9.    Alkaline phosphatase (Roche).      

     1.    10 mM Tris–Cl of pH 8.0 solutions containing 1 mM EDTA, 
and 1.2, 1.0, 0.8, and 0.6 M NaCl.

   2.    TE Buffer.  
   3.    Stock of 6,000–8,000 molecular weight cutoff dialysis tubing.  
   4.    Stock of sonicated CT DNA, approximately 1–2 mg/mL.  
   5.    Stock of 5 M NaCl.  
   6.    Source of purified core histone proteins H2A/H2B and H3/

H4, ours are purified from chicken erythrocyte blood or pro-
duced recombinantly ( see  ref 18–20 and below     ).          

     1.    10× G-specific reaction buffer containing 0.5 M NaCa-
codylate, 10 mM EDTA.  

   2.    Dimethylsulfate (DMS) (neat).  
   3.    G reaction stop buffer containing 1.5 M NaAcetate, 1 M 

 b -Mercaptoethanol, 0.004  m g/ m L sonicated Calf thymus 
DNA.  

   4.    Piperidine (neat, 10 M stock).      

     1.    0.7% agarose made with 0.5× TBE (Note: treat all solutions 
with chelex 100 resin (BioRad) to remove adventitious redox-
active metals).  

   2.    Histone dilution buffer containing (10 mM Tris–Cl of pH 
8.0, 50 mM NaCl).  

2.3. Radioactive End 
Labeling of a Purified 
DNA Restriction 
Fragment

 2.4. In Vitro 
Reconstitution of 
Nucleosomes 

 2.5. Maxam–Gilbert 
G-Specific Reaction 

 2.6. Chemical 
Mapping of 
Protein–DNA 
Interactions with EPD 
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    3.    Stock solution of 20 mM sodium ascorbate.  
    4.    Stock solution of 1 mM Fe(II)EDTA.  
    5.    Solution of 0.15% H 2 O 2 , freshly made.  
    6.    Stop solution containing 50% glycerol, 10 mM EDTA.  
    7.    Microcentrifuge filtration devices (Series 8000 can be 

obtained from Lida Manufacturing Corporation).  
    8.    Stock solution of 10 mM Tris–Cl of pH 8.0, 0.1% SDS.  
    9.    Microcentrifuge pestles can be obtained from Stratagene.  
   10.    Ice-Cold 95% and 70% ethanol solutions.  
   11.    Stock solution of 3 M sodium acetate.      

      1.    Solid urea: molecular biology grade.  
    2.    Stock solution of 5× TBE.  
    3.    Stock solution of 40% acrylamide (19:1 acrylamide:Bis-acry-

lamide).  
    4.    Stock solution of 20% APS (Ammonium persulfate).  
    5.    Stock solution of TEMED ( N , N , N  ¢ , N  ¢ -tetramethylethyle-

nediamine).  
    6.    Formamide-loading buffer (100% Formamide + 0.05% bromo-

phenol blue + xylene cyanol).       

 

    The following methods work well for incorporating a single amino 
acid substitution into any protein of interest. Standard three or 
four primer PCR methods are used. Alternatively, the “quick-
change” method may be used to swap in a cysteine codon. The 
protocol also describes generic expression and purification of a 
histone protein for use in the site-directed cleavage technique. 
Other purification schemes may be substituted depending on the 
protein of interest.
    1.    Standard PCR methods are used to amplify a DNA fragment 

containing a cysteine codon in place of the wild-type codon. 
If the codon to be changed is near the end of the amplified 
coding region, then only two primers are necessary with the 
change incorporated into one of these “parent” primers. If 
more central to the sequence, then a three-primer technique 
is used with the change incorporated into an internal primer, 
amplified with one of the parent primers and then the shorter 
amplified fragment used as a primer with the remaining parent 

 2.7. Sequencing Gel 
Analysis 

 3. Methods  

3.1. Overexpression 
and Purification of 
Single Cysteine-
Substituted Proteins
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primer and the original DNA as the template. Finally, if this 
method fails, two complementary internal primers with the 
intended change are used to amplify overlapping short frag-
ments using the appropriate parent primers and then these 
two fragments are combined with the parent primers and the 
entire insert amplified without additional template added.  

    2.    Ligate the insert containing the single cysteine substitution 
into the appropriate expression vector. We typically use the 
pET expression system (Novagen). Both DNAs must be 
digested with the same restriction endonucleases. Incubate 
equimolar amounts of insert DNA and pET3d DNA in 1× 
T4 ligation buffer. Add 400 units of T4 DNA ligase (Bio-
Labs) and incubate at 4°C overnight ( see   Note    1  ).  

    3.    Transform DH5 a  cells with a small amount of the ligation 
sample. Plate the transformation on LB-ampicillin plates 
and incubate at 37°C overnight. Also transform a negative 
(minus insert) control.  

    4.    If there are more colonies on the + insert plate, inoculate 
several tubes containing 3–5 mL of LB-ampicillin medium 
with several colonies and grow at 37°C. Isolate the DNA 
from these cultures by standard DNA mini-prep techniques 
( see   Note    2  ).  

    5.    Digest part of the isolated plasmid (typically 1/4 to 1/2) 
with the original restriction endonucleases used for ligation 
to liberate the DNA fragment corresponding to the origi-
nal insert. Stop the digestion with native-gel-loading buffer 
containing 0.2% SDS.  

    6.    Determine which colonies contain a single insert by loading 
the digests onto a 1.8% agarose gel along with appropriate 
size markers. The plasmids that contain correct inserts can 
be used to transform BL21 cells for overexpression.  

    7.    Next, transform an undigested amount of a plasmid contain-
ing the insert into BL21 cells in the same manner as for the 
DH5 a  cells (see earlier).  

    8.    Inoculate 200 mL of LB-ampicillin medium with one BL21 
colony from the LB-ampicillin plate from  Step 6 .  

    9.    Grow the culture in the absence of IPTG at 37°C to an opti-
cal density of 0.6 at 595-nm wavelength light. Add IPTG to 
a final concentration of 0.2 mM and return the culture to 
37°C for approximately 2–4 h ( see   Note    3  ).  

   10.    After 2–4 h pellet the bacteria by centrifugation at 4,000 ×  g . 
for 15 min.  

   11.    Decant the supernatant and resuspend the pellet in 5–10 mL 
of TE buffer.  
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   12.    Add 10 mg/mL lysozyme to a final concentration of 0.2 
mg/mL. Then add Triton-X 100 to a final concentration of 
0.2% and incubate for 30 min at room temperature.  

   13.    Dilute the bacteria twofold with 2 M NaCl to a final con-
centration of 1 M NaCl. Transfer the bacteria to oakridge 
centrifuge tubes on ice.  

   14.    Sonicate the bacterial slurry for 6 min total in two 3-min 
sonications ( see   Note    4  ).  

   15.    Pellet the cell debris by centrifugation at 10,000 ×  g . for 30 
min at 4°C.  

   16.    Add PMSF to a final concentration of 1×. Dilute the super-
natants twofold with TE buffer to bring the NaCl concen-
tration to 0.5 M.  

   17.    Linker histones and most other proteins will bind directly 
to the Bio-Rex beads. However, core histone proteins must 
first be incubated with their partner proteins before they will 
bind to the chromatography matrix (i.e., H2A with H2B) 
( see   Note    5  ).  

   18.    Incubate the diluted supernatant with 12.5 mL of a 50% sus-
pension of Bio-Rex 50–100 mesh beads for 4 h at 4°C with 
constant agitation.  

   19.    After 4 h collect the beads in a plastic 10-mL disposable 
chromatography column. Collect the flow through fraction 
in a 50-mL conical tube and save (may be frozen).  

   20.    Wash the column with 2–3 column volumes of 10 mM Tris–
Cl of pH 8.0 containing 0.6 M NaCl. Collect the first 10 mL 
of the wash fraction in a 15-mL conical tube and freeze.  

   21.    Elute the bound proteins with two separate single column 
volume elutions of 10 mM Tris–HCl of pH 8.0 containing 
1.0 M NaCl. Collect the 1.0-M elution fractions in separate 
15-mL conical tubes and freeze.  

   22.    After elution, the column was washed with one column vol-
ume of 10 mM Tris–Cl of pH 8.0 containing 2.0 M NaCl. 
Collect the 2.0 M elution fraction in a 15-mL conical tube 
and freeze.  

   23.    Check 10  m L of each fraction for protein content by SDS–
PAGE.      

       1.    Incubate the purified protein of interest in a 15-mL conical 
tube with 50 mM DTT final concentration for 1 h on ice ( see  
 Note    6  ).  

    2.    Dilute the protein sample twofold with TE (10 mM Tris–Cl 
of pH 8.0, 1 mM EDTA) to reduce the NaCl concentration 
to 500 mM NaCl.  

 3.2. Reduction and 
Modification of 
Cysteine-Substituted 
Proteins 

 3.2.1. Reduction of 
Cysteine-Substituted 
Proteins 
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   3.    Add 0.8 mL of a 50% slurry of Bio-Rex (BioRad) 100–200 
mesh chromatography resin and incubate with rotation for 2 
h at 4°C.  

   4.    Pour slurry into a 10-mL plastic, disposable chromatography 
column and collect the flow through fraction. These are com-
mercially available from BioRad or other manufacturers.  

   5.    Wash the column with 3–5 column volumes of buffer con-
taining 10 mM Tris–Cl, pH 8.0, and 0.5 M NaCl. Immedi-
ately remove 20  m L of the freshly eluted sample into a separate 
Eppendorf tube for analysis later on a 12% SDS–protein gel 
and immediately freeze the 0.5-mL sample to insure that the 
protein remains reduced. Aliquoting the sample in this man-
ner insures that the sample does not need to be thawed for 
analysis.  

   6.    An intermediate wash of the column with buffer containing 
0.6 M NaCl is performed to remove proteins that are less well 
bound due to partial degradation. Aliquots of these samples 
are obtained in the same manner as the previous wash step.  

   7.    Linker histone proteins can be eluted with 0.5-mL aliquots of 
the same buffer except with 1.0 M NaCl. Typically, five sepa-
rate 1.0-M NaCl elution steps are performed and collected 
separately. As previously, 5  m L of the fractions is aliquoted for 
SDS/PAGE analysis and the samples are frozen immediately. 
A final elution with buffer containing 2.0 M NaCl buffer will 
ensure that all the protein has been eluted from the column.  

   8.    Check the protein content of each aliquot obtained from the 
elution fractions on a 12% SDS–polyacrylamide gel. After sep-
aration, incubate protein gel in enough Coomassie blue stain 
to cover protein gel (45% methanol, 10% acetic acid, and 2.5 
mg/mL Coomassie brilliant blue R250). Stain for approxi-
mately 1 h at room temperature and destain with 45% metha-
nol, 10% acetic acid until the background of the gel is clear.      

     1.    Thaw fraction containing the reduced protein to be modi-
fied with EPD. Working as quickly as possible, add a 1.1-fold 
molar excess of EPD to 60  m L of reduced protein. Incubate 
for 1 h at room temperature in the dark ( see   Note    7  ).  

   2.    At this point there are several options for treatment of the 
modified protein. First, if the modified protein is a core his-
tone to be used in standard salt-dialysis reconstitution of 
nucleosomes, the protein maybe used directly as unreacted 
reagent will be removed. However, if the protein is to be com-
plexed directly with DNA for directed cleavage mapping, the 
excess reagent must be removed. In the case of linker histones, 
removal of excess cleavage reagent can be accomplished by 
one more round of Bio-Rex chromatography, identical to that 

 3.2.2. Modification of 
Cysteine-Substituted 
Proteins with EPD 
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presented except that 60  m L of the 50% slurry is added to the 
protein. In addition, the slurry is poured into a column made 
from a blue 1-mL pipet tip fitted with glass wool at the open-
ing. Wash and elute as earlier except that all elution volumes 
are scaled according to the resin amount. Aliquots for protein 
analysis are exactly the same size as previously indicated ( see  
 Note    8  ).  

   3.    The extent of EPD modification of the available cysteine sulf-
hydrys can be determined by subsequent modification with an 
excess of (FM) fluorescein maleimide or  14 C-NEM ( N -[ethyl-
1- 14 C]-maleimide). Typically FM can be added in large excess 
directly to a small sample of modified protein before removal 
of excess reagent. A control should also be done with unmodi-
fied protein. The extent of modification can be determined 
by running the FM-reacted proteins on SDS–PAGE followed 
by direct illumination on a long-wave UV light box. Alterna-
tively, add 0.25–0.5  m Ci of  14 C-NEM to each protein aliquot 
made from the elution fractions of the Bio-Rex column. Ten 
minutes later, add 2 volumes of 2× protein-loading buffer to 
the labeling samples and separate the proteins on a 12% poly-
acrylamide gel. Stain and destain the gel as earlier and dry the 
gel onto a piece of Whatman filter paper. Visualize the labeled 
proteins by exposing the dried gel to ultrasensitive Bio-Max 
autoradiography film. Be sure to expose the gel to the emul-
sion side of this film  .

   4.    A protein gel at this step performs two functions. (1) deter-
mine which fractions contain the protein of interest and (2) 
determine the extent of modification with the DNA cleavage 
reagent.       

     1.    Treat approximately 5  m g of plasmid DNA or ~0.5  m g of a 
purified DNA fragment with the appropriate restriction endo-
nuclease in the manufacturer’s buffer.  

   2.    Precipitate the DNA by adjusting the solution to 0.3 M 
sodium acetate and addition of 2.5 volumes of cold ethanol.  

   3.    Resuspend the DNA in phosphatase buffer and treat with 
alkaline phosphatase for 1 h at 37°C according to manufac-
turer’s instructions.  

   4.    Adjust the solution to 0.1% SDS, phenol extract the solution, 
and then precipitate the aqueous phase twice with ethanol 
and sodium acetate. Note that large amounts of phosphatased 
DNA can be prepared in advance.  

   5.    Resuspend the DNA in 10  m L TE and add 2.5  m L of 10× T4 
polynucleotide kinase buffer.  

   6.    Add 25–50  m Ci of  32 P- g dATP and adjust volume to 24  m L 
with water.  

 3.3. Radioactive End 
Labeling of a Purified 
DNA Restriction 
Fragment 
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    7.    Start the reaction by adding 10 units of T4 polynucleotide 
kinase and incubate for 30 min at 37°C.  

    8.    Stop the kinase with 200  m L of 2.5 M ammonium acetate 
(NH 4 OAc) and 700  m L of cold 95% ethanol.  

    9.    Pellet the DNA in a microcentrifuge for 30 min at room 
temperature.  

   10.    Wash the DNA pellet briefly with cold 70% ethanol and dry 
the DNA in a speedvac concentrator.  

   11.    Dissolve the DNA in 34  m L of TE buffer.  
   12.    Digest the DNA fragment with a second restriction endo-

nuclease that liberates the fragment of interest and yields 
fragments that can be easily separated by on a gel.  

   13.    Apply the sample to a 6% native polyacrylamide gel.  
   14.    After separation, wrap the gel in Saran wrap and expose the 

gel to film for 1 min, which is sufficient to detect the specific 
band containing the labeled fragment. The use of fluores-
cent markers allows the alignment of the gel (see earlier).  

   15.    Excise the band of interest from the polyacrylamide gel and 
place into a clean Eppendorf tube. Crush the acrylamide 
gel slice with an Eppendorf pestle and add 700  m L of TE 
buffer. The labeled fragment will elute overnight with pas-
sive diffusion.  

   16.    Split the sample equally into two Series 8000 Microcentri-
fuge Filtration Devices and spin for 30 min in a microcentri-
fuge.  

   17.    Precipitate the DNA and dissolve in TE buffer, pH 8.0. Add 
enough TE buffer so that the labeled DNA is approximately 
1,000 cpm/ m L ( see   Note    9  ).      

  We describe a generic method for the reconstitution of large 
quantities of homogenous nucleosomes containing radioactively 
end-labeled DNA for site-directed cleavage analysis  (13) . Nucle-
osomes can be reconstituted from virtually any piece of DNA 
~150 bp or longer. However, mapping of site-directed cleavages 
must be done with DNA fragments containing nucleosome posi-
tioning sequences such as the  Xenopus borealis  5S rRNA gene 
or the 601-based sequences to restrict the histone octamer to 
one translational position  (14–  16) . Reconstituted nucleosomes 
bind linker histone in a physiologically relevant manner provided 
sufficient linker DNA is present – optimal linker histone bind-
ing requires nucleosomes centrally positioned on 180-bp DNA 
fragments.
    1.    Add approximately 8  m g of unlabeled calf thymus DNA, 

200,000–400,000 cpm of singly labeled  Xenopus borealis  5S 
ribosomal DNA, purified chicken erythrocyte core histone pro-

 3.4. Reconstitution of 
Nucleosomes by Salt 
Step Dialysis 
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tein fractions (H2A/H2B and H3/H4), ( see   Note    10  ), 160  m L 
of 5 M NaCl (2.0 M final), and TE buffer to a final of 400  m L.  

   2.    Place the reconstitution mixture into a 6–8 kDa MW cut-off 
dialysis bag. All subsequent dialysis steps are for 2 h at 4°C 
against 1 L of dialysis buffers unless specified. The first  dialysis 
buffer is 10 mM Tris–Cl of pH 8.0, 1.2 M NaCl, 1 mM EDTA 
with subsequent dialyses with fresh buffer containing 1.0, 0.8, 
and then 0.6 M NaCl. The procedure is completed with a 
final dialysis against TE buffer overnight. Nucleosomes at this 
stage can be used for gel shift experiments where EDTA does 
not interfere.  

   3.    For DNA cleavage experiments with EPD, two additional dial-
ysis steps are required. The first dialysis with the reconstitutes is 
against 10 mM Tris–Cl of pH 8.0 several hours to remove the 
EDTA. A second dialysis against fresh 10 mM Tris–Cl of pH 
8.0 removes trace amounts of EDTA and prepares the samples 
for chemical mapping with EPD ( see   Note    11  ).      

  The G-specific reaction used in the Maxam–Gilbert sequencing 
method provides an easy and quick method to identify the exact 
location of bases within any known sequence on sequencing gels. 
It is used here to determine the sites of DNA to base-pair resolu-
tion. Since this method is not generally used anymore, the steps 
are outlined in detail as follows.
    1.    Add approximately 20,000 cpm of singly labeled DNA (same 

DNA used to reconstitute nucleosomes).  
    2.    Add 20  m L of 10× G-specific reaction buffer.  
    3.    Add water to a final volume of 200  m L.  
    4.    Start by adding 1  m L of straight dimethylsulfate (DMS) to 

the tube. Mix immediately and spin briefly in a microfuge 
(do this in a hood; be careful not to get any DMS on your 
skin or on standard laboratory gloves; store DMS in a tightly 
capped brown glass bottle at 4°C).  

    5.    Add 50  m L of G reaction stop solution and mix immedi-
ately.  

    6.    Precipitate the DNA.  
    7.    Dissolve the DNA in 90  m L of H 2 O.  
    8.    Add 10  m L of piperidine and incubate at 90°C for 30 min.  
    9.    Dry the DNA solution in a speedvac to completion.  
   10.    Dissolve the DNA in 20  m L of water and repeat the drying 

step. Repeat this step one more time.  
   11.    Dissolve DNA in 100  m L of TE buffer and store at 4°C.      

 3.5. Maxam–Gilbert 
G-Specific Reaction 
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    1.    The exact amount of each mutant linker histone protein 
needed to stoichiometrically bind the nucleosome needs to 
be empirically determined. Increasing amounts of the linker 
histone are titrated to a fixed amount of reconstituted nucle-
osomes (typically 5,000 cpm), and analysis carried out via a 
gel shift procedure  (20) . This is typically scaled up tenfold 
for the site-specific cleavage reaction.  

    2.    Add 5% glycerol final to the binding reaction.  
    3.    Add 50 mM NaCl final to the binding reaction ( see   Note    12  ).  
    4.    Incubate the binding reactions for 15 min at room tempera-

ture.  
   5.    Separate the complexes on a 0.7% agarose, 0.5× TBE gel. 

After drying the gel, expose to autoradiography film and 
determine the amount of protein necessary for good complex 
formation. ( see  ref 20)  

      1.    Scale up the binding reaction to include 40   ,000–50,000 
cpm of labeled reconstituted nucleosomes and add enough 
modified mutant linker histone to form H1-nucleosome 
complexes ( see   Note    13  ).  

    2.    Add glycerol to 0.5% final concentration ( see   Note    14  ).  
    3.    Add sodium ascorbate to a final concentration of 1 mM.  
    4.    Add H 2 O 2  to a final concentration of 0.0075%.  
    5.    Incubate for 30 min at room temperature in the dark.  
    6.    The procedure for stopping the reaction depends on whether 

one wishes to isolate the complex of interest from other com-
plexes and/or naked DNA in the sample on a preparative 
agarose gel or just isolate the DNA directly by ethanol pre-
cipitation for analysis on sequencing gels. If the latter, proceed 
to  step 19 . If the former, proceed to  step 7  ( see   Note    14  ).  

    7.    After 30 min, add 1/10th volume of 50% glycerol, 10 mM 
EDTA solution.  

    8.    Load samples immediately onto a running (90 V) prepara-
tive 0.7% agarose/0.5× TBE gel.  

    9.    Separate the samples so that the H1-nucleosome complexes 
are well resolved from tetramer and free DNA bands.  

   10.    Next, wrap the gel tightly with Saran wrap so that the gel 
cannot move within the plastic. Lay fluorescent markers 
onto various portions of the gel for alignment purposes (can 
be obtained from Stratagene) or otherwise accurately mark 
the position of the gel on the film.  

   11.    Expose the wet gel for several hours at 4°C.  
   12.    Next, develop the autoradiograph and overlay onto the wet 

gel, lining up the fluorescent markers.  

 3.6. Site-Directed 
Hydroxyl Radical 
Cleavage of DNA 

 3.6.1. Binding Single 
Cysteine-Substituted 
Linker Histone 
Proteins to 
Reconstituted Nucleo-
somes 

 3.6.2. Site-Directed 
Hydroxyl Radical Mapping 
of Linker Histone–DNA 
Interaction 
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   13.    Cut and remove the agarose containing the H1-nucleosome 
complexes or bands of interest and place them into Series 
8000 Microcentrifuge Filtration Devices.  

   14.    Freeze the filtration tubes containing the agarose plugs on 
dry ice for 15 min.  

   15.    Spin down the agarose in a microfuge at maximum speed 
for 30 min at room temperature. The fluid from the agarose 
matrix will be collected in the 2-mL centrifuge tube sur-
rounding the filtration device.  

   16.    Gently remove the agarose plug from the bottom of the fil-
tration device and place into a clean Eppendorf tube. Save 
the centrifugation devices for use later.  

   17.    Using a microcentrifuge pestle, crush the agarose pellet and 
add 500  m L of 10 mM Tris–Cl of pH 8.0, 0.1% SDS and 
continue to crush the agarose.  

   18.    After the agarose is crushed into tiny pieces, place all samples 
at 4°C overnight or for several hours.  

   19.    Place the crushed agarose into the same centrifugation 
device and pellet. Spin down the agarose in a microfuge at 
maximum speed for 30 min at room temperature.  

   20.    Combine identical samples from both spins and precipitate 
the DNA.  

   21.    Dissolve the DNA in 15  m L of TE buffer.       

      1.    Add equal numbers of counts from each sample, including 
the G-specific reaction, to clean Eppendorf tubes.  

    2.    Place the sample into a speedvac concentrator and dry to 
completeness.  

    3.    Dissolve the sample in 4  m L of formamide-loading buffer.  
    4.    Heat the samples to 90°C for 2 min to denature.  
    5.    Place sample directly onto ice to prevent renaturation.  
    6.    Separate samples on a 6% polyacrylamide/8 M urea sequenc-

ing gel running at constant 2,000 V.     

  An example of a linker histone site-directed DNA cleavage reac-
tion is presented in  Fig.    1b  . A singly end-labeled DNA fragment 
was incorporated into nucleosomes via the salt dialysis procedure 
detailed earlier. Labeled mononucleosomes were bound by an 
EPD-modified linker histone containing a single cysteine sub-
stitution for the lysine residue at position 101, referred to as 
H1 G101C-EPD ( see   ref.    12  ). After allowing directed hydroxyl 
radical cleavage for 30 min, the protein–DNA complexes were 
separated on a 0.7% agarose gel, and the labeled DNA fragments 
corresponding to the H1-nucleosome complexes were purified. 

 3.7. Sequencing Gel 
Analysis of H1°C-EPD 
Cleavage 

 3.7.1. Example of Site-
Directed Cleavage of 
Nucleosomal DNA by EPD 
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The DNA from this complex was purified and then analyzed on 
a sequencing gel ( Fig.  1b  ). A schematic of the 5S mononucleo-
some is shown below the gel. The horizontal black line represents 
the DNA fragment that contains the nucleosome positioning ele-
ment. The oval indicates the ~150 bp region wrapped into the 
nucleosome. Importantly, the DNA is both translationally and 
rotationally oriented on the surface of the core histones such 
that bases on the “inside” and “outside” the superhelical gyres 
are predetermined. The gel shows that H1-G101C-EPD cleaves 
the DNA as indicated by the blue arrows. The cleavage site, at 
+63 within the 5S sequence  (12) , corresponds to a site on the 
inside of the top superhelical gyre of the nucleosome, near where 
the DNA exits the nucleosome core ( Fig.  1c  , left). A model for 
placement of the H1 on the nucleosome based on these data is 
shown in  Fig.  1c  , right.    

 

     1.    Many ligation procedures are available from primary litera-
ture or commercial sources. Ligation of two DNA fragments 
occurs more rapidly at room temperature or 37°C if the 
base-pair overlap is sufficiently stable.  

    2.    Many DNA mini-prep procedures are described in detail in 
Sambrook    et al.  (21) . The DNA isolated for the techniques 
described here was done using the alkaline-lysis mini-prep 
kit from Qiagen Inc.  

    3.    Before proceeding, it is recommended that a small amount 
of the culture be checked for overexpression of the protein of 
interest. This can be done by removing 0.5 and 0.2 mL of the 
culture before and after induction by IPTG, respectively, spin-
ning down the cells, and adding 1× SDS–PAGE gel-loading 
solution directly to the pellet. The pellet is then incubated at 
95°C for 15 min and loaded onto SDS–PAGE with standard 
markers.  

    4.    Sonication techniques tend to increase the temperature of 
the sample quickly which could induce proteolysis of the 
proteins. The sample must therefore be cooled before and 
during sonication. Allow several minutes between sonication 
runs to keep the sample as cold as possible.  

    5.    Core histones do not bind to BioRex 70 strongly as indi-
vidual proteins. However, we have found that when allowed 
to heterodimerize they bind to the column and elute off con-
sistently in 1 M NaCl  (18) . This characteristic could be due 

 4. Notes  
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to the fact that the core histones are completely unfolded 
when separated from each other  (20) .  

    6.    Other reducing agents such as  b -mercapto-ethanol may be used 
but these tend to form a small proportion of  b -mercaptol-
protein disulfides if the concentration of reducing agent 
becomes low. DTT is the reducing reagent of choice given 
its greater reducing power.  

    7.    From this point forward scrupulously avoid introduction of 
all cysteine-reactive reagents (thiols, maleimides, haloalkyls) 
as these will destroy the linkage between the protein and the 
EPD.  

    8.    In some cases the conditions of complex preparation (such 
as an extended dialysis procedure) may not be conducive 
to retention of activity of the tethered compound. Thus it 
is possible to modify the cysteine after complex formation; 
however, one needs to maintain the cysteine in a reduced 
state, completely remove the reducing agent before modifi-
cation, and then remove the excess reagent by some means 
before the cleavage reaction.  

    9.    Storing labeled DNA in a concentrated form is not advised 
as autodegradation of the DNA takes place. DNA can be 
stored for several weeks at approximately 5,000–10,000 
cpm/ m L.  

   10.    A complication of the in vitro reconstitution procedure is 
that purified histone proteins are often obtained in two frac-
tions, H2A/H2B and H3/H4  (18,   19) . Thus, in addition to 
total histone mass, the ratio between these two substituents 
must be empirically adjusted to yield maximum octamer–
DNA complexes  (18) .  

   11.    Note, it is especially difficult to completely remove iron 
from the high salt solutions used for dialysis. One solution 
we found was to include high-quality highly polymerized 
DNA (50–100 ng/mL calf thymus or salmon sperm) in the 
 dialysis buffers to ensure that metal ions from the solution 
do not accumulate on the sample DNA.  

   12.    Several methods can be used for the incorporation of linker 
histones into reconstituted mononucleosomes. The method 
described here involves direct addition of linker histones to 
mononucleosomes in 50 mM NaCl. Linker histones are folded 
in low salt solutions in the presence of DNA  (1     ) . Indeed, we 
find that linker histones can be directly mixed to nucleosomes 
in either 5 or 50 mM NaCl solutions, and these proteins then 
bind in a physiologically relevant manner  (20) .  

   13.    Note that Tris buffers >∼20 mM are fairly good radical 
scavengers and thus Tris should be kept  £  10 mM for 
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optimal cleavage. In some cases, utilizing buffers that do not 
scavenge such as phosphate may increase cleavage signals. 
On the other hand having such high Tris concentrations may 
actually help keep the cleavages localized.  

   14.    In cases where it is desirable to separate cleaved native com-
plexes on nucleoprotein gels after the reaction, the cleavage 
can be terminated by addition of EDTA and glycerol to 5%. 
Note that free EDTA binds the metal several orders of mag-
nitude better than the tethered chelator and glycerol is an 
effective radical scavenger.          

  This work was supported by NIH grant GM52426.  
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      Chapter 11

 Identification of Nucleic Acid High-Affinity Binding 
Sequences of Proteins by SELEX       

     Philippe   Bouvet                

  Summary 

 A technique is described for the identification of nucleic acid sequences bound with high affinity by pro-
teins or by other molecules suitable for a partitioning assay. Here, a histidine-tagged protein is allowed 
to interact with a pool of nucleic acids and the protein–nucleic acid complexes formed are retained on a 
Ni-NTA matrix. Nucleic acids with a low level of recognition by the protein are washed away. The pool of 
recovered nucleic acids is amplified by the polymerase chain reaction and is submitted to further rounds 
of selection. Each round of selection increases the proportion of sequences that are avidly bound by the 
protein of interest. The cloning and sequencing of these sequences finally completes their identification.  

  Key words:   SELEX ,  Binding sequences ,  Sequence recognition ,  Nucleic acids ligands    .

 The interactions of nucleic acids with proteins are involved in 
numerous biological functions. Most of these interactions involve 
specific contacts between nucleic acid and protein with variable 
binding affinities. The identification of nucleic acid recognition 
sequence of a specific protein is often the first step to undertake 
the study of the biological function of this protein. Over the last 
15 years, the SELEX procedure (Systematic Evolution of Ligands 
by EXponential enrichment) has been used to identify high-affinity 
nucleic acids ligands for different proteins. This method was first 
described for the selection of DNA and RNA target of nucleic 
acid binding proteins  (1,   2)  but has then been used for the 
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selection of nucleic acid ligands for any kind of targets  (3) . 
This methodology uses the power of genetic selection techniques 
combined with the advantage of in vitro biochemical experiments. 
It is a rapid in vitro technique and is relatively easy to implement 
in all laboratories. This procedure should accelerate and simplify 
nucleic-acid/protein interaction studies. 

 This process involves few simple steps as described in  Fig. 1   . 
The procedure consists of an enrichment of individual oligonucle-
otide molecules from complex mixtures of nucleic acid sequences 
by repeated rounds of selection. First, ligand sequences that bind to 
the target protein are selected. Then the bound and the unbound 
molecules are partitioned. In a final step, the selected sequences 
are amplified by PCR. This cycle of selection–amplification 
(round) is repeated until enrichment is obtained for nucleic acid 
sequences that bind to the protein with high affinity.  

 The strategy is designed to determine the optimal binding 
nucleic acid sequences, also called “aptamer”  (4) . However, it 

  Fig. 1 .   Schematic representation of the different steps of SELEX       .
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should be noted that high-affinity nucleic acid ligand could be 
isolated even for partitioning agents which are not nucleic-acid-
binding proteins, and the isolated SELEX sequences may not be 
related to the real binding site of the protein in vivo. Therefore, 
if this strategy is used to determine the nucleic acid recognition 
sequence of a protein, one must realize that the most difficult part 
of this study will be the analysis of the isolated SELEX sequences 
and the demonstration that there are relevant for the in vivo func-
tion of the studied protein. 

 Numerous protocols for the SELEX procedure have been 
used successfully by different laboratories. In fact, each step of this 
procedure can be optimized  (5)  and modified in function of the 
characteristics of the nucleic-acid-binding protein that is studied 
 (6) . In the initial SELEX protocol, the aptamer libraries were made 
with chemically synthesized nucleic acid molecules. In genomic 
SELEX, genome-derived nucleic acid sequences (DNA or RNA) 
that bind with affinity to specific protein are identified  (7,   8) . More 
recently, selection procedures using microfluidic devices such as 
capillary chromatography and microarrays have also been devel-
oped  (9     ) . Several automated procedures have also been proposed 
 (10–  12) , but these technologies cannot yet be routinely used in 
any molecular biology laboratory. 

 We will provide here a basic typical protocol that has been 
used successfully by several laboratories  (13–  17)  to identify 
nucleic acid ligands for RNA- and DNA-binding proteins and 
that can be very easily implemented in any laboratory to perform 
the selection procedure in just a few days. Typically, one round 
of selection can be done in 1 day. In this protocol, we propose to 
use an oligonucleotide template that contains a random sequence 
of 25 nucleotides. This oligonucleotide has been used in many 
studies for the identification of RNA- and DNA-binding proteins 
 (13–  15,   18) , but it can be replaced by any other DNA template 
with variable random nucleotide length that would be more suit-
able for the protein that is being studied. We are providing a 
detailed protocol for the selection of aptamers of RNA-binding 
proteins. In the case of DNA-binding proteins,  steps 6  and  18  
of  Subheading 3    should be omitted. For each step, detailed 
descriptions of the strategic choices that should be made and of 
modifications that can be introduced in the protocol will be given 
in  Subheading  4  . 

     1.    The following synthetic DNA template has been used with 
success by several laboratories: 5 ¢  TGGGCACTATTTATAT
CAAC (N25) AATGTCGTTGGTGGCCC 3 ¢  with these 

2. Materials
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flanking primers: T7 5 ¢ -CGCGGATCCTAATACGACT-
CACTATAGGGGCCACCAACGACATT-3 ¢  and Rev 
5 ¢ -CCCGACACCCGCGGATCCATGGGCACTATT-
TATATCAAC-3 ¢ . The T7-Xba primer 5 ¢  GGTCTAGA-
TAATACGACTCACTATAGGGG 3 ¢  and Rev-HIII primer 
5 ¢  ACCGCAAGCTTATGGGCACTATTTATAT 3 ¢  can be 
used for the final PCR amplification and will allow an ori-
ented cloning ( Xba I and  Hin dIII) of the PCR product in a 
cloning vector like pBluescript (Stratagene).  

    2.    Thermocycler.  
    3.     Taq  polymerase.  
    4.    Partitioning matrix (to be chosen in function of the studied 

protein)  .  
    5.    Nucleic acid electrophoresis system.  
    6.    NT2 buffer: 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 

0.05% NP 40, 1 mM MgCl 2.   
    7.    Binding buffer (BB): 50 mM Tris–HCl (pH 7.5), 150 mM 

NaCl, 20 mM KCl, 1 mM DTT, 0.05% NP 40, 1 mM MgCl 2 , 
2.5% polyvinyl alcohol (PVA), 1 mM EGTA, 50  m g/mL 
poly(A), 2  m L/mL vanadyl ribonucleoside complex (VRC), 
0.5  m g/mL tRNA, 125  m g/mL BSA.  

    8.    5× Reverse transcription buffer: 250 mM Tris–HCl (pH 8.5), 
40 mM MgCl 2 , 5 mM DTT, 250  m g/mL BSA, 150 mM KCl.  

    9.    1× Transcription buffer: 40 mM Tris–HCl (pH 7.5), 6 mM 
MgCl 2 , 2 mM spermidine, 10 mM NaCl, 10 mM DTT.  

   10.    Gel shift buffer (GSB): 100 mM Tris–HCl (pH 7.4), 4 mM 
MgCl 2 , 200 mM KCl, 20% glycerol, 1 mM dithiothreitol, 
0.5 mg/mL tRNA, 4  m g/mL BSA.  

   11.    Polyacrylamide gel shift: 8% polyacrylamide (acrylamide:bis, 
60:1) containing 5% glycerol in 0.5× TBE buffer (0.045 M 
Tris-borate, 1 mM EDTA).     

     1.    About 10 pmol of synthetic template DNA (N25) ( see   Note 
1 and 2   ) is amplified by PCR in a 100- m L reaction in a 500-
 m L test tube ( see   Note 3 ). Add 2  m L of a mix of all four 
dNTPs (10 mM each) and 500 ng of each primer. One unit 
of  Taq  polymerase is added just before the start of the ampli-
fication procedure. If the thermocycler does not possess a 
hot cover, the reaction mixture is overlaid with two drops of 
mineral oil.  

3. Methods
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   2.    Set up the thermocycler with the following cycle conditions: 
denaturation 1 min at 94°C, annealing 1 min at 50°C, elongation 
1 min at 72°C for 25 cycles, then finish with an elongation of 
10 min at 72°C. At the end of the PCR reaction, the reaction 
can be left at 4°C without further purification.  

   3.    Analyze 5  m L of the PCR reaction on a 3% agarose gel (made 
with 1× TAE). Run in parallel a commercial DNA ladder which 
gives characteristic bands around 100 pb. The PCR reaction 
should give a nice signal at 108 bp.  

   4.    Add 100  m L of phenol:chloroform (1:1) to the PCR reaction 
and mix vigorously for 1 min. After a 5-min centrifugation at 
21,000 ×  g , the upper aqueous phase is extracted one more 
time with 1 volume of phenol:chloroform. Ten microliters of 
3 M sodium acetate (NaOAc) of pH 5.0 and 300  m L of cold 
ethanol are added. Allow DNA precipitation for at least 15 
min at −20°C.  

   5.    The PCR product is recovered by centrifugation (15 min at 
21,000 ×  g ), washed with 70% ethanol, dried and resuspended 
in 10  m L of sterile water.  

   6.    In vitro transcription. This step should be omitted for a SELEX 
with a DNA-binding protein. One microgram of PCR product 
from  step 5  is incubated in 1× transcription buffer with 0.5 
mM of each rNTP, 1 unit of RNasin, and 20 units of T 7  RNA 
polymerase. The reaction is allowed for 1 h at 37°C. The DNA 
template is eliminated by addition of 1 unit of RNase-free DNase 
for ten more minutes at 37°C. After two phenol:chloroform 
extractions, the RNA is purified through a G50 column (to 
remove most of unincorporated nucleotides) then precipitated 
with 0.1 volume of 3 M NaAc of pH 5 and 2 volumes of 100% 
EtOH for 15 min at −20°C. The RNA is pelleted for 15 min at 
21,000 ×  g , washed with 70% EtOH, dried and resuspended in 
20  m L of RNase-free water. One microliter of the transcription 
reaction is loaded on a 3% agarose gel to check the quality of 
the RNA, and the RNA concentration can then be determined 
through UV absorption at 260 nm.  

   7.    Preparation of the partitioning matrix. The nature of this 
matrix will depend on the protein that is used ( see   Note 4   ). 
We will provide here a detailed protocol for a selection pro-
cedure with a histidine-tagged protein. Other strategies are 
mentioned in Note  4 . Take 2  m L of Ni-NTA agarose beads 
(Qiagen), and wash twice with 500  m L of sterile water to 
remove all storage buffer (by a 15-s centrifugation in a bench 
top centrifuge). Then wash the beads twice with 500  m L of 
NT2 buffer. During the last wash, the solution is divided into 
two test tubes (tubes A and B). Centrifuge and eliminate 150  m L 
of supernatant.  
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    8.    Add about 1 pmol of purified histidine-tagged protein to 
tube A. Incubate 30 min at 4°C on a roller to allow binding 
of the protein on the Ni-NTA beads.  

    9.    Centrifuge tube A for 15 s, remove supernatant, then wash 
the beads twice with 500  m L of NT2 buffer to remove all 
unbound protein.  

   10.    Centrifuge tubes A and B, and remove most of the NT2 
supernatant to leave about 10  m L of buffer above the beads. 
Ni-NTA beads must be visible at the bottom of the tube.  

   11.    Add 100  m L of BB buffer in tube B  (see   Note 5) .  
   12.    Add 15  m g of nucleic acid from  step 5  (for a DNA-binding 

protein) or from  step 6  (for an RNA-binding protein) in 
tube B ( see   Note 6   ). Incubate 5 min at room temperature. 
Centrifuge tube B for 15 s. Remove and save supernatant. 
This is the counter selection ( see   Note 7   ).  

   13.    Add supernatant from  step 12  to the tube that contains the 
protein (tube A) ( see   Note 8 ). Incubate 5 min at room tem-
perature. Centrifuge tube A for 15 s, then remove and discard 
supernatant.  

   14.    Add 1 mL of NT2 buffer ( see   Note 9   ) in tubes A and B. Mix 
well by inverting the tubes three times. Centrifuge 15 s to 
pellet the Ni-NTA beads. Remove the supernatant as much 
as possible.  

   15.    Repeat this wash four more times. At the last wash, transfer the 
nucleic acid/protein complex in a new test tube ( see   Note  10  ).  

   16.    After the last wash, leave 100  m L of NT2 buffer in each tube. 
Add 100  m L of sterile water and 200  m L of phenol:chloroform 
(1:1). Vortex 30 s and spin 5 min at full speed. Repeat this 
extraction one more time.  

   17.    Recover the upper aqueous phase, and add 2  m L of 1 M 
MgCl 2 , 20  m L of 3 M NaOAc of pH 5, and 700  m L of 100% 
EtOH. Precipitate for at least 30 min at −20°C, spin 30 min 
at 21,000 ×  g . Wash the pellet with 70% EtOH, dry and 
resuspend it in 13  m L of sterile water.  

   18.    This step (reverse transcription) should be omitted if the SELEX 
is performed with a DNA oligonucleotide. To each tube A and 
B, add 100 ng of Rev primer (in 1  m L), 2  m L of a dNTP mix 
(each dNTP at 10 mM), 4  m L of 5× reverse transcription buffer, 
30 units of RNasin (Promega), and 25 units of AMV reverse 
transcriptase (Boehringer, Mannheim). The reaction is set up 
for 5 min at 55°C, then 1 h at 42°C. Five microliters of this 
reverse transcription reaction is used directly, without further 
purification, for the next PCR amplification.  

   19.    Add to the recovered nucleic acid of  step 17  or  18  the 
reagent necessary for the PCR reaction, as described in  step 1 . 
Include a control reaction without oligonucleotide template 
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to make sure that the PCR reaction is performed in good 
conditions. No PCR product should be obtained with tube 
B ( see   Note  10  ).  

   20.    Purify the PCR product obtained with tube A as described in 
 steps 4  and  5  and repeat several rounds of selection.  

   21.    After several rounds of selection (usually between four and 
ten) check for an enrichment of the oligonucleotide pool in 
high-affinity ligand for the target protein (for example,  see  
 Fig.  2   and ref.  14)  (also  see   Note 11   ).   

   22.    The final PCR can be performed with the primers T7-Xba 
and Rev-HIII ( see   Note 1   ). After gel purification, the PCR 
products are digested with the restriction enzymes  Xba I 
and  Hin dIII, and the oligonucleotides are cloned in an ade-
quate vector (for example pBluescript). Individual clones are 
selected and inserts are sequenced using standard methodol-
ogy ( see   Note 12   ).     

     1.    A custom-made random oligonucleotide can be easily syn-
thesized using standard chemistry. The variable sequence 
is flanked by fixed sequences at its 5 ¢  and 3 ¢  extremities. 

4. Notes

  Fig. 2 .   Example of enrichment of the selected sequence after different rounds of ampli-
fication. An aliquot of each oligonucleotide pool after each round of amplification was 
used for in vitro transcription with [ a - 32 P] CTP and used for gel shift assay. About 10 
fmol of [ 32 P] RNA was incubated with (+) or without (−) protein (10 nM) for 15 min at 
room temperature in 20  m L of RNA binding buffer (GSB). Then the mixture was directly 
loaded on an 8% polyacrylamide gel assay. This example corresponds to the selection 
that was performed with nucleolin  (15)        .
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Full-length oligonucleotides should be gel purified before 
their amplification by PCR. The length of the random 
sequence may vary from a few nucleotides to as much as a 
hundred. If a simple DNA-binding site is expected, a random 
sequence of as little as 20 nucleotides should be sufficient. 
A library with a short random sequence has also the advan-
tage of being more likely to contain all possible random 
sequences and therefore to allow the selection of the best 
binding sequence. Sequencing of a few random sequences 
should be ideally performed to ensure that the synthesis 
of the random sequences has not been biased by a prefer-
ential incorporation of one deoxynucleotide. If the composi-
tion of the random sequence is severely biased, this should 
be corrected by modifying the percentage of addition of 
nucleotides accordingly during the synthesis of the random 
sequence. If a binding site is already known for the protein, 
the SELEX procedure can be used to determine nucleotides 
important for binding affinity and specificity. In this case, an 
oligonucleotide containing a degenerated sequence within 
the known binding site can be synthesized  (20) . Libraries 
that contain genomic sequences can also be used to identify 
potential natural binding sites  (21,   22) .  

    2.    The random sequence is flanked by fixed sequences (17–20 nt) 
to allow PCR amplification with the corresponding primers 
( see   Note 1    for an example of primer sequences). It is impor-
tant to check that the flanking sequences are not a binding 
site for the protein. This can easily be done by performing 
a binding assay between the random pool and the studied 
protein.  

    3.    The PCR reaction can be modified to allow the produc-
tion of single-stranded oligonucleotides, the incorporation 
of modified nucleotides or random mutations, etc. If the 
PCR reaction produces aberrant products (higher molecu-
lar weight DNA products, smear, etc.) several tests reactions 
(with various amount of primers, number of cycle) can be 
realized.  

 4. Several methods of partitioning can be used in function of 
what is available to the researcher (19). If the target is a 
tagged recombinant protein (GST, Histidine, or any other 
tag) nucleic acid/protein complexes can be recovered by 
classical affinity chromatography as described in this protocol. 
If the protein is pure but not tagged, filtration of the binding 
reaction mixture through nitrocellulose filter allows separa-
tion of the bound and unbound molecules (25). An alterna-
tive method of partitioning uses gel shift analysis. For this 
method, labeled oligonucleotides are preferentially used to 
easily identify the nucleic acid/protein complex. Shifted 
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oligonucleotides are eluted from the gel and used for PCR 
amplification.

    5.    The composition of the binding buffer should be adapted 
to the protein that is being studied. The addition of nucleic 
acid competitors like tRNA, or homopolymers like poly(A) 
or poly (dI–dC), might be necessary in some selection exper-
iments to reduce the nonspecific binding of the protein to 
the random oligonucleotide. Preliminary tests of interaction 
of the random pool with the protein can be performed with 
nucleic acid competitors to determine the best selection con-
ditions and the concentration of these competitors that need 
to be added if required.  

    6.    The amount of oligonucleotide present in the binding reac-
tion should be in large excess over the protein. This ensures 
an efficient competition between ligands for the protein. The 
ratio oligonucleotide/protein is often comprised within the 
range of 10 and 1,000. The volume of the binding reaction 
should also be determined in function of the diversity of the 
library. A large binding reaction volume might be required 
if one wants to test all possible sequences (4  n  , where  n  is the 
number of random nucleotides) present in the initial library.     

  7.    The interaction of the random oligonucleotide pool with 
the partitioning matrix, without the protein (called coun-
ter selection or negative selection) ( Fig. 1   ), is important to 
remove from the random oligonucleotide pool molecules 
with high affinity for the partitioning matrix. This counter 
selection is not necessary if the DNA bound to the protein 
is recovered using gel shift since only the shifted band will 
be used for the next cycles. The counter selection can be 
performed during the first rounds of selection and could be 
omitted for the next cycles.  

  8.    In most published experiments, the SELEX procedure is 
performed with purified recombinant proteins. However, the 
nucleic-acid-binding specificity and affinity can sometimes 
be the result of interactions between the protein and other 
cellular polypeptides. The SELEX procedure can be performed 
with crude cell extracts that contain the protein of interest or 
multiprotein complexes if the partitioning procedure allows 
a specific recovering of the protein target  (23,   24) . Epitope-
tagged protein can be expressed in cells, or added to a cell 
extract and used for the SELEX. For some SELEX experi-
ments it could be also interesting to use truncated protein 
with only the nucleic-acid-binding domain. In some case, 
this can significantly reduce nonspecific binding of the random 
oligonucleotide pool with the protein and therefore reduce 
the number of rounds necessary for the isolation of specific 
ligands.   
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  9.   The stringency of the binding and washing buffer can be 
increased if necessary. This could be done by increasing the 
salt concentration or by adding 0.5–1.0 M urea. Usually, 
between 1 and 10% of the initial oligonucleotide pool bind 
to the target protein. Preliminary binding tests should deter-
mine the optimal buffer stringency to allow a binding which 
falls within this range. Buffer stringency can also be increased 
during the cycling process if no substantial enrichment is 
observed.  

 10. It has been sometimes observed that nucleic acids bind poorly 
to some plastic tubes. This binding is however sufficient to 
increase the nonspecific binding and to give a PCR product 
after the amplification reaction. This problem could be over-
come by using siliconized test tubes, or by transferring the 
nucleic acid/protein complex in a new test tube during the 
washing procedure.

  11.    After several rounds of selection (usually between four and 
ten) it is important to check for an enrichment of the oligo-
nucleotide pool in high-affinity ligands for the target protein 
before proceeding to the cloning and sequencing steps of these 
selected sequences. This can be done by doing an interaction 
between the protein and labeled oligonucleotide pools of 
each round of selection (5 ¢  labeling for DNA oligonucleotide 
or in vitro labeled transcription for RNA oligonucleotide). 
An example is shown in  Fig.  2  . This example corresponds to 
the selection that was performed with nucleolin  (15) . An aliquot 
of each oligonucleotides pool after each round of amplification 
was used for in vitro transcription with [ a - 32 P] CTP and used 
for gel shift assay. About 10 fmol of [ 32 P] RNA was incubated 
with or without 10 nM of protein for 15 min at room tem-
perature in 20  m L of RNA binding buffer (GSB,  see   Material 
& Methods Note 10   ). The mixture was then directly loaded 
on an 8% polyacrylamide gel (acrylamide:bis, 60:1) containing 
5% glycerol in 0.5× TBE buffer. The gel was then dried and 
subjected to autoradiography. In this particular experiment, 
the selection procedure was stopped after nine rounds of selec-
tion when a significant enrichment of bound oligonucleotides 
was obtained. Subsequent sequencing of selected molecules 
showed that about 20% of them contained a consensus motif. 
If no enrichment is observed, more rounds of selection can be 
performed in the same experimental conditions or with higher 
stringency ( see   Note 9   ).  

   12.    The number of individual clones that need to be sequenced 
to identify a consensus binding site might vary from one 
experiment to the other. But, in general, if an enrichment of 
the selected sequences has been detected during the differ-
ent rounds of selection ( see   Note 11   ) it might be possible 
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to detect a consensus binding site in as few as 20 individual 
sequences. For the determination of a more precise con-
sensus motif, more sequences will be needed. It might also 
happen that exactly the same selected sequence over the full 
length of the initial random region is found several times 
in the sequenced clones, and it is therefore not possible 
to identify the consensus motif recognized by the protein 
since they have all the same sequence. It might indicate that 
the selection has been too strong, and in this case it will 
be required to perform the sequencing from the previous 
round of selection.         

 The work in the authors’ laboratory is supported by grants from 
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Chapter 12      

 Identification of Sequence-Specific DNA-Binding Proteins 
by Southwestern Blotting       

     Simon   Labbé   ,    Jean-François   Harrisson   , and    Carl   Séguin  

        Summary 

 We describe a Southwestern blotting method for characterization of both DNA-binding proteins and 
their specific sites. Proteins are first separated on a sodium dodecyl sulfate (SDS) polyacrylamide gel, 
then renatured in SDS-free buffer and transferred by electroblotting to an immobilizing membrane, and 
detected by their ability to bind radiolabeled DNA. The protein(s) interacting with the labeled DNA is 
visualized by autoradiography. This technique was used in our laboratory to visualize the metal regula-
tory consensus sequence-binding protein MTF-1 in L cell crude nuclear extracts.  

  Key words:   DNA-binding proteins,   Binding site ,  Detection ,  Blotting assay,   Metal transcription factor-1 , 
 Sequence specificity ,  Transcription activator    .

    

 Southwestern blotting was first described by Bowen et al.  (1)  
and was used to identify DNA-binding proteins that specifically 
interact with a chosen DNA fragment in a sequence-specific man-
ner. In this technique mixtures of proteins such as crude nuclear 
extracts or partially purified protein preparations are first frac-
tionated on an SDS denaturing gel, after which the gel is equili-
brated in an SDS-free buffer to remove the detergent, and the 
proteins are then transferred by electroblotting to an immobiliz-
ing membrane. During this transfer, the proteins can renature 
and DNA-binding proteins may be detected by their ability to 
bind radiolabeled DNA. Fractionation of crude nuclear extracts 

1. Introduction
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on an SDS gel followed by protein blotting and analysis of 
sequence specificity directly on the blot combines the advantages 
of a high-resolution fractionation step with the rapid analysis of a 
large number of different DNA-binding proteins. 

 The successful identification of specific DNA-binding pro-
teins by this technique largely depends on the renaturation of 
the proteins after their separation by SDS/PAGE. The ease with 
which renaturation can be achieved after treatment with SDS var-
ies from protein to protein. Some DNA-binding proteins may 
be inefficiently renatured and thus be unable to bind DNA once 
there are adsorbed onto membranes. In addition, any multimeric 
protein that requires a combination of subunits to bind DNA 
will be missed. Proteins requiring a cofactor(s) in order to show 
their ability to specifically interact with DNA will also be hard to 
detect. 

 Another important point to keep in mind when using this 
procedure relates to the fact that site-specific protein–DNA 
interactions may be obscured by the large number of nonspecific 
DNA-binding proteins present in a crude nuclear extract. Condi-
tions for DNA binding, such as pH, ionic strength, and divalent 
cation requirement, as well as the type and amount of nonspecific 
DNA added to the buffers, should be optimized for each pro-
tein under investigation. Special attention should also be given to 
known contaminants frequently present in crude nuclear extracts, 
which copurify with sequence-specific DNA-binding proteins ( see  
 Note 14      ). Nonetheless, over the last few years, Southwestern 
blotting techniques have been used to identifying and charac-
terizing several specific DNA-binding proteins (for examples,  see  
 Fig. 1    and refs.  2–  13)  including both histone and nonhistone 
proteins, as well as RNA-binding proteins  (14–  16) . In addition, 
preparative Southwestern blots have been used to define DNA 
sequences recognized by a DNA-binding protein  (17) , while 
Southwestern screening of a cDNA library has been utilized to 
isolate several sequence-specific DNA-binding proteins  (18,   19) , 
and a Southwestern chemistry-based ELISA was developed for 
quantitative assessment of the transformation state of the aryl 
hydrocarbon receptor  (20) .  

 For another detailed description of the Southwestern meth-
odology, readers are referred to the recent publication of Siu 
et al.  (21) .  

    

    1.    Crude nuclear extracts or protein chromatographic fractions.  
   2.    Tris–HCl 1.5 M, pH 8.8 (all solutions are made with double 

distilled or Milli Q water).  

2. Materials
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   3.    Tris–HCl 0.5 M, pH 6.8.  
   4.    Sodium Dodecyl Sulfate (SDS) 10% and 2- bis  mercaptoethanol.  
   5.    Tris–Glycine buffer 10×: 250 mM Tris base, 1.92 M Glycine, 

pH 8.3. To make this up dissolve 30 g Tris base, 144 g Gly-
cine in 1 L of water ( see   Note 1   ).  

   6.    Electrophoresis running buffer: Tris–Glycine buffer 2× con-
taining 1% SDS.  

   7.    Transfer buffer: Tris–Glycine buffer 1×.  
   8.    Binding buffer 1×: 20 mM Hepes of pH 7.9, 5 mM MgCl 2 , 50 

mM NaCl, 1 mM dithiothreitol (DTT) ( see   Notes 2    and  3 ).  

  Fig. 1.    Southwestern analysis of mouse L-50 cell crude nuclear extracts. Approximately 200  m g of extract was resolved 
by SDS/PAGE, transferred to a PVDF membrane, and incubated with radiolabeled DNAs.  Upper panel:  Binding of labeled 
oligos corresponding to control and mutant metal regulatory elements (MREs) of the mouse metallothionein 1 gene 
promoter. Lanes: 1, control MREd; 2, Mutant-a; 3, Mutant-b; 4, Mutant-c; 5, Mutant-d.  Left lower panel:  Analysis of the 
binding specificity of the MREd oligo to nuclear proteins using MREd as the probe and cold MREd ( lanes 1–3 ) or Mutant-
a ( lanes 4  and  5 ) as competitor.  Right lower panel:  Competition experiments using heterologous probe and nonspecific 
nucleic acids as competitors. Probes: Lanes, 1–3, MREd; 4–6, a 309-bp-pBR322  Msp I fragment. Nonspecific nucleic 
acid competition cocktail. Lanes: 1 and 4, 0  m g; 2 and 5, 0.8  m g/mL; 3 and 6, 4  m g/mL. The  arrow  corresponds to  M  r  
108,000 and the  arrowhead  indicates the position of  M  r  45,000. (Reproduced from  ref.  26  with permission from Oxford 
University Press)       .
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    9.    Sample loading buffer 2×: 125 mM Tris    of pH 6.8, 4% (w/v) 
SDS, 20% (v/v) glycerol, 10% (v/v) 2- bis  mercaptoethanol, 
0.025% (w/v) bromophenol blue. Make 1-mL aliquots and 
store at −20°C.  

   10.    Acrylamide (50:1 acrylamide: N  ¢ , N  ¢ -methylene  bis -acrylamide 
in water) ( see   Note 4   ). Make up a stock solution at 50% (w/v) 
from 250 g of acrylamide and 5 g of bisacrylamide with water to 
bring the final volume to 500 mL, and then stir until dissolved. 
Deionize the acrylamide solution with a mixed-bed resin  (22)  
and store at 4°C. N.B.:  Acrylamide is a potent neurotoxin. Wear 
gloves and a facemask when handling the dry powder.   

   11.    Ammonium persulfate, 10% (w/v) in water (prepared 
weekly, and stored in aliquots at −20°C), and  N , N , N  ¢ , N  ¢ -
Tetramethylethylenediamine (TEMED).  

   12.    Methanol and isobutanol.  
   13.    Blocking buffer – 5%: 5% (w/v) nonfat dry milk, 0.01% (v/v) 

Antifoam A emulsion (Sigma) in 1× binding buffer.  
   14.    Blocking buffer – 0.25%: 0.25% (w/v) nonfat dry milk, 

0.01% (v/v) Antifoam A emulsion in 1× binding buffer.  
   15.    End-labeled oligonucleotides (oligos) or DNA fragments of 

high specific activity. Standard procedure  (22)  can be fol-
lowed in the preparation of DNA samples ( see   Note 5   ).  

   16.    Poly(dA–dT)·poly(dA–dT), poly(dI–dC)·poly(dI–dC), calf 
thymus DNA, salmon sperm DNA,  E.coli  DNA.  

   17.     14 C-labeled protein standards (5  m Ci/mL, Amersham) 
and prestained protein standards such as the Kaleidoscope 
Prestained Standards from BioRad.  

    18.    Vertical electrophoresis apparatus with a central cooling core (e.g., 
Protean II slab cell, BioRad), and glass plates ( see   Note 6   ).  

   19.    Electroblotting apparatus with cooling coil (e.g., Trans-Blot 
transfer cell, BioRad).  

   20.    Electrophoresis dc power supply capable of 200 V and 2 A 
(e.g., model 200/2.0 of BioRad).  

   21.    Recirculating water chiller apparatus.  
   22.    Immobilon ® -PVDF membranes (Millipore).  
   23.    Whatman 3-MM paper.      

    

 The Southwestern procedure is conducted in three stages: 
crude nuclear protein extracts or purified or partially purified 
protein preparations are separated by electrophoresis on an 

3. Methods
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SDS–polyacrylamide gel, transferred to PVDF membranes, and 
assessed for their ability to bind to an oligo corresponding to a 
specific DNA  cis -acting regulatory element, or to a DNA pro-
moter fragment.
   1.    Prepare an 8% acrylamide–bisacrylamide (50:1) separating gel 

( see   Note  4  ). To make this, mix 25 mL 1.5 M Tris–HCl of pH 
8.8, 15.7 mL acrylamide, and 57.2 mL water. Filter through 
a 0.45- m m membrane and then add 0.5 mL SDS 10%, 0.5 mL 
APS 10%, and 35  m L TEMED. Mix gently by inversion and 
pour the gel. Slowly add isobutanol over the acrylamide solu-
tion to make a flat surface, and allow the gel to set for at least 
1 h. Remove the isobutanol, wash thoroughly with water, and 
add a 4% acrylamide–bisacrylamide (30:0.8) stacking gel. Mix 
6.25 mL 0.5 M Tris–HCl of pH 6.8, 3.35 mL acrylamide–
bisacrylamide (30:0.8), 15 mL water. Filter and add 0.25 mL 
SDS 10%, 0.25 mL APS 10%, and 17  m L TEMED. Mix gen-
tly, pour over the separating gel, add a comb, and allow the 
gel to set for at least 1 h. Carefully wash the wells with run-
ning buffer using a syringe.  

   2.    Dilute equal volumes of protein preparation and loading buffer 
2×. We typically use 100–400  m g of crude nuclear extracts 
prepared according to Dignam  (23)  in presence of a cocktail 
of four protease inhibitors, i.e., leupeptin, PMSF, antipain, 
and chemostatin A. Instead of dealing with aliquots of dif-
ferent protease inhibitors, Roche’s Complete Protease Inhibi-
tor Cocktail Tablets is a modern and convenient alternative. 
Lower amounts are required when using purified or partially 
purified protein preparations. Mix loading buffer and samples 
just before loading to avoid SDS precipitation. We do not boil 
or denature the protein preparations ( see   Note 7   ). Include in a 
separate lane 15  m L of  14 C-labeled protein markers, and run in 
electrophoresis electrode buffer (Tris–Glycine buffer 2×, 10% 
SDS) overnight at 75 V constant. Do not pre-run the gel ( see  
 Note 8   ). We perform the electrophoresis at 4°C and connect 
the cooling coil provided with the apparatus to a recirculating 
water chiller.  

   3.    Electrophoresis gels should be pre-equilibrated in transfer 
buffer prior to commencement of electrophoretic transfer. Pre-
equilibration will aid the removal of SDS and contaminating 
electrophoresis salts from the proteins, and will facilitate sub-
sequent renaturation to the native conformation ( see   Note 9   ). 
In addition, the pretransfer step will allow any changes in the 
size of the gel due to the swelling or shrinking to occur at this 
stage rather than during the transfer. Thus, after the gel is run, 
dismantle the apparatus, remove the gel from the plates, and 
soak it in transfer buffer for 60 min with gentle agitation. We 
usually perform this operation in the cold room ( see   Note 8   ). 
Wear clean disposable gloves.  
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    4.    Layer the gel onto 3-MM paper prewetted with transfer 
buffer. Always keep the gel wet by regularly pouring buffer 
over it.  

    5.    Prewet the PVDF membrane in methanol for few seconds 
and transfer it to water.  

    6.    Start mounting the protein blotting sandwich by successively 
placing inside the holding cassette the first foam sponge pad 
provided with the blotting transfer apparatus, and the 3-MM 
paper on which the gel was placed ( see   Fig. 2    and  Note 10   ).  

    7.    Layer the membrane over the gel.  
    8.    Carefully remove all the air bubbles that could be trapped 

between the gel and the membrane. We use a 10-mL glass 
pipette that we gently roll over the membrane.  

    9.    Put a second prewetted (with transfer buffer) 3-MM paper 
and repeat  step 8 . Put the other foam pad, close the cassette, 
and introduce it into the transfer apparatus filled with cold 
transfer buffer. Be sure that the gel and the membrane are 
facing toward the positive electrode. Place the tank transfer 
unit on stirring plate and connect it to a circulating chiller 
apparatus ( see   Note 11   ).  

   10.    It is important that a stirring bar be placed inside the transfer 
cell and that the transfer buffer be stirred during the course 
of the experiment. This will help to maintain uniform con-
ductivity and temperature during electrophoretic transfer. 
Failure to do so will result in poor transfer of proteins and 
may pose a safety hazard.  

   11.    Transfer at 50 V constant for 3 h.  
   12.    After the transfer is completed, dismantle the apparatus, 

remove the membrane from the gel, and successively place 
it in: (1) 200 mL of binding buffer in a plastic dish for 15 
min with gentle agitation, (2) 250 mL blocking buffer – 5% 
for a minimum of 1 h with agitation, (3) 150 mL blocking 
buffer – 0.25% containing 10 6  cpm/mL of probe, overnight 

  Fig. 2 .   Schematic representation of the protein blotting sandwich assemblage used in 
Southwestern experiments. The orientation of the sandwich in relation to the cathode 
(+) and the anode (−) is indicated       .
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with agitation ( see   Note 12   ). We never let the membrane dry 
between the transfer and the binding steps.  

   13.    The gel can be transferred in 50% methanol for subsequent 
silver staining and visualization of the proteins remaining on 
the gel after transfer ( see   Note 13   ).  

   14.    Wash the membrane by successively soaking it with agitation in: 
(1) blocking buffer – 0.25%, 30 s; (2) blocking buffer – 0.25%, 
20 min; (3) blocking buffer – 0.25%, 20 min; (4) binding buffer 
1×, 20 min. Recover wash liquids since they contain  32 P.  

   15.    Let the membrane dry on 3-MM paper at room temperature 
for 1 h, and autoradiograph it with an X-ray film.       

    

     1.    Tris–Glycine buffers should not be pH adjusted.  
    2.    DTT should be stored at −20°C, thawed on ice, and added 

when the solution is ice cold.  
    3.    Several DNA-binding proteins require zinc ions to efficiently 

bind to DNA and, as a precaution, we routinely add 5  m M 
ZnCl 2  to all solutions (loading, electrophoresis, transfer, 
binding, and wash buffers).  

    4.    The percentage of gel and the ratio between acrylamide 
and bisacrylamide will depend on the  M  r  of the protein of 
interest. We use a ratio of 50:1 to increase resolution of the 
high molecular weight protein species. A ratio of 30:0.8 or 
29:1 may be more appropriate for average protein species. 
Plates are cleaned with phosphate-free soap and rinsed with 
deionized water, Milli Q water, and ethanol 95%. We usually 
do not silanize the plates with dichlorodimethylsilane as we 
observed that it could interfere with subsequent steps.  

    5.    Synthetic oligos or DNA fragments can be conveniently 5 ¢  
labeled with T4 kinase  (22) . Radiolabeled probe with high 
specific activity increases the sensitivity of detection and 
reduces background  (24) . A nonradioactive Southwestern 
procedure, using chemiluminescent detection, has also been 
described  (25) .  

    6.    The procedure can indifferently be carried out on stand-
ard electrophoresis and transfer apparatus or on small-sized 
apparatus such as the Mini-protean II and mini-Trans-Blot 
transfer cell of BioRad  (26) .  

    7.    We do not boil samples before electrophoresis in order to 
avoid irreversibly denaturing proteins or affect the DNA-
binding properties of more sensitive protein species  (3) .  

4. Notes
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    8.    Depending on the biochemical properties of the protein 
under investigation and of its stability at room temperature, 
it is recommended to perform the whole procedure at 4°C. 
Particular conditions of temperature may need to be deter-
mined for an optimal binding of different factors to DNA.  

    9.    Although the extent of renaturation is not known, this wash 
by removing SDS from the proteins permits functional rec-
ognition of the DNA-binding domain. Triton X-100  (1,   27) , 
urea  (2,   4,   6,   8) , or guanidium HCl  (7,   28)  can be included 
in the transfer buffer to promote the removal of SDS and 
to facilitate subsequent renaturation of the proteins. Low 
molecular weight proteins ( £  10 kDa) may diffuse out of gels 
more readily during the pre-equilibration step. To avoid this, 
one can change the pre-equilibration buffer several times 
during a shorter pre-equilibration period. Methanol (20%) 
can be added to the transfer buffer  (4,   28,   29) . However, 
this solvent may affect the DNA-binding properties of the 
proteins. The choice of renaturation procedure and buffers 
should be determined empirically and will depend on the 
factors studied.  

   10.    Each layer of the sandwich is thoroughly prewetted with 
buffer and then carefully positioned on top of the previous 
layer, taking care to avoid trapping any air bubbles which 
would distort the resulting transfer.  

   11.    Placing the Trans-Blot cell in the cold room is an inadequate 
means of controlling transfer buffer temperature. Efficient 
heat removal is obtained by connecting the transfer cell to a 
recirculating water chiller. Transfer is a function of molecu-
lar weight, with the largest proteins being transferred more 
slowly. The precise transfer conditions have to take into 
account the molecular weight range of the proteins under 
investigation and the composition of the gel.  

   12.    It is important to block any remaining free binding sites on 
the membrane in order to reduce nonspecific binding of the 
radiolabeled substrate, which would otherwise lead to a high 
background in subsequent steps. The binding buffer should 
thus be designed to optimize the specific binding of the radi-
olabeled probe, while keeping nonspecific binding to a mini-
mum. Nonspecific binding can be reduced by the addition 
of an excess of unlabeled DNA such as poly(dI–dC)·poly(dI–
dC) or poly(dA–dT)·poly(dA–dT), or sheared  E. coli , salmon 
sperm, or calf thymus DNA. Nonspecific binding can also be 
reduced by increasing salt concentrations in the binding reac-
tion and/or in the wash buffer. In addition, the use of lipid-
free BSA instead of nonfat dry milk has been reported to 
optimize the signal-to-noise ratio  (30) . While specific high-
affinity DNA–protein interactions should not be competed 
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out with nonspecific DNA, on the addition of large excess of 
cold nonspecific DNA even specific complexes will dissoci-
ate. Thus, the amount of nonspecific competitor DNA that 
needs to be added and the concentration of salt to be used in 
the buffers to remove nonspecific signals will depend on the 
specificity of the interaction. The specificity and affinity of 
the binding should be further examined by adding unlabeled 
specific control or mutated competitor DNA to the block-
ing and/or binding solutions. Alternatively, a nonfunctional 
mutant DNA molecule can be used as the radiolabeled sub-
strate ( see   Fig. 1   )  (26) .  

   13.    The DNA-binding domain of some proteins may not retain 
its ability to bind selectively with its DNA response element 
after immobilization of the protein on the membrane. Fur-
thermore, the membrane will not necessarily retain all the 
proteins that will have migrated out the gel. It is thus useful 
to determine which proteins have been transferred to the 
membrane. Detection of the transferred proteins may be 
achieved after autoradiography by staining the membrane 
with either Coomassie brilliant blue R-250, Amido black, 
or Red Ponceau. Proteins remaining on the gel after transfer 
can be visualized by silver staining.  

   14.    Crude nuclear extracts prepared from human HeLa and 
mouse L cells contain three common nonspecific DNA-bind-
ing proteins that often contaminate preparations of affinity-
purified factors, poly (ADP–ribose) polymerase (PARP) 
which has an  M  r  of 116,000 (as well as a typical proteolytic 
fragment of  M  r  60,000)  (31) , the Ku antigen which con-
sists of two polypeptides of  M  r  70,000 and 80,000  (32) , and 
replication protein A (RP-A) of  M  r  74,000  (33) . The heat 
shock protein hsp70 ( M  r  70,000) that can stick to proteins 
that are improperly folded may also cause problems. Thus, 
when Southwestern analyses are performed with affinity-
purified nuclear proteins, it is recommended to be suspicious 
of polypeptides of  M  r  60,000; 70,000–74,000; 80,000; and 
110,000 and to perform some control experiments. For 
instance, in the case of PARP, if a polypeptide with an  M  r  in 
the range of this protein is detected in the Southwestern pro-
cedure, a Western analysis could be performed on an aliquot 
of the protein preparation using anti-PARP antibodies avail-
able commercially (Roche Diagnostics/Boehringer). Alter-
natively, a chromatographic step with Red Agarose (BioRad) 
which binds PARP with high affinity can be performed to get 
rid of this possible contaminant  (31) . However, one should 
bear in mind that PARP has recently been shown to act as a 
coactivator for a number of transcription factors, including 
AP-1  (34) , AP-2  (35) , TEF-1  (36) , and NF- k B  (37) , and 
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thus its detection using a specific DNA probe corresponding 
to the binding site of a known transcription factor may be 
functionally relevant.          
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   Chapter 13   

  Footprinting DNA–Protein Interactions 
in Native Polyacrylamide Gels by Chemical 
Nucleolytic Activity of 1,10-Phenanthroline–Copper        

     Athanasios G.   Papavassiliou  

      Summary 

 Various methodologies have been developed for the detection of DNA-binding activities and the identi-
fication of the “footprints” of a protein on DNA. The most widely used footprinting techniques employ 
reagents such as deoxyribonuclease I (DNase I) and dimethyl sulfate (DMS) for protection analysis in 
solution. Nevertheless, these techniques have several disadvantages, and although these may be bypassed 
by coupling the footprinting reaction with an electrophoretic mobility-shift assay (EMSA), the size and 
the sequence specificity of DNase I and DMS as well as the problem of protein exchange during the 
footprinting reaction pose significant limitations. These limitations can be circumvented by combining 
the advantages of EMSA, with the subsequent exposure of the resolved DNA–protein complex(es) to 
the chemical nuclease 1,10-phenanthroline–copper ion (OP–Cu) while they are still embedded in the 
polyacrylamide matrix ( in-gel assay ).  

  Key words:   DNA-binding activity ,  DNA–protein complex ,  Electrophoretic mobility-shift assay ,  
In-gel footprinting ,  Chemical nuclease ,  1,10-Phenanthroline–copper.    

 

 The existence of cell-type specific promoter and enhancer elements 
has been known for several years. However, the mechanisms 
responsible for the remarkable specificity of such elements, in 
comparison to the ubiquitously active promoters and enhancers of 
“house-keeping” genes and DNA tumor viruses, have remained 
elusive until recently. Although transfection and mutagenesis 
experiments have taught us a great deal about the structure 
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of cell type-specific cis-acting elements, the breakthrough in 
understanding the molecular basis for the differential activity of 
these elements has come from the analysis of their recognition by 
specific DNA-binding proteins. 

 Several techniques have been developed for the detection of 
cell type-specific DNA-binding activities and the identification of 
sequence-specific contacts (“footprints”) of a protein on DNA. 
Many of these techniques involve forming DNA–protein com-
plexes (by incubating a asymmetrically labeled double-stranded 
DNA fragment containing the region of interest with a crude or 
partly purified protein extract), exposing the complex to enzy-
matic or to chemical reagents that can cleave or modify the DNA 
and determining which bases are protected from attack when the 
protein(s) is bound. The most widely used reagents are deoxyri-
bonuclease I (DNase I, an endonuclease) and dimethyl sulfate 
(DMS). Footprinting experiments with DNase I are performed 
using parallel reactions with free DNA and with DNA–protein 
complexes, and the nuclease is allowed to digest DNA only to a 
limited extent  (1) . The DNA is then purified and denatured, and 
the single-stranded end-labeled DNA fragments are resolved on 
a sequencing gel and autoradiographed. Comparing the diges-
tion pattern of the DNA–protein complexes revealed on the 
autoradiograph with that of free DNA shows a band-free region 
(footprint) where the bound protein(s) has prevented access 
of the enzyme to DNA ( see  Chapter “DNase I Footprinting”). 
In a similar analysis, the DNA is allowed to react mildly with 
DMS, which methylates primarily deoxyguanosine residues and 
renders their phosphodiester linkages labile under conditions of 
Maxam–Gilbert chemistry ( see  Chapter “Identification of Protein/
DNA Contacts with Dimethyl Sulfate: Methylation Protection 
and Methylation Interference”). The binding of a protein(s) to a 
specific DNA region will result in a protection of the corresponding 
bases from chemical modification  (2) . 

 The suitability of the above assays in determining the binding 
sequences of proteins on DNA is hindered by several disadvantages. 
First, the clarity of the footprint is highly dependent on the extent 
of occupancy of the binding site(s) (i.e., a “clear” footprint is 
observed only if all DNA molecules are involved in complexes). 
Unfortunately, this is not always easy to achieve, especially when 
the concentration and/or purity of the specific binding protein(s) is 
not satisfactory. Second, DNA–protein complexes formed in crude 
extracts may often be heterogeneous in terms of both binding 
specificity and kinetic stability. Therefore, direct footprinting in 
solution will not correspond to a single species, but instead reflect 
an “integral” of the multiple equilibria operating over the entire 
region of interest (i.e., the protection pattern will actually represent 
a composite of more than one complex, with complexes having 
a very low dissociation rate dominating the footprint). Finally, 



 Footprinting DNA–Protein Interactions 165

two different proteins that recognize the same sequence within 
the probe are most likely to yield indistinguishable footprints. 
These drawbacks may be overcome by coupling treatment with a 
footprinting reagent in solution with the electrophoretic mobility-
shift assay (EMSA; also known as gel retardation assay,  see  Chapter 
“Electrophoretic Mobility Shift Assays for the Analysis of DNA–
Protein Interactions”)  (3–  5) . In this approach, the protein and 
DNA molecules are incubated together, and the equilibrated 
reaction mixture is exposed to DNase I or DMS as before. DNA–
protein complexes are subsequently isolated from the free probe by 
electrophoresis in a nondenaturing polyacrylamide gel. While the 
negatively charged free DNA migrates rapidly toward the anode, 
once it is bound by a specific protein its mobility decreases  (3,   4) . 
Following the separation of the free and bound DNA species, the 
corresponding bands are cut out of the gel, and the DNA eluted 
and analyzed on a sequencing gel. The region(s) of protection 
evident in the DNA derived from the complexed fraction indicates 
the binding site  (5) . Since the complexes are separated from 
contaminating unbound DNA fragments, their footprints will be 
free of background cutting, and thus considerably more evident. 
Similar considerations apply when more than one complex can be 
formed on the fragment. As long as the DNA-binding proteins 
differ in their molecular masses and charges, they will cause 
altered electrophoretic mobilities of the corresponding complexes 
and, hence, different migrations in the native polyacrylamide gel. 
These complexes can be isolated and run in individual lanes on 
the sequencing gel. Thus, the exposure of the binding reaction to 
footprinting reagents, in combination with the fractionation offered 
by mobility-shift gels, permits the identification of the regions 
of DNA bound by protein in different complexes, even if a low 
percentage of the initial DNA molecules have been complexed. 

 Although by employing the EMSA one can substantially 
increase the sensitivity of DNase I or DMS footprinting experiments 
in solution, several additional problems have still to be faced:
    (a)    DNAse I is a relatively bulky molecule (MW 30,400) that can-

not cleave the DNA in the immediate vicinity of a bound protein 
because of steric hindrance. As a result, the region(s) protected 
from cutting extends beyond the actual protein-binding site.  

    (b)    The nonrandom nature of DNA cleavage by DNase I makes 
it impossible to assess the involvement in protein binding of 
nucleotides that lie in an area of the fragment resistant to the 
endonucleolytic activity of this enzyme [e.g., tracts of A and 
T residues, or TpA (as opposed to ApT) dinucleotide islands 
scattered within or adjacent to the binding site], so that 
binding sites or parts of binding sites may not be detected.  

    (c)    The primary site of reaction of DMS with B-DNA is the N-7 
atoms of guanine bases that are located in the major groove. 
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Thus, those guanines in close proximity with the protein 
will be protected from methylation. However, if a protein 
primarily makes contacts with a DNA sequence in the minor 
groove, or if there are no guanine residues in a major groove-
binding site, DMS will not reveal these interactions.  

    (d)    In many instances, particularly when a complex has a rela-
tively high “off”-rate, the bound protein can dissociate 
from the protected DNA fragment and reassociate to other 
DNA fragments that have already been nicked by DNase I, 
or modified by DMS. In this case, the DNA-cleavage pat-
tern derived from the complexed fraction will closely resem-
ble that of the uncomplexed DNA, rendering it difficult to 
observe a footprint. The limitations imposed by the size and 
the sequence, or base specificity of the aforementioned foot-
printing reagents, as well as the problem of protein exchange 
from the binding site(s) during treatment, are circumvented 
by merging the advantages inherent in the EMSA, with the 
 subsequent  exposure of the gel (hence of the resolved com-
plexes while embedded in the polyacrylamide matrix) to a 
chemical DNA-scission reagent, namely 1,10-phenanthro-
line–copper ion (OP–Cu)  (6) .     

   OP–Cu ( Fig. 1   ) is an efficient chemical nuclease that cleaves the 
phosphodiester backbone of nucleic acids at physiological pH 
and temperature by oxidation of the deoxyribose (DNA) or ribose 
(RNA) moiety  (7) . The kinetic scheme of the reaction is sum-
marized in  Fig.  2 .  The first step is the formation of the 1,10-phen-
anthroline–cupric ion coordination complex, under conditions 
that favor the 2:1 stoichiometry ([OP] 2 Cu 2+ ). The DNA-scission 
process is initiated by adding a reducing agent, usually 3-mercap-
topropionic acid (a thiol), to the aerobic reaction mixture con-
taining the target DNA. Under these conditions, the 2:1 cupric 
complex is reduced to the 2:1 cuprous complex ([OP] 2 Cu + ) that 
is in turn oxidized by molecular oxygen to generate hydrogen 

 1.1. OP–Cu as a 
Footprinting Agent 

 1.1.1. Chemistry of DNA 
Cleavage 

  Fig. 1 .   Structure of 1,10-phenanthroline complexed with copper (I) ion (OP–Cu).       
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peroxide. Hydrogen peroxide is an essential co-reactant for the 
chemical nuclease activity and can be generated as described 
above or added exogenously  (8) . The tetrahedral cuprous com-
plex, present at the steady-state concentration defined by the 
experimental conditions (note the feedback mechanism in Fig. 
 2 ), then binds reversibly to the minor groove of DNA to form a 
central intermediate through which the reaction is funneled  (9) . 
The DNA-bound cuprous complex undergoes in situ an one-
electron oxidation by hydrogen peroxide to form a short-lived, 
highly reactive DNA-bound copper-oxo species that can be writ-
ten either as a hydroxyl radical coordinated to the cupric ion or as 
a copper–oxene structure ( Fig.  2  ). This species then attacks the 
H1 ¢ -deoxyribose protons of nucleotides, which are accessible in 
the minor groove; this reaction initiates a series of reactions cul-
minating in cleavage of the phosphodiester backbone  (9) . Reac-
tion rates at any given sequence position depend on the stability 
of the intermediate formed between DNA and (OP) 2 Cu +  and on 
the orientation and proximity of the copper-oxo species relative 
to the C1 ¢ -deoxyribose hydrogen in the minor groove. Because 
both criteria are met satisfactorily in B-DNA sequences, the tet-
rahedral cuprous complex prefers B-DNA as its substrate. Such 
stereoelectronic interactions are less efficient in the broad minor 
groove of A-DNA and not possible in Z-DNA, which has practi-
cally no minor groove; as a result, A-DNA is cleaved at 25–33% 
of the rate with which B-DNA is cleaved and Z-DNA is not 
cleaved at all  (9) . The products of the strand-scission event 
include the free base, DNA fragments bearing 5 ¢ - and 3 ¢ -phos-
phorylated termini, and the deoxyribose oxidation product 
5-methylene-2-furanone  (10) . The DNA-chain cleavage reaction 
can be efficiently quenched by adding to the mixture 2,9-dime-
thyl-1,10-phenanthroline (2,9-dimethyl-OP). This phenanthroline 
derivative can also chelate copper ions to form a minor groove-
associated cuprous complex (thus competing with [OP] 2 Cu + ), 
but the reduction potential of the Cu 2+ /Cu +  couple is too 
positive to allow significant nuclease activity under normal 
assay conditions  (11) .    

  In as much as the structural and functional properties of DNA 
are not altered by entrapment in a polyacrylamide gel matrix  (6) , 
the small size and the ready diffusibility of all reaction compo-
nents in solid supports permit the coupling of OP–Cu footprint-
ing with the EMSA to study DNA–protein interactions  (12,   13) . 
In this method, the DNA-binding reaction is performed as usual, 
electrophoresed under established, nondenaturing conditions, 
and the entire mobility-shift gel is immersed in a footprinting 
reaction mixture containing 1,10-phenanthroline, cupric ion, 
and 3-mercaptopropionic acid. Following the reaction quench 
with 2,9-dimethyl-OP, footprints are obtained after elution of 

 1.1.2. OP–Cu Footprinting 
Following EMSAs 
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the radioactive free and protein-bound DNA cleavage products 
from the mobility-shift gel and analysis on a sequencing gel ( Fig. 3   ).
Because the nuclease activity of (OP) 2 Cu +  produces 3 ¢ -phosphor-
ylated and 5 ¢ -phosphorylated ends as cleavage products, sequencing 
gels can be accurately calibrated with the Maxam–Gilbert 
sequencing reactions.    

   The nuclease activity of (OP) 2 Cu +  bears several advantages as a 
footprinting reagent relative to protection analyses using DNase 
I or DMS as a probe. First, the (OP) 2 Cu +  chelate is a small mol-
ecule (compared to DNase I) that permits cleavage closer to 
the edge of the DNA sequence protected by protein binding, 
and therefore, a more precise definition of it. Second, since the 
scission chemistry involves attack on the deoxyribose moiety, 
(OP) 2 Cu +  is able to cut at all sequence positions regardless of 
base. However, the intensity of cutting (rate of cleavage) does 
depend on local sequence, with attack at adenines of TAT triplets 
being most preferred  [(14) ,  see   Fig. 3   ]. Interestingly, a prefer-
ence for C-3 ¢ ,5 ¢ -G steps, rather than T-3 ¢ ,5 ¢ -A steps, is observed 
at a phenanthroline to copper ratio of 1:1, which strongly favors 
formation of the OPCu +  complex  (15) . Nevertheless, the cutting 
patterns obtained with (OP) 2 Cu +  are usually sufficiently well-
defined to identify protected regions, even though this endonu-
cleolytic agent exhibits some degree of sequence specificity in its 
rate of cleavage of naked DNA. Third, because (OP) 2 Cu +  binds 
to the minor groove of DNA it will reveal minor-groove inter-
actions. Since the binding of the coordination complex should 
be restricted to three base pairs, the complex is more sensitive 
to local, protein-induced conformational changes than DNase I, 
which by possessing an extended minor groove-binding site, may 
be unable to sense. In this context, the complex will also detect 
binding in the major groove when its approach to its minor 
groove-binding site is sterically blocked, or if the interaction of 
the protein in the major groove alters the minor groove geom-
etry so that the tetrahedral coordination complex binds poorly 
(both being frequent features of DNA–protein interactions). 
Furthermore, due to the difference in their respective mecha-
nisms of cleavage, DNase I and (OP) 2 Cu +  probe different aspects 
of the structure of a DNA–protein complex. DNase I cleavage 
relies on the accessibility of a particular phosphodiester bond, 
and thus protection is indicative of an interaction  on the outer 
face of the DNA helix . In contrast, protection from (OP) 2 Cu + -
mediated cleavage is most likely caused by the inhibition of its 
binding to the minor groove, and implies that  a portion of the 
protein occupies at least the minor groove . Finally, in contrast to 
other chemical nucleases such as ferrous-EDTA (introduces sin-
gle-stranded nicks in DNA through the generation of diffusible 
hydroxyl radicals;  see  Chapter “Hydroxyl Radical Footprinting of 

 1.2. Advantages of 
OP–Cu Over Other 
Footprinting Agents 

 1.2.1. General 
Considerations 
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Protein–DNA Complexes”), the nucleolytic activity of OP–Cu is 
not inhibited by glycerol, a free radical scavenger, which is present 
in most protein storage buffers.  

   The major advantage of the combined OP–Cu footprinting 
procedure arises from the topography of treatment: Preformed 
DNA–protein complexes are exposed to the chemical nuclease 
 within the gel  (i.e., not prior but subsequent to an electrophoretic 

 1.2.2. Benefits of OP–Cu 
Footprinting Within 
Mobility-Shift Gels 

  Fig. 3.    Outline of the combined electrophoretic mobility-shift/ in gel  OP–Cu footprinting assay. ( a ) DNA restriction frag-
ments containing a protein-binding site(s) are labeled with  32 P at a unique end and incubated with a crude or partially 
purified extract containing the DNA-binding protein(s) of interest, under optimized binding conditions. ( b ) After equilibra-
tion of the DNA-binding reaction, the free and bound DNA fragment populations are separated by electrophoresis through 
a nondenaturing polyacrylamide gel; the gel is then transferred into a buffer-containing  Pyrex dish , and the retarded and 
unretarded DNA species are exposed in situ to the nuclease activity of (OP) 2 Cu + . The two DNA fractions are subsequently 
located by autoradiography of the wet gel, excised and eluted from the gel matrix, precipitated, and recovered in for-
mamide buffer. ( c ) Samples are heat-denatured, and equal amounts of radioactivity from the two fractions are electro-
phoresed on a denaturing polyacrylamide gel (DNA sequencing gel) and autoradiographed. In the sample prepared from 
the  free DNA band , bands will appear in the gel corresponding to positions of protein binding. For the sample(s) prepared 
from the  protein-DNA band(s) , bands will appear at all positions  except  those bound by the protein(s) ( protected region ). 
The particular example depicts the OP–Cu mapping of a DNA–protein complex formed between bacterially expressed 
LFB1 (a liver-specific transcription factor) and an oligonucleotide bearing its binding site within the −95 to −54 region 
of the  a 1-antitrypsin promoter.  Arrowheads  connected by  line  demarcate the footprinted site. The enhanced cleavage 
observed within the protein-binding site in the free DNA sample is due to the presence of repeated TA elements in this 
sequence ( see   Subheading 1.2.1   )       .
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mobility-shift experiment). This characteristic of the technique 
makes it ideal for protection analysis of kinetically labile com-
plexes  (16) . At least three factors account for the latter. The first 
is that the background cleavage is greatly reduced by the sepa-
ration of unbound DNA from the DNA–protein complex(es) 
pool. The second factor is the so-called “caging effect”  (3,   4) . 
The gel matrix forms “cage-like” compartments that prevent a 
dissociated protein from diffusing away from the DNA, so that 
by enhancing reassociation the apparent affinity constant will be 
higher than the true value. The protein could also interact with 
the gel matrix, thereby orienting its diffusion toward reassocia-
tion. Whatever the mechanism(s), the increase in stability of the 
complex contributed by the gel leads to a more efficient block-
age of the access of the (OP) 2 Cu +  chelate to the protein-binding 
DNA segment. The third factor comes from the nature and the 
site of action of the cupryl intermediate through which the reac-
tion is funneled, and acts synergistically with the previous one. 
Since this highly reactive oxidative species is generated near the 
surface of the DNA (in situ), diffusible radicals, if formed at all, 
will have a short or restricted diffusive path and, therefore, will 
be unable to achieve a fast equilibrium distribution along the 
DNA polymer. Consequently, protein-binding sites exposed dur-
ing multiple dissociation events will most of the time escape the 
nucleolytic attack and hence remain intact. 

 In addition to the fact that discrete complexes with defined 
stoichiometries and a wide range of kinetic stabilities can be 
mapped simultaneously, the in situ OP–Cu footprinting proce-
dure is superior to oligonucleotide binding competition assays 
in the analysis of multiple complexes frequently obtained in elec-
trophoretic mobility-shift experiments employing unfractionated 
extract preparations. For example, multiple retarded bands can 
arise from protein–protein interactions between a non-DNA-
binding transcription factor(s) and a specific DNA-binding pro-
tein, or from two proteins binding to distinct DNA sequences in 
a cooperative manner  (12) . Although both complexes would be 
abolished by competition with oligonucleotides, these possibilities 
can be readily distinguished by direct footprinting within the gel.   

  The nucleolytic activity of (OP) 2 Cu +  in a polyacrylamide matrix 
has been also demonstrated to be a viable means of gaining insight 
into the interactions of RNA-binding proteins with their recogni-
tion sequences  (17,   18) . Application of OP–Cu in this context 
may be invaluable toward defining structural perturbations in 
RNA on protein binding and mapping the binding domains of 
various proteins. Because of the preferential nucleolytic activity of 
(OP) 2 Cu +  toward single-stranded bulge and loop RNA regions 
(double-stranded stem regions can be cut at elevated concen-
trations of the chemical nuclease), hypersensitive sites may be 

 1.3. Additional Appli-
cations and Outlook 
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obtained on footprinting an RNA–protein complex following a 
gel retardation assay. Such sites would imply an unwinding of a 
helical structure on protein binding or perturbations in the minor 
groove accessibility of the bound RNA molecule. 

 The  in gel  OP–Cu footprinting methodology has already 
expanded the “tool box” available to investigators wishing to 
explore the structure and the function relationships of nucleic 
acid–protein complexes, and emerging improvements in the 
chemical mechanism (e.g., DNA-strand scission by the coordi-
nation complex of OP with a non-redox-active metal) as well as 
future modifications will likely make this technology even more 
efficient and broadly useful.   

 

       1.    A variety of binding and gel buffers are commonly employed 
in EMSA ( see  Chapter “Electrophoretic Mobility Shift Assays 
for the Analysis of DNA–Protein Interactions”). A suitable 
binding buffer is: 10 mM Hepes pH 7.9, 10% glycerol, 0.1 
mM EDTA, 0.5 mM tetrasodium pyrophosphate, 0.5 mM 
PMSF. The most common gel buffers are Tris–glycine: 50 
mM Tris, 2.5 mM EDTA, 0.4 M glycine; 0.5 × TBE: 45 
mM Tris, 45 mM boric acid, 1 mM EDTA or Tris–acetate: 
6.7 mM Tris–HCl, pH 7.5, 3.3 mM sodium acetate, 1 mM 
EDTA.  

    2.    Ammonium persulfate (10%; w/v): Weigh out 1 g of ammo-
nium persulfate, and put it in a sterile plastic tube containing 
10 mL of distilled, deionized water. Vortex vigorously until 
the salt is completely dissolved. Filter through a 0.22- m m 
membrane filter. This solution may be stable for a period 
of a few days at 4°C, but it is recommended that you pre-
pare it freshly for each new gel. Ammonium persulfate is 
extremely destructive to tissue of the mucous membranes 
and upper respiratory tract, eyes, and skin. Inhalation may 
be fatal. Exposure can cause gastrointestinal disturbances 
and dermatitis. Wear gloves, safety glasses, respirator, and 
other protective clothing and work in a chemical fume hood. 
Wash thoroughly after handling.  

     3.    Dye-containing binding buffer: 0.05% (w/v) bromophenol blue 
in 1× optimized binding buffer (store at 4°C after filtering).      

      1.    Highly purified duplex DNA fragment labeled  exclusively  at 
one of its four ends (5 ¢  or 3 ¢ ); use standard procedures for 

 2. Materials  

 2.1. Analytical and 
Preparative EMSA 

 2.1.1. Solutions 

 2.1.2. Reagents/Special 
Equipment 
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unique labeling  (19) . All necessary precautions should be 
observed to minimize exposure to ionizing radiation during 
labeling and isolation of the probe. Consult the institutional 
environmental health and safety office for further guidance 
in the appropriate use of radioactive materials.  

    2.    Reagents employed in the optimized binding reaction.  
    3.    16–18 × 16–18 cm front and back glass gel electrophore-

sis plates: The plates must be absolutely clean before use. 
Wash them with warm soapy water; then holding them by 
the edges, rinse several times first in tap water and then in 
deionized water. Finally, rinse with ethanol, and let them 
air dry. Using a pad of Kimwipes, siliconize the inner side of 
the back plate with a 2% dimethyldichlorosilane solution in 
1,1,1-trichloroethane in a chemical fume hood (this prod-
uct is particularly toxic; gloves, safety glasses, respirator, and 
other protective clothing should be worn when handling it).  

    4.    0.3-cm Spacers.  
    5.    Electroresistant plastic tape (e.g., 3M yellow electrical tape).  
    6.    0.22- and 0.45- m m filters (Millipore, Bedford, MA).  
    7.     N , N , N  ¢ , N  ¢ -Tetramethylethylenediamine (TEMED; Bio-

Rad, Richmond, CA). TEMED is extremely destructive 
to tissue of the mucous membranes and upper respiratory 
tract, eyes, and skin. Inhalation may be fatal. Prolonged con-
tact can cause severe irritation or burns. Wear gloves, safety 
glasses, respirator, and other protective clothing and work in 
a chemical fume hood (TEMED is also flammable!). Wash 
thoroughly after handling.  

    8.    3-mm Gel comb with 10-mm wide teeth.  
    9.    10-mL syringe and 18-gauge needle.  
   10.    100- to 200-mL Hamilton syringe.  
   11.    Additional reagents and equipment: Powdered acrylamide 

and  N , N  ¢ -methylene-bis-acrylamide (Bio-Rad); plenty of 
binder clamps (fold-back spring clips); razor blades; poly-
acrylamide gel electrophoresis apparatus; constant current 
power supply; peristaltic pump for recirculating electro-
phoresis buffer (if required); siliconized 1.5-mL Eppendorf 
microcentrifuge tubes; spatula. Acrylamide and  N , N  ¢ -
methylene-bis-acrylamide are potent neurotoxins and are 
absorbed through the skin. Their effects are cumulative. 
Wear gloves and a face mask when weighing these substances 
and when handling solutions containing them. Although 
polyacrylamide is considered to be nontoxic, it should be 
handled with care because of the possibility that it might 
contain small quantities of unpolymerized acrylamide.       
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      1.    10 mM Tris–HCl, pH 8.0 (store at room temperature after 
autoclaving).  

   2.    MPA solution (58 mM 3-mercaptopropionic acid): Add 100 
 m L of neat 3-mercaptopropionic acid (Sigma-Aldrich) to a 
sterile 50-mL conical tube containing 19.9 mL of distilled, 
deionized water. Mix by vortexing. 3-Mercaptopropionic acid 
is toxic and causes burns in contact with skin and eyes; wear 
gloves and handle accordingly. Store the liquid reagent in a 
place protected from light. Dilute immediately prior to use.  

   3.    OP solution (40 mM 1,10-phenanthroline): Weigh out 80 mg 
of 1,10-phenanthroline monohydrate (Sigma-Aldrich or G.F. 
Smith), and dissolve (by vortexing and shaking vigorously for 
2 min) in 10 mL of absolute ethanol in a sterile 50-mL conical 
tube. Wear gloves and dust mask when weighing this reagent. 
Store the powdered reagent in a place protected from light. 
Prepare just prior to use.  

   4.    Cu 2+  solution (9 mM CuSO 4 ): Weigh out 72 mg of anhydrous 
copper (II) sulfate (Sigma-Aldrich or Mallinckrodt, Chester-
field, MO), and dissolve (by vortexing for 1 min) in 50 mL 
of distilled, deionized water in a sterile 50-mL conical tube. 
Powdered copper (II) sulfate is irritating to eyes, respiratory 
system, and skin; wear gloves and eye/face protection when 
weighing this chemical. Store the powdered chemical sealed in 
a dry place. Prepare just prior to use.  

   5.    (OP) 2 Cu + -STOP solution (28 mM 2,9-dimethyl-OP): Weigh 
out 127 mg of 2,9-dimethyl-1,10-phenanthroline (Neocu-
proine) monohydrate (Sigma-Aldrich or G.F. Smith), and dis-
solve (by vortexing vigorously for 2 min) in 20 mL of absolute 
ethanol in a sterile 50-mL conical tube. Wear gloves and dust 
mask when weighing this reagent. Store the powdered reagent 
in a place protected from light. Prepare just prior to use.      

     1.    20 × 20 cm Pyrex dish (available in most supermarkets); wash 
the dish with detergent, water, and then with ethanol. Rinse 
with deionized water and dry with tissues.  

   2.    Sterile 50-mL conical tubes.  
   3.    Additional equipment: Protective gloves; glass or plastic 

beaker; 20-mL glass pipette; vacuum aspirator.       

       1.    Gel elution buffer: 0.5 M ammonium acetate, pH 7.5 (pro-
motes diffusion of the DNA out of the gel matrix and is readily 
soluble in ethanol in the subsequent precipitation step), 1 mM 
EDTA, 0.1% sodium dodecyl sulfate (SDS; w/v; effectively 
denatures any contaminating DNAase activity). For improved 
recovery of DNA fragments smaller than 60 bp, the buffer 
should also include 10 mM magnesium chloride. This stock 

 2.2. DNA Chemical 
Cleavage (Footprint-
ing) Reactions Within 
the Gel 

 2.2.1. Solutions 

 2.2.2. Reagents/Special 
Equipment 

 2.3. Isolation of Free 
and Complexed DNA 
Fractions 

 2.3.1. Direct Elution from the 
Polyacrylamide Gel Matrix 

 Solutions 
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solution can be stored at room temperature protected from 
light for several months.  

   2.    Phenol/chloroform/isoamyl alcohol (25:24:1; v/v): Mix 25 
vol of phenol [redistilled under nitrogen and equilibrated with 
100 mM Tris–HCl, pH 8.0, 1 mM EDTA in the presence of 
0.1% (w/v) 8-hydroxyquinoline] with 24 vol of chloroform 
and 1 vol of isoamyl alcohol. Phenol can be stored at 4°C in 
dark (brown) bottles for up to 2 months. It is highly corrosive 
and can cause severe burns. Any areas of skin that come in 
contact with phenol should be rinsed with a large volume of 
water or PEG 400 and washed with soap and water ( do not use 
ethanol! ). Chloroform is irritating to the skin, eyes, mucous 
membranes, and respiratory tract. It is also a carcinogen and 
may damage the liver and the kidneys. Wear gloves, protective 
clothing, safety glasses, and respirator when handling these 
substances and carry out all manipulations in a chemical fume 
hood.  

   3.    Chloroform/isoamyl alcohol (24:1; v/v): Mix (in a chemi-
cal fume hood and wearing gloves, safety glasses, and respira-
tor) 24 vol of chloroform with 1 vol of isoamyl alcohol. This 
organic mixture can be stored at room temperature in dark 
(brown) bottles indefinitely.  

   4.    70 and 90% (v/v) ethanol.  
   5.    Sequencing-gel loading buffer: 90% (v/v) deionized forma-

mide, 0.5× TBE ( see  Subheading  2.3.2 ), 0.025% (w/v) xylene 
cyanol FF, and 0.025% (w/v) bromophenol blue. Store at 
−20°C after filtering. (Preparation of deionized formamide: 
Combine 200 mL of formamide with 5 g of AG501-X8 [D] 
[Bio-Rad] in a 250-mL Erlenmeyer flask. Cover the mouth 
of the flask with Parafilm, and gently stir the mixture at room 
temperature for 30 min. Avoid aeration of the formamide 
when stirring the mixture. Filter the solution through a coarse 
sintered glass funnel, and store the deionized formamide at 
−20°C. Formamide is a teratogen; take all safety precautions 
to avoid contact during the above manipulations.)      

     1.    Plasticwrap, such as Saran Wrap ®  or cling film.  
   2.    Old X-ray film covered with plasticwrap.  
   3.    Glass stirring rod.  
   4.    Small adhesive labels (or Scotch Tape ® ).  
   5.    Radioactive ink: Mix a small amount of  32 P with waterproof 

black drawing ink, to a concentration of  ~ 200 cps (on a Gei-
ger counter) per  m L.  

   6.    Fiber-tip pen.  
   7.    Kodak X-Omat AR film.  

 Reagents/Special 
Equipment 
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    8.    Lightproof cardboard film holder.  
    9.    Aluminum foil.  
   10.    Lab marking pen.  
   11.    Sharp scalpel.  
   12.    Fine-tip waterproof marking pen.  
   13.    Single-edged disposable razor blades.  
   14.    18-Gauge syringe needles or sterile forceps.  
   15.    Sterile 3-mL syringes attached to a shortened 18-gauge nee-

dle (broken with pliers).  
   16.    Siliconized 1.5-mL Eppendorf microcentrifuge tubes.  
   17.    22-Gauge syringe needle.  
   18.    Siliconized capless 0.5-mL Eppendorf microcentrifuge 

tubes.  
   19.    Conformable self-sealing tape (e.g., Parafilm).  
   20.    1-mL Sterile syringes.  
   21.    0.22- m m Syringe filters (Millipore).  
   22.    Ice-cold absolute ethanol.  
   23.    Glycogen (Sigma-Aldrich or other supplier).  
   24.    Drawn-out Pasteur pipettes.  
   25.    Elutip TM -d mini-columns (Schleicher & Schuell) and low 

and high salt solutions as recommended by manufacturer.  
   26.    Additional equipment: Geiger counter; all equipment for 

autoradiography; low-speed centrifuge (Beckman J6B or 
Sorvall RC3); microcentrifuge (Eppendorf or equivalent); 
37–42°C shaking incubator; vacuum centrifuge (e.g., Speed-
Vac, Savant, Hicksville, NY); scintillation counter or Bioscan 
Quick Count for  32 P; waterbath at 68°C.       

       1.    10 mM EDTA, pH 7.6 (store at room temperature after 
autoclaving).  

    2.    0.5 M NaOH.  
    3.    1× TBE buffer: 89 mM Tris base, 89 mM borate, 2.5 mM 

EDTA. To prepare 5 L of 5× TBE buffer, dissolve (stirring 
for at least 1 h) 272.5 g of ultrapure Tris base, 139.1 g of 
boric acid, and 23.3 g of disodium EDTA dihydrate in 4.5 L 
of distilled, deionized water, and make up to a final volume 
of 5 L. It is not necessary to adjust the pH of the resulting 
solution, which should be about 8.3. Store at room tem-
perature; this stock solution is stable for many months, but 
it is susceptible to the formation of a precipitate and should 
occasionally be inspected visually.  

 2.3.2. Electrotransfer of 
the Entire Gel and Elution 
from NA-45 Membrane 

 Solutions 
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   4.    20 mM Tris–HCl, pH 8.0, 0.1 mM EDTA (store at room 
temperature after autoclaving).  

   5.    NA-45 membrane elution buffer: 1.0 M NaCl, 20 mM Tris–
HCl, pH 8.0, 0.1 mM EDTA (store at room temperature 
after autoclaving).  

   6.    Solutions in  items 2–5  of “Solutions” under Subheading 
 2.3.1 .      

     1.    NA-45 membrane sheets (0.45-mm pore size; Schleicher & 
Schuell).  

   2.    Filter paper [Whatman (Clifton, NJ) 3MM or equivalent].  
   3.    Clean glass plate.  
   4.     Items 1 ,  2 , and  4–7  of “Reagents/Special Equipment” under 

 Subheading 2.3.1   .  
   5.    Metal cassette.  
   6.     Items 10–14 ,  16 , and  22–24  of “Reagents/Special Equip-

ment” under  Subheading 2.3.1   .  
   7.    Additional equipment: Protective gloves; electrotransfer unit 

[high current (2–3 A) power supply, e.g., Bio-Rad or Hoefer, 
San Francisco, CA]; Kimwipes; Geiger counter; all equipment 
for autoradiography; microcentrifuge (Eppendorf or equiva-
lent); 55°C waterbath with agitation; vacuum centrifuge (e.g., 
SpeedVac, Savant); scintillation counter or Bioscan Quick 
Count for  32 P; waterbath at 68°C.        

      1.    Carrier DNA stock solution: salmon sperm DNA extracted 
sequentially with phenol/chloroform/isoamyl alcohol (25:24:1; 
v/v) and chloroform/isoamylalcohol (24:1; v/v), precipi-
tated with ethanol, resuspended in distilled, deionized water 
at 1 mg/mL, and sonicated to an average chain length of 
200 bp.  

   2.    1.0 M aqueous piperidine: Add 100  m L of concentrated pip-
eridine (reagent grade; BDH, London, England) into 0.9 mL 
of distilled, deionized water. Piperidine is somewhat hard to 
pipette; when diluting rinse the micropipet tip thoroughly by 
repeated pipetting and then mix the solution well by vortexing. 
Make dilution in a chemical fume hood just prior to use.  

   3.    1% SDS: Prepare a 10% (w/v) solution of SDS in distilled, 
deionized water (wear dust mask when weighing powdered 
SDS); heat at 68°C to assist dissolution (do not autoclave). 
Dilute 1:10 with distilled, deionized water. Store at room 
temperature.  

   4.    Solution in  item 5  of “Solutions” under  Subheading  2.3.1 .       

 Reagents/Special 
Equipment 

 2.4. Preparation of 
the G + A Sequencing 
Ladder 

 2.4.1. Solutions 
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      1.    Siliconized 1.5-mL Eppendorf microcentrifuge tubes.  
    2.    20,000 cpm of the end-labeled DNA fragment used in the 

preparative EMSA.  
    3.    88% Aqueous formic acid.  
    4.    Conformable self-sealing tape (e.g., Parafilm).  
    5.    1-Butanol ( n -butylalcohol).  
    6.    Drawn-out Pasteur pipette.  
    7.    Additional equipment: Wet ice; 37°C waterbath with agi-

tation; thermostated heating block at 90°C; lead weight; 
microcentrifuge (Eppendorf or equivalent); vacuum centri-
fuge (e.g., SpeedVac, Savant); waterbath at 68°C.       

       1.    40% (w/v; 19:1) acrylamide: N , N  ¢  methylene-bis-acrylamide 
solution.  

    2.    Solution in  item 3  of “Solutions” under  Subheading  2.3.2.    
    3.    Solution in  item 2  of  Subheading  2.1.1 .   
    4.    Fixing solution: 10% (v/v) acetic acid, 10% (v/v) methanol.      

      1.    Urea (enzyme grade).  
    2.    34 × 40 cm front and back glass plates: treat the plates as 

described in  Subheading 2.1.3 .  
    3.    0.04-cm Spacers.  
    4.    0.4-mm Custom-ordered sample comb with 5-mm lanes 

spaced on 10-mm centers.  
    5.    10-mL Syringe with a 22-gauge needle.  
    6.    Calibrated glass capillaries with finely drawn tips or dispos-

able flat-capillary pipette tips (National Scientific Supply 
Company, Inc., San Rafael, CA).  

    7.    30-mL Syringe with a bent 20-gauge needle.  
    8.    Backing paper (Whatman No. 1 or equivalent).  
    9.    Plasticwrap, such as Saran Wrap or cling film.  
   10.    Filter paper (Whatman 3MM or equivalent).  
   11.    Kodak X-Omat AR film.  
   12.    Large metal autoradiography cassette.  
   13.    Intensifying screen and film adapted for sensitive  32 P autora-

diography.  
   14.    Additional reagents and equipment: TEMED; plenty of 

binder clamps (fold-back spring clips); sequencing gel elec-
trophoresis apparatus; power supply delivering high volt-
age (2,500–3,000 V) (e.g., Bio-Rad); dry-block heater at 
90°C; wet ice; aluminum plate of an appropriate size; razor 
blade; plastic tank at gel dimensions; 10-mL glass pipette; 
Kimwipes; gel dryer; all equipment for autoradiography.        

 2.4.2. Reagents/Special 
Equipment 

 2.5. Analysis of the 
Chemical Cleavage 
Products on a DNA 
Sequencing Gel 

 2.5.1. Solutions 

 2.5.2. Reagents/Special 
Equipment 
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      1.    Perform a preliminary EMSA ( see  Chapter “Electrophoretic 
Mobility Shift Assays for the Analysis of DNA–Protein Inter-
actions” and Note  1 ) to identify conditions for the formation 
of the complex(es) to be footprinted. Because no universal 
binding and/or gel system is likely to be found for the study 
of all DNA–protein interactions, it may be necessary to opti-
mize conditions for formation and adequate resolution of 
the DNA–protein complex(es) of interest ( see   Note 1   ).  

    2.    If crude or partly fractionated extracts are employed, ascer-
tain the DNA-binding specificity of the resolved complex(es) 
by performing an analytical competition binding assay ( see  
Chapter “Electrophoretic Mobility Shift Assays for the Anal-
ysis of DNA–Protein Interactions” and  Note 2   ).  

    3.    It is advisable, prior to proceeding to the more laborious 
preparative gel retardation/in situ footprinting assay, to per-
form an additional analytical experiment and obtain a quali-
tative estimation of the dissociation rates of pre-equilibrated 
protein–DNA complexes of interest ( see   Note  3  ). Although 
the (OP) 2 Cu + -mediated cleavage reactions in the gel are rel-
atively insensitive to the kinetic stability of the DNA–protein 
complex(es) under investigation ( see   Subheading 1.2.2   ), 
this information can be used in adjusting the exposure time 
to the chemical nuclease ( see   step 6  in  Subheading 3.3    
and  Note  7  ), thereby enhancing the clarity of the expected 
footprint.      

      1.    Assemble 16–18 × 16–18 cm front and back glass plates and 
0.3-cm spacers for casting a preparative mobility-shift poly-
acrylamide gel (3-mm-thick polyacrylamide gels are prefer-
able, because they are easier to load and give sharper bands 
than 1.5-mm-thick gels). The plates must be scrupulously 
clean and free of grease spots to avoid trapping air bubbles 
while pouring the gel; it is highly recommended to use one 
glass plate (preferably the back) that has been siliconized 
on the inner side for ease of removal after electrophoresis is 
completed. Taking particular care (to prevent leakage), seal 
the entire length of the two sides and the bottom of the 
plates with electrician’s plastic tape.  

    2.    Prepare, filter (through a 0.45- m m filter), and degas (by 
applying vacuum) 100 mL of the acrylamide gel solution 
found during optimization of the analytical assay ( Subhead-
ing  3.1 , step 1 ). Because of the ready permeability of the 
gel matrix to all reagent and quenching solutions used for 
the subsequent chemical treatment and the lack of diffusible 
radicals mediating the DNA-scission reaction, the (OP) 2 Cu +  

 3. Methods  

 3.1. Analytical EMSA 

 3.2. Preparative EMSA 
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in situ footprinting technique is compatible with a broad 
spectrum of gel porosities [ranging from 3.5 to 6% (w/v), 
with an acrylamide to  N , N  ¢ -methylene-bis-acrylamide molar 
ratio of 19:1–80:1] and gel/running-buffer compositions 
[from glycerol-containing/low-ionic-strength (pH 7.5–7.9) 
to high-ionic-strength TBE (pH 8.3) or Tris–glycine (pH 
8.5) buffer systems].  

    3.    Add to the solution 0.8 mL of 10% ammonium persulfate 
and 75  m L of TEMED, and swirl the mixture gently.  

    4.    Slowly pour the acrylamide gel mix between the glass plates, 
and quickly insert a 3-mm comb bearing 10-mm wide teeth. 
Allow the gel to polymerize (lying flat or nearly flat, to avoid 
undesirable hydrostatic pressure on the bottom) at room 
temperature for about 45 min.  

    5.    After polymerization is complete, remove the electrical tape 
from the bottom of the gel (by cutting with a razor blade), 
and clamp the gel into place on the electrophoresis apparatus. 
Fill both chambers of the electrophoresis tank with the buffer 
used for preparation of the acrylamide gel mix  (step 2) , care-
fully remove the comb, and immediately rinse the sample 
wells with reservoir buffer using a 10-mL syringe with an 
18-gauge needle.  

    6.    Prior to assembling the preparative binding reaction, pre-
electrophorese the gel for 60 min at 20 mA, with or with-
out buffer recirculation between the two compartments, 
depending on the nature of the gel/running-buffer system 
used (low- or high-ionic strength). This removes any excess 
persulfate and unpolymerized acrylamide. Prerunning of 
the gel should be done at the temperature at which the 
binding reaction will be performed (known from  step 1  in 
 Subheading 3.1   ).  

    7.    In a siliconized 1.5-mL Eppendorf tube, scale up the 
optimized analytical reaction 5- to 10-fold, depending on 
the relative proportion of the DNA–protein complex(es) 
obtained. If the detected specific DNA-binding activity(ies) 
( Subheading  3.1 , step 1 ) represents <1% of the total label 
input, the amount of radioactive probe in the scaled reaction 
should be at least 250,000 cpm ( see also   Note 4   ).  

    8.    Turn off the electric power. Using a 100- to 200-mL Ham-
ilton syringe, load the preparative binding reaction onto one 
or two wells (depending on the total volume of the sample) 
in the middle of the gel. Raise the tip of the needle as the 
sample is loaded into the well. Do not attempt to expel all 
of the sample from the syringe since this almost always pro-
duces air bubbles that blow the sample out of the well. If the 
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glycerol concentration in the binding buffer is low (<5%), it 
is important to load the well gently to prevent dilution ( see 
also   Note 5   ). Avoid adding bromophenol blue to the bind-
ing reaction prior to loading because this dye can rapidly dis-
rupt some DNA–protein complexes. Instead, you may load 
just dye-containing binding buffer in one of the adjacent 
lanes to monitor the progress of electrophoresis.  

    9.    Run the gel at 25–35 mA (it may be necessary to adjust the 
voltage occasionally if a constant power supply is not avail-
able) a time sufficient to allow migration of the free DNA 
probe to  ~ 2 cm from the bottom of the gel. Provided the 
same plate size has been used in establishing the optimal 
electrophoresis conditions, this can be monitored by the 
migration of the tracking dye, in correlation with the posi-
tion of the free probe on the autoradiogram obtained from 
the optimized analytical assay ( Subheading  3.1 , step 1 ). If 
electrophoresis is performed at room temperature, the glass 
plates should be allowed to become only slightly warm, since 
excess heating may perturb the equilibrated complexes, or 
even cause protein denaturation; decrease the current if the 
plates become any hotter.  

   10.    Following electrophoresis, detach the glass plates from the 
gel apparatus, and using a spatula carefully remove the spac-
ers and pry the glass plates apart, taking extreme care not to 
distort or tear the gel, which should remain attached to only 
one of the plates (the nonsiliconized front plate).      

      1.    Wear protective gloves and wash your fingers extensively in a 
beaker containing deionized water to remove the talc pow-
der. Immerse the whole gel, still attached to the lower plate 
(with the gel facing up), in a 20 × 20 cm scrupulously clean 
Pyrex dish ( never use a plastic tray! ), containing 200 mL of 
10 mM Tris–HCl, pH 8.0. Loosen it on its supporting glass 
plate [omit this step if using Tris–glycine-containing or low-
percentage/low-ionic-strength polyacrylamide gels (e.g., a 
3.5–4% gel), which are very sticky and extremely difficult to 
manipulate without fracturing].  

    2.    Prepare the MPA, OP, and Cu 2+  solutions ( see   Note 6   ).  
    3.    In a sterile 50-mL conical tube, transfer 1 mL of the freshly 

made OP solution. To this, add 1 mL of the freshly prepared 
Cu 2+  solution, and wait 1 min while pipetting up and down 
(the mixture should turn light blue, indicating efficient for-
mation of the [OP] 2 Cu 2+  chelate). Add 18 mL of distilled, 
deionized water and vortex the tube. This is the OP/Cu 2+  
solution (1,10-phenanthroline to copper ratio of  ~ 4.5:1).  

 3.3. DNA Chemical 
Cleavage (Footprint-
ing) Reactions Within 
the Gel 
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    4.    Add the OP/Cu 2+  solution (20 mL) to the gel equilibrating 
in the 200 mL buffer, and shake the Pyrex dish while laying 
it on an even horizontal surface to distribute evenly.  

    5.    Initiate the chemical nuclease reaction by adding the MPA 
solution (20 mL); distribute evenly by quickly shaking the 
Pyrex dish as before. The gel will turn brownish. The appear-
ance of a dark brown precipitate indicates the presence of 
impurities in the original CuSO 4  solution, which will inter-
fere with the cascade leading to DNA-strand scission. It is, 
therefore, crucial for the assay to use copper (II) sulfate of 
the best available analytical grade.  

    6.    Incubate for a period of 8–30 min  without shaking  (do not 
disturb the equilibrated complexes; the small size and the 
ready diffusibility of all reaction components within the gel 
matrix are sufficient for a productive attack on the target 
DNAs). To obtain an intelligible and homogeneous cleav-
age pattern of all DNA species in the gel, the exact time 
of chemical treatment has to be adjusted for each particular 
case, based on the considerations discussed in  Note  7 .   

    7.    During the last 5 min of the incubation period, prepare the 
(OP) 2 Cu + -STOP solution.  

    8.    Quench the reaction by adding the (OP) 2 Cu + -STOP solu-
tion (20 mL), and wait for 2 min while shaking the Pyrex 
dish ( see   Note 8   ). The gel will turn yellowish, which is diag-
nostic for the quality of 2,9-dimethyl-OP, and hence for effi-
cient termination of the chemical nuclease action.  

    9.    Using a 20-mL glass pipette, aspirate (staying away from 
the corners of the gel) all the liquid from the Pyrex dish, 
and carefully rinse the gel (still on the glass plate) with four 
changes of deionized water. Remove the plate with the gel 
on it from the Pyrex dish. It is not necessary to take any 
specific precautions in dispensing the original mixture and 
the washing material, because all reaction components are 
oxidatively destroyed. Immerse the Pyrex dish in household 
bleach for 1 h at room temperature followed by extensive 
washing down the drain with tap water.      

       1.    Smoothly wrap the gel and plate with plasticwrap or, prefer-
ably, peel off the gel onto a suitable backing material (old 
X-ray film covered with plasticwrap is best) and wrap it with 
plasticwrap. Using a glass stirring rod as a rolling pin, remove 
any air bubbles trapped under the plasticwrap, being careful 
not to disturb the shape of the gel.  

    2.    To aid accurate subsequent alignment of gel and film, trace 
three corners of the plasticwrap covering the gel with small 
adhesive labels (or pieces of Scotch Tape), marked with 

 3.4. Isolation of Free 
and Complexed DNA 
Fractions 

 3.4.1. Direct Elution from 
the Polyacrylamide Gel 
Matrix 
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radioactive ink spots; use an almost equal amount of radio-
activity in each ink dot to that in the protein-bound DNA 
fraction(s) (this can be monitored by a Geiger counter). Use 
a fiber-tip pen to apply ink of the desired activity to the sticky 
labels; let the ink dots dry completely before exposing to 
X-ray film.  

    3.    In the darkroom, tape the sealed gel to a piece of Kodak 
X-Omat AR film. Enclose the assembly in a lightproof card-
board film holder, exerting an even gentle pressure on the 
“sandwich,” and wrap the entire packet with aluminum foil 
to ensure a light-tight environment.  

    4.    Expose the film at 4°C for 1–3 h [the length of exposure 
time depends on the relative abundance of the specific 
complex(es)] to assess the position of the retarded (bound) 
and unretarded (free) DNA fragments. The energy of the  b  
particles produced by the  32 P decay is sufficient to penetrate 
several millimeters thickness of hydrated gels, without signif-
icant absorption (quenching by the gel is <40%), thus allow-
ing the direct autoradiographic detection of [ 32 P]-labeled 
DNA embedded in the gel matrix.  

    5.    Develop the film, and using a lab marking pen, encircle the 
position of the complex(es) to be mapped as well as that 
of the unretarded probe. Any DNA released by dissociation 
during the run will trail just above the free DNA band as a 
smear; do not include this region in your marking.  

    6.    Using a sharp scalpel, cut out from the X-ray film the marked 
rectangles containing the autoradiographic images of the 
free and bound probe.  

    7.    Line up the radioactive ink spots on the film with the cor-
responding markings at the three corners of the plasticwrap. 
With a fine-tip waterproof marking pen, mark the position 
of the free and bound probe on the plasticwrap, using the 
periphery of the rectangular holes on the film as a template.  

    8.    Remove the film, and cut through the marks on the plas-
ticwrap with a disposable razor blade for each species. Sepa-
rate the polyacrylamide slices from the rest of the gel (and 
from the plasticwrap), using either 18-gauge single-use 
syringe needles or sterile forceps, and transfer them onto a 
piece of plasticwrap. It is desirable to keep the size of the 
polyacrylamide strips to a minimum ( see   Note 4   ).  

    9.    Crush the gel slices by extruding them from a sterile 3-mL 
syringe barrel through a shortened 18-gauge needle (broken 
with pliers) into a siliconized 1.5-mL Eppendorf tube by 
low-speed centrifugation (5 min at 2,500 ×  g ) in a swinging 
bucket rotor. Alternatively, punch a small hole by forcing a 
22-gauge sterile needle through the bottom of a siliconized 
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capless 0.5-mL Eppendorf tube, place this tube into another 
siliconized capped 1.5-mL Eppendorf tube, put the gel slice 
in the upper tube, and spin at 12,000 ×  g  in a microcentri-
fuge (minus rotor cover) for 1 min. The gel will be crushed 
through the hole into the lower tube.  

   10.    To each tube add enough gel elution buffer to cover the gel 
paste, and mix well by vortexing. The volume of the buffer 
added depends on the size of gel slice, but as a guide, 0.5–
0.6 mL is used for a slice 10 × 3.5 × 3 mm.  

   11.    Seal each tube with conformable self-sealing tape, and allow 
the DNA fragments to diffuse out by incubating at 37–42°C 
for 10–16 h in a shaking incubator.  

   12.    Vortex the tubes vigorously, and pellet the gel paste by cen-
trifuging at room temperature for 1 min in a microcentri-
fuge (12,000 ×  g ).  

   13.    Using a micropipet, pipette off the supernatant solution, 
taking care to avoid polyacrylamide pieces, and transfer it to 
a 1-mL sterile syringe.  

   14.    Remove any remaining tiny pieces of polyacrylamide by 
slowly passing the supernatant through a 0.22- m m syringe 
filter into a fresh siliconized Eppendorf tube (do not use 
polystyrene tubes to collect the filtrate, since they cannot 
withstand the subsequent organic extractions). The eluted 
yield of DNA fragments should be >90%.  

   15.    Extract the filtered supernatant sequentially with an equal 
volume of phenol/chloroform/isoamyl alcohol (25:24:1; 
v/v) and chloroform/isoamyl alcohol (24:1; v/v), to elimi-
nate contaminating proteins that might distort DNA frag-
ment migration during subsequent electrophoresis. In both 
steps, mix the contents of the tube thoroughly by vortex-
ing for 30 s, and centrifuge at 12,000 ×  g  (microcentrifuge) 
for 5 min at room temperature to separate the organic and 
aqueous phases ( see   Note 9   ).  

   16.    With a micropipet, transfer the aqueous phase (no more than 
0.55 mL) to a fresh siliconized Eppendorf tube. Add  ~ 2 vol of 
ice-cold absolute ethanol ( no additional salt is required! ), vortex 
well, and precipitate the radioactive DNA fragments by chilling 
the tube at −20°C for a minimum time of 60 min. Although it 
is generally not necessary to add carrier to aid precipitation (the 
small acrylamide polymers released from the crushed gel slice 
will suffice), it is recommended to precipitate the DNA in the 
presence of glycogen (10  m g/sample, added prior to ethanol) 
to improve even further the recovery of DNA.  

   17.    Recover DNA by centrifugation at 12,000 ×  g  for 30 min in 
a microcentrifuge (4°C). Carefully aspirate off the ethanol 
supernatant with a drawn out Pasteur pipette, taking care not 
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to disturb the faintly visible radioactive pellet (its presence can 
be monitored by a Geiger counter, and its location identified 
from the position of the tube in the rotor) ( see also   Note 10   ).  

   18.    Remove traces of salt trapped in the precipitate (which inter-
fere with subsequent electrophoresis), by rinsing the pellet 
twice with 1 mL of 70 and 90% (v/v) ethanol, respectively, 
centrifuging each time at 12,000 ×  g  (microcentrifuge) for 
2 min at 4°C. For both washes, invert the tube gently several 
times;  do not vortex .  

   19.    Dry the pellet for 5 min in a vacuum centrifuge.  
   20.    Measure each pellet by Cerenkov counting to determine 

radioactivity (1,500–2,000 cpm is sufficient for an overnight 
exposure with intensifying screen).  

   21.    Resuspend the pellets (by heating at 68°C for 2 min, vortex-
ing vigorously, and repeatedly pipetting) in sequencing-gel 
loading buffer, so that 5  m L will contain equal Cerenkov 
cpm from the free and bound DNA fractions. It is important 
to equalize the number of cpm/ m L in the two fractions in 
order to compare their cleavage patterns accurately. If the 
sequencing gel is not to be run immediately, you can store 
the DNA samples at −70°C.      

  If the EMSA was performed using Tris–glycine-containing or 
low-percentage/low-ionic-strength polyacrylamide gels, which 
behave like a poorly set “Jello” and are, therefore, extremely dif-
ficult both to manipulate for autoradiography and to handle as 
polyacrylamide strips in the subsequent DNA-elution steps, it is 
highly recommended to transfer the entire gel electrophoreti-
cally onto a sheet of NA-45 membrane (DEAE cellulose in mem-
brane form). Following electroblotting, the NA-45 membrane 
is exposed to X-ray film, the bands corresponding to free and 
bound species are cut out, and DNA is eluted. The remaining 
steps in the procedure, beginning with organic extractions of 
the eluates, are identical to those described in  steps 15–21  of 
 Subheading 3.4.1   :
    1.    Cut a piece of NA-45 membrane and four pieces of filter 

paper to the exact size of the gel; cut the membrane between 
liner sheets wearing gloves.  

    2.    To increase binding capacity, wash the membrane for 10 min 
in 10 mM EDTA, pH 7.6, and for 5 min in 0.5 M NaOH, 
followed by several rapid washes in distilled, deionized water; 
let the membrane soak in 1× TBE buffer.  

    3.    Remove the plate with gel from the Pyrex dish and place it on 
a flat surface. Carefully lay two pieces of prewet (in 1× TBE 
buffer) filter paper onto the surface of the gel, making sure no 
air bubbles are trapped between the filter paper and the gel.  

 3.4.2. Electrotransfer of 
the Entire Gel and Elution 
from NA-45 Membrane 
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    4.    Slowly and with extreme care, lift the gel (adhered to the 
filter paper), and place it (with the gel facing up) on a clean 
glass plate. Wet the gel with a thin layer of 1× TBE buffer.  

    5.    Wearing gloves, lay the wet membrane sheet over the gel, 
again being careful not to trap air bubbles beneath the mem-
brane.  

    6.    Complete the “sandwich” by placing the two remaining 
pieces of prewet (in 1× TBE buffer) filter paper on top of 
the membrane.  

    7.    Insert the “sandwich” of filter paper/gel/membrane/filter 
paper into a gel-holder cassette, and load the assembly into 
one of the center slots in a (wet) transfer apparatus (any of 
the commercially available electroblot units are suitable), 
with the NA-45 membrane positioned between the gel and 
the anode (positive electrode).  

    8.    Fill the transfer apparatus with 1× TBE buffer (precooled at 
4°C), and transfer the chemically cleaved double-stranded 
DNA fragments electrophoretically from the gel to the 
NA-45 membrane. Electroblotting is performed at 4°C 
for 3 h, at either 20 V ( ~ 1 V/cm), if small DNA fragments 
(40–90 bp) are being transferred, or at 35 V ( ~ 2 V/cm), if 
fragments >100 bp have been employed in the EMSA.  

    9.    When transfer is completed, turn off the power, remove the 
gel “sandwich,” lift the membrane sheet away from the gel 
while wearing gloves, and rinse it in 20 mM Tris–HCl, pH 
8.0, 0.1 mM EDTA to remove residual polyacrylamide.  Do 
not let the membrane dry!   

   10.    Place the wet membrane (with transferred DNA face up) 
on the surface of a used piece of X-ray film wrapped in plas-
ticwrap, and cover it with a tightly drawn layer of plasticwrap. 
With a pad of Kimwipes, push out any trapped air bubbles 
under the plasticwrap. Efficient transfer can be monitored by 
checking with a Geiger counter.  

   11.    Follow  steps 2  and  3  in  Subheading  3.4.1 .  Use a metal 
cassette instead of a cardboard film holder to expose the 
membrane to X-ray film.  

   12.    Autoradiograph the membrane at 4°C for 15–45 min (about 
one-fourth the time required for the wet gel).  

   13.    Follow  steps 5–8  in  Subheading  3.4.1 .  Using sterile forceps, 
transfer the wet NA-45 membrane strips into siliconized 
1.5-mL Eppendorf tubes.  

   14.    Add to each NA-45 membrane strip 0.6 mL of NA-45 mem-
brane elution buffer, and spin for a few seconds in a micro-
centrifuge to submerge the whole strip.  

   15.    Incubate at 55°C for 2–3 h in a waterbath with agitation.  
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   16.    Vortex the tubes vigorously, and pellet the NA-45 mem-
brane strips by centrifuging at room temperature for 10 s in 
a microcentrifuge.  

   17.    Remove the buffer, and place it in a fresh siliconized 1.5-mL 
Eppendorf tube. Monitor paper for loss of radioactivity; typ-
ically,  ~ 90% of the membrane-bound DNA is released with 
this technique.  

   18.    Follow  steps 15–21  in  Subheading  3.4.1 .        

  Provided the sequence of the DNA probe is known, you may 
perform at this stage a Maxam–Gilbert guanine- and adenine-
specific modification/cleavage reaction (G + A sequencing lad-
der) of the end-labeled DNA fragment used in the gel retardation 
assay. This reaction will be co-electrophoresed with the DNA 
samples eluted from the free and the bound fractions, to identify 
nucleotides protected from chemical cleavage (protein-contact 
sites) in the final stage of the footprinting analysis ( Subheading 
3.6   ). Below is a fast version (requiring only 1 h) of this otherwise 
time-consuming reaction:
    1.    In a siliconized 1.5-mL Eppendorf tube mix successively

  •  20,000 cpm of the end-labeled DNA fragment used in 
the EMSA  

 •  1.5  m L of carrier DNA stock solution  
 •  Distilled, deionized water to 10  m L     

    2.    Chill the tube on ice and add 1.5  m L of 88% aqueous formic 
acid.  

    3.    Incubate at 37°C for 14 min in a waterbath.  
    4.    Chill again on ice and add 150  m L of freshly prepared 1.0 M 

aqueous piperidine. Close the tube and wrap the cap tightly 
with a conformable self-sealing tape.  

    5.    Heat at 90°C for 30 min in a thermostated heating block, 
with the wells filled with water. It is necessary to put a lead 
weight on top of the tube to prevent it from popping open 
as pressure builds up inside.  

    6.    Cool the tube on ice. Remove the conformable tape and 
spin for a few seconds in a microcentrifuge; transfer to a 
fresh siliconized Eppendorf tube.  

    7.    Add 1 mL of 1-butanol. Vortex vigorously until only one 
phase is obtained.  

    8.    Mark the position of the tube in the rotor, and spin at 12,000 
×  g  for 2 min in a microcentrifuge (room temperature).  

    9.    Carefully remove and discard the supernatant using a drawn-
out Pasteur pipette, taking care not to disturb the tiny pellet 
or the area of the tube where the pellet should be located.  

 3.5. Preparation of 
the G + A Sequencing 
Ladder 
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   10.    Add 150  m L of 1% SDS and vortex the tube. Add 1 mL of 
1-butanol. Mix well by repeatedly inverting the tube. This 
step removes remaining traces of piperidine trapped in the 
precipitate that interfere with the subsequent electrophoretic 
separation.  

   11.    Resediment the precipitate by centrifuging at 12,000 ×  g  for 
2 min in a microcentrifuge, and remove the supernatant as 
in  step 9 .  

   12.    Spin for a few seconds in a microcentrifuge to collect any 
traces of liquid at the bottom of the tube, and carefully 
remove it using a micropipet.  

   13.    Dry the pelleted DNA for 5 min in a vacuum centrifuge.  
   14.    Resuspend the samples (as in  step 21  of  Subheading 3.4.1   ) 

in 5  m L of sequencing-gel loading buffer, and store at −70°C 
until ready to load onto the sequencing gel.      

  Visualization of the length(s) on the DNA affected by protein(s) 
binding specifically to it [that is the protein-binding site(s), or 
footprint(s) left by the protein(s) on the DNA] requires electro-
phoretic fractionation of the single-stranded fragments resulting 
from the chemical nuclease attack in a denaturing polyacrylamide 
gel of the type employed in DNA sequencing, followed by auto-
radiography. The location of the footprint(s) in the known DNA 
sequence is identified by including the sequencing marker G + A 
track prepared in  Subheading  3.5 . 
    1.    Assemble and pour a 34 × 40 × 0.04 cm 6–15% (w/v) 

sequencing polyacrylamide gel, containing 1× TBE buffer 
and 8.3 M urea  (20) . The percentage of acrylamide depends 
on the size of the DNA fragments to be separated as well 
as on the size and location (relative to the labeled end) of 
the suspected protein-binding site(s). As for the preparative 
EMSA, you should siliconize the inside surface of the back 
glass plate to aid pouring into gel mold and removal at the 
end of electrophoresis. To avoid dispersing of radioactivity 
across lanes (which might produce significant errors in a 
subsequent densitometric analysis of the free and bound 
DNA chemical cleavage patterns on the autoradiogram; 
 see   Note 12   ), it is recommended to use a 0.4-mm custom-
made sample comb with 5-mm lanes and 5-mm spacing. You 
may wrap the polymerized gel in plasticwrap and keep it at 
room temperature until use (it can be stored as such for up 
to 36 h).  

    2.    Attach the gel apparatus to the gel electrophoresis tank. 
Fill both the top and bottom electrode chambers with 1× TBE 
buffer, and remove the well-forming comb. Check that wells 
are free from “tails” of polyacrylamide adhering to sides, 

 3.6. Analysis of the 
Chemical Cleavage 
Products on a DNA 
Sequencing Gel 
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which may lead to uneven loading of samples and conse-
quently band-shape distortion.  

    3.    Pre-electrophorese the gel for 45–60 min before loading 
the samples. This removes persulfate ions and heats the gel. 
Prerunning of the gel is performed at constant temperature 
(approximately 55°C), which is most easily achieved by appli-
cation of constant power ( ~ 50–70 W). If the surface temper-
ature becomes too high (>65°C), the glass plates will crack.  

    4.    Thaw the DNA samples (if frozen), heat-denature them 
(including the G + A sequencing ladder) at 90°C in a dry-
block heater for 5 min, and quick-chill in wet ice.  

    5.    Disconnect the power supply, and immediately prior to apply-
ing the samples, thoroughly rinse out (using a 10-mL syringe 
with a 22-gauge needle) the wells of the gel with the upper 
reservoir TBE buffer; this prevents streaking of the DNA 
samples caused by urea that has diffused into the wells.  

    6.    Using calibrated glass capillaries with finely drawn tips or, 
preferably, disposable flat-capillary pipette tips, load (as 
quickly as possible) 5  m L of each sample (plus the G + A 
sequencing ladder) onto the wells of the sequencing gel, 
sweeping the sample evenly from side to side. An untreated 
naked DNA sample (i.e., not subjected to the gel retarda-
tion assay) should always be diluted in sequencing-gel load-
ing buffer, heat-denatured, and co-electrophoresed with 
the treated samples to verify the integrity of the DNA, since 
single-strand nicks can mask protein binding sites or even 
create artificial ones.  

    7.    Remove all bubbles from the bottom of the gel (they may 
prevent even migration of the samples) using a 30-mL 
syringe with a bent 20-gauge needle.  

    8.    Run the gel under pre-electrophoresing conditions (constant 
power,  ~ 50–70 W), taking care not to overheat the glass 
plates. Uneven migration of fragments (“smiling”) caused 
by an uneven gel temperature can be avoided by clamping 
an aluminum plate to the front glass plate. It is customary 
to electrophorese the samples until the bromophenol blue 
marker dye is about 3–5 cm from the bottom of the gel, 
but longer electrophoresis times may be required to obtain 
single-band resolution in the area of the footprint(s). The 
location of this region(s) depends on the distance between 
the radioactive label and the suspected protein-binding site(s) 
as well as on the length of the DNA fragment. Make use of 
available tables in the literature (referring to the migration 
of oligodeoxynucleotides in sequencing gels in relation to 
marker dyes) to determine how long to run your gel in 
order to achieve the desired electrophoretic resolution in 
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the region of the expected footprint(s)  (19) ; this will allow 
you to discern differences between the chemical cleavage 
patterns of the free DNA and that derived from the complexed 
fraction(s).  

    9.    After completion of electrophoresis, remove the gel from 
the apparatus, and with the aid of a razor blade, slowly lift 
the siliconized plate. The thin polyacrylamide sheet will stick 
to the unsiliconized plate. Fix the gel for 15–20 min by gently 
immersing it (still attached to the lower plate) in a tank 
containing enough fixing solution; this removes excess urea 
that would otherwise crystallize out.  

   10.    Carefully remove the plate bringing the gel on it from the 
tank, and lay it on a flat surface. Place a prewet (in fixing 
solution) sheet of backing paper (cut slightly bigger than gel 
dimensions) over the gel, press it gently down on the gel, 
roll out any air pockets (using a 10-mL glass pipette), and 
peel it off patiently and with extreme care together with the 
gel attached.  

   11.    Cover the gel surface (but not the back of the filter paper) 
with a tightly drawn layer of plasticwrap. With a Kimwipe, 
push out any trapped air bubbles under the plasticwrap that 
might interfere with good uniform contact among the film, 
gel, and screen. Add two sheets of filter paper next to the 
backing paper as a support pad, and put the “sandwich” into 
a gel dryer (paper pad closest to vacuum source).  

   12.    Dry the gel under vacuum at 80°C for 45–60 min. Do 
not release the vacuum before the gel is completely dried 
(sequencing gels with acrylamide concentrations >10% are 
susceptible to fracturing).  

   13.    In the dark room, place a sheet of Kodak X-Omat AR or simi-
lar film against the plastic-covered face of the gel. Depending 
on the sensitivity required, it may be advisable to preflash the 
X-ray film, that is, expose the film to a millisecond flash of light 
prior to placing it in contact with the sample in order to achieve 
a background optical density of 0.15 ( A  540 ) above that of the 
unexposed film. This increases sensitivity (the time of exposure 
to the radioactivity-generated light needed to blacken the film) 
and linearity of the film response (blackening above the back-
ground proportional to the amount of radioactivity), which 
are both essential if a densitometric analysis of the chemical 
cleavage products is to be performed ( see   Notes 11 & 12   ). 
Preflashing requires a photographic flash unit appropriately fit-
ted with filters and adjusted as described  (21)  and is only useful 
if an intensifying screen is used, see next step.  

   14.    Autoradiograph in a metal cassette containing a single calcium 
tungstate intensifying screen (place the flashed face of film 
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toward intensifying screen) at −70 to −80°C (to enhance 
effect of screen) for 12–16 h. Shorter or longer periods of 
time may be also required, since the clarity of the footprint 
depends on the intensity of the bands in the autoradiograph.  

   15.    Immediately remove the film from the cassette and develop 
it, preferably in an automatic processing machine. If re-
exposing the gel, it is necessary to let the cassette warm up 
before inserting a second film (cold cassettes will quickly col-
lect moisture from the air).  

   16.    Compare the chemical cleavage pattern of the naked DNA 
to that of the DNA–protein complex(es). The position of 
a band in the gel corresponds to the distance between the 
label and the point at which the DNA has been cleaved by 
the chemical reagent. Accordingly, bands at the bottom of 
the gel represent the smallest end-labeled DNA fragments, 
increasing in size as one reads up the gel until the pattern 
terminates abruptly in a strongly labeled band, corresponding 
to the uncleaved full-length probe ( see   Fig. 3   ). The protected 
region(s) (indicating sequence-specific protein binding) 
appears as an area resistant to cleavage (footprint), resulting 
in an almost complete absence of fragments (gap) arising 
from within the protein-binding site(s) in the chemical 
cleavage pattern of the complexed DNA. The nucleotides 
exhibiting protection are identified by aligning the bands in 
the cutting pattern of the free DNA with positions (bonds) 
in the sequence of the co-electrophoresed Maxam–Gilbert 
marker G + A track. In this comparison, it is necessary to note 
that, regardless of the end of the DNA fragment labeled in 
the experiment (5 ¢  or 3 ¢ ), the obtained set of products from 
the chemical cleavage reaction matches the mobilities of the 
G + A sequencing fragments exactly. This is a consequence 
of the identical 3 ¢  and 5 ¢  ends generated by both chemistries 
at the cleavage points  (22) .       

 

     1.     Optimization of the analytical EMSA . This is generally 
achieved by assessing binding-reaction parameters and gel 
electrophoresis conditions. Furthermore, success in inter-
pretation of results from the coupled gel retardation/in 
situ OP-Cu footprinting assay depends critically on some 
properties of the DNA fragment used in the initial bind-
ing reaction. (a)  Properties of the DNA fragment used in the 
binding reaction . An EMSA employing crude extracts works 

 4. Notes     
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best with short DNA fragments, since these reduce nonspe-
cific interactions of proteins in the extract with sequences 
flanking the specific binding site(s) and are able to detect 
binding of large proteins more readily. Optimal sizes range 
between 100 and 150 bp, with the putative protein-binding 
site(s) located at approximately the center or at least 20–25 
bp away from the radioactive labeled end. If a 20–25 bp syn-
thetic oligonucleotide is to be used as a probe, it is advisable 
to design it in a way that it can be readily subcloned into the 
polylinker region of a suitable vector, and then labeled and 
released as a 40- to 45-bp restriction fragment, in order to 
obtain the desired single-base resolution within and around 
the expected footprint(s). Although for EMSAs the DNA 
fragment may be labeled at all ends, the subsequent foot-
printing analysis requires the DNA fragment to be radioac-
tively labeled (to a high specific activity) at the 3 ¢ - or 5 ¢ -end 
of  one  of the two strands. Klenow enzyme-labeled probes are 
preferable to kinased probes because some protein extracts 
contain substantial phosphatase activities. Finally, the labeled 
probe should be un-nicked, because the resulting fragments 
may obscure the cleavage pattern obtained after the chemi-
cal attack in the footprinting analysis. Therefore, sufficient 
care should be taken to minimize nuclease activities during 
all steps of preparation, labeling, and isolation. To this end, 
we have found that purification of singly end-labeled probes 
from native polyacrylamide gels by “crush-and-soak” meth-
ods (similar to that described in  Subheading 3.4.1   ) results 
in less damage to DNA than electroelution. (b)  Binding-
reaction parameters . These include binding-buffer composi-
tion (pH, ionic strength, metal ion content, and presence 
or absence of nonionic detergents and/or stabilizer poly-
cations), amount of crude or partly fractionated extract or 
purified protein, concentration of labeled DNA probe, type 
and amount of bulk carrier DNA, and temperature and 
duration of incubation. Specifically, the following considera-
tions should be evaluated: The optimal ratio of protein to 
DNA for the assay is best determined by titrating a fixed 
concentration of the radioactively labeled DNA fragment 
with increasing amounts of crude or partly fractionated 
extracts, or purified protein. Frequently, as protein concen-
tration increases, binding passes through a maximum. Note, 
however, that increasing amounts of protein to a fixed con-
centration of DNA will not necessarily increase the yield of 
specific complex(es) seen. This is because of the fact that, 
whereas a given preparation of any DNA-binding protein(s) 
tends to be fully active in nonspecific binding, it is typically 
only fractionally active in site-specific binding activity [the 
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apparent fractional activity varying from 5 to 75%, depend-
ing on the particular protein(s) and the individual sample]. 
Therefore, too much protein, particularly with crude extract 
preparations, leads to occlusion of the binding site(s) by 
proteins interacting with DNA in a sequence-independent 
manner. This problem can be minimized by raising simul-
taneously the concentration of bulk carrier (competitor) 
DNA [typically of the order of 250- to 5,000-fold (w/w) 
excess over binding-site DNA]; this increases the occupancy 
of the binding site(s) by sequestering nonspecifically bound 
proteins, including nonspecific DNA-binding nucleases that 
may degrade the end-labeled DNA during the binding incu-
bation. Bear in mind, however, that although some proteins 
are able to locate their target binding site(s) in the presence of 
vast excesses of nonspecific natural DNAs (sonicated salmon 
sperm or calf thymus DNA), other proteins cannot tolerate 
natural DNA carriers, but bind readily in the presence of an 
excess of synthetic polynucleotides, such as poly d(I–C)·d(I–
C) or poly d(A–T)·d(A–T). It is noteworthy in the latter 
case that the efficacy of competition for nonspecific binding 
can vary among different batches from the same vendor. On 
the other hand, if too much carrier DNA is added, it will 
compete for the specific factor(s) of interest, and the level of 
complex(es) will decrease. Finally, provided an adequate res-
olution of DNA-bound species is obtained for a fixed con-
centration of competitor, increasing the amount of probe 
increases the fraction of DNA driven into complex(es), until 
the limit set by the binding constant(s) is reached. (c)  Gel 
electrophoresis conditions . Gel parameters, such as percent-
age of acrylamide, degree of crosslinking, and pH and type 
of gel/running buffer system (high- or low-ionic strength) 
dramatically affect the size, aggregation state, and stability of 
DNA–protein complexes, hence their abundance and quality 
of separation. Accordingly, it may be necessary to try more 
than one gel fractionation/buffer system to obtain sufficient 
formation of the DNA–protein complex(es) of interest. The 
electrophoresis time has to be optimized for the complex(es) 
studied and the separation required (if more than one com-
plex has to be mapped). The most promising conditions can 
then be applied in the subsequent preparative EMSA.  

    2.     Binding competition analysis . If competitor DNA is identi-
cal to and in relatively large excess over the labeled DNA, 
>90% of the radioactive signal should be eliminated from 
complexes corresponding to protein(s) that interact with the 
binding-site DNA in a sequence-specific manner. Complexes 
unaffected or only slightly affected by the addition of com-
petitor are thought to arise from nonspecific, low-affinity 
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binding by abundant proteins that are present in excess 
to binding-site DNA; DNA derived from these complexes after 
the in situ chemical cleavage reactions can serve as a negative 
control in the footprinting analysis, because its cutting pattern 
will closely resemble that of the free (unbound) probe.  

    3.     Assaying relative dissociation rates of DNA–protein complexes . 
To follow dissociation kinetics, complexes are allowed to 
form under optimal reaction conditions and, at time zero, 
exposed to a large excess of an agent that does not perturb 
their stability (commonly 100- to 250-fold mass excess of 
nonspecific competitor DNA or, preferably, of the same 
DNA fragment unlabeled). The “scavenger” molecules 
sequester the protein(s) as it dissociates from its specific 
binding site(s), hence preventing it from rebinding. Analysis 
by the EMSA of aliquots at various times (from a few seconds 
to 2 h) after quenching the reaction with the sequestering 
agent, shows the amount of free DNA increasing while the 
level of protein-bound label diminishes. The experiment 
can be designed in a way that individual reactions can be 
started and quenched at different times, such that all reach 
the point at which they will be applied to the gel more or less 
simultaneously and electrophoresed for the same period of 
time. Since dissociation of typical DNA–protein complexes 
is a first-order process (i.e., independent of the concentration 
of complexes), the results of the analytical study are also 
applied to the subsequent preparative assay.  

    4.     Trailing of the bands during electrophoresis . Glycerol-containing 
binding buffers tend to cause significant trailing at the edges 
of the bands during electrophoresis. If you noticed this trailing 
under the optimized conditions in the analytical assay, you 
may substitute glycerol for Ficoll [2.5% (w/v); Type 400, 
Pharmacia] in the preparative binding buffer. The presence 
of Ficoll (a copolymer of sucrose and epichlorohydrin), while 
not interfering with the thermodynamic and kinetic parameters 
of the binding reaction, gives rise to straight bands in the gel 
(by tending not to spread so much due to surface tension 
effects when loading the sample), thus minimizing the size 
of the polyacrylamide strips in the subsequent DNA-elution 
steps ( Subheading 3.4.1   ).  

    5.     Loading the preparative polyacrylamide gel . If you have problems 
with the sample not sinking to the bottom of the well (which 
may be caused by substantial differences between the binding 
buffer and the electrophoresis buffer, and/or the large volume 
of the preparative reaction), you can preload the well(s) of 
the gel with binding buffer or, alternatively, load your sample 
with the power supply running at 10–15 mA ( Wear dry plastic 
gloves and use only plastic tips if you do this! ).  
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    6.    (a) Use the recommended suppliers to obtain the liquid and 
powdered reagents. The care given to the preparation of 
reagents is crucial. In particular, the water used must be of 
the highest quality. Our laboratory uses only water purified 
with a Milli-Q system (Millipore), which removes virtually 
all organics, ions, and bacteria. Such precautions help prevent 
spurious reactions of impurities with the reagents. (b) You 
may try to footprint the complexes using a 1:1 ratio of 
1,10-phenanthroline to copper, if your suspected protein-
binding site(s) or the adjacent regions are particularly rich 
in 5 ¢ -CG-3 ¢  elements ( see   Subheading 1.2.1   ). In this case, 
prepare the following solutions: 100 mM 3-mercaptopropionic 
acid, 5 mM OP, and 5 mM CuSO 4 .  

    7.     Optimizing the time of in situ chemical treatment . The length 
of incubation period is determined by several factors, among 
which the following are of particular importance (a) Kinetic 
stability of the complex(es) ( Subheading  3.1 , step 3 ). In 
principle, the higher the dissociation rate of the complex(es), 
the lower the time of exposure to the chemical nuclease. 
However, because of the gel “caging effect” and the in situ 
(on the DNA surface) funneling of the reaction ( see   Sub-
heading 1.1.1   ), this rule of thumb is applicable only for 
DNA–protein complexes with half-lives either << 1 min or >> 
60 min; provided the complex(es) is relatively abundant (see 
below), incubation times <8 min and >30 min, respectively, 
should be used in these cases. (b) Relative abundance of the 
complex(es). The aim of the reaction is to generate, on aver-
age, about one chemical cleavage event per DNA strand. 
Assuming that the cleavage process is governed by Poisson 
statistics, the product oligonucleotides will statistically be the 
result of a single cleavage (“single-hit kinetics”) when the 
concentration of the full-length labeled strand is  ~ 50–70% 
of its original value (i.e.,  ~ 50–70% of the DNA fragments 
should be left uncleaved). Accordingly, when the abundance 
of the target complex(es) is very low (i.e., a bound DNA 
to free DNA ratio << 1), early termination of the reactions 
will be critical for high-“off”-rate complexes, beneficial for 
intermediate-stability complexes, and safe for extremely 
stable complexes. (c) Temperature of incubation. If opti-
mization of the DNA-binding reaction and, consequently, 
of the EMSA requires that both be performed at low tem-
perature (4°C), you should carry out the chemical nuclease 
treatment at low temperature as well. However, the amount 
of dissolved air oxygen in the reaction mixture under these 
conditions is considerably higher (increases with decreasing 
temperature); since molecular oxygen catalyzes a rate-limiting 
step that generates in situ hydrogen peroxide (an essential 
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co-reactant for the chemical nuclease activity;  see   Fig.  2 ) , 
its presence in more than stoichiometric amounts will 
shift the subsequent equilibria toward the right side, leading 
to increased rates of DNA-strand scission. To compensate 
for this accelerated cleavage kinetic, you should decrease the 
time of exposure to the chemical nuclease. Inversely, incuba-
tion times should be longer than originally established (or 
you may add hydrogen peroxide exogenously) for chemical 
treatments performed at bench temperature during hot sum-
mer days in non-airconditioned rooms. (d) Concentration of 
reagents. Increasing the concentration of OP while holding 
the concentrations of copper (II) sulfate and 3-mercapto-
propionic acid constant increases the overall rate of DNA-
strand scission, without significantly affecting the sequence 
preferences of cleavage and the resulting fragment size 
distribution  (15) . On the other hand, substituting 3-mer-
captopropionic acid by the same concentration of ascorbic 
acid reduces the overall rate of DNA cleavage both at low 
(1:1) and high (>4.5:1) 1,10-phenanthroline–copper molar 
ratios  (15) . These observations are of practical significance 
to estimating the time of chemical treatment, particularly 
when extremely labile or extraordinary stable complexes are 
being mapped. A higher concentration of OP and a short 
incubation time might be used in the former case, whereas 
ascorbate (as the reducing agent) and prolonged treatments 
are recommended in the latter. (e) Presence of dithiothreitol 
(DTT). DTT (often employed in EMSAs to maintain the 
activity and/or stability of DNA-binding proteins) slows the 
DNA cleavage rate because this chemical sequesters the cop-
per necessary for the oxidative cleavage to occur. If exces-
sive amounts of DTT (i.e., >1 mM) have been used either 
in the preparative binding reaction or for casting the gel in 
which the (OP) 2 Cu +  cleavage reaction is to be performed, 
longer incubation times or increased (OP) 2 Cu +  concentra-
tions should be used to restore the cleavage efficiency.  

    8.    2,9-Dimethyl-OP is a redox inert analog of OP which acts as 
a Cu + -specific chelator; it will bind all the metal ion, prevent-
ing further oxidative chemistry and DNA cleavage.  

    9.    Phase inversion during organic extractions of the gel- or 
membrane-eluted DNA samples. Because of the high-salt 
content of the elution buffers, the aqueous phase (which 
normally forms the upper layer) may sometimes be dense 
enough to form the lower layer. If this is the case, the aque-
ous phase can be easily identified by monitoring the eluted 
radioactivity with a Geiger counter or by following the 
strong yellow color of the organic phase (contributed by 
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8-hydroxyquinoline that is added to phenol during equili-
bration as an antioxidant;  see   item 2  of “Solutions” under 
 Subheading    2.3.1   ).  

   10.    Excess acrylamide in the gel-eluted DNA samples. If the DNA 
pellet is highly contaminated with acrylamide monomers or 
other impurities from the gel matrix (a problem sometimes 
encountered when employing low-percentage mobility-shift 
gels and is usually apparent from the formation of an exces-
sive turbidity during the ethanol-precipitation step), then 
you can further purify it by passing through a pre-equili-
brated Elutip TM -d mini-column (an ion-exchange column) 
according to the manufacturer’s instructions. Adsorption to 
and desorption from the column can be followed with a Gei-
ger counter. Alternatively, you may follow the experimental 
strategy developed by Ragnhildstveit et al.  (23) .  

   11.    Appearance of the bands on the autoradiogram. If the band 
sharpness or shape in the chemical cleavage patterns on the 
autoradiogram suffers (e.g., narrowing of the bands toward 
the smallest end-labeled DNA fragments), the DNA samples 
contain residual proteins, salts, or acrylamide contaminants. 
These faults should be expected if uneven running and retar-
dation of marker dyes is observed during electrophoresis, and 
can be avoided if careful attention is paid during  steps 15–18  
in  Subheading  3.4.1 .  If necessary, the number of organic 
extractions ( Subheading  3.4.1 , step 15 ) and/or ethanol 
washes ( Subheading  3.4.1 , step 18 ) can be increased; acry-
lamide contaminants are efficiently removed by the use of 
Elutip TM -d mini-columns ( see   Note 10   ). Note, however, that 
smeared or fuzzy bands without apparent electrophoretic 
problems may also arise from scattering during autoradiog-
raphy; use a light-tight metal film cassette with a particularly 
effective closure mechanism, capable of firmly fixing filter/
gel and film, and with intensifying screen in place (those pro-
duced by Wolf or Picker International Health Care Products, 
Highland Heights, OH, are best in that).  

   12.    Wondering about the footprint: scanning the autoradio-
gram. If the effects of protein binding on the cleavage rate 
of the chemical nuclease are not clearly discernible by the 
eye, or when partial protection is obtained, you may ana-
lyze the ladders quantitatively by subtracting the cleavage 
pattern of the DNA derived from the bound fraction from 
that derived from the free fraction. This involves calculating 
the probability of cleavage at each bond (which is related to 
the amount of radioactivity, or intensity, in the correspond-
ing band in the cutting pattern) and, finally, for each lane, 
the average number of cuts in the DNA strand, with the 
aid of automated laser densitometers linked to a computer 
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(available from, for instance, Bio-Rad or LKB-Pharmacia). 
Because quantification of band intensity is limited within the 
linear response of Kodak X-Omat AR films to radioactiv-
ity (bands with an optical density >0.15 and <1.8 absorb-
ance units), it is essential not to use overexposed films for 
this type of analysis. Moreover, the film should be free of 
scratches, fingerprints, or other blemishes that will appear 
as optical signals indistinguishable from  32 P, thus interfering 
with the calculations. A difference probability plot along the 
entire length of the binding site(s) and surrounding DNA can 
be obtained, revealing the protein-binding site(s) much more 
clearly and reliably than can be done by comparison by eye of 
the chemical cleavage patterns. If still in doubt, however, you 
may analyze the footprint on the other DNA strand.          

 

 This work has profited greatly from discussions of the author 
with the students and teachers participating in the 1991–1996 
EMBO Courses on “DNA–Protein Interactions”.  
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      Chapter 14

 Determination of a Transcription Factor-Binding Site 
by Nuclease Protection Footprinting onto Southwestern Blots       

     Athanasios G.   Papavassiliou      

  Summary 

 DNA-transcription factor interactions in eukaryotic systems have been documented by a broad gamut of 
biochemical techniques including deoxyribonuclease I (DNase I) footprinting and Southwestern (SW) 
assays. In spite of their wide applicability, each of these approaches provides only partial information 
about DNA-protein complexes. DNase I footprinting identifies the extent and location of the binding 
site within the DNA but does not yield information about the protein(s) involved. On the other hand, 
the SW assay can reveal the relative size of active protein species in crude extracts, facilitating their iden-
tification, but fails to localize their binding site within the probing DNA sequence. Coupling SW and 
in situ (on-blot) DNase I footprinting methodologies has the dual potential of accurately determining 
the molecular mass of individual DNA-binding transcription factors and precisely mapping their cognate 
binding sites.  

  Key words:   DNA–protein interaction ,  DNA-binding transcription factor ,  Southwestern (SW) assay ,  
 Nuclease protection ,  Deoxyribonuclease I (DNase I) ,  on-blot DNase I footprinting.    

 

 The interaction of cell-type specific or inducible transcription 
factors with regulatory DNA sequences in gene promoters or 
enhancers is a pivotal step in genetic reprogramming during cell 
proliferation and differentiation and in response to extracellular 
stimuli. The study of these interactions and the characterization 
of the factors involved are, therefore, a critical aspect of gene con-
trol. Transcription factor-DNA interactions in eukaryotes have 
been demonstrated by a wide variety of biochemical approaches 

 1. Introduction  
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including deoxyribonuclease I (DNase I) and chemical nucle-
ase footprinting  (1–  3)  ( see  Chapters “DNase I Footprinting,” 
“Hydroxyl Radical Footprinting of Protein-DNA Complexes,” 
“The Use of Diethyl Pyrocarbonate (DEPC) and Potassium 
Permanganate as Probes for Strand Separation and Structural 
Distortions in DNA,” and “Uranyl Photofootprinting”), meth-
ylation protection  (4)  ( see  Chapter “Identification of Protein/
DNA Contacts with Dimethyl Sulfate: Methylation Protection 
and Methylation Interference”), electrophoretic mobility shift 
 (5,   6)  ( see  Chapter “Electrophoretic Mobility Shift Assays for 
the Analysis of DNA-Protein Interactions”), and Southwestern 
(SW) assays  (7)  ( see  Chapter “Identification of Sequence-Specific 
DNA-Binding Proteins by Southwestern Blotting”). Despite 
their broad applicability, these techniques provide only partial 
information about the DNA-protein system under investigation. 
The first three techniques identify either the site(s) of transcrip-
tion factor binding within the DNA (size and location of nucle-
otide stretches or atoms on individual bases) or the complexity 
of the binding pattern (stoichiometry), but do not yield informa-
tion about the protein(s) involved. On the other hand, the SW 
assay reveals the relative molecular mass of renatureable (on a 
membrane support) active species in heterogeneous protein mix-
tures facilitating their identification, but fails to localize the exact 
target element within the probing DNA sequence. 

 Combining SW and DNase I (but also chemical nuclease and 
methylation protection,  see below ) footprinting methodologies 
has the dual potential for accurately determining the size of indi-
vidual DNA-binding transcription factors and precisely mapping 
their cognate binding sites  (8)  ( Fig.  1   ) . In addition to allowing 
the detection of only fractional binding (footprints in solution 
can be obtained only when the binding site[s] is almost com-
pletely occupied), coupling in situ DNase I footprinting with the 
SW technique offers the advantage of both resolving the protein 
component and mapping the binding site of complexes formed 
by either different factors recognizing an identical sequence 
within the DNA probe or by two factors interacting in a nonco-
operative manner with adjacent but distinct sequences. However, 
this is dependent on the factor being able to bind to DNA as 
a monomer or a homodimer. If the active form is not a single 
species (i.e., a heterodimeric or heteromeric complex is required 
to reconstitute the binding activity), specific DNA binding will 
not be detected and the procedure will not be applicable. The 
most critical stage of the coupled assay lies within its first part, 
namely the SW procedure, and concerns the ability of a transcrip-
tion factor to efficiently renature into its active form (at least in 
terms of DNA-binding capacity) on the membrane. Many tran-
scription factors are composed of domains with distinct structural 
conformations, which aids the process of renaturation. However, 
since the protein surface immobilized on the membrane poses an 
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  Fig. 1.    Rationale in a combined SW – DNase I footprinting procedure. The “ hammer ”- shaped  extensions from the DNA-binding 
protein indicate immobilization on the blotting membrane. The  black - filled sphere  indicates the end label in one strand of the 
DNA footprint probe.  MW  denotes the molecular size of the membrane-blotted DNA-binding protein (estimated by comparing 
the position of the active membrane area to the mobilities of coelectroblotted protein MW standards).  Arrows mark  representa-
tive sites of DNase I attack. ( a ) DNase I digestion pattern of free (in solution) probe; (b) DNase I digestion pattern of protein-
complexed (membrane-bound) probe       .

impediment on the refolding process, the likelihood of successful 
renaturation increases with increased size of the DNA-binding 
transcription factor(s) under study. As a result of the increased 
kinetic stability of a membrane-immobilized DNA-protein com-
plex (reversible binding to even low-affinity proteins is enhanced 
because excess unbound DNA has been washed out and hence 
is not present to compete), reaction parameters such as the size 
of the DNA probe, the concentration of DNase I, and digestion 
time are no longer determined by the dissociation rate of the 
complex, a normal limitation on DNase I protection assays per-
formed in solution.  

 The fidelity of the combined analytical assay is demonstrated 
in  Fig.  2  . Evidently, the structural and functional properties of 
DNA are not altered by entrapment on the blotting membrane 
surface (i.e., the probe exhibits identical pr otection pattern and 
sequence-dependent reactivity with DNase I as it does in solu-
tion). Therefore, this coupled assay provides a fast and reliable 
method which will allow the user who has identified specific reg-
ulatory regions in the gene of interest to begin characterizing in 
detail the transcription factor(s) that bind to them in a certain 
cellular milieu.  

 Modifications of the presented DNase I protection analysis on 
SW blotting membranes (in situ) substitute the enzymatic probe 
for either the chemical nuclease 1,10-phenanthroline-copper ion 
(OP-Cu)  (9)  or dimethyl sulfate (DMS)  (10) . Both protocols 
have the additional advantage of providing information on the 
nature (i.e., specific -protected versus nonspecific – unprotected) 
of several membrane-immobilized DNA-protein species often 
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observed in an SW assay. The molecular and functional properties 
of DNase I (i.e., its relatively large size, mode of target searching 
and binding to cleave, and requirement for Mg 2+  (which often 
stabilizes both specific and nonspecific complexes)) highly reduce 
its potential to detect these differences. In addition, these meth-
odologies are useful in rapidly confirming the binding specificity 
of a protein isolated by screening a cDNA expression library with 
recognition-site DNA.  

 

      1.    Sodium dodecyl sulfate (SDS; 20%; w/v): Dissolve 100 g of 
SDS (Sigma-Aldrich) in distilled, deionized water to a 0.5 L final 
volume; heat at 68R°C to assist dissolution (do not autoclave). 
Store at room temperature in a clear bottle. A respirator or dust 
mask should be worn when handling powdered SDS.  

 2. Materials  

 2.1. SW Blotting 

 2.1.1. Solutions 

  Fig. 2 .   ( a ) Schematic outline of the manipulations involved in the combined SW – DNase I footprinting procedure. In the 
example presented, a crude lysate of bacterial cells overexpressing the proto-oncoprotein c-Jun (a component of the 
transcription factor AP-1) was subjected to a quantitative SW assay utilizing as probe a 134-bp DNA restriction fragment 
(5 ¢ -end labeled in the coding strand) encompassing the AP-1-binding sequence of the human collagenase promoter 
[5 ¢ (-72)TGAGTCA3 ¢ (-66)]. ( b ) DNase I footprinting reactions of the same fragment in solution performed with increasing 
amounts ( lanes 2–4 ) of the c-Jun preparation ( lane 1 , free DNA probe). The footprinted region ( solid bar ) includes in both 
cases ~14 bases centered around the AP-1-binding motif  (20).        
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   2.    Lower (separating) gel buffer (4R× stock): 1.5 M Tris–HCl 
of pH 8.8, 0.4% (w/v) SDS. Filter through a 0.22- m m mem-
brane filter. Store at 4R°C.  

   3.    Upper (stacking) gel buffer (4R× stock): 0.5 M Tris–HCl of 
pH 6.8, 0.4% (w/v) SDS. Filter through a 0.22- m m mem-
brane filter. Store at 4R°C.  

   4.    Acrylamide/ bis -acrylamide gel mixture: 30% (w/v) acryla-
mide, 0.8% (w/v)  N,N R ¢ -methylene- bis -acrylamide (Bio-
Rad, Richmond, CA). Filter through a 0.22- m m membrane 
filter. Store at 4R°C in the dark. Powdered acrylamide and 
 N,N R ¢ -methylene- bis -acrylamide are potent neurotoxins and 
are absorbed through the skin. Their effects are cumulative. 
Wear gloves and a facemask when weighing these substances 
and when handling solutions containing them (work in a 
chemical fume hood). Although polyacrylamide is considered 
to be nontoxic, it should be handled with care because of the 
possibility that it might contain small quantities of unpolym-
erized acrylamide.  

   5.    Ammonium persulfate (10%; w/v): Dissolve (by vigorous 
vortexing) 1 g of ammonium persulfate (Bio-Rad) in 10 mL 
of distilled, deionized water. Filter through a 0.22- m m mem-
brane filter. Store at 4R°C; make fresh weekly. Ammonium 
persulfate is extremely destructive to tissue of the mucous 
membranes and upper respiratory tract, eyes, and skin. Inha-
lation may be fatal. Exposure can cause gastrointestinal distur-
bances and dermatitis. Wear gloves, safety glasses, respirator, 
and other protective clothing and work in a chemical fume 
hood. Wash hands thoroughly after handling.  

   6.    SDS-polyacrylamide gel electrophoresis (PAGE) running 
buffer (10R× stock): 0.25 M Tris base (Sigma-Aldrich), 1.92 
M glycine (Sigma-Aldrich). It is not necessary to adjust the 
pH. The proportions of Tris base and glycine give pH 8.3. 
Store at room temperature in a large vessel (carboy). Dilute to 
1R× with distilled, deionized water; then add SDS to a final 
concentration of 0.1% (w/v).  

   7.    SDS-PAGE sample buffer (4R× stock): 0.5 M Tris–HCl of pH 
6.8, 8% (w/v) SDS, 40% (v/v) glycerol (Sigma-Aldrich), 0.4% 
(w/v) bromophenol blue (Sigma-Aldrich). Store in aliquots at 
−20R°C. Before use, make a working solution of SDS-PAGE 
sample buffer by diluting the 4R× stock buffer and adding 
2-mercaptoethanol (Sigma-Aldrich) to a final concentration 
of 5% (v/v) ( see   Note 1   ). 2-mercaptoethanol is harmful if 
inhaled or absorbed through the skin. High concentrations 
are extremely destructive to the mucous membranes, upper 
respiratory tract, skin, and eyes. Use only in a chemical fume 
hood. Gloves, safety glasses, and respirator should be worn.  
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    8.    Western transfer buffer: 50 mM Tris base, 380 mM glycine, 
0.1% (w/v) SDS, 20% (v/v) methanol ( see   Note  2  ). There 
is no need to adjust the pH of this buffer by the addition of 
acid or alkali. Store at room temperature in a large vessel.  

    9.    Dithiothreitol (stock): Prepare a stock solution of 0.5 M 
dithiothreitol (Sigma-Aldrich) in distilled, deionized water 
and store in aliquots at −20R°C. ( see  earlier safety Note for 
2-mercaptoethanol ).  

   10.    Phenylmethylsulfonyl fluoride (PMSF; stock): Prepare a 100-
mM stock solution of PMSF in absolute ethanol and store in 
aliquots at −20R°C. PMSF is extremely destructive to the 
mucous membranes of the respiratory tract, the eyes, and 
the skin. It may be fatal if inhaled, swallowed, or absorbed 
through the skin. It is a highly toxic cholinesterase inhibitor. 
Therefore it should be used in a chemical fume hood and 
gloves and safety glasses should be worn during handling.  

   11.    1 M KCl.  
   12.    0.5 M MgCl 2 .  
   13.    SW blocking/renaturation buffer: 3% (w/v) nonfat dried 

milk (or 5% (w/v) lipid-free BSA;  see  Note  3a ), 25 mM 
HEPES.KOH of pH 7.5, 50 mM KCl, 6.25 mM MgCl 2 , 1 
mM dithiothreitol (freshly added from the 0.5 M stock solu-
tion immediately before use), 10% (v/v) glycerol, 0.1% (v/v) 
Nonidet P-40 (IGEPAL CA630, Sigma-Aldrich), 0.2 mM 
PMSF (freshly added from the 100 mM stock solution just 
prior to use). Store at 4R°C. Prepare also some SW block-
ing/renaturation buffer minus dried milk (or BSA).  

   14.    Polyvinyl alcohol (stock): Prepare a 10% (w/v) stock solution 
of polyvinyl alcohol (Sigma-Aldrich P8136; average MW = 
10,000) in distilled, deionized water and store at −20R°C.  

   15.    SW binding/washing buffer: 12.5 mM HEPES.KOH of pH 
7.5, 50 mM KCl, 6.25 mM MgCl 2 , 0.5 mM dithiothreitol 
(freshly added from the 0.5 M stock solution immediately 
before use), 2% (w/v) polyvinyl alcohol, 10% (v/v) glycerol, 
0.05% (v/v) Nonidet P-40, 0.2 mM PMSF (freshly added 
from the 100 mM stock solution just prior to use). Store at 
4R°C ( see   Note  4b  ).  

   16.    Phenol/chloroform/isoamyl alcohol (25:24:1; v/v): Mix 
just prior to use 25 vol. of phenol with 24 vol. of chloro-
form and 1 vol. of isoamyl alcohol. Phenol is highly corrosive 
and can cause severe burns. Any areas of skin that come in 
contact with phenol should be rinsed with a large volume of 
water or PEG 400 (Sigma-Aldrich) and washed with soap 
and water ( do not use ethanol! ). Chloroform is irritating to 
the skin, eyes, mucous membranes, and respiratory tract. It 
is also a carcinogen and may damage the liver and kidneys. 
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Wear gloves, protective clothing, safety glasses, and respira-
tor when handling these substances and carry out all manip-
ulations in a chemical fume hood.  

   17.    Chloroform/isoamyl alcohol (24:1; v/v): Mix 24 vol. of 
chloroform with 1 vol. of isoamyl alcohol. This organic mix-
ture can be stored at room temperature in dark (brown) bot-
tles indefinitely.  

   18.    Nonspecific competitor DNA (stock solution): Dissolve 
salmon/herring sperm or calf thymus DNA in distilled water, 
deproteinize it by sequential phenol/chloroform/isoamyl 
alcohol (25:24:1; v/v) and chloroform/isoamylalcohol (24:1; 
v/v) extractions, sonicate to reduce the mean DNA length to 
100–200 bp, precipitate the DNA with ethanol, then resus-
pend it at 1 mg/mL in distilled, deionized water.      

      1.     N,N,N R ¢  ,N R ¢ -tetramethylethylenediamine (TEMED; Bio-
Rad). TEMED is extremely destructive to tissue of the 
mucous membranes and upper respiratory tract, eyes, and 
skin. Inhalation may be fatal. Prolonged contact can cause 
severe irritation or burns. Wear gloves, safety glasses, respi-
rator, and other protective clothing and work in a chemical 
fume hood (TEMED is also flammable!). Wash hands thor-
oughly after handling.  

    2.    Protein extract of interest (e.g., whole cell-free extract, crude 
nuclear extract, or partially purified extract), as concentrated 
as possible.  

    3.    Prestained nonradioactive MW standards (Bio-Rad), or 
[ 14 C]-methylated protein MW markers (Amersham Bio-
sciences).  

    4.    Nonfat dried milk powder (e.g., Cadbury’s Marvel or Carna-
tion), or fatty acid-free BSA (fraction V).  

    5.    Phenol: redistilled (under nitrogen) phenol equilibrated with 
100 mM Tris–HCl of pH 8.0, 1 mM EDTA in the presence 
of 0.1% (w/v) 8-hydroxyquinoline. Phenol can be stored at 
4R°C in dark (brown) bottles for up to 2 months. See rel-
evant safety Note in  Subheading 2.1.1   .  

    6.    Absolute ethanol.  
    7.    Salmon/herring sperm or calf thymus DNA (Sigma-Aldrich 

or other supplier).  
    8.    Singly  32 P end-labeled DNA probe bearing the binding site(s) 

of interest ( see   Note  5  ). All necessary precautions should be 
observed to minimize exposure to ionizing radiation during 
labeling and isolation of the probe; work behind protective 
screens whenever possible.  

 2.1.2. Reagents/Special 
Equipment 
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    9.    Radioactive ink: Mix a small amount of  32 P with waterproof 
black drawing ink, to a concentration of ~200 cps (on a 
Geiger counter) per μL   .  

   10.    0.22- m m membrane filters (Millipore, Bedford, MA).  
   11.    Mini-slab gel electrophoresis apparatus, giving 0.5–1.0-mm 

thick mini-gels (e.g., Bio-Rad Mini Protean system), and 
accompanying equipment.  

   12.    High current (2–3 A) power supply (e.g., Bio-Rad or Hoefer, 
San Francisco, CA) and electroblotting apparatus for West-
ern transfer (e.g., Bio-Rad Trans-Blot); additional equip-
ment for Western transfer  (11) .  

   13.    Nitrocellulose (NC) membrane: suitable membranes com-
prising unsupported or supported nitrocellulose are avail-
able from a number of manufacturers, such as Schleicher & 
Schuell (BA85, 0.45  m m), Millipore (Immobilon-NC), and 
Amersham Biosciences (Hybond-C or -C extra).  

   14.    Plastic trays.  
   15.    Forceps.  
   16.    Plasticwrap such as cling film or Saran Wrap.  
   17.    X-ray film (e.g., Kodak X-Omat AR, Rochester, NY).  
   18.    Additional equipment: Protective gloves/glasses/respira-

tor; 4R°C shaking air incubator; sonicator; 25R°C shaking 
air incubator; Geiger counter; Kimwipes; all equipment for 
autoradiography.       

       1.    Eppendorf tube siliconization solution: 2% (v/v) dimeth-
yldichlorosilane in  1,1,1- trichloroethane. Eppendorf tubes 
should be silanized by briefly immersing the opened tubes in 
a beaker containing this solution, pouring off excess solution, 
and allowing the tubes to dry in air at room temperature. 
Dimethyldichlorosilane is particularly toxic. Gloves, safety 
glasses, respirator, and other protective clothing should be 
worn when handling it and should only be used in a chemi-
cal fume hood.  

    2.     Items 1 ,  12  and  15 – 17  of  Subheading 2.1.1   .  
    3.    DNase I (stock solution): Dissolve DNase I in 50% glycerol 

(in distilled, deionized water) to a concentration of 2.5 mg/
mL. Store frozen in 10- m L aliquots at −20R°C or −70R°C. 
This stock is stable indefinitely.  

    4.    1 M CaCl 2 .  
    5.    DNase I reaction buffer: 10 mM MgCl 2 , 5 mM CaCl 2 . Store 

at room temperature.  
    6.    DNase-STOP solution A: 20 mM HEPES.KOH of pH 7.5, 

20 mM EDTA, 0.5% (w/v) SDS. Store at 4R°C.  

 2.2. Exposure of SW 
Blots to DNase I 
Treatment 

 2.2.1. Solutions 
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    7.    5 M NaCl.  
    8.    DNase-STOP solution B: 60 mM HEPES.KOH of pH 7.5, 

0.6 M NaCl, 60 mM EDTA, 1.5% (w/v) SDS. Store at 4R°C.  
    9.    Proteinase K (stock solution): Dissolve Proteinase K in TE 

(10 mM Tris–HCl of pH 7.4, 1 mM EDTA) to a concentra-
tion of 2.5 mg/mL. Store in aliquots at −20R°C.  

   10.    Probe elution buffer: 20 mM HEPES.KOH of pH 7.5, 
0.3 M NaCl, 3 mM EDTA, 0.2% (w/v) SDS, 50  m g/mL 
Proteinase K.  

   11.    Glycogen (stock solution): Prepare a stock solution of 10 
mg/mL glycogen (Sigma-Aldrich G0885) in distilled, deion-
ized water and store in aliquots at −20R°C; glycogen is used 
as a carrier to promote the precipitation of nucleic acids.  

   12.    Ice-cold 80% (v/v) ethanol.  
   13.    Formamide loading buffer: 90% (v/v) deionized forma-

mide, 0.5R× TBE ( see later ), 0.025% (w/v) xylene cyanol FF 
(Sigma-Aldrich), 0.025% (w/v) bromophenol blue. Store at 
−20R°C after filtering. Formamide is a teratogen; take all 
safety precautions to avoid contact during manipulations 
involving this reagent.  

   14.    TBE buffer (5R× stock): 445 mM Tris base, 445 mM 
borate, 12.5 mM EDTA. Dissolve (under stirring for at least 
1 h) 272.5 g of ultrapure Tris base, 139.1 g of boric acid, 
and 23.3 g of EDTA.(Na 2 ) dihydrate in 4.5 L of distilled, 
deionized water. Make up to a final volume of 5 L. It is not 
necessary to adjust the pH of the resulting solution which 
should be around 8.3. Store at room temperature in a large 
vessel. This stock solution is stable for many months, but it 
is susceptible to the formation of a precipitate and should be 
inspected visually from time to time.  

   15.    Fixing solution: 10% (v/v) acetic acid, 10% (v/v) methanol.      

      1.    DNase I (DPFF grade; Worthington, Freehold, NJ).  
    2.    Proteinase K.  
    3.    Absolute ethanol (at −20R°C).  
    4.    Single-edged disposable razor blades.  
    5.    Forceps.  
    6.    Siliconized 0.5-mL Eppendorf microcentrifuge tubes.  
    7.    Siliconized 1.5-mL Eppendorf microcentrifuge tubes.  
    8.    Drawn-out Pasteur pipets.  
    9.    Whatman (Clifton, NJ) 3MM paper.  
   10.     Items 16  and  17  in  Subheading  2.1.2  .  

 2.2.2. Reagents/Special 
Equipment 
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   11.    Intensifying screen and film adapted for sensitive  32 P autora-
diogroaphy.  

   12.    Additional equipment: beaker; sharp-tip pencil; wet ice; 
scintillation vials/counter; vortexer; electronic timer; micro-
centrifuge (Eppendorf or equivalent); vortexing shaker set 
at 37R°C; Geiger counter; SpeedVac concentrator (Savant, 
Hicksville, NY); thermostatted heating block at 95R°C; plas-
tic tank at gel dimensions (for gel fixing); vacuum gel dryer; 
all equipment for autoradiography.        

 

  The SW protocol involves four steps: electrophoretic separation 
of proteins by SDS-PAGE, electroblotting of the gel-fraction-
ated proteins onto nitrocellulose (NC) membrane, probing of 
the blocked blot with the desired DNA probe, and detection of 
bound DNA by autoradiography of the washed, wet membrane.
    1.    Prepare and load the sample(s) and protein MW markers 

onto a standard SDS-polyacrylamide gel  (11,   12)  and elec-
trophorese at an appropriate voltage until the bromophenol 
blue dye reaches the bottom of the gel. An 8–10% polyacry-
lamide-separating gel is capable to resolve throughout most 
of the known DNA-binding transcription factor size-range. 
Since the strength of the final signal obtained by the SW 
technique is proportional to the quantity of protein electro-
phoresed on the gel, best results are obtained by running the 
maximum amount of extract that does not overload the gel. 
For typical 0.5–1 mm thick protein mini-gels, this is usu-
ally 30–150  m g of whole cell-free, crude nuclear, or partially 
purified extract protein per lane ( see   Note 1   ).  

    2.    Remove the electrophoresed gel from the glass plates. Assem-
ble a Western blot sandwich, place it in the electrophoresis 
tank containing an appropriate volume of Western transfer 
buffer, and electroblot the proteins in the electrophoresed 
gel onto an NC membrane according to standard Western 
blotting protocols  (11,   13) . Bear in mind that the best pro-
tein transfer is usually achieved by longer transfer times (i.e., 
30 V [40 mA] overnight at 4R°C) ( see   Note  2  ).  

    3.    When transfer is complete, gently peel the NC membrane off 
the gel, place it in a plastic tray, and gently wash for 10 min 
with 20–30 mL of SW blocking/renaturation buffer omit-
ting dried milk (or BSA).  

 3. Methods  

 3.1. SW blotting 
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   4.    Decant the solution and replace it with a sufficiently large 
volume of SW blocking/renaturation buffer to completely 
immerse the membrane (usually 30–50 mL).  

   5.    Incubate overnight at 4R°C with gentle rocking or shaking to 
block nonspecific binding sites on the membrane and to allow 
renaturation of the filter-immobilized proteins ( see   Note 3   ).  

   6.    Using forceps, transfer the membrane to a fresh plastic tray 
and gently wash for 5 min with 20–30 mL of SW binding/
washing buffer. The membrane can be stored in this buffer 
at 4R°C for up to 1 day before incubation with the DNA 
probe.  

   7.    Immerse the membrane (using forceps) in a fresh plastic tray 
containing a radioactive probe mixture consisting of:    
  •  SW binding/washing buffer ( see   Note  4  ).  
 •  5–10  m g (specific activity ~10 7  c.p.m./ m g) of an asymmetri-

cally [ 32 P]-labeled DNA fragment bearing the recognition 
site(s) for the sequence-specific DNA-binding factor(s) of 
interest ( see   Note 5   ).  

 •  20  m g/mL nonspecific competitor DNA ( see   Note 6   ).   
    To make the probe concentration as high as possible, the 

volume of SW binding/washing buffer should be the mini-
mum needed to cover the membrane fully (smallest vol-
umes are achieved if the membrane is sealed in a plastic 
bag).  Work behind perspex or glass shields!    

  °  Incubate for 2–4 h at room temperature with gentle rocking 
or shaking. Longer incubation times at a lower temperature 
may result in a better signal from a poorly binding factor.  

 °  Carefully remove the radioactive probe mixture and dispose of 
it safely ( work behind perspex or glass shields! ).  

 °  Using forceps, transfer the membrane to a plastic tray and 
wash for 10 min with 100 mL of SW binding/washing buffer 
on a platform shaker (room temperature).  

 °  Repeat  step 10  two to three times or until the radioactive level 
of the membrane no longer falls appreciably between washes 
(this can be monitored by a Geiger counter) ( see   Note 7   ).  

°   Place the wet NC sheet between two layers of tightly drawn 
cling film. With a pad of Kimwipes, push out any trapped air 
bubbles under the cling film.  

 °  Expose to X-ray film at 4R°C to locate regions of radioactive 
signal (protein[s]-bound probe). Exposure times of 1–3 h are 
usually sufficient to detect the radioactive species on the mem-
brane. ( see   Note 8   ).     
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 The in situ footprinting reaction is done in four stages: localiza-
tion and excision of the areas on the NC sheet corresponding 
to protein-bound probe, partial digestion of the individual strip-
associated and control (free in solution) DNAs with DNase I, 
extraction of the protein-bound DNA from the strip immobilized 
protein-DNA complex, and analysis of the free and complexed 
DNA digestion products on a DNA-sequencing gel.
    1.    Following autoradiography, align the NC sheet with the 

autoradiogram ( see   Note 8   ), mark with a sharp-tip pencil 
the precise position of radioactive signal(s) (this will per-
mit determination of the relative molecular weight of the 
detected DNA-binding factor[s]), and cut the strip(s) cor-
responding to radioactive signal(s) with a clean, sharp razor 
blade.  

    2.    Using forceps, uncover the strip from the cling film and 
immediately transfer it into a siliconized 0.5-mL Eppendorf 
tube containing 200  m L of SW binding/washing buffer.  

    3.    Allow the strip to equilibrate for 15 min on ice. Meanwhile, 
thaw an aliquot of the 2.5 mg/mL DNase I stock solution.  

    4.    Bring the tube to room temperature, place it in a scintillation 
vial, and determine c.p.m. of probe retained on the strip by 
Cerenkov counting.  

    5.    Transfer an equal amount of radioactivity of free probe to 
a separate, siliconized 0.5-mL Eppendorf tube containing 
200  m L of SW binding/washing buffer, and subject it to 
the same manipulation as its membrane-associated counter-
part ( step 3 ).  

    6.    Prepare an appropriate dilution of DNase I in ice-cold dis-
tilled, deionized water. Mix thoroughly by inversion and 
gentle vortexing.  

    7.    Add to both samples 200  m L of DNase I reaction buffer and 
mix by flicking. Let the tubes stand for 1 min at room tem-
perature. It is not necessary to close the caps on the tubes 
until addition of the DNase-STOP solutions ( step 10 ).  

    8.    Add dilute DNase I to a final concentration of 25 ng/mL 
and quickly distribute by flicking. It is helpful -especially 
when footprinting several strips- to have all necessary items 
(pipets, buffers, timer, DNase I) in close proximity. The 
smoother this procedure goes, the better (and more repro-
ducible!) your footprint(s) will be.  

    9.    Incubate for 1 min at room temperature ( see   Note 9   ). As 
with solution footprinting protocols, the exposure time for 
the free DNA control reaction can be titrated to achieve 
the cutting intensity profile of the membrane-bound form. 
Nevertheless, we have found (employing probes of various 

3.2. Exposure of SW 
Blots to DNase I 
Treatment
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lengths) that the combination of digestion time and DNase I 
concentration generates sufficient cleavage for a good signal-
to-noise ratio.  

   10.    Following treatment, remove the strip (with forceps) from 
the tube and rapidly immerse it in 500  m L of ice-cold DNase-
STOP solution A. Leave on ice for 2 min ( do not vortex! ). 
Terminate the control reaction (free probe) by adding 200 
 m L of ice-cold DNase-STOP solution B; vortex thoroughly, 
spin briefly, transfer into a siliconized 1.5-mL Eppendorf 
tube, and proceed directly to  step 15 .  

   11.    Place the strip (using forceps) in a siliconized 0.5-mL Eppen-
dorf tube containing 200  m L of probe elution buffer. Spin 
briefly in a microcentrifuge to submerge the entire strip.  

   12.    Incubate the tube on a vortexing shaker at 37°C for 2 h.  
   13.    Add 100  m L of distilled, deionized water and vortex the tube 

vigorously (2 min).  
   14.    Microcentrifuge for 2 min to pellet the NC strip, and transfer 

the supernatant into a siliconized 1.5-mL Eppendorf tube. A 
Geiger counter can be used to monitor efficient recovery of 
radioactivity; typically, >90% of the membrane-bound probe 
is released by this process.  

   15.    Extract once with phenol/chloroform/isoamyl alcohol 
(25:24:1; v/v) and once with chloroform/isoamyl alcohol 
(24:1; v/v). In both cases, mix by vortexing (for 10 s) and 
spin for 5 min.  

   16.    Transfer the aqueous (top) layer to a fresh siliconized 1.5-mL 
Eppendorf tube. Precipitate the DNA with cold (−20°C) 
ethanol in the presence of 10 mM MgCl 2  (added from the 
0.5 M stock solution; MgCl 2  aids in the recovery of small 
DNA fragments) and 10  m g carrier glycogen; mix by inver-
sion, spin at 12,000 R×  g  for 15 min.  

   17.    Remove and discard the supernatant with a drawn-out Pas-
teur pipet, being careful not to aspirate the DNA (the bot-
tom of the tube can be held to a Geiger counter to check 
that the DNA pellet remains). Add 800  m L of ice-cold 80% 
ethanol and rinse the pellet by gently rolling the microcen-
trifuge tube. Respin for 3 min.  

   18.    Remove and discard the supernatant using a drawn-out Pas-
teur pipet, taking extreme care not to disturb the tiny, whit-
ish pellet or the area of the tube where the pellet should be 
located (the DNA pellet frequently adheres only loosely to 
the walls of the tube). Dry the pellet in a SpeedVac rotary 
concentrator. Do not allow the drying procedure to con-
tinue long past the point of dryness because the sample may 
be difficult to resuspend.  
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   19.    Dissolve the pellet in 6–8  m L of formamide loading buffer; 
pipet the loading buffer onto the upper, inside surface of tube 
and tap the tube to drop the droplet onto the DNA pellet. 
Vortex briefly at high speed for ~15 s and microcentrifuge 
for 30 s to collect all of the solution to the bottom of the tube.  

   20.    Transfer to fresh siliconized 1.5-mL Eppendorf tubes and 
determine the total radioactivity recovered by Cerenkov 
counting each sample for 1 min in a scintillation counter.  

   21.    Heat samples to 95°C for 3 min to denature DNA and 
immediately chill in wet ice.  

   22.    Spin briefly to bring the liquid to the bottom of the tubes. 
Samples can be electrophoresed immediately or stored at 
−70°C for no more than 24 h after footprinting.  

   23.    Load 1,500–2,000 cpm of each DNA digestion product 
(adjust volumes accordingly if necessary; it is essential that 
a consistent volume of sample be loaded on each lane) onto 
a pre-electrophoresed, 5–10% denaturing urea (sequencing) 
gel ( see   Notes 9b    and  10a ). Electrophorese in 1R× TBE 
buffer at 60–70 W constant power (for a 34 R× 40 cm, 0.4 
mm-thick gel) until the marker dye fronts have migrated the 
appropriate distance in order to visualize the DNA region 
of interest  (11) . To determine the location of the transcrip-
tion factor-binding site(s), the DNase I digests are elec-
trophoresed alongside a Maxam-Gilbert G+ A sequencing 
ladder prepared from the end-labeled footprint probe  (14) . 
See Chapter “Footprinting DNA–Protein Interactions in 
Native Polyacrylamide Gels by Chemical Nucleolytic Activ-
ity of 1,10-Phenanthroline-Copper” for a fast protocol for 
preparing such a ladder.  

   24.    Disassemble gel apparatus, carefully lift off one glass plate, 
and soak the gel (still on the second glass plate) in fixing 
solution for 15 min ( see   Note 10b   ).  

   25.    Drain briefly, overlay the gel with two sheets of 3-MM paper, 
and carefully peel it off the glass plate. Cover the gel sur-
face with plasticwrap and dry under vacuum at 80°C for 
approximately 1 h.  

   26.    Expose the dry gel to X-ray film overnight at −70°C with 
an intensifying screen (a piece of paper placed between the 
gel and the film will prevent spurious exposure of the film 
due to static electricity). Several different exposures may be 
required to obtain suitable band densities.  

   27.    Compare lanes corresponding to free and protein-bound 
DNAs to identify the region(s) of protection; the region(s) 
of the DNA fragment that is bound by the factor appears as 
a blank stretch (footprint) in the otherwise continuous back-
ground of digestion products.      
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     1.    The diversity of properties characteristic of DNA-binding 
transcription factors imposes an empirical determination of 
the conditions under which the sample(s) is prepared for 
SDS-PAGE. In some cases the reducing agent (2-mercap-
toethanol) should be omitted from the sample buffer and 
in others the SDS concentration should be lowered to 0.5%. 
Furthermore, some DNA-binding proteins may not with-
stand the sample boiling before loading on the gel.  

    2.    The presence of methanol in the Western transfer buffer may 
cause a problem during the electrophoretic transfer of some 
bulky DNA-binding proteins (gel shrinkage reduces pore size).  

    3. a.     The commercially available nonfat dried milk preparations 
from various suppliers contain large amounts of protein 
kinase/phosphatase activities; these activities can poten-
tially interfere with binding of the DNA probe to tran-
scription factors whose DNA-binding capacity is known 
-or suspected- to be subject to regulation by inducible 
phosphorylation/dephosphorylation events. If this is 
the case, substitute nonfat dried milk in the SW block-
ing/renaturation buffer for the recommended grade of 
lipid-free BSA; this particular grade contains only trace 
amounts of the aforementioned activities and should be 
preferred as blocking agent  (15,   16) . Moreover, the use 
of lipid-free BSA results in an even background through-
out and enhances the specific signal-to-noise ratio in the 
DNA-probing step  (17) .  

    b.    By manipulating the conditions for renaturation of the 
membrane-immobilized proteins (e.g., by incorporating 
a cycle of protein denaturation and renaturation  (16) ), 
the method may be extended to the analysis of proteins 
resolved in two-dimensional gels  (18) . This offers a power-
ful and convenient means for studying cell cycle/type/
stimulus-dependent DNA-transcription factor interactions 
and their regulatory roles in gene activity.  

    4. a.     Inclusion of PVA (a molecular crowding agent [volume 
excluder]) in the buffer decreases the amount of small 
ions/water available for hydration of any probe dissociated 
from the immobilized protein matrix and renders the 
aqueous environment unfavorable for the unbound DNA. 
Consequently, the effective concentration of the probe is 
increased and interactions with low binding constants are 
stabilized.  

    b.    It may be important in some cases to supplement 
this buffer with ZnSO 4  (Aldrich, Milwaukee, WI; final 

4. Notes
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concentration 10  m M) if the transcription factor(s) under 
study is known -or suspected- to contain a zinc-finger 
domain(s).  

    5. a.     The DNA chosen for probing the protein blot can be a 
 cis -acting regulatory (promoter/enhancer) DNA restric-
tion fragment in the size range of 125–250 bp, with the 
putative transcription factor-binding sites located no less 
than 20–25 bp from the labeled end. This is to ensure 
that the region of DNA to be investigated for the pres-
ence of footprints is capable of being accurately resolved 
on a sequencing gel.  

    b.    A prerequisite for the subsequent DNase I footprinting 
analysis is the use of a DNA probe that has been labeled on 
only one strand of the DNA duplex. The labeling of only 
one strand of a promoter/enhancer restriction fragment 
can be achieved in a number of ways, such as using T4 
polynucleotide kinase and [ g - 32 P] ATP (5 ¢ -end labeling), 
the large (Klenow) fragment of  E. coli  DNA polymerase 
I and [ a - 32 P] dNTPs (3 ¢ -end labeling [“filling out”]), or 
the polymerase chain reaction (PCR) amplification  (19) . 
Preparation of radiolabeled DNA employing any of these 
methodologies requires about 8 h. A combination of 5 ¢ - 
and 3 ¢ -end labeled DNA probes allows both strands to 
be analyzed side by side from the same end of the DNA 
duplex.  

    c.    For optimal sensitivity in the SW procedure, the probe 
should be of as high a specific activity as possible and 
highly purified. The latter can be assured by using a 
nucleic acid-specific, ion-exchange column, previously 
the Elutip TM -d (Schleicher & Schuell) or the NACS pre-
pac cartridge (BRL, Gaithersburg, MD) were used  (11) . 
It is recommended not to store the pure, labeled DNA 
probe longer than 2–4 days, because the radiation creates 
nicks in the DNA which will appear as additional bands in 
the sequencing gel.  

    6.    Synthetic alternate copolymers, such as poly[dI-dC]. 
poly[dI-dC] or poly[dA-dT]. poly[dA-dT], at similar final 
concentrations may be more suitable competitors for some 
DNA-binding transcription factors.  

    7.    Longer washing times at room temperature are detrimental 
due to dissociation of the bound probe, but longer wash-
ing times with cold (4R°C) SW binding/washing buffer can 
reduce background without significant signal loss. To reduce 
possible low-specificity DNA-protein complexes, the final 
wash can be performed in cold SW binding/washing buffer 
with higher salt concentration (i.e., 100–200 mM KCl).  
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    8.    If prestained nonradioactive protein MW standards have 
been used, the edges of the plasticwrap should be marked 
with pieces of tape labeled with radioactive (or fluorescent) 
ink (let the ink dots dry completely before exposing to X-ray 
film!). These marks allow the autoradiogram to be aligned 
with the protein size markers on the NC sheet ( Subhead-
ing 3.2   ,  step 1 ), facilitating calculations on the relative 
molecular weight of the specific DNA-bound protein species 
(obtained radioactive signal[s]). If [ 14 C]-methylated protein 
MW markers have been used, their position will be apparent 
on the X-ray film without the need to use the radioactive (or 
fluorescent) ink procedure.  

    9. a.     Although longer digestion times do not enhance back-
ground cutting -uncomplexed DNA is minimized- they 
may lead to substantial deviations from the required “sin-
gle-hit kinetics” (i.e., on average, each DNA molecule is 
nicked at most once; this corresponds to nicking approxi-
mately 30–50% of the DNA molecules).  

    b.    Intense bands due to uncleaved, full-length probe should 
be visible at the top of each lane in the DNA-sequencing 
gel. This aids in determining whether single-hit kinetics 
are operative and whether equal amounts of total radioac-
tivity are loaded in each lane.  

   10 . a.     If the DNA probe is relatively long (i.e., >175 bp) and mul-
tiple transcription factor-binding sites are to be resolved, a 
gradient or wedge-sequencing gel can be used.  

    b.    Wedge-shaped gels must be soaked in fixing solution, 
followed by 5% glycerol for 10 min prior to drying.         
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      Chapter 15

  Use of a Reporter Gene Assay in Yeast for Genetic Analysis 
of DNA–Protein Interactions        

     David R.   Setzer   ,    Deborah B.   Schulman   ,    Cathy V.   Gunther   , 
and    Michael J.   Bumbulis          

  Summary  

We describe methods for the genetic analysis of a DNA–protein interaction from any species. The DNA-
binding domain of the protein of interest is expressed in yeast cells as a fusion with a known transcrip-
tional activation domain, and the target binding site is used as an artificial upstream activation sequence 
(UAS) in an engineered promoter driving expression of a reporter gene, such as  b -galactosidase. Expres-
sion of the reporter gene is dependent upon specific, high-affinity interaction between the DNA-binding 
domain of the artificial activator and the synthetic UAS. Error-prone PCR is used to introduce mutations 
into either member of this interacting pair, and homologous recombination is used to return the muta-
genized sequences to their proper sequence contexts in vivo. Altered expression of the reporter gene is 
then used as a screen or selection for mutations conferring the desired phenotype, such as reductions or 
increases in the stability of the DNA–protein complex. Following identification of the relevant muta-
tions, the mutant protein or binding site can be subjected to further analyses to confirm the expected 
biochemical basis of the selected phenotype. This approach has been used extensively in the analysis of 
the TFIIIA-5S rRNA gene interaction from both  Xenopus laevis  and  Schizosaccharomyces pombe .  

  Key words:   DNA binding ,  Transcription factors ,  Error-prone PCR ,  Homologous   recombination , 
 Genetic analysis ,  TFIIIA ,  5S RNA ,  One hybrid ,  Yeast.    

 Understanding the underlying structural and physicochemical 
basis for the recognition of specific DNA sequences by regulatory 
proteins is a goal of modern biochemical genetics. A general 
method for the rapid identification of mutant molecules altered 
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in the affinity and/or specificity of such interactions could be 
a powerful tool in achieving this goal. Conventional genetic 
approaches for obtaining and analyzing interesting mutant forms 
of specific DNA-binding proteins are often infeasible because of 
the genetic intractability of the species being studied or as a result 
of difficulties in identifying relevant and specific phenotypes 
associated with alterations in the interaction under investigation. 
High-resolution genetic analysis of DNA–protein interactions 
is particularly problematic in multicellular eukaryotes. We have 
devised an approach which makes use of the modularity in 
structure and function of eukaryotic transcription factors  (1) , the 
power of the polymerase chain reaction (PCR) to generate specific 
DNA fragments with defined levels of mutagenesis in vitro  (2,   3) , 
and the recombinogenic potential of  S. cerevisiae   (2,   4)  to carry 
out a high-resolution genetic analysis of the sequence-specific 
DNA-binding properties of  Xenopus  Transcription Factor IIIA 
(TFIIIA)  (5) . We have also applied similar methods to the analysis 
of TFIIIA from  Schizosaccharomyces pombe . Our approach is a 
variation on yeast “one-hybrid” methods and should applicable 
to the study of many DNA–protein interactions. 

 In its simplest form, the method we describe here involves the 
construction and introduction of two plasmids into an appropri-
ate yeast strain ( Fig. 1   ). The first, called the reporter plasmid, 
places the  E. coli   b -galactosidase gene under control of the core 
promoter of the  S. cerevisiae  iso-1-cytochrome c ( CYC1 ) gene, 
but the upstream activator sequence (UAS) normally required 
for expression from the  CYC1  promoter has been deleted and 
replaced by a DNA fragment containing the cognate recognition 
site for the DNA-binding protein to be analyzed. The low levels 
of  b -galactosidase that are expressed from this plasmid in vivo 
result in strains that are white on X-gal indicator plates. In the 
second plasmid, the expression construct, the sequence encoding 
the VP16 activation domain from herpes  simplex domain  is fused 
in-frame to a sequence encoding the DNA-binding domain of 
the protein of interest. Expression of the DNA-binding domain-
VP16 fusion protein is under control of the constitutive glyc-
eraldehyde-3-phosphate dehydrogenase (GPD) promoter of 
 S. cerevisiae . The reporter and expression plasmids carry differ-
ent selectable markers ( URA3  and  TRP1 , for example) so that 
both can be selected and maintained in an appropriate yeast 
strain (ura3 - trp1 - , for example). When both plasmids are intro-
duced into a single yeast cell, and if the DNA-binding domain 
of the protein of interest binds with sufficiently high affinity and 
specificity to its recognition site in the reporter construct, dis-
play of the VP16 activation domain in the vicinity of the core 
 CYC1  promoter will activate transcription of the  b -galactosidase 
reporter gene. On X-gal indicator plates, such a strain will be 

1.1. Outline of the 
Approach
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blue. Thus, this blue phenotype can be used as a marker for high-
affinity interaction of the DNA-binding domain of interest with 
its recognition sequence. Mutations in either the DNA-binding 
protein or the DNA sequence to which it binds may adversely 
affect binding, resulting in white or light blue colonies, or may 
increase the stability of binding, resulting in dark blue colonies 
( see   Notes  1 – 5  ).  

 We generate randomly mutated sequences encoding either 
the protein of interest or its cognate recognition site using error-
prone PCR in vitro. Introduction of these mutated sequences 
into their appropriate contexts in either the expression or reporter 
plasmids is achieved with technical ease via homologous recombi-
nation in vivo following transformation ( Fig. 2   ). Unusually long 
oligonucleotide primers are used for error-prone PCR (about 
60–70 nucleotides, but  see   Note 7   ). The 3 ¢  portion of these primers 

  Fig. 1 .   Schematic representation of generic expression and reporter plasmids derived 
from pG1 and pDSS, respectively. Only the plasmid components functional in yeast cells 
are shown; the plasmids also contain colE1 origins and  b -lactamase genes for replica-
tion and selection in  E. coli        .
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anneals to a template plasmid at sites flanking the sequence to be 
mutagenized. The primers also contain 5 ¢  sequences identical to 
those that flank the ends of a linear version of the plasmid con-
struct into which the mutated sequences are to be introduced. 
Error-prone PCR is used to synthesize a population of mutant 
DNA fragments containing the sequence of interest flanked by 
the sequences defined by the long amplification primers. In paral-
lel, the plasmid into which the mutagenized PCR product is to be 
inserted is linearized or gapped by digestion at one or two sites, 
respectively, such that the unique ends of the PCR product cor-
respond to sequences near the ends of the linear or gapped plas-
mid. When cotransformed into competent yeast cells, the linear 
plasmid and mutant PCR products undergo homologous recom-
bination in vivo to produce a circular plasmid product in which 
the mutagenized fragment is integrated into the target plasmid 
at or between the restriction sites used in linearization/gap-
ping. Successful recombination events can be clonally selected on 
appropriate media using the marker gene ( URA3  or  TRP1 , for 
example) on the target plasmid. If the yeast strain used for trans-
formation already contains the second plasmid component of 
the system, then resulting colonies containing both reporter and 
expression plasmids can be selected and screened subsequently by 
replica plating on indicator plates to identify mutants resulting in 
altered phenotypes (white, light blue, or dark blue). After further 

  Fig. 2 .   Error-prone PCR in vitro and homologous recombination in vivo to mutagenize 
the DNA-binding protein of interest and introduce the mutagenized fragment into the 
expression vector. The  asterisk  represents a mutation introduced during error-prone 
PCR. In the example shown here, the substrate used for error-prone PCR is the expres-
sion plasmid itself, derived in this case from pG1, and the entire DNA-binding protein is 
subjected to mutagenesis. It is also possible to target only a portion of the DNA-binding 
protein for mutagenesis or to use a different plasmid as a substrate for PCR, provided 
the expression plasmid and amplification primers are appropriately designed       .
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tests to ensure authenticity of the mutant phenotype and that the 
mutant protein or DNA sequence is likely to be of interest, the 
mutant plasmid is recovered in  E. coli  and the mutation identified 
by DNA sequence analysis. If desired, the mutant DNA–protein 
interaction can be subjected to detailed biochemical or further 
genetic analysis.  

    1.     S. cerevisiae  strain BJ2168  (6)  or other haploid strain with 
appropriate genotype (stable mutant alleles of genes used as 
selectable markers in expression and reporter plasmids) ( see  
 Note 1   ).  

   2.    pDSS  (7)  or other plasmid to be used as parent for reporter 
plasmid construction ( see   Note 2   ).  

   3.    pG1  (7)  or other plasmid to be used as parent for expression 
plasmid construction ( see   Note  3 ) .  

   4.    pSJT-1193-CRF1  (8)  or other source of DNA encoding the 
VP16 activation domain ( see   Note 4   ).  

   5.    Source of DNA encoding the DNA-binding protein or DNA-
binding domain of interest.  

   6.    Source of DNA that includes the recognition sequence for the 
DNA-binding protein or DNA-binding domain of interest.  

   7.    Complete medium (C) agar plates lacking appropriate nutri-
ents to permit selection of yeast strains containing reporter 
and expression plasmids. These will include C -uracil, C -tryp-
tophan, and C -uracil -tryptophan for systems making use of 
derivatives of pΔSS and pG1. Procedures for preparation of 
liquid C medium and C agar are described by Rose et al.  (9) . 
Our specific procedures are ( see   Note 6   ):
   a.    Dissolve the following in 1 L water: 20 g dextrose, 20 g 

Bacto-agar, 1.7 g yeast nitrogen base without amino acids 
and without ammonium sulfate, 5 g ammonium sulfate, and 
0.5 g amino acid mixture ( see   item 7b ). Autoclave to steri-
lize and use to pour approximately forty 100-mm plates.  

   b.    The amino acid mixture used to prepare C agar plates 
contains 0.2 g arginine, 0.2 g histidine, 0.5 g lysine, 0.4 g 
methionine, 0.2 g phenylalanine, 0.4 g tryptophan, 2.0 g 
threonine, 0.4 g tyrosine, 0.5 g serine, 0.2 g adenine, and 
0.1 g uracil. For selective plates, the appropriate combina-
tion of nutrients (uracil and tryptophan, e.g., to select for 
plasmids containing  URA3  and  TRP1  markers) should be 
omitted from the mixture.      

2. Materials

2.1. Initial Design and 
Testing of the System



224 Setzer et al.

   8.    SSX agar plates lacking appropriate nutrients as described in  item 
7 , but also containing 40  m g/mL X-gal, prepared as follows:
   a.    Dissolve the following in 900 mL water: 1.7 g yeast nitro-

gen base without amino acids and without ammonium 
sulfate, 5 g ammonium sulfate, 20 g dextrose, 14 g agar, 
0.5 g appropriate amino acid mixture ( see   item 7b   ). Auto-
clave to sterilize.  

   b.    Cool to 48° and add aseptically: 1 mL 40 mg/mL X-gal 
prepared in  N,N -dimethylformamide, 100 mL 10× phos-
phate buffer ( see     item 8c  ).  

   c.    10× phosphate buffer is prepared by mixing in 1 L water 
the following: 136.1 g KH 2 PO 4  (1 M), 19.8 g (NH 4 ) 2 SO 4  
(0.15 M), and 42.1 g KOH (0.75 N). Adjust the pH to 
7.0 and autoclave to sterilize.      

   9.    Standard reagents and methods for subcloning DNA frag-
ments into plasmids.     

    1.    Plasmid(s) or other source(s) of DNA containing the sequence 
encoding the protein of interest and/or the DNA sequence 
recognized by the protein of interest.  

   2.    Oligonucleotide primers that contain, at their 5 ¢  ends, approx-
imately 50 nucleotides of sequence identity to the site imme-
diately adjacent to the end of the linear plasmid into which 
the PCR product is to be inserted. The 3 ¢  15–20 nucleotides 
of these primers should have sequence identity with the parts 
of the template plasmid that define the DNA sequence to be 
amplified and mutagenized ( see   Fig.  2   and  Note 7   ).  

   3.     Taq  DNA polymerase.  
   4.    Stock solutions of 100 mM MgCl 2  and 100 mM MnCl 2.   
   5.    10× stock solution of  Taq  PCR buffer, lacking MgCl 2 : 100 

mM Tris-HCl    of pH 9.0, 500 mM KCl, 1% Triton X-100 
(Promega).  

   6.    Individual stock solutions of dATP, dGTP, dCTP, and dTTP, 
each at a concentration of 10 mM. In addition, individual stock 
solutions of the same, each at a concentration of 2 mM.  

   7.    Thermal cycler.     

    1.     S. cerevisiae  strain BJ2168 or other appropriate strain ( see  
 Note  1  ).  

   2.    If the DNA-binding protein is to be mutagenized, BJ2168 
containing the reporter plasmid, and BJ2168 containing the 
parent of the reporter plasmid (pΔSS, for example).  

   3.    If the DNA recognition site is to be mutagenized, BJ2168 
containing the expression plasmid and BJ2168 containing the 
parent of the expression plasmid (pG1, for example).  

2.2. Error-Prone PCR

2.3. Yeast Transforma-
tion and Homologous 
Recombination



 Genetic Analysis of DNA-Protein Interactions 225

    4.    Linearized or gapped plasmid to be used as the target for 
integration of the PCR-generated DNA fragment.  

    5.    Crude or purified product of the error-prone PCR.  
    6.    C agar plates lacking the relevant nutrients for selection and 

maintenance of both reporter and expression plasmids (uracil 
and tryptophan for pΔSS- and pG1-derived plasmids).  

    7.    Sterile stock solution of 100 mM lithium acetate, 1 mM 
EDTA, 10 mM Tris–Cl of pH 8.0.  

    8.    Sonicated salmon sperm DNA of about 10,000 bp aver-
age length, denatured by heating to 100°C for 5 min at 
a concentration of about 5–10 mg/mL. Commercially 
available salmon sperm DNA should be extracted with 
phenol:chloroform and precipitated prior to use.  

    9.    60% (w/v) Polyethylene glycol (PEG) (average molecular 
weight of 3,350 Da). To prepare this solution, autoclave 3 g 
solid PEG in a sealable tube. The PEG will melt during steri-
lization and then solidify at room temperature. Many sterile 
PEG aliquots can be prepared simultaneously. On the day of 
use, add 2.7 mL sterile solution from  step 7  to one of these 
aliquots, heat to 65°, and mix vigorously to dissolve (final 
concentration of PEG is 60% in a volume of about 5 mL; 
adjust the volume to a final of 5 mL by adding additional 
solution from  step 7 , if necessary). This quantity of solution 
is sufficient for approximately 25 transformations.  

   10.    YEPD medium: per liter of water, add 10 g Bacto-yeast 
extract, 20 g Bacto-peptone, and 20 g glucose.     

     1.    SSX agar plates lacking both uracil and tryptophan, and con-
taining 40  m g/mL X-gal.  

    2.    Liquid C-trp or C-ura medium for selection of only one of 
the two plasmids in BJ2168.  

    3.    C agar plates lacking uracil and tryptophan individually, as 
well as plates lacking both.  

    4.    Standard  E. coli  strain for plasmid transformation, propaga-
tion, and isolation, along with reagents for distinguishing 
reporter and expression plasmids by restriction endonuclease 
analysis.  

    5.    2% (w/v) sodium dodecyl sulfate (SDS).  
    6.    Acid-washed glass beads (0.45 mm diameter) from Sigma 

prepared by washing overnight in 3N HCl and then rins-
ing repeatedly in water. Prewashed beads are also available 
(Sigma-Aldrich G8772).  

    7.    Reagents for protein concentration determination using the 
BCA method (Pierce)  (18) .  

2.4. Screening for 
Mutants
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   8.    If possible, antibodies to the DNA-binding protein of interest 
and/or the activation domain used in the construction of the 
expression plasmid; reagents for Western blotting.     

    1.    Z buffer for determination of  b -galactosidase activity: 60 mM 
Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 40 
mM  b -mercaptoethanol, with a final pH of 7.0.  

   2.    Other reagents for determination of  b -galactosidase activity: 
0.2% sarkosyl in Z buffer; 4 mg/mL O-nitrophenol- b -D-
galactoside (ONPG) prepared in Z buffer; 1 M Na 2 CO 3.   

   3.    Reagents for DNA sequence determination.     

 Details of the construction of appropriate reporter and expres-
sion constructs will depend upon the specific features of the plas-
mids and clones to be used. It is therefore impossible to describe 
a step-by-step protocol for use in every case, but standard recom-
binant DNA methods should suffice for preparation of the desired 
plasmids. We will briefly outline the steps necessary for construc-
tion and testing of reporter and expression constructs prepared in 
pΔSS and pG1, respectively. 

 A DNA fragment containing one or more copies of the DNA 
sequence recognized by the protein of interest must be subcloned 
upstream of the  CYC1  core promoter in pDSS. The only unique 
restriction site in pΔSS that is suitable for insertion of such a frag-
ment is an Xho I site. A DNA fragment with Xho I-compatible 
ends and containing one or more copies of the relevant DNA 
sequence should be subcloned into the Xho I site of pΔSS. Most 
typically, this fragment would be either a restriction fragment 
from another plasmid or a PCR product digested to produce 
Xho I-compatible ends. It is possible, and probably desirable, to 
obtain pΔSS derivatives with single or multiple inserts of the DNA 
sequence of interest in either orientation. The number and orien-
tation of insert fragments must be diagnosed by some means, typ-
ically including restriction endonuclease mapping using enzymes 
that cut asymmetrically within the insert fragment to determine 
orientation, PCR with primers flanking the insert site to deter-
mine number of inserts, or DNA sequence analysis to determine 
orientation, or the number of inserts if the insert fragment is 
not too long. An alternative to subcloning the insert fragment 
into the Xho I site of pΔSS is to use homologous recombination 
as described in  Subheading 3.3    to integrate a PCR-generated 

2.5. Analysis of 
Mutants

3. Methods

3.1. Initial Design and 
Testing of the System

3.1.1. Construction of the 
Reporter Plasmid
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DNA fragment into Xho I-digested pΔSS. In this case, the PCR 
fragment should be produced under high-fidelity conditions; 
even so, the inserted fragment should be sequenced in the result-
ing plasmid to ensure that no mutations were introduced during 
amplification. If homologous recombination is used to generate 
the reporter plasmid, judicious choice of sequences in the long 
primers used for PCR can be used to regenerate either or both 
of the Xho I sites at the end of the insert, or even to introduce 
novel restriction endonuclease recognition elements. This may 
facilitate the introduction of multiple copies of the DNA-binding 
site into pDSS. 

 One or more DNA fragments encoding an in-frame fusion of the 
DNA-binding protein of interest and a transcriptional activation 
domain must be introduced into pG1 downstream of the GPD 
promoter. The unique Sal I site in pG1 is probably the most con-
venient site for doing this. Fusion of the DNA-binding protein 
of interest and the VP16 activation domain can be done directly 
in pG1 or, perhaps more conveniently, in a smaller, simpler plas-
mid vector and then subcloned as a unit into pG1. Subsequent 
mutagenesis ( Subheading 3.2   ) can be more directly targeted to 
the DNA-binding protein rather than to the activation domain if 
a unique restriction site (more precisely, one that does not occur 
elsewhere in the plasmid outside of the sequence encoding the 
DNA-binding protein) can be engineered at the junction of the 
DNA-binding protein and the activation domain. It is also impor-
tant to note that some DNA-binding proteins, particularly tran-
scriptional activator proteins acting through the RNA polymerase 
II core machinery, may contain endogenous transcriptional acti-
vation domains that will function in  S. cerevisiae ; in that event, 
transcriptional activity in the absence of the VP16 activation 
domain may be observed. The existence of an intrinsic activa-
tion domain in the protein of interest might obviate the need to 
prepare a fusion construct, but one must be careful in the sub-
sequent analysis to distinguish mutations affecting DNA binding 
from those affecting transcriptional activation directly. The VP16 
activation domain coding sequence followed by a polyadenyla-
tion signal from the  herpes simplex  thymidine kinase gene can be 
excised on a Kpn I-Hind III fragment of approximately 760 bp 
from the plasmid pSJT-1193-CRF1  (8) . At the Kpn I cleavage 
site, the reading frame for fusion to VP16 is XXG-GTA-CCX, 
but other plasmids in which the VP16 reading frame is shifted 
relative to the Kpn I cleavage site have also been constructed  (8) . 
The Kpn I-Hind III fragment from this family of constructs is 
suitable for preparing a fusion protein in which the VP16 domain 
is at the C-terminus. Depending upon what is known about the 
polarity of DNA binding by the protein of interest, this may or 
may not be desirable. Construction of N-terminal fusions may 

3.1.2. Construction of the 
Expression Plasmid
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be preferable in some cases ( see   Note 8   ); these can be made by 
taking advantage of one of a number of vectors intended for 
the construction of libraries for use in two-hybrid screens, e.g., 
pACT-II, pGAD-GH, and pB42-AD from Clontech. One must 
be cautious in the choice of vector, however ( see   Note 3   ). In the 
case of  Xenopus  TFIIIA binding to the  Xenopus  5S rRNA gene, 
some of these vectors (including pGAD10) result in very low 
levels of protein expression and no detectable transcription acti-
vation. pGAD10 makes use of the alcohol deydrogenase (ADH) 
promoter to drive protein expression, and we have experienced 
similar difficulties with the ADH promoter in other, but not all, 
plasmid contexts. Also, see  Note 4    concerning choice of activa-
tion domains vis-a-vis sensitivity of the genetic assay. 

 For each reporter plasmid constructed and the parent vector 
(pDSS, as a control), two strains derived from BJ2168 should 
be prepared, one containing the expression plasmid in addition 
to the reporter, and another containing the parent plasmid from 
which the expression plasmid was derived (pG1), in combination 
with the reporter. The different selectable markers on these two 
plasmids (URA3 and TRP1) allow their simultaneous mainte-
nance in BJ2168 (ura3 − trp1 − ) by selecting for growth in medium 
lacking uracil and tryptophan. The requisite strains should be con-
structed by sequentially transforming BJ2168 with the reporter 
and expression plasmids. Methods for transformation of BJ2168 
(or other yeast strains) are described in detail in  Subheading 
 3.3  . One need only adjust the protocol to reflect the nutritional 
requirements of the strain being transformed and the selectable 
marker on the plasmid being introduced. Thus, the doubly trans-
formed strain would be selected on C -ura -trp plates. 

 Colonies of strains containing both reporter and expression 
plasmids can be replica plated, spotted, or streaked onto SSX -ura 
-trp plates containing 40  m g/mL X-gal. Colony color is assessed 
at an empirically determined time after robust colony growth 
has occurred. For analysis of the  Xenopus  TFIIIA-5S rRNA gene 
interaction, this was done typically after 2–3 days of growth at 30° 
and an additional 2–3 days at room temperature. For the system 
to be exploited successfully, one must be able to distinguish 
reproducibly the color of strains containing both the expression 
and reporter plasmids from that of all the other control strains 
(lacking either expression of the fusion protein containing the 
DNA-binding domain(s) of interest or the cognate recognition 
site in the reporter construct, or both). If this is not the case, 
it may be possible to correct the problem by manipulation of 
parameters as described in  Note 5   . Of course, it is also possible 
that the particular interaction being studied will not be amenable 
to analysis with this method; among other reasons, this could 
result from a low-affinity/specificity interaction, or from the 

3.1.3. In Vivo Assay of the 
Reporter and Expression 
Constructs
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existence of endogenous yeast factors that interact with the binding 
site introduced into the reporter plasmid, resulting in high levels 
of transcriptional activity in the absence of the interaction being 
targeted for study. 

 The DNA-binding protein or its recognition site can be subjected 
to random mutagenesis using error-prone PCR. In the following 
protocol, we assume that the DNA-binding protein is targeted 
for mutagenesis, but the procedure can be adapted readily for 
mutagenesis of the recognition site.
   1.    Set up a 50- m L polymerase chain reaction mixture containing 

10–50 ng of plasmid DNA containing the sequence encod-
ing the region to be mutagenized. This can be the expression 
plasmid itself ( see   Note 9   ) or another plasmid containing the 
sequence of interest. In addition, add 5  m L 10× PCR buffer 
lacking MgCl 2 , long amplification primers ( see   Subheading 
2.2   ,  Fig. 2   , and  Note 7     ) to a final concentration of 0.3- m M 
each, three deoxynucleoside triphosphates to a final concen-
tration of 1-mM each, the fourth deoxynucleoside triphos-
phate to a final concentration of 0.2 mM, MgCl 2  to a final 
concentration of 3 mM, MnCl 2  to a final concentration of 
0.05 mM, and 1 U  Taq  DNA polymerase ( see   Note 10   ).  

   2.    Amplify using a thermal cycler for 25 cycles, with each cycle 
being 94° for 1 min, 42° for 2 min, and 72° for 1 min. After 
25 cycles, use a final extension step of 72° for 7 min ( see  
 Note 10   ).  

   3.    Use the crude or purified PCR product in a yeast transforma-
tion with linearized/gapped target plasmid as described later.     

    1.    Prepare a stock of linearized or gapped target plasmid by 
digesting to completion with one or two restriction endonu-
cleases that result in ends corresponding to the site at which 
integration of the mutagenized DNA fragment is to occur. As 
an example, with an expression plasmid derived from pG1, 
this might be a double digest with Sal I and an enzyme recog-
nizing the fusion junction between the DNA-binding protein 
and the VP16 activation domain ( see   Note 11   ). A stock of this 
gapped plasmid can be prepared in 10 mM Tris–Cl of pH 8.0, 
1 mM EDTA at a concentration of 10–100 ng/ m L and stored 
at −20°.  

   2.    Prepare competent yeast cells:
   a.    Grow a 50-mL culture of the yeast strain containing the 

reporter plasmid (if mutations in the DNA-binding pro-
tein are to be analyzed) or expression plasmid (if muta-
tions in the DNA recognition site are to be analyzed) 
overnight at 30 o  until the OD 600  = 0.5–1.0.  

3.2. Error-Prone PCR

3.3. Yeast 
Transformation and 
Homologous 
Recombination
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   b.    Pellet the yeast cells by spinning for 5 min in a clinical 
centrifuge (1,000 ×  g ) at room temperature.  

   c.    Resuspend the cells in 10 mL 100 mM lithium acetate, 
1 mM EDTA, 10 mM Tris–Cl of pH 8.0. Pellet again as 
in  step 2b .  

   d.    Resuspend again in 10 mL 100 mM lithium acetate, 
1 mM EDTA, 10 mM Tris–Cl of pH 8.0.  

   e.    Incubate at 30° for 30 min and pellet again as in 
 step 2b .  

   f.    Resuspend in 500  m L 100 mM lithium acetate, 1 mM 
EDTA, 10 mM Tris–Cl of pH 8.0. Place on ice until 
used for transformation.      

    3.    Combine 50  m L competent yeast cells with 40  m L of the 
error-prone PCR mixture ( Subheading 3.2   ) or purified 
PCR product ( see   Notes 12    and  13 ), 25  m g sonicated, dena-
tured salmon sperm DNA, and 100 ng gapped plasmid ( see  
 Notes 11    and  12 ). The final volume should be 100  m L.  

    4.    Incubate at 30° for 30 min without agitation.  
    5.    Add 0.2 mL 60% PEG (3,350 mol wt) in 100 mM lithium 

acetate, 1 mM EDTA, 10 mM Tris–Cl of pH 8.0 and incu-
bate further at 30° for 60 min.  

    6.    Incubate at 42° for 15 min.  
    7.    Centrifuge for 1 min at room temperature in a microcentri-

fuge at 14,000 rpm (16,000 ×  g ).  
    8.    Remove the supernatant and resuspend in 100  m L sterile 

water.  
    9.    Plate half of the resuspended transformed cells on each of 

two C agar plates lacking the appropriate nutrients for 
selection of both expression and reporter plasmids (e.g., 
C -ura -trp).  

   10.    Incubate at 30° for 2–3 days, until robust colony growth is 
obtained.     

     1.    Initial screen.
   a.    Replica plate the colonies obtained in  step 10  of  Sub-

heading 3.3    onto selective SSX agar plates (e.g., SSX 
-ura -trp) containing 40  m g/mL X-gal.  

   b.    Place replica plates at 30° for 2–3 days and then at room 
temperature for an additional 2–3 days.  

   c.    Identify potentially interesting mutants by color. These 
could include light-blue, white, or dark-blue colonies; 
in each case, the color should differ from that exhibited 
by colonies containing wild-type versions of both the 
expression and reporter plasmids.      

3.4. Screening for 
Mutants
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    2.    Pick candidates for further study from the initial selective 
plates and respot on selective C agar plates. Grow for about 
2 days at 30°. Replica plate onto indicator media and score 
colony color again after growth as in  step 1 . If the pheno-
type is consistent with that seen initially, proceed to  step 3 .  

    3.    Enrich for cells containing only the mutagenized plasmid.
   a.    Pick one or more colonies with an interesting pheno-

type from selective C agar plates without X-gal indicator. 
Grow in 2 mL liquid C -trp medium (if the expression 
plasmid has been mutagenized; grow in C -ura medium 
if the reporter plasmid has been mutagenized) overnight 
at 30°.  

   b.    Prepare a 1:200 dilution of this overnight culture in liq-
uid medium and plate 10  m L of this diluted culture on 
a C -trp plate (assuming throughout that the expression 
plasmid has been mutagenized).  

   c.    After 3 days of growth at 30°, replica plate onto C -ura 
-trp as well as onto C -trp.  

   d.    Grow overnight at 30° and compare the colonies that 
grew on the two replica plates. Choose several that grew 
on C -trp but not on C -ura -trp. These are likely to have 
lost the reporter plasmid but not the expression plasmid. 
Use these to inoculate 3-mL liquid cultures of C -trp 
and grow overnight at 30°.      

    4.    Isolate the mutated plasmid.
   a.    From a 3-mL overnight culture, pellet yeast cells in a 

1.5-mL microcentrifuge tube. Do two sequential spins 
with 1.5-mL each for 1-min each.  

   b.    Resuspend the cell pellet in 200  m L breaking buffer: 10 
mM Tris–HCl    of pH 8.0, 100 mM NaCl, 1 mM EDTA, 
2% Triton X-100, 1% SDS.  

   c.    Add 0.3 g glass beads and 200  m L phenol: chloroform: 
isoamyl alcohol (25:24:1).  

   d.    Mix vigorously for ~10–20 min.  
   e.    Spin 5 min in a microcentrifuge.  
   f.    Remove aqueous phase (upper) and extract it again with 

200  m L chloroform.  
   g.    Spin 5 min in microcentrifuge.  
   h.    Recover aqueous phase (upper) and allow to gas off in a 

fume hood for 10 min or more.  
   i.    Precipitate by adding 1  m L of 20  m g/ m L glycogen, NaCl 

to a final concentration of 0.2 M, and 2 volumes of etha-
nol. Cool in dry ice. Pellet by spinning 10 min at top 
speed in a microcentrifuge.  
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   j.    Rinse the pellet with 70% ethanol. Spin again in a micro-
centrifuge for 5 min to pellet.  

   k.    Dry under vacuum.  
   l.    Redissolve in 50–100  m L 10 mM Tris of pH 8.0. The 

pellet may be relatively large, colored yellow/brown, 
and somewhat difficult to dissolve.  

   m.    Store at −20°.      
    5.    Use ~5  m L of the isolated plasmid to transform  E. coli . Pick 

individual colonies and perform standard plasmid minipreps. 
Analyze the plasmids thus obtained using appropriate restric-
tion digests to ensure that the plasmid isolated is the muta-
genized plasmid (e.g., the expression plasmid) and not the 
other plasmid component of the system (e.g., the reporter 
plasmid).  

    6.    Analyze isolated plasmids by retransformation.
   a.    Use the purified plasmid to retransform the appropri-

ate yeast strain (already containing the reporter plasmid) 
and obtain colonies on selective C -ura -trp plates of cells 
with both reporter and expression plasmids.  

   b.    Analyze transformants by replica plating onto indicator 
plates as described in  step 1 . If the phenotype observed 
is consistent with that seen initially, then one can con-
clude that the phenotype is plasmid dependent. If the 
expression plasmid was mutagenized and it is the DNA-
binding protein that is under analysis, continue with  step 
7 . If, instead, the reporter plasmid was mutagenized and 
is being studied, one can move directly to  Subheading 
3.5   .      

    7.    Western blot screen to ensure the expressed fusion protein is 
full length and expressed at normal levels.
   a.    Inoculate 30 mL of C -ura -trp medium with a mutant 

strain and grow overnight at 30°.  
   b.    Pellet the cells in a clinical centrifuge at (1,000 ×  g ) for 5 

min. Resuspend the pellet in 1 mL of 2% SDS.  
   c.    Add 1 g glass beads and vortex vigorously for 15 min.  
   d.    Transfer the mixture to another tube and spin in a micro-

centrifuge at top speed (16,000 ×  g ) for 15 s. Transfer 
the supernatant to another tube.  

   e.    Determine protein concentration in the extract using the 
BCA method (reagents from Pierce)  (18)  with bovine 
serum albumin as the standard.  

   f.    Using standard Western blot methods, analyze 20  m g 
total protein from each mutant and compare to equiva-
lent amounts of protein from a control strain expressing 
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wild-type DNA-binding protein as well as a second, neg-
ative control strain containing the parent plasmid from 
which the expression construct was derived, but which 
lacks coding sequence for the DNA-binding protein. 
The primary antibody used in the Western blot should 
be specific for the DNA-binding protein of interest; if 
such antibodies are unavailable, it may be possible to 
obtain, from commercial sources, antibodies to the acti-
vation domain used in the fusion. The point of the West-
ern blot exercise is to exclude from further consideration 
those mutants whose steady-state level of expression is 
different from that of wild-type protein or which are 
truncated as a result of chain-termination or frame-shift 
mutations. Some truncation mutants may be interest-
ing, but recall that the activation domain will be com-
pletely absent from truncated proteins if the activation 
domain was fused to the C-terminus of the DNA-binding 
protein. We have found that a substantial fraction of 
potential loss-of-function mutants (white phenotype) 
of TFIIIA are truncation mutants, and a Western blot 
screen was important in removing them from further, 
more laborious analysis  (5) .         

 We have found that relative DNA-binding affinities (but  see   
Note 5   ) of various mutant forms of TFIIIA can be predicted 
with reasonable precision from measurements of  b -galactosidase 
activity in vivo in yeast reporter strains expressing the mutant 
protein fused to the activation domain of VP16. Whether this will 
prove to be generally true remains to be seen, but  b -galactosidase 
activities can be readily measured using standard methods and 
may prove informative.
    1.    Inoculate liquid C -ura -trp medium with the yeast strain 

to be analyzed. In addition, prepare a similar culture of a 
control strain containing the same reporter plasmid but 
with the parent vector (pG1, for example) of the expression 
construct, rather than the expression construct itself. This 
control will permit determination of  b -galactosidase activ-
ity in the absence of the DNA–protein interaction of inter-
est. Grow the cultures overnight at 30° until the OD 600  = 
0.3–1.0.  

    2.    Pellet cells from 4 mL culture by spinning at 1,000 ×  g  for 
5 min. Resuspend in 4 mL Z buffer. Pellet again, and resus-
pend in 4 mL fresh Z buffer.  

    3.    Remove a 1-mL aliquot and determine the optical density at 
600 nm.  

    4.    In a 1.5-mL microcentrifuge tube, add 200  m L of the cell 
suspension to 400  m L Z buffer containing 0.2% sarkosyl. As a 

3.5. Analysis of 
Mutants

3.5.1. Quantitative 
Determination of 
b-Galactosidase Activity
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“blank,” add 200  m L Z buffer to 400  m L Z buffer containing 
0.2% sarkosyl.  

    5.    Incubate at 30° for 30 min to equilibrate temperature before 
adding substrate.  

    6.    Add 150  m L ONPG at a concentration of 4 mg/mL in Z 
buffer. Mix briefly and note the start time. Incubate at 30° 
until a yellow color becomes apparent. Depending on the 
strain, this could take a few seconds or more than an hour.  

    7.    Add 400  m L Na 2 CO 3  and note the elapsed time since ONPG 
was added.  

    8.    Transfer the reaction mixture to a microcentrifuge tube and 
spin at 16,000 × g    for 10 s.  

    9.    Measure the absorbance at 420 nm of the supernatant from 
 step 8  relative to that of the control processed in parallel.  

   10.    Calculate the number of units of  b -galactosidase activity 
according to the following formula:  

  

(absorbance at 420 nm 1,000)
(assay duration in min) (culture volume analyzed in mL)

(OD600 of culture)

×
×
×     

   11.    Normalize the final  b -galactosidase activity relative to that of 
the negative control culture ( see   Note 14   ).     

 Ultimately, one must determine the sequence of the mutant DNA-
binding protein or recognition site in the expression or reporter 
plasmid, respectively. The details of the sequencing strategy to 
be used will depend upon the specific system under analysis and 
the technology available to the investigator. We do recommend 
that the complete set of screens described in  Subheading 3.4    be 
completed prior to sequence analysis, since the latter is typically 
laborious, expensive, or both. 

 Until correlations between in vivo phenotypes and DNA-binding 
affinity and/or specificity can be verified in a particular system, 
the approach described here can be applied best as a method for 
generating interesting mutants that can be subjected to further 
biochemical analysis. In most cases, this will require expression 
and purification of the mutant DNA-binding protein under anal-
ysis, preferably without fusion to the artificial activation domain. 
Again, the details of how this can be done will depend upon the 
specific interaction being studied. We recommend, however, that 
the necessity of further sequence manipulation, including sub-
cloning into other plasmid vectors, be taken into account in the 
initial design and construction of the yeast expression vector. 

3.5.2. Sequence 
Determination

3.5.3. Biochemical 
Analysis of Mutants
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     1.    The genotype of strain BJ2168 is reported to be  MATa ura3–
52 trp1 leu2 pep4–3 prc1–407 prb1–1122 gal2   (6) . A variety 
of alternative strains should also be suitable for use. The only 
relevant genotypes for the approach used here pertain to the 
nutritional markers used for plasmid selection. If  HIS3  were 
to be used as a reporter, then it would also be important that 
the parent strain be  his3   -   or that the chromosomal  HIS3  locus 
be placed under control of the hybrid promoter being used 
in the analysis. Clearly, the mutant chromosomal alleles of 
the nutritional markers should be stable and not give rise to 
revertants at measurable frequencies. BJ2168 also contains 
mutations in three vacuolar proteases (the  PEP4 ,  PRC1 , and 
 PRB1  genes), but it is unlikely that these are relevant to the 
approach described here. In fact, we have made use of other 
strains that presumably contain wild-type alleles at these loci 
without detectably altering the results obtained using the 
 Xenopus  TFIIIA/5S rRNA gene interaction.  

    2.    A variety of reporter gene constructs probably can be used 
successfully. Plasmid-based reporters could be constructed 
using various parent plasmids containing different selectable 
markers, and alternative reporter genes might also be chosen. 
In addition, the use of a chromosomally integrated reporter 
gene is possible; in fact, we have successfully used  HIS3  as 
a chromosomal reporter gene in this fashion to study the 
 Xenopus  TFIIIA-5S rRNA gene interaction. Advantages of 
 b -galactosidase as a reporter include the fact that it permits a 
range of phenotypes to be scored and that its activity is easily 
quantified with a simple spectrophotometric assay.  HIS3 , on 
the other hand, is probably much more sensitive, permit-
ting detection of weaker DNA–protein interactions or use of 
a single-copy reporter gene when  b -galactosidase reporters 
on multicopy plasmids may be required. It also allows selec-
tion of rare gain-of-function mutants that might occur at 
such a low frequency that identifying them would be difficult 
or impossible using a screening protocol like that required 
with  b -galactosidase as a reporter. While  HIS3  expression 
does not provide a wide dynamic range of phenotypes in a 
single-plate assay, this limitation can be overcome partially 
by analyzing growth on plates containing variable 3-amino-
triazole (3-AT) concentrations. 3-AT is an inhibitor of the 
 HIS3  gene product, and can therefore be used to adjust the 
level of  HIS3  expression required to permit growth.     

 We have not investigated the use of different core pro-
moter elements other than that derived from  CYC1 . Even 

 4. Notes 
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for  CYC1 , however, levels of reporter gene expression 
potentially can be manipulated by adjusting the number of 
copies and orientation, relative to the core promoter, of the 
DNA target sequence for the binding protein under study. 
We have found that both orientation and number of TFIIIA-
binding sites in the promoter can have substantial effects on 
reporter gene activity when a TFIIIA-VP16 fusion protein 
is expressed. In our case, the orientation dependence could 
be explained readily on the basis of the known polarity of 
TFIIIA binding to the 5S rRNA gene  (10) . If similar infor-
mation is available for the DNA-binding protein of interest, 
it may be possible to design reporter constructs rationally. 
Otherwise, it is probably advisable to generate multiple con-
structs for testing. It is possible that homodimers binding to 
symmetrical sites may exhibit little or no orientation depend-
ence. With TFIIIA, we found that increasing the number of 
binding sites from one to two in the reporter gene promoter 
resulted in a doubling of  b -galactosidase activity  (5) . For 
many natural pol II activators, the effect of having multiple 
binding sites is synergistic  (11) , so it is possible that even 
larger effects will be observed when the number of binding 
sites for other DNA-binding proteins is increased. We have 
not investigated the effects of varying spacing between the 
artificial upstream activator sequence and the core promoter, 
but others have shown that transcriptional activity is only 
moderately affected by alterations in the wild-type spacing 
between these two elements  (12–  14) . Nonetheless, it is pos-
sible that attaining maximal activity in any particular system 
may require optimizing the spatial relationship between the 
DNA recognition site of interest and the core promoter. In 
the end, it may be necessary or desirable to adjust several 
of these parameters to obtain a level of reporter gene activ-
ity that is phenotypically detectable but that also provides 
for reasonable sensitivity in the detection of mutants that 
weaken the DNA–protein interaction under analysis.

    3.    A variety of alternative expression plasmids are available, 
including several from commercial sources that may be pref-
erable to pG1 in some respects ( see   Subheading 3.1.2   ). 
We have used vectors other than pG1 and, in some cases, 
these vectors are better engineered for the easy introduction 
of DNA fragments encoding the DNA-binding protein of 
interest while producing an in-frame fusion to an N-terminal 
activation domain. Choice of expression vector may be 
affected by the selectable marker used, the presence of an 
activation domain in the vector and whether the domain is 
to be N- or C-terminally fused to the DNA-binding domain, 
and the strength of the promoter driving expression of the 
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fusion protein. It is also possible that regulated expression of 
the fusion protein will be desirable, in which case a regulated 
promoter, like those of the  GAL1  or  CUP1  genes, might 
be chosen over the constitutive GPD promoter of pG1. We 
have, in fact, used the metal-inducible  CUP1  promoter for 
this purpose.  

    4.    The VP16 activation domain we have used  (8)  is probably the 
best studied activation domain acting to stimulate transcrip-
tion by RNA polymerase II and is probably also the strongest 
one in common use. Depending on the system being studied 
( see   Note 5   ) and the choice of expression plasmid, an alterna-
tive activation domain might be chosen. We have used both 
the GAL4 activation domain and the synthetic domain B42 
in addition to that of VP16 to study the  Xenopus  TFIIIA/5S 
rRNA gene interaction.  

    5.    It may be necessary to adjust the system’s parameters to 
achieve a level of transcriptional activity that affords a rea-
sonable sensitivity of the assay to variations in DNA-binding 
strength. Naively, one might expect that the affinity of the 
relevant DNA–protein interaction would be the most impor-
tant parameter. Remarkably, our experience in analyzing the 
 Xenopus  TFIIIA-5S rRNA gene interaction suggests that the 
level of reporter gene activity is determined not by equilib-
rium binding affinity, but instead by the kinetic stability of 
the DNA–protein complex  (16) . In most cases, kinetic sta-
bility and equilibrium binding affinity will covary, but analy-
sis of unusual mutants in TFIIIA that result in large effects 
on kinetic stability but only minor effects on equilibrium 
binding affinity reveals that the kinetic parameter is the most 
relevant one in determining reporter gene activity. Poten-
tially, activity may be affected not only by the affinity or 
kinetic stability of the DNA–protein interaction, but also by 
a number of other variables, many of which can be manipu-
lated experimentally to yield a system with optimal sensitivity 
to variations in the DNA-binding properties of the protein 
of interest. These could include, for example, the number, 
spacing, functional synergy between, and orientation of the 
binding sites in the reporter construct ( see   Note 2   ), the level 
of expression of the fusion protein ( see   Note 3   ), the fraction 
of protein that is available for binding (effective in vivo con-
centration), the copy number of the reporter gene ( see   Note 
2   ), the choice of reporter gene (see  Note 2   ), and the choice 
of activation domain ( see   Note 4   ).  

    6.    We have provided recipes for preparation of complete (C) 
media from individual amino acids and other required 
components. Synthetic “drop-out” mixes are also available 
from commercial sources and simplify media preparation 
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considerably. We routinely use such media lacking uracil 
(Y1501), or lacking histidine, leucine, tryptophan, and uracil 
(Y2001) from Sigma-Aldrich.  

    7.    The length of oligonucleotide primers we recommend for 
error-prone PCR and recombination in vivo is based on our 
success with primers of this length for mutagenizing TFIIIA 
and introducing the resulting mutant DNA sequences into 
an appropriate target vector. In other applications involving 
homologous recombination to construct plasmids in yeast 
cells, we have used significantly shorter primers successfully. 
In fact, it is possible that shorter primers would work equally 
well  (16,   17)  in this application, but we have not empirically 
demonstrated that to be the case.  

    8.    If the DNA-binding domain of the protein of interest inter-
acts with its binding site in an asymmetric manner, then the 
fused activation domain may be presented in two different 
ways depending on the orientation of the binding site in the 
reporter gene promoter and whether it is fused to the N- or 
C-terminus of the DNA-binding protein. In the case of the 
 Xenopus  TFIIIA/5S rRNA gene interaction, it was impor-
tant that the activation domain be promoter-proximal in 
order to obtain high-level transcriptional activation. Either 
N- or C-terminal activation domain fusions could be made 
active, but only in combination with the appropriate orienta-
tion of binding site in the reporter construct. It is difficult to 
know how common this phenomenon will prove to be, but 
it clearly has the potential to impact on the successful use of 
a particular set of reporter and expression constructs.  

    9.    If the wild-type expression plasmid is used as the tem-
plate for error-prone PCR, one should keep in mind that 
this wild-type plasmid will be carried over into the subse-
quent transformation reaction. This should not generally 
be a problem unless, for some reason, a low background of 
wild-type plasmid cannot be tolerated. One circumstance in 
which this might prove problematic is if very low efficiencies 
of recombination are obtained, so that most transformants 
recovered are derived from the template plasmid originally 
used for PCR and not from integration of PCR products 
into the gapped target vector. If necessary, the product of the 
error-prone PCR can be purified prior to transformation.  

   10.    The extent of mutagenesis can be adjusted by manipulating 
the concentrations of MgCl 2 and MnCl 2  in the polymerase 
chain reaction. The concentrations given resulted in about 
1–2 amino acid substitutions per 344 amino acids when used 
to mutagenize  Xenopus  TFIIIA. In general, the mutation 
frequency was higher at greater concentrations of MgCl 2  
and MnCl 2 , with the highest mutation rate being observed at 
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the highest concentrations tested (4.5 mM MgCl 2 , 0.5 mM 
MnCl 2 ). The lowest mutation rate was observed at “stand-
ard” PCR conditions (1.5 mM MgCl 2 , no MnCl 2 ). Our evi-
dence would also suggest that there is a substantially greater 
rate of mutation at positions where the low-concentration 
deoxynucleoside triphosphate should be incorporated. For 
this reason, we recommend performing a series of reactions 
in which each of the four deoxynucleoside triphosphates is 
represented in turn as the low-concentration nucleotide. 
One should also note that the conditions suggested for ther-
mal cycling are intended only as a starting point; it may be 
necessary or desirable to adjust these conditions, particularly 
the annealing temperature, to reflect differences in primer 
T m  and specificity. It is worth noting that anecdotal evidence 
suggests that mutagenesis using error-prone PCR is not truly 
random. In our hands, for example, certain mutations have 
been recovered multiple times as independent events; with 
truly random mutagenesis of a sequence of the length we 
have targeted for mutagenesis, the odds of this occurring by 
chance are very, very small. Consequently, one should not 
imagine that the method samples all possible mutations at 
equivalent frequencies.  

   11.    A potential problem in this protocol is the recirculariza-
tion of the target plasmid without integration of the PCR-
generated fragment. This can result in a high background 
of apparent loss-of-function mutants because no protein is 
being produced from the expression plasmid. To minimize 
this problem, we recommend several steps. If possible, use 
two different restriction endonucleases to generate the lin-
ear, gapped plasmid. Second, treat the cut plasmid with 
phosphatase to dephosphorylate the 5 ¢  termini generated by 
restriction digestion. Third, gel purify the gapped plasmid 
to eliminate any small fragment that was removed by the 
restriction digestion as well as to eliminate any uncut mol-
ecules that might remain as a result of incomplete cleavage.  

   12.    Although we have not exhaustively optimized the quantities 
of gapped plasmid and error-prone PCR product that should 
be used to maximize recovery of colonies containing plas-
mids with integrated PCR products, we can suggest some 
guidelines. First, transformation efficiency (number of trans-
formants per unit of DNA) is higher when lower amounts of 
DNA are used. In practice, there is a trade-off between effi-
ciency and obtaining a reasonable absolute number of trans-
formants. We have found that performing transformations 
with 50–100 ng gapped plasmid is a reasonable compromise. 
Second, the fraction of plasmids that contain a recombined 
insert after cotransformation with the gapped plasmid and 
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the mutagenized PCR product is affected by the molar ratio 
between these two components in the transformation reac-
tion  (  see   Fig.  3  ). In general, insert-to-plasmid ratios of 10 or 
higher are the most efficient, although reasonable results can 
certainly be obtained at lower ratios if the amount of PCR 
product is limiting.  

   13.    We have frequently used the crude, unpurified products of 
the error-prone PCR reaction in cotransformations with the 
gapped expression plasmid to generate and study mutant 
forms of TFIIIA without encountering significant problems 
 (5) . In some related applications, however, we have noted that 
a high background of colonies can be produced as a conse-
quence of poorly characterized recombination events that we 
believe derive from the production and integration of aberrant 
PCR products into the gapped target plasmid. It is most likely 
that these are small DNA fragments, perhaps “primer dim-
ers.” If these are produced at anything other than a very low 
frequency and are capable of recombining with the target plas-
mid, they can complicate the identification of loss-of-function 
mutants in the DNA-binding protein of interest, since they 

  Fig. 3 .   Dependence of the recovery of recombinant plasmids on the ratio of “insert” to 
“gapped plasmid” during transformation. Gapped expression plasmid and PCR-generated 
insert (as defined in the text) were combined in various ratios during transformation 
of a yeast strain containing a  b -galactosidase reporter plasmid, as illustrated in Fig.  1 . 
Following recombination in vivo and selection of transformants on C –ura –trp plates, 
colonies were scored for  b -galactosidase activity by replica plating to SSX –ura –trp 
plates. Only those colonies that had undergone productive homologous recombination 
produced a functional activator protein that resulted in blue colonies on the indicator 
plate. Thus, the fraction of colonies that were blue was indicative of the frequency of 
productive homologous recombination and the generation of a functional expression 
plasmid       .
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result in the production of white colonies on X-gal plates. 
If initial studies in a new system suggest that a similar prob-
lem occurs with the use of the crude PCR product, then we 
recommend purifying the mutagenized PCR product prior 
to recombination/transformation. Simply gel isolating a 
product of the correct length should eliminate any problems 
derived from the presence of unincorporated primers, primer 
dimers, or other aberrant products of the PCR.  

   14.    We recommend performing  b -galactosidase assays on three 
independent yeast cultures for each strain being analyzed. In 
addition, we suggest repeating these triplicate assays three 
times on different days for a total of nine independent deter-
minations. Normalization of activity to a standard seems 
to be important in correcting day-to-day variability in the 
determination of  b -galactosidase activity .           
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      Chapter 16

  Chromatin Immunoprecipitation in Mammalian Cells        

     Amy   Svotelis   ,    Nicolas   Gévry   , and    Luc   Gaudreau                

  Summary 

 The ensemble of the genes in the mammalian genome is organized into a structure of DNA and proteins 
known as chromatin. The control of gene expression by the proteins that bind to chromatin regulates 
many cell processes, such as differentiation and proliferation. Transcription of protein-encoding genes 
in mammalian cells is performed by the concerted action of the RNA polymerase II holoenzyme, tran-
scription factors, co-activator complexes that bind to the promoter areas of genes. In addition, different 
proteins can interact with these complexes and chromatin to create a repressive state. In order to fun-
damentally understand transcriptional control, it is important to define the areas that these proteins will 
bind. Classical laboratory techniques unable to provide distinct locations of these factors have now been 
replaced by the chromatin immunoprecipitation (ChIP) assay. The ChIP technique allows us to isolate 
chromatin along with its associated proteins from cells and analyse the binding sites of specific proteins 
and complexes at high resolution.  

  Key words:     Chromatin ,  Chromatin immunoprecipitation (ChIP) ,  Gene ,  Transcription ,  Transcrip-
tion factor ,  Activator ,  Repressor ,  Protein–DNA interaction.    

 The specific regulation of gene expression is a very important 
process in cellular proliferation, differentiation, and response to 
stimuli in multicellular organisms. Transcription of a gene will 
occur with the concerted action of several complexes that bind 
to the regulatory region of genes and the 5 ¢  crucial region in the 
recognition of a gene, the core promoter  (1) . In addition to the 
regulation of the initiation of transcription, chromatin structure 
also plays an important role in the regulation of expression. 

 The regulation of gene expression in eukaryotic cells is con-
trolled by the presence of  cis -acting regulatory sequences in areas 

1. Introduction

Tom Moss and Benoît Leblanc (eds.), Methods in Molecular Biology, DNA-Protein Interactions, vol. 543
© Humana Press, a part of Springer Science + Business Media, LLC 2009
DOI: 10.1007/978-1-60327-015-1_16

243243



244 Svotelis, Gévry, and Gaudreau

surrounding the gene that are bound specifically by proteins 
involved in transcriptional regulation, called transcription fac-
tors  (2) . Several factors that bind  cis -acting sequences can 
recruit not only the RNA Polymerase II (Pol II) complex, but 
complexes that will change the structure of chromatin at pro-
moters in order to regulate transcription. Transcriptional acti-
vators have been shown to interact with and recruit chromatin 
remodelling complexes to promoters, inducing either the dis-
placement or modification of nucleosomes  (3) . Repressors can 
also bind these regulatory sequences and prevent the bind-
ing of the transcriptional machinery or can also act indirectly 
by interfering with the action of activators by either binding 
to activators or to enhancers in order to prevent the binding 
of activators to their targets  (4,   5) . Classical laboratory tech-
niques such as gel shifts provided us with some information 
concerning the location of these proteins in chromatin, but 
the conception of the chromatin immunoprecipitation assay 
has revolutionized the study of the chromatin landscape. 

 A major conundrum in molecular biology has been the identity 
and specificity of proteins that are involved in both the modification 
of chromatin and gene expression, such as histones, their 
variants, elements of chromatin remodelling complexes, and 
the transcriptional machinery or transcription factors. Recent 
technology now permits us to understand and uncover existing 
relationships via the isolation of chromatin from living cells. 
In order to study the proteins present in chromatin as well as 
the specific areas to which they associate, we must first break 
up the chromatin into workable sections and ‘fish out’ our 
protein of interest. Then we can determine to which areas our 
protein associates by analysing the DNA with specific primers 
and quantitative PCR analysis. This method, called chromatin 
immunoprecipitation, is now a widely used technique that, 
although finicky, is essential in determining areas of DNA to 
which a specific protein binds. 

 First, protein-DNA interactions are crosslinked chemically 
using formaldehyde, solidifying any relationships in the cell. 
Chromatin is isolated from the cells and fragmented by sonica-
tion to create 200–500 bp fragments. Using antibodies specific 
for the DNA-binding protein to be analysed, DNA fragments 
are immunoprecipitated with the help of agarose beads. DNA 
is purified and then analysed by quantitative PCR analysis  (  see  
 Fig. 1   ).  

1.1. Principle of 
Chromatin Immuno-
precipitation

1.2. Overview of the 
Method
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    1.    Prepare fresh 1.1% PBS-formaldehyde mix from 37% formal-
dehyde and PBS of pH 7.4.  

   2.    Prepare a 100× protease inhibitor cocktail stock solution in 
90% ethanol: 0.2 mM Pepstatin A, 72  m M Leupeptin, and 
26  m M Aprotinin.  

   3.    Prepare Buffer A to a final concentration of: 100 mM Tris–
HCl (pH 9.4). Add 1 mM PMSF, 10 mM DTT and 1× pro-
tease inhibitor cocktail before use.     

    1.    Prepare a stock solution of Buffer I of: 0.25% Triton, 10 mM 
EDTA, 0.5 mM EGTA, 10 mM HEPES-KOH (pH 6.5). 
Store at 4°C and add 1 mM PMSF and 1× protease inhibitor 
cocktail to the required volume for the ChIP before use.  

   2.    Prepare a stock solution of Buffer II of: 200 mM NaCl, 
1 mM EDTA, 0.5 mM EGTA, 10 mM HEPES-KOH (pH 6.5). 
Store at 4°C and add 1 mM PMSF and 1× protease inhibitor 
cocktail to the required volume for the ChIP before use.  

2. Materials

2.1. Crosslink of DNA–
Protein Complexes 
with Formaldehyde

2.2. Cellular Lysis and 
Chromatin Preparation

  Fig. 1 .   Layout of a typical ChIP assay. The different steps of the ChIP assay are outlined in this figure, providing a typical 
and ideal timeline for the undertaking of this experiment       .
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   3.    Prepare SDS lysis buffer of: 1% SDS, 10 mM EDTA, 50 mM 
Tris–HCI   of pH 8.1. Add 1 mM PMSF and 1× protease 
inhibitor cocktail before use.  

   4.    Prepare a stock solution of IP dilution buffer of: 0.01% SDS, 
1.1% Triton, 1.2 mM EDTA, 16.7 mM Tris of pH 8.1, 167 
mM NaCl. Store at 4°C and add 1 mM PMSF and 1× pro-
tease inhibitor cocktail to the required volume for the ChIP 
before use.     

    1.    Prepare 40  m L of protein A or G (or mix A/G) agarose beads 
(50% slurry) per IP ( see   Note 1    and  Table 1   ).   

   2.    Wash beads three times with the IP dilution buffer (2,200 ×  g ) 
for 3 min at 4°C.  

   3.    Resuspend beads to 50% slurry with the IP dilution buffer.  

2.3. Sample Prepara-
tion and Pre-clear

2.3.1. Preparation of 
Agarose Beads

 Species 
 Affinity for 
protein A 

 Affinity for 
protein G  Subclass 

 Affinity for 
protein A  Affinity for protein G 

 Mouse  ++  ++  IgG1  +  ++++ 

 IgG2a  ++++  ++++ 

 IgG2b  +++  +++ 

 IgG3  ++  +++ 

 Rat  +/−  ++  IgG1  −  + 

 IgG2a  −  ++++ 

 IgG2b  −  ++ 

 IgG2c  +  ++ 

 Chicken  −  +       

 Cow  ++  ++++       

 Goat  −  ++       

 Guinea pig  ++++  ++       

 Hamster  +  ++       

 Horse  ++  ++++       

 Pig  +++  +++       

 Sheep  +/−  ++       

 Rabbit  ++++  +++       

  Table 1  
  Affinities of antibodies to protein A/G. The different affinities of antibodies from 
different species to protein A/G, with the ‘+’ indicating a positive affinity, and the 
number of ‘+’ indicating the strength of the affinity    
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   4.    Add 2  m g of sonicated salmon sperm DNA per IP to the pre-
pared beads ( see   Note  2  ).     

    1.    Wash buffers should ideally be chilled at to 4°C for the 
washes. All the wash buffers can be prepared as stock solutions 
and stored at 4°C. Most of the solutions required to make 
the wash solutions can be prepared, autoclaved, and stored 
at room temperature, except for the LiCl which is preferably 
stored at 4°C.  

   2.    For the TSE-150: 0.1% SDS, 1% Triton, 2 mM EDTA, 20 
mM Tris–HCl    of pH 8.1, 150 mM NaCl.  

   3.    For the TSE-500: 0.1% SDS, 1% Triton, 2 mM EDTA, 20 
mM Tris of pH 8.1, 500 mM NaCl.  

   4.    For the LiCl detergent: 0.25 M LiCl, 1% NP40, 1% sodium 
deoxycholate, 1 mM EDTA, 10 mM Tris of pH 8.1.  

   5.    For the TE 1×, prepare 10× TE, sterilize by autoclaving, and 
store at room temperature.     

 This ChIP method is performed over several days and proper 
time management is crucial in the success of this experiment, as 
any ‘shortcuts’ can lead to variability in results! For mammalian 
cells, the amount of cells required varies per cell type, from 2 × 
10 6  to 10 × 10 6  cells per ChIP. Therefore, it is important to verify 
the literature for the specific cell type you are using. This proto-
col is designed for cells cultured in 150-mm dishes, so modify the 
volumes for the following steps as required. 

    1.    Remove culture medium from cells and wash cells twice with 
PBS 1×.  

   2.    Add 20 mL PBS-formaldehyde mix (1.1%) per 150-mm dish 
and incubate 10 min at room temperature ( see   Note 3   ).  

   3.    Remove formaldehyde and wash cells twice with cold PBS, 
removing all traces of PBS after the second wash.  

   4.    Add 1 mL Buffer A to cells, collect cells using a cell scraper, 
and incubate for 20 min at 30°C ( see   Note 4   ).  

   5.    Centrifuge for 6 min at 1,000 ×  g  at 4°C ( see   Note  5  ).     

    1.    Resuspend pellet in 1 mL of buffer I ( see   Note  6  ).  
   2.    Centrifuge for 6 min at 1,000 ×  g  at 4°C.  
   3.    Resuspend pellet in 1 mL of buffer II and centrifuge for 5 min 

at 1,000 ×  g  at 4°C.  

2.4. Washes and 
Elution of 
Immunoprecipitated 
DNA–Protein 
Complexes

3. Method

3.1. Crosslink of DNA–
Protein Complexes 
with Formaldehyde

3.2. Cellular Lysis and 
Chromatin Preparation
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   4.    Resuspend pellet in 100  m L per immunoprecipitation (IP) 
experiment in SDS lysis buffer and incubate on ice for 10 min 
( see   Notes 6    and  8 ).     

    1.    Sonicate samples 3× 10 s at amplitude 60, including 3 min 
intervals on ice between each sonication ( see   Note  9    Fig.  2  ).   

   2.    Centrifuge for 10 min at full speed (15,000 ×  g ) at 4°C.  
   3.    Keep 5% of the volume of 1 IP for analysis of results 

(=‘input’).     

    1.    To the sonicated samples, add 10 volumes of IP dilution buffer 
(include in this total the volume of IP dilution buffer added 
before sonication) with a final concentration of 1 mM PMSF 
and 1× protease inhibitor cocktail.  

   2.    Pre-incubate samples with 40  m L of beads (50% slurry) per IP 
and 1 mg/mL BSA (final) or 15–20  m L of pre-immune serum 
per IP for 2–4 h at 4°C on a rotator ( see   Note 10   ).     

    1.    Centrifuge preincubated samples at 1,000 ×  g  for 2 min 
at 4°C.  

   2.    Transfer 1 mL of supernatant per IP into a microtube and add 
the desired antibody ( see   Notes 11    and  12 ).  

   3.    Incubate overnight at 4°C on a rotator.  
   4.    Add 40  m L of prepared beads (at 50% slurry) per IP and incu-

bate for 2–4 h at 4°C on a rotator.     

3.3. Sonication of 
Lysate

3.4. Sample Prepara-
tion and Pre-clear

3.5. Immunoprecipita-
tion

  Fig. 2 .   Possible migration patterns following agarose gel electrophoresis of DNA 
obtained from the ChIP assay.  Lane 1  shows a migration pattern that suggests incom-
plete cell lysis, with a band of slowly migrating genomic DNA at the top of the lane. 
 Lane 2  demonstrates DNA that has been oversonicated and can lead to aberrant results. 
 Lane 3  represents the ideal migration pattern, with purified DNA sonicated to fragments 
between 200 and 400 bp       .
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    1.    Centrifuge for 3 min at 2,200 ×  g  at 4°C.  
   2.    Wash beads with 800  m L of wash buffer, incubate at 4°C for 

5 min on a rotator, and centrifuge for 3 min at 2,200 ×  g  at 
4°C using the following:
  •  two washes with TSE-150  
 •  three washes with TSE-500  
 •  two washes with LiCl detergent  
 •  two washes with TE 1×     

   3.    After the final wash, remove all traces of TE and add 200  m L 
of 1% SDS/0.1 M NaHCO 3 .  

   4.    Vortex and incubate 20 min at 65°C, vortexing every 2 min.  
   5.    Centrifuge at 4,200 ×  g  for 2 min and transfer the supernatant 

to a new microtube.  
   6.    To reverse the DNA–protein crosslinks, incubate 4–6 h or 

overnight at 65°C ( see   Note 13   ).     

    1.    Digest samples with RNase A (20  m g) for 30 min at 37°C.  
   2.    Add 100  m g of proteinase K to digest proteins and incubate 

for 2–3 h at 37°C.  
   3.    Perform two phenol/chloroform extractions and one chloro-

form extraction ( see   Note 14   ):
  •  Add 1 volume, vortex, centrifuge at full speed for 5 min  
 •  Transfer supernatant to a new tube and repeat     

   4.    Add 2 volumes of 100% ethanol and 1/10 volume of 3 M 
NaOAc ( see   Note 15   ).  

   5.    Incubate overnight at −20°C.  
   6.    Centrifuge for 10 min at full speed.  
   7.    Wash once with 70% ethanol, remove all traces of ethanol, 

resuspend in 50  m L of sterile water, and store at −20°C.  
   8.    Dilute input DNA to 1%.     

    1.    DNA immunoprecipitated during the ChIP can be analysed 
using quantitative real-time PCR. Design primers that will 
amplify specific target regions of 80–150 bp. The size of the 
amplicon can vary to accommodate ideal amplification condi-
tions ( see   Note 16   ).  

   2.    The resulting threshold amplification levels of immuno-
precipitated samples (CT  IP ) or of samples without antibody 
(CT  no Ab ) are compared to the input DNA (CT  input ) by subtraction 
(CT  no Ab or IP  – CT  input  =  D CT) ( see   Notes 17    and    18 ).  

   3.    For a relative DNA level, we calculate 2 − D CT  for all samples. 
Background levels can be eliminated by subtracting the no Ab 
result from the ChIP results.     

3.6. Washes and 
Elution of Immunopre-
cipitated DNA–Protein 
Complexes

3.7. DNA Preparation

3.8. Analysis of 
Results
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     1.    The salmon sperm DNA blocks non-specific interactions 
with the beads.  

    2.    The pre-clear is important to eliminate a large amount of 
non-specific interactions of the samples to the beads.  

    3.    The incubation time in formaldehyde can vary depending on 
the degree of crosslink you require. For example, a 10-min 
incubation time is perfect for crosslinking chromatin-associated 
proteins to DNA, yet to crosslink transcription factors the 
crosslink reaction can be extended.  

    4.    Alternatively, the crosslink reaction can be stopped by add-
ing 1/20 volume of 2.5 M glycine to plates to quench for-
maldehyde following the crosslink and incubating for 5 min. 
The pellet can either be lysed in Buffer I and II followed by 
SDS lysis buffer, or the pellet can directly be lysed with SDS 
lysis buffer following this step. The lysis protocol can vary 
according to cell type.  

    5.    Pellets can be frozen in liquid nitrogen and conserved at 
−80°C at this point.  

    6.    Cellular pellets of the same type/treatment can be pooled at 
this point, using a total of 1 mL of buffer I  

    7.    The incubation in the lysis buffer can be prolonged if neces-
sary to properly lyse cells.  

    8.    IP dilution buffer can be added after incubation if the vol-
ume is not sufficient for sonication (ideal volume for sonica-
tion is 500  m L).  

    9.    The level of sonication can vary depending of the cell type 
and the apparatus (the apparatus used in this protocol was a 
Branson Digital Sonifier 450). In order to determine the ideal 
sonication time and amplitude, it is important to test before 
embarking on the full ChIP assay. Test different sonication 
settings by preparing cells up to this point and verifying the 
level of DNA fragmentation on agarose gel. In order to do 
so, collect 5% input and proceed to a rapid DNA prepara-
tion. Digest with 20  m g RNase and 100  m g proteinase K and 
load on a 1.2% agarose gel (if the volume is superior to that 
which you can load on a gel, proceed to a DNA precipitation 
mentioned in the section ‘DNA preparation’). The ideal size 
of DNA fragments following sonication is between 200 and 
500 bp. Adjust sonication settings accordingly.  

   10.    It is important to determine which beads are required for the 
specific antibodies you will be using.  

4. Notes
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   11.    It is important here to include a positive control (e.g. for 
histones, H3 is an interesting positive control) as well as a 
negative control, the supernatant incubated with no anti-
body or non-specific antibody. Thus, it is essential to plan 
ahead when preparing cells for the ChIP assay that you will 
have the required amount for all the control situations.  

   12.    The concentration of antibody required here is determined 
by the supplier of your antibody or by testing any homemade 
antibody. In general, 2–4  m g of antibody per ChIP is suffi-
cient. The concentration of the antibody should be empiri-
cally determined.  

   13.    DO NOT FORGET to reverse the crosslinks in the input 
samples collected in  step 3  of  Subheading 3.3  by adding 
200  m L of elution buffer to the input samples and incubating 
overnight with ChIP samples.  

   14.    It is VERY IMPORTANT to remove all traces of phenol 
from your samples, as any contamination will disturb the 
amplification of DNA by qPCR. Alternatively, a commercial 
DNA purification kit can also be used, preventing any pos-
sible phenol contamination.  

   15.    20  m g of glycogen can be added in order to aid in the pre-
cipitation and visualization of the DNA pellet.  

   16.    If it is required to analyse a region with a greater resolution, 
design primers that will allow the amplicons to encompass a 
large area yet overlap one another by 20–50 bp. The freeware 
Primer3 available on the internet at   http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi     is useful in creating prim-
ers that are compatible with qPCR standards. The annealing 
temperature of 60°C is ideal for qPCR reactions.  

   17.    This eliminates the difference in efficiency between the dif-
ferent primers.  

   18.    Alternatively, input DNA can be diluted to 0.01, 0.1, and 
1% to produce a standard curve that will give precisely the % 
input of the IP.         
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      Chapter 17

 Sequential Chromatin Immunoprecipitation Protocol: 
ChIP–reChIP       

     Mayra   Furlan-Magaril   ,    Héctor   Rincón-Arano   , and    Félix   Recillas-Targa                

  Summary 

 Chromatin immunoprecipitation has been widely used to determine the status of histone covalent modifica-
tions and also to investigate DNA-protein and protein-protein associations to a particular genomic location 
in vivo. Generally, DNA regulatory elements nucleate the interaction of several transcription factors in con-
junction with ubiquitous and/or tissue-specific cofactors in order to regulate gene transcription. Therefore, 
it has become relevant to determine the cohabitation of several proteins in a particular developmental stage 
and cell type. Furthermore, multiple post-translational histone modifications can be analyzed on the same 
genomic location with the aim of deciphering the combinatorial pattern of histone modifications associated 
to specific transcriptional stages during cell commitment. Here we describe the ChIP–reChIP assay that 
represents a direct strategy to determine the in vivo colocalization of proteins interacting or in close contact 
in a chromatinized template on the basis of double and independent rounds of immunoprecipitations with 
high-quality ChIP grade antibodies.  

  Key words:     Chromatin ,  Protein–DNA interaction ,  Immunoprecipitation ,  Histone modifications , 
 GATA-1 ,  YY1 ,  Telomeric position effect.    

 The chromatin status and the in vivo association of transcription 
factors to DNA regulatory regions or even RNA are essential to 
understand the transcriptional regulatory circuits that orchestrate 
cellular processes such as cell proliferation and differentiation 
among others. Chromatin immunoprecipitation has proven to 
be a powerful assay to characterize DNA-protein and protein-
protein interactions in vivo and determine their association to a 
particular genomic region. However, ChIP–reChIP assays allow 
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us to determine whether two or more proteins are close enough 
in a chromatin context or whether they are interacting, probably 
forming a complex, in a localized genomic region  (1–  3) . It is 
worthwhile to mention that this method does not allow DNA-
binding sequence determination, for which other in vitro tech-
niques such as DNase I footprinting or electrophoretic mobility 
shift assays are needed. Although ChIP–reChIP can suggest 
the cohabitation of two proteins in the genome and their prob-
able physical interaction, direct protein-protein contacts cannot 
be addressed by sequential ChIP assay. For such aims, standard 
Co-IP or in vitro pull-down assays should be used. 

 Sequential chromatin immunoprecipitation is based on the 
principle that chromatin and associated transcription factors and/
or cofactors are first immunoprecipitated with a specific antibody, 
and the eluted material is then subjected to another immuno-
precipitation with a second antibody. Importantly, this second 
antibody recognizes a protein that is suspected to be located near 
(or forms a direct or indirect complex with) the first immuno-
precipitated antigen. Then, the recovered DNA is purified and 
constitutes the genomic template for PCR amplification using 
specific primers for the genomic region of interest. At this point, 
three important controls are needed:
   1.    In theory, the order of the antibodies used for immunopre-

cipitation could be inverted and still be expected to deliver 
the same PCR amplification product. It is however possible 
not to obtain any immunoprecipitation enrichment depend-
ing on the order in which the antibodies were used: this could 
suggest that one of the two antibodies is not able to access 
its epitope due to sterical restrains, probably originating from 
the associated proteins in the complex. It could be that the 
components under study have different relative abundance in 
the region of interest  (2) .  

   2.    Negative genomic controls for PCR amplification are also 
important, i.e., a set of primers should be designed within a 
genomic sequence in which we do not expect any interaction 
of the proteins under study, resulting in a clear absence of 
PCR amplification product. For example, to evaluate a given 
regulatory element, a set of primers coming from a distal 
region (like an exon) or located on a distinct chromosome 
could represent a proper control.  

   3.    To determine and confirm the specificity of the ChIP–reChIP 
assay, it is useful to perform the sequential immunoprecipita-
tion with the antibodies under study and an irrelevant anti-
body (i.e., nonspecific IgG).     

 Sequential chromatin immunoprecipitation has several potential 
applications and can be useful to complement indirect assays at 
the protein and chromatin structure levels. 
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 The applicability of sequential ChIP has recently been assayed in 
embryonic stem (ES) cells. ES cells are pluripotent cells present in 
the early mouse embryo in which the chromatin structure is con-
sidered to be greatly dynamic and globally relaxed, permitting its 
pluripotency and contributing to the highly sophisticated proc-
ess of cell differentiation into any lineage  (4,   5) . Consequently, 
ES cells are subjected to intense chromatin reprogramming that 
involves histone modifications and chromatin movement inside 
the nucleus  (6,   7) . It has been shown through sequential ChIP 
that, on particular locations of the ES cell genome, there are 
“bivalent chromatin domains.” These refer to the coexistence of 
repressive marks (H3K27me3) and active marks (H3K4me3) on 
the same genomic region  (8) . This coexistence is proposed to 
prepare the genome of ES cells in order to make rapid epigenetic 
decisions on the transcriptional status (activation or repression). 

 The analysis of sequential chromatin immunoprecipitation 
assays can also be performed in a quantitative manner through the 
use of Real-Time PCR or duplex-PCR  (8–  10) . In our laboratory, 
we have systematically used radioactive duplex-PCR to analyze 
the colocalization of antagonistic histone covalent modifications 
on stably integrated transgenes in cultured cells, in the pres-
ence or absence of chromatin insulators ( ref.    10   and  see   Fig. 1   ). 
Duplex-PCR allows the normalization of immunoprecipitation 
enrichments and the comparison, in the same genomic location, 
of the amount of specific histone post-translational modifications 
 (11) . Particular attention is needed in the design of these control 
primers, since they should correspond to known genomic regions 
where the chromatin state is contrary to the histone mark under 
study. For example, if we analyze the H3 hyperacetylation over 
the studied region (corresponding to an open histone mark) the 
control primers should amplify a known region of heterochroma-
tin (corresponding to a closed histone mark) and vice versa. This 
strategy allows the determination of the relative abundance of a 
particular group of histone marks and their cohabitation in the 
same genomic regions.  

 One of the principal uses of sequential chromatin immunopre-
cipitation is the determination of multiple interactions between 
different proteins and DNA. As mentioned this experimen-
tal strategy does not allow the determination of the contacted 
sequences, or the order of the interactions, or their number. For 
example, we have recently determined that the GATA-1 and YY1 
transcription factors colocalize in vivo at the chicken  a -globin 
enhancer ( ref.    2   and  see   Fig.  2  ). Whole extracts coimmunopre-
cipitations and pull-down experiments were further required to 
demonstrate a physical contact between them. These results do 
not preclude the possibility of interaction by other factors, and 
in particular that of specific cofactors with the capacity to recruit 

1.1. Chromatin Status

1.2. In Vivo Deter-
mination of Protein 
Complex Formation
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chromatin-remodeling activities. This kind of association has been 
recently demonstrated for the nuclear protein NLI/Ldb1 (the 
human homolog of the  Drosophila melanogaster  protein Chip) 
which was not known to possess enzymatic or DNA-binding 
activity  (3,   12) . Sequential chromatin immunoprecipitation dem-
onstrated that NLI/Ldb1 is able to form a complex with LMO2, 
SCL, and GATA-1 that contribute to  b -globin regulation, but 
most importantly that facilitate long-range interaction between 
the  b -globin locus control region and the target globin gene by 
chromatin loop formation  (3) . This sequential ChIP experiments 
were complemented with a ChIP assay followed by a chromo-
some conformation capture (3C) assay demonstrating that NLI 

  Fig. 1 .   Re-ChIP analysis by duplex PCR. In this experiment the coexistence of H3K4me2 and H3K9me3 in the body of a 
 GFP  reporter gene was analyzed. HD3 cells were stably transfected with the plasmid shown in the diagram. The plasmid 
contains  GFP  reporter gene under chicken  a  D  globin gene promoter; additionally, the transgene is flanked by the 5 ¢ HS4 
 b -globin insulator and contains a telomeric repeat fragment. This plasmid was used to evaluate the protection against 
telomeric position effect of the 5 ¢ HS4 insulator  (10) . ( a ) Fluorescent cytometry analysis of the  GFP  expressing clone 
used for re-ChIP experiments. ( b ) Re-ChIP using H3K4me2 for the first round of IP. The control region used corresponds 
to a heterochromatic region upstream of the  b -globin gene domain in which this mark is absent. As can be seen in the 
graph and gel, there is no re-ChIP signal even if the H3K4me2 alone is present. ( c ) Re-ChIP using H3K9me3 for the first 
round of IP. The control region used corresponds to the chicken folate receptor hypersensitive site HSA known to be in an 
open chromatin conformation that lacks H3K9me3. There is no re-ChIP signal even the H3K9me3 is present. The previ-
ous experiments show that the two marks are not localized in the same region. In consequence there are two different 
cell populations, one with each histone modification       .
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is responsible for long-distance interactions  (3) . These are two 
examples supporting the experimental contribution of the ChIP–
reChIP assay to the in vivo determination of protein location that 
could also be complemented with other methodologies like the 
3C assay or the widely used ChIP followed by microarrays allow-
ing the identification of specific proteins on a genome-wide scale 
or their associated DNA sequence  (1,   3,   9,   13, 14) . 

 Based on the vast amount of data showing that genomic reg-
ulatory elements are functional through the formation of multi-
ple peptide complexes and the variety of histone modifications on 
a single nucleosome, ChIP–reChIP assays represent a very useful 
experimental tool to decipher the diversity of combinations of 
regulatory protein and chromatin modifications in the genome. 

    1.    HD3 cells are chicken erythroblasts arrested in a CFU stage 
via infection with the avian erythroblastosis virus (AEV). HD3 
cells are cultured in DMEM (GIBCO) supplemented with 8% 
Fetal Bovine Serum (Invitrogen), 2% Chicken Serum, and 1× 
Penicillin/Streptomycin (Invitrogen) at 37°C, 5% CO 2  in a 
150-mm dish.     

    1.    PBS: NaCl, 137 mM; KCl, 2.7 mM; Na 2 HPO 4 , 10 mM; and 
KHPO 4 , 2 mM of pH 7.2.  

   2.    PBS/2% FBS/PMSF, 1 mM.  
   3.    Formaldehyde 11% (25 mL): 7.45 mL 37% formaldehyde, 0.1 

M NaCl, 1 mM EDTA, 0.5 mM EGTA, and 50 mM HEPES.  
   4.    Glycine 2.5 M: 18.767 g in 100 mL sterile water.  
   5.    Lysis buffer: 1% SDS, 5 mM EDTA, 50 mM Tris–HCl of 

pH 8.1. Supplement with protease and deacetylase inhibitors 
(SIGMA) before using as follows: 1 mM PMSF, 100  m M leu-
peptin, 0.3  m M aprotinin, 1  m M pepstatin A, 10  m M bestatin, 
and 1 mM sodium butyrate.  

   6.    Dilution buffer: 1% Triton X-100, 2 mM EDTA, 20 mM Tris–
HCl of pH 8.1, 150 mM NaCl. Supplemented with protease 
inhibitors before using.  

   7.    Wash buffer I: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 
150 mM NaCl, 20 mM Tris–HCl of pH 8.1. Supplemented 
with protease inhibitors before using.  

   8.    Wash buffer II: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 
500 mM NaCl, 20 mM Tris–HCl of pH 8.1. Supplemented 
with protease inhibitors before using.  

2. Materials

2.1. Cell Culture

2.2. ChIP–reChIP
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    9.    Wash buffer III: 0.25 M LiCl, 1% NP40, 1% Deoxycholate, 
1 mM EDTA, 10 mM Tris–HCl of pH 8.1. Supplemented 
with protease inhibitors before using.  

   10.    TE: 10 mM Tris–HCl of pH 8.0, 2 mM EDTA. Supple-
mented with protease inhibitors before using.  

   11.    Washing beads buffer: 0.1 mM NaHCO 3 , 1% SDS. Add 10 
 m g/ m L proteinase K and 10  m g/ m L RNase A before use.  

   12.    Proteins A and G (Amersham). Once beads (proteins A + G) 
are preadsorbed with BSA and salmon sperm DNA, store 
them at 4°C for up to 6 months.  

   13.    Bovine Serum Albumin Fraction V (BSA).  
   14.    Salmon sperm DNA.  
   15.    MiniElute purification Kit (Qiagen).  
   16.    Phenol: Chloroform:Isoamyl alcohol (25:24:1).  
   17.    Antibodies against H3K4me2 and H3K9me3 (Dr. Thomas 

Jenuwein, IMP Vienna, Austria), rabbit  a -IgG (Zymed) 
( Fig. 1   ), antibodies against GATA-1 (H-200 Santa Cruz 
Biotechnology) and YY1 (H-414 Santa Cruz Biotechnology) 
( Fig. 2   ).   

   18.    Dithiothreitol (DTT).     

     1.    Taq Polymerase (Qiagen).  
    2.    dNTPs (Roche).  
    3.    Specific oligonucleotides.  
    4.    [ a - 32 P] dCTP (Amersham).  
    5.    40% Acrylamide.  
    6.    TBE buffer.  
    7.    Ammonium persulfate (APS) and TEMED.  
    8.    Phosphor screen (Amersham).  
    9.    Typhoon Scanner.  
   10.    Image Quant program.     

 The purpose of ChIP–reChIP assay is to evaluate the coexist-
ence of two different factors or histone modifications in a given 
genomic region. ChIP assay alone is unable to distinguish between 
two factors coexisting in the same DNA region and two different 

2.3. Duplex PCR and 
Acrylamide Gel

3. Methods
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cell populations with each one. A ChIP–reChIP experiment 
consists basically in performing a ChIP assay with two rounds of 
immunoprecipitation before DNA recovery. For simplicity in the 
following protocol, we will refer to antibodies A and B for each 
of the putative factors to analyze. Two examples are presented 
( Figs. 1    and  2 ) in which different factors are analyzed in distinct 
genomic contexts. 

  Fig. 2 .   Re-ChIP analysis by qualitative PCR. In this experiment we analyze the coexist-
ence of GATA-1 and YY1 in a 120-bp region of the 3 ¢ enhancer of the chicken  a -globin 
gene domain. These factors have been shown to modulate enhancer ¢ s activity in an 
erythroid-stage-specific manner  (2) . ( a ) Diagram of the  a -globin gene domain and the 
3 ¢ enhancer element. The core enhancer presents three GATA-1 binding sites. In addi-
tion, a 120-bp conserved sequence downstream of the core enhancer has an EKLF ( E  ), 
NF-E2 ( N  ), and a fourth GATA-1 ( G  ) and YY1 binding site ( Y  ). ( b ) Re-ChIP of GATA-1 and 
YY1. As can be seen, both factors are binding the 120 bp in the mature red blood cells 
(RBC) stage while in 6C2 cells, which represent a pre-erythroblastic stage in erythroid 
differentiation, they are not. These results show that binding of both factors to the 120 
bp is stage dependent, and these correspond to their influence on enhancer action over 
the globin genes  (2) . Control region corresponds to the  b A/ e  enhancer in the  b -globin 
gene domain       .
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 Before starting, add protease and deacetylase inhibitors (1 mM 
PMSF, 100  m M leupeptin, 0.3  m M aprotinin, 1  m M pepstatin A, 
10  m M bestatin, and 1 mM sodium butyrate) to lysis and dilution 
buffers.
    1.    Grow cells to an 80–90% confluence in a 150-mm dish.  
    2.    Recover the cells in a 50-mL Falcon tube.  
    3.    Count the cells to ensure an adequate and comparable 

number per assay (a minimum of 10 × 10 6  cells are needed 
per antibody). Chromatin for ten different antibodies is 
obtained from a cell culture performed in two 150-mm 
semiconfluent HD3 dishes (10–20 × 10 6  cells) ( see   Note 1   ).  

    4.    Centrifuge 5 min (200 ×  g ) at 4°C.  
    5.    Wash twice with 20 mL PBS/2% FBS/PMSF 1 mM. Gently 

resuspend the pellet with a 25-mL pipette. Centrifuge each 
time 5 min (200 ×  g ) at 4°C.  

    6.    Resuspend the pellet with 30 mL PBS. Crosslink by incubat-
ing cells with 1% formaldehyde 10 min at room temperature 
(add 3 mL of a formaldehyde 11% stock solution and mix 
gently by flipping the tube three times).  

    7.    Stop crosslink by adding glycine to a 125 mM final concen-
tration. (1.5 mL of a 2.5 M glycine stock solution). Gently 
mix by flipping the tubes.  

    8.    Centrifuge 5 min (200 ×  g ) at 4°C.  
    9.    Wash cells twice with 35 mL of cold PBS. Centrifuge each 

time 5 min (200 ×  g ) at 4°C.  
   10.    Resuspend cells in 1 mL lysis buffer and transfer to a 15 mL 

Falcon tube. Incubate 10 min on ice and proceed to chroma-
tin sonication.  

   11.    Sonicate chromatin to obtain fragments of a desired size 
depending on the expected PCR product ( see   Note 2   ). To 
obtain HD3 chromatin fragments between 300 and 500 bp 
sonicate with 35% amplitude giving 12 pulses of 30-s each 
(Cole and Palmer ultrasonic processor). Be sure to keep the 
tip of the sonicator at the bottom of the tube without touch-
ing the tube walls while giving the pulse. Put the tube on ice 
for two minutes between pulses.  

   12.    Transfer chromatin into a 1.5 mL tube and centrifuge 
(15,000 ×  g ) for 10 min at 4°C.  

   13.    Transfer the supernatant into a 15 mL Falcon tube. Take a 
50  m L aliquot as INPUT and store it at −20°C.  

   14.    Dilute chromatin 1:10 with dilution buffer ( see   Note 3   ).  
   15.    Incubate chromatin with 50  m L of previously blocked beads 

( see    step 20 ) for 2 h at 4°C in constant rotation ( see   Note 4   ).  
   16.    Centrifuge (1,000 ×  g ) for 5 min at 4°C.  

3.1. ChIP–reChIP 
Assay

3.1.1. Day 1
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   17.    Divide chromatin into 1 mL aliquots, one aliquot per 
antibody. This chromatin can be stored at 4°C for up to 
4 months.  

   18.    For the first round of IP take four aliquots: (1) Antibody A, 
(2) Control IgG, (3) Antibody B, and (4) Control IgG ( see  
 Note  5  ).  

   19.    Add 4  m g of antibody to each sample and incubate overnight 
at 4°C with constant rotation ( see   Note  6  ).  

   20.    Simultaneously, prepare Sepharose beads as follows: Take 
0.2 g of protein A and 100  m L of protein G in a final volume 
of 2 mL of 9:1 dilution buffer:lysis buffer. Preadsorb beads 
with 100  m g/mL BSA and 500  m g/mL salmon sperm DNA 
and rotate overnight at 4°C.     

 Before starting add protease inhibitor to the lysis and dilution 
buffers as before.
   21.    Remove the preabsorption mix and wash the beads twice 

with 2 mL of dilution buffer. Finally resuspend the beads in 
2 mL 9:1 dilution buffer:lysis buffer. Store adsorbed beads at 
4°C for up to 6 months.  

   22.    Add 50  m L of preadsorbed beads per sample.  
   23.    Rotate samples for 2–4 h at 4°C.  
   24.    Add protease inhibitors to the washing buffers I, II, III, 

and TE.  
   25.    Centrifuge beads (800 ×  g ) for 1 min in a conventional 

table centrifuge (Eppendorf). Store 50  m L of supernatant as 
“unbound” at −20°C and remove the rest with a pipette ( see  
 Note 7   ).  

   26.    Wash sequentially with 1 mL of washing buffers I, II, 
and III, rotating 10 min at 4°C. Centrifuge (800 ×  g ) for 
1 min between washes. Remove supernatant carefully with a 
pipette.  

   27.    Wash twice with 1 mL TE as before.  
   28.    Resupend beads in 75  m L TE/10 mM DTT ( see   Note 8   ).  
   29.    Elute immunocomplexes by incubating 30 min at 37°C.  
   30.    Centrifuge (800 ×  g ) for 2 min and transfer the supernatant 

into a clean 1.5 mL tube.  
   31.    Dilute sample 20 times (to a final volume of 1.5 mL) with 

dilution buffer.  
   32.    For the second round of IP use: (1) Antibody B, (2) Anti-

body B, (3) Antibody A, (4) Antibody A. Take two new 
chromatin aliquots and incubate with (5) Antibody A and 
(6) Antibody B ( see   Note 9   ). Add 4  m g of antibody to each 
sample. Incubate overnight at 4°C with constant rotation.     

3.1.2. Day 2
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    33.    Proceed in the same way as before  (steps 21–26) .  
   34.    Take the INPUT and UNBOUND samples out of the 

freezer.  
   35.    Add 150  m L of washing beads buffer to each sample plus 

proteinase K and RNase A (5  m g/ m L). Incubate for at least 4 
h or overnight at 65°C to reverse the crosslink.     

    36.    Extract DNA using the MiniElute purification Kit (Qiagen), 
following the manufacturer’s instructions ( see   Note 10   ).  

   37.    Elute DNA in 50  m L of sterile water. Dilute INPUT and 
UNBOUND samples up to 300  m L. Proceed to PCR 
reactions.     

 The obtained data could be analyzed using different approaches. 
Here we describe two of them: a semiquantitative one in which 
results are normalized using a control region in a duplex PCR 
reaction ( Fig. 1   ) and a qualitative one in which no duplex PCR 
is performed and amplification signal of the immunoprecipitated 
(bound) chromatin is compared with the signal obtained using 
unbound sample as template ( Fig. 2   ). 

 In order to quantify the enrichment of a factor or histone mark 
(in this case antibodies A and B) in a given genomic region, a 
duplex PCR is performed. One PCR product corresponds to the 
region of interest and the other PCR product corresponds to a 
control region in which the evaluated mark is not expected, in 
order to normalize the data ( Fig. 1   ).
    1.    Design the oligonucleotides to amplify the experimental and 

control regions ( see   Note 11   ).  
    2.    Standardize radioactive duplex PCR with INPUT DNA. Be 

sure that the Experimental/Control ratio is near 1 and 
that amplification is at the linear range ( see   Note 12   ). Per-
form PCR reactions as indicated in  Tables 1    and  2    (these 
conditions were the ones used for the experiment shown 
in  Fig.  1  ).  

    3.    Once the radioactive duplex PCR conditions are estab-
lished, proceed to perform reactions using the ChIP DNA 
as template. In this case: (1) Input, (2) IgG + A, (3) A, (4) 
B + A, (5) Input, (6) IgG + B, (7) B, and (8) A + B.  

    4.    Run samples in a 6% acrylamide gel in 0.5% TBE buffer at 
150 V for 1 h and 45 min ( see   Note 13   ).  

    5.    Dry the gel on 3MM paper for 2 h.  
    6.    Expose gel on the phosphor screen or film for 2 h.  
    7.    Reveal image on Typhoon Scan and analyze the results in 

Image Quant program using the volume report tool ( see  
 Note 14   ).  

3.1.3. Day 3

3.1.4. Day 4

3.2. Semiquantitative 
Duplex PCR
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    8.    Once you have all values normalize data by applying the 
following equation: 

  

( )
( )

Experimental / Control Ab
Enrichment

Experimental / Control IgG
=

   

 For each antibody you should use its corresponding IgG. For 
example, to normalize A + B antibodies samples, use IgG + B. To 
normalize B + A antibodies samples, use IgG + A; and to normalize 
sample A and sample B, use input value.  

    9.    Graph data ( Fig. 1   ).       

 Reagent  Amount 

 DNA (Input or ChIP sample)  3  m L (of the 50  m L) 

 dNTPs (10 mM)  0.1  m L 

 dCTP [ a - 32 P] 10 mCi/mL (Amersham)  0.05  m L 

 Experimental oligos forward + reverse (pool of 
5-pmol each) 

 0.5  m L 

 Control oligos forward + reverse (pool of 5-pmol 
each) ( see   Note  15  ) 

 0.5  m L 

 Buffer 10×  2  m L 

 Taq Polymerase  0.05  m L 

 H 2 O  Up to 20  m L 

  Table 1  
  Radioactive PCR    

 Cycle step  Conditions 

 Denaturation  95°C for 5 min 

 Denaturation  95°C for 50 s 

 Annealing   T   m   for 50 s 

 Extension  72°C for 50 s 

 Extension  72°C for 5 min 

 Hold  25°C 

  Table 2  
  PCR cycle conditions    
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 In this case PCR reactions are performed independently in 
the experimental and control genomic regions, and the signal 
obtained using the immunoprecipitated DNA as a template is 
compared with the signal obtained with the unbound DNA as 
template ( Fig. 2   ). Specifications for PCR reactions and visualiza-
tion are the same as described earlier. 

     1.    The number of cells needed varies according to each cell 
type. Adjust cell number in order to obtain a good amount 
of chromatin (for at least ten independent antibodies) per 
experiment by measuring protein concentration ( see   Note  3  ). 
Keep cell number constant in each experiment as well as 
incubation and sonication conditions. Chromatin can be 
stored at 4°C for up to 4 months.  

    2.    In order to standardize sonication conditions make a pulse 
curve by taking a sample every 2 pulses (1–15 pulses). Treat 
chromatin with proteinase K and RNase A (500  m g/mL) for a 
minimum of 3 h at 65°C. Purify DNA by phenol-chloroform 
extraction followed by precipitation. Load DNA in a 1% aga-
rose gel and visualize by Ethidium Bromide staining. Choose 
conditions in which the right size of chromatin fragments is 
generated.  

    3.    Diluting 1:10 with dilution buffer makes a 10 mL solution in 
which 1 mL is used per antibody starting from 10–20 × 10 7  
cells. If the cell type is changed, quantify protein concentra-
tion and dilute with dilution buffer + protease inhibitors to 
have a 1  m g/ m L solution. Store it at 4°C for up to 6 months. 
Take 400  m L (400  m g) per antibody.  

    4.    Chromatin preclearance with adsorbed beads reduces unspe-
cific background. This step is not essential: if beads and IgG 
amplification signals are low, it can be skipped.  

    5.    The IgG must be from the same species in which the anti-
body was generated.  

    6.    4  m g of antibody is an optimum amount to assure efficient 
immunoprecipitation. In order to reduce antibody, use 3 and 
2  m g and assay for signal. Depending on the antibody 2  m g 
could be sufficient.  

    7.    The aliquot of unbound material can be used for a compari-
son with the bound material (chromatin that has specifically 
bound the antibody and is now precipitated with the beads) 
( Fig. 2   ). Beads that now carry immunocomplexes settle at 
the bottom of the tube. When removing the supernatant, be 

3.3. Qualitative PCR

4. Notes
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careful to avoid detaching the beads. When the washing buffers 
are added, beads will dislodge on their own. Do not vortex.  

    8.    10 mM DTT is used to elute immunocomplexes from the 
beads. This can be done in 75–200  m L TE; consider these 
volumes to dilute 20 times after incubation.  

    9.    Re-ChIP assay makes it possible to know whether two given 
factors localize at the same genomic region. Is important to 
include independent immunoprecipitation for each one as 
controls. In the second round of IP include antibodies A and 
B in two separate chromatin samples.  

   10.    DNA extraction could be done with phenol-chloroform and 
be followed by precipitation.  

   11.    When designing experimental and control oligonucleotides con-
sider that the control PCR product must come from a genomic 
region in which the analyzed factor is not expected. Also be sure 
both have similar  T   m   and that the amplification products sizes 
are adequate to separate them in an acrylamide gel.  

   12.    In order to compare the amplification signal from the genomic 
region of interest against the control genomic region, the 
signal obtained with input DNA must be similar for both 
PCR products. Consider conditions in which Experimental/
Control ratio of 0.8–1.2 is obtained. To have a real value of 
amplification signal, be sure that the PCR cycles used fall 
into the linear range. To do so, make an amplification curve 
using increasing amounts of input template (50, 100, 300, 
500 ng). Amplification product has to increase linearly. If 
not, reduce PCR cycles until linear range is achieved.  

   13.    Load samples in the following order: (1) Input, (2) A, (3) IgG 
+ A, (4) B + A (5) Input, (6) B, (7) IgG + B, (8) A + B.  

   14.    ImageQuant (Molecular Dynamics) is one of the programs 
available to analyze the obtained data. Take the square tool 
and make a little square around bands. Keep square area con-
stant. Finally display the volume report and save data as an 
Excel file. Proceed to do the calculation. Other quantification 
tools can be used.  

   15.    When performing qualitative analysis, control and experi-
mental oligonucleotides are used in separate PCR reactions.         
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      Chapter 18

 Profiling Genome-Wide Histone Modifications and Variants 
by ChIP–chip on Tiling Microarrays in  S. cerevisiae        

     Alain R.   Bataille    and    François   Robert          

  Summary 

 Chromatin immunoprecipitation coupled to DNA microarray has become a widely used method to study 
transcription factors and chromatin structure. Here, we provide a detailed protocol for the localization 
of the variant histone Htz1 in the  S. cerevisiae  genome. This protocol can easily be adapted to fit other 
purposes such as profiling histone modifications.  

  Key words:   Chromatin immunoprecipitation ,  Location analysis ,  ChIP on chip ,  DNA microarrays , 
 Chromatin ,  Histone modifications ,  Histone variants.    

 Chromatin is an important player in the regulation of nuclear proc-
esses such as gene transcription, DNA replication, recombination, 
and DNA repair. This is possible because chromatin is a very plas-
tic structure in vivo. Chromatin can be remodeled, that is to say 
that its level of condensation and the position of the nucleosomes 
can be modulated via the action of cellular factors. In addition, 
the protein moiety of the nucleosomes, the histones, are subject 
to a plethora of post-translational modifications that can occur 
either prior to or after chromatin assembly. Finally, many nonal-
lelic  variants exist for most histone genes. The incorporation of 
these variant into chromatin is another way for the cell to modify 
chromatin structure and function. 

1. Introduction
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 Tools to study chromatin in vitro have been around for a 
long time, but the study of chromatin in vivo has long been a 
challenge. A first generation of techniques to study chromatin 
in vivo was making use of nucleases  (1–  3) . These assays were 
based on the principle that nucleosomes protect DNA from the 
action of nucleases. Information about the composition and 
the epigenetic state of the nucleosomes cannot be obtained from 
those assays. The development of antibodies against specific his-
tone modifications, coupled to a technology called Chromatin 
immunoprecipitation (ChIP), has enabled the possibility to 
study the epigenetic state of specific DNA loci in vivo  (4) . More 
recently, the ChIP assay has been coupled to DNA microarrays, 
enabling the study of chromatin in large scale  (5,   6) . 

 In a ChIP experiment, an immunoprecipitation is made 
from crosslinked chromatin fragments, and the coimmunopre-
cipitated DNA is monitored by quantitative or semiquantitative 
PCR. The enrichment of a given locus in the immunoprecipi-
tated material, compared to a control sample, is read as an indi-
cation that the immunoprecipitated protein was bound to that 
locus in vivo. The control sample is often a nonimmunoprecipi-
tated extract or a mock immunoprecipitation. When the immu-
noprecipitation is performed using an epitope-tagged protein, 
the best control is perhaps an immunoprecipitation done on 
a control cell line that carries no tag  (7) . When monitoring 
histone modifications or the presence of a histone variant, 
however, these kinds of controls are not appropriate. This is 
because nucleosome density is not uniform along the genome. 
As a consequence, a high enrichment at a specific locus using 
an antibody directed against a given histone modification could 
be the sole consequence of a higher nucleosome density at that 
locus. Inversely, a low enrichment may be cause by a deple-
tion of nucleosomes at the locus. To circumvent the problem, 
an immunoprecipitation performed against total nucleosomes 
is usually used as a control. This normalizes for nucleosome 
density and a more accurate measure of the modification state 
of chromatin is therefore achieved. 

 Here we detail a protocol used to map the variant histone 
H2A.Z (called Htz1 in yeast) across the Saccharomyces cerevi-
siae genome. In that experiment, a yeast strain was engineered 
to express a myc-tagged version of Htz1 and an HA-tagged ver-
sion of H2B. Immunoprecipitations using anti-myc and anti-HA 
antibodies are performed from the same crosslinked extract, and 
both derived DNAs are labeled and hybridized on the same DNA 
microarray. The H2B (HA) IP is therefore used to normalize 
nucleosome density. A similar strategy was originally used and 
published in  (8) . 
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      1.    50 mL of fresh logarithmic growth yeast culture in YPD. 
The strain we use has the following genotype ( MATa 
ura3-1, leu2-3,112, ade2-1, his3-11,15, trp1-1, can1-100, 
HTZ1::3xMyc, HTB1::3xHA ).  

    2.    37% Formaldehyde.  
    3.    Ice-cold TBS.      

  Lysis buffer (50 mM HEPES-KOH of pH 7.5, 140 mM NaCl, 
1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 1 mM 
PMSF, 1 mM Benzamidine, 10  m g/mL Aprotinin, 1  m g/mL 
Leupeptin, 1  m g/mL Pepstatin).
    1.    Acid-washed glassbeads (400–600  m m) (Sigma).  
    2.    Bead beater.      

      1.    Dynabeads Pan Mouse IgG (Dynal).  
    2.    Anti-Myc antibody (9E10 from Santa Cruz Biotech.).  
    3.    Anti-HA antibody (F-7 from Santa Cruz Biotech.).  
    4.    Hematology Chemistry Mixer 346 (Fisher) or equivalent.  
    5.    Magnet system MPC-S (Dynal).  
    6.    Lysis buffer (Same as for breaking the cells).  
    7.    PBS + BSA (PBS supplemented with 0.5% Bovine Serum 

Albumin).  
    8.    Wash buffer (10 mM Tris-HCl of pH 8.0, 250 mM LiCl, 

0.5% NP40, 0.5% Na-deoxycholate, 1 mM EDTA).  
    9.    TE (10 mM Tris of pH 8.0, 1 mM EDTA).      

      1.    TE/SDS (10 mM Tris of pH 8.0, 1 mM EDTA, 1% SDS).  
    2.    TE (10 mM Tris of pH 8.0, 1 mM EDTA).  
    3.    DNase-free RNaseA solution (10 mg/mL in water).  
    4.    10% SDS.  
    5.    Proteinase K solution (20 mg/mL from Invitrogen).  
    6.    Glycogen (20 mg/mL from Roche).  
    7.    Phenol/chloroform/isoamyl alcohol (25:24:1 from Sigma).  
    8.    5 M NaCl.  
    9.    100% freezer-cold ethanol.  
    10.    70% freezer-cold ethanol.      

      1.    T 4  DNA polymerase (NEB).  
    2.    Buffer NEB2.  

2. Materials

 2.1. Growing and 
Crosslinking Cells 

 2.2. Breaking Cells 

 2.3. Immunopre-
cipitation 

 2.4. DNA Purification 

 2.5. Amplification and 
Labeling 
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    3.    BSA (10 mg/mL from New England Biolabs).  
    4.    dNTP mix (20-mM each of dATP, dCTP, dGTP, and dTTP).  
    5.    3 M NaOAc of pH 5.2 (Sigma).  
    6.    0.1 M NaOAc of pH 5.2.  
    7.    Glycogen (20 mg/mL from Roche).  
    8.    Phenol/chloroform/isoamyl alcohol (25:24:1 from Sigma).  
    9.    Freezer-cold 100% ethanol.  
   10.    Freezer-cold 70% ethanol.  
   11.    5× ligase buffer (Invitrogen).  
   12.    Annealed linker (see protocol later).  
   13.    T 4  DNA ligase high concentration (Invitrogen).  
   14.    10× ThermoPol buffer (New England Biolabs).  
   15.    5-(3-aminoallyl)-2’deoxyuridine-5’-triphosphate (aa-dUTP) 

(Ambion).  
   16.    aa-dUTP dNTP mix (5 mM each of dATP, dCTP, dGTP, 

3 mM dTTP, 2 mM aminoallyl-dUTP).  
   17.    Monoreactive Cy-5 NHS Ester (GE Healthcare).  
   18.    Monoreactive Cy-3 NHS Ester (GE Healthcare).  
   19.    Oligo 1 (GCGGTGACCCGGGAGATCTGAATTC) (40 

 m M stock).  
   20.    Oligo 2 (GAATTCAGATC) (40  m M stock).  
   21.     Taq  DNA polymerase (Invitrogen).  
   22.     Pfu  DNA polymerase (Fermentas).  
   23.    Qiaquick PCR purification kit (Qiagen).  
   24.    Phosphate wash buffer (80% ethanol/5 mM KPO 4  of pH 

8.5 buffer).  
   25.    Phosphate elution buffer (4 mM KPO 4  of pH 8.5 buffer).  
   26.    0.1 M Na 2 CO 3  of pH 9.0 (from 1 M stock solution made 

fresh every few weeks to a month).      

      1.    Ozone-free enclosure.  
    2.    Microarray hybridization chamber (Agilent).  
    3.    Hybridization oven with rotator slide rack (Agilent).  
    4.     S. cerevisiae  tiling array (Agilent).  
    5.    Microarray gasket slide (Agilent).  
    6.    Hybridization solution (0.05 mM Mes NaOH of pH 6.9, 

30% Formamide, 650 mM NaCl, 0.5% sodium N-Lauroyl-
sarcosinate, 6 mM EDTA, 250 ng/slide salmon sperm DNA, 
80  m g/slide yeast tRNA).  

 2.6. Hybridization 
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    7.    Wash solution A (6× SSPE, 0.005% N-Lauroylsarcosine).  
    8.    Wash solution B (0.06× SSPE).  
    9.    Heat blocks at 95°C and 40°C.  
   10.    Three staining dishes.  
   11.    Slide rack.  
   12.    Lab rotator orbital shaker (Barnstead) or equivalent.      

 

 In a ChIP experiment, cells are first treated with formaldehyde. 
Formaldehyde is applied directly to living cells and acts very quickly, 
which allows for the design of very sharp time course experiments 
if needed. Virtually any growth condition can be used depending 
on experimental needs. We typically use 50 mL of exponentially 
growing cells (i.e., OD 600 : 0.6–1.0), which represents around 3 × 
10 8 −5 × 10 8  cells. The crosslinking time is one of the first factors 
that should be optimized if initial attempts to ChIP a protein fail. 
It has been reported that excessive exposure to formaldehyde can 
make the subsequent sonication steps more difficult.
    1.    Grow 50 mL of yeast in YPD medium until OD 600  reaches 

0.6–1.0.  
    2.    Add 1.4 mL 37% formaldehyde directly to the flask or trans-

fer the content of the flask into a 50-mL conical tube con-
taining 1.4 mL formaldehyde.  

    3.    Incubate 30 min at room temperature with agitation.  
    4.    Centrifuge into 50-mL conical tubes for 5 min at 3,000 rpm 

(2047 g) in a refrigerated (4°C) table top centrifuge.  
    5.    Pour off the supernatant (discard as chemical waste) and wash 

the cells by resuspending into 40 mL of ice-cold TBS (vigor-
ous shaking is required) and centrifuge again as in  step 4 .  

    6.    Repeat  step 5  for a total of two washes.  
    7.    Using the remaining liquid, resuspend the cell pellet and 

transfer into a 1.5-mL screw cap tube.  
    8.    Centrifuge 1 min at maximum speed, remove the superna-

tant with a pipette, and snap freeze in liquid nitrogen.  
    9.    Samples can either be used directly or stored at −80°C.     

 Yeast cells are broken by vigorous agitation in the presence of 
glass beads (often referred to as bead beating). We do not recom-
mend using regular vortexers since they tend to break rapidly due 

 3. Methods  

3.1. Growing and 
Crosslinking Cells

3.2. Breaking Cells
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to overuse. We use a bead beater from Biospec Products sold in 
an 8-tube or 48-tube format.
   1.    Thaw cell pellet on ice.  
   2.    Resuspend in 700  m L lysis buffer.  
   3.    Add the equivalent of a 0.5-mL PCR tube of glass beads.  
   4.    Screw cap tightly and secure tubes to the bead beater.  
   5.    Beat for 5 min, and then put into ice-water bath for 5 min.  
   6.    Repeat  step 5  three more times ( see   Note 1   ).  
   7.    Punch a hole at the bottom using an 18G1 needle (do not 

go all the way through. Stop as soon as liquid or air is going 
through) and set up over a 2-mL tube.  

   8.    Loosen the cap and spin 3–4 s. This should allow the material 
to transfer into the 2-mL tube while the beads stay trapped 
into the top tube. This operation may not work with all types 
of centrifuge. We use an Eppendorf 5417C with a 30-slot 
rotor.  

   9.    Resuspend the chromatin pellet with its own supernatant and 
transfer into a new 1.5-mL tube ( see   Note 2   ).     

 Just like for cell breakage, there is a lot of variation in the effi-
ciency of the sonication due to the type of sonicator used, but 
also the type and age of the probe used. This step therefore needs 
to be optimized, which can be done by looking at the size of 
the sheared DNA on an agarose gel. We suggest omitting the 
formaldehyde treatment when optimizing the sonication in order 
to remove the need for reversing the crosslinking reaction. The 
protocol described here was optimized for a Fisher dismembrator 
100 equipped with a microprobe.
   1.    Sonicate the sample four times for 20 s at power 4, 1.5 (for an 

output of 7 Watts). Put the tube on ice for at least a minute 
between every round of sonication ( see   Note 3   ).  

   2.    Centrifuge 5 min at maximum speed and transfer the super-
natant (which contains solubilized chromatin fragments) to a 
new 1.5-mL tube. From now on, this will be referred to as the 
whole-cell extract (WCE).     

 Immunoprecipitation can be done with a great variety of sys-
tems. Both monoclonal and polyclonal antibodies have been 
shown to work for ChIP. All sorts of matrices such as agarose, 
Sepharose, or magnetic beads were used as well. The protocol 
described here uses magnetic beads coupled to an anti-myc and 
anti-HA antibody.
   1.    Set up a tube with 500  m L of WCE and 30  m L of anti-Myc-

coupled-magnetic beads ( see   Note 4   ).  

3.3. Preparation of 
Soluble Chromatin 
Fragments

3.4. Immunoprecipita-
tion
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    2.    Incubate overnight at 4°C with agitation (we use a Hematol-
ogy Chemistry Mixer 346 from Fisher).  

    3.    Wash the beads twice with 1 mL lysis buffer, twice with 1 mL 
lysis buffer supplemented with 360 mM NaCl, twice with 1 
mL Wash buffer, and once with 1 mL TE ( see   Note 5   ).  

    4.    After the last wash (TE), centrifuge briefly and remove the 
last bit of liquid using a P200 pipette. This should leave a dry 
bead pellet.     

 The crosslink between DNA and the proteins needs to be reversed. 
This is done here by the action of Tris which, with heat, attacks 
the chemical bonds generated by the formaldehyde and liber-
ates free DNA. The DNA is purified by a succession of RNase A 
and proteinase K treatments, followed by phenol extractions and 
ethanol precipitation.
    1.    To the bead pellets (from subheading  3.4 ,  step 4 ), add 50 

 m L of TE/SDS, vortex, and incubate overnight at 65°C (use 
an oven instead of a water bath in order to minimize evapo-
ration and condensation in the cap of the tubes).  

    2.    Centrifuge 3 min at 3,000 rpm    (300 g) and transfer the 
supernatant to a new tube.  

    3.    Add 350  m L of a mixture (345  m L TE, 3  m L RNase A, 2  m L 
glycogen), mix by vortexing, and incubate 2 h at 37°C.  

    4.    Add 15  m L of 10% SDS and 7.5  m L of proteinase K solution, 
mix by vortexing, and incubate two more hours at 37°C.  

    5.    Extract twice with 400  m L phenol/chloroform/isoamyl 
alcohol.  

    6.    Add 12–16  m L 5 M NaCl (200 mM final concentration), 
vortex; add 1 mL ethanol, vortex, and centrifuge 20 min at 
maximum speed at 4°C.  

    7.    Pour off liquid and wash with 70% ethanol.  
    8.    Centrifuge 5 min and pour off liquid.  
    9.    Centrifuge briefly, remove the last bit of liquid with a pipette, 

and let dry 1 min (Do not overdry the pellet).  
   10.    Resuspend the pellet (which should be very small but still 

visible) in 50  m L TE.  
   11.    Store at −20°C.     

 The immunoprecipitated DNA fragments are amplified and 
labeled by ligation-mediated PCR (LM-PCR) where aminoallyl-
modified dUTP is incorporated in the product. The labeling is 
done post-PCR using monoreactive Cy-dye NHS esters that will 
react specifically with the aminoallyl-modified dUTP ( see   Note 6   ). 
The source of reagents is indicated here as a suggestion ( see   
Note 7   ). 

3.5. DNA Purification

3.6. Amplification and 
Labeling
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     1.    Transfer 40  m L of immunoprecipitated DNA to a 0.5-mL 
PCR tube. Keep the sample on ice.  

    2.    Add 70  m L of blunting mix (11  m L 10× NEB2 buffer, 0.5 
 m L BSA, 0.5  m L dNTPs, 0.2  m L T 4  DNA pol, and 57.8  m L 
ice-cold water).  

    3.    Mix by pipetting and incubate 20 min at 12°C (we use a 
thermocycler block).     

     1.    Place on ice and add 12  m L of (11.5  m L 3 M NaOAc and 0.5 
 m L glycogen).  

    2.    Vortex and add 120  m L of phenol/chloroform/isoamyl 
alcohol.  

    3.    Vortex hard and centrifuge 5 min at maximum speed.  
    4.    Transfer 110  m L to a new 1.5-mL tube and add 230  m L 

ethanol.  
    5.    Vortex and centrifuge 20 min at 4°C.  
    6.    Pour off supernatant and add 500  m L 70% ethanol.  
    7.    Vortex and centrifuge 5 min at 4°C.  
    8.    Pour off supernatant, centrifuge briefly, and remove the 

remaining liquid with a pipette.  
    9.    Let air dry 1 min, add 25  m L ice-cold water, and put on ice 

for about 30 min.  
   10.    Vortex, centrifuge briefly, and put on ice.  
   11.    Add 25  m L of ligase mix (8  m L water, 10  m L 5× ligase buffer, 

6.7  m L annealed linker, 0.5  m L T 4  DNA ligase) ( see  Note  8  
for linker preparation).  

   12.    Mix by pipetting and incubate overnight at 16°C (a water-
bath is fine for this step).     

      1.    Add 6  m L of 3 M NaOAc, vortex, and add 130  m L EtOH.  
    2.    Vortex to mix and centrifuge 20 min at 4°C, maximum 

speed.  
    3.    Pour off supernatant and add 500  m L 70% ethanol.  
    4.    Vortex and centrifuge 5 min at 4°C, maximum speed.  
    5.    Pour off supernatant centrifuge briefly and remove remain-

ing liquid with a pipette.  
    6.    Let air dry for a minute (do not overdry the pellet), and 

resuspend in 25  m L ice-cold water by pipetting up and down 
and rinsing the side of the tube (the pellet at this stage is usu-
ally diffused on the side of the tube).  

    7.    Leave on ice for about 30 min, vortex, centrifuge briefly, and 
put on ice.  

3.6.1. Blunting

3.6.2. Ligation

3.6.3. PCR
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    8.    Add 15  m L of labeling mix (4  m L 10× ThermoPol buffer, 
7.75  m L water, 2  m L aa-dUTP dNTP mix, 1.25  m L oligo 1).  

    9.    Mix by pipetting and transfer to a new 0.5-mL PCR tube.  
   10.    Put in thermocycler and start the program (see later).  
   11.    When temperature reaches 55°C, add 10  m L of enzyme mix 

(8  m L water, 1  m L 10× ThermoPol buffer, 1  m L  Taq  polymer-
ase, 0.01  m L  Pfu  polymerase) and mix by pipetting ( see  Note 
 9  for PCR program).  

   12.    Purify PCR reactions on Qiaquick PCR purification kit. Use 
manufacturer protocol, but replace buffer PE with the Phos-
phate wash buffer and buffer EB with the Phosphate elution 
buffer. Do the wash step twice. Elute twice with 30  m L phos-
phate elution buffer (60  m L total volume).  

   13.    Dry the eluates in a speed-vac.  
   14.    Resuspend the pellets in 4.5  m L fresh 0.1 M Na 2 CO 3  of pH 

9.0 buffer.  
   15.    Add 4.5  m L of the appropriate Cy-dye (we use Cy5 for the 

IP and Cy3 for the control) ( see  Note  10 ).  
   16.    Incubate 1 h in the dark at room temperature.  
   17.    Add 35  m L 0.1 M NaOAC of pH 5.2.  
   18.    Add 250  m L buffer PB (Qiagen) and purify on Qiaquick 

PCR purification columns, using the manufacturer’s proto-
col and buffers. Do the wash step twice. Elute twice with 30 
 m L buffer EB (60  m L total volume) ( see  Note  11 ).  

   19.    Dry the eluates in a speed-vac ( see  Note  12 ).  
   20.    Store the dry colored pellets at −20°C in the dark.      

  Hybridization is done in Agilent hybridization chambers. This 
hybridization technology ensures a homogenous hybridization of 
the slide surface. All the process and especially the washes and 
scanning are done in an ozone-free chamber to minimize the deg-
radation of the Cy-dyes ( see  Note  13 ). More details concerning 
Agilent chamber manipulation and Agilent hybridization technol-
ogy can be found in the Agilent microarray hybridization chamber 
user guide (provided with each chamber or in their web site). 

        1.    Resuspend Cy3-labeled sample in 4  m L of water and transfer 
to the corresponding Cy5-labeled sample ( see  Note  14 ).  

    2.    Add 450  m L of fresh hybridization solution to each com-
bined sample (volumes from 400  m L to 500  m L will work) 
and mix by vortexing ( see  Note  15 ).  

    3.    Spin briefly and denature samples for 3 min in a 95°C heat 
block.  

3.7. Hybridization

3.7.1. Hybridization
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    4.    Spin briefly and transfer to a 40°C heat block for another 10 
min.  

    5.    Assemble the gasket slide and the base of the hybridization 
chamber, and check for misalignment.  

    6.    Dispense the sample on the gasket slide starting close to one 
end and slowly moving to the opposite end without touch-
ing the surface of the gasket slide (avoid bubbles).  

    7.    Carefully cover with the array and check for misalignment 
( see  Note  16 ).  

    8.    Assemble the hybridization chamber upper part.  
    9.    Slip the clamp assembly onto the chamber and tighten the 

thumbscrew so that it is fully hand tight.  
   10.    Vertically rotate the slide to wet the coverslip and ensure that 

the bubbles are moving freely ( see  Note  17 ).  
   11.    Incubate in rotating oven at 40°C, 20 rpm, overnight (don’t 

forget to balance the rotor both horizontally and vertically).      

        1.    Pour buffer A to a standard Staining dish with a slide rack 
(around 250 mL) and to another dish that will be used as 
“disassembly dish” ( see  Note  18 ).  

    2.    Remove hybridization chamber from the oven, disassemble 
all metal parts, submerge slide-gasket slide sandwich into 
“disassembly dish” and separate the slide from and gasket 
slide using plastic tweezers ( see  Note  19 ).  

    3.    Briefly rinse the slide in “disassembly dish” and transfer to 
the slide rack in washing dish with buffer A.  

    4.    Proceed to next slide ( see  Note  20 ).  
    5.    Wash with buffer A on orbital shaker for 5 min (start the 

timer when the last slide has been transferred).  
    6.    Transfer the slide rack to a dish filled with buffer B and wash 

on orbital shaker for another 5 min. Slowly remove the rack 
from the liquid ( see  Note  21 ).  

    7.    Store the slides in dark and proceed to scanning rapidly.        

    

     1.    The amount of beating that is required may vary depending 
on the equipment, the yeast strain, the age of the culture, 
and the sample/beads ratio used. Cell breakage can be easily 
monitored by looking at cells under a light microscope.  

3.7.2. Wash

4. Notes
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    2.    Alternatively, the supernatant can be discarded and the chro-
matin pellet resuspended into 700  m L of fresh lysis buffer. 
For proteins with a prominent soluble form (not associated 
with chromatin), this may prevent unbound proteins from 
competing for antibody during the subsequent immunopre-
cipitation step.  

    3.    When doing multiple samples, sonicate each sample once 
and go back to the first one. Rinse the probe with distilled 
water between every sample in order to avoid crosscontami-
nation. Avoid contact between the probe and the side of the 
tube. This would reduce the efficiency of the sonication.  

    4.    The beads should be prepared the day prior use the follow-
ing way. Take enough beads to get 50  m L per immunopre-
cipitation. Put into a conical plastic tube and centrifuge 3 
min at low speed to pellet the beads. Wash twice with PBS 
+ BSA and incubate them overnight at 4°C with agitation 
in the presence of anti-Myc antibody (we use 2  m g of 9E10 
antibody per immunoprecipitation reaction) or anti-HA anti-
body (we use 2  m g of F-7 antibody per immunoprecipitation 
reaction.) and enough PBS + BSA to ensure a good agita-
tion. The next day (prior to use) wash twice in lysis buffer to 
remove nonbound antibodies and resuspend beads in 30  m L 
of lysis buffer per immunoprecipitation.  

    5.    The washes can be done quickly using a magnetic system 
(MCP-S from Dynal). Put the tubes to the magnetic system 
and wait a few seconds for the beads to get captured by the 
magnet. By keeping the tubes in the system, remove the liq-
uid by aspiration or simply by inverting the tubes. Add the 
next washing solution, close the tubes, remove the magnet, 
and agitate to resuspend the beads. Put the magnet back on 
and remove the liquid as earlier. Process as so for the neces-
sary steps.  

    6.    This method is less expensive and yields better results than 
the direct incorporation of Cy-dye-modified dNTPs during 
PCR. We found that dye swap experiments are not necessary 
with this protocol.  

    7.    These reagents represent a combination that gives good 
results in our laboratory. While it probably does not matter 
for most of other reagent, we found that using ligase buffers 
which contains polyethylene glycol and the high concentra-
tion ligase makes an improvement.  

    8.    The annealed linker is prepared by annealing oligos 1 and 2 
the following way. Mix 250  m L 1 M Tris of pH 7.9, 375  m L 
oligo 1, and 375  m L oligo 2. Make 50- m L aliquots in 1.5-mL 
tubes. Place in a 95°C heat block for 5 min. Transfer tubes 
to a 70°C heat block with water in wholes. Place the block 
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at room temperature and let it cool down to 25°C. Transfer 
the block to 4°C and allow it to cool down overnight. Store 
annealed linkers at −20°C. The  T   m   of the linker is very low. 
Always keep the linkers on ice and use ice-cold buffers when 
manipulating it to avoid deannealing.  

    9.    Use the following PCR program for amplification: step 1: 4 
min at 55°C; step 2: 5 min at 72°C; step 3: 2 min at 95°C; 
step 4: 30 s at 95°C; step 5: 30 s at 55°C; step 6: 1 min at 
72°C; step 7: Go back to step 4, 31 more times; step 8: 4 
min at 72°C; step 9: 4°C forever.  

   10.    Resuspend new tubes of the Cy3 and Cy5 dyes in 73  m L 
of DMSO (kept in the dark, under desiccant and vacuum). 
Store at −80°C.  

   11.    The color should be visible on the filter and the eluate should 
have a faint but visible taint of blue/pink.  

   12.    Optionally DNA amount and dye incorporation can be esti-
mated by spectrometry prior speed-vac using 50  m L of the 
undiluted elution (which is recovered from the cuvet after 
measurement). For this we measured the absorbance at 260, 
320, 550, 650 nm for Cy3 and 260, 320, 650, 750 nm for 
Cy5 and apply the following formulas:  

  DNA(mg)=(A260–A320) ´ 50mg/mL ´ Volume (mL) ´ dilution factor     

  Base/Cy3 = (((A260 – A320) – ((A550 – A650) ´ 0.08)) ´ 150,000)/
((A550 – A650) ´ 6,600)    

  Base/Cy5 = (((A260 – A320)– ((A650 – A650) ´ 0.05)) ´ 250,000)/
((A650 – A750) ´ 6,600)     

  Dye molecules/100bp = 100/(base/dye)   

 Expect about 5  m g of DNA (typically between 4 and 6  m g) and 
an incorporation of 1.5 dyes per 100 bp (typically between 
1.2 and 1.8 dyes per 100 bp).  

   13.    Cyanide dyes (Cy5 particularly) are sensitive to even low 
level of atmospheric ozone. Working under an ozone-free 
enclosure is especially important when the dyes are dry and 
thus directly exposed to atmospheric ozone (after the last 
wash). Alternatively Agilent sells a solution saturated with 
ozone scavengers that will help protect the slide from ozone 
during the scan.  

   14.    Samples are easily resuspended in a small volume, but a larger 
volume can be used (adjust water volume in hybridization 
solution in consequence).  

   15.    The hybridization solution is made fresh each time. While 
it probably does not matter for most of other reagent, we 



 Profiling Genome-Wide Histone Modifications and Variants by ChIP–chip 279

found that using Sodium N-Lauroylsarcosinate from Fluka 
makes an improvement compared to other brands.  

   16.    The active face of the array is the face reading “Agilent”; 
thus, this face should face the gasket slide while you are fac-
ing the side reading the slide number.  

   17.    It is ideal to obtain just one “mixing” bubble; however, small 
bubbles are fine as long as they can move freely between the 
slides. Static bubbles at the edge of the gasket can be dis-
lodged by gently tapping the corner of the assembled cham-
ber on a firm surface.  

   18.    We use a glass staining dish for the disassembly dish, but 
black plastic ones for the subsequent washes in order to pro-
tect the slides from the light as much as possible.  

   19.    Insert one end of the tweezers between the slide and the 
gasket slide in the barcode area and then gently turn the 
tweezers to separate the slides. Let the gasket slide drop to 
the bottom of the dish while you are still maintaining the 
array with the tweezers. To transfer the slide into the rack it 
is easier and safer to manipulate the slide by holding it at the 
barcode area with your hand.  

   20.    Up to ten slides can be processed in parallel in the same slide 
rack.  

   21.    It is important to slowly remove the slides from the liquid. 
The surface of the slides will come out dry and usually do 
not need to be centrifuged or air blowed.          
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Chapter 19      

 Nucleosome Mapping       

     Nicolas   Gévry   ,    Amy   Svotelis   ,    Marc   Larochelle   , and    Luc   Gaudreau          

  Summary 

 The basic repeating unit of chromatin, the nucleosome, is known to play a critical role in regulating the 
process of gene transcription. The positioning of nucleosomes on a promoter is a significant determinant 
in its responsiveness to gene-inducing signals. For example, positioning and subsequent mobilization 
of nucleosomes can regulate the access of various DNA factors to underlying DNA templates. Several 
mechanisms have been proposed to direct the process of nucleosome displacement such as chemical his-
tone modifications, ATP-dependent remodelling, and the incorporation of histone variants. Thus, rather 
than being an inert molecular structure, chromatin is highly dynamic in response to the transcription 
process. In this section, we describe two methodologies that allow the determination of exact nucleo-
some positioning within specific gene regions.  

  Key words:   Transcription ,  Chromatin ,  Nucleosomes ,  LM-PCR; Nucleosome density assay.    

   

 In eukaryotes, nuclear chromosomes are packaged by proteins 
into a condensed structure called chromatin. Chromatin is the 
physiological template for nuclear processes involving genomic 
DNA, including gene transcription. The organization of DNA 
into chromatin is separated into several levels, achieved via the 
use of several different proteins and complexes. The first level of 
chromatin organization is defined by the nucleosome, the basic 
repeating unit of chromatin, composed of an octamer of the four 
core histones (H2A, H2B, H3, and H4) around which 147 bp 
of DNA are wrapped  (1) . Polynucleosomal arrays are visualized 
as “beads on a string” in microscopy where nucleosome particles 
are the “beads” connected by 20–100 bp of linker DNA  (2) . 

1. Introduction
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Packaging genomic DNA into chromatin presents a physical barrier 
for regulatory proteins such as transcription factors and general 
transcriptional machinery to have access to the underlying pro-
moter DNA region  (3) . 

 In order to bypass the physical barrier chromatin presents, 
several mechanisms have been proposed to alter chromatin struc-
ture during transcription. These modifications can lead either 
to nucleosome sliding, nucleosome eviction, or to nucleosome 
modification. Nucleosome stability is regulated by the combined 
effects of nucleosome-positioning sequences, histone chaper-
ones, ATP-dependent nucleosome remodelling complexes, post-
translational modifications, and histone variants  (4–  7) . These 
mechanisms are dedicated to repressing or facilitating events that 
occur on the DNA template and maintaining the nucleosomal 
structure organization. The high degree of precision in setting up 
a chromatin template and small changes in nucleosome position 
can have dramatic consequences on recruitment of regulatory 
proteins and on transcription  (8–  10) . Recently, it has become 
evident that the association of regulatory proteins, the position 
of nucleosomes, and their composition are highly dynamic  (3) . 
Thus rather than being an inert molecular structure upon which 
transcription occurs, chromatin structure also plays a more spe-
cific role in transcriptional regulation. 

 Over the last few years, chromatin research efforts have 
made it increasingly apparent that chromatin structure imposes 
profound and ubiquitous effects on almost all DNA-related 
processes, namely transcription. Thus, the characterization of 
nucleosome positions is of profound interest in the study of how 
genes are regulated. The techniques described in this section 
will help to analyse the consequences that the dynamic nature of 
nucleosomes has on chromatin-based processes such as transcrip-
tion. These techniques take advantage of the enzyme micrococcal 
nuclease (MNase), which preferentially digests the internucleo-
somal (linker) DNA region of chromatin before nucleosome-
protected DNA.  

   

       1.    PBS 1×: 137 mM NaCl, 27 mM KCl, 43 mM KH 2 PO 4 , and 
14 mM Na 2 HPO 4 ·7H 2 O. For the 1× PBS dilute 10× PBS 1:9 
in ddH 2 O.  

   2.    Formaldehyde, 37%.  

2. Materials

2.1. Cell Preparation
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   3.    100× Protease inhibitor cocktail: 0.2 mM Pepstatin A, 72 
 m M Leupeptin, and 26  m M Aprotinin in 90% ethanol.  

  4.    Prepare fresh 1.1% PBS-formaldehyde mix from 37% formal-
dehyde and PBS of pH 7.4.  

   5.    Buffer A: 10 mM Hepes of pH 7.9, 10 mM KCl, 1.5 mM 
MgCl 2 , 0.34 M Sucrose, 10% Glycerol, 1× protease inhibitor 
cocktail, and 1 mM DTT.  

    6.    Buffer B: 3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 1× 
protease inhibitor cocktail, and 1 mM PMSF.  

    7.    MNase buffer: 50 mM Tris–HCl of pH 7.4, 25 mM KCl, 
4 mM MgCl 2 , 12.5% Glycerol, 1 mM CaCl 2.   

    8.    2.5 M glycine.  
    9.    Buffer Z: 1 M sorbitol, 50 mM Tris–HCL of pH 7.4.  
   10.    Zymolyase solution: 10 mg/mL in Buffer Z. Prepare fresh 

for each experiment.  
   11.    NP buffer: 1 M Sorbitol, 50 mM NaCl, 10 mM Tris–HCL 

of pH 7.4, 5 mM MgCl 2,  1 mM CaCl 2 .  
   12.    250 mM Spermidine.  
   13.     b -Mercaptoethanol (14.3 M).  
   14.    10% NP-40.      

        1.    Micrococcal nuclease (MNase) (USB, Cleveland, OH, USA).  
    2.    Stop solution: 100 mM EDTA, 100 mM EGTA.  
    3.    RNAse A: DNAse-free stock at a concentration of 10 mg/mL.  
    4.    Proteinase K (from a 10 mg/mL stock).  
    5.    Glycogen (from a 20 mg/mL stock).  
    6.    100% Ethanol.  
    7.    80% Ethanol.  
    8.    3 M Sodium acetate of pH 5.5.  
    9.    5× DNA-loading buffer: 25 mg xylene cyanol (0.25%), 4 g 

sucrose (40%); adjust volume to 10 mL with H 2 O.  
   10.    50× TAE: 2 M Tris–HCL, 2 M acetic acid, and 0.05 M EDTA 

(pH 8.0). For the 0.5× TAE, dilute 1:100 in ddH 2 O.  
   11.    10 mM Tris–HCl of pH 7.5.  
   12.    Ethidium bromide (10 mg/mL).  
   13.    QIAquick PCR purification kit (Qiagen).      

        1.    qPCR commercial master mix.  
    2.    10 mM dNTP.  
    3.    Gene-specific oligonucleotides.      

2.2. MNase Digestion 
and DNA Extraction

2.3. Nucleosome 
Density Assay (NDA)
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        1.    Oligonucleotides for linker: 
 Upper strand (US1): 5′-GCGGTGACCCGGGAGAGATCT-
GAAT TC-3′ 
 Lower strand: 5′-P-GAATTCAGATCT-3′.  

    2.    T 4  DNA ligase.  
    3.    Gene-specific oligonucleotides (GS1 and GS2).  
    4.    10 mM dNTP.  
    5.     Taq  enzyme (Invitrogen).  
    6.    [ a - 32 P] dATP.  
    7.    2× formamide DNA-loading buffer: 20 mM EDTA of pH 

8.0, 0.05% xylene cyanol, prepared in 95% formamide.       

   

       This protocol is described for cultured cells grown in 150-mm 
dishes, containing around 4 × 10 7  cells per dish ( see   Note 1   ).
    1.    Remove the medium and wash the cells once with PBS.  
    2.    Add 20 mL of 1.1% PBS-formaldehyde mix at room tem-

perature.  
    3.    Incubate for 15 min at room temperature.  
    4.    Add glycine to final concentration of 125 mM.  
    5.    Wash the cells twice with cold 1× PBS.  
    6.    Harvest cells using a cell scraper, spin down at 500 ×  g  for 5 

min at 4°C, and discard supernatant ( see   Note 2   ).  
    7.    Resuspend the cell pellet in 1 mL of cold buffer A.  
    8.    Add Triton X-100 to a final concentration of 0.1%.  
    9.    Incubate cells on ice for 10 min ( see   Note 3   ).  
   10.    Centrifuge at 1,300 ×  g  for 5 min at 4°C.  
   11.    Wash the pellet with 1 mL of buffer A and centrifuge at 

1,300 ×  g  for 5 min at 4°C.  
   12.    Resuspend the pellet in 1 mL of cold buffer B and incubate 

for 30 min on ice ( see   Note  4  ).  
   13.    Centrifuge at 1,700 ×  g  for 5 min at 4°C.  
   14.    Resuspend the pellet in MNase buffer to obtain an OD 260  of 

0.2 per 5  m L sample and keep on ice. OD 260  is measured by 
diluting 5  m L of chromatin in 100  m L 1 M NaOH.      

        1.    Inoculate 5–10 mL of the desired culture media with the 
desired cells ( see   Note 5   ).  

2.4. High-Resolution 
Ligation-Mediated PCR 
(LM-PCR) Analysis

3. Method

3.1. Preparation of 
Cells

3.1.1. Mammalian Cells

3.1.2. Yeast Cells
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    2.    Inoculate 450 mL of media in a 2-L flask with the required 
amount of preculture in order to obtain the proper OD 600  
for the following morning. Grow the cells at 30°C in a shak-
ing incubator set at 225 rpm overnight ( see   Note 5   ).  

    3.    When you have reached an OD 600  of around 0.8, add for-
maldehyde to a final concentration of 2%. Incubate 30 min 
at 30°C in a shaking incubator.  

    4.    Stop the crosslink reaction by adding glycine to a final con-
centration of 125 mM.  

    5.    Transfer the culture into a centrifuge bottle and spin for 10 
min at 4,500 ×  g .  

    6.    Wash the cells once with 50 mL of ddH20 and centrifuge at 
3,000 ×  g  for 5 min.  

    7.    Resuspend each cell pellet (from 450 mL of cells) in 39 mL 
of Buffer Z. Add  b -mercaptoethanol to a final concentration 
of 10 mM. Vortex cells to complete resuspension.  

    8.    Add 1 mL Zymolyase and incubate at 30°C in a shaking 
incubator at 125 rpm for 30–35 min ( see   Note 6   ).  

    9.    Meanwhile, make NP buffer with  b -mercaptoethanol NP-40 
and spermidine: 5 mL of NP buffer with of 500  m M spermi-
dine,  b -mercaptoethanol to a final concentration of 1 mM 
and 0.075% NP-40.  

   10.    Following zymolyase digestion, pellet cells for 10 min at 
5,000 ×  g  at 4°C. Remove supernatant ( see   Note  7  ).  

   11.    Resuspend pellet in NP buffer to obtain an OD 260  of 0.2 per 
5  m L sample (keep on ice). OD 260  is measured by diluting 5 
 m L of chromatin in 100  m L 1 M NaOH.       

        1.    Prepare Eppendorf tubes with different amounts of micro-
coccal nuclease from 0 to 200 U/mL (e.g. 0, 25, 50, 100, 
150, 200 U/mL) ( see   Note 8   ).  

    2.    Add 500  m L of the resuspended cells at a concentration of 
0.2 OD 260 .  

    3.    Incubate for 10 min at 37°C ( see   Note 9   ).  
    4.    Stop the reaction by the addition of equal volume of stop 

solution.  
    5.    Reverse the crosslinked DNA by incubation at 65°C for at 

least 4 h (or overnight).      

        1.    Add 2  m L of RNase A and incubate at 37°C for 1 h.  
    2.    Add 2  m L of proteinase K and incubate at 37°C for 2 h.  
    3.    Add one volume of phenol/chloroform/isoamylalcohol 

solution. Vortex and centrifuge at full speed for 5 min. Repeat 
this extraction twice, always keeping the aqueous phase.  

3.2. MNase Digestion

3.3. DNA Isolation
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    4.    Extract once by adding one volume of chloroform. Vortex 
and centrifuge at full speed for 5 min.  

    5.    Precipitate the DNA by adding 1  m L of glycogen, 1/10 vol-
ume sodium acetate, and two volumes of 100% ethanol.  

    6.    Vortex and incubate overnight at 20°C.  
    7.    Centrifuge at 15,000 ×  g  15 min at 4°C.  
    8.    Wash the precipitated DNA with 1 mL of 80% ethanol and 

centrifuge at 15,000 ×  g  for 5 min.  
    9.    Air dry the pelleted DNA for 10 min at room temperature.  
   10.    Resuspend the DNA in 20  m L of H 2 O.  
   11.    Prepare a 1.2% agarose gel for a horizontal migration with 

0.5× TAE.  
   12.     Add DNA-loading buffer to the digested DNA ( see   Note 10   ).  
   13.    Electrophorese at 100 V until the xylene cyanol dye reaches 

one-quarter the length of the gel.  
   14.    Stain for 15 min with two gel volumes of 0.75  m g/mL 

ethidium bromide in water and destain for 1 h using several 
changes of water.  

   15.    Examine the micrococcal digestion under a UV transillumi-
nator and use the best MNase titration (the one containing 
the most mononucleosomal DNA) and cut the region of the 
gel corresponding to the mononucleosome-sized DNA ( see  
 Note 11   ).  

   16.    Use QIAquick PCR columns to purify the DNA according 
to the manufacturer’s protocol.  

   17.    Elute in 50  m L of sterile ddH 2 O.      

       The nucleosome density assay (NDA) can be used to accurately 
map the position of nucleosomes at a region of interest. This 
approach has been used very successfully in yeast and mammalian 
cells, and has the advantage of being extremely rapid and accurate 
 (11,   12) . Furthermore, this assay provides a high-quality estimate 
of the “fuzziness” or stability of a nucleosome over a given area. 
The mononucleosome-length DNA is amplified by quantitative 
PCR with primers amplifying ~100 bp (±10 bp) amplicons over-
lapping by ~70 bp, thus leading to a resolution of the assay of 30 
bp ( Fig. 1   ).  

 The NDA assay is based on the fact that highly positioned 
nucleosomes will protect the corresponding DNA region from 
MNase digestion, leading to higher PCR amplification rates com-
pared to regions with diffuse nucleosome positioning or devoid 
of nucleosomes. Amplicons located within a perfectly positioned 
nucleosome will yield a maximal histone density that can be 
defined as 100%. On the other hand, if one primer of the amplicon 

3.4. Analysis

3.4.1. Analysis by Nucleo-
some Density Assay
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  Fig. 1.    General outline of the nucleosome mapping procedures.       

is outside the nucleosome (in the linker region) the nucleosome 
density will be low. Thus, a positioned nucleosomal region will 
generate peaks and valleys, with the valleys corresponding to 
linker regions between nucleosomes. Furthermore, randomly 
positioned nucleosomes region should display a relatively con-
stant level of nucleosome density that is around 20–40% of the 
maximal level. Finally, a region depleted in nucleosomes should 
display low density over the entire region ( Fig.  1  ).
   1.    Set up quantitative PCR reaction using the method described 

by the commercial mix ( see   Note 12   ).  
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    2.    The resulting threshold amplification level of genomic DNA 
(gDNA) samples (CT) is compared to the mononucleosome 
DNA (mono) by subtraction (CT  gDNA –CT  mono = D CT).    

   For a relative DNA level, we calculate 2  –D CT  for all samples.     

    This method allows determining subtle changes in nucleosome 
position that cannot be detected by the NDA assay  (8) . The dis-
advantage of this technique is that we need to know to some 
extent the gross position of nucleosomes. Briefly, we need to 
ligate linker oligonucleotides to both ends of the mononucleo-
some-sized DNA that will be used with specific oligonucleotides 
of the target sequence ( see   Fig. 1   ).
    1.    Dissolve the oligonucleotides in sterile nuclease-free ddH 2 O 

to a concentration of 100  m M.  
    2.    Combine 20  m M of each oligonucleotide in 250 mM Tris–

HCl of pH 7.7 and heat for 5 min at 95°C.  
    3.    Incubate the mixture at 90°C for 4 min and then at 70°C for 

10 min. Slowly cool the annealed oligos to 4°C ( see   Note 13   ).  
    4.    Prepare the ligation reaction using mononucleosome-sized 

DNA (around 1  m g), 25  m M linker, and 5 U of DNA ligase 
in a total volume of 30  m L.  

    5.    Incubate the reaction overnight at 16°C.  
    6.    To stop the ligation reaction incubate at 70°C for 5 min.  
    7.    To each tube, add two volumes of ethanol 100%, 1/10 vol-

ume of sodium acetate, and 1  m L of glycogen.  
    8.    Vortex and allow to precipitate at 20°C overnight.  
    9.    Decant supernatant and wash the pellet in 1 mL 80% ethanol.  
   10.    Dissolve DNA in 100  m L of 10 mM Tris–HCl of pH 7.5.  
    11.    Set up a PCR reaction using 2  m Ci of [ a -32P] dATP with 2  m L 

of DNA, 200 nM each of the Upper strand (F1) and specific 
gene oligonucleotides, and 200  m M dNTP ( see   Note  14  ).  

   12.    Denature PCR products (2–4  m L) along with 10-bp ladder 
mixed in 2× loading buffer for 5 min at 95°C ( see   Notes 15    
and    16 ).  

   13.    Analyse the reactions using gel electrophoresis on an 8% 
denaturing polyacrylamide sequencing gel.  

   14.    Transfer the gel onto Whatman paper and dry using a gel 
dryer.  

   15.    Expose the dried gel on a phosphoimager screen for at least 
2 h and analyse the frontiers of the nucleosome targeted.        

3.4.2. Analysis by High-
Resolution LM-PCR
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     1.    This protocol for mammalian cells has been used successfully 
with the MCF-7 cell line. However, if you are using different 
cell line some optimization will need to be to increase the 
efficiency and the quality of this chromatin extraction. Criti-
cal parameters are cell number, the amount of lysis buffer, 
and lysis time.  

    2.    At this point the samples can be snap frozen in liquid nitro-
gen and kept in a 80°C freezer for extended storage.  

    3.    The incubation time with 0.1% Triton can be increased to 
20–30 min. One characteristic of incomplete digestion is the 
presence high molecular weight DNA in higher MNase con-
centrations.  

    4.    If necessary this time of incubation can be increased, but 
usually 30 min is sufficient.  

    5.    The culture time and the amount of media for the preculture 
and overnight culture need to be optimized with the yeast 
strain that you will use. Information concerning the genera-
tion time will be important in planning your yeast culture.  

    6.    Formation of the spheroplast can be followed by spectro-
photometer (OD 600 ) by adding 40  m L of cells in 1 mL of 1% 
SDS every 10–15 min. Spheroplast formation is completed 
when the OD is less than 5% of the starting value.  

    7.    You need to aspirate carefully the supernatant since sphe-
roplast pellets have a fluffy appearance. We generally try to 
remove almost all the supernatant while losing only a small 
amount of the spheroplasts.  

    8.    Usually this range of MNase is sufficient to obtain mononu-
cleosome-sized fragments, but may need to be optimized for 
the particular cell type and experiment. Also, MNase activity 
can vary according to company and lot.  

    9.    If you perform many digestions in same experiment, it is 
important to start the reaction at different time intervals to 
achieve the same digestion time. The digestion time has to 
be determined experimentally and can be different for each 
cell type and each MNase preparation.  

   10.    It is important to use a dye in the DNA-loading Buffer that 
will not interfere with the visualization of the DNA. The best 
dye to use is xylene cyanol, since it migrates around 8–10 

4. Notes
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kb as compared to the bromophenol blue which migrates 
around the mononucleosome-sized DNA.  

   11.    Since mononucleosome-sized DNA migrates at a low molec-
ular weight and ethidium bromide migrates in the opposite 
direction of the DNA, it is sometime difficult to visualize 
the DNA with a gel that already contains ethidium bromide. 
Best results are obtained with staining after the migration.  

   12.    Use the freeware Primer3 on the internet (  http://www.
frodo.wi.mit.edu    ) to design the oligonucleotides for the 
NDA assay, using an annealing temperature around 60°C.  

   13.    Step cool to 37°C for 15–20 min and incubate for 15–20 
min at room temperature. The annealed oligonucleotides 
can be used immediately in the ligation reaction or cooled 
further to 4°C. For extended storage, keep at 20°C.  

   14.    Nucleosome-specific primers should be 20–25 nucleotides 
in length and have a GC content of 40–60%. This will ensure 
that the primers will effectively anneal to the template at 
an annealing temperature around 62–65°C. Primers should 
not be able to fold back and form intramolecular hydrogen 
bonds, and sequences at the 3  end of your primers should 
not be able to anneal to the 3  end of the adaptor primers. 
There should be no more than three G and C in the last six 
positions at the 3  end of the primer.  

   15.    For preliminary and optimization experiments, you may 
use a small vertical gel electrophoresis system (such as the 
apparatus used for western blots) with a non-denaturing 
acrylamide gel. Furthermore, you may also omit the use 
of radioactivity and stain the gel with ethidium bromide as 
described in  Subheading 3.3   .  

   16.    DNA sequencing reaction can be used as radioactive ladder 
to obtain the exact frontier of the nucleosome.          

   

 The authors would like to thank Benoît Leblanc for his help in 
the artwork included in  Fig. 1   .  
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Chapter 20      

  In Cellulo DNA Analysis (LMPCR Footprinting)        

     Régen   Drouin   ,    Nathalie   Bastien   ,    Jean-François   Millau   ,    
François   Vigneault   , and    Isabelle   Paradis      

  Summary 

 The in cellulo analysis of DNA protein interactions and chromatin structure is very important to better 
understand the mechanisms involved in the regulation of gene expression. The nuclease-hypersensitive 
sites and sequences bound by transcription factors often correspond to genetic regulatory elements. 
Using the Ligation-mediated polymerase chain reaction (LMPCR) technology, it is possible to pre-
cisely analyze these DNA sequences to demonstrate the existence of DNA–protein interactions or unu-
sual DNA structures directly in living cells. Indeed, the ideal chromatin substrate is, of course, found 
inside intact cells. LMPCR, a genomic-sequencing, technique that map DNA single-strand breaks at 
the sequence level of resolution, is the method of choice for in cellulo footprinting and DNA structure 
studies because it can be used to investigate any complex genomes, including human. The detailed con-
ventional and automated LMPCR protocols are presented in this chapter.  

  Key words:   Footprints ,  Ligation-Mediated Polymerase Chain reaction ,  Polymerase chain reaction   
 DNA polymerase ,  Living cell ,  Deoxyribonuclease I ,  Dimethylsulfate ,  Ultraviolet light C ,  DNA–
protein interaction.    

 

 The in cellulo analysis of DNA protein interactions and chroma-
tin structure can provide several critical information regarding 
regulation of gene expression. For example, DNA sequences 
spanned by nuclease-hypersensitive sites or bound by transcrip-
tion factors often correspond to genetic regulatory elements. 
Using the Ligation-Mediated Polymerase Chain Reaction 
(LMPCR) technology, it is possible to map DNA sequences to

 1. Introduction  
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demonstrate the existence of DNA–protein interactions or unusual 
DNA structures directly in living cells. LMPCR analyses can thus 
be used as a primary investigative tool to identify the regulatory 
sequences involved in gene expression. Once specific promoter 
sequence sites shown to be bound by transcription factors in living 
cells, it is often possible to establish the identity of these factors 
simply by comparison with the consensus binding sites of known 
factors such as SP1, AP-1, NF-1, and so forth. The identity of each 
factor can then be confirmed by performing the well-established 
Chromatin immunoprecipitation (ChIP) ( see  Chap. “Chromatin 
Immunoprecipitation in Mammalian Cells”) technique, or by 
using silencing RNA directed against the protein of interest. 

 The native state of a gene and most of the special DNA struc-
tures are unavoidably lost when DNA is cloned or purified  (1–  4) . 
Hence, the commonly used in vitro (purified DNA) footprinting 
and Electrophoretic Mobility Shift Assay (EMSA) cannot dem-
onstrate that a given DNA–protein interaction occurs within the 
cells of interest. It is clear that gene promoters are best studied in 
their natural state in the living cell. Thus, it is not surprising that in 
cellulo (living cell) DNA footprinting is one of the most accurate 
predictors of the state of gene transcriptional activities  (1,   3,   5) . 
LMPCR is the method of choice for in cellulo footprinting and 
DNA structure studies because it can be used to investigate com-
plex animal genomes, including human. However, the quality 
and usefulness of the information obtained from any in cellulo 
DNA analysis depends on three parameters: (1) the integrity of 
the native chromatin substrate used in the experiment, (2) the 
structural specificity of the chromatin probe, and (3) the sensitiv-
ity of the assay. The ideal chromatin substrate is, of course, found 
inside intact cells. However, a near-ideal chromatin substrate can 
still be found in permeabilized cells, allowing the application of a 
wider range of DNA cleavage agents, including DNase I. 

 In cellulo footprinting assesses the local reactivity of probing 
agents on living cells DNA as compared to that on purified DNA 
( see   Figs.  1 –4   ). Two steps are necessary for in cellulo footprinting 
analysis: (1) the treatment of purified DNA and intact cells with a 
given probing agent followed, if necessary, by DNA damage con-
version into single-strand breaks and (2) the analysis of amplified 
DNA fragments on a sequencing gel. A comparison is then made 
between the modification frequency obtained in vitro and in cel-
lulo. For example, each guanine residue of purified DNA has a 
near-equivalent probability of being methylated by dimethylsul-
fate (DMS) and thus, the cleavage pattern of in vitro modified 
DNA appears on a sequencing gel as a ladder of bands of roughly 
equal intensity. However, in presence of DNA-binding proteins 
(transcription factors), all guanine residues do not show the same 
accessibility to DMS in living cells ( Fig. 1   ). Thus, differences 
between banding patterns obtained from in vitro and in cellulo 
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  Fig. 1.    Overall scheme for in vivo DNA analysis using DMS. The methylation of guanine 
residues following DMS treatment of purified DNA (in vitro) and cells (in vivo) is shown 
with vertical arrows and methylated residues (Me). When purified DNA is treated with 
DMS, every guanine residue has a similar probability of being methylated. However, 
the guanine residue in intimate contact with a sequence-specific DNA-binding protein 
illustrated by the dotted oval is protected from DMS methylation, whereas the guanine 
residue localized close to the boundary of the DNA–protein contact that modifies DNA 
structure, allowing a better accessibility to DMS, is methylated more frequently. The 
methylated guanine residues are cleaved by hot piperidine leaving phosphorylated 5 ¢  
ends. On the sequencing ladder following LMPCR, guanine residues that are protected 
from methylation appear as missing or less intense bands when compared with the 
sequencing ladder from the same DNA sequence obtained after DMS treatment of puri-
fied DNA. On the other hand, guanine residues that undergo enhanced DMS methylation 
appear as darker bands in the sequencing ladder relative to the purified DNA control.       
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  Fig. 2.    Overall scheme for in vivo DNA analysis using UVC and CPD formation. The CPD 
formation following UVC exposure of purified DNA (in vitro) and cells (in vivo) is shown 
with curved arrows and brackets linking two adjacent pyrimidines (Y). When purified 
DNA is irradiated with UVC, the frequency of CPD formation at dipyrimidine sites is 
determined by the DNA sequence. However, the presence of a sequence-specific DNA-
binding protein illustrated by the dotted oval as well as DNA structure can prevent 
(negative photofootprint) or enhance (positive photofootprint) CPD formation. The CPD 
are cleaved by T 4  endonuclease V digestion and photolyase photoreactivation leaving 
phosphorylated 5 ¢  ends. On the sequencing ladder following LMPCR, the negative pho-
tofootprints appear as missing or less intense bands when compared with the sequenc-
ing ladder from the same DNA sequence obtained after UVC irradiation of purified DNA. 
On the other hand, positive photofootprints appear as darker bands in the sequencing 
ladder relative to the purified DNA control.       
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  Fig. 3.    Overall scheme for in vivo DNA analysis using UVC and 6-4PP formation. The 
6-4PP formation following UVC exposure of purified DNA (in vitro) and cells (in vivo) 
is shown with curved arrows and brackets linking two adjacent pyrimidines (Y). When 
purified DNA is irradiated with UVC, the frequency of 6-4PP formations at dipyrimidine 
sites is determined by the DNA sequence. However, the presence of a sequence-specific 
DNA-binding protein illustrated by the dotted oval as well as DNA structure can prevent 
(negative photofootprint) or enhance (positive photofootprint) 6-4PP formation. First, 
CPD are photoreactivated by photolyase and then 6-4PP are cleaved by hot piperidine 
treatment leaving phosphorylated 5 ¢  ends. On the sequencing ladder following LMPCR, 
the negative photofootprints appear as missing or less intense bands when compared 
with the sequencing ladder from the same DNA sequence obtained after UVC irradiation 
of purified DNA. On the other hand, positive photofootprints appear as darker bands in 
the sequencing ladder relative to the purified DNA control.       
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  Fig. 4.    Overall scheme for in vivo DNA analysis using DNase I. The DNase I enzyme 
(the solid black) digestion of purified DNA (in vitro) and cells (in vivo) is shown. When 
purified DNA is digested with DNase I, the cleavage pattern shows that sites of the 
nucleotide sequence have similar probabilities of being cleaved. However, the presence 
of a sequence-specific DNA-binding protein illustrated by the dotted oval as well as DNA 
structure can prevent (protection) or enhance (hypersensitive) DNase I cleavage. The 
DNase I cleavage leaves phosphorylated 5 ¢  ends. On the sequencing ladder following 
LMPCR, DNA sequences that are protected from DNase I cleavage appear as missing 
or less intense bands when compared with the sequencing ladder from the same DNA 
sequence obtained after DNase I digestion of purified DNA. On the other hand, hyper-
sensitive sites that undergo enhanced DNase I cleavage appear as darker bands in the 
sequencing ladder relative to the purified DNA control.       
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modified DNA can be used to infer protein-binding sites in living 
cells. It is always advisable to validate such interpretations using 
more than one footprinting agent.   

 The measure of in cellulo footprints has historically been 
problematic due to the dilute nature of target sequences and the 
complexity of higher eukaryotes genomes. The development of 
LMPCR, an extremely sensitive and specific technique, resolved 
this problem. The LMPCR technique quantitatively maps DNA 
single-strand breaks having phosphorylated 5 ¢  ends within single-
copy DNA sequences. It was first developed by Mueller and Wold 
 (6)  for DMS footprinting and subsequently, Pfeifer and colleagues 
adapted it to DNA sequencing  (7) , methylation analyses  (1,   7) , 
DNase I footprinting  (5) , nucleosome positioning  (5) , and UV 
footprinting (photofootprinting)  (4,   8) . LMPCR can be com-
bined with a variety of DNA-modifying agents used to probe the 
chromatin in cellulo. No single technique can provide as much 
information on DNA–protein interactions and DNA structures 
existing within the living cells as LMPCR can. 

  Genomic-sequencing techniques, such as developed by Church 
and Gilbert  (9) , can be used to map strand breaks in mamma-
lian genes at the nucleotide resolution. However, by incorporat-
ing an exponential amplification step, LMPCR (outlined 
in  Fig. 5   ) is advantageously more sensitive. It uses 20 times 
less DNA to obtain a nucleotide-resolution banding pattern and 
allows shorter autoradiographic exposure times than this tech-
nique. The unique aspect of LMPCR is the blunt-end ligation of 
an asymmetric double-stranded linker (5 ¢  overhanging to avoid 
self-ligation or ligation in the wrong direction) onto the 5 ¢  end of 
each cleaved blunt-ended DNA molecule  (6,   7) . The blunt end 
is created by the primer extension (PE) of a gene-specific primer 
(primer 1 in  Fig. 5   ) until a strand break is reached. Because the 
generated breaks are randomly distributed along the genomic 
DNA and thus have 5 ¢  ends of unknown sequence, the asym-
metric linker adds a common and known sequence to all 5 ¢  ends. 
This then allows exponential PCR amplification using the longer 
oligonucleotide of the linker (linker-primer) and a second nested 
gene-specific primer (primer 2 in  Fig. 5   ). LMPCR preserves the 
quantitative representation of each fragment in the original pop-
ulation of cleaved molecules  (10–  13) . After 22 cycles of PCR, 
the DNA fragments are size fractionated on a sequencing gel, 
allowing quantification on a phosphorimager  (14–  17) . Thus, 
the band intensity pattern obtained by LMPCR directly reflects 
the frequency distribution of 5 ¢ -phosphoryl DNA breaks along a 
200-bp (or more if a sequencer is used) sequence adjacent to the 
nested primer.  

 Three variations of the LMPCR technique do exist. Pfeifer 
and colleagues  (7)  took advantage of electroblotting DNA onto 

 1.1. General Overview 
of LMPCR 
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  Fig. 5.    Outline of the LMPCR procedure. 
Step I: specific conversion of modified bases to 
phosphorylated single-strand breaks;  Step II : 
denaturation of genomic DNA;  Step III : annealing 
and extension of primer 1 (although both strands 
can be studied, each LMPCR protocol only involves 
the analysis of either the nontranscribed strand 
or the transcribed strand);  Step IV : ligation of the 
linker;  Step V : first cycle of PCR amplification, this 
cycle is a linear amplification because only the 
gene-specific primer 2 can anneal;  Step VI : cycles 
2–22 of exponential PCR amplification of 
gene-specific fragments with primer 2 and the 
linker primer (the longer oligonucleotide of the 
linker);  Step VII : separation of the DNA fragments 
on a sequencing gel, transfer of the sequence 
ladder to a nylon membrane by electroblotting, and 
visualization of the sequence ladder by hybridization 
with a labeled single-stranded probe;  Step VIII : 
preparation and isotopic or nonisotopic labeling of 
single-stranded probe       .
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a nylon membrane followed by hybridization with a gene-spe-
cific probe to reveal the sequence ladders. This probe is typically 
 32 P-radiolabeled, but some have successfully used digoxigenin 
to get rid of the radioactivity issue (see detailed protocol in the 
second edition of  Methods in molecular biology ,  (18) ). On the 
other hand, Mueller and Wold  (6)  used a nested third radiola-
beled primer for the last one or two cycles of the PCR amplifica-
tion step. It is worthwhile to note that this last technique was 
recently employed to analyze LMPCR-amplified DNA fragments 
using sequencer devices  (19,   20) . In this chapter, we describe two 
LMPCR protocols routinely used in the laboratory: one derived 
from the Pfeifer and colleagues’ protocol and one based on the 
Mueller and Wold alternative sequencer method. 

 We also describe three probing methods generally com-
bined with LMPCR to reveal in cellulo DNA protein interac-
tions: dimethylsulfate (DMS), ultraviolet (UV), and DNase I 
 (  Figs.  1 – 4  ,  Table 1    ) . These modifying agents provide com-
plementary information and each has its associated advantages 
and drawbacks  (  Table 2    ) . To best characterize DNA protein 
interactions, it is often necessary to use two or even all three 
of these methods. Treatments with any probing agent must 
produce either strand breaks or modified nucleotides that can 
be converted to DNA strand breaks with a 5′-phosphate  (  see  
 Figs.  1 – 4 , Table 3    ) . These protocols may also be adapted to 
footprinting with other probing agents, such as KMnO 4  and 

  Table 1 
  Purposes of the three main in cellulo footprinting approaches    

 Approaches  Goals 

 Dimethylsulfate (DMS)  Localizes in cellulo DNA–protein contacts 
located in the major groove of the DNA 
double helix 

 Can detect special DNA structures 

 UV irradiation (UVB 
or UVC) 

 Localizes in cellulo DNA–protein interactions 
and shows how DNA structure is affected in 
the presence of transcription factors 

 Can detect special DNA structures 
 Can show evidence of positioned nucleosomes 

 DNase I  Localizes in cellulo DNA–protein contacts 
 Precisely maps in cellulo DNase I-hypersensitive 

sites 
 Shows evidence of nucleosomes and their 

positions; can differentiate core DNA from 
linker DNA 
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OsO 4  ( see  Chap. “The Use of Diethyl Pyrocarbonate (DEPC) 
and Potassium Permanganate as Probes for Strand Separation 
and Structural Distortions in DNA” and  ref .  21)  although a 
detailed description is beyond the scope of the present chapter.     

  Table 2 
  Advantages and drawbacks of the three main In Cellulo footprinting approaches    

 Approaches  Advantages  Drawbacks 

 DMS  Treatment is technically easy to carry 
out; the DMS is a small molecule 
that penetrates very easily into living 
cells with little disruption 

 Requires guanines ;  therefore is 
sequence dependent 

 Does not detect all DNA–protein 
interactions 

 UV irradiation 
(UVB or UVC) 

 Treatment is technically easy to carry 
out; UV light penetrates through 
the outer membrane of living cells 
without disruption 

 Detects many DNA–protein 
interactions 

 Very sensitive to particular DNA 
structures 

 Requires two adjacent pyrimidines; 
therefore is sequence dependent 

 The interpretation of the results is 
sometime difficult; to differentiate 
between DNA–protein interactions 
and special DNA structures can be 
very difficult 

 DNase I  Little sequence dependency 
 No conversion of modified bases 

required 
 Detects all DNA–protein contacts 
 Very sensitive to particular DNA 

structures 

 Technically difficult to carry out; 
reproducibility is often a problem 

 DNase I is a protein which can pen-
etrate in living cells only following 
membrane permeabilization, thus 
causing some cell disruption 

  Table 3 
  Mapping schemes used with the three main in cellulo footprinting approaches    

 Approaches  Strand breaks  Modified bases 
 Conversion of modified bases 
to DNA single-strand breaks 

 DMS  Few  Guanine: methylated guanines at 
N7 position 

 Adenine: to a much lesser 
extent, methylated adenines at 
N3 position 

 Hot piperidine 

 UV irradiation 
(UVB or 
UVC) 

 Very few  Cyclobutane pyrimidine dimers 
 6-4 photoproducts 

 T4 endonuclease V followed 
by photolyase 

 Photolyase followed by hot 
piperidine 

 DNase I  Yes  None  No conversion is required 



 In Cellulo DNA Analysis (LMPCR Footprinting) 303

  DMS is a small highly reactive molecule that easily diffuses 
through the outer cell membrane and into the nucleus. It pref-
erentially methylates the N7 position of guanine residues via the 
major groove and, to a lesser extent, the N3 position of adenine 
residues via the minor groove. The most significant technical 
advantage of in cellulo DMS footprinting is that DMS can be 
simply added to the cell culture medium ( see   Table 2    for advan-
tages and drawbacks). Each guanine residue of in vitro DNA dis-
plays the same probability of being methylated by DMS. Because 
DNA inside living cells forms chromatin and is often found asso-
ciated with a number of proteins, it is expected that its reactivity 
toward DMS will differ from that of in vitro DNA.  Figures 6    
and  7  show in cellulo DMS treatment patterns compared to the 
treatment of in vitro DNA. Proteins in contact with DNA either 
decrease accessibility of specific guanines to DMS (protection) 
or, as frequently observed at the edges of a footprint, increase 
reactivity (hyper-reactivity)  (1) . Hyper-reactivity can also indicate a 
greater DMS accessibility of special in cellulo DNA structure  (23) . 

 1.2. In Cellulo 
Dimethylsulfate (DMS) 
Footprint Analysis 
(Fig.  1 ) 

  Table 4 
  Exponential amplification steps using cloned  Pfu  DNA polymerase or  Taq  DNA 
polymerase     

 Cycles   

 Denaturation ( T  in °C for  
D  in s) 

 Annealing ( T  is the  T  m  of the 
oligonucleotide for  D  in s) 

 Polymerization ( D  in 
s)  T  is the same for all 
cycles: 75°C for  Pfu  
and 74°C for  Taq  

  Pfu    Taq    Pfu  or  Taq   – 

 0  –  93 for 120  –  – 

 1  98 for 300  98 for 150   T  m  for 180  180 

 2  98 for 120  95 for 60   T  m  for 150  180 

 3  98 for 60  95 for 60   T  m  −2°C for 120  180 

 4  98 for 30  95 for 60   T  m  −3°C for 120  180 

 5  98 for 20  95 for 60   T  m  −4°C for 90  150 

 Repeat cycle 5, 13 more times (add 5 s per cycle for annealing and polymerization) 

 6  98 for 20  95 for 60   T  m  −3°C for 240  240 

 7  98 for 20  95 for 60   T  m  −2°C for 240  240 

 8  98 for 20  95 for 60   T  m  −1°C for 240  240 

 9  98 for 20  95 for 60   T  m  for 120  600 

Note: temperature ( T ) and duration ( D ) of the denaturation, annealing, and polymerization steps
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Hot piperidine cleaves the glycosylic bond of methylated guanines 
and adenines, leaving a ligatable  5 ′-phosphate  (24) .    

 Genomic footprinting using DMS reveals DNA–protein 
contacts located in the major groove of the DNA double helix 
( Table 1   ). However, it should be noted that in cellulo DNA 
analysis studies using DMS alone may not detect some DNA–
protein interactions  (25) . First, no DNA–protein interactions 
are detected in the absence of guanine residues. Second, some 
proteins do not affect DNA accessibility to DMS. Third, cer-
tain weak DNA–protein contacts could be disrupted because of 
the high reactivity of DMS. Thus, when using DMS, it is often 
important to confirm results with alternative in cellulo footprint-
ing approaches  (25,   26) .  

  UVC (200–280 nm) and UVB (280–320 nm) can also be used 
as probing agents for in cellulo footprinting  (4,   8,   27–  29) . When 
cells are subjected to UVC (254 nm) or UVB, two major classes 
of lesions are introduced into DNA at dipyrimidine sites (CT, 
TT, TC, and CC): cyclobutane pyrimidine dimers (CPD) and the 
pyrimidine (6-4) pyrimidone photoproducts (6-4PP)  (30) . CPD 
are formed between the 5,6 bonds of any two adjacent pyrimi-
dines, whereas a stable bond between positions 6 and 4 of two 
adjacent pyrimidines characterizes 6-4PP. 6-4PP are formed at a 
rate 15–30% of that of CPD  (31)  and are largely converted to their 
Dewar valence isomers by direct secondary photolysis (photoi-
somerization)  (31) . In living cells, the photoproduct distribution 
is determined both by sequence context and chromatin structure 
 (32) . In general, CPD and 6-4PP appear to form preferentially in 
longer pyrimidine runs. Because DNA absorbs directly UVB and 
UVC and because cells are exposed during a short period of time 
to high UV intensities, there are relatively few perturbations of 
other cellular processes and secondary events that could modify 
the chromatin structure or release DNA–protein interactions. 
Thus, UV irradiation is probably one of the least disruptive foot-
printing methods and hence truly reflects the in cellulo situation 
( Table 2   ). As for DMS, DNA-binding proteins influence the dis-
tribution of UV photoproducts in a significant way  (27) . When 
the photoproduct spectrum of in vitro irradiated DNA is com-
pared with that obtained after irradiation in cellulo, differences 
become apparent. The photoproduct frequency within sequences 
bound by sequence-specific DNA-binding proteins is suppressed 
or enhanced in comparison to in vitro DNA  (2,   4,   8) . Effects of 
chromatin structure may be significant in regulatory gene regions 
that bind transcription factors ( Fig. 6   ). Mapping of CPD at the 
single-copy gene level can reveal positioned nucleosomes because 
CPD are modulated in a 10-bp periodicity within nucleosome 
core DNA  (33,   34) . 6-4PP form more frequently in linker DNA 
than in core DNA  (35) .   

 1.3. In Cellulo UV Foot-
print (Photofootprint) 
Analysis 
(Figs.  2  and  3 ) 
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 Photofootprints reveal variations in DNA structure associ-
ated with the presence of transcription factors or other proteins 
bound to DNA. UV light has the potential to reveal all DNA–
protein interactions provided when a dipyrimidine sequence on 
either DNA strand within a putative binding sequence. Because 
UV footprints can be seen outside protein-binding sites, UV light 
should not be used as the only in cellulo footprinting agent. The 
precise delimitations of the protein–DNA contact are difficult to 
determine with the simple in cellulo UV probing method. 

 The distribution of UV-induced CPD and 6-4PP along 
genomic DNA can be mapped at the sequence level by LMPCR 
following conversion of these photoproducts into ligatable 
 5 ′-phosphorylated single-strand breaks. CPD are enzymatically 
converted by cleavage with T 4  endonuclease V followed by UVA 
(320–400 nm) photoreactivation of the overhanging pyrimidine 

  Fig. 6.    LMPCR analysis of methylated guanines and CPD along the nontranscribed strand of the c-jun promoter following 
DMS treatment, and UVB and UVC irradiation, respectively. The membrane was hybridized with an isotopic [ 32 P]-dCTP-
labeled probe.  Lanes 1–4 : LMPCR of DNA treated with chemical cleavage reactions. These lanes represent the sequence 
of the  c-jun  promoter analyzed with JD primer set  (  22  ) .  Lanes 5–6 : LMPCR of DMS-treated naked DNA (T: in vitro) and 
fibroblasts (V: in vivo) followed by hot piperidine treatment.  Lanes 7–10 : LMPCR of UVC- and UVB-irradiated naked DNA 
(T) and fibroblasts (V) followed by T 4  endonuclease V/photolyase digestions. On the  right , the consensus sequences of 
transcription-factor-binding sites are delimited by brackets. The numbers indicate their positions relative to the major 
transcription initiation site       .
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using photolyase ( Fig.  2  )  (8) . Because the 6-4PP and their Dewar 
isomers are hot alkali-labile sites, they can be cleaved by hot pip-
eridine ( Fig. 3   )  (2) . Generally we simply measure the CPD distri-
bution. Performing 6-4PP mapping is of interest only if no other 
alternative footprinting method is available.  

  DNase I treatment of permeabilized cells gives clear footprints 
when the DNase I-induced breaks are mapped by LMPCR  (5) . 
As with DMS and UV, footprint analyses are obtained by com-
paring in cellulo DNase I digestion patterns to patterns obtained 
from the in vitro DNA digestion ( Fig.  7  ). When compared to in 

 1.4. In Cellulo DNase 
I Footprint Analysis 
(Fig.  4 ) 

  Fig. 7.    LMPCR analysis of methylated guanines and DNA strand breaks along the transcribed strand of the c-jun promoter 
following DMS treatment and DNase I digestion, respectively. The membrane was hybridized with an isotopic [ 32 P]-dCTP-
labeled probe.  Lanes 1–2 : LMPCR of DMS-treated purified DNA (t: in vitro) and fibroblasts (v: in vivo) followed by hot 
piperidine treatment.  Lanes 3–6 : LMPCR of DNA treated with chemical cleavage reactions. These lanes represent the 
sequence of the  c-jun  promoter analyzed with JC primer set  (  22  ) .  Lanes 7–8 : LMPCR of DNase I-digested permeabilized 
fibroblasts (v) and purified DNA (t). As a reference, a small portion of the chemically derived sequence is shown on the 
right of the autoradiogram, the AP-1-like binding sequence is enclosed by a box, and the numbers indicate its position 
relative to the major transcription initiation site.  Open circles  represent guanines that are protected against DMS-induced 
methylation (negative DMS footprints) in vivo. The  black bar  shows the protected sequence against DNase I-induced 
cleavage in vivo. Thus, in vivo DNase I footprinting analysis delimits much better the DNA–protein interactions       .
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vitro DNA, permeabilized cells show protected bands at protein–
DNA interaction sequences and DNase I-hypersensitive bands in 
regions of higher-order nucleoprotein structure  (5) . Compared 
to DMS, DNase I is less base selective, more efficient at detecting 
minor groove DNA–protein contacts, provides more information 
on chromatin structure, displays larger and clearer footprints, 
and better delimits the boundaries of DNA–protein interactions 
( Fig. 7   ). The nucleotides covered by a protein are almost com-
pletely protected on both strands from DNase I nicking, allowing 
a better delimitation of the boundaries of DNA–protein contacts. 
However, it should be underlined that the relatively bulky DNase 
I molecule cannot cleave the DNA in the immediate vicinity of 
a bound protein because of steric hindrance. Consequently, the 
regions protected from cutting can extend beyond the real DNA–
protein contact site. On the other hand, when DNA is wrapped 
around a nucleosome-sized particle, DNase I cutting activity is 
increased at 10-bp intervals and usually no footprint is observed 
( Tables 1    and  2 ). 

 The DNase I is a relatively large 31-kD protein and cannot 
penetrate cells without previous cell-membrane permeabiliza-
tion. Cells can be efficiently permeabilized by  L - a -lysophosphati-
dylcholine (lysolecithin)  (5)  or Nonidet P40  (36)  (see detailed 
protocol on the second edition of  Methods in molecular biology , 
 (18) ). It has been shown that cells permeabilized by lysolecithin 
remain intact, replicate their DNA very efficiently, and show nor-
mal transcriptional activities  (37,   38) . There are numerous studies 
showing that lysolecithin-permeabilized cells maintain a normal 
nuclear structure to a greater extent than isolated nuclei, because 
the chromatin structure can be significantly altered during the 
nuclear isolation procedures  (5) . Indeed, DNase I footprinting 
studies using isolated nuclei can be flawed because transcription 
factors are lost during the isolation of nuclei in polyamine con-
taining buffers  (5) . Even though other buffers may be less dis-
ruptive, transcription factors can still be lost during the isolation 
procedure, leading to the complete or partial loss of footprints. 

 DNase I digestion of DNA leaves ligatable 5′-phosphorylated 
breaks, but the 3′-ends are free hydroxyl groups. Pfeifer and col-
leagues  (5,   39)  observed that these 3′-OH ends can be used as short 
primers and extended by the DNA polymerases during the Prime 
Extention (PE) and/or PCR steps of LMPCR, thereby reducing 
significantly the overall efficiency of LMPCR and giving a back-
ground smear on sequencing gels. To avoid the nonspecific priming 
of these 3′-OH ends, three alternative solutions have been applied: 
(1) blocking these ends by the addition of a dideoxynucleotide 
 (5,   39) , (2) enrichment of fragments of interest by extension 
product capture using biotinylated gene-specific primers and 
magnetic streptavidin-coated beads  (22,   40–  42) , and (3) perform-
ing primer 1 hybridization and PE at a higher temperature (52–
60 vs. 48°C, and 75 vs. 48°C, respectively, using a thermostable 
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DNA polymerase such as  Vent  exo −  and  Pfu  exo −   (3,   43–  46) ). 
Although effective, the first two alternatives involve additional 
manipulations that are time consuming. Because of its simplicity, 
we select primer 1 with higher  T  m  (52–60°C) and use the  Pfu  
exo −  or  Vent  exo −  DNA polymerase for the PE.  

  LMPCR involves the PCR amplification of differently sized 
genomic DNA fragments. During the LMPCR procedure, DNA 
polymerases are required for two steps: PE and PCR amplifica-
tion. For the PE step, the best DNA polymerase would be one 
that (1) is thermostable and very efficient, (2) has no terminal 
transferase activity, (3) is able to efficiently polymerize about 0.5 
kb of DNA even when the DNA is very GC rich, and (4) is able 
to polymerize through any DNA secondary structures. For the 
PCR step, the best DNA polymerase would be (1) thermostable, 
(2) very efficient, (3) able to amplify indiscriminately a mixture 
of DNA fragments of different lengths (between 50 and 500 bp) 
and of varying GC-richness (from 5 to 95%), and (4) able to 
efficiently resolve DNA secondary structures. We find that  Pfu  
exo −  and  Vent  exo −  are the best enzymes for the PE and PCR 
steps of LMPCR  (45,   47) . In this chapter, LMPCR protocols 
using  Pfu  exo −  DNA polymerase for PE and PCR steps will be 
described in detail. However, because the  Vent  exo −  polymerase 
is frequently used for the PE step and  Taq  DNA polymerase or 
 Vent  exo −  polymerase for the PCR amplification, an alternative 
protocol using these polymerases will also be included.   

 

 Nanopure H 2 O should be used in making any buffers, solutions, 
and dilutions, unless otherwise specified. 

     1.    Any type of cells (i.e., fibroblasts, lymphocytes, etc.).  
   2.    Trypsin-EDTA (Wisent).  
   3.    Buffer A: 300 mM sucrose, 60 mM KCl, 15 mM NaCl, 60 

mM Tris–HCl of pH 8.0, 0.5 mM spermidine, 0.15 mM sper-
mine, and 2 mM EDTA. Store at −20°C.  

   4.    Buffer A + 1% Nonidet P40 Substitute (Fluka). Store at 
−20°C.  

   5.    Buffer B: 150 mM NaCl and 5 mM EDTA of pH 7.8.  
   6.    Buffer C: 20 mM Tris–HCl of pH 8, 20 mM NaCl, 20 mM 

EDTA, and 1% SDS.  
   7.    Proteinase K from  Tritirachium album  (Roche Applied 

Science).  

 1.5. Choice of DNA 
Polymerases for 
LMPCR 

 2. Materials  

 2.1. DNA Purification 
(for 10  7 –10  8  Cells) 
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    8.    RNase A from bovine pancreas (Roche Applied Science).  
    9.    Phenol, equilibrated, pH 8 (USB Corporation).  
   10.    Chloroform.  
   11.    5 M NaCl.  
   12.    Precooled absolute ethanol (−20°C).  
   13.    Precooled 80% ethanol (−20°C).      

      1.    K 2 PdCl 4  solution: 10 mM K 2 PdCl 4  (potassium tetrachlo-
ropalladate(II), Aldrich) and 100 mM HCl, pH 2.0 (adjusted 
with NaOH). Store at −20°C.  

    2.    K 2 PdCl 4  stop: 1.5 M sodium acetate of pH 7.0 and 1 M 
 b -mercaptoethanol. Store at –20°C.  

    3.    Dimethylsulfate (DMS Store at −20°C, 99+%, Fluka). Con-
sidering its toxic and carcinogenic nature, DMS should be 
manipulated in a well-ventilated hood. DMS is stored under 
nitrogen at 4°C and should be replaced every 12 months. 
DMS waste is detoxified in 5 M NaOH.  

    4.    DMS buffer: 50 mM sodium cacodylate and 1 mM EDTA of 
pH 8. Store at 4°C.  

    5.    DMS stop: 1.5 M sodium acetate of pH 7.0 and 1 M  b -
mercaptoethanol. Store at −20°C.  

    6.    Hydrazine (Hz, anhydrous, Aldrich). Considering its toxic 
and carcinogenic potentials, Hz should be manipulated in 
a well-ventilated hood. Hz is stored under nitrogen at 4°C 
in an explosion-proof refrigerator, and the bottle should be 
replaced at least every 6 months. Hz waste is detoxified in 
3 M ferric chloride.  

    7.    Hz stop: 300 mM sodium acetate of pH 7.0 and 0.1 mM 
EDTA. Store at 4°C.  

    8.    5 M NaCl.  
    9.    3 M Sodium acetate of pH 7.0.  
   10.    Precooled absolute ethanol (−20°C).  
   11.    Precooled 80% ethanol (−20°C).  
   12.    Dry ice or −80°C freezer.  
   13.    Piperidine (99+%, 10M, Fluka or Sigma): diluted to 

2 M with H 2 O just before use. Cap immediately to minimize 
evaporation and keep on ice. Considering its toxic and car-
cinogenic potentials, piperidine should be manipulated in a 
well-ventilated hood. Piperidine 10 M is stored at 4°C under 
nitrogen atmosphere.  

   14.    Teflon tape.  
   15.    Lock caps.  
   16.    3 M Sodium acetate of pH 5.2.  

 2.2. Chemical 
Cleavage for DNA-
Sequencing Products 
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   17.    20  m g/ m L Glycogen (Roche Applied Science).  
   18.    Vacuum concentrator.      

       1.    5×  Taq  buffer: 50 mM Tris–HCl of pH 8.9, 200 mM NaCl, 
and 0.05% [w/v] gelatin ( see   Note 1   ).  

    2.    Two primer 2 (50 pmol/ m L), one for each strand of the DNA 
fragment to be amplified, distant from 150 to 450 bp.  

    3.     Taq  DNA polymerase PCR product mix: 2×  Taq  buffer, 4 mM 
MgCl 2 , 0.4 mM of each dNTP, 10 pmol of each primer 2 and 
3 U  Taq  DNA polymerase (5 U/ m L, Roche Applied Science).  

    4.     Taq  DNA polymerase stop: 1.56 M sodium acetate of pH 
5.2 and 60 mM EDTA.  

    5.    Precooled absolute ethanol (−20°C).  
    6.    Precooled 80% ethanol (−20°C).  
    7.    Dry ice or −80°C freezer.  
    8.    5× Neutral loading buffer: 0.25% bromophenol blue, 0.25% 

xylene cyanol FF, and 30% glycerol. Store at 4°C.      

      1.    Agarose.  
    2.    1× TAE buffer: 40 mM Tris base, 20 mM glacial acetic acid, 

and 1 mM EDTA of pH 8.0.  
    3.    DNA size standard (100 bp, Invitrogen).  
    4.    Ethidium bromide.  
    5.    Glass wool.  
    6.    3 M sodium acetate of pH 7.0.  
    7.    Precooled absolute ethanol (−20°C).  
    8.    Precooled 80% ethanol (−20°C).  
    9.    Dry ice or −80°C freezer.  
   10.    Low DNA mass ladder (Invitrogen).  
   11.    5× Neutral loading buffer: 0.25% bromophenol blue, 0.25% 

xylene cyanol FF, and 30% glycerol. Store at 4°C.       

       1.    0.2% DMS (99 + %, Fluka) freshly prepared in serum-free 
medium.  

    2.    Trypsin-EDTA (Wisent).  
    3.    Hank’s balanced salt solution (HBSS, Wisent), cold.  
    4.    DMS buffer: 50 mM sodium cacodylate and 1 mM EDTA 

of pH 8. Store at 4°C.  
    5.    DMS stop: 1.5 M sodium acetate of pH 7.0 and 1 M  b -

mercaptoethanol. Store at −20°C.  
    6.    Buffer A: 300 mM sucrose, 60 mM KCl, 15 mM NaCl, 60 

mM Tris–HCl of pH 8.0, 0.5 mM spermidine, 0.15 mM 
spermine, and 2 mM EDTA. Store at −20°C.  

 2.3. Template 
Preparation: PCR 
Products 

 2.3.1. PCR Amplification 

 2.3.2. Purification and 
Quantification of PCR 
Products 

 2.4. Treatment of 
Purified DNA and 
Living Cells with 
Modifying Agents 

 2.4.1. DMS Treatment 
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    7.    Buffer A + 1% Nonidet P40 substitute (Fluka). Store at −20°C.  
    8.    Buffer B: 150 mM NaCl and 5 mM EDTA of pH 7.8.  
    9.    Buffer C: 20 mM Tris–HCl of pH 8, 20 mM NaCl, 20 mM 

EDTA, and 1% SDS.  
   10.    Proteinase K from  Tritirachium album  (Roche Applied 

Science).  
   11.    RNase A from bovine pancreas (Roche Applied Science).  
   12.    Phenol, equilibrated, pH 8 (USB Corporation).  
   13.    Chloroform.  
   14.    5 M NaCl.  
   15.    Precooled absolute ethanol (−20°C).  
   16.    Precooled 80% ethanol (−20°C).  
   17.    Dry ice or −80°C freezer.      

      1.    Germicidal lamp (254 nm UVC, Philips G15 T8, TUV 15W) 
or UVB light (Philips, FS20T12/UVB/BP).  

    2.    UVX digital radiometer and the appropriate probe (Ultra-
violet Products, Upland, CA).  

    3.    0.9% NaCl.  
    4.    150-mm Petri dishes.  
    5.    UV irradiation buffer: 150 mM KCl, 10 mM NaCl, 10 mM 

Tris–HCl of pH 8.0, and 1 mM EDTA.  
    6.    Buffer A: 300 mM sucrose, 60 mM KCl, 15 mM NaCl, 60 

mM Tris–HCl of pH 8.0, 0.5 mM spermidine, 0.15 mM 
spermine, and 2 mM EDTA. Store at −20°C.  

    7.    Buffer A + 0.5% Nonidet P40 substitute (Fluka). Store at −20°C.  
    8.    Buffer A + 1% Nonidet P40 substitute (Fluka). Store at −20°C.  
    9.    Scraper.  
   10.    5 M NaCl.  
   11.    Precooled absolute ethanol (−20°C).  
   12.    Precooled 80% ethanol (−20°C).  
   13.    Dry ice or −80°C freezer.      

      1.    0.5 mg/mL Deoxyribonuclease I (DNase I, Worthington 
Biochemical Corporation).  

    2.    Hank’s balanced salt solution (HBSS,Wisent).  
    3.    Solution I: 150 mM sucrose, 80 mM KCl, 35 mM HEPES 

of pH 7.4, 5 mM MgCl 2 , and 0.5 mM CaCl 2 .  
    4.    Solution I + 0.05%  L -α-Lysophosphatidylcholine ( L -a-

Lysolecithin, Sigma).  
    5.    Solution II: 150 mM sucrose, 80 mM KCl, 35 mM HEPES 

of pH 7.4, 5 mM MgCl 2 , and 2 mM CaCl 2 .  

 2.4.2. UVC (254 nm) and 
UVB Irradiation 

 2.4.3. DNase I Treatment 
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    6.    Scraper.  
    7.    Conical tubes, 15 mL.  
    8.    Buffer B: 150 mM NaCl and 5 mM EDTA of pH 7.8.  
    9.    Buffer C: 20 mM Tris–HCl of pH 8.0, 20 mM NaCl, 20 

mM EDTA, and 1% SDS.  
   10.    Proteinase K from  Tritirachium album  (Roche Applied Science).  
   11.    RNase A from bovine pancreas (Roche Applied Science).  
   12.    Phenol, equilibrated, pH 8 (USB Corporation).  
   13.    Chloroform.  
   14.    5 M NaCl.  
   15.    20μg/μl Glycogen (Roche Applied Science).  
   16.    Precooled absolute ethanol (−20°C).  
   17.    Precooled 80% ethanol (−20°C).  
   18.    Dry ice or −80°C freezer.       

       1.    Piperidine (99 + %, 10 M,  see   Subheading 2.2   ,  item 13 ).  
    2.    Teflon tape.  
    3.    Lock caps.  
    4.    3 M Sodium acetate, pH 5.2.  
    5.    20  m g/ m L Glycogen (Roche Applied Science).  
    6.    Precooled absolute ethanol (−20°C).  
    7.    Precooled 80% ethanol (−20°C).  
    8.    Dry ice of −80° freezer.  
    9.    Vacuum concentrator.      

       1.    10× Dual buffer: 500 mM Tris–HCl of pH 7.6, 500 mM 
NaCl, and 10 mM EDTA.  

    2.    T 4  endonuclease V enzyme (Trevigen). The saturating amount 
of T 4  endonuclease V enzyme can be estimated by digesting 
UV-irradiated genomic DNA with various enzyme quantities 
and separating the cleavage products on alkaline agarose gel 
 (48) . The saturating amount of the enzyme is the one next to 
the minimum quantity that produces the maximum cleavage 
frequency as evaluated on the alkaline agarose gel.  

    3.    T 4  endo V mix: 2× dual buffer, 2 mM DTT (1,4-dithioth-
reitol, Roche Applied Science), 0.2 mg/mL BSA (nuclease-
free bovine serum albumin, Roche Applied Science), and a 
saturating amount of T 4  endonuclease V.  

    4.     E. coli  photolyase enzyme (Trevigen). The saturating amount 
of photolyase can be estimated by photoreactivating UV-irradi-
ated genomic DNA with various enzyme quantities, digestion 
with T 4  endonuclease V, and separating the cleavage products 

 2.5. Conversion of 
Modified Bases to 
DNA Single-Strand 
Breaks 

 2.5.1. DMS-Induced Base 
Modifications 

 2.5.2. UV-Induced Base 
Modifications 

 CPD 
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on alkaline agarose gel  (48) . The saturating amount of pho-
tolyase is the next to the minimum enzyme quantity which 
produces no cleavage following T 4  endonuclease V digestion 
as evaluated on the gel. Because photolyase is light sensitive, all 
steps involving photolyase should be carried out rapidly.  

    5.    Photolyase mix: 1× dual buffer, 1.1 M DTT, 0.1 mg/mL 
BSA, and a saturating amount of photolyase.  

    6.    UVA black light blue (Sankyo Denki 350 nm).  
    7.    Plastic film (plastic wrap).  
    8.    1% SDS solution.  
    9.    Phenol, equilibrated, pH 8 (USB Corporation).  
   10.    Chloroform.  
   11.    5 M NaCl.  
   12.    Precooled absolute ethanol (−20°C).  
   13.    Precooled 80% ethanol (−20°C).  
   14.    Dry ice of −80°C freezer.      

      1.    Piperidine (99+%, 10 M,  see   Subheading  2.2  ,  item 13 ).  
    2.    Teflon tape.  
    3.    Lock caps.  
    4.    3 M Sodium acetate, pH 5.2.  
    5.    20  m g/ m L Glycogen (Roche Applied Science).  
    6.    Precooled absolute ethanol (−20°C).  
    7.    Precooled 80% ethanol (−20°C).  
    8.    Dry ice of −80° freezer.  
    9.    Vacuum concentrator.        

       1.    A gene-specific primer (primer 1) is used to initiate PE. 
The primer 1 used in the first-strand synthesis is a 15–22 
bp oligonucleotide and has a calculated melting tempera-
ture ( T  m ) of 50–60°C. They are selected using a computer 
program (Oligo 4.0 software, National Biosciences, Rychlik 
and Rhoads 1989) and optimally, their  T  m , as calculated by a 
computer program (GeneJockey software), should be about 
10°C lower than that of subsequent primers ( see   Note 2   ) 
 (49) . The first-strand synthesis reaction is designed to require 
very little primer 1 with a lower  T  m  so that this primer does 
not interfere with subsequent steps  (11–  13,   50) . The primer 
1 concentration is set at 0.5 pmol/ m L in H 2 O.  

    2.    Thermocycler (Biometra or PTC ™ , MJ research, Inc.).  
    3.    Polymerase extension mix:

   (a)    If  Pfu  exo −  DNA polymerase (also named cloned  Pfu ) 
is used:

 2.6. Ligation-Mediated 
Polymerase Chain 
Reaction Technology 

 2.6.1. Primer Extension 
(Steps II and III, Fig.  5 ) 
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  –  10×  Pfu  exo −  buffer: 200 mM Tris–HCl of pH 8.8, 20 
mM MgSO 4 , 100 mM NaCl, 100 mM (NH 4 ) 2 SO 4 , 
1% (v/v) Triton X-100, and 1 mg/mL nuclease-free 
BSA ( see   Note 1   ).  

 –   Pfu  exo −  extension mix: 1.25 pmole primer 1, 0.25 
mM of each dNTP, 1×  Pfu  exo −  buffer, and 1.5 U  Pfu  
exo −  (2.5 U/ m L, Stratagene).     

   (b)    If  Vent  exo −  polymerase is used:
  –   Vent  exo −  extension mix: 1.25 pmole primer 1, 0.25 

mM of each dNTP, 1×  Vent  buffer (10×, New Eng-
land BioLabs), and 0.75 U  Vent  exo −  polymerase (2.0 
U/ m L New England BioLabs).             

      1.    The DNA molecules that have a 5 ¢ -phosphate group and a 
double-stranded blunt end are suitable for ligation. A DNA 
linker with a single blunt end is ligated directionally onto the 
double-stranded blunt end of the extension product using 
T 4  DNA ligase. This linker has no 5 ¢  phosphate and is stag-
gered to avoid self-ligation and provide directionality. Also, the 
duplex between the 25-mer (L25: 5 ¢  GCGGTGACCCGGGA-
GATCTGAATTC) and 11-mer (L11: 5 ¢  GAATTCAGATC) is 
stable at the ligation temperature, but denatures easily during 
subsequent PCR reactions  (6,   50) . The linker 20 pmol/ m L is 
prepared in aliquots of 500  m L by annealing in 250 mM Tris–
HCl of pH 7.7, 120 mM MgCl 2  and 20 pmol/ m L each of the 
25-mer and 11-mer (the stock is at 60 pmol/ m L), heating at 
95°C for 3 min, transferring quickly at 70°C, cooling gradually 
to room temperature and stored at 4°C overnight. Linker is 
stored at −20°C and thawed on ice before use.  

    2.    Ligation mix: 33 mM DTT, 1.1 mM ATP, 16.6  m g/mL 
BSA, 48.9 mM Tris–HCl of pH 7.4, 100 pmol linker, and 
3.25 U T 4  ligase (1 U/ m L, Roche Applied Science).  

    3.    T 4  ligase stop mix: 7.2 M Ammonium acetate, 4.2 mM EDTA of 
pH 8.0, and 0.67  m g/ m L glycogene (Roche Applied Science).  

    4.    Precooled absolute ethanol (−20°C).  
    5.    Precooled 80% ethanol (−20°C).  
    6.    Dry ice or −80°C freezer.      

      1.    At this step, gene-specific fragments can be exponentially 
amplified because primer sites are available at each target 
fragment ends (i.e., primer 2 on one end and the longer 
oli-gonucleotide of the linker on the other end). Primer 2 
may or may not overlap with primer 1. The overlap, if present, 
should not be more than seven to eight bases  (11–  13,   50) . 
The primer 2 and the linker primer (L25) are diluted in H 2 O 
to give 50 pmol/ m L and 60 pmol/ m L, respectively.  

 2.6.2. Ligation (Step IV, 
Fig.  5 ) 

 2.6.3. Polymerase Chain 
Reaction (Steps V and VI, 
Fig.  5 ) 



 In Cellulo DNA Analysis (LMPCR Footprinting) 315

    2.    Thermocycler (Biometra or PTC, MJ research, Inc.).  
    3.    Polymerase amplification reaction

   (a)    If  Pfu  exo −  polymerase is used:
  –  10×  Pfu  exo −  buffer: 200 mM Tris–HCl of pH 8.8, 20 

mM MgSO 4 , 100 mM NaCl, 100 mM (NH 4 ) 2 SO 4 , 
1% (v/v) Triton X-100, and 1 mg/mL nuclease-free 
BSA ( see   Note 1   ).  

 –   Pfu  exo −  amplification mix: 2×  Pfu  exo −  buffer, 0.5 
mM of each dNTP, 10 pmol of L25 (linker primer), 
10 pmol of primer 2, and 3.5 U of  Pfu  exo −  DNA 
polymerase (2.5 U/ m L, Stratagene).     

   (b)    If  Taq  DNA polymerase is used:
  –  5×  Taq  buffer: 50 mM Tris–HCl of pH 8.9, 200 mM 

NaCl, and 0.05% [w/v] gelatin ( see   Note 1   ).  
 –   Taq  amplification mix: 2×  Taq  buffer, 4 mM MgCl 2 , 

0.5 mM of each dNTP, 10 pmol L25 (linker primer), 
10 pmol primer 2 and 3 U  Taq  DNA polymerase (5 
U/ m L, Roche Applied Science).     

   (c)    If  Vent  exo −  is used:
  –   Ven t exo −  amplification mix: 2×  Vent  exo −  buffer (10×, 

New England BioLabs), 0.5 mM of each dNTP, 10 
pmol of L25 (linker primer), 10 pmol of primer 2 and 
2.5 U  Vent  exo −  polymerase (2.0 U/ m L New England 
BioLabs).              

        1.    Stop mix:  
   (a)    If  Pfu  exo −  is used for amplification:

  –   Pfu  exo −  stop mix: 1.56 M sodium acetate of pH 5.2 
and 20 mM EDTA.     

   (b)    If  Taq  DNA polymerase is used for amplification:
  –   Taq  stop mix: 1.56 M sodium acetate of pH 5.2 and 

60 mM EDTA.     
   (c)    If  Vent  exo −  is used for amplification:

  –   Vent  exo −  stop mix: 1.56 M sodium acetate of pH 5.2 
and 20 mM EDTA.     

    2.    Precooled absolute ethanol (−20°C).  
    3.    Precooled 80% ethanol (−20°C).  
    4.    Dry ice or −80°C freezer.  
    5.    Formamide-loading dye: 94% formamide, 2 mM EDTA of 

pH 7.7, 0.05% xylene cyanole FF, and 0.05% bromophenol 
blue  (11–  13) .  

    6.    66 cm Long × 34.5 cm wide sequencing gel apparatus (Owl 
Scientific).  

 2.7. LMPCR-Amplified 
DNA Fragment Analysis 

 2.7.1. Conventional Radio-
active Method 

 Precipitation, Gel 
Electrophoresis, and 
Electroblotting (Step VII, 
Fig.  5 ) 
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    7.    Spacers (0.4-mm thick).  
    8.    Plastic well-forming comb (0.4-mm thick, BioRad).  
    9.    5× (0.5 M) Tris-Borate-EDTA (TBE) buffer: 500 mM Tris   , 

830 mM boric acid, and 10 mM EDTA of pH 8.3. Use this 
stock to prepare 1× (100 mM) TBE buffer.  

   10.    8% Polyacrylamide. To prepare 1 L: 77.3 g acrylamide, 
2.7 g  bis -acrylamide, 420.42 g urea, and 200 mL of 0.5 M 
TBE dissolved in H 2 O. Polyacrylamide solution should be 
kept at 4°C.  

   11.    Gel preparation: mix 100 mL of 8% polyacrylamide with 
1 mL of 10% ammonium persulfate (APS), and 30  m L of 
 N,N,N  ′ ,N  ′-tetra-methylethylenediamide (TEMED). This 
mix is prepared immediately before pouring the solution 
between the glass plates. Without delay, take the gel mix into 
a 50-mL syringe and inject the mix between the plates, main-
taining a steady flow. During pouring, the plates should be 
kept at a 30° angle and tilted to the side into which the mix 
is injected. Any air bubbles should be avoided and removed 
if they form. The gel should be left to polymerize for a mini-
mum of 2 h before use. If the gel is to be left overnight, 45 
min after pouring, place a moistened paper tissue over the 
comb and cover the upper end of the assembly with a plastic 
film to prevent the gel from drying out.  

   12.    Power supply (Bio-Rad PowerPac 3000).  
   13.    Electroblotting apparatus (HEP3, Owl Scientific Inc.) used 

according to the manufacturer’s instructions.  
   14.    Whatman 3- MM  Chr paper (Fisher Scientific).  
   15.    Plastic film (plastic wrap).  
   16.    Whatman 17-MM Chr paper (Fisher Scientific).  
   17.    Nylon membrane, positively charged (Roche Applied Science).  
   18.    Power supply (Bio-Rad, model 200/2.0).  
   19.    UVC (254 nm) germicidal lamp.  
   20.    UVX digital radiometer and appropriate probe (Ultraviolet 

Products, Upland, CA).      

      1.    5×  Taq  buffer: 50 mM Tris–HCl of pH 8.9, 200 mM NaCl, 
and 0.05% [w/v] gelatin ( see   Note 1   ).  

    2.    dNTP (dATP, dGTP, dTTP) mix (200  m M of each) diluted 
1:10 in H 2 O. This mix is changed every 2 weeks.  

    3.    Isotopic labeling mix: 1×  Taq  buffer, 2 mM MgCl 2 , 133 
pg/ m L DNA template (PRC products), 0.5 pm/ m L primer 
2, 1  m L of 1:10 dNTP mix, 5 U  Taq  DNA polymerase (5 
U/ m L, Roche Applied Science), and 1.85 MBq  a -[ 32 P] 
dCTP (0.37 MBq/ m L, PerkinElmer Life Sciences Inc).  

 Preparation of Single-
Stranded Hybridization 
Probes (Step VIII, Fig.  5 ) 
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   4.    7.5 M Ammonium acetate.  
   5.    20  m g/ m L glycogen (Roche Applied Science).  
   6.    Precooled absolute ethanol (−20°C).  
   7.    Geiger counter.  
   8.    TE buffer of pH 8.0: 10 mM Tris–HCl of pH 8.0 and 1 mM 

EDTA of pH 7.8.  
   9.    Hybridization buffer: 250 mM sodium phosphate of pH 7.2, 

1 mM EDTA, 7% SDS, and 1% BSA.      

  The hybridization is performed in a rolling 8 cm diameter × 22 
cm long borosilicate glass hybridization tubes in a hybridiza-
tion oven (Techne). The nylon membrane is soaked in 100 mM 
TBE and placed in the tube using a 25-mL pipet, so that the 
membrane sticks completely to the wall of the hybridization 
tube. Following hybridization and washing, the membrane is 
placed in an autoradiography cassette Fujifilm EC-DW (Christie 
Group Ltd) and exposed to Kodak X-ray film (BiomaxMR, 35 × 
43 cm, Kodak Scientific Imaging Film) with intensifying screens 
(35 × 43 cm, Fisher Scientific, cat. no. FB-IS-1417) at −80°C.
   1.    Hybridization buffer: 250 mM sodium phosphate of pH 7.2, 

1 mM EDTA, 7% SDS, and 1% BSA.  
   2.    Single-stranded hybridization probe diluted in 6–7 mL of 

hybridization buffer.  
   3.    Washing buffer I: 20mM sodium phosphate of pH 7.2, 1 mM 

EDTA, 0.25% BSA, and 2.5% SDS.  
   4.    Washing buffer II: 20 mM sodium phosphate of pH 7.2, 1 

mM EDTA and 1% SDS.  
   5.    Plastic film (plastic wrap).  
   6.    Kodak X-ray film (BiomaxMR, 35 × 43 cm, Kodak Scientific 

Imaging Film).  
   7.    Autoradiography cassette Fujifilm EC-DW (Christie Group 

Ltd).  
   8.    Intensifying screens (35 × 43 cm, Fisher Scientific).       

      1.    At this step, in order to remove excess of free primer 2, an 
exonuclease digestion is performed, followed by a fluorescent 
labeling extension of all DNA fragments amplified during 
the LMPCR step. For this purpose a third primer (primer 3) 
fluorescently labeled is used to perform five consecutive 
extension cycles. This primer is located right after the 3′ 
end of the primer 2. The primer 3 is diluted in H 2 O to give 
1 nmol/mL.  

   2.    Thermocycler (Biometra or PTC TM , MJ research, Inc.).  
   3.    Exonuclease I (20.000 U/mL, New England Biolabs)  

 Hybridization (Step VII, 
Fig.  5 ), Washing, and 
Autoradiography 

 2.7.2. Fluorescent Method 
Using Sequencer 

 Fluorescent Labeling 
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    4.    5×  Taq  buffer: 50 mM Tris–HCl of pH 8.9, 200 mM NaCl, 
and 0.05% [w/v] gelatin ( see   Note 1   ).  

    5.    Exonuclease I mix: 1×  Taq  buffer, 667 U/mL Exonuclease I.  
    6.    1  m M primer 3, fluorescent labeled (Li-Cor Bioscience).  
    7.    Labeling stop mix: 1.56 M sodium acetate of pH 5.2 and 60 

mM EDTA.  
    8.    Precooled absolute ethanol (−20°C).  
    9.    Precooled 80% ethanol (−20°C).  
   10.    Dry ice or −80°C freezer.  
   11.    Formamide-loading dye: 94% formamide, 2 mM EDTA of 

pH 7.7, 0.05% xylene cyanole FF, and 0.05% bromophenol 
blue  (11–  13) .      

      1.    66-cm-long sequencing gel apparatus (LI-COR Bioscience).  
    2.    Spacers (0.2-mm thick, LI-COR Bioscience).  
    3.    Plastic well-forming comb (0.2-mm thick, LI-COR Bioscience).  
    4.    5× (0.5 M) Tris-Borate-EDTA (TBE) buffer: 500 mM Tris, 

830 mM boric acid, and 10 mM EDTA of pH 8.3. Use this 
stock to prepare 1× (100 mM) TBE buffer.  

    5.    8% polyacrylamide. To prepare 1 L: 77.3 g acrylamide, 2.7 g 
 bis -acrylamide, 420.42 g urea, and 200 mL of 0.5 M TBE dis-
solved in H 2 O. Polyacrylamide solution should be kept at 4°C.  

    6.    Gel preparation: mix 50 mL of 8% polyacrylamide with 
0.5 mL of 10% ammonium persulfate (APS) and 15  m L of 
 N,N,N  ′ ,N  ′-tetra-methylethylenediamide (TEMED). This 
mix is prepared immediately before pouring the solution 
between the glass plates. Without delay, take the gel mix into 
a 50-mL syringe and inject the mix between the plates, main-
taining a steady flow. During pouring, the plates should be 
kept at a 30° angle. Any air bubbles should be avoided and 
removed if they form. The gel should be left to polymerize 
for a minimum of 2 h before use. If the gel is to be left over-
night, 45 min after pouring, place a moistened paper tissue 
over the comb and cover the upper end of the assembly with 
a plastic film to prevent the gel from drying out.  

    7.    DNA 4300 sequencer (LI-COR Bioscience).         

 

      1.    Detach cells using trypsin (if needed) and sediment the cell 
suspension by centrifugation in 50-mL conical tubes.  

    2.    Resuspend the cells in 2–8 mL of buffer A.  

 Sequencing Gel 

 3. Methods  

 3.1. DNA Purification 
(for 10  7 –10  8  Cells) 



 In Cellulo DNA Analysis (LMPCR Footprinting) 319

    3.    Add one volume (2–8 mL) of buffer A containing 1% Noni-
det P40 Substitute.  

    4.    Incubate at 4°C for 5 min.  
    5.    Sediment nuclei by centrifugation at 4,500 ×  g  for 15 min at 

4°C.  
    6.    Remove the supernatant. Resuspend nuclei in 5–10 mL of 

buffer A by gentle vortexing. Resediment nuclei at 4,500 × 
 g  for 15 min at 4°C.  

    7.    Remove supernatant. It is recommended to leave a small vol-
ume (100–500  m L) of buffer A to facilitate resuspension of 
nuclei.  

    8.    Dilute the nuclei in 1–2 mL of buffer B.  
    9.    Add an equivalent volume of buffer C and proteinase K to a 

final concentration of 450  m g/mL.  
   10.    Incubate at 37°C for 3 h ( see   Note 3   ).  
   11.    Add RNase A to a final concentration of 150  m g/mL.  
   12.    Incubate at 37°C for 1 h.  
   13.    Purify DNA by extraction with one volume phenol (one or 

two times as needed), one volume phenol:chloroform (one 
or two times as needed), and one volume chloroform. Phe-
nol extraction and phenol-chloroform extraction should be 
repeated if the aqueous phase is not clear.  

   14.    Precipitate DNA in 200 mM NaCl and two volumes of pre-
cooled absolute ethanol. Ethanol should be added slowly. 
Make sure to mix very gently.  

   15.    Recover DNA by spooling the floating DNA filament with 
a micropipet tip. If DNA is in small pieces or not clearly vis-
ible, recover DNA by centrifugation (4,500 ×  g  for 15 min 
at 4°C), but expect RNA contamination ( see   Note 4   ). RNA 
contamination does not cause any problems for LMPCR. 
RNase digestion can be repeated if needed.  

   16.    Wash DNA once with 10 mL of 80% ethanol.  
   17.    Centrifuge the DNA (4,500 ×  g  for 10 min at 4°C).  
   18.    Remove supernatant and air dry DNA pellet.  
   19.    Dissolve DNA in water at an estimated concentration of 

60–100  m g/mL. The quantity of DNA can be estimated 
based upon the number of cells that were initially used for 
DNA purification. About 6  m g of DNA should be purified 
from 1 × 10 6  cells.  

   20.    Carefully measure DNA concentration by spectrophotom-
etry at 260 nm. Alternatively, DNA can be measured by 
fluorometry after staining with DAPI. Only double-stranded 
DNA concentration must be measured; be careful if there is 
RNA contamination ( see   Note  5  ).      
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  In cellulo DNA analysis using LMPCR requires complete DNA-
sequencing ladders from genomic DNA. Base-specific chemical 
modifications are performed according to Iverson and Dervan 
 (51)  for the A reaction and Maxam and Gilbert for the G, T + C, 
and C reactions. DNA from each of these base modification reac-
tions is processed by LMPCR concomitantly with the analyzed 
samples and loaded in adjacent lanes on the sequencing gel to 
allow the identification of the precise location and sequence con-
text of footprinted regions. The chemical modifications induced 
by DMS, Hz, and K 2 PdCl 4  and cleaved by piperidine destroy the 
target base. Therefore, one must bear in mind that when analyz-
ing a chemical-sequencing ladder, each band corresponds to a 
DNA fragment ending at the base preceding the one read. In 
this section, we will describe the chemical sequencing of genomic 
DNA. The cleavage protocol works optimally with 10–50  m g of 
genomic DNA per microtube. The required amount of DNA is 
ethanol precipitated and the pellet is air dried. For each base-
specific reaction, we usually carried out the treatment in three 
microtubes containing 50  m g of genomic DNA for three differ-
ent incubation times with the modifying agent in order to obtain 
low, medium, and high base-modification frequencies. 

     1.    Add 160  m L of H 2 O to dissolve the DNA pellet.  
   2.    Add 40  m L of K 2 PdCl 4  solution, mix carefully, and keep on ice.  
   3.    Incubate at room temperature for 5, 10, or 15 min.  
   4.    Add 50  m L of K 2 PdCl 4  stop.  
   5.    Add 750  m L of precooled absolute ethanol.      

     1.    Add 5  m L of H 2 O to dissolve the DNA pellet and mix.  
   2.    Add 200  m L of DMS buffer and 1  m L of DMS, carefully mix, 

and keep on ice.  
   3.    Incubate at room temperature for 30, 45, or 60 s.  
   4.    Add 50  m L of DMS stop.  
   5.    Add 750  m L of precooled absolute ethanol.      

     1.    Add 20  m L of H 2 O to dissolve the DNA pellet and mix.  
   2.    Add 30  m L of Hz, carefully mix, and keep on ice.  
   3.    Incubate at room temperature for 120, 210, or 300 s.  
   4.    Add 200  m L of Hz stop.  
   5.    Add 750  m L of precooled absolute ethanol.      

     1.    Add 5  m L of H 2 O to dissolve the DNA pellet and mix.  
   2.    Add 15  m L of 5 M NaCl and 30  m L of Hz, carefully mix, and 

keep on ice.  
   3.    Incubate at room temperature for 120, 210, or 300 s.  

 3.2. Chemical Cleavage 
for DNA-Sequencing 
Products 

 3.2.1. A Reaction 

 3.2.2. G Reaction 

 3.2.3. T + C Reaction 

 3.2.4. C Reaction 
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    4.    Add 200  m L of Hz stop.  
    5.    Add 750  m L of precooled absolute ethanol.     
 All samples are processed as follows:
    6.    Mix samples well and place on dry ice for 15 min or at −80°C 

until the samples are frozen.  
    7.    Centrifuge for 15 min at 16,000 ×  g .  
    8.    Remove supernatant, recentrifuge for 1 min, and remove all 

the liquid using a micropipet.  
    9.    Carefully dissolve pellet in 405  m L of H 2 O.  
   10.    Add 45  m L of 3 M sodium acetate of pH 7.0.  
   11.    Add 1 mL of precooled absolute ethanol and mix well.  
   12.    Leave on dry ice for 15 min or at −80°C until the samples are 

frozen.  
   13.    Centrifuge for 15 min at 16,000 ×  g .  
   14.    Remove supernatant.  
   15.    Wash with 1 mL of precooled 80% ethanol and centrifuge for 

5 min at 16,000 ×  g .  
   16.    Remove the supernatant, spin quickly, remove the liquid 

with a micropipette, and air dry pellet.  
   17.    Dissolve pellet in 50  m L H 2 O. Add 50  m L of freshly prepared 

2 M piperidine and mix well.  
   18.    Secure caps with Teflon tapes and lock the caps with “lock 

caps.”  
   19.    Incubate at 80°C for 30 min.  
   20.    Pool all three microtubes of the same chemical reaction in a 

new 1.5-mL microtube.  
   21.    Add 105  m L H 2 O, 45  m L of 3 M sodium acetate of pH 5.2, 

1  m L of glycogen, and 1 mL of precooled absolute ethanol 
and mix well.  

   22.    Leave on dry ice for 15 min or at −80°C until the samples are 
frozen.  

   23.    Spin 15 min at 16,000 ×  g .  
   24.    Take out the supernatant and wash twice with 1 mL of pre-

cooled 80% ethanol, respin for 5 min, and remove all the 
liquid using a micropipet.  

   25.    Add 200  m L of H 2 O and remove traces of remaining piperi-
dine by drying the sample in a Speedvac concentrator.  

   26.    Dissolve DNA in H 2 O to a concentration of 0.5  m g/ m L.  
   27.    Determine the DNA strand break frequency by running the 

samples on a 1.5% alkaline agarose gel  (48) . The size range 
of the fragments should span 100–500 bp.       
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      1.    To 100 ng of purified genomic DNA in H 2 O, add 50  m L of 
the  Taq  DNA polymerase PCR product mix and mix.  

   2.    Cycle 35 times at 95°C for 1 min (97°C for 3 min for the first 
cycle), 61–73°C (1–2°C below the calculated  T  m  of the primer 
with the lowest  T  m ) for 2 min, and 74°C for 3 min. The last 
extension should be done for 10 min.  

   3.    Add 25  m L of  Taq  DNA polymerase stop.  
   4.    Add 400  m L of precooled absolute ethanol and mix well.  
   5.    Leave 15 min on dry ice or at −80°C until the samples are 

frozen and spin 5 min at 16,000 ×  g .  
   6.    Wash once with 1 mL of precooled 80% ethanol.  
   7.    Spin 5 min at 16,000 ×  g .  
   8.    Air dry DNA pellets.  
   9.    Resuspend DNA pellets in 12  m L H 2 O and add 3  m L of 5× 

neutral loading buffer.      

     1.    Load 15  m L of PCR products per well along with a 100-bp 
DNA size standard.  

   2.    Migrate the PCR products on a 1% neutral agarose gel.  
   3.    Stain the gel with ethidium bromide and photograph on a UV 

transilluminator. Recover the band containing the DNA frag-
ment of expected molecular weight using a clean scalpel blade. 
Minimize the size of the slice by removing as much extraneous 
agarose as possible.  

   4.    Crush the slice and put it in a 0.6-mL microtube pierced at 
the bottom, and containing a column of packed dry glass wool 
( see   Note 6   ).  

   5.    Insert the 0.6-mL microtube containing the column in a 1.5-
mL microtube and spin 15 min at 7,000 ×  g . Transfer the 
flowthrough to a new 1.5-mL microtube. If there is still some 
agarose remaining, respin 15 min at 7,000 ×  g .  

   6.    Add 50  m L of H 2 O to wash the column of any remaining DNA 
by spinning 8 min at 7,000 ×  g . Pool all the flowthrough con-
tents in one 1.5-mL microtube.  

   7.    Complete the volume to 405  m L with H 2 O and add 45  m L of 
3 M sodium acetate of pH 7.0 and 1 mL of precooled abso-
lute ethanol to precipitate DNA. Mix well and leave 15 min 
on dry ice or at −80°C until the samples are frozen. Spin 15 
min at 16,000 ×  g .  

   8.    Wash once with 1 mL of precooled 80% ethanol and spin 5 
min at 16,000 ×  g .  

   9.    Air dry DNA pellet.  

 3.3. Template 
Preparation: PCR 
Products 

 3.3.1. PCR Amplification 

 3.3.2. Purification and 
Quantification of PCR 
Products 
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   10.    Dissolve DNA pellets in 104  m L H 2 O.  
   11.    On a 1.5% neutral agarose gel, load aliquots of 1 and 3  m L 

of the DNA template dissolved in 1× neutral loading buffer 
along with a quantitative low DNA mass ladder.  

   12.    Stain the gel with ethidium bromide and photograph on a 
UV transilluminator. The DNA concentration of the aliq-
uots is estimated by comparison with the low DNA mass 
ladder band intensities, and H 2 O is added to obtain a final 
concentration of template DNA of 10 ng/ m L. The DNA 
template is aliquoted and stored at −20°C.       

       1.    If cells are grown to confluence as a monolayer, replace the 
culture medium with a freshly prepared serum-free medium 
containing 0.2% DMS and incubate at room temperature for 
6 min. If cells are grown in suspension, sediment the cells by 
centrifugation and remove the cell culture medium. The cells 
are diluted in a freshly prepared serum-free medium contain-
ing 0.2% DMS and are then incubated at room temperature 
for 6 min.  

    2.    Remove the DMS-containing medium and quickly wash the 
cell monolayer with 10 mL of cold HBSS. Sediment cells by 
centrifugation if they are treated in suspension and remove 
the DMS-containing medium and wash the cells with 10 mL 
of cold HBSS.  

    3.    Detach cells using trypsin for cells grown as monolayer.  
    4.    Nuclei are isolated and DNA purified as described in  Sub-

heading 3.1   .  
    5.    Purified DNA obtained from the same cell type is treated 

as described in  Subheading 3.2.2   . Usually, a DMS treat-
ment of 45 s should give a break frequency corresponding 
to that of the in cellulo treatment described in this section. 
This DNA is the in vitro treated DNA used to compare with 
DNA DMS-modified in cellulo ( see   Notes 5  and  7 ).      

      1.    If cells are grown as monolayer in Petri dishes, replace cell 
culture medium with cold 0.9% NaCl. If cells are grown in 
suspension, sediment the cells by centrifugation and remove 
the cell culture medium. The cells are diluted in cold 0.9% 
NaCl at a concentration of 1 × 10 6  cells/mL ( see   Note 8   ) 
and, to avoid cellular shielding, a thin layer of the cell sus-
pension is placed in 150-mm Petri dishes.  

    2.    Expose the cells to 0.5–2 kJ/m 2  of UVC (254 nm UV) or 
25–100 kJ/m 2  of UVB. The cells should be exposed on ice 
with uncovered Petri dishes. The UV intensity is measured 
using a UVX digital radiometer and the appropriate probe.  

 3.4. Treatment of 
Purified DNA and Cells 
with Modifying Agents 

 3.4.1. DMS Treatment 

 3.4.2. UVC (254 nm) and 
UVB Irradiation 
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    3.    Remove the 0.9% NaCl by aspiration for cells grown as mon-
olayer in Petri dishes or by sedimentation for cell suspen-
sions.  

    4.    If cells were irradiated in suspension, follow the procedure 
described in  Subheading 3.1    to isolate nuclei and purify 
DNA. After DNA purification, DNA is dissolved in H 2 O at 
a concentration of 0.2  m g/ m L. For cells cultured in Petri 
dishes, add in each dish 8 mL of buffer A containing 0.5% 
Nonidet P40 Substitute.  

    5.    Incubate at 4°C for 5 min.  
    6.    Scrape the cells and transfer them in a conical 50-mL tube.  
    7.    Wash the dishes once with 8 mL of buffer A + 0.5% Nonidet 

P40 Substitute.  
    8.    Continue from  step 5  of  Subheading 3.1   . After DNA 

purification, DNA is dissolved in H 2 O at a concentration 
of 0.2  m g/ m L.  

    9.    Expose purified DNA to the same UVC or UVB dose as the 
cells. Purified DNA should be irradiated on ice and diluted 
in the UV irradiation buffer at a concentration of 60–75  m g/
mL ( see   Note 7   ). Purified DNA should be obtained from the 
same type of cells as the type irradiated in cellulo ( see   Note 9   ). 
This DNA is used as control DNA to compare with DNA 
UV modified in cellulo ( see   Notes 7  and  8 ).  

   10.    Following UV irradiation, DNA is ethanol precipitated 
and DNA is resuspended in H 2 O at a concentration of 0.2 
 m g/ m L.      

  Genomic footprinting with DNase I requires cell permeabi-
lization ( see   Note 10   ). Cells grown as a monolayer can be 
permeabilized while they are still attached to the Petri dish or in 
suspension following trypsinization. Here, we will describe cell 
permeabilization using lysolecithin applied to monolayer cell 
cultures (alternatively, the cells can be permeabilized using Noni-
det P40 Substitute,  see  detailed protocol in  (18) ). For monolayer 
cultures, cells are grown to about 80% of confluency. For cells in 
suspension, cells are diluted at a concentration of approximately 
1 × 10 6  cells/mL. To permeabilize the vast majority of cells in 
suspension, they must not be clumped and must not form aggre-
gates during the permeabilization step and subsequent DNase I 
treatment. To achieve this, we gently flick the microtubes during 
permeabilization and DNase I treatment and keep the cell con-
centration below 2 × 10 6 /mL.
    1.    For cells in monolayers, wash the cells with 5 mL solution 

I and permeabilize the cells by treating them with 4 mL of 
solution I + 0.05% lysolecithin at 37°C  (52) .  

 3.4.3. DNase I Treatment 
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    2.    Add 55  m L of DNase I (0.5 mg/mL). Incubate at 37°C for 
20 min. DNase I concentration and incubation times may 
have to be adjusted for different cell types.  

    3.    After 8 min, detach cells using scraper and transfer in a 
15-mL tube. Replace at 37°C for the rest of the 20-min 
incubation.  

    4.    Centrifuge 1 min at 450 g.  
    5.    Resuspend the pellet in 500  m L buffer B.  
    6.    Add 500  m L buffer C.  
    7.    Add 450  m g/mL Proteinase K and incubate at 37°C for 3 h.  
    8.    Add RNase A to a final concentration of 200  m g/mL and 

incubate at 37°C for 1 h.  
    9.    Purify DNA by phenol-chloroform extraction ( see   Subhead-

ing 3.1   ,  step 13 ).  
   10.    Precipitate DNA in 200 mM NaCl, 1  m L glycogen, and two 

volumes of precooled absolute ethanol.  
   11.    Recover DNA by centrifugation (4,500 ×  g  for 15 min at 

4°C), but expect RNA contamination. RNA contamination 
does not cause any problems for LMPCR. RNase A diges-
tion can be repeated if needed.  

   12.    Remove supernatant and wash DNA once with 10 mL of 
precooled 80% ethanol.  

   13.    Centrifuge the DNA (4,500 ×  g  for 10 min at 4°C). Remove 
supernatant and air dry DNA pellet.  

   14.    Dissolve DNA in H 2 O and measure DNA concentration 
( see   Subheading 3.1   ,  step 20 ).  

   15.    To obtain purified DNA controls ( see    Notes 7   and  9 ), digest 
40  m g of purified DNA in solution II with 10–20 ng/mL 
of DNase I at room temperature for 10–20 min. Stop the 
reaction by adding 400  m L of phenol. Extract once with 
phenol-chloroform and once with chloroform. Dissolve 
DNA in H 2 O at a concentration of 0.2  m g/ m L.       

  When purified DNA or living cells are treated with DMS or UV, 
DNA base modifications are induced  (Table  3 ) . These modifica-
tions must be converted to single-strand breaks before running 
LMPCR. Following UV exposure, CPD and 6-4PP are converted 
individually because they use different conversion procedures 
 (Table  3 ) . On the other hand, DNase I digestion directly gener-
ates DNA strand breaks suitable for LMPCR without any conver-
sion procedures. Before running LMPCR, the DNA strand break 
frequency must be determined by running the samples on a 1.5% 
alkaline agarose gel  (49) . The size range of the fragments should 
span 200–2,000 bp ( see   Note 7   ). 

 3.5. Conversion of 
Modified Bases to 
DNA Single-Strand 
Breaks 
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      1.    Dissolve DNA (10–50  m g) in 50  m L H 2 O, add 50  m L of 2 M 
piperidine, and mix well.  

    2.    Samples are processed as described in  Subheading 3.2   ,  steps 
18–27 .  

    3.    Dissolve DNA in H 2 O to a concentration of 0.2  m g/ m L.      

       1.    To specifically cleave CPD, dissolve 10  m g of UV-irradiated 
DNA in 50  m L H 2 O and add 50  m L of T 4  endo V mix.  

    2.    Incubate at 37°C for 1 h.  
    3.    Perform the photolyase digestion to remove the overhang-

ing dimerized base that would otherwise prevent ligation 
 (8) ; add 10  m L of the photolyase mix.  

    4.    Leaving their caps opened, cover the microtubes with a plas-
tic film to prevent UVB-induced damage and place open 
ends 2–3 cm from a UVA black light blue for 1 h.  

    5.    Add 200  m L of 1% SDS and 100  m L H 2 O and mix well.  
    6.    Extract DNA using one volume (400  m L) phenol, one vol-

ume phenol:chloroform, and one volume chloroform.  
    7.    To precipitate DNA, add 20  m L of 5 M NaCl, 1 mL of pre-

cooled absolute ethanol and mix well.  
    8.    Leave 15 min on dry ice or at −80°C until the samples are 

frozen and spin 15 min at 16,000 ×  g .  
    9.    Wash once with 1 mL of precooled 80% ethanol.  
   10.    Spin 5 min at 16,000 ×  g .  
   11.    Air dry the pellet and dissolve DNA in H 2 O to a concentra-

tion of 0.2  m g/ m L.      

      1.    Dissolve DNA (10–50  m g) in 50  m L of H 2 O, add 50  m L of 
2 M piperidine, and mix well.  

    2.    Samples are processed as described in  Subheading 3.2   ,  steps 
18–27 .  

    3.    Dissolve DNA in H 2 O to a concentration of 0.2  m g/ m L.        

  The PE, ligation, and PCR steps are carried out in 0.6-mL micro-
tubes and a thermocycler is used for all incubations. 

      1.    Mix 0.5–2  m g of genomic DNA with the appropriate 
polymerase extension mix ( Pfu  exo −  or  Vent  exo −  extension 
mix) for a final volume of 30  m L  

    2.    Denature DNA at 98°C. Incubate the samples at the anneal-
ing temperature for 4 min, then incubate at 75°C for 10 
min. Finally, the samples are cooled to 4°C.      

  3 .5.1. DMS-Induced Base 
Modifications ( See  Fig.  1 ) 

 3.5.2. UV-Induced Base 
Modifications 

 CPD ( See  Fig.  2 ) 

 6-4PP ( See  Fig.  3 ) 

 3.6. Ligation-Mediated 
Polymerase Chain 
Reaction Technology 

 3.6.1. Primer Extension 
(Steps II and III, Fig.  5 ) 
( See  Note 11) 
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      1.    To the primer extension reaction, add 45  m L of the ligation 
mix and mix well.  

    2.    Incubate at 18°C for a minimum of 2 h.  
    3.    Precipitate DNA by adding 30  m l of T 4  ligase stop mix, 300 

 m L of precooled absolute ethanol and mix well.  
    4.    Leave 15 min on dry ice or at −80°C until the samples are 

frozen and spin 15 min at 16,000 ×  g .  
    5.    Wash once with 500  m L of precooled 80% ethanol.  
    6.    Spin 5 min at 16,000 ×  g .  
    7.    Remove supernatant and air dry DNA pellets.  
    8.    Dissolve DNA in 50  m L H 2 O.      

      1.    Add 50  m L of the appropriate polymerase amplification mix 
( Pfu  exo − ,  Vent  exo − , or  Taq  amplification mix) and mix.  

    2.    Cycle 22 times as described in  Table 4   . The last extension 
should be done for 10 min to fully extend all DNA fragments.        

    The PCR-amplified fragments are separated by electrophoresis 
through an 8% polyacrylamide/7 M urea gel, 0.4-mm thick and 
66 cm long, then transferred to a nylon membrane by electro-
blotting  (11–  13) .
    1.    Add 25  m L of the appropriate stop mix:  Pfu  exo − ,  Taq , or 

 Vent  exo −  stop mix, depending of the polymerase mix used 
for amplification.  

    2.    Add 400  m L of precooled absolute ethanol and mix well.  
    3.    Leave 15 min on dry ice or at −80°C until the samples are 

frozen and spin 15 min at 16,000 ×  g  at 4°C.  
    4.    Wash once with 500  m L of precooled 80% ethanol.  
    5.    Spin 5 min at 16,000 ×  g .  
    6.    Air dry DNA pellets.  
    7.    Dissolve DNA pellets in 7.5  m L of formamide-loading dye 

in preparation for sequencing gel electrophoresis. For the 
sequence samples G, A, T + C, and C, it is often advisable to 
dissolve DNA pellets in 15  m L of formamide-loading dye.  

    8.    Prerun the 8% polyacrylamide gel in 100 mM TBE, until the 
temperature of the gel reaches 50°C.  

    9.    To denature DNA, heat the samples at 95°C for 2 min and 
then keep them on ice prior to loading.  

   10.    Wash the wells of the gel using a syringe.  
   11.    Load an aliquot of 1.5–2  m L.  
   12.    Run the gel at the voltage and power necessary to maintain 

the temperature of the gel at 50°C. This will ensure that the 
DNA remains denatured.  

 3.6.2. Ligation (Step IV, 
Fig.  5 ) 

 3.6.3. Polymerase Chain 
Reaction (Steps V and VI, 
Fig.  5 ) ( See  Note 11) 

 3.7. LMPCR-Amplified 
DNA Fragment 
Analysis 

 3.7.1. Conventional 
Radioactive Method 

 Precipitation, Gel 
Electrophoresis, 
and Electroblotting 
( Step VII , Fig.  5 ) 



328 Drouin et al.

   13.    Stop the gel when the green dye (xylene cyanole FF) reaches 
1–2 cm from the bottom of the gel.  

   14.    Separate the glass plates using a spatula, and then remove 
one of the plates by lifting it carefully. The gel should stick 
to the less treated plate ( see   Note  12  ).  

   15.    Cover the lower part of the gel (approximately 40–42 cm) 
with a clean Whatman 3-MM Chr paper, carefully remove 
the gel from the glass plate and cover it with a plastic film.  

   16.    On the bottom plate of the electroblotter, individually layer 
three sheets of Whatman 17-MM Chr paper presoaked in 
100 mM TBE and squeeze out the air bubbles between the 
paper layers by rolling with a bottle.  

   17.    Add 150 mL of 100 mM TBE on the top layer and place the 
gel quickly on the Whatman 17-MM Chr papers before TBE 
is absorbed. Remove all air bubbles under the gel by gently 
rolling a 25-mL pipet.  

   18.    Remove the plastic film and cover the gel with a positively 
charged nylon membrane presoaked in 100 mM TBE, 
remove all air bubbles by gently rolling a 25-mL pipet, then 
cover with three layers of presoaked Whatman 17-MM Chr 
paper, and squeeze out air bubbles with rolling bottle. Paper 
sheets can be reused several times.  

   19.    Place the upper electrode onto the paper.  
   20.    Electrotransfer for 45 min at 2 A. The voltage should be at 

approximately 10–15 V.  
   21.    UV-crosslink (1,000 J/m 2  of UVC) the blotted DNA to the 

membrane, taking care to expose the DNA side of the mem-
brane. If probe stripping and rehybridization are planned, 
keep the membrane damp.      

  The [ 32 P]-dCTP-labeled single-stranded probe is prepared by 
30 cycles of repeated linear primer extension using  Taq  DNA 
polymerase. Primer 2 (or primer 3,  see   Note 13   ) is extended on 
a double-stranded template which can be a plasmid or a PCR 
product. The latter is produced by using two opposing prim-
ers 2 separated by a distance of 150–450 bp. Alternatively, any 
pair of gene-specific primers suitable for amplifying a DNA frag-
ment containing a suitable probe sequence ( see   Note 13   ) can be 
employed.
    1.    Prepare 150  m L of the isotopic labeling mix.  
    2.    Cycle 30 times at 95°C for 1 min (97°C for 3 min for the 

first cycle), 60–68°C for 2 min, and 74°C for 3 min.  
    3.    Transfer the mixture to a conical 1.5-mL microtube with 

screw cap containing 50  m L of 10 M ammonium acetate, 
1  m L of glycogen, and 400  m L of precooled absolute ethanol.  

 Preparation of Single-
Stranded Hybridization 
Probes (Step VIII, Fig.  5 ) 
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    4.    Mix well, leave 5 min at room temperature, and spin 5 min 
at 16,000 ×  g .  

    5.    Transfer the supernatant into a new 1.5-mL microtube. 
Using a Geiger counter, compare the counts per minute 
between the pellet (probe) and the supernatant; counts from 
the probe should be equal or superior to the counts from the 
supernatant for optimal results.  

    6.    Dissolve the probe in 100  m L of TE buffer.  
    7.    Add the probe to 6–8 mL of hybridization buffer and keep 

the probe at 65°C.      

      1.    Prehybridize the membrane with 20 mL of hybridization 
buffer at 65°C for 20 min.  

    2.    Decant the hybridization buffer and add the single-stranded 
hybridization probe in 6–8 mL of hybridization buffer.  

    3.    Hybridize at 65°C overnight.  
    4.    Wash the membrane with prewarmed (65°C) washing buff-

ers. The membrane is placed into a tray on an orbital shaker. 
Wash with buffer I for 10 min and with buffer II three times 
for about 10 min each time.  

    5.    Wrap the membrane in plastic film. Do not let the membrane 
become dry if stripping and rehybridization are planned after 
exposure of the film.  

    6.    Expose membrane to X-ray films with intensifying screen at 
−80°C. The exposure time depends of the cpm count evalu-
ated with a Geiger counter. Nylon membranes can be rehy-
bridized if more than one set of primers has been included 
in the primer extension and amplification reactions  (11–  13) . 
Probes can be stripped by soaking the membranes in boiling 
0.1% SDS solution twice for 5–10 min each time.       

       1.    Add 3  m L of exonuclease I mix.  
    2.    Incubate on PCR at 37°C for 30 min and at 76°C for 20 min.  
    3.    Add 1  m L of primer 3 fluorescently labeled.  
    4.    Cycle five times as described in  Table  5  . The last extension 

should be done for 10 min to fully extend all DNA fragments.  
    5.    Add 25  m L of labeling stop mix.  
    6.    Add 300  m L of precooled absolute ethanol and mix well.  
    7.    Leave 15 min on dry ice or at −80°C until the samples are 

frozen and spin 15 min at 16,000 ×  g  in a centrifuge at 4°C.  
    8.    Wash once with 500  m L of precooled 80% ethanol.  
    9.    Spin 5 min at 16,000 ×  g  at 4°C.  
   10.    Air dry DNA pellets.  

 Hybridization ( Step VII , 
Fig.  5 ), Washing, and 
Autoradiography 

 3.7.2. Fluorescent Method 
Using Sequencer 

 Labeling Extension 
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   11.    Dissolve DNA pellets in 15  m L of formamide-loading dye 
in preparation for sequencing gel electrophoresis. For the 
sequence samples G, A, T + C, and C, it is often advisable to 
dissolve DNA pellets in 30  m L of formamide-loading dye.  

   12.    Incubate 2 min at 95°C and then keep on ice before loading 
on the sequencing gel.      

  The labeled DNA fragments are separated by electrophoresis 
through an 8% polyacrylamide/7 M urea gel, 0.2-mm thick 
and 66 – cm long using a LI-COR DNA 4300 sequencer 
( see   Note 14   ).
    1.    Prerun the 8% polyacrylamide gel 25 min in order to set 

the temperature at 47°C. Running buffer is 100 mM TBE. 
Before loading the samples, wash the wells thoroughly using 
a syringe.  

    2.    Load an aliquot of 1–1.5  m L.  
    3.    Run the gel with a constant power of 100 W during 11 h.         

 

     1.    Originally,  Pfu  exo −  and  Taq  buffers were prepared using 
KCl which was, however, shown to stabilize secondary DNA 
structures, thus preventing an optimal polymerization  (53) . 
The use of NaCl prevents, to some extent, the ability of 
DNA to form secondary structures. This is particularly help-
ful when GC-rich regions of the genome are being investi-
gated.  

    2.    Primers should be selected to have a higher  T  m  at the 5 ¢  end 
than in the 3 ¢  end. This higher annealing capacity of the 
5 ¢ -end lowers false priming, thus allowing a more specific 
extension and less background  (54) . A guanine or a cytosine 

 Sequencer Electrophoresis 

 4. Notes  

  Table 5 
  PCR extension labeling program for  Taq  DNA polymerase    

 Cycles 
 Denaturation ( T  in °C 
for DF in s) 

 Annealing ( T  is the  T  m  of the 
oligonucleotide for  D  in s) 

 Polymerization ( D  in s)  T  is 
the same for all cycles: 74°C 

 0  95 for 120     

 1  95 for 45   T  m  −2°C for 120  180 

 Repeat cycle 1, 3 more times 

 2  98 for 45   T  m  −2°C for 120  600 
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residue should also occur at the 3 ¢  end. This stabilizes the 
annealing and facilitates the initiation of the primer exten-
sion. It is important that the selected primer does have long 
runs of purines or pyrimidines, does not form loops or sec-
ondary structure, and does not anneal with itself. If primer 
dimerization occurs, less primer will be available for anneal-
ing and polymerization will not be optimal. The purity of 
the primers is verified on a 20% polyacrylamide/7 M urea 
gel (to prepare 500 mL: dissolve 96.625 g acrylamide, 3.375 
g  bis -acrylamide, and 210.21 g urea in 100 mM TBE); if 
more than one band is found, the primer is reordered. The 
primers are also tested in a conventional PCR to prepare the 
template for the probe synthesis ( see   Note 13   ).  

    3.    The genomic DNA used for LMPCR needs to be very clean 
and undegraded. Any shearing of the DNA during prepara-
tion and handling before the PE must be avoided. After an 
incubation of 3 h, if clumps of nuclei are still visible, pro-
teinase K at a final concentration of 450  m g/mL should be 
added and the sample reincubated at 37°C for another 3 h.  

    4.    If no DNA can be seen, add glycogen (1–2  m g) to the DNA 
solution and put the DNA on dry ice or in −80°C freezer 
until the samples are frozen and centrifuge the DNA (5,000 
×  g  for 20 min at 4°C). This should help DNA recovery but 
increases the probability of RNA contamination.  

    5.    Because in cellulo DNA analysis is based on comparison of 
DNA samples modified in cellulo with DNA control modi-
fied in vitro, given the quantitative characteristic and high 
sensitivity of LMPCR technology, the DNA concentrations 
should be as accurate as possible. Indeed, it is critical to start 
LMPCR with similar amounts of DNA in every sample to 
be analyzed. The method to evaluate DNA concentration 
should measure only double-stranded nucleic acids. RNA 
contamination does not affect LMPCR, although it can 
however interfere with the precise measurement of the DNA 
concentration.  

    6.    The bottom of a capless 0.6-mL microtube can be easily 
pierced with a heated needle. It is important to emphasize 
that the hole should be made as small as possible for the 
column to efficiently retain agarose. The pierced microtube 
is packed with wetted glass wool. Three successive centrifu-
gation steps of 1 min each at 16,000 ×  g  are necessary to 
compact and dry the glass wool. The water is recovered in 
a capless 1.5-mL microtube. If glass wool is found with the 
effluent, the column should be discarded. A final 5 min 
centrifugation at 16,000 ×  g  should be carried out to ensure 
the glass wool is fully compacted and dry. The glass wool 
column is stored at room temperature in a new capless 
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1.5-mL microtube and covered with a plastic film to protect 
the column from dust. In this way, the column can be stored 
indefinitely until it is used.  

    7.    The DNA break frequency is even more critical than the 
DNA concentration. For DMS and UV, the base-modification 
frequency determines the break frequency following conver-
sion of the modified bases to single-strand breaks, whereas 
for DNase I, the frequency of cleavage is exactly the break 
frequency. The break frequency must be similar among the 
samples to be analyzed. It should not average more than 
one break per 150 bp for in cellulo DNA analysis, the opti-
mal break frequency varying from one break per 200 bp to 
one break per 2,000 bp. When the break frequency is too 
high, we typically observe dark bands over the bottom half 
of the autoradiogram and very pale bands over the upper 
half, reflecting the low number of long DNA fragments. In 
summary, to make the comparison of the in cellulo modified 
DNA sample with an in vitro DNA control easily interpret-
able and valid, the amount of DNA and the break frequency 
must be similar between the samples to be compared. On the 
other hand, it is not so critical that the break frequency of 
the sequence ladders (G, A, T + C, and C) be similar to that 
of the samples to be studied. However, to facilitate sequence 
reading, the break frequency should be similar between the 
sequence reactions. It is often necessary to load less DNA for 
the sequence ladders.  

    8.    If the cell density is too high, multiple cell layers will be 
formed and the upper cell layer will obstruct the lower ones. 
This will result in an inhomogeneous DNA photoproduct 
frequency.  

    9.    It is imperative that the in vitro DNA samples used as DNA 
control and the in cellulo samples come from the same cell type. 
For instance, differing cytosine methylation patterns of genomic 
DNA from different cell types affect photoproduct formation 
 (2,   17)  and give altered DNase I cleavage patterns  (5) .  

   10.    A nearly ideal chromatin substrate can be maintained in per-
meabilized cells. Nonionic detergents such as lysolecithin 
 (52)  and Nonidet P40 Substitute  (36)  permeabilize the cell 
membrane sufficiently to allow the entry of DNase I. Con-
veniently, this assay can be performed with cells either in a 
suspension or in a monolayer. One concern is that permeabi-
lized cells will lyse after a certain amount of time in a deter-
gent; thus, care must be taken to monitor cell integrity by 
microscopy during the course of the experiment. A further 
difficulty with the permeabilization technique concerns the 
relatively narrow detergent concentration range over which 
the assay can be performed. Each cell type appears to require 
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specific conditions for the detergent cell permeabilization. 
Furthermore, the DNase I concentration must be calibrated 
for each cell type to produce an appropriate cleavage fre-
quency. Optimally, the in cellulo DNase I protocol works 
better if the enzyme has cleaved the DNA backbone every 
1.5–2 kb. Cutting frequencies greater than 1 kb are associated 
with higher LMPCR backgrounds because the number of 
3 ¢ -OH ends is much higher, making the suppression of the 
extension of these ends more difficult.  

   11.    So far with the method using the automated Sequencer, we 
have tested and used only the  Pfu  exo −  for primer extension 
and the  Taq  DNA polymerase for the PCR amplification.  

   12.    To facilitate sequencing gel removal following migration, it 
is crucial to siliconize the inner face of both glass plates prior 
to pouring the gel. For security, cost effectiveness, efficiency 
and saving time, we recommend to treat the glass plates 
with RAIN-AWAY TM  solution (Wynn’s Canada, product no. 
63020). We apply 0.75 mL on one plate and 1.5 mL on the 
other before each utilization as specified by the manufac-
turer. In this way, the gel is easier to pour and will tend to 
stick on the less siliconized plate.  

   13.    If a third primer (primer 3) is used to make the probe, it 
should be selected from the same strand as the amplification 
primer (primer 2), just 5 ¢  to primer 2 sequence and with 
no or no more than seven to eight bases of overlap on this 
primer, and have a  T  m  of 60–68°C. As first reported by Horn-
stra and Yang  (44,   55,   56) , we use the primer 2 employed in 
the amplification step and we produce the probe from PCR 
products. Such probes cost less (no primer 3) and are more 
convenient (the preparation of the PCR products permits 
the testing of primers).  

   14.    To have well-shaped wells, we treat the upper part of both 
glass plates with a silane-acetic acid solution. We mix 50  m L 
of silane with 50  m L of 10% acetic acid. Before each utiliza-
tion, using a cotton-tip applicator, we apply 100  m L of this 
solution on the plate areas where we place the comb.          
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      Chapter 21

  Atomic Force Microscopy Imaging and Probing of DNA, 
Proteins, and Protein–DNA Complexes: Silatrane Surface 
Chemistry        

     Yuri L.   Lyubchenko   ,    Luda S.   Shlyakhtenko   , and    Alexander A.   Gall                

  Summary  

 Despite their rather recent invention, atomic force microscopes are widely available commercially. AFM 
and its special modifications (tapping mode and noncontact operation in solution) have been successfully 
used for topographic studies of a large number of biological objects including DNA, RNA, proteins, 
cell membranes, and even whole cells. AFM was also successfully applied to studies of nucleic acids and 
various protein–DNA complexes. Part of this success is due to the development of reliable sample prepa-
ration procedures. This chapter describes one of the approaches based on chemical functionalization of 
mica surface with 1-(3-aminopropyl) silatrane (APS). One of the most important properties of APS-mica 
approach is that the sample can be deposited on the surface in a wide range of ionic strengths, in the 
absence of divalent cations and a broad range of pH. In addition to imaging of dried sample, APS-mica 
allows reliable and reproducible time lapse imaging in aqueous solutions. Finally, APS mica is terminated 
with reactive amino groups that can be used for covalent and ionic attachment of molecules for AFM 
force spectroscopy studies. The protocols for the preparation of APS, functionalization with APS mica 
and AFM probes, preparation of samples for imaging in air and in aqueous solutions, and force spectros-
copy studies are outlined. All these applications are illustrated with a few examples.  

  Key words:    Atomic force microscopy (AFM) ,  Force spectroscopy ,  Surface chemistry ,  Mica func-
tionalization ,  Silanes ,  Silatranes ,  DNA local structures ,  Protein–DNA complexes.    

 Atomic Force Microscopy (AFM; another name is Scanning Force 
Microscopy, SFM) and its predecessor, Scanning Tunneling Micro-
scope (STM), are relatively new tools with enormous potential 

1. Introduction
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importance to structural biology. The prototype STM instrument 
was conceived by Binnig et al.  (1) , an invention for which Binnig 
and Rohrer were awarded the 1986 Nobel Prize in Physics. AFM 
is a direct descendent of this early instrument  (2) , but is capa-
ble of imaging nonconducting, as well as conducting surfaces. 
Unfortunately, early artifactual STM images of a graphite sur-
face mimicking DNA molecules  (3,   4)  have seriously undermined 
hopes for immediate success for applications of both STM and 
AFM to structural biology. A serious practical limitation to the 
application of AFM to structural and conformational studies of 
DNA and its complexes with proteins and other biological mac-
romolecules has been sample preparation. The macromolecules 
must be tethered to the substrate surface in order to avoid 
resolution-limiting motion caused by the sweeping tip during 
scanning. The breakthrough in reliable and reproducible imaging 
of DNA with AFM was made in early 1990s due to development 
of methods for sample preparation. Several of such methods were 
developed simultaneously in a number of laboratories  (5–  14) . 
A major feature of these methods is the use of a specially prepared 
surface that holds (usually electrostatically) the sample in place 
during scanning. We  (8,   14–  18)  initially worked out a proce-
dure for chemical modification of mica. A weak cationic surface 
is obtained if aminopropyltriethoxy silane (APTES) is used to 
functionalize the mica surface with amino groups (AP-mica). 
AP-mica allowed us to routinely perform visualization of DNA 
with AFM, achieving resolution as good as that of traditional 
electron microscopy (EM). We have also shown that AP-mica 
holds nucleic acids under physiological conditions, allowing for 
the ability to image  in situ . Remarkably, we have achieved resolu-
tion for DNA in solution exceeding that of EM for dried DNA 
samples. Recently, we have developed an improved surface chem-
istry utilizing a more hydrolytically stable silatrane such as 3-ami-
nopropylsilatrane (APS) instead of silanes. This method provides 
a more reproducible, robust surface for topographic,  (19–  32)  as 
well as for force spectroscopy AFM applications  (33–  37) . The 
scheme for synthesis of APS is presented in  Fig. 1a   .  
 The method of functionalization of mica is based on covalent 
attachment of 3-aminopropyl silatrane (APS) to the surface of 
mica  (24) . As illustrated by the scheme in Fig.  1b , the silicon res-
idues of APS are bound covalently to exposed hydroxyl groups of 
the freshly cleaved mica resulting in a strong covalent attachment 
of alkylamino residues to the surface, giving it properties simi-
lar to an anion exchange resin used in affinity chromatography. 
The amino group after protonation in water solution becomes 
positively charged in a rather broad range of pH (aliphatic amines 
have a pK of around 10.5). Therefore, DNA, which is a nega-
tively charged polymer, should adhere to this surface strongly. 
APS-mica preparation requires a very low concentration of APS 
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(~150  m M) allowing to prepare a smooth surface, so DNA and 
DNA–protein complexes can be visualized unambiguously ( see  
 Figs.  2a , b    respectively).  

 The features of this procedure of sample preparation are as 
follows  (26) :
   1.    Binding of DNA to APS-mica is insensitive to the type of 

buffer and presence of Mg 2+  or other di- and miltivalent cati-
ons; hence, sample preparation can be done in a variety of 
conditions.  

   2.    Deposition can be done in a wide variety of pH and over a 
wide range of temperatures.  

   3.    Once prepared, samples are stable and do not absorb any con-
taminants for months with minimal precautions for storing.  

   4.    As low as 2–10 ng of DNA is sufficient for preparation of one 
sample.  

   5.    APS-mica is terminated with primary amines that can be used 
for covalent attachment of biomacromolecules.     

 These characteristics of APS-mica were crucial for routine imag-
ing nucleic acids of various conformations (e.g.,  (19,   20,   22,   24, 
  27,   38,   39) ); nucleoprotein complexes of different types (e.g.,  (25, 
  26,   30–  32) ), protein assemblies such as amyloid fibrils, spheres, 
and toroids  (33,   35,   37,   40–  47) ; and for AFM force spectroscopy 
studies  (33–  35,   47,   48) . 

 We have shown that amino-terminated surface (APS-treated 
mica and AFM tips) can be functionalized further using molecules 
containing amine-reactive groups such as glutaraldehyde  (33,   34)  
and hydroxysuccinamides  (49) . This property of APS-functional-
ized surfaces was used for covalent attachment of biomolecules 

  Fig. 1 .   ( a ) Scheme for the synthesis of APS. Chemical formula for APS is 1-(3-aminopropyl)silatrane (2,8,9-trioxa-5-
aza-1-silabicyclo[3.3.3]undecane) (CAS [17869-27-1]). Molecular weight: 232.36. Molecular formula: C 9 H 20 N 2 O 3 Si. ( b ) 
Scheme for reaction of 3-aminopropylsilatrane (I, APS) with hydroxyl groups on a silicon surface. The initial adduct II may 
react with a second surface OH group forming III in a reversible equilibrium       .



340 Lyubchenko, Shlyakhtenko, and Gall

of various kinds for probing intermolecular interaction. More-
over, the use of relatively long flexible linkers made it possible to 
perform the force spectroscopy analysis at a single molecule level. 
 Subheading 3.3  outlined the specifics for the preparation of sur-
faces with covalently attached functionalized PEG linkers. 

 Any type of commercially available mica sheets (green or ruby 
mica) can be used. Asheville-Schoonmaker Mica Co (Newport 
News, VA) supplies thick and large (more than 5 × 7 cm) sheets 
suitable for making the substrates of different sizes. 

    1.    3-Aminopropyltriethoxy silane (Fluka, Chemika-BioChemika, 
Switzerland; Aldrich, USA; United Chemical Technology, 
USA) can be used without additional purification.  

   2.    Sodium metal and triethanolamine were purchased from 
Sigma-Aldrich.  

   3.    Xylene solvent was purchased from VWR.  
   4.    Argon gas supplied in cylinders of reagent grade.  
   5.    Bifunctional NHS-PEG-MAL (bf PEG,  N -hydroxysuccinimide-

polyethylene glycol)-maleimide, 3,400 MW (Laysan Bio, Inc., 
Arab, AL).  

   6.    Dimethylsulfoxide (DMSO, Sigma-Aldrich Inc.)     

2. Materials

2.1. Mica Substrate

2.2. Chemicals

  Fig. 2 .   AFM of images of supercoiled DNA with extruded H-DNA local structure indicated with an arrow ( a ) ( see   ref.27    for 
details) and looped structure formed by the interaction of SfiI enzyme (indicated by arrow) with two recognition sites in 
the DNA template ( b ). Specifics for SfiI-DNA complexes are described in  ref.32          .
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 Double glass distilled or deionized water was filtered through 
0.2- m m filter. 

    1.    A vacuum cabinet or dessicator for storing the samples. A unit 
Gravity Convention Utility Oven (VWR) is recommended.  

   2.    UV ozone tip cleaning unit for UV irradiation of the AFM 
tips before the functionalization. The ProCleaner™ system 
(BioForce Nanosciences, Inc., Ames, IA) or CL1000 UV 
Crosslinker (UVP, LLC, Upland, CA) is recommended.     

 1-(3-Aminopropyl)silatrane (CAS [17869-27-1]) was prepared 
by a method briefly described previously  (24) . (Silatrane refers 
to 2,8,9-trioxa-5-aza-1-silabicyclo[3.3.3]undecane. However, 
silatranes are generally accepted to contain an N->Si coordinate 
bond.) 

 A catalytic amount of sodium metal (5 mg) is added to 15.0 
mL (16.8 g, 0.11 mol) of triethanolamine (Aldrich) in a 250 
mL round-bottom flask under argon or nitrogen atmosphere and 
allowed to form a solution (sodium catalyst can be replaced with 
the equivalent amount of sodium ethoxide or sodium hydrox-
ide in 1 mL of ethanol). A rubber balloon is then attached to 
the flask via a rubber septum and a needle to allow hydrogen 
to escape without building up pressure. Moderate heat (up to 
100°C) can be applied to accelerate the process, but the mixture 
should be allowed to cool to room temperature before the next 
step. An equivalent amount of (3-aminopropyl)triethoxysilane 
(26.4 mL or 25.0 g, 0.11 mol) is added to the mixture; then the 
flask is placed into a 60°C water bath and connected to the vac-
uum line to absorb ethanol released in the reaction. This reaction 
can be simply performed on a rotary evaporator. At the end of the 
reaction, the mixture loses ~17 g of ethanol and is turned into a 
solid. This process can take more than 24 h, but mechanical or 
occasional manual stirring can reduce time to 1–2 h. Evaporation 
at the end with 150 mL of xylenes at 60°C can also accelerate the 
process and help crystallization. Vacuum-dried 1-(3-aminopro-
pyl) silatrane obtained by this method can be used directly for 
AFM, or for better results and higher stability the product can be 
purified by crystallization. Minute amounts of sodium hydrox-
ide in the product practically do not affect the performance of 
the reagent, or change the pH of stock solutions of APS used 
for AFM. Recrystallization from xylenes provides 20 g (80% 
yield) of colorless solid. The synthesized APS has the following 

2.3. Water

2.4. Minor Equipment

3. Methods

3.1. Synthesis of APS
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characteristics: m.p. 91–94°C (open capillary tube); lit. (US Pat-
ent 3,118,921) m.p. 87.2–87.9°C (sealed capillary tube).  1 H 
NMR (DMSO-d 6 ), ppm: 0.08–0.14 (2H, m, SiCH 2 ); 1.1 (2H, 
br. s, NH 2 ); 1.28–1.37 (2H, m, CH 2 ); 2.37 (2H, t  J  = 7.2 
Hz, NCH 2 ); 2.77 (6H, t  J  = 5.9 Hz, NCH 2 ); 3.59 (6H, t  J  = 5.9 
Hz, OCH 2 )  (50) . 

    1.    Prepare 50 mM APS stock solution in water and store it in 
refrigerator. The shelf life of the stock solution is not less than 
6 months.  

   2.    Prepare working APS solution for mica modification dissolv-
ing the stock solution in 1:300 ratio in water; it can be stored 
at room temperature for several days.  

   3.    Cleave mica sheets of needed sizes (typically 1 × 3 cm) to 
make them as thin as 0.05–0.1 mm, place them in appropriate 
plastic tubes, pour working APS solution to cover the mica 
sheet, and leave on the bench for 30 min. Depending on the 
size of the mica strip, the plastic disposable 3-mL cuvettes or 
plastic 15-mL tubes are suitable for these purposes.  

   4.    After 30 min, discard the reagent and rinse the mica with 
water under the water stream or replacing the water in the 
tube 3–4 times.  

   5.    Remove the mica sheets and dry them under Argon stream. 
The strips are ready for the sample preparation. Note, how-
ever, as prepared, the APS mica sheets can be stored under 
Argon for several days. This procedure allows one to obtain a 
weak cationic surface with rather uniform distribution of the 
charge.  Fig. 2a    shows uniform distribution of DNA fragments 
over the surface.     

 This procedure describes the surface functionalization steps of 
aminoterminated APS surfaces that are required for AFM force 
spectroscopy applications. References  (33,   34,   36,   37,   49)  are 
good examples for a few applications with the use of APS and 
other silatranes. The following procedure describes specifics for 
covalent attachment of bifunctional PEG (bf-PEG) terminated 
with maleimide and NHS groups. The latter provides covalent 
bond reacting with the surface-terminated amines allowing the 
use of maleimide termini for covalent attachment of molecules 
containing thiol groups  (34,   36) . A typical force curve with clearly 
identified rupture event is shown in  Fig.  3 . 
   1.    Prepare 1.67 mM solution of bf-PEG in DMSO, 10 mM 

of pH 3.7, TCEP hydrochloride (Hampton Research Inc, 
Lynchburg, VA), and 20 mM  b -mercaptoethanol.  

3.2. Mica Functionali-
zation with APS

3.3. Covalent Attach-
ment of Bifunctional 
PEG Linker to APS 
Surfaces
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   2.    Apply 0.1 mL of the bf-PEG solution to APS-mica and allow 
the reaction to proceed for 3 h.  

   3.    Rinse the mica three times with 1 mL of DMSO followed by 
a thorough rinse with deionized water and use for the cova-
lent attachment of your sample. The following protocol for 
immobilization of  a -synuclein via formation covalent bonds 
between maleimide moiety of immobilized PEG with cystein 
of the protein can be used as a template for development of 
the procedure for immobilizing the needed molecule.      

    1.    Prepare  a -synuclein solution in the concentration 19 nM in 
water with 0.25 mM TCEP.  

   2.    Place 10 µL of the protein solution on the PEG-activated mica 
sheets for 1 h.  

   3.    Rinse the mica with DMSO for three times to remove NHS-
PEG-MAL solution from the slide followed by a thorough 
rinse with water.  

   4.    Rinse with HEPES buffer (pH 7.0) few times, deposit 50 µL 
of  a -mercaptoethanol solution, and leave for 10 min.  

   5.    Rinse with HEPES buffer (pH 7.0) and mount the mica sam-
ple on the microscope stage.     

3.3.1. Procedure for 
Immobilization of 
a-Synuclein on Mica

  Fig. 3 .   Force curve illustrating the single molecule detection of interaction of two 
 a -synuclein molecules at conditions facilitating the misfolding and aggregation of this 
protein  (35) . The event for the rupture of the protein dimer spontaneously formed upon 
approaching tip to the surface is indicated with a short arrow. The long arrow points 
to the region of the extension curve corresponding to stretching of the PEG linker  (36 . 
The protein was immobilized on APS-functionalized mica and silicone nitride tips via 
PEG linker       .
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    1.    Clean silicon nitride tips with 95% ethanol, immerse tips in 
95% ethanol for 30 min, rinse in water and dry in argon flow, 
place tips under the UV lamp for 30 min, immerse tips in APS 
solution for 30 min.  

   2.     NHS-PEG-MAL treatment : remove tips from APS solution, 
rinse with water, dry in argon flow, and immerse the tips in NHS-
PEG-MAL DMSO solution ( see   Subheading  3.3.1  .) for 3 h.  

   3.     Protein attachment : mix 10µL of 10 mM TCEP stock solu-
tion with 37 µL of stock protein (500 nM solution) and allow 
to stay for ~15 min; rinse the tips with DMSO for three times 
to remove NHS-PEG-MAL solution from the tips, rinse the 
tips with water many times to remove DMSO and immerse 
the tips in TCEP/protein/buffer solution for 1 h, rinse tips in 
HEPES buffer (pH 7.0), immerse in  a -mercaptoethanol solu-
tion for 10 min, rinse the tips in HEPES buffer (pH 7.0), and 
leave in this buffer.     

    1.    Prepare the solution of the sample (DNA, RNA, protein-
DNA complex) in appropriate buffer. DNA concentration 
should be between 0.1 and 1  m g/mL depending on the size 
of the molecules.  

   2.    Place 5–10  m l of the solution in the middle of APS-mica sub-
strate (usually 1 × 1 cm squares) for 2–3 min.  

   3.    Rinse the surface thoroughly with water (2–3 mL per sample) 
to remove all buffer components. 5–10 mL plastic syringes are 
useful for rinsing. Attach an appropriate plastic tip instead of a 
metal needle.  

   4.    Dry the sample by blowing with clean argon gas. The sam-
ple is ready for imaging. It is recommended 30 min drying 
of the sample in vacuum cabinet prior imaging especially if 
the humidity is high. Store the samples in vacuum cabinets 
or desiccators filled with argon. They remain unchanged for 
months.     

    1.    Prepare the solution (DNA, RNA, nucleoprotein complexes) 
and preincubate it for 10–20 min to allow the temperature 
to equilibrate. Recommended concentration of DNA is 0.1–1 
 m g/mL depending on the size of the molecules.  

   2.    Mount a piece of APS-mica on the microscope stage, and fol-
low the steps under  Subheading 3.7   .     

 The procedure for imaging in air is straightforward: mount the 
sample and do imaging. Although both contact and intermit-
tent (tapping) modes can be used, the latter is preferable and 
allows one to get images of DNA and DNA–protein complexes 
routinely. Our experience is mostly limited to MultiMode sys-
tem (Veeco, CA) running various NanoScope III, IIIa, and IV 

3.3.2. Procedure for 
Immobilization of 
a-Synuclein on the AFM 
Tip

3.4. Sample Prepara-
tion for Imaging in Air

3.5. Sample Prepara-
tion for Imaging in 
Liquid

3.6. Procedure for 
Imaging in Air
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controllers and MFP 3D microscope (Asylum Research, Santa 
Barbara, CA). However, the samples prepared on APS-mica were 
imaged on other commercially available instruments, for exam-
ple, the microscopes manufactured by Molecular Imaging (Agi-
lent, Tempe, AZ). With MultiMode system any types of probes 
designed for intermittent imaging modes (Tapping mode for 
the Veeco systems) can be used. Typical tapping frequency of 
240–380 kHz and scanning rate of 2–3 Hz allow one to obtain 
stable images. 

 The capability of AFM to perform scanning in liquid is its most 
attractive feature for numerous biological applications allowing 
imaging at conditions closed to physiological ones. In addition, 
this mode of imaging permits one to eliminate undesirable res-
olution-limiting capillary effect typical for imaging in air (e.g., 
 (12,   16,   51) ). As a result, images of DNA filaments as thin as ~3 
nm were obtained in water solutions  (18) , and helical periodic-
ity was observed when dried DNA samples were imaged in pro-
panol  (52) . In addition to APS-mica, our previously developed 
procedure with the use of AP-mica can be used as a substrate 
for imaging in liquid  (14) ; note that the first images of DNA in 
fully hydrated state were obtained by the use of AP-mica  (15) . 
This type of imaging is recommended in cases when dynamics 
is studied. The following procedure is described for the use of 
MultiMode AFM (Veeco, Santa Barbara, CA) and can be easily 
adapted for other systems.
   1.    Install an appropriate tip in the holder designed for imaging 

in liquid (fluid cell). Use Si 3 N 4  big triangle with thick legs or 
small triangle with thin legs cantilevers  (18) .  

   2.    Mount the APS mica sheet on the stage of the microscope. 
Mica pieces of 1 × 1 cm are sufficient for NanoScope design 
of fluid cell. Wrap the stage of the scanner for MM AFM with 
Parafilm to prevent potential shortage due to accidental leak 
of the fluid underneath of the mica sheet.  

   3.    Attach the head of the microscope with installed fluid cell and 
make appropriate adjustments of the microscope.  

   4.    Approach the sample to the tip manually, leaving ~50–100  m m 
gap between the tip and the surface.  

   5.    Inject the sample solution or appropriate solvent with 1-mL 
plastic syringe. Take ~50  m l of the sample with 1-mL syringe. 
Use 200- m l plastic tips with capillary ends instead of metal 
needle. Cut both ends of the tip to fit to the syringe and the 
diameter of inlet hole of the fluid cell. The use of the second 
syringe attached to the outlet of fluid cell allowing for pulling 
out the solution is recommended for manipulating with small 
volume of solution.  

3.7. Procedure for 
Imaging in Aqueous 
Solutions
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   6.    Change the position of the mirror to maximize the signal on 
the photodetector.  

   7.    Find a resonance peak. Typically it is a quite broad peak in 
the range of 7–12 kHz for the MultiMode system. Follow 
the recommendations given in the manual for the fluid cell 
operation how to find the peak.  

   8.    Minimize the drive amplitude. The values vary from tip to 
tip, but amplitude as low as 20 nm or less provides good 
quality pictures ( see   Notes  1 –5   ).  

   9.    Allow the microscope to approach the sample and engage 
the tip.  

   10.    Adjust the values for the set point voltage and drive ampli-
tude to improve the quality of images and start the data 
acquisition using the continuous mode scanning.     

 These specifics are made for MFP 3D system (Asylum Research, 
Santa Barbara, CA). Modify the protocol for your system.
   1.    Install the tip into the AFM head and put a piece of freshly 

cleaved mica on the stage.  
   2.    Based on thermal profile estimate the resonance frequency of 

the tip, type in start and end frequency. Do auto tune.  
   3.    Approach to the surface.  
   4.    When on the surface, click stop and change from AC mode to 

Contact mode.  
   5.    Go to force menu. Click continue force and slowly move the 

red bar down (or arrow) until you see characteristic force 
curve. Click stop.  

   6.    Find the linear slope on the force curve, put marks on the lin-
ear part of the force curve as far away from each other as pos-
sible. Press the arrow button in either direction to make sure 
that both marks are moving in the same direction (they should 
be on the same curve: approach or retraction, and when they 
move in the same direction, it indicates that they are).  

   7.    Click the deflection button to see deflection value in air.  
   8.    Withdraw and go to thermal and do thermal. Wait for several 

seconds to collect more curves then stop.  
   9.    Do the fit to get the spring constant value. Use this value for 

the next step.     

 Before you start force measurements you have to do tune and 
approach as it is described earlier. When you are on the surface 
do the following:
   1.    Type in the designated box the measured spring constant and 

measure the deflection of the tip in liquid- the same way as it 

3.8. AFM Force 
Spectroscopy

3.8.1. Spring Constant 
Measurements

3.8.2. Force 
Measurements
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is described in the sections earlier. The deflection will be dif-
ferent from the value measured in air.  

   2.    Set up the parameters for scan rate, trigger, dwell time (if any) 
and start collecting force curves.     

    1.     Silatrane synthesis.  In  Subheading 3.1   , sodium catalyst can be 
replaced with the equivalent amount of sodium ethoxide or 
sodium hydroxide in 1 mL of ethanol.  

   2.     DNA concentration.  This parameter depends on the length of 
molecules. If the molecules are as small as several hundred base 
pairs, the concentration ca. up to 1  m g/mL is recommended 
to avoid intermolecular crossing. To the contrary, low DNA 
concentration is recommended for large DNA molecules. For 
example, concentration of lambda DNA (~48 kb) ~0.01  m g/
mL allows one to get images of individual DNA molecules 
 (15,   17,   52) .  

   3.     DNA preparation . Very small amount of DNA is needed. 
Typically 1–10 ng of DNA is sufficient for the AFM prepa-
ration of plasmid DNA (~3 kb long). Because one band of 
DNA in agarose gel usually contains 100 ng of DNA, DNA 
extracted from the gel can be sufficient for preparation of a set 
of samples. The following procedures can be used for purifica-
tion of DNA extracted from the gel.
  •   Electrophoretical deposition of DNA bands onto DEAE 

paper . The strips of the paper are placed into the slot 3–5 
mm below the band and the DNA is electrophoresed onto 
the paper for 5–10 min (the time can be determined by a 
direct examination the gel under a UV transilluminator). 
The DNA is extracted from the paper by elution in 2 M 
NaCl solution for 30 min at 37°C followed by ethanol 
precipitation.  

 •   Extraction from the gel.  The procedure is based on the 
use of the extraction kit UltraClean15 and the protocol 
provided (MoBio Laboratories, Inc., Solana Beach, CA). 
Generally, the purification consists of melting of the slice 
of agarose gel, immobilizing DNA on the sorbent, wash-
ing off all contaminants, and eluting DNA from the matrix 
with a low-salt buffer. At least one step of the ethanol pre-
cipitation is needed to remove UV-absorbing low molecu-
lar weight materials. A similar procedure can be applied to 
purification of the sample extracted from polyacrylamide 
gel  (53) .     

4. Notes
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   4.     Imaging conditions . It was recommended to operate the 
instrument at the lowest possible drive amplitude. This rec-
ommendation is based on the following considerations. An 
oscillating tip provides rather large energy to the sample. A 
total energy deposited into the sample by oscillating tip can 
be as high as 10 16 –10 17  J at amplitude oscillations of 30 nm 
 (18) . However, this value is almost three orders of magnitude 
lower if the microscope is operated at amplitudes as low as ~3 
nm. Such imaging conditions allow one to minimize effect 
of the tip on the sample, to prevent damaging the tip, and 
get images with high contrast. In addition, such conditions 
considerably simplify the study with AFM dynamic processes 
such as segmental DNA mobility, local structural transitions in 
supercoiled DNA  (18,   20)  and conformational transitions of 
DNA Holliday junctions including branch migration  (26,   38, 
  39,   54) . This capability is illustrated in  Fig. 4   , in which a set of 
time lapse images of a segment of supercoiled DNA contain-
ing a cruciform is shown.  

   5.     Alternative procedures for AFM sample preparation . Among 
other techniques applied to AFM studies of DNA, the 
method based on using divalent cations  (7,   12,   55)  allowed 
to get images of a number of nucleoprotein complexes. In 
this approach, the mica surface is treated with multivalent ions 
(e.g., Mg 2+ ) to increase its affinity to DNA, which is held in 
place strongly enough to permit reliable imaging by AFM. 
An alternative is to deposit the sample in the buffer contain-
ing a multivalent ion. This cation-assisted procedure of sam-
ple preparation was used for studies of the process of DNA 
degradation with nuclease  (56)  and interaction of DNA with 
a site-bound enzyme. EcoP15I  (57) . The mechanism of this 
technique remains unclear; detailed protocol depends on the 

  Fig. 4 .   Time lapse images illustrating dynamics of cruciforms formed within supercoiled DNA. Sections of the plasmid 
containing the cruciform are shown. Frames ( b–f ) correspond to times 11 min ( b ), 44 min ( c ), 60 min ( d ), 134 min ( e ), 
and 155 min ( f ). Traces of the same molecule on black background are shown in frames ( g–k ) ( see   ref.   39  for details)       .
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system studied, the type of the cation used, and efficiency of 
DNA deposition is buffer sensitive  (55,   58) . In some cases, a 
special class of tips (electron-beam-deposited tips) is required 
for reliable imaging  (59) .          

 This work was supported by the grants GM 54991 (NIH) and 
PHY-06155909 (NSF) to YLL. 

Acknowledgments

   1  .      Binnig  ,   G.   ,    Rohrer  ,   H.   ,    Gerber  ,   C.   , and 
   Weibel  ,   E.       (1982).     Surface Studies by Scan-
ning Tunneling Microscopy  ,    Phys Rev Lett       49   , 
  57  –  60  .  

   2  .      Binnig  ,   G.   ,    Quate  ,   C. F.   , and    Gerber  ,   C.     
  (1986).     Atomic force microscope  ,    Phys Rev 
Lett       56   ,   930  –  933  .  

   3  .      Clemmer  ,   C. R.   , and    Beebe  ,   T. P.  ,   Jr.       (1991).   
  Graphite: a mimic for DNA and other biomol-
ecules in scanning tunneling microscope stud-
ies  ,    Science      251      ,   640  –  642  .  

   4  .      Heckl  ,   W. M.   , and    Binnig  ,   G.       (1992)  .   Domain 
walls on graphite mimic DNA  ,    Ultramicros-
copy       42–44   (Pt B)  ,   1073  –  1078  .  

   5  .      Bustamante  ,   C.   ,    Vesenka  ,   J.   ,    Tang  ,   C. L.   ,    Rees  , 
  W.   ,    Guthold  ,   M.   , and    Keller  ,   R.       (1992)  .   Circu-
lar DNA molecules imaged in air by scanning 
force microscopy  ,    Biochemistry       31   ,   22  –  26  .  

   6  .      Yang  ,   J.   ,    Takeyasu  ,   K.   , and    Shao  ,   Z.       (1992).   
  Atomic force microscopy of DNA molecules  , 
   FEBS Lett          301  ,   173  –  176  .  

   7  .      Vesenka  ,   J.   ,    Guthold  ,   M.   ,    Tang  ,   C. L.   ,    Keller  , 
  D.   ,    Delaine  ,   E.   , and    Bustamante  ,   C.       (1992).   
  Substrate preparation for reliable imaging 
of DNA molecules with the scanning force 
microscope  ,    Ultramicroscopy       42–44   (Pt B)  , 
  1243  –  1249  .  

   8  .      Lyubchenko  ,   Y. L.   ,    Gall  ,   A. A.   ,    Shlyakhtenko  , 
  L. S.   ,    Harrington  ,   R. E.   ,    Jacobs  ,   B. L.   ,    Oden  , 
  P. I.   , and    Lindsay  ,   S. M.       (1992).     Atomic force 
microscopy imaging of double stranded DNA 
and RNA  ,    J Biomol Struct Dyn          10  ,   589  –  606  .  

   9  .      Allen  ,   M. J.   ,    Dong  ,   X. F.   ,    O’Neill  ,   T. E.   ,    Yau  , 
  P.   ,    Kowalczykowski  ,   S. C.   ,    Gatewood  ,   J.   ,    Bal-
horn  ,   R.   , and    Bradbury  ,   E. M.       (1993)  .   Atomic 
force microscope measurements of nucleo-
some cores assembled along defined DNA 
sequences  ,    Biochemistry      32      ,   8390  –  8396  .  

   10  .      Hegner  ,   M.   ,    Wagner  ,   P.   , and    Semenza  ,   G.     
  (1993).     Immobilizing DNA on gold via thiol 
modification for atomic force microscopy 
imaging in buffer solutions  ,    FEBS Lett       336   , 
  452  –  456  .  

   11  .      Mou  ,   J.   ,    Czajkowsky  ,   D. M.   ,    Zhang  ,   Y.   , and 
   Shao  ,   Z.       (1995)  .   High-resolution atomic-
force microscopy of DNA: the pitch of the 
double helix  ,    FEBS Lett      371      ,   279  –  282  .  

   12  .      Bustamante  ,   C.   ,    Erie  ,   D.   , and    Keller  ,   D.     
  (1994)  .   Biochemical and structural applica-
tions of scanning force microscopy  ,    Curr Opin 
Struct Biol       4   ,   750  –  760  .  

   13  .      Bustamante  ,   C.   ,    Rivetti  ,   C.   , and    Keller  ,   D. 
J.       (1997)  .   Scanning force microscopy under 
aqueous solutions  ,    Curr Opin Struct Biol       7   , 
  709  –  716  .  

   14  .      Lyubchenko  ,   Y. L.   ,    Gall  ,   A. A.   , and    Shlyakht-
enko  ,   L. S.       (2001)  .   Atomic force microscopy 
of DNA and protein-DNA complexes using 
functionalized mica substrates  ,    Methods Mol 
Biol       148   ,   569  –  578  .  

   15  .      Lyubchenko  ,   Y.   ,    Shlyakhtenko  ,   L.   ,    Harrington  , 
  R.   ,    Oden  ,   P.   , and    Lindsay  ,   S.       (1993)     Atomic 
force microscopy of long DNA: imaging in air 
and under water  ,    Proc Natl Acad Sci U S A       90   , 
  2137  –  2140  .  

   16  .      Lyubchenko  ,   Y. L.   ,    Jacobs  ,   B. L.   ,    Lindsay  , 
  S. M.   , and    Stasiak  ,   A.       (1995)  .   Atomic force 
microscopy of nucleoprotein complexes  ,    Scan-
ning Microsc       9   ,   705  –  724  ;   discussion 724–707  .  

   17  .      Lyubchenko  ,   Y. L.   ,    Blankenship  ,   R. E.   ,    Gall  , 
  A. A.   ,    Lindsay  ,   S. M.   ,    Thiemann  ,   O.   ,    Simpson  , 
  L.   , and    Shlyakhtenko  ,   L. S.       (1996)  .   Atomic 
force microscopy of DNA, nucleoproteins 
and cellular complexes: the use of function-
alized substrates  ,    Scanning Microsc Suppl       10   , 
  97  –  107  ;   discussion 107–109  .  

  References 



350 Lyubchenko, Shlyakhtenko, and Gall

   18  .      Lyubchenko  ,   Y. L.   , and    Shlyakhtenko  ,   L. S.     
  (1997).     Visualization of supercoiled DNA 
with atomic force microscopy in situ  ,    Proc 
Natl Acad Sci U S A       94   ,   496  –  501  .  

   19  .      Shlyakhtenko  ,   L. S.   ,    Potaman  ,   V. N.   ,    Sinden  , 
  R. R.   ,    Gall  ,   A. A.   , and    Lyubchenko  ,   Y. L.     
  (2000).     Structure and dynamics of three-way 
DNA junctions: atomic force microscopy 
studies  ,    Nucleic Acids Res      28      ,   3472  –  3477  .  

   20  .      Lyubchenko  ,   Y. L.   ,    Shlyakhtenko  ,   L. S.   ,    Pota-
man  ,   V. P.    and    Sinden  ,   R. R.       (2002)  .   Global 
and local DNA structure and dynamics. Single 
molecule studies with AFM  ,    Microsc Micro-
anal       8   ,   170  –  171  .  

   21  .      Yodh  ,   J. G.   ,    Woodbury  ,   N.   ,    Shlyakhtenko  ,   L. 
S.   ,    Lyubchenko  ,   Y. L.   , and    Lohr  ,   D.       (2002).   
  Mapping nucleosome locations on the 208–12 
by AFM provides clear evidence for coopera-
tivity in array occupation  ,    Biochemistry       41   , 
  3565  –  3574  .  

   22  .      Kato  ,   M.   ,    Hokabe  ,   S.   ,    Itakura  ,   S.   ,    Minoshima  , 
  S.   ,    Lyubchenko  ,   Y. L.   ,    Gurkov  ,   T. D.   ,    Okawara  , 
  H.   ,    Nagayama  ,   K.   , and    Shimizu  ,   N.       (2003).   
  Interarm interaction of DNA cruciform forming 
at a short inverted repeat sequence  ,    Biophys J    
   85   ,   402  –  408  .  

   23  .      Potaman  ,   V. N.   ,    Bissler  ,   J. J.   ,    Hashem  ,   V. I.   , 
   Oussatcheva  ,   E. A.   ,    Lu  ,   L.   ,    Shlyakhtenko  ,   L. 
S.   ,    Lyubchenko  ,   Y. L.   ,    Matsuura  ,   T.   ,    Ashizawa  , 
  T.   ,    Leffak  ,   M.   ,    Benham  ,   C. J.   , and    Sinden  , 
  R. R.       (2003).     Unpaired structures in SCA10 
(ATTCT)n.(AGAAT)n repeats  ,    J Mol Biol    
   326   ,   1095  –  1111  .  

   24  .      Shlyakhtenko  ,   L. S.   ,    Gall  ,   A. A.   ,    Filonov  ,   A.   , 
   Cerovac  ,   Z.   ,    Lushnikov  ,   A.   , and    Lyubchenko  , 
  Y. L.       (2003)  .   Silatrane-based surface chemis-
try for immobilization of DNA, protein-DNA 
complexes and other biological materials  , 
   Ultramicroscopy      97      ,   279  –  287  .  

   25  .      Lushnikov  ,   A. Y.   ,    Brown  ,   B. A.  ,  2nd   ,    Oussatcheva  , 
  E. A.   ,    Potaman  ,   V. N.   ,    Sinden  ,   R. R.   , and 
   Lyubchenko  ,   Y. L.       (2004).     Interaction of 
the Zalpha domain of human ADAR1 with a 
negatively supercoiled plasmid visualized by 
atomic force microscopy  ,    Nucleic Acids Res    
   32   ,   4704  –  4712  .  

   26  .      Lyubchenko  ,   Y. L.       (2004).     DNA structure 
and dynamics: an atomic force microscopy 
study  ,    Cell Biochem Biophys       41   ,   75  –  98  .  

   27  .      Tiner  ,   W. J.  ,    Sr.   ,    Potaman  ,   V. N.   ,    Sinden  ,   R. R.   , 
and    Lyubchenko  ,   Y. L.       (2001).     The structure 
of intramolecular triplex DNA: atomic force 
microscopy study  ,    J Mol Biol       314   ,   353  –  357  .  

   28  .      Kato  ,   M.   ,    McAllister  ,   C. J.   ,    Hokabe  ,   S.   , 
   Shimizu  ,   N.   , and    Lyubchenko  ,   Y. L.       (2002).   
  Structural heterogeneity of pyrimidine/
purine-biased DNA sequence analyzed by 

atomic force microscopy  ,    Eur J Biochem       269   , 
  3632  –  3636  .  

   29  .      Dahlgren  ,   P. R.   ,    Karymov  ,   M. A.   ,    Bankston  , 
  J.   ,    Holden  ,   T.   ,    Thumfort  ,   P.   ,    Ingram  ,   V. M.   , 
and    Lyubchenko  ,   Y. L.       (2005).     Atomic force 
microscopy analysis of the Huntington protein 
nanofibril formation  ,    Dis Mon       51   ,   374  –  385  .  

   30  .      Lonskaya  ,   I.   ,    Potaman  ,   V. N.   ,    Shlyakhtenko  , 
  L. S.   ,    Oussatcheva  ,   E. A.   ,    Lyubchenko  ,   Y. L.   , 
and    Soldatenkov  ,   V. A.       (2005).     Regulation 
of poly(ADP-ribose) polymerase-1 by DNA 
structure-specific binding  ,    J Biol Chem       280   , 
  17076  –  17083  .  

   31  .      Lushnikov  ,   A. Y.   ,    Potaman  ,   V. N.   , and 
   Lyubchenko  ,   Y. L.       (2006)  .   Site-specific labe-
ling of supercoiled DNA  ,    Nucleic Acids Res    
   34   ,   111  –  117  .  

   32  .      Lushnikov  ,   A. Y.   ,    Potaman  ,   V. N.   ,    Oussatch-
eva  ,   E. A.   ,    Sinden  ,   R. R.   , and    Lyubchenko  ,   Y. 
L.       (2006)  .   DNA strand arrangement within 
the SfiI-DNA complex: Atomic force micros-
copy analysis  ,    Biochemistry       45   ,   152  –  158  .  

   33  .      McAllister  ,   C.   ,    Karymov  ,   M. A.   ,    Kawano  ,   Y.   , 
   Lushnikov  ,   A. Y.   ,    Mikheikin  ,   A.   ,    Uversky  ,   V. 
N.   , and    Lyubchenko  ,   Y. L.       (2005).     Protein 
interactions and misfolding analyzed by AFM 
force spectroscopy  ,    J Mol Biol       354   ,   1028  –
  1042  .  

   34  .      Kransnoslobodtsev  ,   A. V.   ,    Shlyakhtenko  ,   L. 
S.   ,    Ukraintsev  ,   E.   ,    Zaikova  ,   T. O.   ,    Keana  ,   J. 
F.   , and    Lyubchenko  ,   Y. L.       (2005).     Nanomed-
icine and protein misfolding diseases  ,    Nanom-
edicine       1   ,   300  –  305  .  

   35  .      Lyubchenko  ,   Y. L.   ,    Sherman  ,   S.   ,    Shlyakht-
enko  ,   L. S.   , and    Uversky  ,   V. N.       (2006).   
  Nanoimaging for protein misfolding and 
related diseases  ,    J Cell Biochem      99      ,   53  –  70   
  [Figure featured on journal cover]  .  

   36  .      Krasnoslobodtsev  ,   A. V.   ,    Shlyakhtenko  ,   L. S.   , 
and    Lyubchenko  ,   Y. L.       (2007).     Probing Inter-
actions within the synaptic DNA-SfiI complex 
by AFM force spectroscopy  ,    J Mol Biol       365   , 
  1407  –  1418  .  

   37  .      Shlyakhtenko  ,   L. S.   ,    Yuan  ,   B.   ,    Emadi  ,   S.   , 
   Lyubchenko  ,   Y. L.   , and    Sierks  ,   M. R.       (2007).   
  Single-molecule selection and recovery of 
structure-specific antibodies using atomic 
force microscopy  ,    Nanomedicine       3   ,   192  –  197  .  

   38  .      Lushnikov  ,   A. Y.   ,    Bogdanov  ,   A.   , and 
   Lyubchenko  ,   Y. L.       (2003).     DNA recombina-
tion: Holliday junctions dynamics and branch 
migration  ,    J Biol Chem       278   ,   43130  –  43134   
  [Figure featured on journal cover]  .  

   39  .      Mikheikin  ,   A. L.   ,    Lushnikov  ,   A. Y.   , and 
   Lyubchenko  ,   Y. L.       (2006).     Effect of DNA 
supercoiling on the geometry of Holliday 
junctions  ,    Biochemistry          45  ,   12998  –  13006  .  



 Atomic Force Microscopy Imaging and Probing of DNA, Proteins 351

   40  .      Liu  ,   R.   ,    McAllister  ,   C.   ,    Lyubchenko  ,   Y.   , and 
   Sierks  ,   M. R.       (2004).     Residues 17-20 and 
30-35 of beta-amyloid play critical roles in 
aggregation  ,    J Neurosci Res          75  ,   162  –  171  .  

   41  .      Liu  ,   R.   ,    McAllister  ,   C.   ,    Lyubchenko  ,   Y.   , and 
   Sierks  ,   M. R.       (2004).     Proteolytic antibody 
light chains alter beta-amyloid aggregation 
and prevent cytotoxicity  ,    Biochemistry       43   , 
  9999  –  10007  .  

   42  .      Liu  ,   R.   ,    Yuan  ,   B.   ,    Emadi  ,   S.   ,    Zameer  ,   A.   , 
   Schulz  ,   P.   ,    McAllister  ,   C.   ,    Lyubchenko  ,   Y.   , 
   Goud  ,   G.   , and    Sierks  ,   M. R.       (2004)  .   Single 
chain variable fragments against beta-amyloid 
(Abeta) can inhibit Abeta aggregation and 
prevent abeta-induced neurotoxicity  ,    Biochem-
istry       43   ,   6959  –  6967  .  

   43  .      Emadi  ,   S.   ,    Liu  ,   R.   ,    Yuan  ,   B.   ,    Schulz  ,   P.   ,    McAl-
lister  ,   C.   ,    Lyubchenko  ,   Y.   ,    Messer  ,   A.   , and 
   Sierks  ,   M. R.       (2004)  .   Inhibiting aggregation 
of alpha-synuclein with human single chain 
antibody fragments  ,    Biochemistry       43   ,   2871  –
  2878  .  

   44  .      Yamin  ,   G.   ,    Munishkina  ,   L. A.   ,    Karymov  ,   M. 
A.   ,    Lyubchenko  ,   Y. L.   ,    Uversky  ,   V. N.   , and 
   Fink  ,   A. L.       (2005).     Forcing nonamyloidog-
enic beta-synuclein to fibrillate  ,    Biochemistry    
   44   ,   9096  –  9107  .  

   45  .      Watson  ,   D.   ,    Castano  ,   E.   ,    Kokjohn  ,   T. A.   ,    Kuo  , 
  Y. M.   ,    Lyubchenko  ,   Y.   ,    Pinsky  ,   D.   ,    Connolly  , 
  E. S.  ,   Jr.   ,    Esh  ,   C.   ,    Luehrs  ,   D. C.   ,    Stine  ,   W. B.   , 
   Rowse  ,   L. M.   ,    Emmerling  ,   M. R.   , and    Roher  , 
  A. E.       (2005).     Physicochemical characteristics 
of soluble oligomeric Abeta and their patho-
logic role in Alzheimer’s disease  ,    Neurol Res    
   27   ,   869  –  881  .  

   46  .      Uversky  ,   V. N.   ,    Yamin  ,   G.   ,    Munishkina  ,   L. A.   , 
   Karymov  ,   M. A.   ,    Millett  ,   I. S.   ,    Doniach  ,   S.   , 
   Lyubchenko  ,   Y. L.   , and    Fink  ,   A. L.       (2005).   
  Effects of nitration on the structure and 
aggregation of alpha-synuclein  ,    Brain Res Mol 
Brain Res       134   ,   84  –  102  .  

   47  .      Uversky  ,   V. N.   ,    Kabanov  ,   A. V.   , and 
   Lyubchenko  ,   Y. L.       (2006).     Nanotools for 
megaproblems: probing protein misfolding 
diseases using nanomedicine modus operandi  , 
   J Proteome Res       5   ,   2505  –  2522  .  

   48  .      Dahlgren  ,   P. R.   ,    Bankston  ,   J.   ,    Holden  ,   T.   , 
   Karymov  ,   M. A.   ,    Thumfort  ,   P.   ,    Ingram  ,   V. 
M.   , and    Lyubchenko  ,   Y. L.       (2005).     Atomic 
force microscopy analysis of the Huntington 
protein nanofibril formation  ,    Nanomedicine    
   1   ,   52  –  57  .  

   49  .      Riener  ,   C. K.   ,    Stroh  ,   C. M.   ,    Ebner  ,   A.   ,    Gall  ,   A. 
A.   ,    Klampfl  ,   C.   ,    Romanin  ,   C.   ,    Lyubchenko  ,   Y. 

L.   ,    Hinterdorfer  ,   P.   , and    Gruber  ,   H. J.       (2003).   
  A simple test system for single molecule rec-
ognition force microscopy  ,    Anal Chim Acta    
   479   ,   59  –  75  .  

   50  .   US Patent 3,118,921  .  
   51  .      Hansma  ,   H. G.   , and    Hoh  ,   J. H.       (1994).   

  Biomolecular imaging with the atomic force 
microscope  ,    Annu Rev Biophys Biomol Struct    
      23  ,   115  –  139  .  

   52  .      Lyubchenko  ,   Y. L.   ,    Oden  ,   P. I.   ,    Lampner  ,   D.   , 
   Lindsay  ,   S. M.   , and    Dunker  ,   K. A.       (1993).   
  Atomic force microscopy of DNA and bac-
teriophage in air, water and propanol: the 
role of adhesion forces  ,    Nucleic Acids Res       21   , 
  1117  –  1123  .  

   53  .      Potaman  ,   V. N.   ,    Lushnikov  ,   A. Y.   ,    Sinden  , 
  R. R.   , and    Lyubchenko  ,   Y. L.       (2002)  .   Site-
specific labeling of supercoiled DNA at 
the A + T rich sequences  ,    Biochemistry       41   , 
  13198  –  13206  .  

   54  .      Shlyakhtenko  ,   L. S.   ,    Potaman  ,   V. N.   ,    Sinden  , 
  R. R.   , and    Lyubchenko  ,   Y. L.       (1998).     Struc-
ture and dynamics of supercoil-stabilized 
DNA cruciforms  ,    J Mol Biol          280  ,   61  –  72  .  

   55  .      Bezanilla  ,   M.   ,    Manne  ,   S.   ,    Laney  ,   D. E.   , 
   Lyubchenko  ,   Y. L.   , and    Hansma  ,   H. G.     
  (1995).     Adsorption of DNA to mica, 
silylated mica, and minerals: characteriza-
tion by atomic force microscopy  ,    Langmuir    
   11   ,   655  –  659  .  

   56  .      Bezanilla  ,   M.   ,    Drake  ,   B.   ,    Nudler  ,   E.   ,    Kash-
lev  ,   M.   ,    Hansma  ,   P. K.   , and    Hansma  ,   H. G.     
  (1994).     Motion and enzymatic degradation of 
DNA in the atomic force microscope  ,    Biophys 
J      67      ,   2454  –  2459  .  

   57  .      Crampton  ,   N.   ,    Yokokawa  ,   M.   ,    Dryden  ,   D. 
T.   ,    Edwardson  ,   J. M.   ,    Rao  ,   D. N.   ,    Takeyasu  , 
  K.   ,    Yoshimura  ,   S. H.   , and    Henderson  ,   R. M.     
  (2007).     Fast-scan atomic force microscopy 
reveals that the type III restriction enzyme 
EcoP15I is capable of DNA translocation 
and looping  ,    Proc Natl Acad Sci U S A        104    , 
  12755  –  12760  .  

   58  .      Hansma  ,   H. G.   , and    Laney  ,   D. E.       (1996).   
  DNA binding to mica correlates with cationic 
radius: assay by atomic force microscopy  ,    Bio-
phys J       70   ,   1933  –  1939  .  

   59  .      Kasas  ,   S.   ,    Thomson  ,   N. H.   ,    Smith  ,   B. L.   , 
   Hansma  ,   H. G.   ,    Zhu  ,   X.   ,    Guthold  ,   M.   , 
   Bustamante  ,   C.   ,    Kool  ,   E. T.   ,    Kashlev  ,   M.   , 
and    Hansma  ,   P. K.       (1997).      Escherichia coli  
RNA polymerase activity observed using 
atomic force microscopy  ,    Biochemistry        36    , 
  461  –  468  .    



      Chapter 22

  Two-Dimensional Crystallisation of Soluble 
Protein Complexes        

     Patrick   Schultz   ,    Corinne   Crucifix   , and    Luc   Lebeau  

          Summary 

 This method aims at providing structural information on protein or nucleoprotein complexes by high-
resolution electron microscopy. The objective is to promote the self-assembly of the macromolecules 
into two-dimensional crystals in order to use electron crystallography methods. When combined with 
observations in the frozen hydrated states and dedicated image processing software these methods can 
provide detailed 3-D models of the complex. The 2-D crystals of soluble nucleoprotein complexes are 
formed on lipid monolayers spread at the air–water interface. The macromolecule of interest is targeted 
to the monolayer by either electrostatic or ligand-induced interactions with the hydrophilic head group of 
the lipid. Upon interaction with the lipids, the nucleoprotein complex is concentrated at the vicinity of the 
lipid layer whose in-plane mobility facilitates the contacts between macromolecules and the formation of 
ordered arrays.  

  Key words:   Protein complexes ,  Nucleoprotein complexes ,  High-resolution electron microscopy , 
 2-D crystals ,  Self-assembly.    

 Structural data of biological macromolecules provide invalu-
able insights into the interactions of proteins with nucleic acids. 
Atomic resolution obtained by X-ray diffraction or NMR studies 
ultimately describes the fold of the polypeptide chains and the 
chemical contacts between proteins and DNA. However, bio-
logically active multi-protein complexes are often difficult to 
decipher to atomic details because of their heterogeneity, low cel-
lular abundance, or difficulty to crystallize in three dimensions 
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(3-D). Recent progresses in electron microscopy, including better 
instruments (field emission guns, cold stages), improved speci-
men preservation in the frozen hydrated state, and dedicated 
image processing software, provide the possibility to calculate 
detailed 3-D molecular envelopes that are complementary to 
X-ray crystallography. Depending on the degree of organisation 
of the molecule to be studied, two general methods emerged to 
determine the structure of biological complexes from electron 
microscopy images. In the first family of methods the specimen 
is organised into a regular array in which the position of each 
molecule can be determined from the position of its neighbours. 
These approaches which include two-dimensional (2-D) crystals, 
helical arrays or icosahedral symmetry, yield the highest resolu-
tion, and in the case of membrane proteins organised 2-D arrays 
atomic models could be derived from electron microscopy data 
 (1,   2) . The second category of methods aims at recording indi-
vidual views of the macromolecule of interest, and the massive 
use of image analysis programmes will identify the angular rela-
tionships between images. It is out of the scope of this volume to 
describe the electron crystallography, cryo-electron microscopy, 
and image analysis methods required to determine a 3-D model 
of a protein complex, and these aspects are described in detail 
elsewhere  (3–  5) . This chapter will focus on the formation of 2-D 
crystals of soluble proteins for high-resolution structure deter-
mination by electron microscopy and on the decoration of 2-D 
streptavidin crystals by biotinylated nucleoprotein complexes. It 
provides the necessary information to set up, screen, and evaluate 
crystallisation experiments. 

 The remarkable achievements in the field of membrane pro-
teins 2-D crystals prompted the pioneering work of Kornberg and 
collaborators which aimed at transposing the crystallisation mecha-
nisms occurring in a lipid bilayer to soluble proteins  (6) . The aim is 
to target the protein of interest to a lipid surface self-assembled as a 
monomolecular film at the air–water interface. The buffer-exposed 
hydrophilic part of the lipid molecule can be naturally charged  (7, 
  8)  or chemically modified  (9,   10)  to interact with the protein. Con-
sequently the protein is concentrated on the lipid plane and adopts 
a few orientations relatively to the lipid plane. If the lipid molecules 
are free to diffuse in the monolayer plane the system can evolve 
towards the 2-D crystallisation of the macromolecule. Finally the 
lipid–protein film is transferred onto a solid support and processed 
for electron microscopy observations. High-resolution structural 
data were obtained using these methods as demonstrated by the 
analysis of streptavidin 2-D crystals which revealed structural infor-
mation down to 3 Å in projection  (11) . 

 Two categories of lipid derivatives can be used according to 
the specificity of the interaction to be established with the protein 
complex  (12) . In one situation a charged surface will be created 
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by using lipids with positive or negative charges that will interact 
with the surface potential of the protein  (8) . The characteristic 
behaviour of the protein in ion-exchange chromatography gives a 
hint on which type of charged lipids can be used. Valuable lipids 
for introducing charges into a monolayer are phosphatidyl serine 
which carries a negative charge or stearyl amine and alkyl trimethyl 
ammonium which are positively charged. In the other situation 
the lipid film is derivatised by a ligand which specifically interacts 
by the protein of interest. The ligand will be chemically grafted 
to the lipid moiety through a linker whose length modulates the 
accessibility of the protein. The grafted molecule can be a natural 
ligand of the protein such as dinitrophenol for specific anti-DNP 
antibodies  (6) , novobiocin for gyrase B subunit  (9)  ( Fig.  1  ), or 

  Fig. 1 .   Schematic representation of a lipid molecule used for 2-D crystallisation of the B 
subunit of DNA gyrase. The hydrophobic alkyl chain with a cis double bond confers flu-
idity and stability to the spread lipid layer. The linker region provides accessibility of the 
ligand for the protein of interest. The recognition function, here a novobiocin molecule, 
determines the interaction properties between the lipid and the protein       .
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biotin for streptavidin  (13) . Lipid molecules were also designed 
to interact with specific tags (such as poly-histidines) introduced 
genetically into the sequence of the protein of interest  (14–  17) . 
In this case, the polar headgroup of the lipid molecule carries a 
nitrilotriacetate moiety which chelates nickel ions and interacts 
with the histidine tag.  

 Stability and fluidity of the spread lipid layer are mainly pro-
vided by the hydrophobic part of the lipid ( Fig. 1   ). The lipid 
layer has to be in a fluid phase at the incubation temperature 
since crystallisation of the lipid chains was shown to prevent pro-
tein organisation probably by lowering the 2-D mobility of lip-
ids  (13,   17) . In most cases a cis double bond in the alkyl chains 
provides sufficient fluidity. In addition the lateral cohesion of the 
lipid molecules has to be strong enough to allow the spreading of 
a stable monolayer and prevent the solubilisation of the lipid as 
micelles or liposomes. A double alkyl chain containing 18 carbon 
atoms (dioleyl) generally fulfils these requirements. 

 When protein–lipid interactions occur the proteins are rap-
idly concentrated close to the lipid layer and are likely to be partly 
oriented. In the case of a specific interaction with a functional-
ised lipid, the macromolecules are tethered to the lipid film by a 
unique site, and the extent of orientation is determined by the 
length and flexibility of the linker region  (9)  ( Fig. 1   ). Increased 
concentration, possible preferential orientation, and in-plane 
mobility facilitate contacts between macromolecules which results 
in their increased organisation when an ordered network of inter-
actions is established. However, a dead end can be reached when 
the macromolecules interact too strongly or too rapidly one with 
each other. As a consequence 2-D aggregates will form which 
may be evidenced by closely packed, non-crystalline macromo-
lecular assemblies. 

 The method requires limited amounts of protein since a 
single experiment requires about 300 ng of protein. However a 
quantity of 1 mg is more realistic since any new project implies 
systematic trials starting without a priori knowledge of the factors 
affecting the lipid–protein interactions. When a specific interac-
tion of the protein with the lipid is involved, the purity grade 
of the biological sample appears to be of less crucial importance 
than when charged lipid are used  (17,   18) . 

 The 2-D crystallisation of transient nucleoprotein complexes 
may however be hampered by the coexistence of multiple sub-
complexes leading to a heterogeneous particle population. To 
tackle this problem, it is possible to immobilise biotin-labelled 
double-stranded DNA molecules or nucleoprotein complexes 
onto a 2-D streptavidin crystal formed in contact of a bioti-
nylated lipid layer  (19)  ( Fig.  2 )  ) . The biotin-binding sites of the 
streptavidin tetramer that are not engaged in an interaction with 
the biotinylated lipids can be used to recruit biotinylated DNA 
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molecules onto the 2-D crystals. In this case, the objective is not 
to crystallise the nucleoprotein complexes but to tether them to 
the 2-D crystal, and therefore the image analysis strategies will be 
similar to those used for single particles  (4,   5,   19) .  

    1.    A lipid suitable to interact with the protein of interest.  
   2.    Teflon ®  or Nylon ®  blocks in which cylindrical wells 4 mm in 

diameter and 1 mm deep are drilled such that each well can 
contain about 15  m L of aqueous solution ( Fig.  3  ).   

   3.    Standard Cu or Cu/Rh 300 mesh electron microscopy grids.  
   4.    Mica sheets, 2.5 by 9 cm in size.  

2. Materials

  Fig. 2 .   Schematic description of the proposed method to immobilise DNA. ( A ) A lipid 
layer, functionalised with biotin, is spread at the air–water interface. ( B ) Upon addition 
of streptavidin, the tetrameric molecule interacts with the biotin moiety grafted onto 
the lipid and forms 2-D crystals. ( C ) Two biotin-binding sites per streptavidin molecule 
are still accessible and can interact with biotinylated DNA molecules or nucleoprotein 
complexes       .
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   5.    A carbon evaporator.  
   6.    A 2% uranyl acetate solution.  
   7.    A control electron microscope.  
   8.    An optical diffraction bench.     

 The lipid–protein assemblies will have to be transferred onto a 
standard electron microscopy grid. The grids need to be coated 
by a thin hydrophobic carbon foil to support the assemblies and 
to allow the adsorption of the hydrophobic lipid alkyl chains.
   1.    The mica sheets are freshly cleaved to create a clean and flat 

surface.  
   2.    The mica sheets are placed into a carbon evaporator and a 10- 

to 50 nm thick carbon film is evaporated under vacuum onto 
the cleaved face of the sheets.  

3. Methods

3.1. Preparation of 
Electron Microscopy 
Supports

  Fig. 3 .   Design of a Teflon block for 2-D crystallisation experiments. ( A ) A Teflon cylinder 
4-cm in diameter is truncated into 1-cm thick slices and 16 wells, 4 mm in diameter 
and 1 mm deep, are drilled into the block such that each well can contain about 15 
 m L of solution. ( B ) During the crystallisation experiments performed in the wells (a) 
the Teflon Block (b) is placed into a humid chamber consisting of a reverted Petri dish 
containing some buffer (c)       .
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    3.    Electron microscopy grids are placed on a supporting filter 
paper below the surface of a water bath. The size of the filter 
paper matches that of the mica sheet and will hold a total of 
75–100 grids.  

    4.    The carbon foil is floated at the cleaned air–water interface 
by dipping the mica sheet in the water bath with an angle of 
about 30°.  

    5.    Finally, the carbon foil is gently lowered onto the grids by 
removing the water with a vacuum pump.     

 It was observed with some systems, such as streptavidin, that the 
contact of the lipid layer with the carbon foil interferes with the 
quality of protein arrays  (20) . Holey carbon grids can then be 
used to transfer the crystals without interactions with a carbon 
surface, the lipid–protein layer being spread over the holes. Here 
follows a protocol to prepare holey carbon foils  (21) .
    6.    The surface of an optical microscope glass slide is extensively 

cleaned by boiling in an aqueous detergent solution and 
extensive rinsing with demineralised water (H 2 Od).  

    7.    The slide is immersed in a 0.1% Triton X400 solution for 30 
min, briefly rinsed with H 2 Od to remove the excess of detergent 
and left to dry. This will result in a clean hydrophobic surface.  

    8.    The slide is placed on a pre-cooled aluminium block to allow 
minute water droplets to form on the surface by condensa-
tion. The size of the droplets depends on the hygrometry of 
the room and the condensation time.  

    9.    One millilitre of a cellulose acetate or cellulose butyrate solu-
tion (0.4%, w/v in ethyl acetate) is poured with a pipette 
over the surface; excess solution is removed from one end of 
the slide by touching a filter paper and left to dry. Upon dry-
ing, the cellulose forms a thin foil around the water droplets 
thus forming holes.  

   10.    At this point, an optical microscope can be used to check 
holes size and distribution.  

   11.    The slide is then immersed 30 min in a 0.5% (w/v) sodium 
dodecyl sulfosuccinate solution to peel off the cellulose foil.  

   12.    Electron microscopy grids are deposited on a supporting fil-
ter paper just below the surface of a water bath.  

   13.    The holey cellulose foil is floated on a clean air–water inter-
face and deposited onto the grids.  

   14.    A 50-nm thick carbon film is evaporated onto the cellulose-
coated grids.  

   15.    The cellulose foil is dissolved by placing the grids on an ethyl 
acetate-soaked filter paper.     
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    1.    The lipids are best stored as a dry powder under an argon 
atmosphere at −80°C. A mother solution at a concentration of 
10 mg/mL is produced by solubilising the lipids in an organic 
solvent such as a 1:1 mixture of chloroform:hexane. This solu-
tion can be stored under argon up to 1 year at −20°C. The 
working lipid solution is at a concentration of 0.5–1 mg/L in 
an organic solvent. All solutions are stored in 2-mL glass vials 
with Teflon caps to prevent solvent evaporation.  

   2.    The Teflon wells have to be cleaned prior use for crystalli-
sation experiments to remove residues of proteins or lipids. 
The Teflon support can be dipped into a sulfochromic acid 
solution for 1 h, rinsed 10 times with H 2 Od, dipped for 1 h 
into H 2 Od and rinsed again 3 times with H 2 Od. Alternatively 
the support can be rinsed 10 times with methanol to elimi-
nate proteins, 10 times with a chloroform:methanol 2:1 or 
hexane:methanol 9:1 solution to remove lipids and rinsed 10 
times with hexane to remove fatty acids. Finally the support is 
brought into contact with a filter paper to remove the excess 
of H 2 Od or organic solvent without wiping to avoid electro-
static charging, and allowed to dry in a dust-free chamber.  

   3.    Incubations are performed in a humid chamber to prevent 
buffer evaporation ( Fig. 3b   ). The Teflon block is placed in a 
reverted Petri dish containing some buffer with an opening in 
the top to let air in and out during removal of the lid.  

   4.    In each well, 10  m L of buffer is added ( Fig. 4b   )  .   
   5.    To spread the lipid at the air–buffer interface, 1  m L of the 

lipid solution at a concentration of 0.5–1 mg/mL is placed 
on the top of the drop of buffer with a micropipette. At this 
moment it can be observed that the surface tension of the 
drop is released ( Fig.  4c  ).  

   6.    The organic solvent is allowed to evaporate for 5 min.  
   7.    The protein solution (5  m L) is injected into the aqueous phase 

( Fig. 4d   ). The final protein concentration is generally set 
between 20 and 200  m g/mL.  

   8.    The incubation chamber is closed and if oxidation is a prob-
lem air is replaced by argon.  

   9.    The incubation time will vary from one system to another but 
is generally in the range of 1–36 h. Most experiments can be 
performed at room temperature, but longer incubation times 
at 4°C may improve crystal quality in some cases.     

     1.    If the protein is not concentrated on the lipid film it is advis-
able to act on the lipid region involved in protein recogni-
tion, on its environment or on the buffer composition. In the 
case of a specific lipid, the linker may be too short to allow 

3.2. Crystallisation 
Experiments

3.3. Feed Back Loops
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the ligand to be recognised by the protein. Alternatively the 
surface potential created by the lipid layer may have a repul-
sive effect on the protein, and it may be of importance to 
modify the environment by addition of a dilution lipid. Finally 
the ionic strength of the buffer may be too high and screen 
electrostatic interactions between the protein and the charged 
lipid ( see    Note  1  ).  

   2.    When the protein tends to form close-packed arrays which do 
not evolve towards organised protein patches it is advisable to 
reduce the kinetics of protein concentration either by increas-
ing the viscosity of the medium by adding glycerol (up to 
40%) or by reducing the temperature or the protein concen-
tration. The specific or charged lipid can also be diluted with a 
neutral lipid to reduce the local concentration of ligand or the 
charge density of the surface ( see   Note  2  ).  

   3.    The experiment has further to be evaluated in terms of 
macromolecular organisation. Higher degrees of order are 

  Fig. 4 .   Set up of a crystallisation experiment. In each well ( A ), a 10- m L drop of buffer 
is placed ( B ). Since the Teflon well is hydrophobic, the drop does not wet the surface. 
Upon addition of 1  m L of the lipid solution at a concentration of 0.5–1 mg/mL the sur-
face tension of the drop is released ( C ). After evaporation of the organic solvent 5  m L of 
the protein solution is injected into the well ( D ) and is allowed to interact with the lipid 
layer. The resulting lipid–protein assembly is transferred to a carbon-coated electron 
microscopy grid placed on the top of the drop ( E )       .
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recognised visually during the electron microscopy inspection 
of the specimen by the appearance of patches of ordered arrays 
( Fig.  5a  ,    b ). Once larger crystalline areas are obtained, elec-
tron micrographs are recorded and the extent of order is 
evaluated by optical diffraction. A large number of parameters 
such as the pH, the ionic strength, the buffer composition, the 
presence of divalent cations, the protein concentration, the pres-
ence of glycerol, the incubation temperature, or the incuba-
tion time can be modified to improve crystal order ( see   Note 
3   ). At this stage the homogeneity of the specimen suspen-
sion may be crucial.   

   4.    In the case of streptavidin, the method for preparing the sam-
ple for electron microscopy and in particular the transfer mode 
proved to be essential to recover a large number of highly 
ordered crystals  (20) . More generally, the manipulation of 
one-molecule-thick assemblies during transfer to the electron 
microscope is likely to introduce at least part of the defaults 
affecting 2-D crystals such as rotational and translational dis-
tortions, fragmentation, and other disorders ( see   Notes  4 –6   ).  

   5.    An improvement of the interpretable resolution once the 
specimen diffracts to about 1/2 nm −1  will probably need a 
change in the method of specimen preservation from nega-
tively stained to frozen hydrated samples  (22) .  

   6.    To calculate a 3-D model, astigmatism-free and well-focused 
images of the oriented or crystallised macromolecules have to 
be recorded under minimal exposure conditions and generally 
at low temperature. These images are analysed to calculate a 
noise-free image representing a projection of the macromo-
lecular densities ( Fig. 5c   ). Since the particles are adsorbed 
on a planar surface, tilted views are then recorded to recover 
the information normal to the lipid plane. The images are 
then processed and the different views are merged into a 3-D 
model  (3)  ( Fig.  5d  ).      

    1.    2-D crystals of streptavidin were grown on biotinylated phos-
pholipids as described earlier. Ten microlitres crystallisation 
buffer (20 mM Tris of pH 7.6, 40 mM NaCl) is placed in the 
Teflon well, and the lipid film is formed at the surface of the 
droplet by adding 1  m L undiluted biotinylated lipids at a con-
centration of 0.5 mg/mL in chloroform/hexane (1:1, v/v). 
The streptavidin preparation is diluted to a concentration of 
300  m g/mL in crystallisation buffer, 5  m L of this suspension 
is injected in the sub-phase, and the protein–lipid layer was 
incubated for 1 h at 18°C.  

   2.    The 2-D streptavidin crystals are transferred onto a holey car-
bon foil and washed 3 times by placing the electron microscopy 

3.4. Decoration of 2-D 
Streptavidin Crystals
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grid on a 40- m L drop of crystallisation buffer to eliminate the 
unbound streptavidin molecules.  

   3.    The support is then placed for 15 min on a 12- m L drop of 
a solution containing 0.8 pmol of biotinylated DNA or of 
nucleoprotein complexes.  

   4.    The decorated 2-D crystals are rinsed 3 times with 60  m L 
drops of a solution containing 10 mM Tris of pH 7.4, 500 
mM NaCl and can be processed for electron microscopy.     

  Fig. 5 .   Evaluation and exploitation of a 2-D crystallisation experiment. Histidine-tagged yeast 
RNA polymerase I is incubated with nickel-chelating lipids. ( A ) Low-magnification electron 
microscopy image showing the organisation of the protein complex into domains. The bar 
represents 5  m m ( B ) A higher magnification reveals ordered RNA polymerase arrays. The 
bar represents 50 nm ( C ) A noise-free image is obtained by averaging multiple molecular 
images. The stain excluding protein densities are in  white  and represented as  lines  of equal 
densities. ( D ) A 3-D model of the protein complex can be calculated by combining several 
views of the macromolecule obtained by tilting the crystals in the microscope. The bar 
represents 10 nm in ( C ) and ( D )       .
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    1.    The 2-D crystals are transferred to the electron microscopy 
grid through hydrophobic contacts between the lipid chains 
and the carbon foil ( Fig.  4e  ). This is simply done by placing 
the grid over the well for 1–2 min. The grid is then withdrawn 
and prepared for observation ( see   Notes  7  and 8   ).  

   2.    To be visualised by electron microscopy, the specimen can be 
contrasted by creating a mould of heavy atoms around the 
proteins, a process named negative staining. The transferred 
specimen placed on the grid held by forceps is washed with 
a drop of buffer that is quickly removed. The buffer is then 
replaced by a drop of a 1–2% aqueous solution of uranyl ace-
tate, and the grid is dried by touching a piece of filter paper 
with the edge of the grid ( see   Notes  9  and 10   ). Alternatively, 
the specimen can be prepared for cryo-electron microscopy 
in which the specimen is transferred into the electron micro-
scope in a frozen-hydrated state. The transferred 2-D crystals 
are rinsed twice with distilled water, blotted for 5–10 s with 
filter paper, and plunged into an ethane slush cooled with liq-
uid nitrogen.  

   3.    The crystallisation experiments have then to be evaluated in 
terms of protein concentration on the lipid layer and degree 
of organisation ( see   Notes  11  and 12   ). When the specimen is 
large enough (>50 kDa) individual molecules can be identi-
fied visually during electron microscopy inspection. To ascer-
tain that the specimen is specifically bound to the lipid layer 
and not in a non-specific way to the carbon foil, it is useful 
to locate breaks in the lipid layer and to evidence a difference 
in binding efficiency with the underlying carbon foil. A fre-
quently observed intermediate step in specimen ordering is the 
formation of symmetry-related oligomers which arise when a 
particular set of protein–protein interactions is energetically 
favoured. The formation of oligomers probably favours fur-
ther organisation since interactions between symmetry-related 
surfaces will propagate forming linear polymers or 2-D crys-
tals. Once larger crystalline areas are obtained, electron micro-
graphs are recorded and the extent of order is evaluated by 
optical diffraction.     

    1.    It is useful to check the specificity of the protein–lipid interac-
tions. In the case of charged lipids, the protein binding should 
be reduced by increasing the ionic strength. In the case of 
functionalised lipids, the amount of transferred protein should 

3.5. Electron 
Microscopy

4. Notes
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diminish by adding some competing ligand in solution. Note 
that in the case of nickel-chelating lipids, it was observed that 
addition of small amounts of imidazole prevented the non-
specific aggregation of the protein and allowed to select the 
specific interaction with the poly-histidine tag  (17) .  

   2.    In order to better evaluate the organisational state of the mol-
ecule in the crystallisation experiment, it is useful to control its 
shape and size by direct adsorption of the sample on a carbon 
foil and negative staining. Such an experiment will also give an 
insight into the aggregation state of the protein in solution.  

   3.    Detergents should be avoided in the incubation buffer since 
they may solubilise the lipid layer.  

   4.    Another method of specimen transfer is the loop method 
 (23) . A loop is formed with a thin Pt/Pd wire (0.075-mm 
diameter). The inside diameter must be slightly larger than 
the outside diameter of the electron microscopy grid. The 
loop is then lowered onto the drop, and the entire loop makes 
contact with the drop surface at the same time. This can be 
observed through drop deformation. The loop should not 
go through the monolayer and into the sub-phase so that no 
excess sub-phase is picked up. The loop is then gently and 
carefully raised and lowered onto a glow-discharged grid. 
The grid is held with forceps and is parallel to the film in the 
loop. The transfer is made by hydrophilic contacts between 
the carbon foil and the crystal. The film is then broken by 
tilting the loop to increase the angle between the film and 
the grid.  

   5.    In some cases it was observed that the grid side on which the 
carbon foil was deposited affected crystal transfer  (17) . This 
effect may be related to the surface roughness of the carbon 
foil and of the grid  (24) .  

   6.    To strengthen the crystals, 1  m L of a 0.5% glutaraldehyde solu-
tion can be added to the incubation drop before placing the 
electron microscopy grid in order to cross-link the specimen.  

   7.    A good macroscopic indication that proteins bind to the lipid 
layers and that the transfer is efficient is obtained by visual 
inspection of the carbon surface after transfer. The originally 
hydrophobic grid becomes hydrophilic as assessed by the 
change in its wetting properties.  

   8.    Storage of the carbon-coated grids in hexane atmosphere may 
provide higher reproducibility in the specimen transfer step by 
preventing adsorption of contaminating material.  

   9.    Do not use phosphate buffers or buffers with high ionic 
strength which precipitate uranyl salts.  
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   10.    Other heavy metal solutions can be used for negative staining 
such as sodium phototungstate or ammonium molybdate.  

   11.    The appearance of vesicular structures is often an indication 
for a too large excess of lipids. The working lipid solution 
should then be diluted.  

   12.    To remove excess lipids, a detergent solution at low con-
centration can be used  (23) . Care must be taken during this 
step as the drop might migrate to both sides of the grid and 
interfere with the staining process.         
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      Chapter 23

  Assays for Transcription Factor Activity        

     Douglas   Browning   ,    Nigel   Savery   ,    Annie   Kolb   , and    Stephen   Busby  

          Summary 

 Transcription factors interact at promoters to modulate the transcription of genes. This chapter describes 
three in vitro methods that can be used to monitor their activity: transcript assays, abortive initiation 
assays, and potassium permanganate footprinting. These techniques have been developed using bacterial 
systems, and can be used to study the kinetics of transcription initiation, and hence to unravel regulatory 
mechanisms.  

  Key words:     Gene regulation ,  RNA polymerase ,  Activator proteins ,  In vitro transcription ,  Abortive 
initiation ,  Potassium permanganate footprinting    .

 Transcription activator proteins bind to specific sequences near 
promoters, and, when bound, they stimulate the initiation of 
transcription by RNA polymerase  (1) . This chapter is concerned 
with in vitro methods for measuring the transcription activation 
function of this important class of proteins. In most cases, these 
methods are applied to activators that have been substantially 
purified, and for which the target sequences are known and the 
binding sites characterized (other chapters in this volume cover 
methods for locating and investigating the binding sites for such 
activators). Here we are concerned with the measurement of the 
products of activation. Since  Escherichia coli  transcription activa-
tors have been studied more than any others, we will take these as 
the paradigm, though these techniques are now being applied to 
all organisms for which in vitro systems have been developed. 

1. Introduction
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 The starting point of the methodology was the observation, 
made in the early 1970s, that purified  E. coli  RNA polymerase 
could initiate transcription at promoters in purified DNA  (2) . 
With improvements in RNA methodology, it was found that the 
transcription start site in vitro, in many cases, was the same as in 
vivo. Further, at a number of promoters, interactions with spe-
cific transcription activators could be demonstrated and factor-
dependent transcription in vitro occurred. The literature is now 
full of instances of factor-dependent transcription initiation with 
purified proteins and DNA, setting the scene for studies on the 
mechanism of transcription activation. However, as with all in 
vitro techniques, it is worth noting that the conditions found 
in the plastic tube differ greatly from those in vivo and that, for 
some instances, the reconstituted transcription system simply 
may not work. 

 Three principal methods can be used to monitor transcription 
activation: transcript assays, abortive initiation, and potassium 
permanganate footprinting to monitor open complex formation 
( Fig.  1  ). In transcript assays, RNA polymerase is incubated with 
a DNA template carrying the promoter of interest either with or 
without the transcription activator protein. Radioactively labelled 
nucleotides are then added and RNA polymerase molecules that 
have formed transcriptionally competent complexes start to make 
RNA. RNA polymerase molecules then “run” to a suitably placed 
downstream terminator (or to the end of the fragment), thus 
making labelled RNA of a discrete length that can be monitored 
and quantified  (3) . In abortive initiation assays, nucleotide pre-
cursors corresponding just to the start of the message are added. 
RNA polymerase forms transcriptionally competent complexes at 
the chosen promoter, but elongation is prevented because some 
of the four nucleoside triphosphates are withheld  (4) . The result 
is that RNA polymerase is “trapped” at the promoter and can 
only synthesize a short oligonucleotide, that is released as the 
polymerase cycles between a number of conformations in the 
abortive complex (it is termed abortive because a longer tran-
script cannot be made). The consequence of the cycling is that 
each polymerase molecule, trapped at a single promoter, synthe-
sizes the oligonucleotide continuously, and the appearance of the 
product can be measured directly. The rate of product formation 
will be dependent on the number of promoters that are occupied 
by polymerase in an open complex. This, in turn, will depend on 
the activity of the transcription factor under study. Usually, tran-
script assays are used to locate transcription starts and to monitor 
factor activity qualitatively, whereas abortive initiation assays are 
exploited for quantitative and kinetic work.  

 Although the appearance of a transcript makes a good assay 
for the activity of a transcription factor, there may be situations 
where the transcript cannot be detected. In these cases, the best 
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strategy is to attempt to monitor the opening of the DNA strands 
by RNA polymerase directly. The transcription activator will pro-
mote open complex formation by RNA polymerase, resulting in 
unwinding of the DNA duplex around the promoter −10 sequence 

  Fig. 1 .   Overview of techniques discussed in this chapter. ( A ) A plasmid carrying a test promoter, cloned on a restriction 
fragment, upstream of a terminator. The location of the reference RNA I promoter is shown. ( B ) The various techniques 
described: (i) transcription assays  (Subheading  3.1 ) , (ii) abortive initiation (Subheading  3.2 ), (iii) potassium permanga-
nate footprinting (Subheading  3.3 )       .
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and transcription start site. Many chemical reagents can be used 
to monitor this unwinding, but one of the simplest is potas-
sium permanganate, that preferentially attacks non-base-paired 
thymines. Thus, potassium permanganate footprinting provides 
a simple method for checking that the activator is functional and 
provides information on the size of the region of unwinding in 
the open complex  (5,   6) . 

    1.     E. coli  RNA polymerase. This enzyme can be purified  (7,   8)  
or can be purchased from Epicentre Biotechnologies. The 
enzyme can also be reconstituted from individual subunits 
that have been overproduced using overexpression vectors  (9, 
  10) . Purity can be easily checked by denaturing polyacrylamide 
gel electrophoresis and activity can be verified using standard 
templates. Preparations of RNA polymerase are usually stored 
at −20°C in buffer containing 50% glycerol.  

   2.    Transcription factors. These must be purified, at least partially, 
away from any nuclease activities. Transcription assays can be 
used to monitor the purification.  

   3.    Plasmids and DNA fragments. The DNA used for transcrip-
tion assays should be free from nicks and RNase activity. Short 
DNA sequences carrying different promoters can be con-
structed using standard recombinant DNA methodology and 
cloned into plasmid vectors such that a strong transcription 
terminator is located downstream of the promoter  (11) . Tran-
script assays can be performed directly on such recombinant 
plasmids, provided they have been purified, for example by 
using caesium chloride gradient centrifugation  (12) . Linear, 
promoter-containing fragments can be generated by PCR or 
purified by a variety of methods from restricted plasmid DNA 
by polyacrylamide or agarose gels  (12) . Although any DNA 
fragment can be used ( see   Note 1   ), fragments around 200–
1,000 bp are most desirable. Stock solutions of most short 
fragments will be adjusted to around 20  m g/mL, the concen-
tration being checked by gel electrophoresis. 

  Linear DNA fragments for potassium permanganate foot-
printing are prepared from high-quality recombinant plasmid, 
purified using caesium chloride gradient centrifugation  (12) . 
As only one end of the DNA molecule is to be labelled with 
 32 P, the fragment must be prepared by sequential digestion 
and dephosphorylation. 100  m g of plasmid DNA is linearized 
using a suitable restriction enzyme that generates 3 ¢  recessed 

2. Materials
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ends (e.g.  Hin dIII) and then treated with calf intestinal alka-
line phosphatase (Invitrogen). After phenol/chloroform 
extraction and ethanol precipitation, the promoter fragment is 
released by digesting with a second restriction enzyme (pref-
erably that generates 5 ¢  recessed ends, e.g.  Aat II). The frag-
ment is then purified from either polyacrylamide or agarose 
gels prior to labelling  (12) .  

   4.    Transcription buffer: 20 mM Tris–HCl of pH 8, 100 mM 
NaCl, 5 mM MgC1 2 , 0.1 mM EDTA, 1 mM DTT, 50  m g/mL 
nuclease-free BSA, 5% glycerol. This is a standard 1× buffer 
for many in vitro transcription assays and can be prepared as a 
10× stock. There are many variations of this and the literature 
must be checked for any particular instance. For all reagents 
for transcription experiments, it is best to use water that has 
been treated with 0.3% diethylpyrocarbonate.  

   5.    Heparin (Sigma). Make up as a 10 mg/mL stock solution in 
water.  

   6.    Nucleotides. [ a - 32 P] UTP from Perkin Elmer can be used in 
conjunction with the four nucleoside triphosphates (Roche 
Diagnostics) for transcription assays. Most workers use final 
concentrations of 200  m M ATP/CTP/GTP, 10  m M UTP, 
0.5–5.0  m Ci of [ a - 32 P] UTP per reaction and 100  m g/mL 
heparin to prevent reinitiation. Typically, an 8× stock NTP + 
heparin solution is prepared containing 80  m M UTP, 1.6 mM 
of the three other NTPs, and 800  m g/mL heparin in 2× Tran-
scription buffer. A “hot” NTP + heparin mix is then made by 
diluting this 1:1 with [ a - 32 P] UTP in water. 

  [ g - 32 P] ATP (MP Biomedical), specific activity 7,000 Ci/
mmol, is used to end label linear DNA fragments for potas-
sium permanganate footprinting. Each end-labelling reaction 
(volume 20  m L) contains 166  m Ci of [ g - 32 P] ATP, and the final 
concentration of linear DNA fragment is  ~ 400 nM. Labelling 
is catalysed by T4 polynucleotide kinase (NEB) and unincor-
porated nucleotide is removed by passing the reaction mixture 
down a Sephadex G50 spin column. Alternatively, PCR can be 
used to generate a labelled fragment from a suitable template, 
by using an unlabelled oligo primer and a second primer that 
has been 5 ¢  end labelled with [ g - 32 P] ATP.  

   7.    Dinucleotides. These can be bought from IBA Gmbh (Gottin-
gen, Germany) and used without further purification as 10 
mM stock solutions in water. The choice of the appropriate 
dinucleotide for priming abortive initiation assays is discussed 
in  Subheading 3.2.1 .  

   8.    Transcription stop solution: 80% deionized formamide, 0.1% 
xylene cyanol FF, 0.1% bromophenol blue, 20 mM EDTA in 
the standard gel running buffer, 1× TBE.  
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    9.    Sequencing gels for analysis of RNA transcripts and perman-
ganate DNA cleavage products. Standard 6% polyacrylamide 
gels containing 6–8 M urea and run in TBE  (12)  can be used 
to separate transcripts. A phosphor screen is used to detect 
the products.  

   10.    Gel running buffer, TBE. This is usually made up in large 
volumes and kept as a 5× stock solution. To make up 1 L of 
5× stock use 54 g Tris base, 27.5 g boric acid, and 20 mL of 
0.5 M EDTA.  

   11.    Whatman 3-MM paper. Cut into strips 20 cm in length for 
chromatography of abortive products.  

   12.    Chromatography buffer: 18:80:2 (v/v) water/saturated 
ammonium sulphate/isopropanol.  

   13.    RNA size markers. These are usually generated from tran-
scripts of previously well-characterized DNA fragments. 
Alternatively, sequence ladders can be used.  

   14.    0.1 M EDTA.  
   15.    Footprinting buffer: 20 mM HEPES of pH 8.0, 50 mM 

potassium glutamate, 5 mM MgCl 2 , 1 mM DTT, 500  m g/
mL bovine serum albumin. This is the standard 1× buffer 
and can be prepared as a 10× stock and stored at −20°C.  

   16.    200 mM KMnO 4  solution. Make up fresh and vortex well to 
ensure that all the KMnO 4  solid dissolves.  

   17.    Permanganate stop solution: 3 M ammonium acetate, 0.1 
mM EDTA of pH 8, 1.5 M  b -mercaptoethanol. Make up 
fresh each time.  

   18.    Phenol/chloroform/isoamyl alcohol (25:24:1) (Fluka).  
   19.    20 mg/mL Glycogen stock solution (Roche Diagnostics).  
   20.    Ice-cold 100 and 70% ethanol (store at −20°C).  
   21.    10 M Piperidine stock (Sigma).  
   22.    3 M Sodium acetate, pH 5.2  (12) .  
   23.    Gel fix solution. Ethanol (20%), acetic acid (10%).  
   24.    Loading buffer: 95% (v/v) high-quality deionized forma-

mide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% 
xylene cyanol FF.     

     1.    The first step is the binding reaction. Purified transcription 
factor and supercoiled plasmid or linear template DNA ( see  
 Note 1   ) is mixed gently in 1× transcription buffer ( see   Note   2 ) 

3. Methods

3.1. Transcript Assays
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in a final volume of 8  m L and incubated for 5 min at 37°C 
( see   Note 3   ). It is important to include any cofactor required 
by the transcriptional activator. For example, the cyclic AMP 
receptor protein (CRP) requires cAMP in the transcrip-
tion buffer for activity. Some other transcription activators 
require covalent modification, such as phosphorylation. The 
active form must be used.  

    2.    Next 4  m L of RNA polymerase, diluted in 1× transcription 
buffer, is added and mixed in gently. The binding reaction is 
then incubated for a further 5–20 min at 37°C. Typically, the 
incubations are performed in a final volume of 12  m L with 
a template concentration of 0.5–5 nM, a range of transcrip-
tion factor concentrations from 5 to 50 times the promoter 
concentration and up to 100 nM RNA polymerase.  

    3.    The second step is the transcription reaction. Add 4  m L of 
‘hot’ NTP + heparin mix ( see   Note 4   ) to each 12  m L bind-
ing reaction, mix gently, and incubate at 37°C for 5 min 
( see   Note  5  ). For each individual DNA molecule, the RNA 
polymerase may or may not have reached an open complex 
depending on the activity of the transcription factor. At mol-
ecules where an open complex has formed, the polymerase 
will then “run” from the promoter to the downstream ter-
minator (or to the end of the fragment) making a discrete 
sized RNA product. Since only one molecule of polymerase 
can occupy a promoter at any time, and since the inclusion 
of heparin prevents further initiation, the amount of any par-
ticular transcript will be directly proportional to the amount 
of open complex formation ( see   Notes 6    and 7  ).  

    4.    Terminate the reactions by adding 12  m L of transcription 
stop solution. The samples can be stored for short periods on 
ice, or for longer periods at −20°C, until ready for loading 
on a sequencing gel.  

    5.    Heat the samples for 2 min at 90°C and load 8  m L on a 
sequencing gel, together with size markers, and perform the 
electrophoresis. We routinely use an ECPS 3,000/150 elec-
trophoresis power pack (Pharmacia), running the gel for 2–3 
h at 60 W constant power. After running, the gel is dried, 
exposed to a phosphor screen, and the screen is scanned 
using a Molecular Imager FX scanner (Bio-Rad). Bands due 
to transcription initiation at the promoter under study can 
be identified and their size determined from calibrations. An 
example is shown in  Fig. 2    ( see  Notes 8 and 9  ).      

     1.    Choose the nucleotides to be employed in the assay. Typi-
cally, this is done by selecting a dinucleotide appearing in 
the sequence anywhere from position −4 to +2 and using 
the next nucleotide as the labelled precursor. For example, 

3.2. Abortive Initiation 
Assays
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at the  E. coli galP1  promoter  (14) , the sequence at the tran-
scription start is 5 ¢ -TCATA-3 ¢  with the central A as +1. The 
dinucleotide CpA and [ a - 32 P] UTP can be used to give the 
product,  32 P-labelled CpApU. It is important to ensure that 
no extended products can form ( see   Note 10   ).  

    2.    Before the assay is performed, set up a series of Whatman 
3-MM paper chromatograms (typically 20 cm long). Spot 
the origins with 20  m L of 0.1 M EDTA to ensure that prod-
uct formation ceases the moment that the samples are loaded 
on the chromatogram.  

    3.    Set up the standard assay, using concentrations of reagents 
as for the transcript analysis experiment. In a typical starting 
experiment, excess RNA polymerase and transcription fac-
tor will be premixed with DNA and incubated long enough 
to reach complete open complex formation. The experi-
ment will be started by the addition of nucleotides. The final 
reaction mix will contain, for example, 0.5–5 nM promoter 
DNA, 100 nM RNA polymerase, 0.5 mM dinucleotide, and 
0.05 mM UTP with 2.5  m Ci [ a - 32 P] UTP in 100  m L. Run 
experiments both with and without the transcription factor 
and perform a control with no DNA.  

    4.    At different times after addition of the [ a - 32 P] UTP, remove 
15  m L aliquots and spot at the origin of the chromatogram. 
Aliquots can be taken every minute.  

    5.    Develop the chromatogram using chromatography buffer. 
After the solvent front has progressed 20 cm, remove the 

  Fig. 2 .   In vitro transcription from plasmid carrying a CRP-independent promoter,  lacUV5  ( lanes 1–5 ), or a CRP-dependent 
promoter,  CC( − 41.5)  ( lanes 6–20 ), cloned upstream of a transcription terminator. The figure shows the transcripts pro-
duced using purified RNA polymerase containing wild-type or mutant  a  subunits (EA261, RA265, TA285, and VA287 as 
indicated). Prior to the addition of RNA polymerase, CRP or CRP carrying the HL159 substitution (that interferes with the 
CRP-RNA polymerase interaction) was added to the reaction mixtures as indicated. The position of transcripts initiated 
at the  lacUV5  or  CC( − 41.5)  promoters, and the position of the plasmid-encoded  RNA I  transcript are indicated (figure 
taken from  (13) )       .
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chromatogram and dry. Cut the paper into 5-mm slices and 
count each slice for Cerenkov radiation to locate the bands 
resulting from product and unincorporated UTP. For each 
time point, determine the number of counts incorporated 
into the product (cpm product ), and the number of counts in the 
unincorporated UTP (cpm u ). From the ratio of counts in the 
product to the total counts (cpm product  + cpm u ) the amount 
of product at each time-point can be deduced. Alternatively, 
the products can be analysed and quantified using a phos-
phorimager. In this case, it is sufficient to spot 2- m L aliquots 
onto the chromatogram, and the transcription reactions can 
be scaled down 3- to 5-fold ( see   Note 11   ). 
 A plot of product formed versus time should be linear, and 
from the slope, the rate of product formation can be deduced 
( see    Note 12   ). The rate of product formation per promoter 
(TON, turn over number) can then be calculated from the 
molar amount of DNA fragment that was used in the experi-
ment. A control run without the transcription factor will give 
factor-independent activity and will allow the effect of the 
activator to be quantified. Assuming that the rate of prod-
uct formation in the presence of the activator reflects 100% 
occupancy at the promoter, the occupancy in the absence of 
the activator can be calculated (from the ratio of the TON 
values in the absence and the presence of the activator) ( see   
Note 13   ).  

    6.    The analysis can then be taken a stage further, for examples, 
 see   refs.  15–  18  . In the earlier experiment, RNA polymerase 
is preincubated with the DNA template prior to the addi-
tion of substrate, so product formation is linear from zero 
time. However, if the reaction is started by the addition of 
polymerase, the plot of product formation versus time shows 
a lag where the RNA polymerase “installs” itself at the pro-
moter: This lag time (  t  ) can be measured and is a function of 
the initial binding of polymerase to the promoter and subse-
quent isomerizations to the open complex ( see   Fig. 3   )  

 The interaction of holoenzyme with promoters involves at 
least two steps: a rapid and reversible binding to promoter 
DNA, characterized by an association constant K B , which 
leads to the “closed” inactive complex; followed by a con-
formation change to the “open” complex characterized by 
the rate constant  k  f . For most promoters, the reverse of open 
complex formation is extremely slow. Thus, according to 
McClure  (4) , the measured lag time (  t  ) is related to the 
enzyme concentration [RNP] by the relation,      

  f B f1 / l / ( [RNP]).k K kt = +    
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 To make a kinetic analysis for a promoter, it is necessary to perform 
the assays with a range of different RNA polymerase concentra-
tions (typically 5–200 nM: for kinetic analysis, RNA polymer-
ase should always be present in significant excess over promoter 
DNA). The lag time (  t  ) is measured in each case and is plotted as 
function of the reciprocal of the RNA polymerase concentration. 
This plot can be extrapolated to infinite RNA polymerase concen-
trations (the intersection with the  Y -axis) to give the reciprocal of 
k f,  and K B  can be deduced from the intercept of the   t   plot with 
the  X -axis. Alternatively, K B  can be calculated from the ratio of 
the lag time at infinite enzyme concentration and the slope of the 
straight line. Data are normally fitted using a computer program, 
such as Enzfitter or Fig-P ( see  Notes 14 and 15  ).  Figure 4    shows 
  t   plots resulting from experiments to analyse the contribution of 
the different activation regions of the  E. coli  cyclic AMP receptor 
protein on transcription activation at a target promoter.  

  Fig. 3 .   Lag plots of a CRP-dependent promoter in the presence of different concentra-
tions of RNA polymerase (50 nM [RNP] 1  and 16.7 nM [RNP] 2 ). A 15- m L sample of 4 nM 
DNA fragment in standard buffer containing CRP HL159 and cAMP was preincubated 
for 10 min at 37°C with 5  m L of a mixture containing 3 mM ApU and 300  m M UTP 
with 0.75  m Ci [ a − 32 P]-UTP. At time 0, 10  m L of a prewarmed RNA polymerase solution 
was added (150 or 50 nM) and the reaction carefully mixed. At the indicated times, 
2  m L portions of the reactions were removed for product quantification. The normalized 
quantity of ApUpU product was fitted using the Fig-P program according to the equation 
 Y  =  Vt  −  V t  (1 − e −   t   /    t   ), where  V  is the final steady-state velocity (mol of ApUpU per mol of 
promoter per minute). Care was taken to run the reaction until  t  = 5  t   and to check that 
the final slope  V  was in agreement ±15% with the value of the TON, determined after 
preincubation of promoter and holoenzyme as described in  Subheading 3.2.5        .
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    1.    Purified transcription factor, RNA polymerase, and linear  32 P 
end-labelled template ( see   Subheading 2.3  and  Note 16   ) are 
mixed in 1× footprinting buffer in a final volume of 20  m L 
( see   Note  17  ). Typically the template concentration is 1–4 
nM and RNA polymerase is present at a final concentration of 
50 nM. Reactions are left at 37°C for 30 min to allow open 
complex formation to take place.  

   2.    One microliter of freshly prepared 200 mM KMnO 4  is added 
and reactions are incubated for a further 4 min at 37°C ( see  
 Note  18  ). This allows the KMnO 4  to attack the non-base-
paired thymines within the −10 region due to RNA-polymerase-
induced duplex unwinding.  

3.3. Potassium 
Permanganate 
Footprinting

  Fig. 4 .   Tau plots comparing the effects of different substitutions in CRP on transcription 
activation at a CRP-dependent promoter. The lag time (  t  ) before linear production of 
ApUpU is plotted against the reciprocal of RNA polymerase concentration. Plot ( a ) com-
pares CRP carrying the HL159 substitution (which inactivates Activating Region 1 and 
decreases  K  B ) with wild-type CRP. Plot ( b ) compares CRP carrying the KE101 substitu-
tion (which inactivates Activating Region 2 and decreases  k  f ) with wild-type CRP.  K  B  k  f  
and  k  f  can be calculated from the slope and intercept of each plot, respectively. Each 
data point represents the average of three independent assays and the  error bars  show 
one standard deviation either side of the mean (data taken from  (18) )       .



380 Browning et al.

   3.    Reactions are stopped by the addition of 50  m L of permanga-
nate stop solution and then made up to a volume of 220  m L 
with sterile deionized water. Samples are extracted with 200 
 m L of phenol/chloroform/isoamyl alcohol, and the DNA in 
the aqueous phase ( ~ 200  m L) is precipitated by the addition 

  Fig. 5 .   In vitro potassium permanganate footprints using the  pnrf97  fragment, which carries the  E. coli pnrf  
and  pacsP1  promoters. The figure shows the cleavage sites obtained during potassium permanganate foot-
printing when  32 P end-labelled  pnrf97  promoter fragment was incubated with purified Fis, IHF, and FNR pro-
teins in various combinations. All reactions contained  E. coli  RNA polymerase and the location of cleavage 
sites is shown. Note that in the absence of RNA polymerase no cleavage products were detected (not shown). 
The sketch at the bottom of the figure shows the organization of the  pnrf97  fragment, which carries  E. coli nrf  
sequences from position −87 to +10, the location of the  pnrf  and  pacsP1  promoters and the binding sites for 
Fis, IHF, and FNR (figure adapted from  (19) )       .
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of 1  m L 20 mg/mL glycogen and 400  m L of ice-cold 100% 
ethanol.  

   4.    After 15 min at −70°C, the samples are centrifuged at 4°C 
for 15 min at 20,000 ×  g . The DNA pellet is washed with 
600  m L of ice-cold 70% ethanol and centrifuged at 4°C for 10 
min. The supernatant is discarded and the pellet dried under 
vacuum.  

   5.    Resuspend the DNA pellet in 40  m L of 1 M piperidine and 
incubate at 90°C for 30 min. As piperidine is toxic, all steps 
involving piperidine must be carried out in a fume hood. Add 
10  m L of 3 M sodium acetate of pH 5.2, 1  m L 20 mg/mL 
glycogen, and 70  m L sterile deionized water. Precipitate the 
DNA by adding 400  m L of ice-cold 100% ethanol and place 
samples at −70°C for 15 min.  

   6.    Collect the DNA by centrifugation at 4°C for 15 min at 
20,000 ×  g . Wash the pellet once with 600  m L of ice-cold 70% 
ethanol and centrifuge at 4°C for a further 10 min.  

   7.    Dry the pellet under vacuum and resuspend the DNA in 8  m L 
of loading buffer.  

   8.    Heat the samples for 2 min at 90°C and load 4  m L on a 
sequencing gel, together with size markers ( see   Note 19   ). 
Electrophoresis is carried out as in  Subheading 3.1.5  and the 
gel is fixed for 15 min in 10% methanol, 10% acetic acid. Once 
the gel is dried, bands are visualized using a phosphor screen 
and imager. It is possible to identify RNA-polymerase-induced 
unwinding of the −10 region and the effect that activator and 
repressor proteins have on transcription initiation ( see  Notes 
20 and 21  ). An example is shown in  Fig. 5   .      

    1.    Transcript assays are generally performed on templates with 
the transcription start of interest positioned 50–150 bp 
upstream from a transcription terminator or the end of the 
fragment. Often a longer fragment that carries more than one 
promoter will be chosen: longer transcripts can be sized by 
running the sequence gels further. Individual transcripts can 
be identified by using families of fragments that are truncated 
from one end. Transcription assays can be performed using 
both relaxed and supercoiled DNA. Reference promoters can 
be used to aid in the quantification of transcripts (e.g. if  colE1  
plasmid derivatives are used as vectors for the promoter under 
study, the 107 nucleotide transcript from the RNA I promoter 
can be used,  see   Figs 1    and 2  ).  

4. Notes

4.1. Transcript assays
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    2.    A number of alternative buffer systems can be used and the 
final choice is largely a matter of trial and error. An alter-
native system is 40 mM Tris of pH 8.0, 100 mM KCl, 10 
mM MgCl 2 , 1 mM DTT, and 100  m g/mL acetylated bovine 
serum albumin. In some cases the effects of substituting dif-
ferent anions or cations may be significant  (20) . Many recent 
studies have used glutamate-containing buffers to enhance 
DNA binding of different factors.  

    3.    Care should be taken to avoid introducing RNase contami-
nation during protein and DNA purifications, in the prep-
aration of solutions and in the handling of plasticware. If 
necessary, commercially available RNase inhibitors can be 
added to the transcription reactions to counteract low levels 
of nuclease contamination.  

    4.    The inclusion of heparin in assays ensures a single round of 
transcript formation. However, multi-round assays can be 
performed by omitting the heparin. This can be useful when 
working with promoters where the open complex is sensitive 
to heparin.  

    5.    The transcription step of the protocol is very fast and 
complete in minutes. Sometimes a doublet band is seen 
corresponding to a particular transcript. This is often due to 
‘hesitation’ by the polymerase at the end of the transcript. 
The relative intensities of the doublet can depend on tem-
perature or the length of time of the elongation step. In 
some cases, multiple bands are caused by ambiguity in the 
starting base of the transcript. This can be resolved by work-
ing with [ a - 32 P]-labelled initiating nucleotide, for example 
 see   ref.  21  .  

    6.    The kinetics of open complex formation can be monitored 
using transcript assays. After addition of polymerase, take 
aliquots at different times and add to the ‘hot’ NTP + 
heparin mix. Since heparin blocks reinitiation, the amount 
of transcript from that sample will be proportional to the 
amount of open complex formed at that time, for an example 
see ref.  22 . Typically, the half-time for open complex for-
mation ranges from 20 s to 30 min. In principle it is pos-
sible to make these measurements at different polymerase 
concentrations and make the   t   plot analysis, as for abortive 
initiation, but, in practice, this is extremely difficult and the 
abortive initiation assay is preferable.  

    7.    Elongation can be studied by performing open complexes and 
then adding nucleotide precursors one by one. 3 ¢   O -methyl 
 (23)  or deoxy  (24)  derivatives of nucleotides can be used to 
freeze elongation complexes at particular lengths.  
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    8.    Transcript analysis assays provide a simple method for moni-
toring the effects of transcription factors and their cofactors. 
However, it can also be exploited to investigate effects of 
conditions (e.g. temperature, salt, etc.) on open complex 
formation. It is important to note that changes may affect 
elongation rather than transcription initiation. This can be 
checked simply by preforming open complexes and then 
altering the conditions. In our experience, the elongation 
step is usually unaltered by changes in the assay conditions, 
and differences reflect changes at one or other step in the 
formation of the open complex  (25) .  

    9.    Many, but not all, promoters are active in transcript assays 
and there is no way of predicting whether a particular acti-
vator will or will not work in vitro. Many workers find that 
such experiments produce more bands than “ought” to be 
seen. In particular, some run-off transcripts made with puri-
fied fragments as templates exceed the size of the template 
fragment  (3) . This results from RNA polymerase molecules 
failing to stop when reaching the end of the fragment, 
turning around, and continuing to transcribe the opposite 
strand. This effect can be partially circumvented by lowering 
NTP concentrations or decreasing the temperature. Another 
problem may arise because any DNA sequence will contain 
a number of potential transcription starts that are normally 
not used in vivo, since the competition for polymerase in 
vivo favours stronger promoters. In vitro conditions are such 
that there is little discrimination against weak promoters, for 
example  see   ref. 26   . If the appearance of bands from these 
weak promoters “spoils” the results, they can be reduced by 
using higher salt concentrations or lower concentrations of 
polymerase to increase specificity.     

    10.    A great feature of the abortive initiation assay is that it can 
be performed on promoters carried by both circular DNA 
and linear fragments: the dinucleotide primer picks out one 
promoter from others. Obviously, there is more chance of 
interference from other promoters with longer DNAs. Thus, 
if working with circular plasmid, it is prudent to test the reac-
tion using plasmid either with or without the insertion carry-
ing the promoter under study. It may be possible to reduce 
interfering signals from the vector by altering the dinucle-
otide used. Some primers can be used without being com-
pletely specific for the promoter tested. For instance, CpA 
and UTP gives the trinucleotide CpApU at  gal P1, but also 
the longer oligonucleotides CpApUpU and CpApUpUpU 
starting from  gal P2, which can be separated on the chroma-
togram  (27) .  

4.2. Abortive Initiation 
Assays
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   11.    The abortive initiation assay is tedious because of the chro-
matographic analysis of the products, which takes 2–3 h. One 
way to accelerate the procedure is to replace radioactive UTP 
with a fluorescent analogue, UTP- g -ANS (1-naphthylamine-
5-sulphonic acid UTP). The assay can then be measured 
fluorometrically by following the increase in light emission 
caused by the release of the pyrophosphate-ANS moiety each 
time a unit is incorporated  (28) . A considerable advantage 
of this method is that it allows the continuous monitoring 
of product formation. A disadvantage is that the fluorescent 
label may alter the kinetics, although, to date, this has not 
been reported.  

   12.    In some cases, product formation may never become linear 
with respect to time. Assuming that there are no contami-
nating nucleases, this is likely to be a result of the consump-
tion of nucleoside triphosphates, which reduces the reaction 
velocity. This can be overcome by lowering the dinucleotide 
concentration. Ideally any time course needs to be run for at 
least 5 times   t  .  

   13.    Before starting any kinetics, it is advisable to check chosen 
combinations of primer and nucleotide for specificity and 
for product formation: a TON value of <10/min is useless 
for kinetic studies. Some promoters give no abortive cycling 
reaction, whilst others may give homopolymer synthesis 
caused by slippage in the enzyme’s active site  (29) , rendering 
the abortive initiation assay useless.  

   14.    The most powerful use of abortive initiation is to determine 
the microscopic rate constants of individual steps during 
transcription initiation. Measurements of these rates in the 
absence or presence of a transcription factor can provide 
mechanistic information about the enzymology of activation. 
However, the method relies on a number of assumptions 
that are true for most, but not all, promoters  (4) . First, 
active RNA polymerase must be present in significant 
(i.e. >5×) excess over the promoter DNA; second, the 
isomerization from closed to open complex must be essentially 
irreversible over the time course of the experiment; and 
third, in order for the equation in  Subheading 3.2    to hold 
true, the closed complex must be in rapid equilibrium with 
free polymerase and DNA.  

   15.    In different situations, transcription activators can affect  K  B  
 (16) ,  k  f   (15) , or TON  (16) . In a small number of cases, tran-
scription factors have no effect on abortive initiation param-
eters. In such instances the activator cannot be intervening at 
the level of open complex formation, but must be affecting 
later steps of the transcription process, for example  see   ref. 30   . 
Such situations can be analysed by single or multiple rounds 
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of transcript assays. Note that in some complex cases (e.g. 
overlapping promoters), microscopic rate parameters cannot 
be deduced from abortive initiation assays  (31) .     

    16.    Potassium permanganate footprinting can also be carried 
out using supercoiled plasmid template. Reactive thymine 
bases can be detected using primer extension with a  32 P end-
labelled oligonucleotide. Potassium permanganate can also 
be used to detect unwinding at promoters in vivo in whole 
cells, with target promoters on the chromosome or on mul-
ticopy plasmids  (6) .  

   17.    A typical experiment will include reactions with DNA alone, 
DNA plus RNA polymerase and DNA plus RNA polymerase 
and activator protein. For some DNA sequences, a limited 
amount of DNA cleavage occurs in the absence of added 
proteins. This is due to intrinsic distortion and must be taken 
account of when data are analysed.  

   18.    Incubation times with potassium permanganate can be var-
ied from 1 to 4 min depending on the intensity of cleaved 
fragment obtained from pilot experiments.  

   19.    A suitable DNA marker can be obtained by treating the 
end-labelled DNA fragment with formic acid and piperidine 
(Maxam–Gilbert sequencing protocol) to generate an “A + 
G” DNA ladder  (12) .  

   20.    The cleavage of non-base-paired thymines is also depend-
ent on which DNA strand has been end labelled. As RNA 
polymerase interacts intimately with the non-template stand 
during promoter unwinding, this may protect some unpaired 
thymine bases from permanganate modification. DNA frag-
ments that have been end labelled on the template strand are 
not protected in this manner  (6) .  

   21.    This type of footprinting is very sensitive as it results in a 
signal on a clear background. In one application, the cleav-
age pattern of a DNA fragment carrying two promoters was 
examined in the presence of RNA polymerase. The analysis 
showed that, for each individual DNA molecule, an open 
complex could form at one promoter or the other, but not 
at both promoters simultaneously  (32) .         

4.3. Potassium 
Permanganate 
Footprinting
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      Chapter 24

  Ultraviolet Crosslinking of DNA–Protein Complexes 
via 8-Azidoadenine        

     Rainer   Meffert   ,    Klaus   Dose   ,    Gabriele   Rathgeber   , 
and    Hans-Jochen   Schäfer  

          Summary 

 The synthesis of 8-azido-2´-deoxyadenosine-5´-triphosphate is described. The photoreactive dATP analog 
was characterized by thin layer chromatography and UV spectroscopy. Its photoreactivity upon UV irra-
diation was studied. After incorporation of this dATP analog by nick translation into DNA containing 
the  tet  operator sequence the investigation of the interactions between  tet  operator DNA and Tet repres-
sor becomes possible. Photocrosslinking of protein to DNA was demonstrated by the reduced migration 
of the DNA protein crosslinks in SDS polyacrylamide gel electrophoresis.  

    Key words :  8-azido-2´-deoxyadenosine-5´-triphosphate ,  Nick translation ,   tet  Operator ,  Tet repres-
sor ,  Photoaffinity crosslinking ,  DNA protein crosslinks.    

 In biological systems photoreactive derivatives have been widely 
applied to study specific interactions of receptor molecules with 
their ligands by photoaffinity labeling  (1–  3) .  

[ ]+ �Receptor Ligand Receptor·Ligand      

 Receptors are generally proteins like enzymes, immunoglobulins, 
or hormone receptors, for example. The ligands, however, differ 
widely in their molecular structure (e.g., sugars, amino acids, 
nucleotides, or oligomers of these compounds). 

1. Introduction
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 The advantage of photoaffinity labeling compared with affin-
ity labeling, or chemical modification with group-specific reagents 
is that photoactivatable nonreactive precursors can be activated at 
will by irradiation ( Fig. 1   ). These reagents do not bind covalently 
to the protein unless activated. On irradiation of the precursors, 
highly reactive intermediates are formed that react indiscrimi-
nately with all surrounding groups. Therefore, after activation a 
photoaffinity label – interacting at the specific binding site – can 
label all the different amino acid residues of the binding area. 
Today aromatic azido compounds are mostly used as photoacti-
vatable ligand analogs. They form highly reactive nitrenes upon 
irradiation because of the electron sextet in the outer electron 
shell of these intermediates ( Fig. 2   ).   

 In addition to the azido derivatives photoreactive precur-
sors forming radicals or carbenes on irradiation can be used as 
photoaffinity labels as well. All these intermediates (nitrenes, 
for example) vehemently try to complete an electron octet 
( Fig.  3  ).  

  Fig. 1 .   Photoaffinity labeling of receptor proteins (e.g., enzymes) by photoactivatable ligand analogs (e.g., substrate ana-
log/product analog). In the dark (upper line) the biological interactions of the protein with the ligand analog can be stud-
ied. On irradiation (lower line) the protein (enzyme) is labeled and inactivated by the substrate analog/product analog       .

  Fig. 2 .   Highly reactive photogenerated intermediates: radical ( A ), carbene ( B ), nitrene 
( C ).       
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 To produce covalent crosslinks between proteins and 
DNA, various methods have been applied  (4–  11) : UV irra-
diation,  g -irradiation, chemical methods, and even vacuum 
or extreme dryness. Besides these methods, photoaffin-
ity labeling and photoaffinity crosslinking are helpful tools 
for the study of specific interactions between proteins and 
deoxyribonucleic acids. To date several successful attempts 
have been made to photocrosslink proteins to nucleic 
acids using different photoactivatable deoxynucleotides. 
5-Bromo-, 5-iodo-, 5-azido-, and 5-[N-(p-azidobenzoyl)-3-
aminoallyl]-2 ¢ -deoxyuridine-5 ¢ -mon10-phosphate  (12–  19) , 
4-thio-2 ¢ -deoxythymidine-5 ¢ -monophosphate (20) , exo-N-{2-
[N-(4-azido-2,5-difluoro-3-chloropyridine-6-yl)-3-aminopro-
pionyl]aminoethyl}-2¢ -deoxycytidine-5¢   -monophosphate 
 (21,   22) , 5-{N-[N-(4-azido-2,5-difluoro-3-chloropyridine-
6-yl)-3-aminopropionyl]trans-3-aminopropenyl-1}-2´ deox-
yuridine-5¢ -monophosphate  (21) , and the dATP analogs 
N 6 -[4-azidobenzoyl-(2-aminoethyl)]-2 -deoxyadenosine-5 -
monophosphate  (23) , N 6 -{4-[3-(trifluoromethyl)-diazirin-
3-y l]benzoyl -[2-aminoethy l]}-2 -deoxyadenos ine-5 ¢
-monophosphate  (23)  and 8-azido-2 ¢ -deoxyadenosine-5 ¢ -

monophosphate  (24,   25)  have been incorporated into deoxyri-
bonucleic acids to bind DNA covalently to adjacent proteins 
(for review  see   ref.   26) . 

 Here we describe the synthesis of 8-azido-dATP (8-N 3 dATP), 
its incorporation into DNA by nick translation, and the procedure 
to photocrosslink azido-modified DNA to proteins  (24,   25) . 

  Fig. 3.    Reactions of nitrenes. Cycloaddition to multiple bonds forming three-membered cyclic imines (1), addition to 
nucleophiles (2), direct insertion into C–H bonds yielding secondary amines (3), hydrogen atom abstraction followed by 
coupling of the formed radicals to a secondary amine (4a, 4b)       .
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     1.    dATP (disodium salt, Boehringer Mannheim, Mannheim, 
Germany).  

    2.    Potassium acetate buffer: 1 M, pH 3.9.  
    3.    Bromine.  
    4.    Sodium disulfite (Na 2 S 2 O 5 ).  
    5.    Ethanol.  
    6.    DEAE-Sephadex A-25.  
    7.    Triethylammonium bicarbonate buffer: 0.7 M, pH 7.3.  
    8.    Dimethylformamide.  
    9.    Hydrazoic acid: 1 M in benzene.  
   10.    Triethylamine.     

 Silica gel TLC plates F254 (Merck, Darmstadt, Germany), Cellulose 
F TLC plates (Merck), isobutyric acid/water/ammonia (66:33:1 
v/v), n-butanol/water/acetic acid (5:3:2 v/v). 

     1.    DNA (e.g., pBR 322 or pWH 106).  
    2.    Deoxyribonucleotides (dATP, dGTP, dCTP, dTTP,  a -[ 32 P]-

dCTP).  
    3.    DNase I ( E. coli,  2,000 U/mg) in 0.15 M NaCl, 50% glycerol.  
    4.    Tris(hydroxymethyl)aminomethane–HCl buffer, Tris–HCl: 

50 mM, pH 7.2.  
    5.    Magnesium sulfate (MgSO 4 ).  
    6.    Bovine serum albumin.  
    7.    DNA polymerase I ( E. coli ), (Roche Applied Science or similar).  
    8.    Ethylenediaminetetraacetic acid disodium salt (EDTA).  
    9.    Sephadex A-25.     

 UV lamp (e.g., Mineralight handlamp UVSL 25 (UV Products) 
at position “long wave”) emitting UV light at wavelengths of 
300 nm and longer. 

 The synthesis of 8-N 3 dATP ( Fig. 4   ) is performed principally 
by analogy to the synthesis of 8-N 3 ATP  (27)  ( see   Note 1   ). In 
the first step bromine exchanges the hydrogen at position 8 

2. Materials

2.1. Synthesis of 
8-N3dATP

2.2. Characterization 
of 8-N3dATP

2.3. Preparation of 
Azido-Modified DNA

2.4. Photocrosslinking

3. Methods

3.1. Synthesis of 
8-N3dATP
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of the adenine ring. Then the bromine is substituted by the 
azido group.
   1.    Dissolve 0.2 mmol (117.8 mg) of dATP in 1.6 mL of potas-

sium acetate buffer (1 M, pH 3.9) and add 0.29 mmol (15 
 m L) of bromine. Keep the reaction mixture in the dark at 
room temperature for 6 h (the absorption maximum shifts 
from 256 to 262 nm;  see   Note 2   ).  

   2.    Reduce excessive bromine by addition of traces of (ca. 5 mg) 
Na 2 S 2 O 5  until the reaction mixture looks colorless or pale 
yellow. Pour the reaction mixture into 20 mL of cold ethanol 
(10°C) and allow to stand for at least 30 min at 70°C in the 
dark.  

   3.    Collect the precipitated deoxynucleotide by centrifugation 
and redissolve the residue in 0.5 mL of double-distilled water. 
Further purification is achieved by ion exchange chromatog-
raphy over DEAE-Sephadex A-25 column (50 × 2 cm) with 
a linear gradient of 1,000 mL each of water and triethylam-
monium bicarbonate (0.7 M, pH 7.3).  

   4.    Combine the fractions containing 8-bromo-dATP 
(8-BrdATP) (main peak of the elution profile) and dry the 
solution by lyophilization. 8-BrdATP is obtained as the 
triethylammonium salt. The expected yield should be 65% 
(spectroscopically).  

   5.    Dissolve 0.1 mmol (87.3 mg) of dried 8-BrdATP (triethylam-
monium salt) in 3 mL of freshly distilled dimethylformamide 
( see   Notes  3  and 4   ). Add a dried solution of 0.8 mmol (34.4 
mg) of hydrazoic acid (HN 3 ) in 800  m L of benzene and 0.8 
mmol (111.3  m L) of freshly distilled triethylamine. Keep the 
reaction mixture in the dark at 75°C for 7 h (the absorption 
maximum shifts from 262 to 280 nm).  

   6.    Evaporate the solvents under vacuum and redissolve the resi-
due in 1 mL of water. Further purification is achieved by ion 
exchange chromatography over DEAE-Sephadex A-25 as 

  Fig. 4 .   Synthesis of 8-N 3 dATP       .



394 Meffert et al.

described in  Subheading 3.1.3 .  Figure 5    shows the elution 
profile of the chromatography ( see   Notes  4  and 5   ).  

   7.    Combine the fractions containing 8-N 3 dATP and dry the solu-
tion by lyophilization. 8-N 3 dATP is obtained as the triethyl-
ammonium salt. Yield: 30% (spectroscopically). 8-N 3 dATP 
can be stored at –20°C in the dark ( see   Notes  6 –8   ), freeze-
dried, or frozen in aqueous solution, pH 7.0.       

    1.    Thin layer chromatography. TLC is carried out on silica gel 
plates F254 or cellulose F plates. The development is per-
formed in either isobutyric acid/water/ammonia (66:33:1 
v/v) or n-butanol/water/acetic acid (5:3:2 v/v).  

   2.    UV absorbance. Record the UV absorbance spectrum of 
8-N 3 dATP. It shows a maximum at 280 nm. The UV absorb-
ance of 8-N 3 dATP is pH dependent ( see   Note 9   ).  

   3.    Photoreactivity. The photoreactivity of 8-N 3 dATP is tested 
twice by different methods. It can either be demonstrated by 
the spectroscopic observation of the photolysis ( Fig.  6 ;   see  
 Note 10   ) or by the ability of the photolabel to bind irrevers-
ibly to cellulose on thin layer plates on UV irradiation (Min-
eralight handlamp UVSL 25) prior to the development of the 
chromatogram. After development, most of the irradiated 
label is detected at the origin of the chromatogram in contrast 
to the nonirradiated control, which has completely migrated.      

3.2. Characterization 
of 8-N3dATP

  Fig. 5 .   Elution profile (anion exchange chromatography on DEAE-Sephadex A 25; elution buffer: linear gradient of 1,000 
mL each of water and 0.7 M triethylammonium bicarbonate (pH 7.3), of the reaction products of 8-N 3 dATP synthesis: 
front ( a ), 8-N 3 dAMP ( b ), 8-BrdAMP ( c ), 8-N 3 dADP ( d ), 8-BrdADP ( e ), 8-N 3 dATP ( f ), 8-BrdATP ( g ), and probably a higher 
phosphorylated 8-azidoadenosine derivative ( h )       .
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 Azido-modified and [ 32 P]-labeled DNA are prepared by nick trans-
lation. For this purpose the detailed and exact composition of the 
reaction medium depends strongly on the size as well as on the 
amount of the DNA to be modified. The optimal ratio of DNA, 
DNase I, and DNA polymerase I (Kornberg enzyme) has to be 
tested out in preliminary experiments ( see   Notes  11  and 12   ). 

 Here we describe the well-tested reaction conditions for 
the modification of plasmid pBR322 (4,363 bp). The prepara-
tion of azido-modified pWH106 (4,970 bp) can be performed 
analogously.

3.3. Preparation of 
Azido-Modified DNA

  Fig. 6 .   Change of the optical absorption spectrum of 8-N 3 dATP on UV irradiation in 
Tris–HCl buffer (0.01 M, pH 7.0, 20°C). The irradiation time between two subsequent 
absorption spectra was 2 min initially. It was increased up to 10 min toward the end of 
photolysis. The final spectrum was taken after 30 min of irradiation. During the pho-
tolysis the absorbance at 280 nm decreased; two new absorbance maxima at 248 and 
305 nm are formed       .
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   1.    Add 17.3 pmol of pBR322 to a mixture of 50 nmol of dGTP, 
50 nmol of dTTP, 50 nmol of 8-N 3 dATP, and 500 pmol of 
dCTP; prepare on ice.  

   2.    Add 370 kBq of  a -[ 32 P]-dCTP (110 TBq/mmol) and 20 pg 
of DNase I (freshly prepared out of a stock solution of 1 mg 
of DNAse I in 1 mL of 0.15 M NaCl/50% glycerol).  

   3.    Adjust the reaction medium to an end concentration of 50 
mM Tris–HCl of pH 7.2, 10 mM MgSO 4 , and 50 mg/mL of 
bovine serum albumin (standard reaction volume: 100  m L).  

   4.    Start the nick translation reaction by adding 100 U of DNA 
polymerase I from  E. coli  ( see   Subheading 2.3.7 ).  

   5.    Incubate for 1 h at 15°C in the dark.  
   6.    Stop the reaction by adding EDTA (final concentration: 

20 mM).  
   7.    Separate the excess deoxyribonucleotides not incorporated 

during the nick translation from photoreactive [ 32 P]-labeled 
pBR322 by gel filtration over Sephadex A-25 column using a 
1-mL syringe.  

   8.    Precipitate photoreactive pBR322 by adding twice the volume 
of cold ethanol and redissolve the residue in double-distilled 
water. Store the aqueous solution at –20°C in the dark.     

 Nonphotoreactive DNA (control) can be prepared analogously 
replacing the 8-N 3 dATP by 50 nmol of dATP. 

    1.    Prepare 20–30  m L aqueous solutions containing the photore-
active DNA (0.5 pmol) and the protein (1–25 pmol) planned 
to be crosslinked ( see   Notes  13  and 14   ).  

   2.    Incubate the reaction mixture for 10 min at 37°C in the 
dark.  

   3.    Expose the sample to UV irradiation ( see   Notes  15  and 16   ). 
The irradiation times can be chosen in a range from 1 s to 60 
min ( see   Note 17   ).  

   4.    Keep the solutions in the dark before and after photolysis ( see  
 Note  6  ).     

 Analysis of DNA–protein adducts can be done, for example, by 
polyacrylamide gel electrophoresis of the irradiated samples 
followed by autoradiography. SDS polyacrylamide gel electro-
phoresis should be performed immediately after photocrosslinking 
according to Laemmli  (28)  with some variations. After the addi-
tion of 20 mg/mL of bromophenol blue the samples are loaded 
onto an SDS polyacrylamide gel of 5% polyacrylamide (separating 
gel) with an overlay of 3.5% polyacrylamide (stacking gel) contain-
ing 1% of SDS, respectively. After the electrophoretic separation 
the gels are silver stained according to Adams and Sammons  (29) , 

3.4. Photocrosslinking

3.5. Analysis of DNA–
Protein Adducts
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dried, and exposed to X-ray films at –70°C. The autoradiograms 
are then developed. A quantitative determination of the DNA–
protein adducts is possible by densitometric measurement of the 
autoradiogram  (30) .  Figure 7    shows a typical result on photo-
crosslinking of  Eco RI-digested plasmid pWH106 with a specific 
interacting protein (Tet repressor).  

  Fig. 7 .   Photocrosslinking of proteins to DNA (pWH106). Autoradiogram of a denaturing 
5% SDS-polyacrylamide gel electrophoresis showing photocrosslinking of Tet repressor 
to azido-activated 187-bp and 3,848-bp fragments of pWH106 (radioactive labeled by  32 P). 
Each 187-bp fragment contains two  tet  operator sequences, the 3,848-bp fragment 
none. UV irradiation of azido-modified 187-bp fragment in the presence of Tet repressor 
results in a reduced migration of the 187-bp fragment because of covalent crosslink-
ing of the DNA to one or two Tet repressor dimers. In each of  lanes 1–7,  0.06 pmol 
pWH106 (cleaved by  Eco RI) and 20 pmol Tet repressor were applied.  Lane 1 : photoac-
tive fragments of pWH 106 without protein (30 ¢  UV); lane 2: nonphotoactive fragments of 
pWH106 with Tet repressor (30 ¢  UV);  lanes 3–7 : photoactive fragments of pWH106 with 
Tet repressor (0 ¢ , 1 ¢ , 4 ¢ , 10 ¢ , 30 ¢  UV). Fractions: origin of sample loading ( a ); traces of 
3,848-bp fragment covalently crosslinked (unspecifically) to Tet repressor ( b ); 3,848-bp 
fragment (no Tet repressor bound) ( c ); 187-bp fragment covalently crosslinked to two 
Tet repressor dimers ( d ); 187-bp fragment covalently crosslinked to one Tet repressor 
dimer ( e ); 187-bp fragment (no Tet repressor bound) ( f )       .
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 Another possibility to detect the DNA–protein adducts is the 
application of the nitrocellulose filter binding assay according to 
Braun and Merrick  (31) . 

     1.    Experiments to synthesize  a -[ 32 P] or U-[ 14 C]-labeled 
8-N 3 dATP by starting the synthesis with  a -[ 32 P] or U-[ 14 C]
dATP, respectively, failed. This is most probably because of 
the formation of bromine radicals induced by radioactive 
irradiation. These radicals could react unspecifically with 
the deoxyribonucleotide, suppressing the very specific elec-
trophilic substitution of the hydrogen in position 8 of the 
adenine ring by the bromine ion.  

    2.    Do not stop the reaction of dATP with bromine before the 
end of the given 6 h even if the absorption maximum is next 
to 262 nm after 1 or 2 h (otherwise a significant reduction of 
the yield of 8-BrdATP may occur;  see   Subheading 3.1.1 ).  

    3.    8-BrdATP is obtained as triethylammonium salt, which is 
soluble in dimethylformamide in contrast to the alkali salts of 
this nucleotide. This is advantageous for the following sub-
stitution of bromine by the azido group yielding 8-N 3 dATP 
( see   Subheading 3.1.5 ).  

    4.    The exchange reaction of bromine by the azido group requires 
absolute dryness. However, the formation of 8-N 3 dAMP 
and 8-N 3 dADP is usually observed, due to a limited hydro-
lytic cleavage of 8-N 3 dATP ( see   Fig. 5   ;  see also   Subheadings 
3.1.5  and  3.1.6 ).  

    5.    Besides the three azidoadenine deoxyribonucleotides, minor 
amounts of unreacted 8-bromoadenine deoxyribonucleotides 
are eluted as well ( see   Fig. 5   ;  see also   Subheading 3.1.6 ).  

    6.    Because of the photoreactivity of azido compounds, samples 
containing 8-N 3 dATP should always be kept in the dark if 
possible. However, short exposure of azido compounds to 
normal day light in our laboratory never falsified the results 
obtained ( see   Subheading 3.1.7 ).  

    7.    8-N 3 dATP can be stored frozen at –20°C in aqueous solu-
tion, pH 7.0, in the dark for at least 2 years without signifi-
cant loss of photoreactivity as demonstrated by subsequent 
photocrosslinking experiments ( see   Subheading 3.1.7 ).  

    8.    Exclude dithiothreitol from any buffers or other solutions 
that contain 8-N 3 dATP ( see   Subheading 3.1.7 ). It is well 
known that dithiothreitol reduces azido groups to the 

4. Notes
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corresponding amines  (32) . In addition, the UV absorb-
ance of dithiothreitol resembles that of 8-N 3 dATP because 
of the formation of disulfide bonds by oxidation on storage 
in aqueous solution. This results in a less efficient photo-
crosslinking rate by the UV irradiation.  

    9.    The UV absorption of 8-N 3 dATP shows a maximum at 280 
nm. The absorbance at 280 nm increases with decreasing pH 
value ( see   Subheading 3.2.2 ). A second absorption maxi-
mum at 219 nm shifts to 204 nm in acidic solution. Both 
effects are a result of the protonation at N 1  of the purine ring 
 (33) . The UV absorption spectrum of 8-N 3 dATP resembles 
that of 8-N 3 ATP  (27) .  

   10.    Take into account that the photolysis of 8-N 3 dATP (to 
test its photoreactivity) is pH dependent ( see   Subheading 
3.2.3 ). Exhaustive irradiation in neutral solution yields new 
absorption maxima at 248 and 305 nm, whereas in acidic or 
basic solution the destruction of the purine ring is observed 
as indicated by the disappearance of the absorbance between 
240 and 310 nm (data not shown).  

   11.    8-N 3 dATP should prefer the  syn  conformation ( Fig. 8   ) by 
analogy with 8-azidoadenine nucleotides because of the 
bulky substituent in position 8 of the purine ring  (34) . 
This seems to be contradicted by our results indicating that 
DNA polymerase I  (E. coli)  accepts 8-N 3 dATP for a success-
ful nick translation. It has been suggested that the enzyme 
only interacts with 2-deoxynucleoside triphosphates in the 
 anti  conformation  (35) . This discrepancy may be explained 
in two ways: First, the steric requirements for the binding 
of 8-N 3 dATP by DNA polymerase I are less restrictive than 
assumed  (36) , or second, 8-N 3 dATP interacts in the  anti  
conformation with the binding site of the enzyme. This 
could be demonstrated for the interaction of 8-N 3 ATP with 
the F 1 ATPase from mitochondria  (37) .   

  Fig. 8 .   Conformation of adenine nucleotides  (23)        .



400 Meffert et al.

   12.    The preparation of azido-modified and [ 32 P]-labeled DNA by 
nick translation is critically dependent on the ratio of DNA, 
DNase I, and DNA polymerase I in the reaction medium ( see  
 Subheading 3.3   ). Higher concentrations of DNase I on the 
one hand result in a very efficient incorporation rate of the 
azido-modified and radioactive labeled deoxynucleotides, 
but on the other hand, the degradation of the DNA probes 
by DNase I has to be evaluated. Application of too small 
amounts of DNase I results in inefficient incorporation of 
the photoactivatable deoxynucleotides and in an insufficient 
photocrosslinking to the interacting proteins during subse-
quent irradiation of the azido-modified DNA.  

   13.    Tris–HCl buffer, 50 mM, pH 7.2, can be used instead of 
double-distilled water without any significant effect on the 
photocrosslinking efficiency ( see   Subheading 3.4.1 ).  

   14.    The amount of protein planned to be photocrosslinked to 
photoreactive DNA can be varied over a wide range ( see   
Subheading 3.4.1 ). Too high an excess of proteins, how-
ever, should be avoided because the absorbance maximum 
of proteins at 280 nm will lead to inefficient crosslinking 
rates.  

   15.    One way to expose the samples to UV light is to deposit the 
probes (typically 30–50  m L) in plastic wells (normally used 
for RIA or ELISA tests). The UV lamp is positioned directly 
above the samples; thus, more than one probe can be irradi-
ated simultaneously ( see   Subheading 3.4.3 ).  

   16.    The emitted light of the UV lamp used for photocrosslink-
ing should not contain light of shorter wavelengths than 300 
nm because of the possibility of photodamaging DNA or 
protein. For example the Mineralight handlamp UVSL 25 
(long wave) emits UV light of mainly 366 nm. The small 
portion of UV light of wavelengths between 300 and 320 
nm emitted allows the photoactivation of the azido group 
without any significant photodamage of DNA or protein ( see   
Subheading 3.4.3 ).  

   17.    UV irradiation times for photocrosslinking can be chosen 
over a wide range ( see   Subheading 3.4.3 ). Optimal UV 
fluence rates (flux per unit area) have to be tested out. In 
our experiments (using the Mineralight handlamp UVSL 25 
fixed in a position resulting in a fluence rate of 4 J/m 2 /s at 
the position of the sample) first slight amounts of DNA–
protein adducts are detected after irradiation times of 10–30 
s; irradiation periods longer than 15–20 min do not improve 
the yield of photocrosslink products.         
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   Chapter 25   

  Static and Kinetic Site-Specific Protein–DNA 
Photocrosslinking: Analysis of Bacterial 
Transcription Initiation Complexes        

     Nikolai   Naryshkin   ,    Sergei   Druzhinin   ,    Andrei   Revyakin   , 
   Younggyu   Kim   ,    Vladimir   Mekler   , and    Richard H.   Ebright   

    Summary 

 Static site-specific protein–DNA photocrosslinking permits identification of protein–DNA interactions 
within multiprotein–DNA complexes. Kinetic site-specific protein–DNA photocrosslinking – involving 
rapid-quench-flow mixing and pulsed-laser irradiation – permits elucidation of pathways and kinetics 
of formation of protein–DNA interactions within multiprotein–DNA complexes. We present detailed 
protocols for application of static and kinetic site-specific protein–DNA photocrosslinking to bacterial 
transcription initiation complexes.  

  Key  words:    Structure ,  Kinetics ,  Protein–DNA interaction ,  Transcription initiation ,  RNA polymer-
ase ,  Promoter ,  Open complex ,  Phosphate ,  Phosphorothioate ,  Phenyl-azide photoactivatible crosslink-
ing agent ,  Quench-flow rapid mixing ,  Pulsed-laser UV irradiations.    

 

  In published work, we have developed a procedure for site-specific 
protein–DNA photocrosslinking to define positions of proteins 
relative to DNA in protein–DNA and multiprotein–DNA complexes 
 (1–  6) . The procedure has four parts ( Fig.  1  ):
   (1)    Chemical  (7–  9)  and enzymatic  (10)  reactions are used 

to prepare a DNA fragment containing a photoactivatible 
crosslinking agent and an adjacent radiolabel incorporated at 
a single, defined DNA phosphate (with a 9.7-Å linker between 
the photoreactive atom of the crosslinking agent and the 

 1. Introduction  

 1.1. Static Site-Specific 
Protein–DNA 
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phosphorus atom of the phosphate, and with an ~11 Å 
maximum “reach” between potential crosslinking targets 
and the phosphorus atom of the phosphate).  

   (2)    The multiprotein–DNA complex of interest is formed using 
the site-specifically derivatized DNA fragment, and the mul-
tiprotein–DNA complex is UV irradiated, initiating covalent 
crosslinking with proteins in direct physical proximity to the 
photoactivatible crosslinking agent.  

   (3)    Extensive nuclease digestion is performed, eliminating 
uncrosslinked DNA and converting crosslinked DNA to a 
crosslinked, radiolabeled 3–5 nucleotide “tag.”  

   (4)    The “tagged” proteins are identified.      
 The procedure is performed in systematic fashion, with prepa-
ration and analysis of at least ten derivatized DNA fragments, 
each having the photoactivatible crosslinking agent incorporated 
at a single, defined DNA phosphate (typically each second DNA 
phosphate – each 12 Å – on each DNA strand spanning the region 
of interest  (1–  6,   11–  15) ). 

  Fig. 1.    Site-specific protein–DNA photocrosslinking  (1–  6) . ( a ,  b ) Chemical and enzymatic reactions are used to prepare 
a full-length-promoter DNA fragment with a phenyl-azide photoactivatible crosslinking agent (R) and an adjacent 
radioactive phosphorus (*) incorporated at a single, defined site. Based on the chemistry of incorporation, the maximum 
distance between the site of incorporation and the photoreactive atom is 9.7 Å; the maximum distance between 
the site of incorporation and a crosslinked atom is ~11 Å. ( c ) UV irradiation of the derivatized protein–DNA complex 
initiates crosslinking. Nuclease digestion eliminates uncrosslinked DNA and converts crosslinked, radiolabeled DNA to a 
crosslinked, radiolabeled 3–5 nucleotide “tag”.       
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 The results of the procedure define the translational positions 
of proteins relative to the DNA sequence. Plotted on a three-
dimensional representation of a DNA helix, the results also define 
the rotational orientations of proteins relative to the DNA helix 
axis, and the groove orientations of proteins relative to the DNA 
major and minor grooves  (1–  5,   11–  13) . 

 The procedure has been validated in experiments with three 
multiprotein–DNA complexes for which crystallographic structures 
are available: i.e., the TBP-DNA complex, the TBP-TFIIA-DNA 
complex, and the TBP-TFIIB-DNA complex  (1,   16–  20) . In 
each case, there was a one-for-one correspondence between sites 
at which strong crosslinking was observed and sites that in the 
crystallographic structure were within 11 Å of crosslinked proteins 
 (1,   16–  20) . The procedure also has been applied to multiprotein–
DNA complexes for which crystallographic structures are not 
available  (1–  6,   11–  15) , including bacterial transcription complexes 
containing 6–8 distinct polypeptides and having molecular masses 
of 450–400 kDa  (5) , archaeal transcription complexes containing 
14 distinct polypeptides and having molecular masses of 400 
kDa  (12–  14) , and eukaryotic transcription complexes containing 
16–27 distinct polypeptides and having molecular masses of 800–
1,700 kDa  (2,   4,   15) . 

 The procedure is related to a procedure developed by Gei-
duschek and coworkers  (21–  24) ,  see also   (25–  30) , but offers 
important advantages. First, since the photoactivatible crosslink-
ing agent is incorporated into DNA chemically, it can be incor-
porated at a single, defined site. (In the procedure of Geiduschek 
and coworkers, this is true only at certain DNA sequences.) 
Second, since the photoactivatible crosslinking agent is incorpo-
rated on the DNA phosphate backbone, it can be incorporated at 
any nucleotide: A, T, G, or C. Third, since the photoactivatible 
crosslinking agent is incorporated on the DNA phosphate back-
bone, it probes interactions both in the DNA minor groove and 
in the DNA minor groove.  

  The procedure for site-specific protein–DNA photocrosslinking 
summarized in  Subheading 1.1    can be combined with quench-
flow rapid mixing and pulsed-laser flash UV irradiation in order 
to permit analysis of kinetics of formation or breakage of protein–
DNA interactions within protein–DNA and multiprotein–DNA 
complexes (“kinetic site-specific protein–DNA photocrosslinking”; 
S.D. and R.H.E, in preparation). Kinetic site-specific protein–
DNA photocrosslinking involves four main steps ( Figs. 1    and  2   ):
    (1)    A DNA fragment containing a phenyl-azide photoactivatible 

crosslinking agent and an adjacent radiolabel incorporated at 
a single, defined DNA phosphate (prepared as summarized 
in  Subheading 1.1   ) is mixed with the protein(s) of interest 
at time = 0 using a quench-flow rapid mixer.  

 1.2. Kinetic Site-
Specific Protein–DNA 
Photocrosslinking 
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    (2)    The sample is UV-irradiated at time = x using a single pulse 
from a pulsed laser, initiating covalent crosslinking with 
protein(s) in direct physical proximity to the phenyl-azide 
photoactivatible crosslinking agent.  

    (3)    The sample is mixed with a quench solution at time = x + ~1 
ms, terminating covalent crosslinking (by inactivating pho-
togenerated reactive species and by dissociating complexes).  

    (4)    Crosslinked protein(s) are identified (performed as sum-
marized in  Subheading 1.1   ), and yield(s) of crosslinked 
protein(s) are quantified.      

 The procedure provides a “snapshot” or “motion-picture frame” 
of protein–DNA interactions at one position in DNA at one point 
in time. By performing a series of experiments with UV irradiation 
at times x 1 , x 2 , …x n , one obtains a series of “motion-picture 
frames” and thus obtains a “cinematographic” record of protein–
DNA interactions at one position in DNA. By performing 
such experiments systematically, using a set of DNA fragments 
derivatized at different single positions in DNA, one is able to 

  Fig. 2.    Apparatus for kinetic site-specific protein–DNA photocrosslinking (S.D. and R.H.E., in preparation). The apparatus 
consists of a nanosecond pulsed Nd-YAG laser with integral third harmonic generator; a quench-flow rapid mixer; 
electronics for coordination of the laser and rapid mixer; and a Raman cell, Pellin-Broca prism, 355-nm laser optics (first 
mirror), and 309-nm laser optics (all other optics). To minimize variations in energy output, the laser flash lamp is allowed 
to operate continuously, and firing of the rapid mixer and firing of the laser Q-switch are coordinated with the timing of 
the laser flash lamp. Upon selection of a synch pulse from the laser flash lamp, the rapid mixer is fired at time = nT−x 
(where  n  is an integer,  T  is the flash lamp period, and  x  is the desired reaction time) resulting in mixing, the Q-switch is 
fired at time =  nT  resulting in UV irradiation, and the rapid mixer is fired again at time =  nT  +  y  (where  y  is the desired 
post-UV irradiation, prequenching reaction time; <1 ms in this work) resulting in quenching       .
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define the full pathway and kinetics for formation or breakage of 
protein–DNA interactions within a protein–DNA or multiprotein–
DNA complex.  

   Escherichia coli  RNA polymerase holoenzyme (RNAP) consists 
of two copies of an  a  subunit (37 kDa), one copy of a  b  subunit 
(150 kDa), one copy of a  b  ¢  subunit (160 kDa), one copy of an 
 w  subunit (10 kDa), and one copy of a  s  subunit (70 kDa for the 
principal  s  subunit species,  s  70 )  (31,   32) . RNAP is a molecular 
machine that carries out a complex series of reactions in tran-
scription initiation  (31,   32) . Formation of a catalytically compe-
tent transcription initiation complex involves at least three steps: 
(a) RNAP binds to promoter DNA to yield an RNAP-promoter 
closed complex; (b) RNAP clamps tightly onto promoter DNA, 
to yield an RNAP-promoter intermediate complex; and (c) RNAP 
unwinds ~14 bp of promoter DNA surrounding the transcription 
start, rendering accessible the genetic information in the template 
strand of DNA, to yield an RNAP-promoter open complex. 

 In published work, we have used static site-specific protein–
DNA photocrosslinking to define the structural organization of 
the RNAP-promoter open complex  (5,   32) . We constructed a set 
of 120 derivatized DNA fragments, each containing a photoacti-
vatible crosslinking agent incorporated at a single, defined posi-
tion of the  lacPUV5  promoter (positions −95 to +25 relative to 
the transcription start site). For each derivatized DNA fragment, 
we formed the RNAP-promoter open complex, isolated the com-
plex using nondenaturing polyacrylamide gel electrophoresis, 
UV irradiated the complex  in situ  – in the gel matrix – and iden-
tified crosslinked polypeptides. We performed experiments both 
with wild-type RNAP and with RNAP derivatives having discon-
tinuous  b  and  b  ¢  subunits (“split- b  RNAP” and “split- b  ¢  RNAP”; 
reconstituted  in vitro  from recombinant  a , recombinant  s  70 , and 
sets of recombinant fragments of  b  and  b  ¢ ;  see   (33,   34) ). Use of 
split- b  and split- b  ¢  RNAP permitted unambiguous assignment of 
crosslinks to  b  and  b  ¢  (which were not well resolved in SDS-poly-
acrylamide gel electrophoresis) and permitted rapid, immediate 
mapping of crosslinks to segments of  b  and  b  ¢  (e.g., N-terminal 
segment, central segment, or C-terminal segment) ( Fig. 3   ).  

 In current work, we are using kinetic site-specific protein–
DNA photocrosslinking to define the pathway and kinetics of 
formation of the RNAP-promoter open complex. We are ana-
lyzing a set of more than 30 derivatized DNA fragments, each 
containing a photoactivatible crosslinking agent incorporated at a 
single, defined position of the  lacPUV5  promoter (with the sites 
being chosen to report key RNAP-promoter interactions span-
ning the RNAP-promoter interface). 

 In this chapter, we present protocols for use of static site-
specific protein–DNA photocrosslinking to define the structural 

 1.3. Bacterial 
Transcription Initiation 
Complexes 
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organization of the RNAP-promoter complex and for use of 
kinetic site-specific protein–DNA photocrosslinking to define the 
pathway and kinetics of formation of the RNAP-promoter open 
complex. In addition, we present support protocols for prepara-
tion of wild-type RNAP, split- b  RNAP, and split- b  ¢  RNAP.   

  Fig. 3.    Use of split-subunit RNAP derivatives permits unambiguous assignment of crosslinks to RNAP subunits and 
permits rapid mapping of crosslinks to segments of RNAP subunits (5),  see   (33,   34) . ( a ) Subunit compositions of 
RNAP, two split- b  RNAP derivatives, and two split- b  ¢  RNAP derivatives (idealized Coomassie-stained SDS-PAGE gels). 
( b ) Results of site-specific protein–DNA photocrosslinking experiments using the RNAP derivatives of panel A and a DNA 
fragment derivatized at a site close to or in contact with residues 1–235 of  b , residues 820–1,407 of  b  ¢ , and  s  70  in the 
RNAP-promoter complex (idealized autoradiographs of SDS-PAGE gels).       
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      1.    Azidophenacyl bromide (Sigma)  
    2.    Tetraethylthiuram disulfide/acetonitrile (Applied Biosystems)  
    3.    dA-CPG, dC-CPG, dG-CPG, T-CPG (1  m mol, 500 Å) 

(Applied Biosystems)  
    4.    dA, dC, dG, T β-cyanoethylphosphoramidites (Applied Bio-

systems)  
    5.    Reagent kit for oligodeoxyribonucleotide synthesis (0.02 M 

iodine) (Applied Biosystems)  
    6.    Denaturing loading buffer (0.3% bromophenol blue, 0.3% 

xylene cyanol, 12 mM EDTA, in formamide)  
    7.    0.5× TBE (45 mM Tris-borate of pH 8.3, 1 mM EDTA)  
    8.    TE (10 mM Tris–HCl of pH 7.6, 1 mM EDTA)  
    9.    50 mM triethylammonium acetate, pH 7.0 (Prime Synthesis)  
   10.    1 M potassium phosphate, pH 7.0  
   11.    3 M sodium acetate, pH 5.2  
   12.    100% ethanol (store at −20°C)  
   13.    70% ethanol (store at −20°C)  
   14.    Dichloromethane (anhydrous) (Applied Biosystems)  
   15.    Acetonitrile (anhydrous) (Applied Biosystems)  
   16.    Acetonitrile (HPLC grade) (Fisher)  
   17.    Formamide (Sigma)  
   18.    12% polyacrylamide (29:1 acrylamide:bisacrylamide), 8 M 

urea, 0.5× TBE slab gel (10 × 7 × 0.075 cm)  
   19.    Oligonucleotide purification cartridge (OPC) (Applied Bio-

systems)  
   20.    LiChrospher 100 RP-18 reversed-phase HPLC column (5  m m) 

(Merck)  
   21.    Autoradiography-intensifying screen (Sigma)  
   22.    254-nm germicidal lamp  
   23.    ABI392 DNA/RNA synthesizer (Applied Biosystems)  
   24.    Varian 5000 HPLC (Varian)  
   25.    L-3000 diode-array HPLC UV detector (Hitachi)  
   26.    Speedvac evaporator (Thermo Scientific)      

      1.    Derivatized oligodeoxyribonucleotide ( Subheading  3.1  )  
    2.    M13mp2 (ICAP-UV5)  or M13mp2 (ICAP-UV5) -rev ssDNA 

( see   Notes   1   and   2 )  

 2. Materials  

 2.1. Preparation of 
Derivatized DNA 
Fragment: Chemical 
Reactions 

 2.2. Preparation of 
Derivatized DNA 
Fragment: Enzymatic 
Reactions 
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    3.    T4 polynucleotide kinase (10 U/ m l) (New England Biolabs, 
cat #M0201S)  

    4.    T4 DNA polymerase (3 U/ m l) (New England Biolabs, cat 
#M0203S)  

    5.    T4 DNA ligase (5 U/ m l) (Roche Applied Science, cat 
#799009)  

    6.    HaeIII (40 U/ m l)(Roche Applied Science, cat #1336029)  
    7.    PvuII (40 U/ m l)(Roche Applied Science, cat #899216)  
    8.    [ g  32 P]-ATP (10 mCi/mL, 6,000 Ci/mmol) (Perkin Elmer)  
    9.    100 mM ATP (GE Life Sciences)  
   10.    100 mM dNTPs (GE Life Sciences)  
   11.    Downstream primer (5 ¢ -CGGTGCGGGCCTCTTCGCTAT-

TAC-3 ¢ )  
   12.    10× phosphorylation buffer (500 mM Tris–HCl of pH 7.6, 

100 mM MgCl 2 , 15 mM  b -mercaptoethanol)  
   13.    10× annealing buffer (400 mM Tris–HCl of pH 7.9, 500 

mM NaCl, 100 mM MgCl 2 )  
   14.    10× digestion buffer (100 mM Tris–HCl of pH 7.9, 500 

mM NaCl, 100 mM MgCl 2 ) ( see   Note   3 )  
   15.    Elution buffer (0.5 M ammonium acetate, 10 mM magne-

sium acetate of pH 7.5, 1 mM EDTA)  
   16.    Denaturing loading buffer (0.3% bromophenol blue, 0.3% 

xylene cyanol, 12 mM EDTA, in formamide)  
   17.    Nondenaturing loading buffer (0.3% bromophenol blue, 

0.3% xylene cyanol, 30% glycerol, in water)  
   18.    0.5× TBE (45 mM Tris-borate of pH 8.3, 1 mM EDTA)  
   19.    TE (10 mM Tris–HCl of pH 8.0, 1 mM EDTA)  
   20.    Low-EDTA TE (10 mM Tris–HCl of pH 8.0, 0.1 mM 

EDTA)  
   21.    0.5 M EDTA, pH 8.0  
   22.    10% SDS  
   23.    100% ethanol (store at −20 °C)  
   24.    70% ethanol (store at −20°C)  
   25.    12% polyacrylamide (29:1 acrylamide:bisacrylamide), 8 M 

urea, 0.5× TBE slab gel (10 × 7 × 0.075 cm)  
   26.    7.5% polyacrylamide (29:1 acrylamide:bisacrylamide), 0.5× 

TBE slab gel (10 × 7 × 0.15 cm)  
   27.    CHROMA SPIN + TE-10 spin column (Clontech)  
   28.    CHROMA SPIN + TE-100 spin column (Clontech)  
   29.    Spin-X centrifuge filter (0.22  m m, cellulose acetate) (Fisher)  
   30.    PicoGreen dsDNA quantitation kit (Invitrogen, cat #P7589)  
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   31.    Disposable scalpels (VWR)  
   32.    Autoradiography markers (Stratagene)  
   33.    Light box (VWR)  
   34.    Speedvac evaporator (Savant)      

      1.     E. coli  strain XL1-blue (Stratagene, cat #200249)  
    2.     E. coli  strain BL21(DE3) pLysS (Novagen, cat #69388-3)  
    3.    Plasmids encoding RNAP subunits ( see   Table   1 )   

    4.    Plasmids encoding fragments of RNAP subunits ( see  Table  2 )   
    5.    LB broth (10 g/L tryptone, 5 g/L yeast extract, 10 g/L 

NaCl; autoclave- sterilized)  
    6.    TYE agar containing 200  m g/mL ampicillin and 35  m g/mL 

chloramphenicol (10 g/L tryptone, 5 g/L yeast extract, 

 2.3. Preparation of 
RNAP and RNAP 
Derivatives 

  Table 1 
  Plasmids encoding RNAP subunits    

 Plasmid  Relevant characteristics  Source 

 pHTT7f1-NH a   Ap R ; ori-pBR322; ori-f1;  f  10P-rpoA(H6,Nter)  a    (35,   36)  

 pMKSe2  Ap R ; ori-pBR322;  lacP-rpoB    (37)  

 pT7 b  ¢   Ap R ; ori-pBR322;  f  10P-rpoC    (38)  

 pHTT7f1-  Ap R ; ori-pBR322; ori-f1;  f  10P-rpoD    (35,   36)  

 pT7 w   Ap R ; ori-pBR322; ori-f1;  f  10P-rpoZ    (39)  

    a   rpoA(H6,Nter)  is a derivative of  rpoA  having a non-native hexahistidine 
coding sequence immediately after the  rpoA  start codon  

  Table 2 
  Plasmids encoding fragments of RNAP subunits    

 Plasmid  Relevant characteristics  Source 

 p b  1–235   Ap R  Km R ; ori-pBR322;  lacP-rpoB(1–235)    (33)  

 p b  235–1,342   Ap R ; ori-pBR322;  lacP-rpoB(235–1,342)    (33)  

 p b  1–989   Ap R ; ori-pBR322;  lacP-rpoB(1–989)    (33)  

 p b  950–1,342   Ap R ; ori-pBR322;  f  10P-rpoB(950–1,342)    (33)  

 p b  ¢  1–577   Ap R ; ori-pBR322; ori-f1;  lacP-  f  10P-rpoC(1–577)    (34)  

 p b  ¢  544–1,407   Ap R ; ori-pBR322; ori-f1;  lacP-  f  10P-rpoC(544–1,407)    (34)  

 p b  ¢  1–877   Ap R ; ori-pBR322; ori-f1;  lacP-  f  10P-rpoC(1–877)    (34)  

 p b  ¢  820–1,407   Km R ; ori-pBR322; ori-f1;  f  10P-rpoC(820–1,407)    (34)  
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8 g/L NaCl, 15 g/L agar; autoclave- sterilized without 
antibiotics; supplemented with antibiotics after cooling 
to 55°C; poured into sterile 100 × 15 mm Petri plates at 
~25 mL/plate)  

    7.    TYE agar containing 200  m g/mL ampicillin and 20  m g/mL 
tetracycline (10 g/L tryptone, 5 g/L yeast extract, 8 g/L 
NaCl, 15 g/L agar; autoclave- sterilized without antibiotics; 
supplemented with antibiotics after cooling to 55°C; poured 
into sterile 100 × 15 mm Petri plates at ~25 mL/plate)  

    8.    TYE agar containing 40  m g/mL kanamycin and 35  m g/mL 
chloramphenicol (10 g/L tryptone, 5 g/L yeast extract, 8 g/L 
NaCl, 15 g/L agar; autoclave- sterilized without antibiotics; 
supplemented with antibiotics after cooling to 55°C; poured 
into sterile 100 × 15 mm Petri plates at ~25 mL/plate)  

    9.    TYE agar containing 40  m g/mL kanamycin and 20  m g/mL 
tetracycline (10 g/L tryptone, 5 g/L yeast extract, 8 g/L 
NaCl, 15 g/L agar; autoclave-sterilized without antibiotics; 
supplemented with antibiotics after cooling to 55°C; poured 
into sterile 100 × 15 mm Petri plates at ~25 mL/plate)  

   10.    100 mg/mL ampicillin (filter- sterilized) (Sigma)  
   11.    35 mg/mL chloramphenicol in ethanol (filter- sterilized) 

(Sigma)  
   12.    40 mg/mL kanamycin (filter- sterilized) (Sigma)  
   13.    20 mg/mL tetracycline in methanol (filter- sterilized) (Sigma)  
   14.    1 M IPTG (filter- sterilized) (Roche Applied Science)  
   15.    Buffer A (20 mM Tris–HCl of pH 7.9, 500 mM NaCl, 5 mM 

imidazole)  
   16.    Buffer B (20 mM Tris–HCl of pH 7.9, 6 M guanidine chloride, 

500 mM NaCl)  
   17.    Buffer C (40 mM Tris–HCl of pH 7.9, 300 mM KCl, 10 

mM EDTA, 1 mM PMSF, 1 mM DTT)  
   18.    Buffer D (50 mM Tris–HCl of pH 7.9, 6 M guanidine chloride, 

10 mM MgCl 2 , 0.01 mM ZnCl 2 , 1 mM EDTA, 10 mM 
DTT, 10% glycerol)  

   19.    Buffer E (50 mM Tris–HCl of pH 7.9, 200 mM KCl, 
10 mM MgCl 2 , 0.01 mM ZnCl 2 , 1 mM EDTA, 5 mM 
 b -mercaptoethanol, 20% glycerol)  

   20.    Buffer F (50 mM Tris–HCl of pH 7.9, 5% glycerol)  
   21.     a  storage buffer (50 mM Tris–HCl of pH 7.9, 200 mM 

KCl, 10 mM MgCl 2 , 1 mM EDTA, 5 mM  b -mercaptoethanol, 
20% glycerol)  

   22.    2× SDS-loading buffer (63 mM Tris–HCl of pH 6.8, 2% 
SDS, 5%  b -mercaptoethanol, 25% glycerol, 0.3% bromophenol 
blue)  
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   23.    SDS-running buffer (25 mM Tris   , 250 mM glycine of pH 
8.3, 0.1% SDS)  

   24.    Destaining solution (10% acetic acid, 50% methanol, 40% 
water)  

   25.    100 mM phenylmethanesulfonyl fluoride (PMSF) in ethanol 
(Sigma)  

   26.    2% lysozyme (Sigma, cat #L-6876) (~50,000 U/mg)  
   27.    10% sodium desoxycholate (Sigma)  
   28.    10%  n -octyl- b - D -glucopyranoside (Sigma)  
   29.    Triton X-100 (Sigma)  
   30.    2 M imidazole (pH adjusted to 8.0 with 10 M HCl) (Sigma)  
   31.    Glycerol (Fisher)  
   32.    Trichloroacetic acid (Aldrich)  
   33.    Coomassie Brilliant Blue G-250 (Bio-Rad)  
   34.    Acetone (Aldrich)  
   35.    10% polyacrylamide (37.5:1 acrylamide:bisacrylamide), 0.1% 

SDS, slab gel (10 × 7 × 0.075 cm)  
   36.    Prestained protein molecular-weight markers (7–210 kDa) 

(Bio-Rad)  
   37.    Protein Assay Kit (Bio-Rad, cat #500-0002)  
   38.    Ni:NTA-agarose (Qiagen)  
   39.    Dialysis membranes (10 kDa molecular-weight cutoff) 

(VWR, cat #25223-821)  
   40.    Dialysis-membrane closures (VWR)  
   41.    Collodion dialysis bags (10 kDa molecular-weight cutoff) 

(Schleicher & Schuell)  
   42.    Nanosep-30 K centrifugal concentrators (VWR)  
   43.    Econo-Pac 20-mL chromatography columns (Bio-Rad)  
   44.    Chromatography column frits (1.5 × 0.3 cm) (Bio-Rad)  
   45.    15-mL culture tubes (autoclave sterilized) (VWR)  
   46.    Culture-tube stainless steel closures (autoclave-sterilized) 

(VWR)  
   47.    2.8 L triple-baffled Fernbach flask (autoclave-sterilized) 

(Bellco Glass, Inc., cat #2551-02800)  
   48.    30-mL polypropylene copolymer centrifuge tube with cap 

(VWR, cat #21010-567)  
   49.    250-mL polypropylene copolymer centrifuge bottle with 

cap (VWR, cat #21020-028)  
   50.    1-L polypropylene copolymer centrifuge bottle with cap 

(VWR, cat #21020-061)  
   51.    200-mL steel beaker (VWR)  
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   52.    Branson 450 sonicator (VWR)  
   53.    Sorvall RC-3B centrifuge (Thermo Scientific)  
   54.    Sorvall RC-5B centrifuge (Thermo Scientific)      

      1.    Cystamine dihydrochloride (Sigma)  
    2.    Acryloyl chloride (Aldrich)  
    3.    Acrylamide (Bio-Rad)  
    4.    TEMED (BioRad)  
    5.    10% ammonium persulfate (freshly made)  
    6.    SurfaSil siliconizing agent (Pierce)  
    7.    Derivatized promoter DNA fragment ( Subheading  3.2  )  
    8.    RNAP or RNAP derivative ( Subheading  3.3  )  
    9.    DNase I (126 U/ m l) (Sigma, cat #D7291)  
   10.    Micrococcal nuclease in nuclease dilution solution (50 U/ m l) 

(GE Life Sciences, cat#27-0584)  
   11.    Nuclease dilution solution (5 mM CaCl 2 , 0.1 mM PMSF, 

50% glycerol)  
   12.    2× DTT-free transcription buffer (50 mM HEPES-HCl of 

pH 8.0, 200 mM KCl, 20 mM MgCl 2 , 10% glycerol)  
   13.    Nondenaturing loading buffer (0.3% bromophenol blue, 

0.3% xylene cyanol, 30% glycerol)  
   14.    5× SDS-loading buffer (300 mM Tris–HCl of pH 6.8, 

10% SDS, 20 mM EDTA, 25% β-mercaptoethanol, 0.1% 
bromophenol blue, 50% glycerol)  

   15.    0.5× TBE (45 mM Tris-borate of pH 8.0, 1 mM EDTA)  
   16.    SDS-running buffer (25 mM Tris, 250 mM glycine of pH 

8.3, 0.1% SDS)  
   17.    10% SDS  
   18.    1 M DTT (freshly made)  
   19.    0.1 mM PMSF (Sigma)  
   20.    0.22  m g/mL heparin (Sigma, cat #H-3393) (grade I–A, 

from porcine intestinal mucosa, ~170 USP U/mg)  
   21.    7–15% gradient polyacrylamide (37.5:1 acrylamide:bisacryla-

mide) Tris–HCl slab gel (Bio-Rad, cat #161-0902)  
   22.    Prestained protein molecular-weight markers (7–210 kDa) 

(Bio-Rad)  
   23.    Silicone rubber heating mat (200 W, 120 VAC; 25 × 10 cm) 

(Cole-Parmer, cat #P-03125-40)  
   24.    Variable voltage controller (Cole-Parmer, cat #P-01575-10)  
   25.    Digital thermometer (Cole-Parmer, cat #P-91000-00)  
   26.    Thermocouple probe (needle, 0.7-mm diameter) (Cole-Parmer, 

cat #P-08505-92)  

 2.4. Static 
Photocrosslinking 
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   27.    Large binder clips (width = 5 cm) (Staples)  
   28.    Filter unit (22- m m pore size, 250 mL) (Millipore)  
   29.    50-mL Büchner funnel with glass frit (10- m m pore size) (Fisher)  
   30.    500-mL separating funnel (Fisher)  
   31.    X-ray exposure holder with intensifying screen (Kodak)  
   32.    Light box (VWR)  
   33.    Rayonet RPR-100 photochemical reactor equipped with 16 

RPR-3500 Å tubes (Southern New England Ultraviolet)  
   34.    Speedvac evaporator (Savant)      

      1.    Derivatized promoter DNA fragment ( Subheading 3.2   ).  
    2.    RNAP or RNAP derivative ( Subheading 3.3   ).  
    3.    DNase I (126 U/ m l) (Sigma).  
    4.    Micrococcal nuclease (2,000 U/ m l) (New England Biolabs).  
    5.    Nuclease dilution solution: 5 mM CaCl 2 , 0.1 mM PMSF, 

and 50% glycerol.  
    6.    OmniCleave endonuclease (200 U/ m l) (Epicentre).  
    7.    OmniCleave endonuclease dilution buffer (Epicentre).  
    8.    DTT- and glycerol-free transcription buffer: 25 mM HEPES-

HCl of pH 8.0, 100 mM KCl, 10 mM MgCl 2 , and 0.1% 
Tween-20.  

    9.    DTT- and glycerol-free, BSA-containing transcription 
buffer: 25 mM HEPES-HCl of pH 8.0, 100 mM KCl, 10 
mM MgCl 2 , 0.1% Tween-20, 100  m g/mL BSA (prepared 
immediately before use;  see   Subheading 3.5.1   ).  

   10.    Urea/NaI solution: 5 M urea and 0.5 M NaI  
   11.    Quench solution: 5 M urea, 0.5 M NaI, 0.5 M  b -mercap-

toethanol (prepared immediately before use;  see   Subhead-
ing 3.5.1   ).  

   12.    0.1 M PMSF in ethanol (Sigma).  
   13.    Criterion precast 4–20% gradient Tris–HCl gel (Bio-Rad).  
   14.    Precision-Plus protein dual-color standards (10–250 kDa) 

(Bio-Rad).  
   15.    5× SDS-loading buffer: 300 mM Tris–HCl of pH 8.3, 

10% SDS, 20 mM EDTA, 25%  b -mercaptoethanol, 0.1% 
bromophenol blue, and 50% glycerol.  

   16.    SDS-running buffer: 25 mM Tris, 250 mM glycine of pH 
8.3, and 0.1% SDS.  

   17.    Tween-20 (Bio-Rad).  
   18.    Bovine serum albumin (BSA; Sigma).  
   19.    Urea (Fisher).  
   20.    NaI (Fisher).  

 2.5. Kinetic 
Photocrosslinking 
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   21.     b -mercaptoethanol (14.2 M; Bio-Rad).  
   22.    Methanol (Fisher).  
   23.    Argon (compressed, high-purity; Airgas).  
   24.    50-mL polypropylene centrifuge tubes (Falcon, Fisher).  
   25.    5-mL Luer-Lok disposable syringes (VWR).  
   26.    1-mL tuberculin disposable syringes (VWR).  
   27.    Hamilton 50- m l Luer-Lok syringe (Hamilton).  
   28.    Linagraph direct print paper (Kodak).  
   29.    Microprocessor-controlled, stepping-motor-driven rapid-

quench-flow system equipped with 20- m l sample chamber 
with acrylic OP1 optical windows(RQF-3 with modifica-
tions; KinTek, Austin, TX) ( see   Note      21 ).  

   30.    Nanosecond pulsed Nd-YAG laser equipped with third-har-
monic generator (Powerlite 7,010-DS/TS/QS; 1 Hz; Con-
tinuum, Santa Clara CA) ( see  Note  22 ).  

   31.    Raman cell (RC-1; Light Age, Somerset NJ).  
   32.    Pellin-Broca prism (CVI Laser, Albuquerque NM).  
   33.    355- and 309-nm laser optics (CVI Laser, Albuquerque NM).  
   34.    Laser optics mounts (Thorlabs, Newton NJ).  
   35.    Optical table (4 ¢  × 6 ¢ ; Newport, Irvine CA).  
   36.    Laser calorimeter (AC25UV; Scientech, Boulder CO).  
   37.    Laser energy meter (Astral AD30; Scientech, Boulder CO).  
   38.    Laser safety goggles (OD  ³  6 at 1,064 nm; OD  ³  7 at 190–

532 nm; L332CB; Uvex Safety, Inc., Smithfield RI).  
   39.    Digital delay/pulse generator (DG535; Stanford Research 

Systems, Sunnyvale CA).  
   40.    Circulating water bath (Isotemp 1016D; Fisher).  
   41.    Multimode imager (Typhoon 9,400; GE Life Sciences).       

 

       1.    Perform 24 standard cycles of solid-phase  b -cyanoethyl-
phosphoramidite oligodeoxyribonucleotide synthesis to 
prepare CPG-linked precursor containing residues 3–26 
of desired oligodeoxyribonucleotide. Use the following 
settings: cycle, 1.0  m mol CE; DMT, on; end procedure, 
manual.  

    2.    Replace iodine/water/pyridine/tetrahydrofuran solution
(bottle 15) by tetraethylthiuram disulfide/acetonitrile solution. 

 3. Methods  

 3.1. Preparation of 
Derivatized DNA 
Fragment: Chemical 
Reactions 

 3.1.1. Preparation of 
Phosphorothioate 
Oligodeoxyribonucleotide 
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Perform one modified cycle of solid-phase  b -cyanoethyl-
phosphoramidite oligodeoxyribonucleotide synthesis to add 
residue 2 and phosphorothioate linkage. Use the following 
settings: cycle, 1.0  m mol sulfur; DMT, on; end procedure, 
manual.  

    3.    Replace tetraethylthiuram disulfide/acetonitrile solution 
(bottle 15) by iodine/water/pyridine/tetrahydrofuran solu-
tion. Place collecting vial on the DNA synthesizer. Perform 
one standard cycle of solid-phase  b -cyanoethylphosphora-
midite oligodeoxyribonucleotide synthesis to add residue 1. 
Use the following settings: cycle, 1.0  m M CE; DMT, on; end 
procedure, CE.  

    4.    Remove collecting vial, screw cap tightly, and deblock by 
incubating 8 h at 55°C. Transfer sample to 6-mL polypro-
pylene round-bottom tube, place tube in Speedvac, and spin 
20 min with Speedvac lid ajar and with no vacuum (allowing 
evaporation of ammonia). Close Speedvac lid, apply vacuum, 
and dry.  

    5.    Detritylate and purify ~75 nmol on OPC according to sup-
plier’s protocol.  

    6.    Dry in Speedvac.  
    7.    Resuspend in 100  m l TE. Remove 2  m l aliquot, dilute with 

748  m l TE, and determine concentration from UV absorb-
ance at 260 nm (molar extinction coefficient = 240,000 
AU/M cm).  

    8.    To confirm purity of oligodeoxyribonucleotide, mix aliq-
uot containing 1 nmol oligodeoxyribonucleotide with equal 
volume of formamide. Apply to 12% polyacrylamide (29:1 
acrylamide:bisacrylamide), 8 M urea, 0.5 × TBE slab gel 
(10 × 7 × 0.075 cm). As marker, load in adjacent lane 5  m l 
denaturing loading buffer. Electrophorese 30 min at 25 V/
cm. Disassemble gel, place on intensifying screen, and view 
in dark using 254-nm germicidal lamp. Oligodeoxyribonu-
cleotide should appear as dark shadow against green back-
ground and should migrate more slowly than bromophenol 
blue. If purity is >95%, proceed to next step.  

    9.    Divide remainder of sample into 50-nmol aliquots, transfer 
to 1.5-mL siliconized polypropylene microcentrifuge tubes, 
dry in Speedvac, and store at −20°C (stable for at least 2 
years).      

      1.    Dissolve 10 mg (42  m mol) azidophenacyl bromide in 1 mL 
chloroform. Transfer 100  m l aliquots (4.2  m mol) to 1.5-mL 
siliconized polypropylene microcentrifuge tubes, and dry in 
Speedvac. Wrap tubes with aluminum foil, and store desic-
cated at 4°C (stable indefinitely).  

  3.1.2. Derivatization of 
Oligodeoxyribonucleotide 
[All Steps Carried Out 
Under Subdued Lighting  
( See  Note  4 )] 
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    2.    Resuspend 50 nmol aliquot of phosphorothioate oligode-
oxyribonucleotide ( Subheading  3.1.1  ) in 50μ l water, and 
resuspend 42  m mol aliquot of azidophenacyl bromide in 
220  m l methanol.  

    3.    Mix 50  m l (50 nmol) phosphorothioate oligodeoxyribonu-
cleotide solution, 5  m l 1 M potassium phosphate (pH 7.0), 
and 55  m l (1  m mol) azidophenacyl bromide solution in 1.5 
mL siliconized polypropylene microcentrifuge tube. Incu-
bate 3 h at 37°C in the dark.  

    4.    Precipitate derivatized oligodeoxyribonucleotide by add-
ing 11  m l 3 M sodium acetate (pH 5.2), and 275  m l ice-
cold 100% ethanol. Invert tube several times, and place 
at −80°C for 30 min. Centrifuge 5 min at 13,000 ×  g  at 
4°C. Remove supernatant, wash pellet with ice-cold 70% 
ethanol. Air dry 15 min at RT. Store at −20°C (stable for 
at least 1 year).      

      1.    Resuspend derivatized oligodeoxyribonucleotide in 100  m l 
50 mM triethylammonium acetate (pH 7.0).  

    2.    Analyze 5  m l aliquot by C18 reversed-phase HPLC to con-
firm efficiency of derivatization reaction. Use LiChrospher 
100 RP-18 C18 reversed-phase HPLC column (5  m m), with 
solvent A = 50 mM triethylammonium acetate (pH 7.0), 5% 
acetonitrile; solvent B = 100% acetonitrile; and flow rate = 
1 mL/min. Equilibrate column with ten column volumes 
solvent A before loading sample. After loading sample, wash 
column with six column volumes solvent A, and elute with 
50 min gradient of 0–70% solvent B in solvent A. Deriva-
tized and underivatized oligodeoxyribonucleotides elute at 
~25% solvent B and ~16% solvent B, respectively ( see     Notes  
 5  and  6 ).  

    3.    If derivatization efficiency is  ³ 80%, purify remainder of sam-
ple using procedure of  step 2 , collecting peak fractions ( see  
 Notes   5  and  6 ).  

    4.    Pool peak fractions, divide into 1 mL aliquots, and dry in 
Speedvac. Store desiccated at −20°C in the dark (stable for 
at least 1 year).  

    5.    Resuspend one aliquot in 100  m l TE. Remove 5  m l, dilute 
with 495  m l water, and determine concentration from 
UV absorbance at 260 nm (molar extinction coefficient = 
242,000 AU/M cm).  

    6.    Divide remainder of derivatized-oligodeoxyribonucleotide/
TE solution from  step 5  into twenty 5 pmol aliquots and 
one larger aliquot, dry in Speedvac, and store desiccated at 
−20°C in the dark (stable for at least 1 year).       

  3.1.3. Purification of 
Derivatized Oligodeoxyri-
bonucleotide 
[All Steps Carried Out 
Under Subdued Lighting  
( See  Note  4 )] 
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       1.    Resuspend 5 pmol derivatized oligodeoxyribonucleotide in 
12  m l water. Add 2  m l 10× phosphorylation buffer, 5  m l [ g  32 P]
ATP (50  m Ci), and 1  m l (10 U) T4 polynucleotide kinase. 
Incubate 15 min at 37°C. Terminate reaction by heating 5 
min at 65°C ( see   Note   7 ).  

    2.    Add 15  m l water.  
    3.    Desalt radiophosphorylated derivatized oligodeoxyribonu-

cleotide into TE using CHROMA SPIN + TE-10 spin col-
umn according to supplier’s protocol.  

    4.    Immediately proceed to next step, or, if necessary, store radi-
ophosphorylated derivatized oligodeoxyribonucleotide solu-
tion at −20°C in the dark (stable for up to 24 h).      

      1.    In 1.5-mL siliconized polypropylene microcentrifuge tube, 
mix 34  m l radiophosphorylated derivatized oligodeoxyribo-
nucleotide, 1  m l 10  m M downstream primer, 1μ l 1  m M 
M13mp2 (ICAP-UV5)  ssDNA (for analysis of crosslinks to 
template DNA strand) or M13mp2 (ICAP-UV5) -rev ssDNA 
(for analysis of crosslinks to nontemplate DNA strand), and 
4 l 10× annealing buffer.  

    2.    Heat 5 min at 65°C ( see   Note   7 ). Transfer to 500-mL beaker 
containing 200 mL water at 65°C, and place beaker at room 
temperature to permit slow cooling (65–25°C in ~60 min).  

    3.    Add 1μ l 25 mM dNTPs, 1  m l 100 mM ATP, 1  m l (3 U) T4 
DNA polymerase, and 1  m l (5 U) T4 DNA ligase. Perform 
parallel reaction without ligase as “no-ligase” control.  

    4.    Incubate 15 min at room temperature, followed by 35 min 
at 37°C. Terminate reaction by adding 1 l 10% SDS.  

    5.    Desalt into TE using CHROMA SPIN + TE-100 spin col-
umn according to supplier’s protocol. Immediately proceed 
to next step.      

      1.    In 1.5-mL siliconized polypropylene microcentrifuge tube, 
mix 40  m l product from  Subheading 3.2.2   , 4.5  m l 10× 
digestion buffer, 0.25  m l (10 U) HaeIII, or 0.25  m l (10 U) 
PvuII ( see   Note   8 ). Incubate 1 h at 37°C.  

    2.    Perform parallel reaction using 40  m l “no-ligase” control 
from  Subheading 3.2.2   .  

    3.    Mix 3  m l aliquots of reaction of  step 1  and of “no-ligase” 
control reaction of  step 2 , each with 7  m l denaturing loading 
buffer. Heat 5 min at 65°C, and then apply to 12% polyacry-
lamide (29:1 acrylamide:bisacrylamide), 8 M urea, 0.5× TBE 
slab gel (10 × 7 × 0.075 cm). As marker, load in adjacent 
lane 5  m l denaturing loading buffer. Electrophorese 30 min 
at 25 V/cm. Dry gel, expose to X-ray film 1 h at room tem-

 3.2. Preparation of 
Derivatized DNA 
Fragment: Enzymatic 
Reactions 

  3.2.1. Radiophosphorylation 
of Derivatized Oligodeox-
yribonucleotide 
[All Steps Carried Out 
Under Subdued Lighting  
( See  Note  4 )] 

  3.2.2. Annealing, 
Extension, and Ligation of 
Radiophosphorylated 
Derivatized Oligodeoxyri-
bonucleotide 
[All Steps Carried Out 
Under Subdued Lighting  
( See  Note  4 )] 

  3.2.3. Digestion and 
Purification of 
Derivatized DNA Fragment 
[All Steps Carried Out 
Under Subdued Lighting  
( See  Note  4 )] 
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perature, and process film. Estimate ligation efficiency by 
comparing reaction and “no-ligase” control lanes. If ligation 
efficiency is  ³ 80%, proceed to next step. If not, repeat the 
steps in  Subheadings     3.2.1   and  3.2.2.   

    4.    Mix remainder of reaction of  step 1  (42  m l) with 10  m l 50% 
glycerol. Apply to  nondenaturing  7.5% polyacrylamide (29:1 
acrylamide:bisacrylamide), 0.5× TBE slab gel (10 × 7 × 0.15 
cm). As marker, load in adjacent lane 5  m l  nondenaturing  
loading buffer. Electrophorese at 25 V/cm until bromophe-
nol blue reaches bottom of the gel.  

    5.    Remove one glass plate, and cover gel with plastic wrap. 
Attach two autoradiography markers to gel. Expose to 
X-ray film for 60–90 s at room temperature, and process 
film. Cut out portion of film corresponding to derivatized 
DNA fragment. Using light box, superimpose cut-out film 
on gel, using autoradiography markers as alignment refer-
ence points. Using disposable scalpel, excise portion of gel 
corresponding to derivatized DNA fragment.  

    6.    Place excised gel slice in 1.5-mL siliconized polypropylene 
microcentrifuge tube, and crush with 1-mL pipette tip. Add 
300  m l elution buffer, centrifuge 5 s at 5,000 ×  g , and incu-
bate 12 h at 37°C.  

    7.    Transfer supernatant to Spin-X centrifuge filter, centrifuge 1 
min at 13,000 ×  g  at room temperature in fixed-angle micro-
centrifuge.  

    8.    Transfer filtrate to 1.5-mL siliconized polypropylene micro-
centrifuge tube. Precipitate derivatized DNA fragment by 
addition of 1 mL ice-cold 100% ethanol. Invert tube several 
times, and place at −20°C for 30 min. Centrifuge 5 min at 
13,000 ×  g  at 4°C in fixed-angle microcentrifuge. Remove 
and dispose of supernatant, wash pellet with 500  m l ice-cold 
70% ethanol, and air dry 15 min at room temperature.  

    9.    Resuspend in 30  m l low-EDTA TE. Determine radioactivity 
by Cerenkov counting. Remove 1  m l aliquot, and determine 
DNA concentration using PicoGreen dsDNA quantitation 
kit according to supplier’s protocol. Calculate specific activity 
(expected specific activity ~5,000 Ci/mmol).  

   10.    Store derivatized DNA fragment at 4°C in the dark (stable 
for ~1 week).       

       1.    Transform  E. coli  strain BL21(DE3) pLysS with plasmid 
pHTT7f1-NH a . Plate to TYE agar containing 200  m g/mL 
ampicillin and 35  m g/mL chloramphenicol, and incubate 
12 h at 37°C.  

    2.    Inoculate single colony into 5 mL LB containing 200  m g/
mL ampicillin and 35  m g/mL chloramphenicol in 15-mL 

 3.3. Preparation of 
RNAP and RNAP 
Derivatives 

 3.3.1. Preparation of 
Hexahistidine-Tagged 
Recombinant  a  Subunit 
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culture tube with culture-tube stainless steel closure, and 
shake vigorously for 12 h at 37°C. Transfer to 15-mL poly-
propylene centrifuge tube, and centrifuge 5 min at 3,000 ×  g  
at room temperature. Discard supernatant, wash cell pellet 
twice with 5 mL LB, and resuspend cell pellet in 5 mL LB in 
15-mL polypropylene centrifuge tube.  

    3.    Inoculate into 1 L LB containing 200  m g/mL ampicillin and 
35  m g/mL chloramphenicol in 2.8-L Fernbach flask, and 
shake vigorously at 37°C until OD 600  = 0.6. Add 1 mL 1 M 
IPTG, and shake vigorously for an additional 3 h at 37°C.  

    4.    Transfer culture to 1-L polypropylene copolymer centrifuge 
bottle. Harvest cells by centrifugation 20 min at 5,000 ×  g  
at 4°C.  

    5.    Resuspend cell pellet in 100 mL buffer A at 4°C. Transfer 
into 200 mL steel beaker, and place beaker on ice. Lyse cells 
with four 40-s sonication pulses at 25% maximum sonicator 
output (2 min pause between each pulse).  

    6.    Transfer lysate to 250-mL polypropylene copolymer centri-
fuge bottle. Centrifuge 15 min at 15,000 ×  g  at 4°C. Collect 
supernatant.  

    7.    Transfer supernatant to 250-mL glass beaker. Add 35 g 
ammonium sulfate, and stir 20 min on ice.  

    8.    Transfer suspension to 250-mL polypropylene copolymer 
centrifuge bottle. Centrifuge 20 min at 15,000 ×  g  at 4°C. 
Discard supernatant.  

    9.    Resuspend pellet in 28 mL buffer B containing 5 mM imi-
dazole. Transfer to 30-mL polypropylene copolymer centri-
fuge tube, and rock gently 30 min at 4°C. Centrifuge 15 
min at 15,000 ×  g  at 4°C.  

   10.    Load supernatant onto 5 mL Ni:NTA-agarose column pre-
equilibrated with 25 mL buffer B containing 5 mM imidazole 
(prepared by pouring 10 mL Ni:NTA-agarose suspension into 
a 20-mL Econo-Pac column, removing snap-off tip at bottom 
of column, allowing liquid to drain, and then placing a frit 
on the top of column bed). Collect flow through, and reload 
onto column. Wash column with 50 mL buffer B containing 
5 mM imidazole, and 25 mL buffer B containing 10 mM imi-
dazole. Elute column with 15 mL buffer B containing 20 mM 
imidazole, 15 mL buffer B containing 30 mM imidazole, 15 
mL buffer B containing 40 mM imidazole, and 15 mL buffer 
B containing 150 mM imidazole. Collect 5 mL fractions.  

   11.    Transfer 10  m l aliquot of each fraction to 1.5-mL siliconized 
polypropylene microcentrifuge tube, add 90  m l water and 
100  m l 10% trichloroacetic acid. Place on ice 20 min. Cen-
trifuge 5 min at 13,000 ×  g  at room temperature. Discard 
supernatant. Wash pellet with 500  m l acetone, and air dry for 
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15 min. Dissolve pellet in 5  m l water, add 5  m l 2× SDS-loading 
buffer, heat 3 min at 100°C, and apply to 10% polyacryla-
mide (37.5:1 acrylamide:bisacrylamide), 0.1% SDS, slab gel 
(10 × 7 × 0.075 cm). As marker, load into adjacent lane 
5  m l prestained protein molecular-weight markers. Electro-
phorese in SDS-running buffer at 25 V/cm until bromophe-
nol blue reaches bottom of gel. Stain gel by gently shaking 
for 5 min in 50 mL 0.2% Coomassie Brilliant Blue G-250 in 
destaining solution. Destain by gently shaking for 1 h in 100 
mL destaining solution.  

   12.    Pool fractions containing homogeneous  a  (typically fractions 
with buffer B containing 40–150 mM imidazole). Dialyze 
using 10-kDa molecular-weight-cutoff dialysis membrane 
against two 1 L changes of  a  storage buffer for 16 h at 4°C.  

   13.    Determine protein concentration and total protein amount 
using Bio-Rad Protein Assay according to supplier’s protocol.  

   14.    After dialysis, measure volume and transfer to 30-mL poly-
propylene copolymer centrifuge tube. Add 3 g ammonium 
sulfate per 10 mL, and rock gently 20 min at 4°C. Centri-
fuge 20 min at 15,000 ×  g  at 4°C.  

   15.    Remove and discard 10 mL of supernatant. Resuspend pel-
let in remaining supernatant. Divide into 50  m l aliquots, and 
transfer to 1.5-mL siliconized polypropylene microcentri-
fuge tubes. Centrifuge aliquots 5 min at 13,000 ×  g  at 4°C. 
Store at −80°C (stable for at least 1 year). Expected yield: 
20–30 mg (250–500  m g/aliquot). Expected purity: > 99%.      

      1.    Transform plasmid encoding RNAP subunit or subunit 
fragment into  E. coli  strain BL21(DE3) pLysS (for plas-
mids with  f  10P - or  lacP -  f  10P -based expression;  Tables   1  
and  2 ) or  E. coli  strain XL1-blue (for plasmids with  lacP -
based expression;  Tables   1  and  2 ). Plate transformants of 
BL21(DE3) pLysS to TYE agar containing 200  m g/mL 
ampicillin (40  m g/mL kanamycin for plasmid p b  ¢  820–1,407 ) 
and 35  m g/mL chloramphenicol, and incubate 12 h at 
37°C. Plate transformants of XL1-blue to TYE agar con-
taining 200  m g/mL ampicillin (40  m g/mL kanamycin for 
plasmid p b  1–235 ) and 20  m g/mL tetracycline, and incubate 
16 h at 37°C.  

    2.    Inoculate single colony into 5 mL LB containing antibiotics 
at concentrations specified in  step 1  in 15-mL culture tube 
with stainless steel closure, and shake vigorously for 12 h 
at 37°C. Transfer to 15-mL polypropylene centrifuge tube, 
and centrifuge 5 min at 3,000 ×  g  at room temperature. Dis-
card supernatant, wash cell pellet twice with 5 mL LB, and 
resuspend cell pellet in 5 mL LB.  

 3.3.2. Preparation of 
Crude Recombinant RNAP 
Subunits and Subunit 
Fragments 
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    3.    Inoculate into 1 L LB containing antibiotics at concentra-
tions specified in  step 1  in 2.8-L Fernbach flask, and shake 
vigorously at 37°C until OD 600  = 0.6. Add 1 mL 1 M IPTG, 
and shake vigorously for an additional 3 h [transformants of 
BL21(DE3) pLysS] or 5 h (transformants of XL1-blue) at 
37°C.  

    4.    Transfer culture to 1-L polypropylene copolymer centrifuge 
bottle. Harvest cells by centrifugation 20 min at 5,000 ×  g  
at 4°C.  

    5.    Resuspend cell pellet in 10 mL buffer C containing 0.2% 
sodium desoxycholate and 0.02% lysozyme in 30-mL poly-
propylene copolymer centrifuge tube at 4°C. Place tube on 
ice. Lyse cells with five 30-s sonication pulses at 25% maxi-
mum sonicator output (2-min pause between each pulse).  

    6.    Centrifuge 20 min at 15,000 ×  g  at 4°C. Discard supernatant.  
    7.    Resuspend pellet in 10 mL buffer C containing 0.2%  n -octyl-

 b -D-glucopyranoside (0.5% Triton X-100 for preparation of 
 s  70 ) and 0.02% lysozyme at 4°C. Sonicate as in  step 5 . Cen-
trifuge 20 min at 15,000 ×  g  at 4°C. Discard supernatant.  

    8.    Resuspend pellet in 10 mL buffer C containing 0.2%  n -octyl-
 b -D-glucopyranoside (0.5% Triton X-100 for preparation 
of  s  70 ) at 4°C. Sonicate as in  step 5 . Centrifuge 20 min at 
15,000 ×  g  at 4°C. Discard supernatant.  

    9.    Resuspend pellet in 10 mL buffer C at 4°C. Place tube on 
ice, and sonicate 10 s at 25% maximum sonicator output. 
Divide into 500  m l aliquots, and transfer to 1.5–mL sili-
conized polypropylene microcentrifuge tubes. Centrifuge 5 
min at 13,000 ×  g  at 4°C. Discard supernatant.  

    10.    Add 100  m l ice-cold buffer C containing 10% glycerol to 
each aliquot. Store at −80°C (stable for at least 2 years). 
Expected yield: 50–100 mg (1.5–3 mg/aliquot). Expected 
purity: 50–90%.      

      1.    Thaw aliquots containing purified  a  subunit (from  Subhead-
ing 3.3.1   ,  step 15 ) and crude recombinant RNAP subunits 
and subunit fragments (from  Subheading 3.3.2   ,  step 10 ) 
by placing on ice for 10 min. Centrifuge 30 s at 13,000 ×  g  
at 4°C. Discard supernatants.  

    2.    Resuspend each pellet in 500  m l buffer D. Incubate 30 min 
at 4°C, rocking gently. Centrifuge 5 min at 13,000 ×  g  at 
4°C.  

    3.    Transfer supernatant to new 1.5-mL siliconized polypro-
pylene microcentrifuge tubes at 4°C. Determine protein 
concentrations using Bio-Rad Protein Assay according to 
supplier’s protocol (expected concentrations: 3–6 mg/mL).  

 3.3.3. Reconstitution of 
RNAP and RNAP 
Derivatives 
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   4.    Prepare core reconstitution mixture by combining in 1.5-mL 
siliconized polypropylene microcentrifuge tube 30  m g N-ter-
minally hexahistidine-tagged  a , 300  m g  b  (or 170  m g  b  1–235  
and 800  m g  b  235–1,342 ; or 700  m g  b  1–989  and 300  m g  b  950–1,342 ), 
500  m g  b  ¢  (or 400  m g  b  ¢  1–577  and 500  m g  b  ¢  544–1,407 ; or 700  m g 
 b  ¢  1–877  and 330  m g  b  ¢  820–1,407 ), and 70  m g  w , and diluting with 
buffer D to a total protein concentration 450  m g/mL.  

   5.    Prepare  s  70  reconstitution mixture by adding 250  m g  s  70  
to 1.5-mL siliconized polypropylene microcentrifuge tube 
and diluting with buffer D to a total protein concentration 
1,500  m g/mL.  

   6.    Dialyze core and  s  70  reconstitution mixtures separately in col-
lodion dialysis bags against two 1 L changes of buffer E for 16 
h at 4°C.  

   7.    Transfer core and  s  70  reconstitution mixtures to separate 
2.0-mL siliconized polypropylene microcentrifuge tubes. 
Centrifuge 5 min at 13,000 ×  g  at 4°C. Combine supernatants 
in a single, new 2.0-mL siliconized polypropylene micro-
centrifuge tube.  

   8.    Incubate 45 min at 30°C. Centrifuge 10 min at 13,000 ×  g  
at 4°C.      

     1.    During incubation of  step 8  of  Subheading 3.3.3   , place 
200  m l Ni:NTA-agarose in 2.0-mL siliconized polypropylene 
microcentrifuge tube, and centrifuge 2 min at 13,000 ×  g  at 
4°C. Remove supernatant.  

   2.    Resuspend Ni:NTA-agarose in 1 mL buffer F containing 5 
mM imidazole at 4°C. Centrifuge 2 min at 13,000 ×  g  at 4°C. 
Remove supernatant. Repeat two times.  

   3.    Add supernatant of  step 8  of  Subheading 3.3.3    to Ni:NTA-
agarose from  step 2 . Incubate 45 min at 4°C, rocking gently. 
Centrifuge 2 min at 13,000 ×  g  at 4°C. Discard supernatant.  

   4.    Resuspend in 1.5 mL buffer F containing 5 mM imidazole at 
4°C. Rock gently 15 s at 4°C. Centrifuge 2 min at 13,000 ×  g  
at 4°C. Discard supernatant. Repeat two times.  

   5.    Resuspend in 250  m l buffer F containing 150 mM imidazole. 
Rock gently 2 min at 4°C. Centrifuge 2 min at 13,000 ×  g  
at 4°C.  

   6.    Transfer supernatant to Nanosep-30 K centrifugal concentra-
tor. Centrifuge at 13,000 ×  g  at 4°C until sample volume is 
reduced to ~50  m l (~15 min).  

   7.    Transfer sample to 1.5-mL siliconized polypropylene micro-
centrifuge tube. Add, in order, 1  m l 0.1 M  b -mercaptoethanol 
and 50  m l glycerol; mix well; and store at −20°C (stable for at 
least 1 month).  

 3.3.4. Purification of RNAP 
and RNAP Derivatives 
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   8.    Determine protein concentration using Bio-Rad Protein 
Assay according to supplier’s protocol. Expected yield: 100  m g. 
Expected purity > 90%.       

      1.    Acryloyl chloride is highly toxic. Therefore, all manipulations 
in this section must be performed in a fume hood.  

   2.    Dissolve 4.0 g (18 mmol) cystamine dihydrochloride in 40 mL 
3 M NaOH (120 mmol). Dissolve 4.3 mL (54 mmol) acryloyl 
chloride in 40 mL chloroform. Mix solutions in 500-mL flask 
( see   Note   11 ). (Two phases will form: an upper, aqueous 
phase; and a lower, organic phase.) Place flask on plate stir-
rer, and stir 3 min at room temperature, followed by 15 min 
at 50°C.  

   3.    Discontinue stirring. Immediately transfer reaction mixture to 
500-mL separating funnel, allow phases to separate (~2 min), 
and transfer lower, organic phase to 250-mL beaker.  

   4.    Place on ice for 10 min. Collect precipitate by filtration in 
Büchner funnel.  

   5.    Transfer precipitate to 250-mL beaker with 30 mL chloro-
form at room temperature. Place beaker on plate stirrer, and 
stir 1 min at room temperature, followed by 5 min at 50°C. 
Place on ice for 10 min, and collect precipitate (BAC) by fil-
tration in Büchner funnel.  

   6.    Transfer precipitate to 50-mL polypropylene centrifuge tube. 
Seal tube with Parafilm, pierce seal several times with syringe 
needle, place tube in vacuum desiccator, and dry under vac-
uum 16 h at room temperature. Expected yield: 1.5–1.9 g.      

     1.    Prepare 20% acrylamide:BAC (19:1) stock solution by 
dissolving, in order, 19 g acrylamide and 1 g BAC in 80 
mL water in 200-mL beaker at room temperature. Place on 
plate stirrer and stir 10 min at 60°C ( see   Note   12 ). Adjust 
volume to 100 mL with water. Allow solution to cool to room 
temperature. Filter stock solution using 0.22- m m filter unit, 
and store at room temperature in the dark (stable for at least 
2 months).  

   2.    Mix 9 mL 20% acrylamide:BAC (19:1) stock solution, 
1.8 mL 10× TBE, and 25.2 mL water. Add 180  m l TEMED 
and 90  m l freshly prepared 10% ammonium persulfate 
( see   Note   13 ). Immediately pour into slab gel assembly with 
siliconized notched glass plate (27 × 16 × 0.1 cm) ( see   Note  
 14 ). Insert comb and heat slab gel assembly to ~60°C by 
positioning task lamp with 60-W tungsten bulb 2 cm from 
the outer glass plate ( see   Note   15 ). Allow 10–20 min for 
polymerization. (The polyacrylamide:BAC gel is stable for up 
to 72 h at 4°C.)      

 3.4. Static 
Photocrosslinking  
(see Note 9)

 3.4.1. Synthesis of 
 N , N   ¢ - Bisacryloylcystamine 
(BAC)  ( See  Note  10 ) 

 3.4.2. Preparation of 
Polyacrylamide:BAC Gel 
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     1.    Place polyacrylamide:BAC slab gel in electrophoresis appa-
ratus, clip 10 × 25 cm silicone heating mat to directly to 
outer glass plate of the slab gel assembly with four large 
binder clips, and pour 0.5× TBE buffer in upper and lower 
reservoirs.  

   2.    Prerun gel for 2 h at 20 V/cm.  
   3.    Prewarm electrophoresis unit by placing in 37°C cabinet for 3 h.  
   4.    During 37°C prewarming of  step 3 , dilute RNAP or RNAP 

derivative to 180  m g/mL (400 nM) in buffer F containing 1 
mM  b -mercaptoethanol and 50% glycerol.  

   5.    Immediately after 37°C prewarming of  step 3 , add the follow-
ing, in order, to a 1.5-mL siliconized polypropylene microcen-
trifuge tube: 2  m l 5 nM derivatized DNA fragment (~5,000 
Ci/mmol), 5  m l 2× DTT-free transcription buffer, 2  m l water, 
and 1  m l 180  m g/mL (400 nM) RNAP or RNAP derivative 
(all at room temperature).  

   6.    Incubate 20 min at 37°C in the dark.  
   7.    During incubation of  step 6  apply voltage to gel: 16 V/

cm. Wash wells of gel carefully with 0.5× TBE to remove 
unpolymerized acrylamide and BAC. ( Caution : Care must 
be exercised to avoid electrocution.) Connect heating mat 
to variable voltage controller. Monitor gel temperature at 
5-min intervals by inserting thermocouple probe into the gel 
for 5 s (and removing immediately thereafter). Maintain gel 
temperature at 37°C, adjusting heater voltage as necessary 
(typically 12–14 V).  

   8.    After completing incubation of  step 6 , immediately add 1  m l 
0.22  m g/mL heparin (prewarmed to 37°C), mix, and imme-
diately apply sample to gel ( see   Note   16 ). Load 5  m l nonde-
naturing loading buffer into adjacent lane. ( Caution : Care 
must be exercised to avoid electrocution.) Continue electro-
phoresis 20 min at 16 V/cm. Monitor gel temperature at 
5-min intervals by inserting thermocouple probe into the gel 
for 5 s (and removing immediately thereafter). Maintain gel 
temperature at 37°C, adjusting heater voltage as necessary 
(typically 12–14 V).  

   9.    Immediately proceed to next step ( Subheading 3.4.4   ).      

     1.    Remove gel with both glass plates in place ( see   Note   17 ), and 
mount vertically in a Rayonet RPR-100 photochemical 
reactor equipped with 16 RPR-3,500 Å tubes.  

   2.    Immediately UV irradiate 3 min (17 mJ/mm 2  at 350 nm) ( see  
 Note   18 ). ( Caution : Care must be exercised to avoid injury 
to eyes and skin.)  

   3.    Immediately proceed to next step ( Subheading 3.4.5   ).      

  3.4.3. Formation and 
Isolation of 
RNAP-Promoter Open 
Complex [All Steps Carried 
Out Under Subdued 
Lighting  ( See  Note  4 )] 

 3.4.4. UV Irradiation of 
RNAP-Promoter Open 
Complex 
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     1.    Remove one glass plate, and cover gel with plastic wrap (leav-
ing other glass plate in place). Attach two autoradiography 
markers. Expose to X-ray film for 1.5 h at room temperature 
( see   Note   19 ). Process film.  

   2.    Cut out portion of film corresponding to RNAP-promoter 
complex of interest. Using light box, superimpose cut-out film 
on gel, using autoradiography markers as reference points. 
Using disposable scalpel, excise portion of gel corresponding 
to RNAP-promoter complex. Transfer excised gel slice to 1.5-
mL siliconized microcentrifuge tube.  

   3.    Solubilize gel slice by adding 10  m l 1 M DTT (~0.4 M final) 
and heating 5 min at 37°C ( see   Note   20 ).  

   4.    Immediately proceed to next step ( Subheading  3.4.6  ).      

     1.    During X-ray film exposure of  step 1 ,  Section 3.4.5   , dilute 
DNaseI and micrococcal nuclease with ice-cold nuclease dilution 
solution to final concentration of 10 U/ m l.  

   2.    Transfer 10  m l to new 1.5-mL siliconized polypropylene 
microcentrifuge tube, and add 1  m l 200 mM CaCl 2 , 1  m l 0.1 
mM PMSF, 0.5  m l (5 U) micrococcal nuclease, and 0.5  m l 
(5 U) DNase I. Incubate 20 min at 37°C. Terminate reaction 
by adding 3  m l 5× SDS-loading buffer and heating 5 min at 
100°C.  

   3.    Immediately proceed to next step ( Subheading 3.4.7   ).      

     1.    Apply entire sample (16  m l) to 7–15% gradient polyacrylamide 
(37.5:1 acrylamide:bisacrylamide) slab gel. As marker, load 
into adjacent lane 5  m l prestained protein molecular-weight 
markers. Electrophorese in SDS-running buffer at 25 V/cm 
until bromophenol blue reaches bottom of gel.  

   2.    Dry gel, and autoradiograph or perform storage-phosphor 
imaging.  

   3.    Identify bands corresponding to crosslinked proteins.       

      1.    Start laser, and allow laser to operate for 1 h. Open 355-nm 
laser port, and check laser pulse energy using laser calorimeter 
and laser energy meter. Adjust laser pulse energy to 80 mJ/cm 
(a pulse energy that minimizes damage to optical windows of 
Raman cell and sample chamber). ( Caution : Care must be 
exercised to avoid injury. All contact with the laser beam must 
be avoided. All work with laser must be performed by persons 
having laser-safety training and wearing appropriate protective 
gear, including appropriate laser safety goggles, laboratory 
coat, and gloves. Persons not having laser-safety training and/
or not having appropriate protective gear must be excluded 
from the room. The room must be windowless or have fully 

 3.4.5. Identification, 
Excision, and Solubilization 
of Portion of Gel 
Containing RNAP-Promoter 
Open Complex 

 3.4.6. Nuclease Digestion 

 3.4.7. Analysis 

 3.5. Kinetic 
Photocrosslinking 

  3.5.1. Rapid-Quench-Flow 
Mixing and Pulsed-Laser 
UV Irradiation [Steps 
15–26 Carried Out Under 
Subdued Lighting  ( See  
Note  4 )] 
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   blocked windows. The entrance to the room must have a 
warning light that operates when the laser operates and must 
have a supply of appropriate laser goggles, for all wavelengths 
and all energies used.)  

    2.    Connect circulating water bath to rapid-quench-flow system, 
and allow to operate at 37°C for 1 h  

    3.    Start rapid-quench-flow-system controller, and allow to 
operate for 10 min.  

    4.    Using a nail, puncture hole in lid of each of 16 1.5-mL 
siliconized polypropylene microcentrifuge tubes (in order 
to permit insertion of exit line rapid-quench-flow system 
through lid, allowing collection of sample without splashing).  

    5.    Add 11 mL of DTT- and glycerol-free transcription buffer 
to a 50-mL polypropylene centrifuge tube, and equilibrate 
at 37°C using a water bath. Add and dissolve 1.1 mg BSA 
(yielding DTT- and glycerol-free, BSA-containing transcrip-
tion buffer).  

    6.    Add 5 mL of urea/NaI solution to a 50-mL polypropyl-
ene centrifuge tube. Add 176  m l 14.2 M  b -mercaptoethanol 
(yielding quench solution;  see   Note   23 ). Equilibrate at 37°C 
using a water bath.  

    7.    Set the left and right syringe-load valves of the rapid-quench-
flow system to the load position. Using two Luer-Lok 5-mL 
disposable syringes, load the two drive syringes of the rapid-
quench-flow system with DTT- and glycerol-free, BSA-
containing transcription buffer. (To remove air bubbles from 
the drive syringes while loading, work the solution back and 
forth rapidly several times.)  

    8.    Set the center syringe-load valve of the rapid-quench-flow 
system to the load position. Using a Luer-Lok 5-mL dispos-
able syringe, load the third drive syringe of the quench-flow 
device with 5 mL of the quench solution.  

    9.    Set the center syringe-load valve of the rapid-quench-flow 
system to connect the loading and firing lines. Fill Luer-Lok 
50- m l Hamilton syringe with the quench solution; attach 
syringe to loading port of the third drive syringe of the 
rapid-quench-flow system; and flush connection lines, flow 
cell, and exit line.  

   10.    Set all valves of the rapid-quench-flow system to the fire 
position. Set the rapid-quench-flow-system drive plate to the 
ready position.  

   11.    Set the sample-load valves of the rapid-quench-flow system 
to the flush position. Flush sample loops, flow cell, and exit 
line with 1 mL of methanol and then with 1 mL of water. 
Dry flushed areas for 1 min using compressed argon.  
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   12.    Using the Linagraph direct-print paper, verify that the laser 
beam passes through the optical windows of the sample 
chamber. Adjust optics, if necessary. Using the laser calo-
rimeter and laser energy meter, quantify laser pulse energy 
at front optical window of the sample chamber. If necessary, 
adjust laser pulse energy to 1 mJ.  

   13.    Establish electrical connections between the digital delay/
pulse generator and the power supplies of the laser and the 
rapid-quench-flow system.  

   14.    Prepare 40 nM solution of RNAP in 170  m l of DTT- and 
glycerol-free, BSA-containing transcription buffer ( see   Note  
 24 ). Fill a 1-mL tuberculin-slip-tip disposable syringe with 
the resulting solution.  

   15.    Prepare 1 nM solution of derivatized promoter DNA frag-
ment in 170  m l of DTT- and glycerol-free, BSA-containing 
transcription buffer ( see   Note   24 ). Fill a 1-mL tuberculin-
slip-tip disposable syringe with the resulting solution.  

   16.    Set the sample-load valves of the rapid-quench-flow system 
to the sample-load position. Attach syringes with RNAP and 
DNA solutions to the sample-load lines. Fill each load line 
to the tubing connector of the sample-load valve.  

   17.    Program the rapid-quench-flow-system controller, entering 
the following settings: preflash volume, 40  m l; postflash volume, 
240  m l; delay time after flash, 0; and preflash reaction time, x 1  
(where x 1  is the desired time, in seconds, between rapid-
quench-flow mixing and pulsed-laser UV irradiation).  

   18.    Program the digital delay/pulse generator, entering the fol-
lowing setting: delay time, x 1  (where x 1  is the desired time, 
in seconds, between rapid-quench-flow mixing and pulsed-
laser UV irradiation).  

   19.    Perform test firing. Press “G” button on the rapid-quench-
flow-system controller to enable system. Press “fire” button 
on the laser controller to fire.  

   20.    Flush and dry the sample loops, the flow cell, and the exit 
line as in  step 11 .  

   21.    Using the 50- m l Hamilton syringe connected to the load-
ing port of the third drive syringe in  step 9 , draw 20  m l of 
quenching solution out of the flow-cell connection tube.  

   22.    Turn the sample-load valve to the sample-load position, and 
load the RNAP and DNA samples, one at a time, into the 
sample loops, bringing the meniscus of each sample to the 
10- m l mark on each sample loop. (Sample loops should be 
precalibrated and premarked.)  

   23.    Insert the exit line through the hole in the lid of a 1.5-mL 
siliconized polypropylene microcentrifuge tube from  step 4 .  
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   24.    Fire system (as described for test firing in  step 19 ). Remove 
the collection tube with the expelled sample (~140  m l).  

   25.    Repeat  steps 16–18  and  20–23  to perform 16 separate 
experiments, each with a different preflash reaction time, x 2  
through x 16 , on the rapid-quench-flow system and delay time, 
x 2  through x 16 , on the delay/pulse generator ( see   Note   25 ).  

   26.    Immediately proceed to the next step ( Subheading 3.5.2   ).      

      1.    Dilute DNase I, and micrococcal nuclease with ice-cold 
nuclease dilution solution to a final concentration of 
50 U/ m l.  

    2.    Dilute OmniCleave endonuclease with ice-cold dilution 
buffer to a final concentration of 50 U/ m l.  

    3.    Prepare digestion mixture, containing: 20  m l of 200 mM 
CaCl 2 , 20  m l of 200 mM MgCl 2 , 4  m l of the solution from 
 step 1 , and 4  m l of the solution from  step 2 .  

    4.    Transfer 34  m l of each sample from  Subheading 3.5.1    to a 
new 1.5-mL siliconized polypropylene microcentrifuge tube, 
and add 2  m l of the digestion mixture from  step 2 . Incubate 
for 15 min at 37°C. Terminate reaction by adding 9  m l of 5× 
SDS-loading buffer and heating for 5 min at 100°C.  

    5.    Immediately proceed to the next step ( Subheading 3.5.3   ).      

      1.    Apply the entire sample (45  m l) to a Criterion precast 4–20% 
Tris–HCl gradient slab gel. As a marker, load 5  m l of Precision-
Plus protein dual-color standards into the adjacent lane. 
Electrophorese in SDS-running buffer at 25 V/cm until the 
bromophenol blue is ~0.5 cm from the bottom of the gel.  

    2.    Dry gel, and perform storage-phosphor imaging.  
    3.    Identify bands corresponding to crosslinked proteins.  
    4.    Quantify intensities of bands corresponding to crosslinked 

proteins.  
    5.    Plot intensities vs. time, using data from at least three inde-

pendent determinations.  
    6.    Perform curve fitting to extract kinetic parameters as follows:     
 For crosslinked species for which intensities exhibit a monoexpo-
nential rise to a maximum, fit data to: 

    y = A [1– exp (– k  obs  t)  ] +  C  0 ,   

 where  y  is intensity,  t  is the time in seconds between rapid-
quench-flow mixing and pulsed-laser UV irradiation DNA and 
RNAP,  k  obs  is the pseudo-first-order rate constant,  C  0  is the intensity 
at  t  = 0, and  A  is the intensity at  t  = ∞. 

 3.5.2. Nuclease Digestion 

 3.5.3. Analysis 
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 For crosslinked species for which intensities exhibit a biexpo-
nential rise to a maximum, fit data to:  

 y = A 1 [1– exp(–k1,obst)] + A 2 [1– exp (–k2,obst)] + C0,   

 where  y  is intensity,  t  is the time in seconds between rapid-
quench-flow mixing and pulsed-laser UV irradiation DNA and 
RNAP,  k  1,obs  and  k  2,obs  are pseudo-first-order rate constants for 
processes1 and 2, and where  A  1  and  A  2  are the intensities at  
t  = ∞ of processes 1 and 2.    

 

     1.    M13mp2 (ICAP-UV5)  carries the  lacP(ICAP-UV5)  
promoter, a derivative of the  lacP  promoter having a 
consensus DNA site for CAP and a consensus −10 element 
 (5) . M13mp2 (ICAP-UV5) -rev carries the  lacP(ICAP-
UV5)  promoter in an orientation opposite to that in M13
mp2 (ICAP-UV5)   (5) . M13mp2 (ICAP-UV5) -rev was 
prepared from M13mp2 (ICAP-UV5)  by deleting the PvuII-
PvuII segment corresponding to positions −217 to −125 of 
 lacP(ICAP-UV5)  and inverting the PvuII-PvuII segment 
corresponding to positions −124 to +145 of  lacP(ICAP-UV5) .  

    2.    M13mp2 (ICAP-UV5)  and M13mp2 (ICAP-UV5) -rev ssDNAs
carry the nontemplate and template strands of  lacP(ICAP-
UV5) , respectively. M13mp2 (ICAP-UV5)  and M13mp2 
(ICAP-UV5) -rev ssDNAs are prepared as in  (10) .  

    3.    The specified 10× digestion buffer is for PvuII and HaeIII. 
Use 10× digestion buffer recommended by supplier – omit-
ting DTT;  see   (40)  for other restriction enzymes.  

    4.    Fluorescent light and daylight must be excluded. Low to 
moderate levels of incandescent light (e.g., from a single task 
lamp with 60-W tungsten bulb) are acceptable.  

    5.    The derivatized oligodeoxyribonucleotide tolerates expo-
sure to the Hitachi L-3,000 diode-array HPLC UV detector. 
The derivatized oligodeoxyribonucleotide can be identified 
unambiguously by monitoring the UV-absorbance spectrum 
from 200 to 350 nm. The derivatized oligodeoxyribonucle-
otide exhibits an absorbance peak at 260 nm, attributable 
to DNA, and a shoulder at 300–310 nm, attributable to the 
azidophenacyl group.  

    6.    The derivatization procedure yields two diastereomers in 
an approximately 1:1 ratio: one in which azidophenacyl is 

 4. Notes  
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incorporated at the sulfur atom corresponding to the phos-
phate O1P, and one in which azidophenacyl is incorporated 
at the sulfur atom corresponding to the phosphate O2P ( see  
ref.  7,   8) . Depending on oligodeoxyribonucleotide sequence 
and HPLC conditions, the two diastereomers may elute as 
a single peak or as two peaks (e.g., at 24 and 25% solution 
B). In most cases, no effort is made to resolve the two dias-
tereomers, and experiments are performed using the unre-
solved diastereomeric mixture. This permits simultaneous 
probing of protein–DNA interactions in the DNA minor 
groove (probed by the O1P-derivatized diastereomer) and 
the DNA major groove (probed by the O2P-derivatized 
diastereomer).  

    7.    Phenyl azides are unstable at temperatures above 70°C. 
Avoid heating above 70°C.  

    8.    HaeIII digestion, which yields a DNA fragment correspond-
ing to positions −141 to +63 of  lacP(ICAP-UV5) , is used 
for preparation of DNA fragments derivatized between posi-
tions −80 and −1, inclusive.  Pvu II digestion, which yields a 
DNA fragment corresponding to positions −124 to +145 of 
 lacP(ICAP-UV5) , is used for preparation of DNA fragments 
derivatized between positions +1 and +80 inclusive. [Use of 
DNA fragments with >60 bp between the site of derivatiza-
tion and the nearest DNA-fragment end eliminates “non-
specific” crosslinking from the subpopulation of complexes 
having RNAP bound at a DNA-fragment end  (41)  rather 
than at the promoter.]  

    9.    The procedures described are for “in-gel” static photo-
crosslinking, in which complexes are prepared in solution, 
isolated by nondenaturing polyacrylamide gel electrophore-
sis, and UV irradiated  in situ  in the polyacrylamide gel matrix 
 (2,   5,   6) . In-gel procedures facilitate preparation, isolation, 
and analysis of homogeneous complexes. For alternative 
procedures, involving “on-bead” static photocrosslinking, 
 see   (4) . For alternative procedures, involving “in-solution” 
static photocrosslinking,  see   (1,   5) .  

   10.    BAC is a disulfide-containing analog of bisacrylamide  (42–
  44) . Polyacrylamide:BAC gels can be solubilized by addition 
of reducing agents  (42–  44) . The synthesis of BAC in this 
chapter is adapted from  (42) .  

   11.    Acryloyl chloride reacts violently with water. Add acryloyl 
chloride in 0.5-mL portions, waiting 30 s between succes-
sive additions.  

   12.    BAC is substituted for bisacrylamide on a mole-equivalent, 
not mass-equivalent, basis  (42–  44) . The solubility of BAC in 
water is increased by adding acrylamide before adding BAC 
and by performing additions at 60°C.  
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   13.    TEMED and ammonium persulfate concentrations are criti-
cal variables in preparation of polyacrylamide:BAC gels  (43, 
  44) . (Use of nonoptimal TEMED and ammonium persulfate 
concentrations in preparation of polyacrylamide:BAC results 
in difficulties in subsequently solubilizing gels.)  

   14.    Siliconize notched glass plate by applying 30  m l SurfaSil sili-
conizing agent and spreading evenly with Kimwipe.  

   15.    Heating during polymerization yields polyacrylamide:BAC 
gels that are maximally solubilizable upon addition of reduc-
ing agents  (43,   44) . Heat the glass plates of the gel assem-
bly evenly. (If necessary, use two task lamps.) Avoid heating 
above 70°C, as this can result in formation of bubbles and/
or detachment of gels from the glass plates.  

   16.    Do not add loading buffer to the reaction mixture. The 
reaction mixture is sufficiently dense for loading (due to the 
presence of glycerol).  

   17.    UV irradiation is performed with both glass plates in place. 
The glass plates exclude wavelengths <300 nm, minimiz-
ing photodamage to protein and DNA. It is important to 
verify that the plates exhibit absorbances of  1.5 AU at 320 
nm (e.g., by sacrificing a glass plate and placing a piece in 
the cuvette holder of a UV/Vis spectrophotometer). Glass 
plates purchased from Aladin, Inc. (Aladin Enterprises, Inc., 
1,255 23rd Avenue, San Francisco CA 94,122 USA) have 
performed satisfactorily.  

   18.    For in-gel UV irradiation of RNAP-promoter intermediate 
complex, prechill photochemical reactor 15 min in 15°C 
cabinet.  

   19.    Do not use tight-fitting X-ray autoradiography cassettes, 
which can squeeze and distort the gel on the glass plate dur-
ing exposure. The Kodak X-ray exposure holder with inten-
sifying screen has performed satisfactorily.  

   20.    2–4 M  b -mercaptoethanol can be substituted for 1 M DTT.  
   21.    For rapid mixing, we use a commercial microprocessor-con-

trolled, stepping-motor-driven rapid-quench-flow system 
modified to incorporate a 20  m l sample chamber with OP1 
acrylic optical windows (KinTek RQF-3 with modifications; 
 see   (45,   46)  and  Fig. 2   ). The dead time for mixing is ~10 ms.  

   22.    For laser UV irradiation, we use a nanosecond pulsed Nd-
YAG laser with third harmonic generator (Continuum Pow-
erlite 7,010-DS/TS/QS), a Raman cell (Light-Age RC-1), 
a Pellin-Broca prism, 355-nm laser optics (first mirror), 
and 309-nm laser optics (all other optics) ( see   (47,   48)  and 
 Fig.  2  ). This system is able to generate up to 5 mJ per 6 ns 
pulse at 309 nm (a wavelength selected to be close to the 
absorbance maximum of the azidophenacyl photoactivatible 
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crosslinking agent and well separated from the absorbance 
maxima of DNA and protein).  

   23.    Laser UV irradiation of phenyl-azide photoactivatible 
crosslinking agents reportedly produces only short-lived 
reactive species (lifetimes ~5 ms in heptane; lifetimes <<1 
ms in the presence of nucleophiles;  (49–  51) ). Nevertheless, 
to ensure effectively immediate inactivation of reactive spe-
cies and effectively immediate termination of crosslinking, 
we quench reactions immediately after laser UV irradiation 
by mixing with a quench solution of 5 M urea, 0.5 M NaI, 
and 0.5 M  b -mercaptoethanol. The dead time for quenching 
is ~10 ms.  

   24.    Use of a 40-fold mole excess of RNAP over promoter DNA, 
ensures that kinetics of RNAP-DNA association are pseudo-
first order.  

   25.    Each set of 16 experiments requires ~1 h. When performing 
successive sets of experiments, freshly made solutions should 
be prepared for each set of experiments.          

 

 The basic protocol for preparation of derivatized DNA fragments 
was developed by T. Lagrange, the basic protocol for prepara-
tion of RNAP was developed by H. Tang and K. Severinov, and 
the basic protocol for in-gel static photocrosslinking was devel-
oped by T.-K. Kim. We thank K. Severinov for plasmids; T.-K. 
Kim, T. Lagrange, D. Reinberg, and K. Severinov for discussion; 
and a Howard Hughes Medical Institute Investigatorship; and 
National Institutes of Health grant GM41376 to R.H.E. for 
financial support.  
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Chapter 26      

  Use of Site-Specific Protein–DNA Photocrosslinking 
of Purified Complexes to Analyze the Topology of the RNA 
Polymerase II Transcription Initiation Complex        

     Diane   Forget   ,    Céline   Domecq   , and    Benoit   Coulombe      

  Summary 

 A method for the photocrosslinking of proteins to DNA in purified complexes is described. It makes use 
of the juxtaposition of a limited number of photoreactive nucleotides with a limited number of radiola-
beled nucleotides at a specific location in a DNA fragment. Protein–DNA complexes are submitted to an 
electrophoretic mobility shift assay that is then irradiated with UV light in order to crosslink the proteins 
to DNA. The specific complexes are localized on the gel, purified, and processed for the identification 
of the crosslinked polypeptides.  

  Key words:   Photocrosslinking ,  Protein–DNA complexes ,  Photoreactive nucleotides ,  Multisubunit 
complexes    .

  

 Site-specific protein–DNA photocrosslinking has proved to be the 
method of choice to analyze the molecular organization and topol-
ogy of large nucleoprotein complexes such as those involved in the 
transcription reaction by mammalian RNA polymerase II (RNAPII). 
A principal advantage of the method is that it yields low-resolution 
structural information on large multisubunit complexes. 

 The initiation of mRNA synthesis requires the formation of a 
preinitiation complex containing RNAPII and the general initia-
tion factors TFIID (or TBP), TFIIB, TFIIE, TFIIF, and TFIIH 

1. Introduction
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on promoter DNA  (1) . Because many general initiation factors 
and RNAPII are multisubunit proteins, the preinitiation complex 
can comprise up to 50 polypeptides. Neither X-ray crystallogra-
phy nor NMR, which can resolve the structure of complexes con-
taining protein bound to small pieces of DNA, could provide any 
detailed structural information on this complex. This method has 
also the advantage of presenting sufficient flexibility to allow the 
rapid analysis of complexes assembled under various conditions. 
In the past, our laboratory has used crosslinking probes carrying 
a photoreactive nucleotide at specific positions along promoter 
DNA to localize the components of the transcription machinery 
in the preinitation complex  (2–  7) . Nevertheless, a possible limita-
tion of protein–DNA photocrosslinking relates to the specificity 
of preinitiation complex assembly. Because most general initia-
tion factors and RNAPII have an affinity for any DNA (although 
lower than that for promoter DNA), it is often difficult to set up 
conditions that will systematically and exclusively allow for the 
formation of specific complexes on our various photoprobes. In 
order to circumvent this problem, we developed a method for 
crosslinking proteins to DNA in purified complexes. The overall 
procedure is summarized in Fig.  1 . Briefly, complexes are first 
assembled by mixing transcription factors with a photoprobe that 
juxtaposes one (or a few) photoreactive nucleotide(s) with one 
(or a few) radiolabeled nucleotide(s) at a specific location in the 
promoter. The complexes are submitted to an electrophoretic 
mobility shift assay (EMSA) in a native gel that is then irradiated 
with UV light in order to crosslink the proteins to DNA. The 
specific complexes are then localized on the gel, purified by cut-
ting out the gel slices, and processed for the identification of the 
crosslinked polypeptides. Because this procedure helps to reduce 
to a minimum the nonspecific crosslinking signals due to aggre-
gation, it has allowed us to define with more precision the topo-
logical organization of the RNAPII preinitiation complex (8) .   

     

    1.    Buffer A (10×): 300 mM Tris–HCl of pH 8.0, 500 mM KCl, 
and 70 mM MgCl 2 , freshly prepared.  

   2.    Bovine serum albumin (BSA) solution: Prepare a 25 mg/mL 
solution of BSA in deionized distilled water. Store in aliquots 
at 20°C. Dilute with water to 10 mg/mL prior to use.  

   3.    dNTP mix: 10 mM each dATP, dCTP, dGTP, and dTTP in 
1× buffer A, freshly prepared.  

2. Materials
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   4.    6× gel-loading solution: 0.25% bromophenol blue, 0.25% 
xylene cyanol, and 30% glycerol in deionized distilled water.  

   5.    1× TBE buffer: The TBE buffer is prepared as a 5× stock by 
mixing 54 g Tris-base, 27.5 g boric acid, and 20 mL EDTA 
0.5 M (pH 8.0) in 1 L of deionized distilled water.  

  Fig. 1 .   Overall representation of the procedure for in-gel site-specific protein–DNA 
photocrosslinking       .
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    6.    Buffer G: 12 mM Hepes of pH 7.9, 60 mM KCl, 0.12 mM 
EDTA, 8 mM MgCl 2 , 50 ng/mL BSA, 5 mM  b -mercap-
toethanol, and 12% glycerol.  

    7.    Poly(dIdC.dIdC) stock: Prepare a 25 mg/mL solution of 
poly(dIdC.dIdC) in deionized distilled water. Store in aliquots 
at 20°C.  

    8.    Buffer ND: 20 mM Hepes of pH 7.9, 100 mM KCl, 0.2 mM 
EDTA, 0.2 mM EGTA, 0.4 mM DTT, and 20% glycerol.  

    9.    DNase mix: A solution containing 0.5 U/ m L DNase I and 
30 mM CaCl 2 .  

   10.    Acid mix: Mix equal volume of 5% acetic acid and 30 mM 
ZnCl 2 , freshly prepared.  

   11.    5× Loading buffer: 80 mM Tris–HCL    of pH 6.8, 12.5% glyc-
erol, 2.5% SDS, 0.9 M  b -mercaptoethanol, 0.2% bromophe-
nol blue.      

     

    The first step of the procedure is the synthesis of the photo-
probes. A schematic representation is illustrated in Fig.  2 . In this 
example, one photoreactive nucleotide is placed at position +1 
and three radiolabeled guanosines at positions –1, –3, and –4 of 
the adenovirus major late promoter.  

 The site-specific incorporation of the photoreactive nucleotide 
( see  Note  1 ) and the radiolabeled nucleotide is directed through 
the annealing of a primer, named the specific primer, with a single-
stranded DNA template containing the promoter DNA. The pro-
moter is flanked by two restriction sites (in this example  Sma I). 
A second primer, named the upstream primer, is annealed a few 
base pairs upstream of the  Sma I site. After annealing, the photo-
reactive and radiolabeled nucleotides are incorporated by primer 
extension using T 4  DNA polymerase with limiting amounts of 
dNTPs ( see  Note  2 ). After the labeling step, the extension reac-
tion is completed by the addition of an excess of cold dNTPs ( see  
Note  3 ) and nicks at the 5′ end of the primers are repaired by the 
addition of T 4  DNA ligase. The photoprobe is generated by diges-
tion with the restriction enzyme and gel purified ( see  Fig.  3  for an 
example of a gel on which the products of a photoprobe synthesis 
reaction have been separated).
   1.    Mix 500 ng of single-stranded (ss) DNA (approximately 0.5 

pmol) with 40 ng (approximately 5 pmol each) of both the 
specific and the upstream primers. Add 1  m L of 10× buffer A 
and complete to 10  m L with deionized distilled water.  

   2.    Mix well and incubate for 5 min at 90°C.  
   3.    Incubate for 30 min at room temperature.  

3. Methods

3.1. Day 1: Preparation 
of the Photoprobes
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   4.    From this point on, all manipulations must be carried out 
under reduced light conditions ( see  Note  4 ). Add 0.5  m L BSA 
(10 mg/mL), 1  m L AB-dUTP ( see  Note  1 ), 20  m Ci of the 
appropriate ( a  32 P)-dNTP (3,000 Ci/mmol) ( a  32 P-dGTP for 
the example in Fig.  2 ), 5–10 U of T 4  DNA polymerase, and 
1  m L 10× buffer A. Complete to a final volume of 20  m L with 
deionized distilled water.  

  Fig. 2 .   Schematic design for the synthesis of the photoprobes. In this example, the photoprobe contains one photonu-
cleotide (U) at position +1, and 3 radiolabeled guanosines (G) at positions -1, -3, and -4 of the adenovirus major late 
promoter       .
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    5.    Incubate for 30 min at room temperature.  
    6.    Add 5  m L of dNTP mix.  
    7.    Incubating for 5 min at room temperature.  
    8.    Incubate for 20 min at 37˚C.  
    9.    Add 5 U of T 4  DNA ligase and ATP (1 mM final concentration).  
   10.    Incubate for 1 h at room temperature.  
   11.    Incubate at 65°C for 20 min in order to inactivate the 

ligase.  
   12.    Add 10–20 U of restriction enzyme ( Sma I in the example 

shown in  Fig. 2   ).  
   13.    Incubate for 90 min at the temperature recommended by 

the supplier of restriction enzymes (25°C for  Sma I).  
   14.    Add 5  m L of a 6× gel-loading solution.  
   15.    Load on a native 8% polyacrylamide gel (40:1 acrylamide:bis) 

in 1× TBE buffer.  
   16.    Run at 150 V for about 1 h in 1× TBE buffer.  
   17.    Remove the glass plates containing the gel from the gel box.  
   18.    Separate the glass plates and leave the gel on one of them.  
   19.    Wrap the gel/glass plate in plastic wrap.  

  Fig. 3 .   An autoradiogram of a gel used for the purification of the photoprobes. The posi-
tion of the DNA fragment carrying both the photoreactive and radiolabeled nucleotides 
at a specific location is shown       



 Use of Site-Specific Protein–DNA Photocrosslinking 445

   20.    Wrap the entire package in an aluminum foil.  
   21.    Move to a dark room ( see  Note  5 ).  
   22.    Place a Kodax X-OMAT AR film on a clean bench.  
   23.    Remove the foil and place the gel on the film with the glass 

plate facing up (i.e., gel side down).  
   24.    Expose 2–5 min.  
   25.    During the exposition time, mark the film using a sharp tool 

by tracing the contour of the glass plate (this will be helpful 
later for the localization of the photoprobe in the gel).  

   26.    Remove the gel and rewrap it with the foil.  
   27.    Develop the film ( see  Note  6 ).  
   28.    Using a scalpel, cut the film so that the square piece contain-

ing the band corresponding to the photoprobe is removed. 
This operation leaves the film with a window at the position 
of the photoprobe.  

   29.    Superimpose the film on the gel by taking advantage of the 
marks made in  step 25 , and mark the square corresponding 
to the photoprobe on the plastic wrap using a pen.  

   30.    Cut out the gel slice containing the photoprobe using a clean 
scalpel.  

   31.    Cut the gel slice in small pieces (six to eight fragments).  
   32.    Place the gel fragments in a 1.5-mL microcentrifuge tube 

and add 10 mM Tris–HCL (pH 7.9) in order to completely 
submerge the gel (about 125–200  m L).  

   33.    Incubate overnight at room temperature.  
   34.    Collect the liquid containing the probe.  
   35.    Purify the probe on a Micro-spin S-200 HR column (Amer-

sham) to remove any salts and other putative contaminants.  
   36.    Count 1  m L aliquot of the photoprobe solution by liquid 

scintillation, and dilute the probe to the appropriate count 
number with deionized distilled water.  

   37.    The probe is now ready for use and can be stored in the dark 
at 4°C for 1–2 weeks ( see  Note  7 ).       

    The gel-purified photoprobe is used for preinitiation complex 
assembly with the purified transcription factors (TBP, TFIIA, 
TFIIB, TFIIE, TFIIF, and TFIIH) and RNAPII. The protein–
DNA complexes are submitted to an electrophoresis in a native 
polyacrylamide:bac gel ( see  Notes  8  and  9 ) in order to isolate 
specific complexes. The gel is immediately irradiated with UV 
light to crosslink the proteins to DNA. Specific complexes are 
identified by autoradiography. Examination of the autoradio-
gram permits identification of the preinitiation complexes that 

3.2. Day 2: In-Gel 
Protein–DNA Photo-
Crosslinking
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assembled on photoprobes ( see   Fig. 4   ). For the RNAPII initia-
tion complex, assembly of specific complexes on promoter in the 
native gels can be assessed by comparing reactions with photo-
probes containing a wild-type or a mutated TATA box and/or 
by comparing reactions performed in either the presence or the 
absence of TBP ( see   Note 10   ). The band corresponding to each 
complex assembled on photoprobes is excised, solubilized, and 
treated with DNase I and S1 nuclease. Enzymatic treatments per-
mit to liberate polypeptides that are covalently attached to a short 
piece of DNA carrying one to four radiolabeled nucleotides. After 
separation of the photocrosslinked polypeptides by SDS-PAGE, 
the gel is dried and exposed to X-ray film. Examination of the 
autoradiogram permits identification of the protein(s) that inter-
act with a particular site. The photocrosslinked polypeptides can 
be identified according to their molecular weight ( see  Fig.  5 ).
   1.    Prechill the 4.5% polyacrylamide:bac gel and the 0.5× TBE 

reservoir containing 2 mM MgCl 2  by placing them in a 4°C 
cabinet for 3 h.  

  Fig. 4 .   An autoradiogram of protein–DNA complexes electrophoresis in a native gel. The 
complexes were assembled with calf thymus RNAPII, TFIIB, TFIIF, and TFIIE in either the 
presence (+) or the absence (–) of TBP on photoprobe –39/–40. Two complexes, A and 
B, are resolved using electrophoretic mobility shift assay (EMSA)       .
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   2.    Mix the proteins (80–600 ng each) and complete the volume 
to 20  m L of buffer G ( see  Note  11 ). Add 1  m L of diluted 
poly(dIdC.dIdC) ( see  Note  12 ) and 6,000 cpm of the photo-
probe. The final volume is 21  m L ( see  Note  13 ).  

   3.    Mix well and incubate for 30 min at 30˚C.  
   4.    Load on a 4.5% acrylamide:bac gel in a 0.5× TBE reservoir 

containing 2 mM MgCl 2 .  
   5.    Run in a 4°C cabinet for 60 min at 400 V.  
   6.    Remove one glass plate and irradiate the protein–DNA 

complexes in the gel for 10 min using with UV light ( see  
Notes  14  and  15 ).  

   7.    Cover the gel with Whatman paper.  
   8.    Remove the other glass plate.  

  Fig. 5 .   An autoradiogram of an SDS-PAGE gel showing the crosslinked polypeptides in 
complexes A and B. Complexes A and B were assembled on photoprobes –39/–40 and 
+1. No difference is observed in the polypeptides that crosslink to photoprobe –39/–40, 
the form of RPB1 that crosslinked to position +1 varies when complex A is compared to 
complex B. The difference in the molecular weight of RPB1 indicates that the IIa form of 
RNAPII (e.g., with a hypophosphorylated CTD) is found in complex A, whereas the IIb form 
(e.g., without the CTD due to its proteolysis during purification) is present in complex B       .
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    9.    Cover the gel with a plastic wrap.  
   10.    Expose the gel to a phosphorimager screen overnight and 

print the image.  
   11.    Using a scalpel, cut the print so that the square piece contain-

ing the band corresponding to the photoprobe is removed. 
This operation leaves the film with a window at the position 
of the complex of interest.  

   12.    Superimpose the print on the gel.  
   13.    Cut out the gel slices containing the complex of interest 

using a clean scalpel.  
   14.    Place the excised gel in a 1.5-mL microcentrifuge tube tak-

ing care to avoid carrying any pieces of Whatman paper and 
plastic wrap.  

   15.    Add 10  m L of 1 M DTT to solubilize gel slices ( see   Note  16  ).  
   16.    Incubate 10 min at 37°C.  
   17.    Add 40  m L of ND buffer.  
   18.    Incubate at 37°C for 25 min.  
   19.    Add 13  m L of DNase mix.  
   20.    Incubate at 37°C for 20 min.  
   21.    Add 3.9  m L of 10% SDS.  
   22.    Incubate at 95°C for 3 min.  
   23.    Add 5.2  m L of acid mix.  
   24.    Add 2.6  m L of S1 nuclease at 80,000 U/mL.  
   25.    Incubate at 37°C for 20 min.  
   26.    Add 15  m L of 5× loading buffer to stop the reaction.  
   27.    Boil the samples for 5 min.  
   28.    Resolve the photocrosslinked polypeptides by SDS-PAGE 

gel (run at 30 mA in the stacking gel and at 55 mA in the 
separating gel) ( see   Note 17   ).  

   29.    Transfer the gel to Whatman paper and dry.  
   30.    Expose the dried gel to X-ray film using an intensifying 

screen ( see   Note 18   ).         

     

     1.    The nucleotide derivative we use, namely 5-(N-
(p-azidobenzoyl)-3-aminoallyl)-dUTP (AB-dUTP or N 3 R-
dUTP) ( see  Chap. “Site-Directed DNA Cross-Linking of 

4. Notes
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Large Multi-Subunit Protein–DNA Complexes”), possesses 
a side chain that places a photoreactive nitrene in the major 
groove of the DNA helix 10 Å away from the DNA backbone 
( see   ref. 10  ) . For this reason the crosslinking of a polypep-
tide to the photoprobe does not require a direct interaction 
of the polypeptide with the DNA helix. The amount of AB-
dUTP to be added to the reaction is determined empirically 
for each preparation of the photoreactive nucleotide and is 
generally between 0.5 and 2  m L (often 1  m L).  

    2.    The specific primer must be designed in such a manner 
that T 4  DNA polymerase only adds a few nucleotides. In 
the example shown in  Fig. 2   , the incorporation during the 
site-specific labeling is restricted to positions – 4 to +1 by 
omitting dCTP from the reaction. The success of this step 
can be monitored by analysis of the reaction products on a 
sequencing gel.  

    3.    The addition of dNTP in large excess is crucial because it 
is necessary to limit the incorporation of radiolabeled and 
photoreactive nucleotides during the extension of the pho-
toprobes.  

    4.    The use of a standard dark room is not necessary. As a rule, 
we find that conditions providing just enough light to be 
able to work are acceptable.  

    5.    A conventional red light can be used.  
    6.    An example of the autoradiogram of a gel used for photo-

probe purification is shown in  Fig. 3   . The position of the 
band corresponding to the photoprobe can be easily identi-
fied because the size of the fragment generated by the restric-
tion enzyme is known.  

    7.    Fresh probes (less than a week old) give the best results.  
    8.    Bac is a disulfide-containing analog of bis-acrylamide ( see    refs. 

11–13 ). Its chemical synthesis is essentially as described by 
Naryshkin et al. ( see    ref. 14  ) . We have used  N , N ′ -Bis(acryloyl)
cystamine from Sigma (product number A4929).  

    9.    The polyacrylamide:bac gels for the EMSA were prepared 
as follows. A 20% acrylamide:bac (19:1) stock solution is 
prepared by dissolving 19 g of acrylamide and 1 g of bac in 
80 mL of water in a 200-mL beaker and stirring for 30 min 
at 60°C (the solubility of bac in water is increased by adding 
the acrylamide before adding the bac and by performing 
the addition at 60°C). The volume is then adjusted to 100 
mL with water and the solution allowed to cool down to 
room temperature prior to filtering through 0.22- m m fil-
ter unit and storing at 4°C in the dark (stable for a few 
weeks). The gel is assembled using one glass plate that has 
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been siliconized by applying 100  m l of Surfacil siliconiz-
ing agent and spreading evenly with a Kimwipe. A 4.5% 
polyacrylamide:bac gel in 0.5× TBE buffer is prepared by 
mixing 11.25 mL of an acrylamide:bac (19:1) stock solu-
tion, 5 mL of 5× TBE, 100  m L MgCl 2 , and 33.7 mL water 
and preheating the slab gel assembly and the gel mixture at 
50°C in an incubator for 30 min. Polymerization is initiated 
by adding 250  m l TEMED and 125  m l freshly prepared 10% 
ammonium persulfate, and the gel poured immediately into 
the slab gel. Allow 20 min for polymerization at 50°C (the 
TEMED and ammonium persulfate concentrations are criti-
cal variables in the preparation of polyacrylamide:bac gels). 
The polyacrylamide:bac is stable for up to 72 h at 4°C, but 
it is better to use it freshly  

   10.    Because some of the general transcription factors and RNAPII 
bind nonspecifically to DNA, it is important to discriminate 
between specific and nonspecific assembly. Assembly of these 
complexes is promoter specific because both a mutation in 
the TATA box (TATAAA to TAGAGA; not shown) and the 
omission of TBP in the assembly mixture (Fig.  4 , compare + 
and – ) abolish the formation of the two complexes.  

   11.    In the preinitiation complex assembly, we use recombinant 
human proteins in following quantities: 80 ng of TFIIB, 
300 ng of RAP30, 600 ng of RAP74, 160 ng of TFIIE34, 
380 ng of TFIIE56, 300 ng of calf thymus RNAPII, and 
80 ng of recombinant yeast TBP. The amounts of the 
different protein factors should be optimized for each 
different combination of proteins and for each protein 
preparation.  

   12.    The poly (dI.dC-dI.dC) stock should be diluted just prior 
to use. The exact dilution should be determined experimen-
tally in order to favor specific vs. nonspecific signals without 
adversely affecting the intensity of the specific signals.  

   13.    The EMSA were performed as described previously by 
Wolner & Gralla ( see   ref. 15  )   

   14.    Irradiation time with UV light should be optimized by 
performing a time course with the particular system to be 
used. We use a Hoefer UVC 500 Ultraviolet Crosslinker 
with 254-nm bulbs.  

   15.    From this point on, normal light conditions can be used.  
   16.    1 M DTT can be substituted by 2–4 M  b -mercaptoethanol.  
   17.    Detailed procedures for SDS-PAGE electrophoresis have 

been described ( see   ref. 6  ) .  
   18.    The use of BioMax (Kodak) screens is recommended.          
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Chapter 27      

  Site-Directed DNA Crosslinking of Large Multisubunit 
Protein–DNA Complexes        

     Jim   Persinger    and    Blaine   Bartholomew      

  Summary 

 Several methods have been developed to site-specifically incorporate photoreactive nucleotide analogs 
into DNA for the purpose of identifying the proteins and their domains that are in contact with par-
ticular regions of DNA. The synthesis of several deoxynucleotide analogs that have a photoreactive 
group tethered to the nucleotide base and the incorporation of these analogs into DNA are described. 
In a second approach, oligonucleotide with a photoreactive group attached to the phosphate backbone 
is chemically synthesized. The photoreactive oligonucleotide is then enzymatically incorporated into 
DNA by annealing it to a complementary DNA template and extending with DNA polymerase. Both 
approaches have been effectively used to map protein–DNA interactions in large multisubunit com-
plexes such as the eukaryotic transcription or ATP-dependent chromatin remodeling complexes. Not 
only do these techniques map the binding sites of the various subunits in these complexes, but when 
coupled with peptide mapping also determine the protein domain that is in close proximity to the dif-
ferent DNA sites. The strength of these techniques is the ability to scan a large number of potential 
sites by making combinations of different DNA probes and is facilitated by using an immobilized DNA 
template for synthesis.  

  Key words:   Chromatin ,  Nucleosomes ,  RNA polymerase ,  Transcription ,  DNA photoaffinity labe-
ling ,  Protein–DNA interaction ,  DNA modification    .

    

 Site-specific DNA photoaffinity labeling is a useful technique for 
mapping interactions of proteins with DNA in complex systems 
such as the RNA polymerase III (Pol III) transcription complex 
having at least 25 different proteins  (1–  3)  and ATP-dependent 
chromatin remodeling complexes  (4) . This technique allows 
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probing of protein–DNA interactions across large stretches of 
DNA and can be done in relatively crude extracts. The regions or 
domains of the protein contacting DNA can be identified by pep-
tide mapping of the photoaffinity labeled protein  (5) . Our dis-
cussion of DNA photoaffinity labeling will focus on (a) synthesis 
of photoreactive nucleotide analogs, (b) the manner in which 
the photoreactive nucleotide is incorporated into DNA, and (c) 
experimental details of DNA photoaffinity labeling. 

 Some of the advantages of this approach are: (a) detailed 
mapping of protein interactions with DNA in large multisubunit 
protein–DNA complexes and (b) the ability to use crude protein 
extracts potentially containing important auxiliary factors that 
may be lost upon purification. Solid-phase DNA probe synthesis 
allows for the synthesis of multiple probes in a single day where 
in the past this process would have taken several days. The syn-
thesis of modified analogs for dATP, dCTP, and dTTP allows for 
incorporation at nearly all positions in DNA  (6–  8) . The photo-
reactive moiety can be changed on these nucleotides to place the 
more photoreactive phenyl diazirine into DNA to better target 
all potential protein surfaces  (9) . These photoreactive groups 
have short half-lives of less than a nanosecond to ~5  m s and can 
be used for kinetic analysis of changes in specific protein–DNA 
contacts. The 4-thiothymidine nucleotide has also been used for 
zero-distance crosslinking of protein to DNA and may be useful 
for probing very close protein–DNA contacts  (10) .  

 

        1.    Para-azidobenzoic acid (4-ABA) (Molecular Probes).  
    2.    Succinimidyl esters of 4-azidobenzoic acid, 4-azido-2,3,5,6-

tetrafluorobenzoic acid, 4-benzoylbenzoic acid (Molecular 
Probes).  

    3.    5-[N-(3-aminoallyl)]-deoxyuridine triphosphate (5 aa-dUTP) 
(Fermentas).  

    4.    dCTP and  p -azidophenacyl bromide(Sigma).  
    5.    Ethylene diamine, dicyclohexylcarbodiimide, anhydrous diox-

ane (99 + %), ethyl ether, and sodium metabisulfite (Aldrich).  
    6.    DEAE-Sephadex A-25 resin (GE Life Sciences).  
    7.    Glycine, glycyl glycine, and glycylglycyl glycine (Sigma).  
    8.    pH indicator strip (Panpeha, Schleicher, and Schull).  
    9.    Polyethyleneimine (PEI)-cellulose TLC plates (J.T. Baker, 

with fluorescence indicator).  
   10.    TE: 10 mM Tris–HCl of pH 8.0, 1 mM EDTA.      

    2. Materials  

2.1. Synthesis of 
Modified Nucleotides
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          1.    Buffer A: 10 mM Tris–HCl (pH 8.0), 10 mM MgCl 2 , 50 mM 
NaCl, and 1 mM DTT.  

    2.    Buffer B: 1 M LiCl, 10 mM Tris–HCl (pH 8.0), 1 mM 
EDTA, and 0.1% SDS.  

    3.    Plasmid DNA pTZ1 containing the  SUP4  tRNA Tyr  gene with 
promoter-up mutation inserted into pGEM1  [7    ].  

    4.    Magnetic separation stand for DNA bead isolation 
(Promega).  

    5.    M-280 Streptavidin Dynabeads (Dynal).  
    6.    Buffer C: 2 M NaCl, 10 mM Tris–HCl (pH 7.5), 1 mM 

EDTA (pH 8.0).  
    7.    Buffer D: 30 mM Tris–HCl (pH. 8.0), 50 mM KCl, 

7 mM MgCl 2 , 1 mM 2-mercaptoethanol, and 0.05% 
Tween 20.  

    8.    Five-inch (12.5 cm) polystrene chromatography columns 
with 45–90  m m filter, (Evergreen Scientific). These dispos-
able columns are ideal for the 2.5-ml spin columns.  

    9.    Bio-11-dUTP and Bio-14-dATP (Sigma).      

          1.    Buffer E: 150 mM Tris–HCl (pH 8.0), 250 mM KCl, 35 mM 
MgCl 2 , 5 mM 2-mercaptoethanol, and 0.25% Tween 20.  

    2.    Storage buffer F: 50 mM potassium phosphate of pH 7.0, 
5 mM 2-mercaptoethanol, and 50% glycerol.  

    3.    Storage buffer G: 50 mM KCl, 10 mM Tris –HCL  of pH 
7.5, 0.1 mM EDTA, 5 mM 2-mercaptoethanol, 200  m g/ml 
BSA, and 50% glycerol.  

    4.    Site-specific oligonucleotides and upstream oligonucleotide 
(50-nmol scale synthesis).  

    5.    4-Thiothymidine triphosphate (Trilink Biotechnologies).  
    6.    Exonuclease-free version of the Klenow fragment of DNA 

Polymerase I (GE Life Sciences, 5 units/ m l) is diluted to 
0.25 units/ m l with Storage Buffer F.  

    7.    T 4  DNA ligase (New England Biolabs, high concentration 
form, 2,000 units/ m l) is diluted to ~300 units/ m l with Stor-
age Buffer G containing 5 mM 2-mercaptoethanol.  

    8.    TE: 10 mM Tris–HCl of pH 8.0 and 1 mM EDTA.  
    9.    PBS: phosphate-buffered saline solution of pH 7.4 containing.  
   10.    T 4  DNA polymerase from New England Biolabs comes 

stored in 100 mM potassium phosphate of pH 6.5, 10 mM 
2-mercaptoethanol, and 50% glycerol.      

2.2. Immobilized DNA 
Templates

2.3. DNA Probe 
Synthesis
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         1.    Buffer H: 100 mM Tris–HCl (pH 8.0), 25 mM MgCl2, and 
250 mM NaCl.  

   2.    Buffer I: 100 mM NaCl, 40 mM Tris–HCl (pH 8.0), 5 mM 
MgCl2, 1 mM EDTA, 20% glycerol, 10 mM 2-mercaptoethanol, 
0.5 mM PMSF, 1  m g/ml pepstatin, and 1  m g/ml leupeptin.  

   3.    Zinc acetate solution: 0.5 M glacial acetic acid, 12.5 mM 
zinc acetate.  

   4.    5× DB: 10% SDS, 25% 2-mercaptoethanol, 0.3 M Tris–HCl 
(pH 6.8), 0.4% bromophenol blue.  

   5.    3 NTP mix: 2  m l of 100 mM ATP, UTP, and CTP (Boehringer 
Mannheim), 20  m l Buffer H, 35  m l Buffer I, and 43  m l of 
sterile deionized water.      

         1.    Formic acid (99%, Sigma).  
   2.    Diphenylamine (ACS 99 + %, Aldrich).  
   3.    Cyanogen bromide (97%, Aldrich).  
   4.    Centricon 30 (Millipore).       

       

 Synthesis of modified nucleotides and oligonucleotides followed 
by incorporation into double-stranded DNA is done with indirect 
lighting using 40-W incandescent lamps. 

      We have used a variety of modified nucleotides to probe the 
RNA polymerase III transcription complex and ATP-depend-
ent chromatin remodeling complexes SWI/SNF and ISW2. 
The following section contains procedures for the synthesis of 
some of the commonly used nucleotides. Not included in this 
description is the synthesis of  N  6 -[4-azidobenzoyl-(2-amino-
ethyl)]-2′-deoxyadenosine-5′-triphosphate (AB-dATP) or its
 precursor  N  6 - (2-aminoethyl)-2′-deoxyadenosine-5′-triphosphate 
 (N  6 -dATP)  (8) . Synthesis of this nucleotide analog requires mul-
tiple steps and starts with dAMP being converted into N 1 -dAMP 
followed by its rearrangement into N 6 -dAMP. 

    AB-dUTP (Fig.  1 ) is synthesized as follows:
   1.    Add 100  m l of 100 mM 4-azidobenzoic acid  N -hydroxysuc-

cinimide solution (ABA-NHS) in dimethylformamide (DMF) 
to 100  m l of 20 mM 5-aa-dUTP in 100 mM sodium borate 
of pH 8.5  (6) . The reaction is incubated at 25°C for 4 h, and 
the pH of the reaction is checked with pH indicator strips 
(pH 8.5). Any excess precipitation that forms can be eliminated 
by addition of DMF.  

2.4. Photoaffinity 
Labeling

2.5. Peptide Mapping

3. Methods

3.1. Synthesis of 
Modified Nucleotides

3.1.1. AB-dUTP



 Site-Directed DNA Crosslinking of Large Multisubunit Protein–DNA Complexes 457

   2.    The coupling reaction is stopped by the addition of 200  m l of 
sterile deionized water and the product applied to a 0.7 × 
8 cm (1.6 ml) DEAE Sephadex A-25 column equilibrated in 
100 mM TEAB (pH 8.0). The column is washed with 5 ml 
of the same buffer at a flow rate of 5 ml/h, and eluted with 
a 30-ml linear gradient of 0.1–1.5 M TEAB (pH 8.0), and 
500  m l fractions are collected.  

   3.    Every third fraction from the column is evaporated to dryness 
by vacuum centrifugation and resuspended in 250  m l of sterile 
deionized water. The samples are dried down and this process 
is repeated for a second time.  

  Fig. 1 .   Structures of each of the different photoreactive nucleotide analogs have been shown. 
The complete IUPAC names for each of the nucleotides is given in the text       .



458 Persinger and Bartholomew

   4.    The fractions are resuspended in 50  m l of sterile deionized 
water and 2  m l of each analyzed on PEI-cellulose TLC plates 
( see  Note  2 ). The plates were developed with 1 M LiCl and 
visualized with a UV light source (254 nM). The reported 
R f  values for 5-aa-dUTP and AB-dUTP are 0.54 and 0.098, 
respectively  (6) .  

   5.    All the fractions containing AB-dUTP are combined and TEAB 
is removed by repeated drying and resuspension in sterile deion-
ized water. The final product is resuspended in 200  m l of TE. 
An estimated extinction coefficient of AB-dUTP at 270 nm is 
10.3 × 10 3 /M/cm at pH 8.0 (based on the sum of the extinc-
tion coefficients of ABA and 5-aa-dUTP at the indicated pH 
and wavelength). A concentrated stock of AB-dUTP is stable 
at −80°C for several years, and a 0.2-mM working stock can be 
stored at −20°C wrapped in foil ( see  Notes  1 ,  3 , and  4 ).       

    The tether of AB-dUTP is 9–10 Å in length and places the pho-
toreactive group near the edge of the major groove of DNA. We 
have synthesized different dUTP and dCTP analogs with vary-
ing tether lengths by addition of glycine residues into the tether 
 (11) . Synthesis of these nucleotide analogs is similar to that of 
AB-dUTP and is as follows (Fig.  1 ). 

 Para-azidobenzoic acid (4-ABA) was esterified with 
N-hydroxysuccinimide (NHS) using the coupling reagent dicy-
clohexylcarbodiimide (DCI), and the product was recrystallized 
from anhydrous dioxane and ethyl ether (1:1)  (12) .
   1.    A typical reaction contained 28 mmol ABA and 28 mmol 

NHS in 50 ml of anhydrous dioxane (99 + %).  
   2.    The solution is cooled in ice and DCI in 15 ml dioxane is 

added and stirred for ~24 h at room temperature.  
   3.    Dicyclohexyl urea is removed by centrifugation and the super-

natant was evaporated to dryness by vacuum centrifugation.
    The ABA-NHS is coupled to glycine, or (Gly-Gly) or 

(GlyGlyGly) to make ABA derivatives with glycine, Gly-Gly, 
or Gly-Gly-Gly attached to the carboxylic group of 4-ABA.     

   4.    The reaction is started on ice and contains 2 mmol of glycine 
or the Gly-Gly or Gly-Gly-Gly and 4 mmol of sodium bicar-
bonate in 4 ml of deionized water to which is added 2 mmol 
of ABA-NHS in 8 ml of dioxane with constant stirring.  

   5.    The reaction proceeds for 10–15 min on ice and is then trans-
ferred to room temperature and left with stirring for an addi-
tional 24 h.  

   6.    Any insoluble material is removed from the reaction by cen-
trifugation.  

   7.    The pH of the reaction is lowered to 2 with concentrated HCl 
to precipitate the product.  

3.1.2. Varied Tether Length 
Nucleotides
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    8.    Products are washed with deionized water.  
    9.    The products are esterified with N-hydroxysuccinimide as 

described for ABA,  Subheading 3.1.1   , except that dime-
thyl sulfoxide is used instead of dioxane for the ABG 3 -NHS 
because of the limited solubility of this compound.  

   10.    The DMSO or dioxane is removed by vacuum centrifugation 
and the product is recrystallized from dioxane/isopropyl alco-
hol (1:1). Any residual solvent is removed by vacuum centrifu-
gation. These products are coupled to 5-aa-dUTP in the same 
fashion as described for AB-dUTP,  Subheading 3.1.1   .      

      We have also varied the photoreactive group attached to 5-aa-
dUTP to contain either a phenyldiazirine, tetrafluoroaryl azide, 
or a benzophenone group to optimize for nonselective crosslink-
ing  (9) . The coupling reactions of 5-aa-dUTP to the NHS esters 
of 4-azido-2,3,5,6-tetrafluorobenzoic acid, 4-benzoylbenzoic acid 
(commercially available from Molecular Probes), and 4-[3–9tri-
fluoromethyl)diazirin-3-yl]benzoic acid (synthesized as described 
in  (13) ) are similar to that for the synthesis of AB-dUTP (Fig.  1 ).  

      The synthesis of dCTP nucleotides begins with the synthesis of 
N 4 -aminoethyl deoxycytidine triphosphate (daeCTP) by a bisulfate-
catalyzed transamination reaction  (7) .
    1.    A bisulfite amine solution is made by adding dropwise 2 ml 

of freshly distilled ethylene diamine to 4.0 ml of concen-
trated HCl and 3.5 ml of deionized water on ice.  

    2.    Next, sodium metabisulfite (1.895 gm) is added and the pH 
is adjusted to 5.0 with concentrated HCl.  

    3.    Next, 100  m l of 1 mg/ml hydroquinone in ethanol is added 
to the reaction to scavenge free radicals. Bisulfite-amine solu-
tions are always made up fresh.  

    4.    The transamination reaction is initiated by adding nine vol-
umes of the bisulfite-amine solution to one volume of 100 
mM dCTP in 50 mM TEAB of pH 8.0.  

    5.    The sample is incubated with constant vortexing at 42°C 
for 4 h.  

    6.    The reaction is stopped by adjusting the pH to 8.2 with 5 M 
KOH.  

    7.    The product is purified by DEAE Sephadex A-25 chroma-
tography as described for the purification of AB-dUTP, 
 Subheading 3.1.1   , and dae-dCTP eluted from 0.84 to 1.0 
M TEAB.  

    8.    Column fractions are analyzed by thin layer chromatogra-
phy as described in  Subheading 3.1.1   . The R f  of daeCTP is 
0.221  (7) .  

3.1.3. Varied Photochemistry 
Nucleotides

3.1.4. Synthesis of dCTP 
Analogs
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   9.    Fractions containing product are pooled and concentrated to 
10–12 mM. The aryl azido or phenyl diazirine (Fig.  1 ) are 
coupled to daeCTP as discussed earlier, Subheading  3.1.1 , 
for 5-aa-dUTP. Tether length versions of AB-dCTP have also 
been synthesized with similar lengths of tether to those for the 
other tether length nucleotides discussed (Fig.  1 ), and the R f  
values of these range from 0.067 for ABG-dCTP to 0.078 for 
ABG 3 -dCTP.       

      Oligonucleotides are commercially synthesized with a phospho-
rothioate incorporated near the 3′ or 5′ end and are conjugated 
to an aryl azide using  p -azidophenacyl bromide (APB). The phos-
phorothioate is between the third and fourth nucleotides from 
either end of the oligonucleotide and is not directly at the end 
because the modified phosphorothioate destabilizes annealing of 
the oligonucleotide to the template strand  (14) . The oligonucle-
otide is radiolabeled by  g - 32 P-ATP and T4 polynucleotide kinase 
(Optikinase from USB) if the modification is near the 5` end; 
otherwise, the 3` end is radiolabeled by extending the oligonu-
cleotide after annealing to the DNA template strand by Klenow 
DNA polymerase and  a - 32 P-dNTP.
   1.    The oligonucleotide is resuspended in 100 mM triethylam-

monium bicarbonate of pH 8.0 (TEAB) to a concentration of 
~200 pmol/ m l.  

   2.    The conjugation reaction contains 25  m l of 200 pmol/ m l of 
oligonucleotide and 25  m l of 100 mM APB in dimethylforma-
mide (DMF) or acetonitrile (24 mg/ml)  .

   3.    If precipitation does occur upon mixing add small amounts of 
DMF or acetonitrile  .

   4.    The reaction mixture is incubated at 25°C for 1 h if using 
DMF or for 4 h if using acetonitrile.  

   5.    The reaction is diluted by the addition of 300  m l of 100 mM 
TEAB of pH 8.0 and extracted three times with isobutanol 
that has been saturated with 10 mM Tris–HCl of pH 8.0 and 
1 mM EDTA (TE). The oligonucleotide is in the lower aque-
ous layer and the isobutanol layer is removed and fresh TE 
saturated isobutanol added for further extraction.  

   6.    The oligonucleotide is extracted three times with TE satu-
rated ethyl ether the same as in  step 5 .  

   7.    After removal of all the ethyl ether, the sample is incubated at 
37°C for 10 min with the caps open for evaporation of residual 
ether in the sample.  

   8.    Oligonucleotide is concentrated and dried by centrifugal 
evaporation under vacuum using a Labanco system for ~2 h. 
The oligonucleotide is resuspended in 1 ml of deionized water 
and concentrated as before.  

3.2. Synthesis of Modi-
fied Oligonucleotides
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    9.    The oligonucleotides are resuspended in 100  m l of 100 mM 
TEAB to a final concentration of ~50 pmol/ m l and stored at 
−20°C.  

   10.    The extent of modification is determined by radiolabeling 
the modified and unmodified oligonucleotides and analyz-
ing them side by side on a denaturing 10% polyacrylamide 
gel containing 8 M urea. Modification causes the oligonucle-
otide to have a reduced electrophoretic mobility.      

      Plasmid DNA is used for immobilizing a single-stranded DNA 
template that contains either the  SUP4  tRNA Tyr  DNA for RNA 
polymerase III experiments or the 5S rDNA for high-affinity 601 
DNA for nucleosome reconstitution  (3,   15–  17) .
    1.    DNA is biotinylated by initially digesting 200 pmol of plas-

mid with a restriction enzyme that cleaves at one unique site 
in the plasmid proximal to the region of interest. An exam-
ple of this is shown for the pTZ1 plasmid containing the 
 SUP4  tRNA Tyr  DNA that is digested with  Hind III for non-
transcribed strand templates or  Eco RI for transcribed strand 
templates ( see  Note  5 ) (Fig.  2 , step 1).  

    2.    The 5` overhangs are biotinylated by the incorporation of 
Bio-11-dUTP and Bio-14-dATP (Sigma Chemical Co.) 
using the exonuclease-free version of the Klenow fragment 
of DNA Polymerase I (GE Life Sciences). The 200- m l reac-
tion contains 200 pmol of linearized plasmid, 20  m M Bio-
14-dATP, dCTP, dGTP, and 25  m M Bio-11-dUTP, and 150 
units of Klenow fragment in buffer A (Fig.  2 , step 2).  

    3.    Unincorporated dNTPs are removed by spin column chroma-
tography  (18)  with a 2.5-ml Sephacryl S-200 spin column (GE 
Life Sciences) equilibrated in buffer B (Fig.  2 , step 3). Aliquots 
of the samples are removed before and after the spin column to 
quantify the recovery. Instead of a spin column, Microcon30 
can be used to remove unincorporated nucleotides and the 
sample is washed four times with 500  m l of TE.  

    4.    Biotinylated DNA is precipitated by the addition of 2.5 vol-
umes of ethanol and placing the sample at −20°C overnight. 
Afterward DNA is subjected to a second restriction enzyme 
digestion.  

    5.    Sample is resuspended and digested with a second restric-
tion endonuclease that cleaves on the other side of the target 
region. Generally it is preferred to keep the target DNA in 
the range of 300–500 bp to facilitate efficient binding to the 
magnetic beads with streptavidin. In the case of the pTZ1 
DNA it is digested with  Eco RI and  Rsa I for nontranscribed 
strand templates or  Hind  III and  Pvu II for transcribed strand 
templates to generate a 315-base pair biotinylated DNA frag-
ment containing the  SUP4  tRNA Tyr  gene (Fig.  2 , step 4).      

3.3. Immobilized DNA 
Templates
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  Fig. 2 .   Diagrammatic representation of DNA template preparation for solid-phase DNA probe synthesis       .
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 Biotinylated DNA (40 pmol) is bound to Dynabeads M-280 
Streptavidin (Dynal) in the following procedure.
   1.    Washing Dynabeads

   (a)    The supernatant from 100- m l Streptavidin Dynabeads (10 
pmol/ m l) is removed using a MagneSphere ®  Technology 
magnetic separation stand (Promega), and the beads are 
resuspended in 150  m l PBS + 0.1 mg/ml BSA.  

   (b)    The beads are washed one time with 150  m l buffer C, 
and resuspended in 100  m l 2 × B/W and divided into 
200–300  m l aliquots of beads at 5 mg/ml ( see  Note  7 ).      

   2.    Binding reaction
   (a)    A reaction is assembled consisting of 100  m l of the 5 mg/

ml washed Dynabeads and 100  m l of the 0.4 pmol/ m l 
biotinylated DNA ( see  Note  6 ).  

   (b)    The reaction is gently vortexed every 1–2 min for 10 s 
each during which the sample is incubated for 45 min at 
37°C ( see  Note  8 ). For this purpose we generally use a 
Thermomixer (Eppendorf) that can be programmed to 
perform these repetitive actions.  

   (c)    Buffer is removed using a magnetic stand and analyzed 
for binding efficiency by agarose gel electrophoresis 
(Fig.  3 , lanes 2 and 5).  

   (d)    Beads are washed with 200  m l 0.5× buffer C and the 
washes saved for further analysis (Fig.  3 , lanes 3 and 6).  

   (e)    The beads are resuspended in 100  m l of 0.5× buffer C and 
stored at 4°C (Fig.  2 , step 5) for extended periods of time.      

   3.    Removal of the nonbiotinylated DNA strand
   (a)    Supernatant is removed from the beads and the beads are 

resuspended in 20  m l of 0.1 M NaOH.  
   (b)    The sample is incubated with occasional vortexing for 10 

min at room temperature.  
   (c)    The supernatant is removed and beads are washed one 

time with 50  m l of 0.1 M NaOH and washed four times 
with sterile deionized water (Fig.  2 , step 6).      

   4.    Dephosphorylation of DNA Beads
   (a)    DNA beads are washed three times with 50  m l of Buffer 

D and resuspended in 100  m l of Buffer D.  
   (b)    Five units of shrimp alkaline phosphatase (GE Life Sciences) 

is added to the reaction, and incubated at 37°C for 60 min.  
   (c)    A second five units of enzyme is added and incubated for 

an additional 60 min.  
   (d)    Beads are washed three times with 50  m l of TE (pH 8.0) 

+ 0.1% SDS.  
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   (e)    The beads are washed three times with 50  m l of PBS + 
0.1 mg/ml BSA, and resuspended in 100  m l of PBS + 0.1 
mg/ml BSA (final concentration is 0.2 pmol/ m l).  

   (f)    The remaining enzyme is heat inactivated by incubating 
the reaction at 65°C for 15 min and gently vortexing 

  Fig. 3 .   Agarose gel analysis of DNA bead preparation.  Lanes 1  and  4  are biotinylated 
pTZ1 DNA cut with  Eco  RI,  Hin  d  III, and  Pvu  II (pTZ1/EHP) are used for the modifica-
tion of the transcribed strand, or  Hin  d  III , Eco  RI, and  Rsa  I (pTZ/HER) are used for the 
modification of the nontranscribed strand before binding to Streptavidin Dynabeads. 
The biotinylated 315-base pair fragments contain the  SUP4   Tyr  gene. The 80- and 40-bp 
fragments are also biotinylated, but are not used as a DNA template.  Lanes 2  and  5  are 
taken from the supernatant of the binding reaction of DNA with Streptavidin Dynabeads 
after incubation. The absence of the 315-bp fragments in these samples shows efficient 
binding of probe DNA to Dynabeads.  Lanes 3  and  6  are samples from a final wash of 
the beads after binding       .
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every 5 min. The single-stranded DNA beads can be 
stored for several months up to 1 year at 4°C.           

      Immobilized DNA templates made by the previous procedure, 
 Subheading 3.3   , are used to construct DNA photoaffinity 
probes on either the transcribed or nontranscribed strand of the 
gene in the following procedure.
    1.    First primer extension. Remove 2 pmol of immobilized tem-

plate and place in a 1.5-ml microcentrifuge tube.  
    2.    Wash the beads three times with Buffer D and resuspend in 

10  m l of Buffer D.  
    3.    To each reaction is added 2  m l of sterile deionized water, 1  m l 

of 2 mg/ml BSA, 2  m l Buffer E, and 5  m l of 6 pmol/ m l site-
specific oligonucleotide ( see  Note  9 ).  

    4.    Reactions are vortexed and heated at 70°C for 3 min with 
intermittent vortexing. Samples are cooled with 10°C 
drop every 10 min with a final incubation at 37°C for 30 
min to allow the oligonucleotide primer to anneal (Fig.  4 , 

3.4. DNA Probe 
Synthesis

  Fig. 4 .   Schematic representation of solid-phase DNA probe synthesis       .
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step 1). During all incubations, samples must be vor-
texed gently for 10 s every 1–2 min to keep the beads 
suspended.  

    5.    The beads were washed two times each with 50  m l of buffer 
D and resuspended in 20  m l of buffer D.  

    6.    To the reaction add 1  m l of 100  m M modified nucleotide 
described in  Subheading 3    and an  a -[P 32 ] labeled nucle-
otide using 0.25 units of the exonuclease-free version of the 
Klenow fragment of DNA polymerase I (GE Life Sciences) 
( see  Note  11 ) and incubation at 37°C for 10 min ( see  Note  10 ) 
( step 2  in Fig.  4  and lanes 1–4 in Fig.  5 ).  

    7.    Next, full-length extension is done by addition of dNTPs to 
a final concentration of 5 mM and incubation for 15 min at 
37°C. ( step 3  in  Fig. 4    and lanes 5–8 in Fig.  5 ).  

    8.    Klenow fragment and dNTPs are removed by washing the 
beads three times with 50  m l of TE (pH. 8.0) + 0.1% SDS 
and two times each with 50  m l Buffer D.  

    9.    Beads are resuspended in 20  m l of Buffer D.  
   10.    Three  m l of 6 pmol/ m l upstream oligonucleotide, 1  m l of 2 

mg/ml BSA, and 1  m l of Buffer E are added to a 20- m l reac-
tion containing the DNA beads.  

   11.    The sample is vortexed gently every 5 min and incubated at 
37°C for 30 min (Fig.  4 ,  step 4 ).  

   12.    The upstream oligonucleotide is extended by the addition of 
5 mM dNTPs and 3 units of T4 DNA polymerase ( see  Note 
 11 ), and incubation for 10 min at 37°C (step 5 in Fig.  4  and 
lanes 9–12 in Fig.  5 ).  

   13.    The upstream strand is ligated to the site-specific primer by 
the addition of 1  m l of 10 mM ATP and 5 units of T4 DNA 
ligase and incubated at 37°C for 60 min (step 6 in Fig.  4  and 
lanes 13–16 in Fig.  5 ).  

   14.    Beads are washed two times with 50  m l TE (pH 8.0) + 0.1% 
SDS, two times with 50  m l of Buffer D, and resuspended in 
20  m l of Buffer D.  

   15.    DNA probe is released from the bead by the addition of 
12–20 units of specific restriction enzyme ( see  Notes  11  and 
 12 ) to cut at a site between the  SUP4  tRNA Tyr  gene and the 
attachment site (step 7 in Fig.  4  and lanes 17–20 in Fig.  5 ).  

   16.    After restriction enzyme digestion, the probe is washed from 
the beads in a series of three washes of 50- m l each with Buffer 
D which are pooled in a fresh microcentrifuge tube.  

   17.    The sample is extracted with phenol:chloroform (1:1) 
followed by extraction with chloroform.  
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  Fig. 5 .   Analysis of DNA probe synthesis modified at bps + 11 on 10% urea PAGE. Incor-
poration of BP-dUMP, FAB-dUMP, DB-dUMP, and AB-dUMP and [ a - 32 P] dATP ( Lanes 1–4  ). 
Full-length extension of oligonucleotide primers in the presence of all four dNTPs ( Lanes 
5–8  ). Upstream oligo annealed to template and extended to site-specific primer by T4 DNA 
Polymerase in the presence of all four dNTP’s ( Lanes 9–12  ). Ligation of upstream exten-
sion product to site-specific oligonucleotide by T4 DNA Ligase ( Lanes 13–16  ). Digestion of 
Probe DNA to release it from the Streptavidin Dynabeads by  Bam  HI ( Lanes 17–20  )       .
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   18.    The DNA probe is ethanol precipitated by the addition of 
1/10 volume of 10 M lithium chloride and 2.5 volumes of 
ethanol.  

   19.    Samples are placed at −20°C overnight.  
   20.    Samples are spun down at maximum speed in microfuge at 

4°C for 30 min.  
   21.    Supernatant is decanted and pellet is allowed to dry.  
   22.    Samples are resuspended in TE (pH 8.0) + 0.05% Tween 20 

at a final concentration of 2–10 fmol/ m l and stored at 4°C.  
   23.    After resuspension of the probes 1  m l is removed for analysis on 

a 4% native acrylamide gel, 20 × 20 cm × 0.8 mm (Fig.  6 ).         

      Transcription complexes were formed on probe DNA using the 
500-mM KCl fraction from BioRex 70 chromatography of the 
S-100 extract, made from  Saccharomyces cerevisiae  strain BJ926 
(BR500)  (7) . In addition, transcription complexes were also 
formed using recombinant TFIIIB and partially purified TFIIIC 
 (19) . TFIIIC was obtained from the flow-through fractions of 
Ni-NTA chromatography of His-tagged RNA Pol III  (7) .
    1.    A typical 20- m l photoaffinity labeling reaction contains 4  m l 

of Buffer H, 9  m l of Buffer I, 1  m l of 500 ng/ m l pLNG-56 or 
pTZ1 ( see  Note  15 ) linearized with EcoRI, 1  m l of 2 fmol/ m l 
DNA probe, and 1–4  m l of BR-500 extract ( see  Note  14 ), 
and adjusted to 20  m l with deionized water. Optimal pro-
tein concentration for transcription activity and photoaffinity 
labeling is determined by multiple round transcription assays 
using pTZ1 plasmid DNA and labeled ribonucleotides  (3) .  

    2.    The photoaffinity labeling reaction is incubated at 25°C for 
30 min for assembly of complexes on to probe DNA.  

    3.    The sample is irradiated at this point to crosslink the assem-
bled complex, or a stalled ternary complex can be formed 
by the addition of a 3 NTP mix. Complexes containing only 
TFIIIB are formed by addition of heparin (100  m g/ml) to 

3.5. DNA Photoaffinity 
Labeling

  Fig. 6 .   Analysis of DNA probes modified at bps + 11 on a 4% nondenaturing acrylamide gel       .
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the assembled transcription complex for release of TFIIIC 
and Pol III from DNA.  

    4.    After irradiation, the DNA probe is enzymatically digested in 
two steps to leave a small radioactive tag covalently attached 
to the crosslinked protein.  

    5.    The first step of digestion is by the addition of 2.3  m l of 
0.5 mg/ml DNase I (Invitrogen) to a 21- m l reaction and 
incubation at 25°C for 10 min ( see  Note  13 ).  

    6.    Immediately add 1  m l of 10% SDS to each sample and incu-
bate at 90°C for 3 min and then place on ice for 5 min and 
next place at room temperature.  

    7.    Two microliters of the zinc acetate solution and 1  m l of 20 
units/ m l S1 nuclease (Invitrogen) are added, and samples are 
incubated at 37°C for 10 min.  

    8.    The reaction is stopped by the addition of a premix of 1  m l 
of 0.5 M Tris base to adjust the pH to ~7 and 7  m l of 5× DB 
buffer.  

    9.    The sample is heated at 90°C for 3 min and cooled on ice for 
5 min prior to being loaded on to a 4–20% SDS-PAGE that 
is 20 × 20 cm × 0.8 mm.  

   10.    After electrophoresis, the gel is dried with a slab gel dryer 
with heating at 80°C and vacuum for 2 h, and exposed to 
film for autoradiography or to a phosphorimager screen 
( see  Note  16 ) (Fig.  7 ).       

  Fig. 7 .   Comparison of three photoreactive moieties incorporated at bps -11. Subunits labeled in both 
preinitiation ( Lanes 1 ,  7 , and  9  ) and heparin-stripped complexes ( Lanes 5 ,  8 , and  10  ) differ from one 
photoreactive group to the next. Examples of TFIIIC-specific competition ( Lanes 2 ,  4 , and  6  )       .
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         1.    Large-scale photoaffinity labeling reactions for peptide-map-
ping experiments are as described in  Subheading 3.5   , except 
that everything is scaled up to a final reaction volume of 2 ml 
( see  Note  17 ).  

   2.    Samples are irradiated in a multichannel pipettor tray instead 
of the original sample tube in order to keep the depth of the 
sample the same as a standard 20- m l labeling reaction.  

   3.    DNase I and S1 nuclease digestion is done as described in 
 Subheading 3.5    with volumes scaled up to the appropriate 
amounts for the increased reaction size.  

   4.    Next the samples are concentrated by ultrafiltration using a Cen-
tricon 30 (Millipore) to lower the sample volume and allow for 
loading on a 0.8-mm-thick 8% SDS polyacrylamide gel.  

   5.    Photoaffinity-labeled BRF was excised from the gel and electro-
phoretically eluted using a Bio-Rad Model 422 Electro-Eluter 
for 4 h at 10 mA per gel slice into a volatile buffer consisting of 
50 mM ammonium bicarbonate and 0.1% SDS.  

   6.    The eluate is dried down by vacuum centrifugation, resuspended 
in 200  m l sterile deionized water, and dried down again.  

   7.    Gel-purified BRF is treated with 70% formic acid and 1.4% 
diphenylamine at 70°C for 20 min to further digest DNA and 
to cleave the protein at Asp-Pro sites (Fig.  8 ).   

3.6. Peptide Mapping

  Fig. 8 .   Representation of possible results of peptide mapping of the BRF subunit of TF IIIB. At the 
 top  is a linear representation of the protein with Asp-Pro linkages labeled below along with the 
fragments generated by single-hit digestion.  Below  is a representation of protein gel analysis of 
labeled proteolytic products from crosslinking occurring in regions A, B, or C       .
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    8.    The sample was extracted five times with an equal volume of 
water-saturated ethyl ether (fresh).  

    9.    Next samples are evaporated to dryness by vacuum centri-
fugation, resuspended in sterile deionized water, and dried 
down again.  

   10.    The pellet is resuspended in 40  m l 2% SDS and 0.1 mM 
2-mercaptoethanol.  

   11.    Proteins are cleaved with cyanogen bromide by the addition 
of 1  m l of 1 M hydrochloric acid and 1  m l of 1 M cyanogen 
bromide in acetronitrile to a 15- m l sample or addition of for-
mic acid to a final concentration of 70% and 1  m l of 1 M cya-
nogen bromide in acetonitrile for a more complete digestion.  

   12.    Samples are incubated at 25°C for 10 min or 2 h.  
   13.    Samples are resolved on a 10–20% tricine gel  (20) . After electro-

phoresis the gel is stained by Coomassie R-250 staining, dried, 
and visualized by phosphorimaging ( see  Note  18 ) (Fig.  8 ).       

            

          1.    We store concentrated stocks of modified nucleotides wrapped 
in foil at −80°C. Only small diluted stocks are stored at −20°C 
wrapped in foil to help protect the major stock from inadvertent 
photolysis.  

    2.    We have found that various brands of TLC plates cause 
products to migrate somewhat differently and may result in 
different observed Rf values.  

    3.    Photoreactive nucleotides are tested to determine the range 
of nucleotide concentrations that can be used to incorporate 
the nucleotides by primer extension and can be compared to 
the unmodified nucleotide. An aliquot of each sample can be 
irradiated and the DNA will crosslink the Klenow fragment 
of DNA polymerase I and cause the labeled oligonucleotide 
to have a much slower electrophoretic mobility. Some of the 
oligonucleotide does not get crosslinked to DNA polymer-
ase but is visibly photolyzed as evident by smearing of the 
free oligonucleotide band.  

    4.    Another question we have addressed is if a modified nucleotide 
at a given position affects normal DNA–protein interactions in 
that region. This can be done for transcription complexes by 
gel shift analysis or performing transcription assays on wild-
type DNA and probe DNA to determine if DNA modifica-
tion affects the level of transcription. Similar experiments are 
done with modified nucleosomes and chromatin remodeling 

4. Notes
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complexes through examining the efficiency of remodeling by 
changes in the electrophoretic mobility of the nucleosomes.      

          5.    It is recommended to have at least 50 bps of DNA between 
the biotinylation site or attachment site to the bead and the 
restriction endonuclease cut site, because of potential steric 
hindrance of the restriction endonuclease if the site is too 
close to the bead.  

    6.    DNA beads have a preference for binding shorter DNAs 
with a size restriction of less than ~2,000 bps in length. It is 
critical to determine the extent of binding the biotinylated 
DNA by agarose gel electrophoresis.  

    7.    We have found the DNA beads to be sensitive to certain 
buffers containing high salt in combination with SDS. These 
conditions lead to the degradation of the magnetic particles, 
so it is important to avoid washing with buffers containing 
both SDS and high concentrations of salt.  

    8.    Beads should always be mixed with gentle vortexing action to 
insure that they remain in solution and avoid vigorous vor-
texing because it will scatter beads and lead to sample loss.      

          9.    Oligonucleotides for probe synthesis are usually between 18 
and 20-mers in length with a GC-rich 5′ end.  

   10.    If the DNA probe is to be used for peptide mapping, the 
modified nucleotide will have to be incorporated first, fol-
lowed by dATP or dGTP, to leave a nucleotide tag covalently 
attached to the crosslinked protein upon chemical degrada-
tion of the DNA probe.  

   11.    Enzymes containing DTT need to be avoided since DTT 
can reduce aryl azides. Some enzymes with DTT can be suf-
ficiently diluted in buffers containing 2-mercaptoethanol 
(5 mM) in place of DTT.  

   12.    Choosing restriction enzymes with good cutting efficiency 
to remove probes from the DNA beads can be very beneficial 
to overall probe yields.      

         13.    Due to the short sequential incubation times it is best to 
cycle samples into and out of incubation baths to ensure 
equal incubation times for all samples. This means addition 
of the enzyme or solution to the first sample and immediately 
placing it in the temperature bath followed by processing the 
second sample in the same way and so on. The samples are 
removed in the same order so that they entered the bath 
with a 15-s delay between each sample.  

   14.    We have found the crude extract BR-500 to be more efficient 
for photoaffinity labeling probably due to higher activities of 
the proteins and factors that may be lost during extensive 
purification.  
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   15.    Proper controls such as DNA competition with specific-pTZ1 
(containing an up mutation in the box B region of DNA) 
vs. nonspecific-pLNG56 DNA (containing a down mutation 
in the Box B region of the DNA) and heparin striping of 
samples are necessary to ensure labeling specificity.  

   16.    Crosslinked proteins have a slightly greater electrophoretic 
mobility than unmodified protein due to the DNA tag left 
behind and is more noticeable for smaller proteins.      

         17.    Labeling reactions used for peptide mapping are scaled up to 
insure adequate signal. Sufficient amount of labeled protein 
is necessary due to losses during the extensive purification 
and the partial proteolytic conditions creating only a small 
percentage of labeled proteolytic fragments.  

   18.    Care should be taken in constructing a map of potential 
proteolytic fragments created by single-hit digests for pep-
tide mapping. Chemical cleavage of protein is preferable to 
enzymatic cleavage, because chemical cleavage has no appar-
ent specificity or site preference that can make it difficult to 
interpret the peptide-mapping results.           
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Chapter 28      

 Functional Studies of DNA–Protein Interactions 
Using FRET Techniques       

     Simon   Blouin   ,    Timothy D.   Craggs   ,    Daniel A.   Lafontaine   , 
and    J. Carlos   Penedo      

  Summary 

 Protein–DNA interactions underpin life and play key roles in all cellular processes and functions including 
DNA transcription, packaging, replication, and repair. Identifying and examining the nature of these 
interactions is therefore a crucial prerequisite understanding the molecular basis of these fundamental 
processes. The application of fluorescence techniques and in particular fluorescence resonance energy 
transfer (FRET) to provide structural and kinetic information has experienced a stunning growth dur-
ing the past decade. This has been mostly promoted by new advances in the preparation of dye-labeled 
nucleic acids and proteins and in optical sensitivity, where its implementation at the level of individual 
molecules has opened a new biophysical frontier. Nowadays, the application of FRET-based techniques 
to the analysis of protein–DNA interactions spans from the classical steady-state and time-resolved meth-
ods averaging over large ensembles to the analysis of distances, conformational changes, and enzymatic 
reactions in individual Protein–DNA complexes. This chapter introduces the practical aspects of applying 
these methods for the study of Protein–DNA interactions.  

  Key words:   Protein–DNA interactions ,  Fluorescence spectroscopy ,  Förster Resonance Energy 
Transfer ,  Time-resolved fluorescence,   Single-molecule detection    .

    

 Protein–DNA interactions are widespread. Understanding the 
molecular basis of these crucial biological mechanisms requires 
therefore a detailed analysis of the nucleoprotein complex struc-
ture and the dynamic interactions that govern its assembly and 
function. Owing to their sensitivity and the recent advances in 
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site-specific dye-labeling methods in both nucleic acids and proteins, 
fluorescence detection-based biophysical assays have proven to 
be very powerful and versatile techniques to probe the dynamics 
and function of Protein–DNA complexes  (1–  3) . The appeal of 
these fluorescence-based approaches relies on the extreme sensi-
tivity of a fluorescence probe to its environment  (4) , the pos-
sibility of monitoring the fluorescence signal continuously in real 
time to provide accurate kinetic data and, when combined with 
Förster Resonance Energy Transfer (FRET), the ability to pro-
vide insights into the structural basis of DNA or protein-induced 
conformational rearrangements (5–  7) . 

 The basic idea underlying any FRET experiment designed 
to study a particular Protein–DNA complex relies on the site-
specific labeling with a donor and an acceptor dye, located both 
in the same biomolecule (intramolecular FRET, Fig.  1a ) or one 
FRET dye in each interacting partner (intermolecular FRET, 
 Fig. 1b   ). Direct optical excitation of the donor dye results in fast 
energy transfer to the FRET acceptor, which emits fluorescence 
at a longer wavelength. The efficiency of this process depends 
on the sixth power of the average distance between the donor 
and the acceptor dye  (8–  10)  and thus, the changes in fluores-
cence intensity from donor and acceptor can be used to monitor 
the interaction between proteins and their DNA substrate with 
extreme sensitivity and accuracy  (11–  13) .  

  Fig. 1 .   Protein–DNA interactions can be monitored by intramolecular and intermolecular FRET assays. ( a ) Intramolecular 
FRET assays are based on the functionalization of the same biomolecule with both donor and acceptor fluorescence 
labels. Interaction with the partner biomolecule induces a conformational change in the host molecule (i.e., between an 
open and a closed state) that modifies the donor–acceptor distance and therefore the FRET value. ( b ) Intermolecular 
FRET assays are engineered with each fluorescence label in different biomolecules. When the two interacting molecules 
bind together and form a stable complex, FRET occurs. On the other hand, when the complex dissociates, the FRET value 
diminishes       .
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 Intramolecular FRET assays where both dyes are located in 
the same biomolecule have been extensively used to monitor 
protein-induced conformational changes in the DNA substrate 
and to determine the global structure and assembly dynamics of a 
variety of nucleoprotein complexes. These studies include analysis 
of DNA bending upon interaction with a range of DNA-binding 
proteins such as the TATA protein (14) , the high-mobility group 
box HMG  (5,   15) , the integration host factor protein IHF (16, 
  17) , the catabolite activator protein CAP  (7,   13) , and the 5 ¢  Flap 
Endonuclease FEN1  (18) . DNA strand exchange proteins such as 
RecA  (19,   20)  and its eukaryotic homologs hRad51 and scRad51 
 (21) , single-stranded binding proteins  (22) , RecBCD-like nucle-
ases  (23) , and Holliday junction-resolving enzymes such as archaeal 
Hjc  (24)  have been the subject of intensive research using FRET-
related techniques both at ensemble and single-molecule level. 
FRET has also been used to investigate the relative orientation of 
single-stranded DNA template primers with respect to the Kle-
now fragment of  E. coli  DNA Polymerase I  (25) . More recently, 
FRET methods have been specifically developed to monitor the 
movement of RNA polymerase (RNAP) relative to DNA during 
transcription  (26–  28)  and define the three-dimensional structure 
of transcription complexes in solution  (29) . Apart from those 
studies that focused on the understanding of the molecular basis 
of DNA recognition outlined earlier, the investigation of cleav-
age reactions of nucleic acids catalyzed by a variety of enzymes 
is another major area where FRET techniques are already providing 
a wealth of kinetic information  (30) . Usually, the efficiency of 
the enzymatic cleavage process is determined using a DNA sub-
strate doubly labeled with donor and acceptor fluorophores. In 
the absence of enzymatic reaction, the proximity of both dyes 
enables efficient energy transfer from the donor to the accep-
tor, thereby decreasing the fluorescence intensity of the donor 
moiety  (31) . Upon incubation with the enzyme, cleavage of the 
DNA substrate leads to the separation of the donor and acceptor 
dyes, with the concomitant cease of energy transfer and increase 
of the donor fluorescence. The main advantage of this fluori-
metric assay when compared to more conventional biochemical 
techniques such as radiolabeling-based electrophoresis or ELISA-
based techniques is that it relies on its continuous character, so 
that the cleavage reaction can be monitored from the initial steps 
in real time with no need for extensive sample handling. Follow-
ing this approach, the kinetics of restriction endonucleases such 
as  PaeR 7  (32) ,  EcoR V  (33) , S1 nuclease  (34) , and Endonuclease 
V  (35)  have all been quantified by FRET techniques. Here, we 
present methods and protocols for FRET experiments that permit 
functional studies of Protein–DNA interactions including biomo-
lecular conformational changes and cleavage assays. 
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    Fluorescence Resonance Energy Transfer (FRET) is a nonradiative 
process whereby an excited donor fluorophore D transfers energy 
to a ground-state acceptor A (Fig.  2a  )  as a result of a through-
space coupling of their transition dipoles  (8–  10) . According to 
Förster’s theory, the energy transfer efficiency  E  depends on the 
inverse sixth power of the distance,  R , separating the D–A pair:  

1.1. Fluorescence 
Resonance Energy 
Transfer

 Fig. 2 . FRET principle. ( a ) Absorption of a photon by the donor excites an electron to an upper state  S  1 . The excited donor 
can spontaneously lose its excess energy and decay to the ground state by a combination of competing processes 
including fluorescence emission, nonradiative deactivation by interaction with solvent molecules, intersystem crossing 
to the triplet state T 1  or, in the presence of a nearby acceptor molecule, by resonance energy transfer. The probability of 
energy transfer, proportional to  k  T , decreases rapidly when the distance increases ( inset equation ). ( b ) Distance depend-
ence of the energy transfer efficiency according to Förster theory (Eq.  1 ) for the Fluorescein (donor)-Cy3 (acceptor) FRET 
pair. The Förster radius  R  o , (56 Å) that represents the distance at which 50% of the donor deactivates by energy transfer, 
is calculated according to (Eq.  2 ). Because of the sixth-power dependence of the energy transfer with the distance, FRET 
is more sensitive for changes in distance close to the  R  o  value. ( c ) Absorption and fluorescence spectra for the FRET pair 
Fluorescein donor (continuous line) and Cy3 (dashed line). The overlapping region between donor emission and acceptor 
absorption is illustrated by the shaded region (inset: Expression for  R  o  in terms of wavenumbers). ( d ) Example of steady-
state FRET data analysis, for the particular case of fluorescein-Cy3 FRET pair, following the enhanced acceptor emission 
method. The fluorescence emission of the donor in a donor-only labeled biomolecule (b,  dotted line ) is obtained with 
excitation at its absorption maximum and normalized in the region 510–530 nm to the experimental FRET spectrum (a, 
 dash-dotted line ) excited at the same wavelength. The “pure acceptor emission” (a–b) is obtained by subtracting the 
normalized donor emission from the experimental FRET spectrum. A fluorescence spectrum of the acceptor only (c,  solid 
line ) is also taken with excitation at its absorption maximum (547 nm), where no donor absorption takes place. The ratio A  
parameter, proportional to the FRET efficiency, is calculated from the ratio F490

acc/F547
acc. 
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 where  R  o  is the distance between donor and acceptor at which 
50% of the excited D* molecules decay by energy transfer (Fig.  2b ), 
while the other half decays through other radiative and non-
radiative deactivation channels. This critical transfer distance, 
the so-called Förster distance, is a characteristic property of the 
donor–acceptor pair used and can be calculated for a particular 
FRET pair from the spectral and photophysical properties of the 
donor and acceptor partners following the expression: 
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 where  Q  D  is the donor’s fluorescence quantum yield,  n  is the 
refractive index,  N  A  is Avogadro’s number,  k  2  is the orientation 
factor, and  J  represents the spectral overlap between the donor 
fluorescence emission spectrum and the acceptor absorption 
spectrum (Fig.  2c ) obtained from the expression: 

 l e (l l l= ∫ 4
D A( ) ) ,J F d     (3)     

 where  F  D (  l  ) is the fluorescence emission of the donor normal-
ized to a total peak area of 1 and   e   A (  l  ) is the absorption spectrum 
of the acceptor normalized to the molar extinction coefficient. 
The quantum yield of the donor chromophore needs to be deter-
mined in the context of the biomolecule as this can markedly dif-
fer from that in free solution. The refractive index of the medium 
is assigned a value of 1.4 for biomolecules in aqueous solution. 
The  k  2  factor describing the orientation of the donor–acceptor 
transition dipole can range from 0 for perpendicular orientation 
to 4 for parallel. When complete averaging of the relative orien-
tation of the dyes is achieved during the excited-state lifetime 
of the donor,  k  2  adopts a value of two-third, which has proven 
to be a reasonable approximation in most bimolecular environ-
ments. For a more detailed description on the influence of  k  2  on 
the measured distance values, which is beyond the scope of this 
chapter, we refer to a recent review by van der Meer  (36) . As 
an example, the distance dependence of the FRET efficiency for 
the fluorescein-Cy3 donor acceptor pair is illustrated in Fig.  2b  
(note that for  R  =  R  o , the FRET efficiency is 0.5). 

 Experimentally, the most direct approach to measure FRET 
efficiencies is based on steady-state fluorescence techniques by 
measuring the intensity of the donor in the absence  I  D  and in the 
presence of acceptor  I  DA  according to  Eq. 4   . From here it is pos-
sible to recover the donor–acceptor distance following  Eq.  5  : 
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      It is very often the case that interacting biomolecules are flexible 
structures showing a broad range of donor–acceptor distances. 
In these cases, the efficiency of energy transfer calculated from 
steady-state measurements overestimates the correct distances and 
represents an average over all possible conformational mixtures 
present in solution. When the number of different conforma-
tions, the relative equilibrium populations of each conformation 
and their corresponding true distances need to be resolved, time-
resolved FRET (tr-FRET) techniques are the best choice (37) . 
In a time-resolved FRET experiment, the measured parameter 
is the fluorescence lifetime of the donor, which for most organic 
dyes range in the picosecond to nanosecond time range. In the 
absence and presence of an acceptor, the fluorescence intensity 
will decay according to the expressions in  Eqs. 6  and  7 , respec-
tively: 
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 where   t   D  represents the lifetime of donor in the absence of accep-
tor and the second component in the exponential term represents 
the energy transfer rate. However, it is normally the case that a 
fluorescence probe attached to a biomolecule can adopt multi-
ple conformations, each of them with an intrinsic fluorescence 
lifetime. In this case, the fluorescence decay should be modeled 
as a distribution of lifetimes as represented in  Eq. 8   , where  f  i  is 
the relative population of each species and  P   i  ( R ) represents the 
distance distribution. 
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 The two existing methodologies for measuring time-resolved 
FRET, phase modulation, and time-correlated single-photon 
counting (TCSPC), together with the procedures for data analysis, 
have been recently reviewed by Klostermeier and Millar  (37) . 
The expressions outlined earlier are commonly applied to study 
conformational changes and extract distance information in proteins 

1.2. Time-Resolved 
Fluorescence Reso-
nance Energy Transfer
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or DNA. However, in enzymatic cleavage assays followed by 
tr-FRET, it is usually more practical to analyze the changes in 
the average donor lifetime ( Eq. 9   ) as a function of the progress 
of the cleavage reaction (Fig.  3d  ) . In these assays, a DNA sub-
strate labeled with donor and acceptor is engineered (Fig.  3a ) 

  Fig. 3 .   Example of an enzymatic DNA cleavage assay monitored by time-resolved fluorescence resonance energy transfer. 
( a ) A 3 ¢ -flap duplex DNA is labeled with donor (fluorescein) and acceptor (Cy3) groups. In the presence of magnesium 
divalent ions, binding of structure-specific endonucleases such as XPF (Xeroderma pigmentosum, complementation 
group F) induces cleavage of the 3 ¢ -flap with the subsequent release of the FRET acceptor and FRET breakdown (Penedo 
et al. unpublished data). ( b ) Monitoring the nuclease-induced cleavage of the DNA construct shown in ( a ) by time-
resolved fluorescence spectroscopy. As the cleavage progresses, the biexponential decay together with time-dependent 
contributions from both product (donor only,   t   D  = 3.8 ns) and uncleaved substrate (donor + acceptor,   t   FRET  = 0.8 ns) 
evolves to a monoexponential donor-only decay. Each fluorescence decay trace was taken at fixed intervals of time (0.5 s) 
during the progression of the cleavage reaction. The excitation was performed by a 475-nm picosecond pulsed-diode 
laser (Edinburgh Instruments Ltd, UK) and the emission monochromator was placed at 520 nm, the donor emission maxi-
mum. Each fluorescence trace represents the time-correlated single photon-counting histogram accumulated during 0.5 s. The 
instrument-response function (IRF) used to deconvolute the experimental decays is also shown. ( c ) Comparison between 
the lifetime decays of the donor-only control and the doubly labeled DNA construct after 12 min progress of the cleavage 
reaction. The lifetime traces have been fitted to a monoexponential decay in the case of the donor only DNA control and a 
biexponential decay following the expression:  F  ( t  )  = F  o ( t  )  + A  1 exp(− t / t  1  )  + A  2 exp( −t/ t   2  ) for the doubly labeled substrate. 
The pre-exponential factors  A  1  and  A  2 , representing the amplitudes of each exponential at time zero, are proportional to 
the amounts of product and uncleaved substrate. As an example at 12-min reaction time, the remaining uncut substrate 
constitutes  ~ 33% of the total intensity. Inset: residuals obtained from the fitting of the experimental decays to a monoex-
ponential function ( a , donor-only control) and a biexponential function ( b , doubly labeled substrate). ( d ) Plot showing the 
average lifetime calculated accordingly (Eq.  9 ) as a function of cleavage time. Inset: percentual amplitudes correspond-
ing to product and uncut substrate as a function of cleavage time. The complete dataset of decay traces obtained every 
0.5 s was fitted to biexponential decay following global analysis (Edinburgh Instruments Ltd, UK)       .



482 Blouin et al.

so that, due to the enzymatic reaction, the acceptor moiety will 
be released with the concomitant increase in donor lifetime and 
breakdown of FRET over time.  
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      More recently, FRET experiments at single-molecule level 
(Sm-FRET) have become possible providing information on 
protein-nucleic acid dynamics that was previously hidden when 
using bulk-solution methods  (38–  41) . Single-molecule FRET 
techniques provide a completely new approach to study the 
structure-dynamics-function relationship in protein–nucleic acid 
complexes, allowing the identification of subpopulations in a 
heterogeneous mixture, the analysis of Protein–DNA complexes 
lifetimes and the recovery of FRET efficiency distributions, with 
the advantage compared to time-resolved FRET that it does not 
require any assumption about the shape of the distance distribution. 
The efficiency of energy transfer in a single-molecule experiment 
is usually calculated from the expression: 
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 where  I  D  and  I  A  represent the fluorescence intensity of the donor 
and acceptor, respectively. The   a   parameter corrects for the 
donor leakage into the acceptor channel and direct excitation of 
the acceptor at the donor excitation wavelength. All these correc-
tions can be done with donor- and acceptor-only labeled species 
 (39,   42) . Single-molecule FRET experiments can be performed 
either on freely diffusing molecules (43,   44) , or on immobilized 
molecules to record the trajectory of the molecule for extended 
periods of time (42,   45) , but in this case care must be taken to 
ensure that the immobilization techniques are compatible with 
the biomolecule(s) under study  (46) . Single-molecule FRET 
studies on Protein–DNA interactions have mostly focused on the 
unwinding of DNA by helicases  (47,   48) , DNA damage  (49,   50) , 
and the analysis of the relative movement of RNAP on the DNA 
template during the initiation and elongation steps of the tran-
scription processes  (28,   29) .   

       

      For steady-state FRET experiments, any scientific-grade com-
mercial fluorimeter equipped with conventional Xe lamps and 

1.3. Single-Molecule 
FRET

2. Materials

2.1. Instrumentation
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with real-time correction for fluctuations in lamp intensity will be 
appropriate. For time-resolved FRET two different experimen-
tal approaches can be used  (37) , either the frequency-domain 
method or the time-domain method. In the frequency domain 
method, the sample is excited with a sinusoidally modulated laser 
of certain frequency and the fluorescence lifetime is extracted from 
the phase delay and the demodulation of the emitted light. In 
the time-domain method, the sample is excited with a short laser 
pulse, typically of duration  ~ 80 ps or less, and the fluorescence 
emission is detected with a fast photomultiplier or multichannel 
plate (MCP) and a time-correlated single-photon counting sys-
tem (TCSPC). Either in steady-state or in time-resolved condi-
tions, the fluorescence signal must be collected at magic angle 
conditions, with the emission polarizer placed at 54.7° relative 
to the vertically polarized excitation, to avoid artifacts due to 
molecular reorientation. 

 For single-molecule experiments the two most common 
approaches are fluorescence correlation spectroscopy (FCS), 
where molecules are allowed to freely diffuse through the excita-
tion volume, and those techniques requiring the immobilization 
of the biomolecule under study to allow observation for longer 
periods of time: total-internal reflection (Fig.  4 ) and scanning 
confocal microscopy. Single-molecule instrumentation for FCS 
is already commercially available from a range of manufacturers 
(Leica, Olympus, Picoquant), and the details of single-molecule 
FCS instrumentation can be found in several recent reviews  (43, 
  44) . For immobilization single-molecule experiments, there is no 
specific commercial equipment as for FCS, so scientists working in 
the field need to build their own equipment. It will be assumed 
in the following that a single-molecule total-internal reflection 
(Sm-TIR) setup is already available. Single-molecule instrumen-
tation share in common the need for a laser excitation source, 
an inverted microscope with oil- or water-immersion objectives 
depending on the particular setup ( see  Note  1 ), and a detection 
system. Depending whether the aim is to monitor many molecules 
simultaneously or just one but with higher time resolution, the 
acquisition system will be based on two-dimensional detectors, 
such as intensified or electron-multiplying CCD cameras (Andor, 
UK or Princeton Instruments, USA) or point-detection devices 
such as avalanche photodiodes APDs (Perkin Elmer, USA). The 
advantage of FCS is that it is a true solution-based technique and 
therefore free of perturbations by biomolecule-surface inter-
actions. The main disadvantage is that the observation time is lim-
ited to a few milliseconds, the diffusion time of the biomolecule 
through the confocal volume. To observe single-molecule events 
for long periods of time, immobilization of the single-molecule 
on an appropriate surface is the method of choice. Several differ-
ent immobilization methods have been used depending on the 
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type of biomolecule. These include single-point attachment on 
a glass or quartz surface via BSA-Streptavidin interactions  (51) , 
poly(ethylene glycol) (PEG)-coated surface  (52,   53)  ( see  Note  2 ), 
His–NTA interactions  (54,   55) , trapping inside porous gel matrices 

  Fig. 4 .   Single-molecule FRET assays for Protein–DNA interactions by total-internal reflection spectroscopy. ( a ) Schemat-
ics of a single-molecule TIR microscope for single-molecule FRET. Briefly, the sample is excited by a continuous wave 
diode laser (532 nm, Crystalaser) at a critical angle of  ~ 65° by using a prism-type setup. The fluorescence obtained from 
the sample is collected by a water-immersion objective (60×, NA 1.2, WD: 0.17–0.25) mounted on an inverted micro-
scope (Olympus IX71). A dichroic mirror located underneath the objective is used to block the laser excitation light and 
allow the fluorescence from donor (Cy3) and acceptor (Cy5) to reach a 3-mm slit (Thorlabs, UK). Using a combination of 
reflecting and dichroic mirrors, the fluorescence is decomposed in its donor (reflected) and acceptor (transmitted) com-
ponents and spatially separated so that the donor reaches the left-hand side of the CCD camera chip (Andor Technology, 
UK) and the acceptor reaches the right-hand side. ( b ) Principle of total-internal reflection illumination. Refractive index 
differences between the quartz slide ( n  1 ) and water phases ( n  2 ) modulate how much light is refracted or reflected at 
the interface as a function of angle of incidence of the laser beam. At a specific critical angle, the beam is completely 
reflected from the quartz/water interface. This reflection generates an evanescence wave ( ~ 100 nm) in the aqueous 
medium, which is used to excite the molecules directly attached to the quartz inner surface. Because the intensity of this 
evanescence wave decays exponentially with the distance from the surface, very small excitation volumes can be easily 
achieved, increasing the signal-to-noise ratio to appropriate values for single-molecule detection. ( c ) doubly labeled DNA 
carrying a 3 ¢ -flap engineered for single-molecule binding studies. The construct is immobilized in the quartz surface, 
which was previously coated with biotinylated-PEG, via biotin–streptavidin interactions. Binding of the structure-specific 
endonuclease XPF induces a conformational change in the DNA that reduces the distance donor–acceptor, thus increas-
ing the FRET signal as it can be seen in the single-molecule traces represented in ( d ) in the presence and absence of 
protein. Fluctuations in the FRET signal (bottom plot) are indicative of protein binding-dissociation       .
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of agarose or polyacrylamide  (50) , and inside biomimetic mem-
branes such as vesicles  (56)  and nanopores  (47) . Independent of 
the immobilization method, specific control experiments should 
be made for each particular system to ensure that the biomolecule 
is not interacting with the surface, so that any observed hetero-
geneity is intrinsic and does not arise from molecular interactions 
with the surface  (46) .   

      Functional studies of Protein–DNA interactions by fluorescence 
resonance energy transfer require the labeling of the DNA or the 
protein  (57) , or both, with a FRET pair suitable for the distance 
range to be measured, and the subsequent purification steps to 
get reliable FRET efficiency and distance values. In the particu-
lar case of single-molecule applications we should emphasize the 
need for reagents, buffers, and even water ( see  Note  3 ), abso-
lutely free of fluorescence contaminants. Common buffers such 
as Tris, phosphates, widely used monovalent and divalent ions 
solutions and denaturing agents can be obtained with excellent 
purity from most suppliers. Specific single-molecule additives 
such as surface-coating molecules (BSA, PEG), oxygen scavenger 
proteins (glucose oxidase and catalase), and triplet-state quench-
ers (2-Mercaptoethanol, TROLOX) can be obtained with high 
purity from more specialized sources (Roche Diagnostics, Pierce 
Biotechnology, New England Biolabs). 

    Synthesis of custom DNA oligonucleotides is a procedure now 
outsourced by most laboratories. Companies such as Operon, 
DNA Integrated Technologies, and Invitrogen offer custom 
DNA synthesis at micromole and nanomole scales up to 
145–150 nucleotides long. For single-molecule immobilization 
studies biotin is usually incorporated during chemical synthesis at 
the 5 ¢  or 3 ¢  end.  

         1.    A variety of fluorescence molecules can be used as donor and 
acceptor pairs for FRET studies  (57,   58) . Table  1  summa-
rizes the spectroscopic properties of most widely used FRET 
pairs. Fluorescein-tetramethylrhodamine and fluorescein-Cy3 
are very popular FRET pairs for bulk-solution investigations. 
However, for single-molecule studies, especially under immo-
bilization conditions, Cy3–Cy5 is the most accepted FRET 
pair because of its wider spectral separation when compared 
to fluorescein-Cy3 and its higher photostability.   

   2.    The same companies that provide synthetic DNA oligonucle-
otides can also provide fluorescently labeled-DNA with most 
common donor and acceptor dyes (Fluorescein, Cyanine and 
Alexa dyes) at the 5 ¢  and 3 ¢  end terminals and also internal 
Fluorescein-dT. However, the maximum length available for 
these fluorescently labeled constructs is  ~ 60–70 nucleotides.      

2.2. Chemicals

2.2.1. Synthetic DNA

2.2.2. Fluorophores
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      An alternative to the incorporation of fluorescence labels 
on the DNA during chemical synthesis relies on the postsyn-
thesis coupling of a succinimidyl ester (NHS) dye derivative 
(GE Healthcare, Molecular Probes, Invitrogen) to a synthetic 
DNA carrying a primary amino group at a specific position. 
This method is widely used to incorporate internal fluorescence 
labels other than the commercially available fluorescein. For 
this labeling procedure the following reagents are required:
   1.    Synthetic single-stranded DNA oligonucleotides carrying a 

primary amino group modification (Operon, IDT)  
   2.    Cy3-NHS, Cy5-NHS, or other appropriate dye carrying a 

succinimidyl ester group.  
   3.    Dimethyl sulfoxide (e.g., Fisher Scientific).  
   4.    Labeling buffer: 100 mM sodium tetraborate (Sigma), pH 

8.5. Keep this solution aliquoted in the freezer for long-term 

2.2.3. DNA Postsynthesis 
Fluorescence Labeling

  Table 1 
  Summary of spectroscopic properties, donor lifetime values, and Förster radius 
 R  o  for some of the most common FRET pairs used in conventional steady-state 
and time-resolved FRET, together with those particularly useful in single-molecule 
FRET applications because of their enhanced photostability    

 Donor    l   exc  (nm)/  l   em  (nm)    t   Donor /ns  Acceptor    l   exc  (nm)/  l   em  (nm)   R  o  

 EDANS  336/468  13.0  DABCYL  471/nonfluorescent  33 

 IAEDANS  336/490  12.0  Fluorescein  494/521  46 

 GFP  395,475/509  2.6  DsRed  558/583  47 

 CFP  439/476  3.4(0.6), 
1.3(0.4) a  

 YFP  514/527  50 

 Fluorescein  494/521  4.1 b   TMR  550/572  55 

 Fluorescein  494/521  4.1 b   Cy3  547/565  56 

  FRET pairs suitable for single-molecule studies  

 Cy3  547/560  0.3  Cy5  647/667  53 

 Cy5  647/667  1  Cy5.5  675/694  -- 

 Alexa 488  495/519  3.9  Alexa 568  578/603  62 

 Alexa 546  556/573  4.0  Alexa 594  590/617  71 

 Alexa 594  590/617  3.9  Alexa 647  650/668  85 

   aThe numbers in brackets represent the normalized pre-exponential factors or amplitudes at time zero 
obtained from time-resolved experiments 

 bFluorescein incorporated in a duplex DNA shows a second component with a lifetime of  ~ 0.8 ns and 
a small amplitude (<15%) indicating different rearrangements of the fluorophor in the DNA duplex  



 Functional Studies of DNA–Protein Interactions Using FRET Techniques 487

storage and avoid long-term exposition to air, which could 
change the buffer pH.  

   5.    Precipitation solution: 3 M sodium acetate and 100% ethanol. 
Keep these solutions at room temperature.      

      Currently the most common approach is cysteine labeling with a 
thiol-reactive maleimide derivative of the dye  (57) .
   1.    Protein with a surface-exposed cysteine residue.  
   2.    Labeling buffer: 100 mM phosphate-buffered saline between 

pH 7.0 and 7.5 Tris or HEPES buffer could also be used.  
   3.    Dimethyl sulfoxide (e.g., Fisher Scientific)  
   4.    Maleimide derivative of the fluorescence dye (Invitrogen, 

Molecular Probes, GE Healthcare).  
   5.    Dithiothreitol (DTT) (Sigma) or Tris(2-carboxyethyl)phos-

phine HCl (TCEP) (Sigma) as reducing agents for disulfide 
bonds. TCEP has the advantages of providing no pungent 
odor, and it is often not needed to remove TCEP before thiol 
modification using iodoacetamides or maleimides.  

   6.    Glutathione or mercaptoethanol (Sigma).      

         1.     5× TBE . 450 mM Tris, 450 mM borate, and 10 mM ethylen-
ediamine tetraacetic acid disodium salt (EDTA).  

   2.     Dilution buffer 1× . 7 M urea dissolved in 1× TBE (store at 
room temperature).  

   3.    20% acrylamide/bis solution (19:1) with 7 M urea in 1× TBE. 
This solution is neurotoxic when not polymerized and so care 
should be taken not to receive exposure. Keep this solution in 
the dark at room temperature.  

   4.    Ammonium persulfate (APS): prepare 10% (w/v) solution in 
water. Keep this solution in the dark at 4°C. ( see  Note  4 ).  

   5.    TEMED (N,N,N ¢ ,N ¢ -Tetramethyl-ethylenediamine).  
   6.    Running buffer (1×): 1× TBE.  
   7.     Molecular weight markers . Xylene cyanol FF 0.02% and 

bromophenol blue 0.02% dissolved in pure formamide.      

         1.    Electroeluter from Harvard lab shops (  http://www.mcb.
harvard.edu/bioshop    ).  

   2.    Ammonium acetate (NH 4 OAc) 8 M in water. Keep the solu-
tion at room temperature.  

   3.    Electroeluter running buffer: 0.25× TBE.  
   4.    Precipitation solution: 3 M NaOAc and 100% ethanol. Keep 

these solutions at room temperature.  
   5.    Elution buffer for crush and soak elution: 0.5 M NH 4 OAc, 1 

mM EDTA, and 0.1% (w/v) sodium dodecyl sulfate (SDS).  
   6.    Microspin columns (GE Healthcare).      

2.2.4. Protein Labeling

2.2.5. Fluorescently 
Labeled DNA Purification 
by Polyacrylamide Gel 
Electrophoresis (PAGE)

2.2.6. DNA Recovery
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         1.    Gel filtration column such as Sephadex G-25, BioGel P-30, 
or similar with the appropriate molecular weight cutoff (GE 
LifeSciences).  

   2.    100 mM phosphate-buffered saline between pH 7.0 and 7.5.      

         1.    Spectroscopic-grade acetone and methanol (Sigma Ltd) and 
acetic acid.  

   2.    Pegylation buffer: 10 mL ultrapure water + 84 mg sodium 
bicarbonate  

   3.    Aminopropyl silane (Sigma), Biotinylated-PEG and mPEG 
(SusTech, Darmstadt, Germany). ( see  Note  5 )  

   4.    Streptavidin was purchased from Invitrogen and dissolved at 
a concentration 5 mg/mL in 50 mM Tris–HCl (pH 8.1), 50 
mM NaCl. The solution should be stored at 4°C immediately 
after preparation  

   5.    Imaging buffer: 50 mM Tris–HCl (pH 8.1), 6% (w/w) glucose, 
1% 2-mercaptoethanol, 0.1 mg/mL glucose oxidase type II-S 
from  Aspergillus niger  (Sigma), 0.02 mg/mL glucose catalase 
 ( Roche Diagnostics) ( see  Notes  6  and  7 ).  

   6.    Quartz microscope slides 1 in. × 3 in. × 1 mm (Finkenbeiner, 
Waltham) for prism-type Sm-TIR  

   7.    Fluorescence beads for instrument alignment and to gener-
ate the mapping algorithm that allows correlating individual 
donor spots with individual acceptor spots can be purchased 
from Molecular Probes (FluoSpheres carboxylated, 0.2  m m). 
Commercial stock solution should be diluted 1,000-fold in 5 
mM HCl before injecting on the quartz slide ( see  Note  8 ).        

       

 Independent of whether the FRET assay is going to be per-
formed under steady-state, time-resolved or single-molecule 
regime, the first steps involve the labeling and purification of the 
biomolecules under investigation. We assume at this stage that 
the reader has identified an appropriate FRET pair for the par-
ticular question to be addressed. We will start with a description 
of general methodologies for protein dye-labeling, postsynthetic 
fluorescent labeling and purification of DNA, and we will con-
tinue with a general description of the protocol to follow under 
each experimental regime. 

         1.    Dissolve the amine-modified oligonucleotide in 100  m L of 
doubly distilled water.  

2.2.7. Protein Purification

2.2.8. Single-Molecule 
Immobilization

3. Methods

3.1. Preparation of Fluo-
rescently Labeled DNA
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   2.    Precipitate overnight at −20°C by adding 0.1 volume of 
NaOAc (3 M) and 2.5 volumes (250  m L) of 100% ethanol ( see  
Note  9 ).  

   3.    After centrifugation of the solution at  ~ 16,000 ×  g  for 30 min, 
carefully discard the supernatant and perform a quick spin to 
remove remaining ethanol. Air dry pellets on bench or under 
vacuum.  

   4.    Resuspend pellet in water to achieve a final concentration of 
25  m g/ m L. The solution is stable at −20°C for long periods. 
Oligonucleotide concentration can be obtained from the 
absorption spectrum assuming that an optical density of 1.0 
corresponds to a DNA concentration of 33  m g/mL in a 1-cm 
path cell.  

   5.    Dissolve the commercial amine-reactive dye (commonly a 
succinimidyl ester derivative of the dye) in DMSO to reach a 
concentration of 250  m g/14  m L. This concentration of dye is 
optimized to label 100  m g of DNA. Remaining stock of dye in 
DMSO should be dried under vacuum until next use.  

   6.    Mix 4  m L of the DNA strand to be labeled with the amine 
reactive dye (250  m g/14  m L) in a total volume of 100  m L of 
labeling buffer.  

   7.    Incubate the reaction overnight at room temperature with 
gentle shaking, particularly during the first hour.  

   8.    Precipitate the reaction mixture overnight at −20°C as 
described in  step 2 . Centrifuge at  ~ 16,000 ×  g  for 30 min and 
carefully remove the supernatant. Redissolve the pellet in 100 
 m L of 50% formamide and purify as described in Subheadings 
 3.2  and  3.3 .      

         1.    To purify the fluorescently labeled DNA, pour a 1.5-mm-thick 
polyacrylamide gel. Acrylamide percentage should be chosen 
according to the DNA length. In this laboratory we normally 
use 20% for oligonucleotides less than 25 bases, 15% between 
25 and 40 bases, and 10% for longer oligonucleotides. For a 
10% gel we mix 30 mL of 20% (w/v) acrylamide (7 M urea) 
with another 30 mL of 7 M urea/1× TBE. Adding 450  m L of 
ammonium persulfate (10% w/v) and 45  m L of TEMED will 
start the polymerization reaction. Leave the gel for at least an 
hour to ensure complete polymerization.  

   2.    Because urea accumulates in the wells, before prerunning the 
gel for 1 h at 18 Watts, wash the wells with 1× TBE running 
buffer using a syringe.  

   3.    Incubate the formamide solution containing the labeled DNA 
for 2 min at 90°C to disrupt any secondary structure.  

   4.    Just before loading samples, rewash loading wells with a 
syringe. Use xylene cyanol FF and bromophenol blue in 100% 

3.2. Purification of 
Labeled DNA by 
Polyacrylamide Gel 
Electrophoresis
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formamide as size markers. On a 10% gel, xylene cyanol and 
bromophenol dyes migrate approximately as oligonucleotides 
of 55 and 10 nucleotides, respectively ( see  Note  10 ).  

   5.    Run the gel until the dyes have migrated a minimum of 2/3 
of the plate length. Remove glass plates and carefully put the 
acrylamide gel on a DarkReader transilluminator (DR45M, 
VWR International) to visualize DNA bands by fluorescence.     

 Cut the bands containing the proper length of fluorescent DNA 
and also the bands corresponding to xylene cyanol or bromophe-
nol blue as control for electroelution. Samples can either be 
stored in a freezer or used immediately for electroelution.  

           We describe here the protocol to be followed when using a 
Harvard-type electroeluter. Different steps of this protocol might 
need to be adapted to each specific electroeluter model.
   1.    Fill the electroeluter apparatus with 0.25× TBE and run at 

200 V for 30 min to clean it. Discard the running buffer, fill 
the electroluter tank with freshly made 0.25× TBE buffer and 
add 200  m L of 8 M ammonium acetate in the trapping wells.  

   2.    Carefully place the acrylamide bands in small pieces in the 
recipient wells and as an indication of the electroelution 
progress place also a marker band in a separate well. Run the 
electroluter at 120 V for 1 h or until the maker band is com-
pletely free of dye.  

   3.    Block the trapping wells using tips cut at  ~ 5 mm length and 
remove the buffer from the electroluter tank using a syringe.  

   4.    Collect the fluorescent DNA from each trapping well in sepa-
rate Eppendorfs and wash each well with running buffer to 
collect residual DNA sample left.  

   5.    Fill each Eppendorf with 100% ethanol and store overnight at 
−20°C for precipitation.  

   6.    Resuspend the pellet in appropriate buffer (i.e., 50 mM Tris–
HCl, pH 8.0) and calculate the labeling efficiency using an 
absorption spectrophotometer.      

         1.    For crush and soak, place the acrylamide band cut in small 
pieces in a microspin column (GE Healthcare) and fill with 
buffer to cover all the acrylamide pieces. Seal the column and 
leave it overnight with gentle shaking.  

   2.    Cut the sealed end of the column, place the column inside an 
Eppendorf, and centrifuge  ~ 16,000 ×  g  for 2 min. Add 1/10 
volume of 3 M NaOAc and proceed as in  steps 5  and  6 .       

         1.    Dissolve the protein at 50–100  m M in 10 mM Tris or Phos-
phate buffer at pH 7.0–7.5 at room temperature.  

3.3. DNA Recovery

3.3.1. Recovery by Electro-
elution

3.3.2. Recovery by Crush 
and Soak

3.4. Preparation of 
Fluorescently Labeled 
Protein
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   2.    Prepare a 1-mM stock solution of the maleimide dye in DMF 
or DMSO. Protect all dye stock solutions from light as much 
as possible.  

   3.    Add the maleimide reagent dropwise to the protein solution 
to give approximately 10 mol of reagent per mole of protein.  

   4.    Allow the reaction to proceed for 2 h at room temperature or 
overnight at 4°C ( see  Note  11 ).      

         1.    Sephadex G-25 or similar gel filtration media of the appro-
priate molecular weight cutoff can be used to separate the 
protein-dye conjugate from the unreacted labeling reagent. 
For proteins larger than 5,000 Mr we normally use PD-10 
columns (GE Healthcare) with excellent separation.  

   2.    Cut the sealed bottom of the PD-10 column and fill up the 
column with 25 mL of equilibration buffer (i.e., 50 mM 
Tris–HCl, pH 7.5) and discard the flow through.  

   3.    Apply the protein sample to the column (maximum: 2.5 mL). 
If the protein sample to be purified is less than 2.5 mL, add 
equilibration buffer to adjust the total volume to 2.5 mL. Let 
the sample pass through and discard the flow through.  

   4.    Elute the protein with 3.5 mL of equilibration buffer and col-
lect each fraction in a test tube or an Eppendorf. The first 
eluted fluorescent band will correspond to the dye-protein 
conjugate. Labeled samples should be stored under the same 
conditions as the unlabeled protein, but protecting the stock 
as much as possible from light.  

   5.    Calculate the degree of labeling using the expression:     

 dye

dye

moles dye MW protein
.

moles protein mg protein / mL

A

e
= ×         

      Steady-state FRET experiments can reveal information about 
Protein–DNA interactions by monitoring (a) the increase in 
FRET signal as a consequence of formation of the Protein–DNA 
complex using an intermolecular FRET assay (Fig.  1a ), (b) the 
change in intramolecular FRET signal (Fig.  1b ) as a result of 
a binding-induced conformational change either in the protein 
or in the DNA, and (c) the breakdown of the inter- or intramo-
lecular FRET upon protein-induced DNA cleavage (Fig.  3 ). The 
following protocols describe the basis to perform these assays in 
a quantitative manner. 

         1.    Load 120  m L of a nanomolar substrate solution in a clean 
quartz microcell and place it in the sample chamber of the 
fluorimeter, thermostated at the appropriate temperature. In 
an intermolecular-type assay, the substrate DNA solution will 

3.5. Purification of 
Fluorescently Labeled 
Protein

3.6. Steady-State FRET 
Experiments

3.6.1. Protein–DNA Binding 
Assay
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contain only the donor fluorophor, while in an intramolecular-
type assay it will contain a donor–acceptor labeled construct 
( see  Note  12 ).  

   2.    Titrate the substrate solution with increasing concentrations 
of binding partner by adding aliquots of stock solution. For 
each addition, allow to equilibrate for 5 min and take two 
emission fluorescence spectra, one exciting at the maximum 
of the donor and a second one at a wavelength that excites 
only the acceptor species. We usually collect the fluorescence 
spectra with 8-nm slit width and 10 nm/s acquisition rate ( see  
Note  13 ).  

   3.    If the substrate is labeled with donor and acceptor, an equiv-
alent construct carrying only the donor species should be 
prepared and used to independently collect the emission fluo-
rescence spectrum of the donor in the absence of acceptor.  

   4.    Normalize the donor-only spectrum obtained in  step 3  to the 
maximum of the donor fluorescence band in each FRET spec-
trum in the titration and subtract it from the latter (Fig.  2d ).  

   5.    The ratio A  parameter is proportional to the amount of accep-
tor fluorescence emission due to energy transfer (Fig.  2d ) 
and can be calculated for each data point in the titration by 
first normalizing the donor-only fluorescence spectrum to 
the maximum of the donor band in the FRET experimen-
tal spectrum, and then by subtracting the normalized donor 
spectrum from the experimental FRET spectra. The resulting 
fluorescence curve contains only acceptor signal. The ratio A  
is then obtained following the expression:     

 
excD

acc
excA

acc

ratio ,
F

A
F

=        

 where Facc
excD       represents the fluorescence spectrum of the acceptor 

obtained from the experimental FRET spectrum after subtract-
ing the normalized donor contribution, and   Facc

excA   represents the 
fluorescence spectrum of the acceptor obtained by exciting at its 
absorption maximum or at a wavelength where only the acceptor 
absorbs.
   6.    The ratio  A  parameter can then be converted in energy trans-

fer efficiency values by applying:     
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 where   Aacc
excD   represents the absorption of the acceptor at the 

donor excitation wavelength (i.e., for fluorescein, 490 nm),   Aacc
excA    

 represents the absorption of the acceptor at its excitation wave-
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length (i.e., for Cy3, 547 nm), and   Adon
excD     represents the absorp-

tion of the donor at its excitation wavelength ( see  Note  14 ).  

         1.    Proceed as in  step 1  of Subheading  3.6.1   Protein–DNA 
binding assay , but instead of collecting the emission of the 
donor and acceptor as a function of the wavelength, measure 
a time trace by exciting the donor and collecting simultane-
ously the emission of the donor and acceptor against time, 
by continuously switching the monochromator between both 
wavelengths.  

   2.    Before the enzyme is added to the cell, the relative intensi-
ties of both signals and therefore the FRET efficiency should 
be constant. Then add the enzyme and mix manually with 
the pipette. Interaction between the substrate and the enzyme 
will be reported as an increase in the donor signal with a con-
comitant exponential decrease in FRET efficiency. Monitor 
the cleavage reaction until both signals reach a plateau.  

   3.    Fit the measured exponential increase of the donor signal or 
the exponential decrease of the FRET efficiency to an equa-
tion of the type:  F ( t )  = F  o ( t ) + A e  −kt  , where  A  represents the 
amplitude and  k  is the pseudo-first-order rate constant.       

      In tr-FRET, the fluorescence lifetime of the donor is measured 
in the absence and in the presence of the acceptor fluorophore 
as a function of increasing concentrations of interacting partners 
(Fig.  3b ,  c ). In binding assays, the difference in the lifetimes in 
the presence and absence of acceptor is used to obtain, for each 
data point in the titration, the Gaussian distribution of distances 
that represent the populations present (Eq.  8 ). In cleavage assays, 
either the average lifetime (Fig.  3d ) or the amplitude of substrate 
and product ( Fig. 3d    inset) is plotted against time to extract the 
pseudo-first-order cleavage rate constant. Here, we will describe 
the protocols for these types of experiments using time-resolved 
FRET based on the TCSPC technique. 

         1.    Place a scattering solution in the time-resolved fluorimeter 
(i.e., colloidal silica, diluted milk) and measure the instrument 
response function with approximately 10,000 counts peak 
intensity and with the excitation and emission wavelengths at 
the excitation wavelength of the donor. Adjust the detection 
frequency, so that the maximum number of counts does not 
exceed the  ~ 5% of the laser repetition rate to avoid counting 
artifacts.  

   2.    Place a quartz cell of donor-only DNA construct and measure 
the fluorescence decay up to 10,000 counts peak intensity.  

   3.    Add increasing amounts of acceptor construct (intermole-
cular assay) or binding partner (intramolecular assay). After 

3.6.2. Protein–DNA Cleavage 
Assay

3.7. Time-Resolved 
FRET Experiments

3.7.1. Time-Resolved 
Protein–DNA Binding 
Assays
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each addition, allow to equilibrate for  ~ 5 min and collect the 
fluorescence decay at the wavelength of the maximum of the 
donor fluorescence spectrum.  

   4.    Use the instrument response function previously obtained to 
deconvolute all fluorescence decays.  

   5.    Fit the deconvoluted donor-only decay to  Eqs. 7    or  8  depending 
on the number of expected lifetime distributions.  

   6.    Fit the deconvoluted donor–acceptor decay functions to the 
Gaussian distribution of distances represented by  Eq. 8    and 
plot their relative percentual contributions as a function of 
added species ( see  Note  15 ).       

         1.    Proceed as described in  steps 1  and  2  of Subheading 
 3.7.1 .  

   2.    Set up the time-resolved fluorimeter to collect consecutive 
fluorescence decays at the maximum emission wavelength of 
the donor for the estimated duration of the cleavage reaction. 
Each donor decay should be collected in time mode in which 
the fluorescence is collected for a constant period of time. For 
example, collect continuous decays at ½ min. intervals for a 
one-hour reaction. Automatically save each of them in a sepa-
rate file.  

   3.    Add the enzyme and quickly start the acquisition.  
   4.    Use the instrument response function previously obtained to 

deconvolute all fluorescence decays.  
   5.    Fit the deconvoluted donor-only decay to  Eq. 6    or to a sum 

of exponential decays.  
   6.    Fit the deconvoluted donor–acceptor decay to a sum of expo-

nentials (i.e., donor-only lifetime that represents the cleavage 
product plus donor lifetime in the presence of acceptor that 
represents the substrate).  

   7.    To extract kinetic information it is possible to plot the average 
lifetime defined as shown in  Eq. 9    or the time evolution of 
the pre-exponential factors associated to the product and the 
substrate.      

      In this section we will describe only those methods related to 
the measurement of single-molecule FRET between proteins and 
DNA using the total-internal reflection technique. 

      Independent of whether the quartz slide and the glass cover slip 
are new or recycled, cleaning the slides and coverslip is an abso-
lutely crucial step for single-molecule applications. In this section 
we provide the protocol that the authors commonly use in their 
laboratory.

3.8. Time-Resolved 
Protein-Induced DNA 
Cleavage Assays

3.8. Single-Molecule 
FRET

3.8.1. Quartz Slides Cleaning 
Protocol
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    1.    Sonicate quartz slide and coverslip in (a) 20% detergent solu-
tion for 15 min, (b) water for 5 min, (c) in acetone for 15 
min, (d) water for 5 min, (e) 1 M KOH for 15 min, (f) 
methanol for 15 min, (g) 1 M KOH for 15 min, (h) water 
5 min.  

    2.    Dry with nitrogen or compressed air.  
    3.    Quartz slide and coverslip are passed through a torch flame 

to remove impurities and moisture.      

          1.    Pour 100 mL of methanol in a reaction flask and add 5 mL 
of concentrated acetic acid with a glass pipette.  

    2.    Add 1 mL of aminopropyl silane using a glass pipette and 
mix well.  

    3.    Pour the mixture in the slide/coverslip container and incu-
bate for 10 min.  

    4.    Sonicate the reaction container for 2 min and then incubate 
for another 10 min at room temperature.  

    5.    Rinse slides and/or coverslip with methanol and ultrapure 
water.  

    6.    Dry with nitrogen or compressed air and put them in clean 
tip boxes with water at the bottom.  

    7.    For the PEG coating of five slides, take 1–2 mg of bioti-
nylated PEG and 80 mg of mPEG and put them in 1.5-mL 
Eppendorf tube.  

    8.    Add 320  m L of pegylation buffer and mix gently with a 
pipette. Spin it for 1 min at 10,000 rpm.  

    9.    Drop 70  m L of the mPEG/Biotin-PEG mixture on each slide.  
   10.    Place very gently a coverslip on the top avoiding the forma-

tion of bubbles.  
   11.    Allow them to incubate for 2 h at room temperature in a dark 

and flat place. After  ~ 10 min of placing the coverslip on the 
top of the slide, check and restore any misplaced coverslip.  

   12.    Remove the coverslip from the quartz slide, rinse them with 
ultrapure water, and dry using a flow of nitrogen or air ( see  
Note  16 ).  

   13.    Form a channel using double sticky tape sandwiched between 
the slide and the coverslip with a  ~ 5 mm gap between the 
two tape strips ( see  Note  17 ).  

   14.    Add water to the channel and look in the microscope to see if 
the channel is clean before adding the immobilization reagents.  

   15.    Dilute 25-fold the initial Streptavidin stock solution in 50 
mM Tris–HCl (pH 8.1), 25 mM NaCl and add 50  m L to the 
slide channel.  

3.8.2. Quartz Slides 
Pegylation Protocol
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   16.    Allow another 10 min for Streptavidin binding.  
   17.    Wash unbound Streptavidin with 60  m L of 50 mM Tris–HCl 

(pH 8.1) and 25 mM NaCl.  
   18.    Add 60 m L of a 50–100 pM biotinylated biomolecule in 50 

mM Tris–HCl (pH 8.1), 25 mM NaCl and allow 5 min for 
binding to the Streptavidin-coated surface.  

   19.    Look for the density and quality of labeling in the Sm-TIR 
microscope and if adequate proceed to add the imaging 
buffer. If the amount of immobilized molecules is below the 
desired level repeat  steps 18  and  19  ( see  Note  18 ).      

          1.    Prior to collecting single-molecule data, a mapping algo-
rithm that correlates donor spots (left half of the EMCCD 
camera) with their acceptor counterparts (right half) needs 
to be created. In the authors’ laboratory, this is performed 
using a solution of 200 nm fluorescence beads and a pro-
gram written in IDL v. 6 software (ITT Visual Information 
Systems, USA).  

    2.    Fluorescence data at donor and acceptor wavelengths are 
acquired from single molecules by using total internal reflec-
tion fluorescence microscopy with 532-nm laser excitation.  

    3.    Data are acquired using a laboratory-written Visual C++ v. 
6 program with integration times ranging from 16 to 100 
ms depending on the sample dynamics. Measurements are 
performed at room temperature.  

    4.    Single-molecule FRET efficiency after background correction 
is approximated by ( I  A /[ I  A +  I  D ]), where  I  A  and  I  D  are the 
fluorescence intensities of the acceptor and donor, respec-
tively. Because the quantum yields and detection efficien-
cies of Cy3 and Cy5 are very close,  E  app  (the apparent FRET 
value observed) closely matches the true efficiency of energy 
transfer. Data analysis is performed using laboratory-written 
analysis routines developed in MATLAB 7 (The MathWorks 
Inc., USA)  

    5.    Single-molecule FRET histograms are obtained by averaging 
the first ten frames of each FRET trace for every individ-
ual molecule after manually filtering photobleaching and 
blinking effects. States are identified from  E  app  histograms, 
and dwell times are analyzed only if the time resolution 
allows the clear observation of transitions (more than five 
data points per dwell time). Rapidly fluctuating molecules 
undergo more transitions than slowly fluctuating ones, and 
thus in order to avoid bias toward fast rates, dwell-time 
histograms are obtained by using a weighting factor inversely 
proportional to the number of transitions observed for each 
molecule. These dwell-time histograms are then fitted to a 
single-exponential function to obtain the lifetimes of each 

3.8.3. Data Collection and 
Analysis
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state, the inverse of the rate of conversion. For the heteroge-
neity analysis, the average of the dwell times is calculated for 
each state for each individual molecule ( see  Note  19 ).        

       

     1.    Depending on the type of Sm-TIR setup, an oil-immersion or 
a water-immersion objective would be required. For prism-
type sm-TIR, as the one described in Fig.  4a ,  b , because 
the evanescence wave is generated in the interface quartz-
slide/water, a water-immersion objective is the appropriate 
choice due to its higher penetration depth. However, for the 
objective-type TIR, the evanescence wave generates at the 
bottom interface (coverslip/water) and thus a higher NA 
oil-immersion objective that has better performance can be 
used. In this case it is important to use fused silica cover 
slides to reduce background from glass luminescence.  

    2.    It has been shown that linear PEG interacts with unfolded 
proteins preventing refolding  (46) . Groll et al.  (53)  over-
came this problem using branched star-shaped PEG polymers 
(SusTech, Darmstadt, Germany). Following this alternative, 
they were able to observe reversible folding and unfolding 
steps from single protein molecules.  

    3.    As a general rule, all solutions involved in sample prepa-
ration should be tested in the single-molecule equipment. 
A common source of impurities is water, and thus quartz-
bidistilled water is recommended but it should be moni-
tored regularly for contaminants. In the authors’ laboratory, 
ultrapure fresh commercial water (Sigma or other general 
chemical supplier) is always available for testing and sample 
preparation.  

    4.    This solution is kept at 4°C in the dark. Keep this solution 
only for 2 or 3 weeks for better efficiency.  

    5.    Once aminopropyl silane has been used, the remaining stock 
can be reused, but care must be taken to store it properly. It 
should be dehydrated in vacuum for  ~ 15 min, sealed under 
nitrogen atmosphere, and kept at −20°C.  

    6.    Trolox, (6-hydroxy-2, 7, 5, 8)-tetramethylchroman-2-
carboxylix acid), is a water soluble derivative of vitamin E 
that has recently been proposed as a good alternative to 
the triplet-state quencher 2-mercaptoethanol, significantly 
reducing undesirable Cy5 blinking events.  

    7.    Care should be taken when using higher glucose concen-
trations as the increase in solution viscosity could artificially 

4. Notes
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affect the intrinsic dynamics of the biomolecule or complex 
under investigation.  

    8.    To achieve a homogeneous distribution of fluorescence 
beads it is convenient to sonicate the solution to be injected 
on the slides for 5 min. This will substantially decrease bead 
aggregation. Quartz slides coated with fluorescence beads 
can be active for long periods of time by sealing them with 
epoxy resin.  

    9.    In those cases where the DNA is not easily precipitated from 
solution, add glycogen to a final 0.05–1  m g/ m L concentra-
tion. Use up to 1  m L of glycogen per 20  m L of the solution; 
overnight incubation and storage at −20 help to increase the 
recovery yields.  

   10.    Both xylene cyanol FF and bromophenol blue dyes show UV 
absorption when visualized on a TLC plate (Merck, Silica gel 
plate F254 20 × 20 cm). It is thus preferable not to load the 
dyes in the same wells as the DNA oligonucleotides since it 
could complicate visualization and contaminate the DNA.  

   11.    After the bioconjugation reaction has reached the desired 
time, an excess of glutathione or 2-mercaptoethanol may 
be added to consume the remaining thiol-reactive rea-
gent so that no reactive species are present during the 
purification step.  

   12.    When using intermolecular FRET to measure Protein–DNA 
binding affinities with a donor-labeled DNA substrate and an 
acceptor-labeled protein, it is advisable to choose a FRET pair 
with an absorption spectral separation as large as possible (i.e., 
Cy3/Cy5). Thus, direct excitation of the acceptor-labeled 
protein during the titration is minimized. This is particularly 
crucial in those systems with poor affinities.  

   13.    Before recording a FRET titration with many data points, 
it is advisable to check that the fluorescence intensity at any 
stage of the titration does not saturate the photomultiplier. 
This can be done using a quick test at the starting and end 
points of the titration to find the optimum instrumental 
parameters (slit width and photomultiplier voltage).  

   14.    When calculating the FRET efficiency following the enhanced 
acceptor emission as described, it is assumed that the acceptor 
quantum yield is independent of the excitation wavelength, 
which is normally the case. However, if the shape of an acceptor 
emission spectra, obtained after subtraction of the normal-
ized donor spectrum from the FRET spectrum, does not 
correspond to a standard acceptor spectrum, it is clear that 
both donor and acceptor fluorophores are strongly coupled. 
In these conditions, energy transfer can indeed take place, 
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but it is not clear if Eqs.  1  and  2  represent a good estimation 
of the physical process, suggesting that other mechanisms of 
energy transfer should be considered.  

   15.    When analyzing the data from tr-FRET, it is usually conven-
ient in order to get highly accurate data to use global fitting 
procedures instead of fitting each fluorescence decay indi-
vidually. Thus, lifetimes and amplitudes are the best possible 
values to reproduce all experimental data  

   16.    Pegylated quartz slides and coverslips can be stored for some 
time in a dark and dry place ( ~ 1 week depending on the 
laboratory conditions). In our laboratory, we use black-tape-
wrapped Corning tubes to avoid light and plastic film to 
avoid moisture.  

   17.    This defines a volume that is approximately 5 mm wide, 18 
mm long, and 100  m m tall. Due to the low volume of sol-
vent required to fill the channel, evaporation is usually quick 
reducing long-term use of the sample. To avoid this, two 
procedures can be followed (a) sealing completely the chan-
nel with fast-drying time epoxy resin and (b) using a dia-
mond drill (Eternal Tools, UK), make two  ~ 0.75 mm holes 
on opposite sides of the quartz slide, so that they can be used 
to inject sample and additives in real time at any stage of the 
experiment. The sides of the quartz slide not covered by the 
double-sticky tape are sealed with epoxy resin.  

   18.    To be sure that the fluorescence observed in the CCD 
camera is arising from biomolecules specifically attached 
to the quartz slide perform the following test (a) expose 
a certain region of the slide to high-intensity laser light 
to promote complete photobleaching and switch off the 
laser light for 2 min. (b) switch back on the laser light 
and if molecules can again be observed, it is very likely 
that the sample contains either free molecules in solution 
or adsorption/desorption processes from non-specifically 
attached molecules are taking place.  

   19.    Single-molecule FRET histograms usually show a “zero 
peak” Gaussian distribution caused mainly by incomplete 
labeling (lack of acceptor) or fast photobleaching during 
the first few frames of the experiment. Thus, care should 
be taken to (a) work at very low laser intensities and (b) to 
ensure that the lowest value of “true” FRET that can be 
expected from the biomolecule behavior is well separated 
from the “zero peak.” Usually, with a 10% acceptor leakage 
in the donor channel, low FRET values higher than  ~ 0.15 
can be safely analyzed as arising from an active FRET state 
of the biomolecule.          
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   Chapter 29   

  Single-Molecule FRET Analysis of Protein–DNA Complexes        

     Mike   Heilemann   ,    Ling Chin   Hwang   , 
   Konstantinos   Lymperopoulos   , and    Achillefs N.   Kapanidis     

  Summary 

 We present a single-molecule method for studying protein–DNA interactions based on fluorescence 
resonance energy transfer (FRET) and alternating-laser excitation (ALEX) of single diffusing molecules. 
An application of this method to the study of a bacterial transcription initiation complex is presented.  

  Key words:   Single-molecule fluorescence spectroscopy ,  Fluorescence resonance energy transfer 
(FRET) ,  Alternating-laser excitation (ALEX) ,  Protein–DNA interactions.    

 

 Single-molecule fluorescence methods have advanced our under-
standing of many important processes that involve nucleic acids. 
Single-molecule methods have two attractive features. First, 
they allow observation of subpopulations within a system under 
equilibrium conditions. Second, they can monitor conforma-
tional changes and association/dissociation reactions in real time, 
something difficult to achieve with ensemble methods since such 
changes cannot be easily synchronized. Here, we describe protocols 
for studying protein–DNA interactions using a combination of 
fluorescence resonance energy transfer (FRET) and alternating-
laser excitation (ALEX). 

 FRET is a non-radiative energy transfer mechanism between 
two fluorophores: a donor fluorophore is excited by light and 
transfers its excited state energy to an acceptor fluorophore via 
a dipole–dipole interaction  (1) . FRET has been used to study 

 1. Introduction  
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distances and distance changes in a range of 2–10 nm and thus 
can serve as a spectroscopic ruler  (2) . Single-molecule fluores-
cence resonance energy transfer (smFRET;  see   ref. 3  )  is a pow-
erful method for monitoring interactions and conformational 
changes within single biomolecules. The method has contributed 
new and important information about how biological machines 
work  (4,   5) . In a typical smFRET experiment, a single molecule 
or complex labelled with a donor–acceptor FRET pair is exposed 
to light that excites the donor  (Fig.  1a ) ; after identification of 
the signals arising from single molecules  (Fig.  1b ) , FRET-related 
ratios report on the proximity between the probes; this informa-
tion is summarized in one-dimensional FRET histograms  (Fig. 
 1c ) , which report on biomolecular structure.  

 Since 2004, smFRET has been extended through the use of 
alternating-laser excitation  (6–  10) ,  (Fig.  1d )  which provides addi-
tional information on the presence and the state of both donor 
and acceptor fluorophores in single biomolecules  (Fig.  1e ) ; this 
information is summarized in multidimensional histograms of 
FRET and relative fluorophore stoichiometry  (Fig.  1f ) , which 
report on biomolecular structure and stoichiometry, respectively. 
ALEX helps the virtual sorting of molecules by separating singly 
labelled species from species that contain both fluorophores (e.g. 
protein–DNA complexes formed between singly labelled proteins 
and singly labelled DNA). Initial applications of ALEX focused 
on studies of gene transcription  (11–  13)  and protein folding  (8) . 
As with conventional smFRET, ALEX is compatible with studies 
of both diffusing and immobilized molecules, and with several 
timescales, allowing monitoring of fast dynamics in single diffus-
ing biomolecules, or simultaneous monitoring of a large number 
of individual molecules. 

 This chapter describes how protein–DNA interactions can 
be studied at the single-molecule level using single-molecule 
FRET and ALEX. The protocol was developed to study 
conformational changes in transcription initiation complexes. 
This includes the formation of a transcription complex after 
 Escherichia coli  RNA polymerase (RNAP) binds to a doubly 
labelled DNA fragment and melts the region of DNA around 
the transcription start site (forming a ‘transcription bubble’) to 
generate an RNAP–DNA open complex (RP o ). The formation of 
the transcription bubble and the DNA bending associated with 
RP o  formation brings the two fluorophores closer, increasing 
the FRET efficiency and allowing study of DNA opening as well 
as subsequent process (e.g. transcription initiation, promoter 
escape) that change the FRET efficiency. The protocols describe 
how (a) to prepare and purify fluorescently labelled DNA, (b) 
to form active transcription complexes, (c) to perform single-
molecule experiments using ALEX and smFRET for diffusing 
biomolecules, and (d) to extract information on distances and 
stoichiometries.  
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  DNA was purchased from IBA GmbH (Göttingen, Germany). 
Alternatively, DNA can be purchased from IDT (Coralville, IA) 
or MWG (Göttingen, Germany).  See   Subheading “Design of 
Synthetic DNA”  for more information about the amount and 
purity required.  

 2. Materials  

 2.1. DNA 

  Fig. 1.    Concept of ALEX    and comparison with single-excitation single-molecule FRET. ( a–c ) Single-molecule FRET using 
single-laser excitation; diffusing-molecule example. A fluorescent molecule transverses a focused green-laser beam 
and emits photons in the donor- and acceptor-emission wavelengths. The photon counts at these two wavelengths are 
used to generate one-dimensional histograms of FRET efficiency  E . ( d–f ) Single-molecule FRET using alternating-laser 
excitation. A fluorescent molecule transverses an observation volume illuminated in an alternating fashion using focused 
green- and red-laser beams. Using the photons emitted in the donor- and acceptor-emission wavelengths for each laser 
excitation, one can generate two-dimensional histograms of FRET efficiency  E  and relative fluorophore stoichiometry  S , 
enabling molecular sorting.       



506 Heilemann et al.

  Amine-reactive fluorophores were used for DNA labelling 
and were purchased as  N -hydroxy-succinimidyl (NHS) esters: 
ATTO488 and ATTO647N (ATTO-TEC GmbH, Siegen, 
Germany); Cy3B and Cy5 (GE Healthcare, Uppsala, Sweden); 
Alexa488, Alexa647, Rhodamine Green, and Tetramethyl-6-
Carboxyrhodamine (TAMRA) (Invitrogen, Carlsbad, CA). For 
the transcription complexes studied here, fluorophores Cy3B and 
Alexa647 are used. One milligram of reactive fluorophore was 
resuspended in anhydrous dimethyl sulphoxide (DMSO, Fisher, 
Loughborough, UK), aliquots of 100 nmol were dried under 
vacuum and stored at −80°C where they are stable for at least a 
year (see also instruction sheet from the manufacturer).  

     1.    1.0 M triethylammonium acetate (TEAA) buffered at pH 7.4 
(VWR, West Chester, PA).  

   2.    Acetonitrile (AcCN), HPLC grade (Fisher).      

     1.     HPLC DNA purification Buffer A . 0.1 M TEAA, 5% AcCN.  
   2.     HPLC DNA purification Buffer B . 0.1 M TEAA, 70% AcCN.  
   3.     DNA Hybridization buffer . 20 mM Tris–Cl (pH 8.0), 1 mM 

EDTA, and 500 mM NaCl.  
   4.     Gel elution buffer . 0.5 M ammonium acetate, 10 mM magnesium 

acetate.      

     1.    40% 29:1 acrylamide:bis-acrylamide solution (Fisher).  
   2.     N , N , N ¢  , N ¢  -tetramethylethylene-diamine (TEMED; Fisher).  
   3.    10% (w/v) ammonium persulphate in water. The solution is 

stored at −20°C in aliquots of 1 ml and thawed before use.  
   4.     Running buffer TBE (5×) . 445 mM of Tris–base (Fisher), 

445 mM of boric acid (Fisher), and 10 mM EDTA of pH 8.0 
(Fisher).  

   5.     Molecular weight markers . 100-bp and 1-kbp DNA ladder 
(NEB, Beverly, MA).  

   6.     Loading dye (6×) . 0.25% bromophenol blue (Sigma), 0.25% 
xylene cyanol (Sigma) in 30% glycerol in H 2 O ( see also   ref.  14  
 for details).      

  UV-Vis absorbance measurements were performed using either 
the NanoDrop ®  ND-1000 (Labtech, Ringmer, UK) spectro-
photometer or the Cary 50 Bio UV-Visible spectrophotometer 
(Varian, Palo Alto, CA).  

  Fluorescence emission and excitation spectroscopy was performed 
using an L-shape fluorimeter (PTI, Birmingham, NJ) equipped 
with a xenon arc lamp controlled by a lamp power supply (LPS-
220B), a motor driver (MD-5020), a shutter (SC-500), and a 
photomultiplier detection system (814; all parts from PTI).  

 2.2. Reactive 
Fluorophores 

 2.3. Chromatography 
Reagents 

 2.4. Buffers 

 2.5. Polyacrylamide 
Gel Electrophoresis 
(PAGE) 

 2.6. UV-Vis Absorbance 
Measurements 

 2.7. Fluorescence 
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     1.    3 M NaCl (Fisher).  
   2.    70% and 100% ice-cold ethanol (Fisher).  
   3.    Chloroform (Fisher).  
   4.    0.1 M Sodium borate buffer, pH 9.0.      

     1.     Escherichia coli  RNA polymerase- s  70  holoenzyme (Epicentre 
Biotechnologies, Madison, WI) is supplied in a 50% glycerol 
solution with 50 mM Tris–HCl (pH 7.5), 250 mM NaCl, 0.1 
mM EDTA, and 1 mM dithiothreitol (DTT) and stored at 
−20°C without a defrost cycle.  

   2.     lac  promoter DNA variant,  lac CONS (−39/+15) Cy3B,−15/Alexa647,+15  
( see   ref. 15    for sequence; numbering convention refers to 
labelling position relative to transcription start site).  

   3.     Buffer for transcription assays (KG7) . 40 mM HEPES buffer 
(pH 7.0, Fisher), 100 mM potassium- L -glutamate (Sigma, St. 
Louis, MO), 10 mM MgCl 2  (Sigma), 1 mM DTT (Sigma), 
100  m g/ml bovine serum albumin (BSA, Invitrogen), 5% 
(w/v) glycerol (Sigma). The buffer is filtered through a 0.1-
 m m pore inorganic membrane filter (Anotop 25 Plus, What-
man, Maidstone, UK) and stored in aliquots of 1 ml at −20°C 
( see   Note 1    for grade of chemicals used).  

   4.    Heparin or heparin-Sepharose (1 mg/ml, GE Healthcare, 
Amersham, UK).  

   5.     Buffer for open complex formation (KG7 + ApA) . Open complexes 
were formed in the presence of initiating dinucleotide, 0.5 mM 
adenylyl (3 ¢ –5 ¢ )adenosine (ApA, Ribomed, Carlsbad, CA).      

     1.    A custom-built confocal microscope with single-fluorophore 
detection capability  (Fig.  2 ) .   

   2.    Two laser beams, a 532-nm Nd:YAG laser (Samba; Cobolt 
AB, Solna, Sweden) and a 635-nm diode laser (Cube; Coher-
ent, Santa Clara, CA), are used for the excitation of two 
fluorophore labels emitting in the green and red channels, 
respectively. The red laser is directly modulated via TTL (tran-
sistor-transistor-logic; refers to a standardized digital signal) 
signals and the green laser is modulated using an electro-opti-
cal modulator (EOM, Conoptics, Danbury, CT). The alterna-
tion period is 50  m s, and the excitation duty cycle is 50% (a 
constant interval of 3  m s is kept between the two excitation 
pulses to avoid any temporal overlap of excitation). For full 
details of laser alternation setup, refer to  (16) .  

   3.    Place a dichroic mirror (560DRLP, Omega, Brattleboro, VT) 
at 45 °  to the green laser beam to combine both laser beams.  

   4.    Focus the laser beams into the aperture of a single-mode opti-
cal fibre (Thorlabs, Newton, NJ) using a 10× microscope 
objective (Comar, Cambridge, UK).  

 2.8. Reagents for DNA 
Labelling 

 2.9. Reagents for 
Transcription Assay 

 2.10. Single-Molecule 
Fluorescence 
Spectroscopy Setup 
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   5.    At the other end of the optical fibre, use another 10× objective 
(Comar) to collimate the laser focus into an inverted micro-
scope (IX71, Olympus, Tokyo, Japan).  

   6.    Use a dual-band dichroic beamsplitter (FF545/650-Di01, 
Semrock, Rochester, NY) to reflect the laser beams into the 
back aperture of an oil-immersion objective (UPlanSApo 60×, 
1.35NA, Olympus). Fluorescence from diffusing molecules is 
collected through the objective and separated from excitation 
and scattered light by the dichroic beamsplitter.  

  Fig. 2.    An alternating-laser excitation (ALEX) setup. A 635-nm laser beam (directly 
modulated) and 532-nm laser beam modulated with an electro-optical modulator (EOM) 
are both combined with a dichroic mirror (DM1) into a single-mode fibre and focused by 
a microscope objective (OBJ) into a fluorescent sample on a coverslip. The fluorescence 
emission is separated from the excitation light and scattering by a dichroic mirror (DM2) 
and focused by the tube lens (L1) of the microscope onto a pinhole (PH). The emitted 
light is split by a dichroic mirror (DM3), spectrally filtered by filters (F1 and F2) into its 
respective wavelengths, and focused by lenses onto the detectors.       
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    7.    Align a 100- m m pinhole at the image plane after the tube 
lens to spatially filter the fluorescence light from background 
scattering.  

    8.    Insert a lens after the pinhole to collimate the emission light. 
In our case, we use a lens with a focal length of  f  = 100 mm.  

    9.    Place a dichroic mirror (630DRLP, Omega) to split the flu-
orescence emission according to their wavelengths into the 
green and red emission channels.  

   10.    Insert bandpass and longpass filters (HQ585/F70 and 
HQ650LP, respectively; both from Chroma, Rockingham, 
VT) to spectrally filter the emission light for the green and 
red detection channels, respectively.  

   11.    Align two lenses ( f  = 20 mm) in front of each detection 
channel to focus the emission light onto the detection win-
dows of two silicon avalanche photodiodes (SPCM-AQR 
14; Perkin Elmer, Waltham, MA). The photon arrival times 
are recorded with a counting board (PCI-6602, National 
Instruments, Austin, TX) connected to a personal computer.  

   12.    Measure a standard sample, e.g. TMR or Cy3B (1 nM), to 
align for the green detector and using the emission crosstalk 
to align for the red detector.       

  

   Synthetic oligonucleotides were ordered from IBA GmbH 
and contained amino modification for subsequent labelling 
with amine-reactive fluorophores. The synthesis scale was 
typically 0.2  m mol with HPLC-grade purity. For terminal amino 
modifications, a C6-linker was used ( see   Note 2    for exceptions 
concerning guanosine). Internal amino modifications were 
obtained through insertion of a modified deoxythymidine (dT) 
nucleobase that contained either an amino-C2 or -C6 linker. 
Lyophilized DNA was resuspended in distilled deionized H 2 O 
(ddH 2 O) at a final concentration of 100  m M and stored at 
−20°C.  
      1.    Use 5 nmol of DNA dissolved in 100  m l of dH 2 O.  
    2.    Extract DNA twice with an equal volume (100  m l) of chlo-

roform; DNA will be in the aqueous phase (top phase).  
    3.    Precipitate DNA by adding 10  m l of 3 M NaCl and 250  m l ice-

cold 100% ethanol. Mix well and place at −20°C for 30 min.  
    4.    Centrifuge at 4°C and 16,000 ×  g  for 10 min.  

 3. Methods  

 3.1. Preparation of 
Doubly Labelled 
Double-Stranded DNA 
for Single-Molecule 
FRET 

 3.1.1. Preparation Using 
Strands Prepared with 
Automated Synthesis 

 Design of Synthetic DNA 

 DNA Labelling 
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    5.    Carefully remove the supernatant and rinse pellet with 200 
 m l ice-cold 100% ethanol. Dry the pellet either at room tem-
perature for 15 min or at 37°C for 5 min.  

    6.    Dissolve the pellet in 95  m l of 0.1 M sodium borate buffer, 
pH 9. Dissolve 50 nmol of the reactive fluorophore with 
5  m l anhydrous DMSO and add the DNA solution to it. Mix 
solution with a short spin.  

    7.    Protect the sample from light and place it on a table-top 
orbital shaker (IKA Genius vortex, Sigma), and shake over-
night at room temperature.  

    8.    Ethanol precipitate the DNA by adding 5  m l of 3 M NaCl 
and 125 m l ice-cold 100% ethanol to the reaction mix. Mix 
well and place at −20°C for 30 min.  

    9.    Centrifuge at 4°C and 16,000 ×  g  for 10 min.  
   10.    Carefully remove the supernatant, and rinse the pellet with 

200  m l ice-cold 100% ethanol. Dry the pellet either at room 
temperature for 15 min or at 37°C for 5 min.  

   11.    For HPLC purification, dissolve pellet in 500  m l of 0.1 M 
TEAA, pH 7.4. Otherwise, DNA pellets can be stored at 
−20°C.      

  Labelled oligonucleotides were purified by liquid chromatography 
using an AKTA ™  Basic chromatography system (GE Healthcare) 
comprising a P-903 pump system fitted with a 2-ml injection loop, 
a UV-900 monitor, M-925 mixer, a Frac-920 fraction collector, 
and a reverse-phase column  m RPC C2/C18 ST 4.6/100 (all from 
GE Healthcare). All chromatography buffers ( see   Subheading 2.4   ) 
were filtered through a 0.2- m m membrane filter and degassed 
subsequently. A flow rate of 0.5 ml/min was applied throughout.
    1.    Flush the column with 5 column volumes (CV) of dH 2 O 

until the pressure and the absorption stabilize.  
    2.    Equilibrate column with 5 CV of buffer A.  
    3.    Flush the injection loop with 10 ml of buffer A.  
    4.    Stop the AKTA system and wait until pumps are turned off.  
    5.    Dissolve the labelled DNA pellet in 500  m l of 0.1 M TEAA, 

pH 7.4.  
    6.    Load half amount of the sample (250  m l) onto the loop.  
    7.    Run the according separation program from the program 

wizard; typically, the following program was used:
   (a)    Equilibration step with 4 CV.  
   (b)     Loading step . The sample is transferred from the loop into 

the column by flushing 2 CV of buffer A into the loop.  
   (c)    Two-step gradient for the purification and elution of 

the DNA:  

 DNA Purifi cation by 
High-Performance Liquid 
Chromatography (HPLC) 
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   (d)    After reaching 100% of buffer B, the column is washed 
with 2 CV of buffer B.      

    8.     Collect fractions containing labelled DNA . Simultaneous 
absorption peaks at both 260 nm (indicates the presence of 
nucleic acid) and the respective absorption wavelength of 
the fluorophore indicate elution of labelled DNA.  See   Fig. 3    
for a typical chromatogram.  

    9.    Dry DNA with a centrifugal evaporator (SpeedVac, Savant, 
Fisher) at ambient temperature overnight and protected 
from light.  

    10.    DNA was either resuspended with ddH 2 O for immediate use 
or kept as pellet. In both cases, DNA was stored at −20°C.       

      1.    Dissolve DNA pellet in 30  m l of ddH 2 O.  
    2.    Use 2  m l of the sample to measure the absorbance using the 

NanoDrop ( see   Subheading 2.6   ). Note both the absorption 
maximum of DNA (260 nm) and the fluorophore (in the 
400–700 nm region).  

 Measuring the 
Concentration of Purifi ed 
DNA and Determine the 
Degree of Labelling 

  Fig. 3.    Typical chromatograms obtained from an HPLC purification of DNA after labelling with ATTO647N. Unlabelled 
DNA is separated from labelled DNA after applying the two-step gradient. The unreacted fluorophore has been largely 
removed during the DNA precipitation procedure. The DNA presence is monitored through the absorption at 260 nm (bot-
tom part), while the presence of ATTO647N is monitored through the absorption at 650 nm (upper part). Fractions of 5 ml 
were collected during the loading and washing steps (fractions 1 and 2), followed by 0.5-ml fractions (3–29) during the 
two-step gradient (0–100% of buffer B). The column was washed further with 2 ml of Buffer B (fractions 30–32)       .
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   3.    Calculate concentration of the DNA and the fluorophore 
according to Lambert–Beer’s Law,     

    = ,
A

c
de

    

 where  A  is the absorption (in units of OD),   e   is the extinction 
coefficient (in units of M −1 cm −1 ),  c  is the concentration (in units 
of molar concentration,  M ), and  d  is the optical path length of 
the cuvette (in cm). Note that fluorophores have important 
contributions to the 260-nm absorption which need to be sub-
tracted from the total 260 nm absorption in order to calculate the 
correct concentration of the DNA; information on the extent of 
this contribution is available from suppliers of fluorophores (e.g. 
Invitrogen; Glen Research, Sterling, VA). This is easily done by 
first determining the concentration of the fluorophore in the 
sample,  

    dye,
dye
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 and then subtracting the contribution of the fluorophore to the 
absorption at 260 nm, 
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 The labelling efficiency is evaluated by calculating the ratio of the 
concentration of the fluorophore over the concentration of DNA. 
Typical ratios are 100 ± 10% ( see   Note 3    for poor labelling 
efficiencies).  
     1.    Perform hybridization reactions in 0.6-ml Eppendorf tubes 

(Eppendorf, Hamburg, Germany) in a final volume of 40  m l.  
   2.    Dissolve the DNA in 40  m l of hybridization buffer at a final 

concentration of 1  m M for each oligonucleotide.  
   3.    Perform annealing reaction in a thermocycler (PX2 Thermo 

Fisher, Waltham, MA) with a preheated lid set to 105°C to 
prevent condensation on top of the tubes. The following 
annealing protocol was typically used:
   (a)    Heat the tubes to 90°C for 4 min.  
   (b)    Decrease the temperature by 1°C/30 s until it reaches 

25°C.      
   4.    In case the hybridization reaction is not efficient, decrease the 

cooling rate to 1°C/2 min ( see also   Note 4   ).      

 Hybridization 
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  Double-stranded DNA (dsDNA) was purified using non-
denaturing polyacrylamide gel electrophoresis (PAGE). The 
length of the dsDNA determines the percentage of acrylamide to 
be used for the gel separation  (14) .
    1.    Cast a gel (with 1-mm thickness) in a vertical 16 × 16 cm 

apparatus (CBS, Del Mar, CA) and pre-run it before loading 
by applying a low voltage for 15 min. Flush wells with running 
buffer.  

    2.    Add 1  m l of 50% glycerol to each sample (40  m l) and mix 
before loading. Load using gel-saver tips (Fisher).  

    3.    Run gel at 150 V for 3 h, or until the loading dye reaches the 
bottom of the gel.  

    4.    After completion of the run, visualize the gel using either a 
camera-based gel-imager (e.g. GeneGenius2; Syngene, Cam-
bridge, UK) or a laser-based gel scanner (Molecular Imager 
Pharos FX, Biorad, Hercules, CA). Individual bands of DNA 
samples were visualized according to the spectral properties 
of the fluorophores. For example, fluorophore Cy3B can be 
visualized using the gel imager, an excitation source at 365 
nm (epi-UV) and an emission region centred around 580 nm 
(defined by bandpass filter 580/60); alternatively, fluorophore 
Cy3B can be visualized using the gel scanner, an excitation 
source at 532 nm and an emission region centred around 580 
nm (defined again by bandpass filter 580/60).  

    5.    Excise the band containing dsDNA, slice it into small pieces, 
and place them into a 1.7-ml Eppendorf tube containing 
100–200  m l of elution buffer.  

    6.    DNA was eluted overnight at room temperature by leaving 
the tubes on a mixing platform (Nutator mixer, VWR).  

    7.    Ethanol precipitate DNA by adding 1/10× of the initial vol-
ume of 3 M NaCl and 2.5× of the initial volume of ice-cold 
100% ethanol.  

    8.    Mix and place at −20°C for 20 min. Centrifuge at 16,000 
×  g  using a table-top centrifuge (5415R, Eppendorf) at 4°C 
for 15 min.  

    9.    Remove the supernatant and wash the pellet with ice-cold 
70% ethanol.  

   10.    Centrifuge at 16,000 ×  g  at 4 ° C for 5 min.  
   11.    Remove supernatant and air dry pellet at room temperature 

for 10 min or at 37°C for 5 min.       

   Primers and full-length DNA were ordered from IBA GmbH; 
synthesis scale and purification options were chosen as described 
in  Subheading “Design of Synthetic DNA”.  The bioinformatics 
program NetPrimer (Premier Biosoft International, Palo Alto, 
CA) was used to ensure that there was no secondary structure 

 Purifi cation of 
Double-Stranded DNA 

 3.1.2. Preparation of 
DsDNA with Polymerase 
Chain Reaction (PCR) 

 Primer Design 
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(hairpins) or primer–dimer formation and to calculate the physical 
parameters of the oligonucleotides (melting temperature  T  m ).  

  PCR was usually performed at 100  m l final volume in 0.6-ml 
Eppendorf tubes. For larger volumes, increase the number of 
100- m l reactions instead of increasing the volume in a single reac-
tion. A typical PCR mix consists of:
   1.    1 nM of DNA template  
   2.    10  m M of each primer  
   3.    250  m M of dNTPs (Roche, Basel, Switzerland)  
   4.    5 U of Taq DNA polymerase (NEB)  
   5.    1× reaction buffer for Taq DNA polymerase (NEB)     
 The volume was made up to 100  m l with dH 2 O and mixed. Before 
starting the PCR make sure that the lid of the thermo cycler is set 
to 105°C to prevent condensation. 
 PCR was performed under the following program:
   1.    92°C for 2 min  
   2.    92°C for 20 s (with  ~ 5 s ramp time)  
   3.    55°C for 20 s (with  ~ 5 s ramp time)  
   4.    72°C for 20 s (with  ~ 5 s ramp time)  
   5.    Repeat  steps 2–4  for 39 cycles  
   6.    72°C for 5 min     

 ( See   Note  5   for PCR trouble shooting.)  

  Purification and quantitation of dsDNA produced by PCR was 
performed as described in  Subheadings “Measuring the Con-
centration of Purified DNA and Determine the Degree of 
Labelling”  and  “Purification of Double-Stranded DNA”,  
respectively.    

     1.    Prepare 20  m l of a 40-nM RNAP holoenzyme solution in tran-
scription buffer ( see   Note 6   ).  

   2.    Add 0.8  m l of 1  m M labelled DNA fragment (final concentra-
tion of 10 nM) and incubate the mixture 15 min at 37°C ( see  
 Note  7  ).  

   3.    Add 2  m l of 10 mg/ml heparin-Sepharose (1 mg/ml; tap the 
tube to suspend the beads uniformly in solution). Heparin-
Sepharose has a polyanionic structure and serves as a non-
specific analogue of DNA and RNA. It is used to disrupt 
non-specific RNAP-promoter complexes and to remove free 
RNAP. Mix the solution well with pipette for 30 s and incubate 
20 s at 37°C ( see   Note  8  ).  

   4.    Centrifuge the sample for 10 s and immediately transfer 9.5 
 m l of the supernatant to a tube containing 0.5  m l 10 mM 

 PCR 

 Purifi cation 
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ApA pre-incubated at 37°C (for formation of open complex, 
RP o ) at 37°C for 15 min. The initial sequence of  lac CONS is 
AATTGTG. Dinucleotide ApA binds to RNAP and increases 
the stability of the initial transcribing complex by forming two 
base pairs with the template DNA strand in the transcription 
bubble. Hence, ApA addition reduces dissociation of open 
complexes during data collection.      

      1.    On a No. 1 glass coverslip, place a self-adhesive silicone sheet 
(Invitrogen) with an 8-shaped hole cut out.  

   2.    For DNA measurements, add 50  m l of KG7 onto the gasket 
and incubate 37°C at 5 min on a flat heating block. (This 
step ensures coating of the glass surface with BSA molecules 
present in KG7 buffer and diminishes non-specific binding of 
complexes to the coverslip.)  

   3.    Add 0.5  m l of the sample in the solution on the coverslip and 
mix well with a pipette before placing on the microscope 
objective. The objective is pre-heated to 37°C; a heating stage 
can also be used instead of heated objectives. The final concen-
tration of complexes is  ~ 100 pM ( see   Notes 9    and  10 ).  

   4.    Place a drop of low-fluorescence immersion oil (Zeiss, Jena, 
Germany) onto the objective and place the coverslip containing 
the sample droplet on top.  

   5.    Bring the focus of the objective to the top surface of the cover-
slip. This will give a strong scattering signal which can be seen 
at the microscope eyepiece or on a camera that images the focal 
plane. From there, bring the objective 20  m m into the solution 
by adjusting the graduated focusing knob.  

   6.    Check that the density of bursts is well spaced. Then, seal the 
chamber with another coverslip to prevent evaporation.  

   7.    For measurements on RP o , prepare 50  m l of KG7 + ApA buffer 
in an Eppendorf tube and place it on a new gasket with an 
8-shaped hole. Repeat  steps 3–6 .      

     1.    Use excitation intensities of 180–360  m W for 532-nm excita-
tion of donor fluorophores ( D  ex ), and 60–120  m W for 635-nm 
excitation of acceptor fluorophores ( A  ex ); intensities measured 
when lasers operate in the continuous-wave mode ( see   Note 
11   ).  

   2.    Measure the samples for 15–30 min to acquire enough events 
for data analysis ( see   Note 12   ).  

   3.    Data acquisition and analysis are performed using a custom-
built program on LabVIEW software (National Instruments). 
Assign photons detected at the donor and acceptor emission 
channels to  D  ex  or  A  ex  and their arrival time, and generate 
photon streams,  em em em em

ex ex ex ex
, , ,A D A D

D D A Af f f f   ,where   em

ex

Y
Xf    denotes the 

 3.3. Single-Molecule 
Fluorescence 
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photon count rate of emission of fluorophore  Y , resulting 
from excitation of fluorophore  X .  

   4.    Set thresholds of   em

ex

A
Af   at 5–10 photons per 50–1,000  m s time 

bin and 10–25 photons per burst to remove false positives 
due to background and select molecules containing acceptor 
fluorophores with photon counts above background. Higher 
thresholds can be used if separation of closely spaced sub-
populations is desired. Analysing only acceptor-containing 
molecules eliminates complications due to free donor-only 
molecules present in the reaction mix.  

   5.    Calculate the apparent donor–acceptor stoichiometry parameter,     

    ( ) ( )em em em em em

ex ex ex ex ex
/ .A D A D A

D D D D AS F F F F F= + + +    

   6.    Calculate the apparent donor-acceptor energy-transfer-
efficiency parameter,     

    ( )em em em

ex ex ex
* / .A A D

D D DE F F F= +    

   7.    Plot a 2D  E*-S  histogram ( Fig.  4  ) to identify the populations 
of different molecular species as determined by the parameter 
 S , such that when (a)  S  = 0.4–0.9: Molecules of interest contain 
both donor and acceptor; (b)  S  > 0.9: donor-only molecules, 
arising from incomplete labelling or acceptor photobleaching; 
and (c)  S  < 0.4: Molecules contain only an acceptor, arising 
from incomplete labelling or donor photobleaching. In cases 
of an interaction of a labelled protein and a labelled DNA, 
donor-only and acceptor-only species represent free protein 
and free DNA molecules.  

   8.    To calculate accurate energy transfer efficiencies and corre-
sponding distances between fluorophores,  E*  is converted to 
accurate  E  by correcting for the (a) background by measuring 
photon counts from buffer only (typically < 2 kHz), (b) donor 
leakage by plotting the 2D  E*-S  histogram for all species and 
selecting the D-only species, (c) direct green laser excitation 
of acceptor by selecting the A-only species, and (d) taking into 
account the   g   correction factor determined by two D-A 
species with a large difference of  E  (Note:   g   is a correction 
factor that depends on the quantum yields of the fluorophores 
and detection efficiencies of their respective emission channels 
( 9 )). Accurate  E  is then used to calculate the distance  R , since   
E = 1/[1 + (R/Ro)

6 ],   where  R  o  represents the Förster radius 
(the interprobe distance at which there is 50% energy transfer 
between donor and acceptor). For more details on data acqui-
sition and analysis  see   ref. 9   .      

 ( See   Notes  13   and   14   for alternative single-molecule fluores-
cence methods to study DNA–protein interactions.)    
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    1.    The chemicals should be of high purity (>99%) and of ‘low-
luminescence’ or ‘luminescence-spectroscopy’ grade when 
available. All chemicals in buffers used for acquisition should 
be checked for fluorescence impurities.  

 4. Notes  

  Fig. 4.    Two-dimensional  E*-S  histograms of  lac CONS DNA and transcription complex RP o  
+ ApA (RP itc2 ).  Upper Panel : Doubly labelled DNA (Cy3B as donor at DNA position –15; 
Alexa647 as acceptor at DNA position +15) represented by the donor–acceptor popula-
tion (with 0.9 >  S  > 0.5, in rectangular box) and collapsed on the 1D  E* -histogram. 
The acceptor-only population shows  S  < 0.5. In both panels, the donor-only population 
( S  > 0.9) is not present, since only acceptor-containing molecules (i.e. molecules with 

appreciable   
Am

Aexf    photon count) are displayed.  Lower Panel : Experiment document-
ing contraction of DNA between positions −15 and +15. Two subpopulations can be 
observed in the donor–acceptor species: free doubly-labelled DNA molecules (with mean 
 E*  as in panel A) and transcription complex RP itc2  (with higher mean  E* , mainly due to 
RNAP-induced DNA bending). Free DNA is present due to the dissociation of non-specific 
RNAP–DNA complexes during heparin challenge       .
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    2.    Some fluorophores (e.g. TAMRA) are known to be quenched 
when placed on or within one or two nucleotides from a gua-
nosine residue. This should be taken into account when decid-
ing which dyes to use and where to place them on DNA.  

    3.    Suboptimal labelling with fluorescent dyes. We found that 
use of some fluorophores (such as Alexa488 and ATTO488) 
results in poor labelling efficiency for internal DNA positions. 
The efficiency can be increased by repeated additions of reac-
tive fluorophore in the reaction mix, e.g. addition of 10 nmol 
reactive fluorophore at time 0, an additional 10 nmol after 
1 h, and a third addition of 10 nmol, after which the reaction 
can be left to proceed overnight. If the labelling efficiency 
is still low, an increase of the temperature of the reaction to 
37°C or 55°C should increase the labelling efficiency.  

    4.    Optimizing hybridization reactions. The yield of hybridized 
DNA can be increased if one doubly labelled oligonucleotide 
and one unlabelled oligonucleotide are used. In this case, a 
slight excess (10–50%) of unlabelled oligonucleotide in the 
annealing reaction can ensure complete hybridization.  

    5.    PCR troubleshooting. In case of difficult sequences (e.g. 
sequences with palindromic DNA), the PCR may result 
in low yield of amplified DNA; yields can be improved by 
using the FailSafe™ Premix Selection Kit (Epicentre), which 
includes several reactions buffers with different additives that 
rapidly optimize PCR for different sequences of templates 
and primers.  

    6.    Preparation of RNAP–DNA complexes takes  ~ 30 min, and 
the RP o  is stable for 2–3 h for formation of transcription 
complexes and data collection. Note that this is for the 
 lac CONS promoter DNA; for complexes with shorter life-
times, storage of complexes and data acquisition should be 
adjusted to ensure that a high fraction of molecules is still in 
the complexed form.  

    7.    Concentration ratio of RNAP:DNA is  ~ 4:1. This is to ensure 
that most of the free DNA is bound to RNAP. Higher ratios 
of RNAP:DNA lead to non-specific binding of more than 
1 RNAP molecule to DNA.  

    8.    Excess RNAP present in the reaction mixture is removed by 
heparin-Sepharose challenge. Heparin-Sepharose is purchased 
as a powder and is stored as a 100 mg/ml stock suspension in 
20 mM Tris–Cl (pH 8) and 20% ethanol at 4°C; the suspen-
sion should not be frozen. The suspension is diluted to 10 
mg/ml in deionized water. The beads are washed five times 
by spinning down the suspension, removing the supernatant 
and adding another round of deionized water. The aliquots 
in water can be used for the next few weeks when stored at 
4°C and should be discarded after a month.  
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    9.    Final concentration of sample for single-molecule meas-
urements should be about 50–100 pM to reduce random 
coincidences between all species that will appear as a smear 
between the populations on the  E* - S  histogram.  

   10.    Observation of single molecules is usually performed at 
50–100 pM. If the equilibrium dissociation constant  K  d  for 
the protein–DNA interaction is at the low nM range and 
one component of the interaction (e.g. dsDNA) is doubly 
labelled, then unlabelled molecules (e.g. unlabelled pro-
tein) can be added to increase complex formation. This is 
difficult to address in studies of weak interactions between 
singly labelled components, since both components need to 
be in the 50–100 pM range, where only a small fraction of 
molecules is found in complexes when the system is in equi-
librium. In this case, it is recommended that the complex is 
formed at nM– m M concentrations and that data acquisition 
starts immediately after dilution of the complexes to 100 pM 
(i.e. in order to observe complexes before they dissociate).  

   11.    The ratio between the donor and acceptor laser excitation 
power will change the stoichiometry ratio,  S  and shift the 
populations along the  S  axis in the 2D  E*-S  histogram. This 
will in turn affect the resolution of separation of the popula-
tions along the  S  axis.  

   12.    A data acquisition time period of 30 min at 100 pM typically 
leads to collection of > 10,000 bursts; the exact number depends 
on the brightness of the fluorophores and the setup alignment. 
The maximum photon count rates of Cy3B and Alexa647 are 
 ~ 400 kHz and  ~ 200 kHz, respectively. At a concentration of 
<<100 pM, data acquisition time should be adjusted to collect 
enough events for reliable statistical analysis.  

   13.    Assays with immobilized molecules can be used to monitor 
dynamics of transcription complexes that occur at timescales 
slower than the timescale of diffusion. In such experiments, 
biotinylated DNA is immobilized on a coverslip using a 
biotinylated PEG-streptavidin method. The surface-immo-
bilized molecules are illuminated by total internal reflection 
and imaged using an EMCCD camera  (13,   17) .  

   14.    Gel-based assays can also extend the diffusion time of the 
molecules in order to monitor dynamics of abortive initiation. 
Transcription complexes are formed according to Materials 
and Methods and run in a non-denaturing 5% polyacryla-
mide gel in 1× Tris–Glycine buffer at 120 V for 1 h for a 
clear separation of transcription complexes and free DNA. 
The dual-labelled band of the complexes can be excised and 
complexes can be monitored using single-molecule fluores-
cence spectroscopy  (18) .          
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Chapter 30      

  Analysis of DNA Supercoiling Induced 
by DNA–Protein Interactions        

     David J.   Clark    and    Benoît   Leblanc      

  Summary 

 Certain DNA-interacting proteins induce a pronounced bending in the double helix and cause topologi-
cal stresses that are compensated by the formation of supercoils in DNA. Such supercoils, when forming 
on a circular plasmid, give rise to a series of topoisomers that run at different speeds during electrophoresis. 
The number of supercoils introduced in the plasmid can provide information on the protein; it can 
for example help determine the number of nucleosomes that are assembled on the plasmid or indicate 
whether the DNA-bending activity of a transcription factor is important enough to cause a topological 
stress. Because a DNA–protein activity can lead to either an overwinding or an underwinding of the 
helix, supercoiling can occur in either direction. Determining whether a plasmid contains positively or 
negatively supercoiled DNA is possible, thanks to an agarose gel containing an intercalating agent known 
to positively supercoil DNA, such as chloroquine. The speed of migration of the topoisomers varies in 
a characteristic way in the presence and absence of the agent. Topoisomer standards can furthermore 
be generated to allow the easy evaluation of the number of supercoils induced in a plasmid by a DNA–
protein interaction.  

  Key words:   DNA–protein interaction ,  Supercoiling ,  Topology ,  Chloroquine    .

    

 The two strands of the DNA helix are unable to move around 
each other freely without the help of a nicking activity. Their 
overwinding or underwinding therefore results in the accumula-
tion of a topological stress that must be somehow dissipated or 
compensated, as is easily visualized in an overwound rubber band 
that seeks to snap back into its original conformation or starts 
forming supercoils. 

1. Introduction
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 Certain DNA-binding proteins lead to a pronounced bend-
ing in the axis of the double helix. This is the case with histone 
octamers at the core of nucleosomes  (1) , as well as with nonhis-
tone proteins of the HMGB family  (2)  and with certain transcrip-
tion factors containing an HMG-box motif such as the ribosomal 
transcription factor UBF  (3) , the lymphoid enhancer-binding 
factor LEF-1  (4) , or the yeast mitochondrial factor Abf2  (5) . 
These protein-induced topological changes can be readily visual-
ized as changes in the degree of supercoiling in a closed circular 
DNA molecule, and the analysis thereof can be performed on a 
simple agarose gel. 

 The topology of a circular DNA molecule is defined by 
three parameters: the linking number  Lk  (which is the number 
of times one strand of the double helix goes over the other one); 
the writhe  W  (the path of the DNA duplex through space); and 
the twist  Tw  (the number of base pairs found in one turn of the 
DNA helix). The value of  Tw  for a relaxed B-form DNA helix 
equals roughly 10.5 base pairs per turn  (6) . Changing this value 
would normally result in a topological stress in a closed, circular 
DNA molecule and would have to be compensated by the other 
parameters. A change in twist can be introduced by the presence 
of intercalating agents such as ethidium bromide or chloroquine. 
A change in the linking number, meanwhile, can only occur after 
the covalent break and repair of at least one of the DNA strands 
that would allow it to pass over the other strand in one direction 
or the other; topoisomerases, for example, help relax DNA by 
performing such an action. The writhe, finally, is obviously influ-
enced by the other two values but can be directly acted upon by a 
DNA-bending activity. Changes in the three parameters  Lk ,  Wr , 
and  Tw  influence each other according to the equation  

  .Lk Wr TwΔ = Δ + Δ    

 As stated earlier, a topological stress can be compensated in a 
circular molecule by the generation of supercoils or loops of the 
double helix upon itself (another way of describing a change in 
writhe). Therefore, for a constant value of  Tw , a circular DNA 
molecule on which a topoisomerase activity changes the link-
ing number by one would compensate by contorting itself into 
a figure   8    , the simplest form of supercoil. As the linking number 
can be changed in either orientation, the supercoil generated will 
have a value of −1 if the linking number is reduced or 1 if the 
linking number is increased. 

 In the cell, topoisomerases tend to remove supercoils since they 
relax topological stresses. It is the interaction of DNA with other 
proteins, such as occurs in the nucleosome, that can stabilize certain 
levels of supercoiling. In this particular case, it is generally accepted 
that a typical nucleosome stabilizes one negative supercoil  (7) . 
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 Circular DNA molecules like plasmids and episomes can be 
isolated and purified in such a way as to avoid the nicking of their 
phosphate backbone (which would result in their complete relax-
ation) and their level of supercoiling can be determined by elec-
trophoresis on an agarose gel alongside topoisomer standards. 
This can be useful in determining the number of nucleosomes 
found on an episome, since that number would correspond to 
that of negative supercoils in the circular molecule  (7) . 

 Supercoiling induced by a DNA-bending protein can also be 
studied  in vitro.  To that end, the protein is incubated with a cir-
cular DNA molecule. By forcing the DNA to bend, the protein 
changes its writhe. Topoisomerase I is then added to the DNA–
protein complex and makes it possible for the circular DNA 
molecule to change its linking number value, helping to dissi-
pate the topological stress caused by the initial bending of the 
helix. Unlike the writhe, which can be changed with no covalent 
bond being broken, the linking number remains the same unless 
a nicking activity is present. When the DNA-binding protein is 
removed during the next step, along with the topoisomerase, the 
bending-induced change in writhe will be lost due to the removal 
of the DNA-binding protein but the modified linking number 
will remain modified for lack of topoisomerase. 

 As this remaining change in linking number itself causes a 
topological stress in a closed circular molecule, it is in turn com-
pensated by a change in writhe and the generation of supercoils. 
These supercoils, giving rise to a certain number of topoisomers, 
can be separated and observed on an agarose gel. Because topoi-
somers on a gel form distinct bands each differing from their 
immediate neighbors by one turn of helix (or one supercoil), it is 
possible to count how many turns in the linking number can be 
added or removed by a particular DNA–protein interaction. 

 To determine whether a DNA–protein interaction induces 
positive or negative supercoiling, the topoisomers are run on two 
gels in parallel, one in the absence and the other in the presence 
of an intercalating agent such as chloroquine  (8) . Chloroquine, 
like ethidium bromide, inserts itself between the strands of the 
double helix and so artificially unwinds it, reducing the value of  Tw . 
This is compensated by a forced change in writhe, and so the 
value of  Wr  increases. In simple terms, a plasmid run in a chlo-
roquine gel appears more positively supercoiled than it would 
normally be. 

 As seen in  Fig.  1  , this can have either of two effects, depend-
ing on whether the plasmid was positively or negatively super-
coiled to begin with. A supercoiled DNA plasmid runs faster 
than its relaxed form, irrespective of the orientation of the super-
coiling. Topoisomers are therefore distributed on a gel between 
two positions: a very fast band that corresponds to highly super-
coiled DNA, and a very slow band that corresponds to relaxed 



  Fig. 1 .   Distribution of topoisomers on an agarose gel in the absence or presence of chloroquine. ( a ) Expected distribution of 
topoisomers with increasing levels of supercoiling on an agarose gel. Migration speed will be proportional to the degree of 
supercoiling, with relaxed plasmids running more slowly and progressively more supercoiled plasmids running faster and 
faster. Both positively and negatively supercoiled plasmids run faster than their relaxed form. Note that in all preparations of 
topoisomers, a small fraction of nicked plasmid is usually present and runs as a slow band. ( b ) Expected distribution of the 
topoisomers seen in ( a ), if the DNA is initially negatively supercoiled and if the agarose gel contains chloroquine. The effect of 
chloroquine is to induce positive supercoiling, which here would relax the most negatively supercoiled molecules and cause 
them to migrate more slowly (on the  right  of the figure) or add positive supercoils to relaxed molecules and make them run 
faster (on the  left  of the figure). Note that the nicked plasmid running at the same position as relaxed DNA is unaffected by chlo-
roquine. ( c ) Expected distribution of the topoisomers seen in ( a ) if the DNA is initially positively supercoiled and if the agarose 
gel contains chloroquine. The chloroquine would here increase the positive supercoiling of the DNA and cause it to run faster 
than in the conditions seen in ( a ). Comparing the migration of a plasmid in the absence and the presence of chloroquine, it 
become possible to ascertain the direction of its supercoiling.       
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(or nicked) DNA. The different topoisomers that contain more 
than zero supercoils and less than the maximum possible number 
form a ladder between these two extremes.  

 If the test plasmid was initially positively supercoiled, it would 
run as a fast band on a normal agarose gel and even faster (being 
made even more positively supercoiled) on a chloroquine gel. 
On the other hand, if a plasmid was initially negatively supercoiled, 
it would run as a fast band on a normal agarose gel but as a slower 
band on a chloroquine gel (being made less negatively supercoiled 
or, in its particular case, less supercoiled, period). Note that with 
increasing concentrations of chloroquine, it would be possible to 
induce so much positive supercoiling in the latter plasmid that it 
would run as a slower and slower band until it reached the level 
of the relaxed band, after which it would start running faster and 
faster as an increasingly positively supercoiled molecule. 

 Topoisomer standards can be prepared from the test plas-
mid, without the use of a DNA-binding protein, and using only 
ethidium bromide and topoisomerase I  (7) . Such standards, run 
alongside the topoisomers generated during an experiment, can 
make it easier to determine how many supercoils have been intro-
duced on average in a plasmid by a specific interaction with a 
protein.  

     1.    2× Reaction buffer (20 m M  Hepes of pH 7,9, 80 m M  KCl, 
6 m M  MgCl 2 , 0.2 m M  EDTA, 1 m M  DTT) ( see   Note 1   )  

    2.    Topoisomerase I (New England Biolabs, M0301S)  
    3.    3  M  sodium acetate  
    4.    TE buffer (10 m M  Tris–HCl, 1 m M  EDTA, pH 8.0) (1 L)  
    5.    tRNA, 10 mg/mL  
    6.    Phenol:chloroform:isoamyl alcohol (25:24:1)  
    7.    Ethanol  
    8.    Ethanol, 70%  
    9.    Bath at 37°C  
   10.    A suitable plasmid diluted in H 2 O to a working concentra-

tion of 20 ng/ m L ( see   Note    2   )  
   11.    The protein extract to be tested     

     1.    Ethidium bromide (solid)  
    2.    Topoisomerase I (New England Biolabs, M0301S)  

2. Materials

2.1. For the DNA–
Protein Interaction 
Reaction.

2.2. For the Prepara-
tion of Topoisomer 
Standards
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    3.    3  M  sodium acetate  
    4.    10% Lauryl sulfate (SDS)  
    5.    Phenol:chloroform:isoamyl alcohol (25:24:1)  
    6.    Isopropanol  
    7.    Ethanol, 70%  
    8.    Isoamyl alcohol  
    9.    TE buffer (10 m M  Tris–HCl, 1 m M  EDTA, pH 8)  
   10.    Dialysis buffer (10 m M  Tris–HCl, 1 m M  EDTA, 3  M  NaCl, 

pH 8) (2 L)  
   11.    Dialysis tubing  
   12.    Bath at 37°C  
   13.    Stir plate (in a cold room or a refrigerated unit)     

     1.    Electrophoresis apparatus  
    2.    TBE buffer (89 m M  Tris base, 89 m M  boric acid, 2 m M  

EDTA)  
    3.    Electrophoresis-grade agarose  
    4.    5× loading buffer (0.1% bromophenol blue, 0.1% xylene 

cyanol, 15% glycerol, in TE)  
    5.    Chloroquine diphosphate (Sigma #C6628-25G)  
    6.    Ethidium-bromide-staining solution, 5  m g/mL ( see   Note 3   )  
    7.    Southern blot apparatus  
    8.    Hybond N + transfer membrane (GE Healthcare) or the 

equivalent  
    9.    Denaturing solution (0.5  M  NaOH, 1.5  M  NaCl)  
   10.    Neutralizing solution (1  M  Tris–HCl of pH 8.0, 1.5  M  

NaCl)  
   11.    Hybridization rotating oven and hybridization bottles  
   12.    20× SSC (3  M  NaCl, 0.3  M  sodium citrate, pH 7.0)  
   13.    100× Denhardt’s solution (2% Ficoll 400, 2% polyvinylpyr-

rolidone, 2% bovine serum albumin)  
   14.    Prehybridization solution (6× SSC, 10× Denhardt’s solu-

tion, 0.1% SDS, 0.1% sodium pyrophosphate) ( see   Note  4  )  
   15.    Single-stranded salmon sperm DNA (ssDNA), 10 mg/mL  
   16.    Labeled probe ( see   Note 5 )  
   17.    Phosphorimager cassette ( see   Note 6   )     

2.3. For Electrophore-
sis, Transfer, and 
Hybridization
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 The experiment should be performed in duplicate. One set of 
samples will be loaded on an agarose gel containing no chloro-
quine, the other set on a gel containing it ( see   Note 7   ). 

     1.    Clearly label as many Eppendorf tubes as will be required 
for the experiments. To each, add the appropriate amount of 
2× buffer and H 2 O with 20 ng of a suitable plasmid roughly 
3,000 base pair long. Try to work in as small a volume as 
possible ( see   Note  8  ).  

    2.    Add the protein sample to the reaction tubes. So as not to 
miss the most appropriate DNA–protein ratio, protein quan-
tities should be distributed along a reasonable range and in 
regular increments (for example, 0.3, 9, 27, 91, 273 ng, 
where each tube contains three times the amount of the pre-
vious one). Keep on ice.  

    3.    Allow the DNA–protein interaction to proceed for 20 min 
( see   Note 9   ).  

    4.    Add 1 U of topoisomerase I and continue the incubation at 
37°C for 10 min ( see   Note 10   ).  

    5.    To each tube, add 200  m L TE, 1  m L tRNA 10 mg/mL as 
carrier and adjust to 0.3  M  sodium acetate ( see   Note 11   ).  

    6.    Extract DNA with 200  m L phenol: chloroform: isoamyl 
alcohol; vortex briefly and centrifuge for 5 min on a table-
top microcentrifuge. Transfer the aqueous (top) phase in a 
fresh tube.  

    7.    Precipitate DNA with one volume isopropanol. Centrifuge 
as earlier for 5 min.  

    8.    Wash the DNA pellet with 100  m L ethanol 70%; centrifuge 
as earlier for 5 min. Air dry the pellet.  

    9.    Add 8  m L TE buffer and 2  m L 5× loading buffer. Load on a 
0.7% agarose/1× TBE gel containing either 0 or 10  m g/mL 
chloroquine. Run the gel at 70 V with buffer recirculation 
for 5–6 h, or until the xylene cyanol band (light blue) 
has traveled 7 cm on the gel ( see   Notes 12    and  13 ). 
An overnight run at a lower voltage is also appropriate 
( see   Note 12   ).  

   10.    Denature the DNA by soaking the gel in the denaturing 
solution with gentle rocking for 30 min.  

   11.    Neutralize the gel by soaking the gel in two changes of 
neutralizing solution, with gentle rocking for 30 min each 
time.  

3. Methods

3.1. Analysis of 
Protein-Induced DNA 
Bending
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   12.    Transfer the DNA to a Hybond N membrane using South-
ern blotting. Clearly mark the side on which the DNA is 
found.  

   13.    Prehybridization: put the membrane in a hybridization 
bottle, DNA side facing the inside of the bottle. Add as small 
a volume of prewarmed (65°C) prehybridization solution as 
will allow complete covering of the membrane (usually 5 
mL for small bottles and 10 mL for long bottles). Denature 
the ssDNA by heating at 95°C for 5 min and add to the 
prehybridization solution to a final concentration of 100 
 m g/mL. Allow prehybridization to proceed at 65°C for 1 h, 
with rotation.  

   14.    Denature the labeled probe by heating at 95°C for 5 min and 
add to the prehybridization solution (do not pipet the undi-
luted probe straight on the membrane). Allow the hybridi-
zation to proceed for more than 6 h (overnight is fine) at 
65°C, with rotation.  

   15.    Wash the membrane with multiple changes of 50 mL SSC of 
decreasing concentration, 30 min at a time until the desired 
stringency is reached (3×, 1×, 0.1× SSC, for example) ( see  
 Note 14   ).  

   16.    Dry the membrane and expose to a phosphorimager cassette 
or to an X-Ray film.     

 It is not necessary to use topoisomer standards to determine if 
a particular protein induces supercoils in a plasmid, or to deter-
mine the direction of the supercoiling. Such standards can how-
ever be useful tools to count how many supercoils have been 
introduced in a molecule, as described in ref.  7 . The standards 
should be prepared with the same plasmid that will be used in the 
experiments.
    1.    Prepare a fresh ethidium bromide solution (2 mg/mL) from 

the solid stock ( see   Note 15   ). Protect from light.  
    2.    From that solution, prepare a fresh dilution at 0.1 mg/mL. 

Protect from light.  
    3.    Determine the concentration of the plasmid to be used with 

a spectrophotometer. Use an intact supercoiled plasmid, with 
as little nicked material as possible.  

    4.    For each standard, in an Eppendorf tube, add 5  m g plasmid, 
2  m L New England Biolabs buffer NEB4 (provided with the 
topoisomerase), 1  m L (5 U) topoisomerase I, (x)  m L ethid-
ium bromide 0.1 mg/mL and (y)  m L H 2 O (where x and 
y could be 0 and 7.5, 1.6 and 5.9, 3.1 and 4.6, 6.2 and 
1.3, respectively, for a final volume of 20  m L). The higher 
the concentration of ethidium bromide, the more positively 

3.2. Preparation of 
Topoisomer Standards
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supercoiled each standard will be. Protect from light ( see  
 Note 16   ).  

    5.    Incubate in the dark at 37°C for 3 h.  
    6.    Add 264  m L TE, 6  m L SDS 10%, and 30  m L 3  M  sodium 

acetate to a final volume of 300  m L (for a final concentration 
of 0.2% SDS and 0.3  M  sodium acetate).  

    7.    Extract most of the ethidium bromide by adding one volume 
isoamyl alcohol to each tube, shaking briefly and discard the 
top phase. Work in dim light ( see   Note 17   ). Repeat four 
times.  

    8.    Make sure the volume has remained at roughly 300  m L; if 
not, top up with H 2 O ( see   Note 18   ).  

    9.    Extract the DNA with one volume of phenol: chloroform: 
isoamyl alcohol. Vortex and centrifuge for 3 min in a table-
top microcentrifuge. Recover the top (aqueous) phase.  

   10.    Extract the aqueous phase again with one volume chloro-
form. Vortex and spin as above. Recover the top phase.  

   11.    Dialyze each standard in an independent piece of dialysis 
tubing. Dialysis should be performed in the cold room and 
in the dark. The first dialysis is against 1 L dialysis buffer, 
overnight. The tubes are then dialyzed against 1 L of fresh 
dialysis buffer, still in the dark and in the cold room, for the 
rest of the day (at least 6 h). The tubes are finally dialyzed 
against 1 L TE buffer, still in the dark and in the cold room, 
for another overnight period.  

   12.    The standards are recovered and kept in Eppendorf tubes. 
They should be analyzed by spectrometry or on gel to ascer-
tain their concentration.     

 Topoisomers separated by gel electrophoresis are distributed 
between two extremes: the fastest running band, which corre-
sponds to highly supercoiled plasmid (whether it be negatively 
or positively), and the slowest running band, which corresponds 
to relaxed plasmid (whether nicked or relaxed by topoisomerase). 
Plasmid DNA extracted from bacteria, as a rule, is negatively 
supercoiled and runs faster than its linear form. 

 Protein-induced supercoiling in a plasmid is apparent after the 
migration pattern of the generated topoisomers has been visual-
ized and compared to the migration of the untreated plasmid. 

 On a normal agarose gel containing no chloroquine, any 
activity that introduces  positive  supercoils in a naturally negatively 
supercoiled plasmid would cause it to run more slowly (higher 
on the gel), because in effect it relaxes it somewhat. On the other 
hand, in the case of protein-induced  negative  supercoiling, the 
band might be expected to actually run faster than the untreated 

3.3. Analysis of the 
Chloroquine Gels
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control since more negative supercoiling is added to the already 
negative supercoils. That, however, may not be visible since the 
control DNA might already contain as many negative supercoils 
as it will tolerate. 

 To determine if a DNA molecule has been positively or nega-
tively supercoiled, it has to be run on two gels in parallel: one 
without and one with chloroquine (which introduces positive 
supercoils in DNA).  Figure 1    shows how chloroquine will alter 
the course of supercoiled DNA. Panel A shows a normal gel on 
which a plasmid has been increasingly supercoiled by an increas-
ing quantity of protein. Panel B illustrates what would happen if 
the samples seen in A were negatively supercoiled and run on a 
chloroquine gel. Because of the positive-inducing effect of chlo-
roquine, the more heavily negatively supercoiled samples (on the 
right of the panel) are turned more positive, and so more relaxed, 
migrating more slowly. At the same time, the samples that were 
not supercoiled at all (at the left of the panel) acquire positive 
supercoils, which drive them toward the bottom of the gel. Note 
that in between these extremes, there is a degree of negative super-
coiling that will be exactly compensated by the positive effect of 
the chloroquine, resulting in a relaxed band (third track from the 
left). Panel C illustrates what would happen if the topoisomers 
seen in A were initially positively supercoiled. In such a case, since 
there is no negative supercoil to be compensated, all bands are 
driven toward the bottom of the gel by the chloroquine. 

     1.    This buffer has been successfully used with the transcrip-
tion factor UBF from  Xenopus laevis  on a plasmid contain-
ing repeats of the transcriptional enhancers found in the 
animal’s ribosomal gene spacer. It should be optimized for 
the protein of interest, but is expected to be the same as 
what would be used for any DNA-binding experiment like 
electromobility shift assays or DNAse I footprinting. Care 
should also be given to that buffer’s compatibility with the 
topoisomerase used; certain commercial enzymes have spe-
cific salt requirements and incompatibilities. Depending on 
the degree of purity of the protein, a nonspecific competi-
tor such as poly(dI-dC)·poly(dI-dC) can be included in the 
reaction.  

   2.    The plasmid should be roughly 3,000 base pair long or 
shorter, as longer sizes require longer separation runs on 
agarose. The plasmid should contain one or multiple cop-
ies of the protein’s binding site, as multiple binding will 

4. Notes
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amplify any supercoiling effect caused by the DNA–protein 
interaction.     

    3.    The gels must be run in the absence of any staining agent, 
so as not to expose the DNA to intercalating agents other 
than chloroquine when appropriate. They must therefore 
be stained after migration. Here ethidium bromide is sug-
gested, but other stains are quite acceptable (SYBR green, 
for example).  

    4.    For 1 L, add 300 mL 20× SSC to 500 mL H 2 O, then add 
100 mL 100× Denhardt’s solution, and only then add 5 mL 
SDS 20% and 1 g pyrophosphate. Top up with H 2 O. This 
order of addition will prevent precipitation.  

    5.    The probe can be radioactive or fluorescent, depending on 
availability and preference.  

    6.    The use of a phosphorimager system is not essential; an X-ray 
film-based system is perfectly suitable.  

  7.    The protocol described uses a small amount of DNA (20 ng) 
and requires blotting to reveal the supercoils. It would be 
theoretically possible to use high enough concentrations of 
DNA, protein, and topoisomerase to make direct visualiza-
tion on the gel possible (after a postrun staining of the mate-
rial), but this would require a lot of purified protein and 
more enzyme than is financially advisable.  

    8.    The DNA–protein interaction will be favored by having all 
reagents in as concentrated a state as possible. The same 
holds true for the topoisomerase activity. A reaction volume 
in the 20–50  m L range is advised, if the protein concentra-
tion allows it. The initial reaction volume should allow for 
the later addition of topoisomerase.  

    9.    Although the reaction described here is performed on ice, 
some DNA–protein reactions are routinely better observed 
at 30°C or 37°C. The experimenter must determine the best 
course for any specific protein analyzed.  

10.       This amount of topoisomerase I, according to the supplier 
(New England Biolabs), should relax most of 500 ng of 
supercoiled plasmid in 15 min. It is however very salt sen-
sitive and its efficiency may vary depending on the exact 
composition of the reaction buffer used. Since the relaxa-
tion of the plasmid is essential to the experiment, it should 
be determined beforehand how much enzyme must be 
added to the test plasmid in order to relax it completely after 
10 min at 37°C and in the experimental buffer (not the 
supplier’s buffer).  

    11.    The following steps describe the purification and precipita-
tion of the DNA. Alternatively, loading buffer can be directly 
added to the reaction tubes and the DNA loaded straight 
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on the agarose gels. Although less clean because it does not 
guarantee the release of the protein from the DNA, this 
approach has worked in the past (e.g.,  ref. 3  ) .  

   12.    This represents a fairly long run, but is necessary for the 
topoisomers to clearly separate from one another. The faster 
the gel runs, the more it will heat, which could alter the gel 
and make the bands less sharp. Recirculation of the buffer is 
in such a case particularly important. Running the gel in the 
cold room is also an option to limit heating.  

   13.    If a molecular weight marker is used, make sure that it is 
either diluted enough so as not to give too strong a signal if 
the probe hybridizes to it nonspecifically, or leave a few blank 
wells between it and the samples.  

   14.    Stringency will have to be determined empirically.  
     15.    Although ethidium bromide is not as toxic as popular labo-

ratory folklore would have it, it remains a dangerous product 
and should be handled with care, especially in its solid form. 
Avoid contact with the skin and avoid generating (and espe-
cially breathing) any ethidium bromide dust. Wear protec-
tive clothing.  

   16.    Ethidium bromide intercalated in DNA will cause nicking 
when exposed to light. Although it is not necessary to work 
in the dark, it is better to dim the lights as much as possible 
and work in a shaded place (such as a chemical hood).  

   17.    The isoamyl alcohol in the top phase will remove most of the 
ethidium bromide. DNA will remain in the bottom phase. 
As isoamyl alcohol is rather noisome and will contain ethid-
ium bromide, it is better to work in a chemical hood (which 
also helps with the low light).  

   18.    The volume is not absolutely crucial here, but to maintain it 
around 300  m L will help with the upcoming phenol extrac-
tions. As a crude measuring device, we use a home-made 
graduated Eppendorf tube where we marked volumes at 
100  m L increments.  
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Sciences and Engineering Research Council of Canada and by 
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      Chapter 31

  The Cruciform DNA Mobility Shift Assay: A Tool to Study 
Proteins that Recognize Bent DNA        

     Victor Y.   Stefanovsky    and    Tom   Moss  

          Summary 

 So-called architectural DNA binding proteins such as those of the HMGB-box family induce DNA 
bending and kinking. However, these proteins often display only a weak sequence preference, making 
the analysis of their DNA binding characteristics difficult if not impossible in a standard electrophoretic 
mobility assay (EMSA). In contrast, such proteins often bind prebent DNAs with high affinity and spe-
cificity. A synthetic cruciform DNA structure will often provide an ideal binding site for such proteins, 
allowing their affinities for both bent and linear DNAs to be directly and simply determined by a modi-
fied form of EMSA.  

    Key words:   Architectural proteins ,  HMGB-box protein ,  Bent DNA ,  Cruciform ,  EMSA    .

 The first reported interaction of an HMGB-box protein 
(HMGB1) with a bent stable synthetic DNA structure suggested 
that this family of proteins displayed an intrinsic affinity for bent 
DNA  (1) . The assay was based on the electrophoretic mobility 
shift (EMSA) of an  in vitro  assembled synthetic cruciform when 
it was bound by an HMGB box. It was found that binding to the 
prebent cruciform DNA occurred with a much higher affinity 
and specificity than to linear DNA. Shortly after, the same group 
demonstrated an identical behavior for the sequence-specific 
transcription factor SRY, which contains a single HMG box  (2) , 
followed by similar reports on the other HMGB-box proteins 
LEF-1/TCF 1  (3,   4) . The RNA Polymerase I transcription 

1. Introduction
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factor UBF, like HMGB1, is a nonsequence-specific DNA bind-
ing protein with multiple HMGB boxes, and as such its binding 
properties were difficult to analyze by EMSA using linear DNA. 
However, it was found to bind strongly to cruciform DNA  (5) . 
A detailed study showed that the individual HMGB boxes 1 and 
2 of UBF, responsible for the rDNA promoter in-phase bending 
and enhancesome formation  (6,   7) , each bind with high affinity 
to cruciform structures  (8) . Moreover, competition with linear 
DNA proved to be a valuable tool for detecting changes in the 
binding affinity of these boxes as a result of mutations or post-
translational modifications. Such changes are believed to reflect 
structural changes in the protein–DNA complex due to an altered 
bending capacity of the HMGB boxes. 

 The 14-3-3 family of proteins were found to specifically rec-
ognize cruciform structures at origins of DNA replication in a 
cell-cycle dependent manner and were identified as regulators of 
DNA replication  (9) , and the cruciform mobility shift assay has 
also been used for analyzing these proteins. 

 The cruciform mobility shift assay has, thus, shown itself to 
be a useful tool in the study of proteins that display enhanced 
affinity for bent DNA. Here we present the basic assay using the 
HMGB boxes as example. 

    1.    Stock solutions of cruciform oligonucleotides at 10 pmoles/ m l 
in ddH 2 O;Oligo 1 5 ¢ -CCCTATAACCCCTGCATTGAAT
TCCAGTCTGATAA-3 ¢  Oligo 2 5 ¢ -GTAGTCGTGATAG
GTGCAGGGGTTATAGGG-3 ¢  Oligo 3 5 ¢ -AACAGTAGCT 
CTTATTCGAGCTCGCGCCCTATCACGACTA-3 ¢  Oligo 4 
5 ¢ -TTTATCAGACTGGAATTCAAGCGCGAGCTCGAATAAG 
AGCTACTGT-3 ¢  These oligonucleotides are designed in order 
to anneal with each other and form a cruciform structure,  Fig. 1   .   

   2.    [ g - 32 P]-ATP (Perkin-Elmer).  
   3.    T4 Polynucleotide Kinase (NEB).  
   4.    7.5 M ammonium acetate.  
   5.    95 and 70% ethanol.  
   6.    TMS annealing buffer: 100 mM NaCl, 10 mM Tris–HCl of 

pH 7.5, 10 mM MgCl 2 .  
   7.    2× Binding buffer: 16% Ficoll, 200 mM NaCl, 20 mM HEPES 

of pH 7.9, 10 mM KCl, 2 mM EDTA, 2 mM spermidine, 1 
mM DTT.  

   8.    TBS:10 mM Tris–HCl of pH 7.5, 100 mM NaCl.  

2. Materials
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    9.    TBE (10×) Prepare 1 L by mixing 108 g Tris-base, 55 g 
boric acid, 40 ml 0.5 M EDTA, pH 8.0.  

   10.    40% acrylamide stock solution (38 parts acrylamide: 2 parts 
bisacrylamide).  

   11.    0.1% Xylene cyanol.  
   12.    Gel-loading buffer (10×) 0.25% bromophenol blue, 0.25% 

xylene cyanol, 25% Ficoll 400.  
   13.    Prepare multiple 0.5-ml Eppendorf tubes with pierced bot-

tom (make several holes with an 18–21-gauge syringe nee-
dle) and fill the bottom of the tubes with glass wool (keep 
stock in 70% ethanol). Autoclave and keep in a sterile jar 
until use.  

   14.    For competition experiments: double-stranded linear DNA 
containing the target DNA sequence of interest, stock solu-
tion at least 200–500  m g/ml in ddH 2 O.  

   15.    For antibody supershift: specific antibodies against the pro-
tein of interest in serum dilutions ranging from undiluted to 
1:1,000 in TBS.     

    1.    Take 2  m l (20 pmoles) oligo 3 and add 2  m l 10× Polynucle-
otide Kinase buffer (NEB) 10  m l [ g - 32 P]-ATP, 5  m l H 2 O and 
1  m l T4 Polynucleotide Kinase (~10 units) (NEB)  

   2.    Incubate for 1 h at 37°C.  

3. Methods

3.1. 5 ¢ End Labeling of 
Oligonucleotide 3

  Fig. 1 .   Schematic formation of a cruciform structure. The arrows indicate the 3 ¢ -termini 
of the annealed oligonucleotides 1, 2, 3, and 4; The asterisk indicates the radioactive 
 32 PO 4  group on oligonucleotide 3       .
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   3.    Add 10 ml 7.5 M ammonium acetate (final concentration: 
2.5 M).  

   4.    Add 270  m l 95% Ethanol.  
   5.    Leave 5 min, at RT.  
   6.    Spin in an Eppendorf centrifuge 5 min at 13,000 rpm.  
   7.    Carefully discard supernatant into radioactive waste, add 300 

 m l 70% ethanol.  
   8.    Spin 1 min 13,000 rpm.  
   9.    Carefully discard supernatant into radioactive waste.     

    1.    Add 2  m l (20 pmoles) each of oligos 1, 2, and 4 to precipi-
tated, labeled oligo 3.  

   2.    Add 25  m l TMS and mix thoroughly to redissolve oligo 3.  
   3.    Take a small aliquot to determine approximate specific activ-

ity, that is total Cerenkov cpm/20 pmole oligo 3.  
   4.    Place in an aluminum heating block at 90°C, switch off heat-

ing immediately, and insulate by covering with a Styrofoam 
box. Leave for 3 h to anneal cruciform.     

 Alternative method: Leave 3 min at 90°C, then 10 min at 68°C, 
and 30 min at 37°C. This can be easily performed in a thermal 
cycler.
   5.    Add 3  m l 10× gel-loading buffer  .
   6.    Load into a 1-cm wide pocket on a 1-mm-thick, 20-cm-long 

6.5% polyacrylamide gel in 1× TBE.  
   7.    Run at 10 V/cm for 2–3 h until bromophenol blue has 

migrated about 14 cm.  
   8.    Remove the upper plate of the gel, cover with Saran wrap, and 

autoradiograph for 30 s to 1 min. Ideally, use fluorescent ink 
markers to allow realignment of film to gel. Alternatively, use 
one corner of a radiography cassette to align the film with the 
gel plate during exposure.  

   9.    Realign the developed film under the gel on a transilluminator 
and excise the cruciform band using a scalpel. The cruciform 
migrates slightly below the xylene cyanol band on a 6.5% gel 
( see   Fig. 2 and Note 1   ).      

    1.    Place the cut gel fragment containing the cruciform in a 0.5-
ml Eppendorf tube. Pierce several holes through the bottom 
of the tube with a gauge 18–21 syringe needle. Place the tube 
in a 1.5-ml Eppendorf tube without lid.  

   2.    Centrifuge 20–30 s or until the gel passes through the holes 
into the bottom tube forming a gel pellet.  

3.2. Annealing of 
the Oligonucleotides 
and Isolation of the 
Labeled Cruciform

3.3. Extraction of 
Cruciform
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   3.    Add 300  m l TMS to the pellet to form a slurry.  
   4.    Seal the tube and leave overnight at 4°C  .
   5.    Put a previously prepared glass wool-bottomed, pierced, auto-

claved 0.5-ml tube ( see   Subheading 2   ,  item 13 ) in an intact 
1.5-ml Eppendorf without lid.  

   6.    To recover eluate, transfer all the gel slurry into the 0.5-ml 
tube using a 1-ml pipette with large tip opening (cut-off) and 
centrifuge for 20 s.  

   7.    Adjust the eluate volume to 400  m l with TMS     .
 The eluted cruciform DNA should be at ~50 fmole/ m l and nearly 
all the radioactivity should have been eluted. Cerenkov count a 
2- m l aliquot in order to calculate the concentration of cruciform 
using the specific activity calculated from  Subheading  3.2  ,  step 
3 . Stored at 4°C the labeled cruciform is stable for at least a week. 
You will need about 100 fmoles (2  m l) per mobility shift assay. 

  Fig. 2 .   Migration of the cruciform on the preparative gel. The cruciform structure was 
resolved on a 6.5% polyacrylamide gel and exposed as described in Methods.  Left 
panel : position of the cruciform (X-form) relative to the dyes ( XC  xylene cyanol and  BPB  
bromophenol blue) indicated by  black ellipses .  Right panel : an example of incomplete 
annealing. Positions of the monomer and dimer forms are indicated on the  left  side of 
the figure       .
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 Each mobility shift reaction is performed in 10  m l consisting of 
5  m l of 2× Binding Buffer, 2  m l (100 fmole) of cruciform DNA 
in TMS, and 3  m l of TBS containing varying amounts of the pro-
teins to be assayed.
    1.    Prepare a 6.5% polyacrylamide gel (acrylamide:bisacrylamide 

38:2) at least 15–20 cm long and 1-mm thick in 0.5× TBE 
and use a 0.5% TBE as running buffer. Prerun the gel for 
1 h at 11 V/cm.  

    2.    Prepare a stock mix of 2× Binding Buffer (5  m l × number 
of reactions plus one) and cruciform (2  m l (100 fmole) × 
number of reactions plus one).  

    3.    Prepare dilutions of the protein to be analyzed in Eppendorf 
tubes. Complete the volume of the protein in each tube to 
3  m l with TBS. Place 3  m l TBS in a tube to serve as a negative 
control. Since the K d  of the expected complexes is typically 
less than  m molar, start with protein amounts ranging from 
2 to 30 pmoles.  

    4.    Add 7  m l binding buffer/cruciform mix, as in  step 2 , to each 
protein dilution.  

    5.    Incubate 10–30 min at room temperature.  
    6.    Add 0.5  m l 0.1% xylene cyanol to each sample and load onto 

the gel.  
    7.    Electrophorese for 3–4 h at 11 V/cm  .
    8.    Transfer the gel onto a sheet of Whatman 3-MM paper and 

cover with Saran wrap.  
    9.    Dry the gel for 30 min at 85°C  .
   10.    Expose the gel to radiography film or use a commercial 

phosphoimaging device to detect cruciform and analyze the 
results. A typical example of the electrophoretic separation is 
shown in  Fig. 3 and Notes 2 and 3   .      

 The affinity of the protein for linear relative to cruciform DNA 
can be determined in a simple competition assay ( see   Fig.  4  ). 
Typically, a 1- to 10-fold molar excess of the linear DNA fragment 
over the protein is required. Add 1  m l of the double-stranded 
linear fragment to the cruciform DNA before mixing with the 
protein sample in  step 3  of  Subheading 3.4   , then proceed as 
described in that section. A protein concentration that yields less 
than complete shifting of the cruciform in the absence of linear 
DNA must be used if the relative affinity of the protein for linear 
DNA is to be determined.  

 In the case of impure protein samples, it may be necessary to 
determine the identity of the protein that is responsible for the 
cruciform shift. This can sometimes be achieved by “up-shifting” 

3.4. Cruciform Mobility 
Shift Assay

3.5. Competition with 
Linear DNA

3.6. Supershifting with 
a Specific Protein 
Antibody
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the cruciform-protein complex by the addition of an antibody 
before electrophoretic analysis. Add 1  m l of an appropriate range 
of antibody dilutions to the samples just before applying them to 
the gel, then proceed as described in that section. An example of 
such an upshift assay is shown in  Fig. 5   .  

  Fig. 3 .   A typical example of cruciform shift assay. About 100 fmoles of cruciform was 
incubated with the indicated amounts of HMGB box1 from UBF,  see  Subheading  2 . The 
protein–DNA complex (complex) and the naked cruciform (X-form) are indicated       .

  Fig. 4 .   Competition with linear target sequence. The cruciform structure was incubated 
with 20 pmoles of UBF HMGB box1(as in Fig.  3 ) and with increasing amounts of linear 
human rDNA promoter UCE fragment,  see  ref.  8 . In this case the cruciform shift is 
efficiently competed with 200 pmoles of the linear promoter fragment. Complex and 
X-form as in Fig.  3        .
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  1. Annealing of the cruciform is not complete (see Fig. 1B, right 
panel). Usually, the annealing is so efficient that only the com-
pleted cruciform, containing all four oligos, is visible on the 
gel. In some cases, however, smaller structures containing one 
or two oligos may be present, running closer to the bromphe-
nol blue. If the cruciform is not the major product:-
i) Repeat the annealing after verifying the identity and quality 

of oligonucleotides.
ii) Check the concentration of your oligonucleotides. 

Equimolar amounts must be used.
iii) The gel may have been run too hot. Check the voltage, 

it should not exceed 11V/cm.
 2. More than one shifted band is visible on the gel. There may be 

a second cruciform binding protein in the protein preparation. 
A cruciform in some cases may bind more than one protein 
molecule. See also Note 3.

 3. Certain protein-DNA complexes migrate faster than the 
naked cruciform (downshift). Dependent on buffer condi-
tions  cruciforms may adopt alternative tertiary folds, affecting 

4. Notes

  Fig. 5 .   Specific antibody “supershift.” The cruciform structure (100 fmoles) was incu-
bated with 20 pmoles of UBF HMGB box1 and 1  m l diluted polyclonal anti-UBF antibody 
as indicated. An increasing large “supershift” is observed with increase in antibody 
concentration, eventually producing antibody-protein–DNA complexes high in the gel 
indicated by  arrows        .
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their mobility during electrophoresis. For example, HMGB-
box 2 of UBF under standard buffer conditions gave a down-
shift as well as an upshift. However, addition of an extra 
3 mM MgCl 2 during the binding reaction eliminated the 
downshift,  see   Fig. 6 . It is possible that acrylamide concen-
tration or bisacrylamide:acrylamide ratio in the gel may also 
affect relative migration of cruciform structural isomers  .      

 This work was supported by an operating grant from the Cana-
dian Institutes of Health Research. 
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  Fig. 6 .   Differential migration of the protein–cruciform DNA complex depending on buffer 
conditions. Increasing amounts of UBF HMGB box2 were incubated with the cruciform 
using two different binding buffers: buffer A, the standard binding reaction (2 mM MgCl 2  
final concentration) and buffer B, as buffer A but giving final concentrations of 5 mM 
MgCl 2  and 0.3 mM ATP. Positions of the free cruciform (X-form), the “upshift” and the 
“downshift” are indicated with  arrows        .
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      Chapter 32

  Plasmid Vectors for the Analysis of Protein-Induced 
DNA Bending        

     Christian   Zwieb    and    Sankar   Adhya  

          Summary 

 Bending is not only required to accommodate DNA within the cell but also is a mechanism used by 
proteins to initiate DNA replication, transcription, and recombination. Determining the angles by which 
regulatory DNA segments deviate from linearity upon binding of proteins is a necessary step toward a 
better understanding of a large number of essential biological functions. The pBend plasmids contain 
duplicate sets of restriction sites and, when combined with “gel shift” experiments, allow the straight-
forward determination of the bending angle in a DNA molecule. The steps for successfully carrying out 
a binding/bending experiment are described. They include the cloning of the protein-binding site into 
the chosen pBend vector, the isolation of a series of DNA fragments with identical in length but variable 
placing of the protein-binding site, and the gel electrophoretic analysis of the free and protein-bound 
fragments.  

  Key words :    DNA bending ,  Protein–DNA complexes ,  Replication ,  Recombination ,  Transcription    .

 Bending of DNA by proteins plays an important role in transcrip-
tion initiation, DNA replication, and recombination. The degree 
of protein-induced DNA bending can be simply and conveniently 
determined by combining gel electrophoresis of DNA–protein 
complexes with the use of special plasmid vectors carrying the 
bendable DNA sequence  (1,   2) . The vectors contain duplicate 
sets of restriction sites in a direct repeat order as well as cloning 
sites for insertion of protein-binding sequences between the two 
sets. Restriction enzyme digestion readily generates fragments 

1. Introduction
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which are identical in size but differ in the location of the bind-
ing site ( see   Fig. 1   ). The mobility of a DNA fragment is less when 
a bend is located at the center of the fragment than when the 
same bend is located toward one or the other end  (3,   4) . The 
bending angle   a   is defined as the angle by which a segment of 
the rod-like DNA bends away from linearity. Thus, the bending 
angle is 0° for a straight DNA fragment.   a   can be estimated by 
measuring   m   M  (mobility of the complex with the protein bound 
at the middle of the fragment) and  m  E (mobility of the complex 
with the protein bound near the end of a DNA fragment) using 
an empirical relationship   m   M /  m   E  = cos (  a  /2)  (4,   5) . To carry out a 
bending experiment, the protein-binding site is inserted into the 
bending vector. Next, a series of DNA fragments with the bind-
ing site located either in the middle or toward the end is gener-
ated by digestion of the vector with different restriction enzymes. 
Finally, DNA–protein complexes formed with the series of DNA 
fragments are analyzed by gel electrophoresis to determine the 
bending angle   a  . As an example, we illustrate the bending at 
the  lac  promoter by cyclic AMP receptor protein (CRP)  (4,   6) . 
However, the method is easily adapted to other protein–DNA 
complexes if they can be separated from free DNA by gel elec-
trophoresis. General considerations for successful complex for-
mation and for the selection of restriction sites are discussed in 
 Subheading 4   . pBend3, 4, and 5 ( Figs. 1    and  2  )  are different 

  Fig. 1 .   Schematic representation of the pBend3 insert between the  Eco RI– Hin dIII sites. pBend3 was constructed by clon-
ing of the 236-base pair  Eco RI– Hin dIII fragment of pBend 2   (  4  )  into pBluescript SK (Stratagene). pBluescript is a high copy 
number plasmid and generates a large amount of DNA upon plasmid extraction. The  Eco RI- Hin dIII fragment contains 17 
duplicated restriction sites to generate DNA fragments of identical length, but in which with the protein-binding sequence 
(gray rectangle in the upper part of the Figure) is shifted. The sites  Xba I and  Sal I (in boxes) are unique and suitable for 
cloning of the protein-binding sequence. Restriction sites are not drawn to scale. The sequence of the insert is shown in 
the lower part of the figure       .
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versions of the bending vector pBend2  (4) . pBend2 and pBend3 
contain the same 236 base pair  Eco R I – Hin dIII fragment with 17 
duplicated restriction sites. Because of the higher copy number 
of pBend3, preparation of plasmid DNA is more efficient. The 
remainder of the digested vector DNA is less likely to comigrate 
with protein–DNA complexes; therefore, high molecular weight 
DNA-binding proteins that might introduce substantial bending 
can be analyzed without the tedious purification of individual 
DNA fragments containing the protein-binding site. pBend4 
and pBend5 contain an additional HpaI cloning site to facilitate 
the insertion of DNAs with blunt ends. The promoters for the 
T 3 - and T 7  RNA polymerases have potential use for analyzing 
the bending of double-stranded RNA or RNA/DNA hybrids by 
proteins such as transcription factor TFIIIA  (7) . Details of the 
properties of pBend3, 4, and 5 are described in the legends to 
 Figs.  1 –3   .    

    1.    pBend vector (available from the ATCC at   http://www.atcc.
org/.     pBend3 accession number: 87121; pBend4: 87122; 
pBend5: 87123; pBendBlue  (8) : 87690).  

2. Materials

2.1. Insertion of the 
Protein-Binding Site 
into pBend

  Fig. 2 .   Restriction and cloning sites of pBend3, 4, and 5. Portions of pBluescript SK 
(Stratagene) are shown in gray; the  Xba I and  Sal I sites of pBluescript are abolished by 
partial digestion with  Xba I or  Sal I, filling in with DNA polymerase (Klenow), and ligation 
with T 4  DNA ligase. Promoters for T 3  and T 7  RNA polymerase are indicated by the arrows. 
They can be used to study the bending by proteins which bind to double-stranded RNA 
or to RNA–DNA hybrids. The region between the  Eco RI and  Hin dIII sites (indicated in 
black) is identical to the one shown in Fig.  1 . pBend4 and pBend5 contain additional  Sal I 
and  Hpa I sites as shown       .
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   2.    Oligonucleotides or DNA-fragments containing the investi-
gated protein-binding site, compatible with the cloning sites 
of pBend ( see   Notes 1  and  2 ).  

   3.     Restriction enzymes .  Hpa I,  Eco R I ,  Hin dIII, and  Mlu I at about 
10 U/ m L with 10 times concentrated digestion buffers as 
specified or provided by the vendors.  

   4.     500 mM EDTA of pH 8 . Mix 93 g of disodium ethylene 
diamine tetraacetate-2H 2 O in 400 mL water, adjust pH to 8.0 
by adding about 20 g of NaOH pellets (only then will EDTA 
dissolve completely), adjust volume to 500 mL, autoclave.  

   5.     TE . 10 mM Tris–HCl of pH 7.5, 1 mM EDTA, mix 1 mL of 
1 M Tris–HCl of pH 7.5 and 200  m L of 500 mM EDTA of 
pH 8. in a total volume of 100 mL of water. Store at 4°C.  

   6.     7.5 M ammonium acetate . Dissolve 57.8 g ammonium acetate 
in a total volume of 100 mL of water. Store at 4°C.  

   7.     80% ethanol . Mix 80 mL ethanol with 20 mL water. Store 
at 4°C.  

   8.     Oligonucleotide annealing buffer . Mix 1 mL of 1 M Tris–HCl 
of pH 7.5, 200  m L of 500 mM EDTA of pH 8 and 10 mL of 
1 M NaCl in a total volume of 100 mL.  

  Fig. 3 .   Restriction and cloning sites of pBendBlue along with the ORF of the  lacZ ( a ) gene passing through the entire 
permuted sequence of pBend3, including the two cloning sites ( Xba I and  Sal I). The 241-base pair permuted sequence of 
pBend, including the  Xba I and  Sal I cloning sites ( shown in gray ), was inserted between the  Sac I and  Apa I sites of plasmid 
pBSK (Stratagene) and is cloned such that the  lacZ  ORF remains uninterrupted. The corresponding amino acid sequence 
is shown above the DNA sequence. Note that pBSK carries only the  a -complementing portion of  LacZ , necessitating 
the use of the  D  lacZ  a  host strain ( Epicurian coli , Stratagene) which is a   w   donor. A complementation between   a   and   w   
makes a cell  b -galactosidase proficient. The insert is bounded by T 3  and T 7  RNA polymerase promoter sequences, both 
within the ORF       .
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    9.     Ligation buffer, 5 times concentrated . 500 mM Tris–HCl of 
pH 7.6, 100 mM MgCl2, 100 mM DTT. Store at −20°C.  

   10.     5 mM ATP . Dissolve 3 mg of ATP (disodium salt) in 1 mL 
of TE.  

   11.    T 4  polynucleotide kinase: 10 U/ m L.  
   12.    T 4  DNA ligase: 1 U/ m L.  
   13.    Competent  E. coli  cells: e.g., strain DH5 a .  
   14.     LB-amp plates . Suspend 10 g of LB powder and 7.5 g of 

Bacto-agar in 500 mL of water; autoclave and dissolve agar 
by swirling, cool solution to 55°C in a water bath, add 50 
mg of ampicillin (for final concentration of 100  m g/mL), 
dissolve by swirling and pour plates, store plates in a plastic 
bag at 4°C.  

   15.     LB-media . Suspend 10 g of LB powder in 500 mL water 
and autoclave. Store at room temperature. For the ampicillin 
containing LB, add and dissolve the specified amount to the 
media at room temperature.  

   16.     Tris–sucrose . Dissolve 10 g of sucrose and 5 mL of 1 M Tris–
HCl of pH 7.8 in a total of 100 mL water (prepare fresh).  

    17.     Lysozyme solution . 10 mg/mL in 250 mM Tris–HCl of pH 8, keep 
frozen aliquots at −20°C, thaw once immediately before use, 
discard unused portions.  

   18.     200 mM EDTA, pH 8 . Prepare by dilution of 500 mM EDTA 
(see earlier).  

   19.     TLM . Mix 3 mL of 10% Triton X100, 75 mL of 250 mM 
EDTA of pH 8, 15 mL of 1 M Tris–HCl of pH 8, and 7 
mL water 20. Phenol: add 62.5 mL water to bottle with 
250 g phenol, mix, warm as little as possible, add 300 mg 
8-hydroxyquinoline, fill 20 mL aliquots in 30-mL Falcon 
tubes. Upon use, thaw and add 1 mL of 1 M Tris–base to 
one aliquot. Keep in fridge no longer than one month.  

   20.     RNaseA . 250  m g/mL in 10 mM Tris–HCl, pH 7.5.  
   21.     Tris–acetate, 20 times concentrated . Dissolve 96.8 g of Tris–

base, 22.84 mL glacial acetic acid, 40 mL of EDTA (500 
mM, pH 8), add water to a final volume of 1 L.  

   22.     Agarose gel, 2%, about 5-mm thick, 7-cm long, and 10-cm 
wide . Mix 0.6 g agarose (electrophoresis grade), 1.5 mL of 
20 times concentrated Tris–acetate, and 30 mL of water in a 
100-mL reagent bottle. Be sure that the cap of the bottle is 
loose before the agarose in the mixture is melted in a micro-
wave oven. Swirl the mixture occasionally and dissolve the 
agarose completely. Adjust the volume with water to 30 mL 
and pour the gel. Insert a comb for about 3-mm wide slots 
and let the agarose solidify. Cover the gel with Tris–acetate 
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electrophoresis buffer containing 1  m g/mL ethidium bro-
mide (CAUTION, ethidium bromide is mutagenic).  

   23.     Ethidium bromide solution . 10 mg/mL; dissolve 1 g of 
ethidium bromide in 100 mL of water by stirring for several 
hours. Store in the dark at 4°C.  

   24.     Agarose-loading buffer . Mix one volume of 50% glycerol, 1 
volume of Tris–acetate electrophoresis buffer, and 1/10 vol-
ume of a 2.5% (w/v) bromophenol blue solution in TE.  

   25.    DNA molecular weight markers in the range of 100–1,000 
base pairs, e.g.,  Hae III-digest of FX174.  

   26.    UV transilluminator.  
   27.    Horizontal electrophoresis apparatus for agarose gel, approx-

imate dimensions of 7 × 10 cm.     

 LB-amp-XG plates: LB-amp plates (see  Subheading 2.1   ,  item 
14 ) containing 0.05 mg/mL of X-gal and 5 × 10 −5  M of IPTG. 
Stocks of 2% X-gal in dimethylsulfoxide and 0.1 M IPTG in water 
can be made and appropriate amounts can be spread onto LB-
amp plates the day before use. 

     1.     E. coli suspension buffer . 50 mM Tris–HCl of pH 8, 100 mM 
NaCl, prepare by mixing 50 mL of 1 M Tris–HCl of pH 8, 
and 100 mL 1 M NaCl in a total volume of 1 L. Store 
at 4°C.  

    2.     Tris–glucose–EDTA . 25 mM Tris–HCl of pH 8, 50 mM glu-
cose, 10 mM EDTA, prepare freshly by mixing and dissolv-
ing 2.5 mL 1 M Tris–HCl of pH 8, 1 g glucose and 2 mL 
500 mM EDTA of pH 8, in a total volume of 100 mL of 
water.  

    3.     NaOH-SDS . 200 mM NaOH, 1% SDS, prepare by mixing 
10 mL of 10% SDS and 2 mL of 10 N NaOH in a total vol-
ume of 100 mL of water.  

    4.     Sodium acetate . 3 M, pH 4.8 (adjust pH with glacial acetic 
acid).  

    5.     2 M Ammonium acetate . Dissolve 154.2 g Ammonium ace-
tate in a total volume of 1 L of water. Store at 4°C.  

    6.    Isopropanol.  
    7.    Cheese cloth.  
    8.    Quick-Seal polyallomer centrifuge tubes (e.g., Beckman No. 

342413).  
    9.    Cesium chloride.  
   10.     NaCl, 1 M . Dissolve 58.44 g of NaCl in 1 L of water, auto-

clave, and store at room temperature.  

2.2. Detection of 
Plasmid Clones by 
Blue/White Color

2.3. Purification of 
Plasmid DNA



 Plasmid Vectors for the Analysis of Protein-Induced DNA Bending 553

   11.     CsCl-mix . Dissolve 122.1 g of cesium chloride (DNA grade) 
in 128 mL TE, and add 4.13 mL of ethidium bromide (10 
mg/mL). The final volume is 165 mL.  

   12.     n-butanol . Mix  n -butanol with an equal volume of water 
and an amount of cesium chloride which leaves some undis-
solved. Use only the upper ( n -butanol) phase.     

     1.    Vertical electrophoresis apparatus for polyacrylamide gel; 
approximate dimensions are 15 × 15 cm.  

    2.    Acrylamide/Bisacrylamide (30/0.8, w/w) 30% aqueous 
solution.  

    3.     TBE (ten times concentrated buffer) . Dissolve 108 g of Tris–
base, 55 g of boric acid, and 9.3 g of EDTA (Ethylenediami-
netetraacetic acid, disodium salt) in water. Fill up to a total 
volume of 1 L.  

    4.     8% polyacrylamide slab gel (about 15 × 15 cm, 1 mm thick) . Mix 
31 mL of water, 13.3 mL of 30% acrylamide/bisacrylamide, 
5 mL of ten times concentrated TBE, 600  m L of 10% APS (dis-
solve 1 g of ammonium persulfate in 10 mL of water), and 60 
 m L of TEMED ( N , N , N  ¢ , N  ¢ -Tetramethylethylenediamide). 
Pour solution between the glassplates of the assembled verti-
cal electrophoresis apparatus. Insert a comb for about 1-cm 
wide slots. Let the gel polymerize for several hours, prefer-
ably overnight.  

    5.     Gal repressor protein-binding buffer (five times concen-
trated) . 50 mM KCl, 50 mM Tris–HCl of pH 7.6, 50 
mM MgSO 4 , 0.5 mM EDTA, 0.5 mM DTT, 250  m g/mL 
BSA, 50% glycerol.  

    6.     Ethidium bromide stain . Add 100  m L of ethidium bromide 
solution (10 mg/mL) to 1 L of TE.     

 For pBendBlue  (8) ,  Epicurian coli  SURE2 competent cells (Strata-
gene) are recommended. For the other pBend plasmids, any 
transformation proficient  E. coli  strain may be used. The Dam 
methylase present in most laboratory  E. coli  strains recognizes 
GATC between the  Nhe I and  Cla I sites. If this is of concern, a 
methylation-defective (dam-) strain should be used. 

     1.    Add 25  m L of pBend DNA (1 mg/mL), 10  m L of ten times 
concentrated  Hpa I digestion buffer, 55  m L of water, and 10 
 m L (100 units) of  Hpa I restriction endonuclease to a 1.5-mL 

2.4. Analysis of DNA–
Protein Complexes

2.5. E. coli Host 
Strains

3. Method

3.1. Insertion of the 
Protein-Binding Site 
into pBend
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Eppendorf tube. Mix and incubate at 37°C for 2 h or over-
night.  

    2.    To precipitate the restriction enzyme, place the digest on 
ice, add 3  m L of 500 mM EDTA of pH 8, 100  m L of ice-
cold TE, and 100  m L of ice-cold 7.5 M ammonium ace-
tate. Keep the sample at 4°C for 10 min. Centrifuge in a 
table-top centrifuge for 10 min. Remove the supernatant 
(containing the DNA) and add it to an Eppendorf tube 
filled with 600  m L ice-cold ethanol. Incubate at −70°C 
for 20 min, and centrifuge in a table-top centrifuge for 
10 min. Discard the supernatant, add 500  m L of ice-cold 
80% ethanol, centrifuge for 5 min, and discard the super-
natant. Dry the DNA pellet in a vacuum centrifuge and 
dissolve the sample in 250  m L of TE. Store the linearized 
pBend DNA at −20°C.  

    3.    Synthesize two complementary oligonucleotides which, 
when annealed to each other, form the protein-binding site. 
The purification of the oligonucleotides is likely to be unnec-
essary if they are shorter than 30 nucleotides. Dissolve each 
oligonucleotide in autoclaved distilled water at a concentra-
tion of 200  m g/mL.  

    4.    Add 10  m L of each oligonucleotide and 180  m L of oligo-
nucleotide-annealing buffer to a 1.5-mL Eppendorf tube. 
Incubate the sample for 3 min in a 300-mL beaker with 
about 150 mL of boiling water. Place the beaker with the 
tubes in the coldroom at 4°C to allow for annealing of the 
oligonucleotides over a period of several hours. Store the 
DNA at −20°C.  

    5.     Mix in a 1.5-mL Eppendorf tube . 2  m L of annealed oligonu-
cleotides, 3  m L of five times concentrated ligation buffer, 1 
 m L of 5 mM ATP, 8.5  m L of water, and 0.5  m L of T 4  poly-
nucleotide kinase. Incubate for 10 min at 37°C. Place the 
sample on ice and add 3  m L of five times concentrated liga-
tion buffer, 1  m L of linearized vector DNA (from step 2), 
1  m L of 5 mM ATP, 9  m L of water, and 1  m L of T 4  DNA 
ligase. Incubate at 15°C for several hours or overnight. The 
samples can be stored in refrigerator for several days and aliq-
uots can be used for several transformations.  

    6.    Transform competent  E. coli  cells according to the proto-
col provided by the vendor and streak on LB-amp plates. 
Incubate the plates at 37°C overnight or until the colonies 
appear.  

    7.    For preparation of the plasmid DNA on a small scale, use 
sterile toothpicks to transfer individual colonies to 15-mL 
tubes containing 5 mL of LB with 200  m g/mL ampicillin; 
also, streak cells from each transformant onto an LB-amp 



 Plasmid Vectors for the Analysis of Protein-Induced DNA Bending 555

plate. Incubate this master plate at 37°C and shake the liquid 
cultures at 37°C overnight.  

    8.    Pellet the cells by centrifugation for 15 min at about 700 × 
 g  at 4°C (e.g., at 3,000 rpm in a Sorvall RT6000B refriger-
ated centrifuge with an H1000B rotor). Decant the super-
natant, add 200  m L of Tris–sucrose, and transfer to 1.5-mL 
Eppendorf tubes. Add 25 m L of lysozyme solution. Mix and 
add 130  m L of 200 mM EDTA, pH 8, and 130  m L of TLM. 
Mix and place at 65°C until lysis occurs (which usually takes 
a few minutes). Vortex briefly and centrifuge for 15 min in a 
table-top centrifuge. Remove the pellet with a sterile tooth 
pick, and add half a volume of the prepared phenol and half 
a volume of chloroform. Vortex for 10 s, centrifuge for 10 
min, and carefully remove about 200  m L of the aqueous 
(upper) phase while staying clear of the interface. Add 400 
 m L of ice-cold ethanol, mix and centrifuge for 5 min, decant 
the supernatant, add 1 mL of 80% ethanol, centrifuge for 2 
min, carefully decant the supernatant, and dry the pellet in a 
vacuum centrifuge. Dissolve the pellet in 30  m L of TE with 
occasional mixing. Store the samples at −20°C.  

    9.    To verify successful insertion of the protein-binding site, 
digest an aliquot of the DNA with  Eco RI and  Hin dIII. To a 
5- m L aliquot of the plasmid preparation add 2  m L of water, 
1  m L of ten times concentrated  Eco RI digestion buffer, 1  m L 
of  Eco RI, 1  m L of  Hin dIII, and 1  m L of RNase. As a control, 
digest 1  m g of pBend DNA. Incubate all samples at 37°C for 
several hours or overnight. Place digests on ice, add 1  m L of 
200 mM EDTA of pH 8, 90  m L of ice-cold TE, and 50  m L 
of ice-cold 7.5 M ammonium acetate. Keep on ice for 10 
min. Centrifuge in table-top centrifuge for 10 min. Collect 
the supernatant and add it to an Eppendorf tube containing 
300  m L ice-cold ethanol. Mix and incubate at −70°C for 20 
min. Centrifuge in table-top centrifuge for 10 min. Remove 
supernatant, add 300  m L ice-cold 80% ethanol to the pellet, 
centrifuge for 5 min, and discard supernatant. Carefully dry 
the pelleted DNA in a vacuum centrifuge and dissolve it 
in 5  m L of TE. Add 5  m L of Tris–acetate-loading buffer and 
mix briefly.  

   10.    Prepare a 2% agarose gel. Load the samples from  step 9  in 
parallel with DNA molecular weight markers. Electrophorese 
at 80 V until the bromophenol blue has migrated about 4 
cm. Examine the DNA under a UV transilluminator and take 
a picture with a Polaroid camera (film type 57 or 55). Suc-
cessful insertion is indicated by an  Eco RI– Hin dIII fragment 
of the expected mobility (242 base pairs plus insert). Elec-
trophoresis can be continued to discover minor mobility dif-
ferences, but then fresh electrophoresis buffer should be used. 
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Eventually, the nature of the positive clone must be verified 
by DNA sequencing, which also reveals the orientation of 
the inserted binding site ( see   Note 2    for the selection of suit-
able sequencing primers).     

 After ligation of the DNA segment corresponding to the protein-
binding site into pBendBlue DNA  (8) , as described in  steps 1–5  
of  Subheading 3.1   ., transform competent  E. coli  cells ( Epicu-
rian  strain) and plate on LB-amp-XG plates. Incubate the plates 
at 37°C overnight or until the colonies are large enough to dis-
tinguish their blue/white color phenotype. By this procedure, 
usually 1–10% of the transformed colonies on LB-amp-XG plates 
are white. Verify the white colonies by purifying on LB-amp-XG 
plates. Sequence verification shows that almost all the white colo-
nies contain the desired insert. Thus, when the cloning efficiency 
is poor, the color screening allows successful use of pBendBlue in 
cloning short DNA sequences for studying DNA binding. 

     1.    To obtain pure DNA of the positive pBend derivative, set up 
a 5-mL culture of the positive clone in LB with 500  m g/mL 
of ampicillin starting from an individual colony of the master 
plate ( step 7  of  Subheading 3.1   ). Shake at 37°C for several 
hours until the culture becomes turbid. Transfer the cells 
to a 2-L sterile Erlenmeyer containing 400 mL of LB with 
ampicillin. Shake overnight at 37°C.  

    2.    Place the culture on ice and transfer the cells into centri-
fuge bottles. Pellet the cells by centrifugation at 4°C at about 
1,600 ×  g  (e.g., 3,500 rpm in a H6000A rotor of a Sorvall 
RC3C centrifuge). Decant the supernatant, resuspend the 
pellet in 20 mL  E. coli  suspension buffer, and transfer the cells 
to a 50-mL centrifuge tube (preferably Nalgene, Cat. No. 
3131-0024). Centrifuge at 4°C for 10 min at about 5,000 
×  g  (e.g., in Sorvall SS34-rotor at 10,000 rpm.). Freeze the 
pellet completely by placing the sample on dry ice or in a 
−80°C freezer.  

    3.    Thaw the pellet and resuspend the cells in 6 mL of Tris–
glucose–EDTA. Add 12 mg of lysozyme powder, mix, and 
keep on ice for 30 min. Bring to room temperature and add 
12 mL of NaOH-SDS. Mix and place on ice for 5 min.  

    4.    Add 9 mL of 3 M sodium-acetate of pH 4.8; shake and leave 
on ice for 30 min. Centrifuge at about 12,000 ×  g  at 4°C for 
15 min (e.g., in an SS34 rotor at 15,000 rpm).  

    5.    Transfer the supernatant to a new centrifuge tube by filtering 
through a cheesecloth. Add half a volume of isopropanol to 
the transferred solution, leave 5 min at room temperature, 
and centrifuge at 4°C for 10 min at 5,000 ×  g  (e.g., in the 
SS34 rotor at 10,000 rpm).  

3.2. Detection of the 
Protein-Binding Site 
Cloned into pBend 
Blue by Blue/White 
Color Screening

3.3. Purification of 
pBend DNA
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    6.    Discard the supernatant and add 6 mL of ice-cold 2 M 
ammonium-acetate to the pellet. Vortex repeatedly to dis-
solve the plasmid DNA until only small particles are visible. 
Centrifuge at 4°C for 10 min at 5,000 ×  g .  

    7.    Transfer the supernatant (containing the plasmid DNA) to 
a new centrifuge tube, add 4 mL of isopropanol, mix and 
centrifuge at 4°C for 10 min at 5,000 ×  g .  

    8.    Discard the supernatant and completely dissolve the pellet 
in 7 mL of TE with occasional shaking. Add 8 g of cesium 
chloride, 400  m L of 1 M NaCl, 400  m L of 1 M Tris–HCl of 
pH 8, 160  m L of ethidium bromide (10 mg/mL), and 2.5 
mL of CsCl mix.  

    9.    After the CsCl is dissolved, draw the solution into a 20-mL 
syringe and transfer it into a Quick-Seal centrifuge tube. Fill 
a second tube with CsClmix and make sure that the two 
tubes are balanced. Seal the tubes and centrifuge overnight 
at about 200,000 ×  g  at 20°C (e.g., at 50,000 rpm in a Beck-
man NTV65 rotor).  

   10.    Remove the tubes from the rotor, puncture the top of the 
tube, then collect the lower of the two visible bands with 
a syringe by puncturing the side of the tube. Transfer the 
DNA into a 15-mL Corex glass centrifuge tube.  

   11.    Extract the ethidium bromide by adding 1 mL of  n -butanol 
which has been saturated with water and cesium chloride. 
Vortex and remove the upper phase with a glass pipette. 
Repeat this process beyond the point where the color 
becomes invisible (usually about six times).  

   12.    Add 2.5 mL of water and 7 mL of ethanol. Mix and incubate 
at −70°C for 15 min. (Do not leave too long; otherwise, 
CsCl will precipitate). Centrifuge for 15 min at 4°C at about 
7,000 ×  g  preferably in a swinging-bucket rotor (e.g., Sorvall 
HB4 rotor at 10,000 rpm).  

   13.    Pour off the supernatant, add 5 mL of ice-cold 80% ethanol 
to the pellet, repeat the centrifugation, discard the superna-
tant, and evaporate excess ethanol under vacuum.  

   14.    Dissolve the DNA in 500  m L of TE and determine the 
absorbance at 260 nm. Add the appropriate amount of TE 
to adjust the concentration of the plasmid DNA to 1 mg/
mL (1  A  260  is equivalent to 50  m g/mL). Store the DNA 
at 4°C.     

     1.    To generate restriction fragments with the protein-binding 
site located at the end or in the middle, digest the pBend con-
struct separately with  Mlu I (end) and  Eco RV (middle). One 
digestion contains 100  m L (100  m g) of plasmid DNA from 

3.4. Analysis of DNA–
Protein Complexes
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 step 14  of  Subheading 3.3   , 30  m L of ten times concentrated 
 Mlu I- (or  Eco RV) digestion buffer, 160  m L of water, and 10 
 m L of  Mlu I or  Eco RV restriction enzyme (100 U). Incubate 
the samples at 37°C for several hours or overnight. Place the 
samples on ice, add 15  m L of 500 mM EDTA of pH 8, 150 
 m L of ice-cold 7.5 M ammonium acetate and leave at 4°C 
for 10 min. Centrifuge in a table-top centrifuge for 10 min. 
Remove and add the supernatant (containing the DNA) to a 
new Eppendorf tube filled with 900  m L of ice-cold ethanol. 
Mix and incubate at −70°C for 20 min. Centrifuge in a table-
top centrifuge for 10 min. Discard the supernatant, add 500 
 m L of ice-cold 80% ethanol, centrifuge for 5 min., and decant 
the supernatant. Carefully dry the pellet in a vacuum cen-
trifuge and dissolve the DNA in 50  m L of water. Verify the 
success of the digestion by electrophoresis of an aliquot on a 
2% agarose gel (described in  item 23  of  Subheading 2.1   ).  

    2.    Pour a vertical 8% polyacrylamide slab gel. Assemble the 
electrophoresis apparatus and pre-electrophorese at room 
temperature for 1 h at 100 V with TBE buffer in the reser-
voirs.  

    3.    Isolate the different DNA fragments containing the protein-
binding site after gel electrophoresis for end labeling, if nec-
essary ( see   Note 6   ). Label the ends of the DNA fragments by 
T 4  polynucleotide kinase and [ g - 32 P]ATP as recommended 
by the supplier of the enzyme.  

    4.     Mix at room temperature . 2  m L of  Mlu I- or  Eco RV-digested 
DNA (from  steps 1  or  3 ), 1.6  m L of five times concentrated 
Gal repressor protein-binding buffer, 4.4  m L of water, 2  m L 
of diluted protein. Keep the time between diluting the pro-
tein and addition to the DNA as short as possible. Do not 
vortex; mix gently with the tip of the pipette. Prepare a con-
trol without added protein. Incubate all samples for 10 min 
at room temperature.  

    5.    Flush the wells of the polyacrylamide gel with reservoir 
buffer and load samples without the addition of loading 
buffer and tracking dyes. The glycerol in the binding buffer 
gives the sample sufficient density. A long plastic microcap-
illary tip is helpful to deliver the sample to the bottom of 
the slot. Glass capillaries should be avoided because proteins 
tend to stick to glass. In a separate slot, load DNA molecular 
weight markers with bromophenol blue. Electrophorese at 
room temperature for 5 h at 200 V. Separate the glass plates 
and immerse the gel in ethidium bromide stain for visualiza-
tion of the DNA under UV light. Take a picture and sub-
sequently autoradiograph the gel (consult  Notes 3    and  4  if 
complexes cannot be detected).  
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    6.    Measure the distances between the slot and the position of 
the protein–DNA complex of the  Mlu I- (  m   E ) and the  Eco RV-
digest (  m   M ). Also, examine the mobilities of the free DNA 
( see   Fig. 4   ) to make sure that the DNA fragments contain 
no intrinsic bending. Calculate the bending angle a using the 
empirical formula   m   M /  m   E  = cos (  a  /2).  See   Note 7  for details.      

     1.    Protein-binding sites    can be inserted into the pBend vectors 
using restriction fragments or synthetic oligonucleotides. 
Restriction fragments should not be considerably larger than 
the protein-binding site to be tested. Oligonucleotides are 
normally available with blunt ends; therefore, the HpaI sites 
of pBend4 or pBend5 ( see   Fig. 2   ) should be used. Newly syn-
thesized oligonucleotides might be designed with “sticky” 
ends such that they are compatible with the XbaI and the 
SalI site; they can be cloned efficiently and inserted into the 
DNA in a single orientation.  

    2.    Insertion of the protein-binding site may not occur if the oli-
gonucleotides are of poor quality. In this case, they should be 

4. Notes

  Fig. 4 .   Gel electrophoresis of permuted fragments of  lac  CRP sites. CRP protein was 
mixed separately with 11 different 5 ¢ -end  32 P-labeled DNA fragments. In a volume of 20 
 m L, a sample of each fragment was mixed with 10 mM Tris–HCl of pH 7.5, 1 mM EDTA, 
50 mM KCl, 20  m M cAMP, 50  m g/mL BSA, 10% glycerol, and 1 nM CRP. Polyacrylamide 
concentration was 10%. The protein and DNA concentrations were such that approxi-
mately 50% of the DNA was engaged in complexes with CRP. The DNA fragments used 
were generated by restriction enzymes, which, from left to right, are  Mlu I,  Bgl II,  Nhe I, 
 Spe I,  Xho I,  Eco RV,  Pvu II,  Stu I,  Nru I,  Kpn I, and  BamH I. As indicated, the fragments near 
the bottom of the gel are free DNA and those at the upper part are bound to the cAMP–
CRP complex       .
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purified and checked by polyacrylamide gel electrophoresis. If 
the transformation efficiency with supercoil control DNA is 
high, yet very few transformants are obtained with the annealed 
oligonucleotides, reduce the amount of insert DNA. Multiple 
insertion of the binding site can occur and is detected by gel 
electrophoresis and sequencing. For sequencing use primers 
named T 3 , T 7 , M13–20, or reverse primer (Stratagene). Do 
not use the SK and KS primers (Stratagene) because they are 
not fully complementary to pBend3, 4, and 5.  

    3.    Bending experiments with radioactively labeled DNA are 
particularly useful if the protein has not been purified or if its 
availability is limited. Labeling can be accomplished with T 4  
polynucleotide kinase and [ g -  32 P]ATP. Often, the DNA ends 
generated by the various restriction enzymes are labeled to 
different degrees. This problem can be overcome by loading 
the gel with aliquots of the binding reaction adjusted for the 
efficiency of fragment labeling. It is best to purify and iso-
late the protein-binding fragments because the radioactively 
labeled plasmid DNA might obscure the region where the 
complexes are located. Another potential problem (which 
is also the case with unlabeled DNA) might be that bands 
appear which represent minor digestion products. In order 
to identify those, make sure to include controls without 
added protein.  

    4.    One of the frustrating aspects of conducting a bending 
experiment can be the inability to detect a complex on the 
polyacrylamide gel. Even if the binding and electrophoresis 
conditions are known one should be careful to avoid solutions and 
equipment which has been in contact with SDS. If possible, 
dedicate one electrophoresis setup to “gel-shift”experiments. 
Many DNA-binding proteins are insoluble in the low salt 
concentration of the electrophoresis buffer and must be 
stored at high ionic strength. Limit the time between dilu-
tion and addition to the DNA. Avoid vortexing during com-
plex formation and do not add tracking dyes because they 
interact with the complex and might change its mobility. 
Larger protein–DNA complexes (e.g., Lac repressor,  (6) ) 
behave better in low percentage polyacrylamide gels (e.g., 
4%) with a high acrylamide/bisacrylamide ratio (80:1). The 
protein concentration for obtaining about equal amounts of 
free and complexed DNA should always be determined in a 
preliminary experiment.  

    5.    If many transformants are obtained, but none contains the 
protein-binding site, the pBend DNA might not be fully 
linearized. Alter the DNA-enzyme ratio in favor of the 
enzyme and confirm complete digestion of an aliquot by 
electrophoresis on an agarose gel.  
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    6.    In the initial bending experiment, it is advisable to restrict 
only with  Mlu I or  Bam HI (to place the binding site close to 
the ends) and  Eco RV or  Pvu II (to place the binding site in 
the middle). Do not select restriction sites which also occur 
in the protein-binding sequence. When exploiting the 17 
circular permutated restriction sites attention must be paid 
to the property of some of the restriction enzymes as fol-
lows:  Cla I sites are methylated in most  E. coli  strains; its 
use is therefore limited to prior growth of the plasmid in a 
methylation-defective (dam-) host.  Sty I will also cut at  Nco I 
of the repeat; for the purpose of a bending experiment, it 
can only be used under partial digestion conditions. An addi-
tional  Spe I site is present in the vicinity of the single  Eco RI 
site as part of pBluescript SK- ( see   Fig. 2   ).  Spe I digestion 
generates an additional small fragment, which contains no 
protein-binding site and does not interfere with the bend-
ing assay. Three additional  Dra I sites are located in the plas-
mid corresponding to pBluescript coordinates 1,912; 1,931; 
and 2,623. Depending on their electrophoretic property, 
some of the vector-derived DNA fragments might comigrate 
with certain protein–DNA complexes. Make sure to include 
a control without added protein. Likewise, two additional 
 Pvu II sites correspond to pBluescript coordinates 529 and 
977. A  Sma I site is present close to  Eco RI ( see   Fig. 2   ). Two 
additional  Ssp I sites correspond to pBluescript coordinates 
442 and 2,850; and two additional  Rsa I sites correspond to 
pBluescript coordinates 665 and 2,526.  Nco I will also cut at 
 Sty I of the repeat and can only be used under partial diges-
tion conditions. An additional  Bam HI site is present close to 
the  Eco RI site ( see   Fig. 2   ).  

    7.    The bending angle   a   assumes a value of 0° for a straight 
duplex. Since the mobility of a rigid DNA fragment is related 
to its end-to-end distance, the latter equals  L  cos(  a  /2), with 
 L  being the length of the unbent DNA. The end-to-end 
distance of a fragment bent at the end will be virtually the 
same as  L . Thus   m   M /  m   E  =  L  cos(  a  /2)/ L  = cos (  a  /2), where 
  m   M  is the mobility of the complex with the protein bound 
centrally and   m   E  the mobility of the complex with the pro-
tein bound at the end of the DNA fragment. The apparent 
bending angle for two  lac  promoters induced by CRP is 96° 
( see   Fig. 4    of  ref. 2 ). We measure the distance between the 
top of the gel and the front of the band representing the 
protein–DNA complex. Whatever method is used, one must 
be consistent. Possible intrinsic bending in the free DNA 
must be considered in the calculation of the bending angle. 
It should be noted that the calculated values may be differ-
ent from absolute bending angles, since factors other than the 
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end-to-end distance influence the mobility of protein-bound 
and unbound DNA fragments. The method measures the 
net bend and cannot distinguish between a single sharp bend 
at one position and a smooth curving over a larger DNA 
region. For precise determination of bending angles, at least 
three independent experiments should be carried out. If pos-
sible, control lanes should be added of a similar size complex 
in which the DNA is bent to a known degree.         
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      Chapter 33

  Analysis of Distant Communication on Defined Chromatin 
Templates In Vitro        

     Yury S.   Polikanov    and    Vasily M.   Studitsky  

          Summary 

 Regulation of many biological processes in eukaryotes involves distant communication between the regu-
latory DNA sequences (e.g., enhancers) and their targets over the DNA regions organized in chromatin. 
However previously developed methods for analysis of communication in chromatin in vitro are artifact-
prone and/or do not allow analysis of communication on physiologically relevant, saturated arrays of 
nucleosomes. Here we describe a method for quantitative analysis of the rate of distant communication 
in  cis  on saturated arrays of nucleosomes capable of forming the 30-nm chromatin fibers in vitro.  

 Key words:      Chromatin ,  Nucleosome ,  Enhancer ,  Promoter ,  Transcription    .

 Many DNA transactions in eukaryotic nuclei involve protein-
mediated interactions between two or more DNA sites widely 
separated along DNA that is organized into chromatin. Such 
processes most often are accompanied by direct interaction 
between proteins bound at the enhancer and the target promoter 
with accompanying formation of large chromatin loops that 
includes the intervening chromatin in vivo  (1–  6) . Therefore effi-
cient enhancer action over a distance critically depends on struc-
tural and dynamic communication properties of chromatin that 
are largely unknown. 

 Several experimental approaches for analysis of distant 
enhancer–promoter communication have been developed recently. 

1. Introduction
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The FLP DNA recombination assay was employed for measuring 
communication over 74-bp to 15-kb distances in chromatin in 
vivo  (7) . However applicability of this method for studies of com-
munication in chromatin in vitro has not been evaluated. Further-
more, communication between the DNA sequences required for 
recombination and transcriptional regulation over a distance may 
occur by different mechanisms. Thus, recombination can occur 
between DNA sequences positioned within different, sometimes 
widely spaced domains of chromatin while enhancer–promoter 
communication is largely limited by a single chromatin loop  (8) . 

 DNA ligation-circularization assay was used as an alterna-
tive method for analysis of intramolecular communication over 
a distance on DNA  (9–  11)  and in chromatin in vitro  (12) . How-
ever extensive internucleosomal interactions strongly complicate 
interpretation of the experiments (Y.S.P., data not shown). 

 Recently we have developed an experimental assay allowing 
quantitative analysis of the rate of distant communication between 
a bacterial transcription regulatory element (enhancer) and its 
target (promoter) in chromatin  (13–  16) . The use of the bacterial 
experimental system is dictated by the low efficiency of eukaryotic 
RNA polymerase II-dependent in vitro transcription systems  (17)  
and inconsistency of eukaryotic enhancer action over a distance in 
vitro  (18,   19) . At the same time, bacterial transcriptional enhancers 
can work efficiently over a large distance (up to at least 5 kb) 
both in vivo and in vitro  (20–  22) . Moreover, pro- and eukaryotic 
transcriptional enhancers share many key properties, such as the 
looping mechanism of enhancer–promoter communication  (23) . 
The mechanism of action of bacterial transcriptional enhanc-
ers has been extensively studied using the  glnAp2  promoter of 
 Escherichia coli  as a model  (24,   25) . Transcriptional activity of 
 glnAp2  promoter is controlled by the NtrC-dependent,  s  54 -
dependent transcriptional enhancer  (22,   26,   27) . The enhancer 
is activated by the NtrC protein, which is phosphorylated by the 
NtrB protein kinase  (28,   29) . When phosphorylated, enhancer-
bound NtrC interacts with the E s  54  holoenzyme and stimulates 
conversion of the closed (RP closed ) to the open (RP open ) initiation 
complex  (22,   26,   30–  33) . During this direct enhancer–promoter 
interaction, intervening DNA is transiently looped out  (34,   35) . 

 This experimental system is relatively simple, highly efficient, 
and very well studied. Transcription is strongly (>100-fold) stim-
ulated by the enhancer, and the mechanism of communication 
can be analyzed both in vitro and in vivo. Activity of the pro-
moter itself in this system does not depend on the level of negative 
DNA supercoiling (Y.S.P., unpublished data) allowing analysis of 
communication properties of linear, relaxed or supercoiled DNA 
and chromatin templates. Using this experimental technique, the 
mechanisms of distant communication on histone-free DNA  (20, 
  21,   36)  and in chromatin  (15,   16)  have been studied. 
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 In our previous studies of communication in chromatin 
subsaturated arrays of randomly positioned nucleosomes were 
utilized  (15,   16) . However nucleosomes under physiologically 
relevant conditions are organized in regularly spaced, saturated 
arrays of nucleosomes forming higher-order chromatin structure 
(the 30-nm fibers  (37,   38) ). Here we describe an experimental 
approach that allows analysis of communication properties of 
structurally defined, saturated arrays of precisely positioned nucle-
osomes capable of formation of the 30-nm chromatin fiber. 

    1.     TAE buffer (1×) . 40 mM Tris–HCl (pH 7.6), 31.2 mM Acetic 
Acid, 1 mM EDTA.  

   2.     TBE buffer (0.5×) . 44.5 mM Tris–HCl (pH 8.3), 44.5 mM 
Boric Acid, 1 mM EDTA.  

   3.     Chromatin Reconstitution Buffer A . 1 M NaCl, 10 mM 
Tris–HCl (pH 7.5), 0.2 mM EDTA, 0.1% NP40, and 5 mM 
 b -mercaptoethanol.  

   4.     Chromatin Reconstitution Buffer B . 10 mM Tris–HCl (pH 7.5), 
0.2 mM EDTA, 0.1% NP40, and 5 mM  b -mercaptoethanol.  

   5.     NEBuffer 2 (1×, New England Biolabs) . 10 mM Tris–HCl 
(pH 7.9), 50 mM NaCl, 10 mM MgCl 2 , 1 mM DTT.  

   6.     ThermoPol Buffer (1×, New Englad Biolabs) . 20 mM Tris–HCl 
(pH 8.8), 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 
0.1% Triton-X100.  

   7.     Transcription buffer (1×) . 50 mM Tris-Ac (pH 8.0), 100 mM 
KAc, 8 mM Mg(CH 3 COO) 2 , 27 mM NH 4 (CH 3 COO), 0.7% 
PEG-8000, and 0.2 mM DTT.     

    1.     Native agarose gel . 1.2% agarose, 20 mM HEPES-Na (pH 
8.0), 0.2 mM EDTA, 5% glycerol.  

   2.     Running buffer . 20 mM HEPES-Na (pH 8.0), 0.2 mM 
EDTA.  

   3.    Electrophoresis was carried out in a vertical apparatus between 
two glass plates using 1mm spacers at 120 V for approximately 
1.5 h until the bromophenol blue front reached the bottom of 
the gel.     

    1.    8% denaturing polyacrylamide gel (19:1) containing 0.5× 
TBE buffer and 8 M urea was prepared.  

   2.     Running buffer . 0.5× TBE buffer.  

2. Materials

2.1. Buffers and 
Reagents

2.2. Native Electro-
phoresis of Reconsti-
tuted Chromatin

2.3. Denaturing PAGE 
of Purified DNA and 
RNA
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   3.    Electrophoresis was carried out in a vertical apparatus between 
two 20 × 30 cm glass plates using 0.4-mm spacers at 2,000 
V and no more than 50 Watts for approximately 1 h until the 
bromophenol blue front reached the bottom of the gel.     

 Assembly of saturated arrays is impossible using the experimen-
tal techniques developed earlier because randomly positioned 
nucleosomes can assemble on the enhancer and promoter and 
completely block these DNA elements from binding of the pro-
teins when the level of chromatin assembly approaches satura-
tion  (15,   16) . To prevent nucleosome assembly on the enhancer 
and promoter and to form saturated arrays of precisely positioned 
nucleosomes on the spacer DNA we have employed a high-affin-
ity histone-binding, nucleosome positioning (601) sequence  (13, 
  14) . The 601 sequence supports formation of precisely positioned 
arrays of nucleosomes that can form the 30-nm chromatin fibers 
in the absence of linker histones H1/H5  (38,   39) . Furthermore, 
if reconstitution of the arrays is conducted in the presence of an 
excess of competitor DNA and a limited supply of histone octam-
ers, nucleosomes can form on the 601 sequences with a high 
preference  (40)  leaving the enhancer and promoter histone-free 
and accessible to corresponding DNA-binding proteins.
   1.    The pYP05 plasmid ( Fig.  1a  ,  see   Note 1   ) used as a template 

for chromatin reconstitution of an in vitro transcription was 
purified using the QIAfilter Plasmid Maxi Kit (Qiagen).  

   2.    The overall experimental approach for the transcriptional anal-
ysis of distant enhancer–promoter communication in chroma-
tin is outlined in  Fig. 1b   .      

    1.    Reconstitution of chromatin on negatively supercoiled pYP05 
plasmid was conducted by a modified transfer method using 
continuous dialysis from 1 M NaCl  (41,   42)  at 10 nM (50 
 m g/mL) DNA concentration and 12.5  m g/mL, 25  m g/mL, 
or 50  m g/mL of donor chromatin from chicken erythrocytes 
(1:4, 1:2, or 1:1 chromatin/DNA mass ratios, respectively) 
to achieve subsaturated, saturated, and oversaturated levels of 
chromatin assembly, respectively.  

   2.    DNA and donor chromatin were mixed in reconstitution buffer 
A in a total volume of 120  m L, transferred into a small dialysis 
bag (Spectra/Por, MWCO 8,000), and placed into a glass bottle 
containing 100 mL of reconstitution buffer A.  

3. Methods

3.1. DNA Template for 
Analysis of Distant 
Communication on 
Defined Arrays of 
Nucleosomes

3.2. Chromatin 
Assembly on Super-
coiled DNA
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   3.    The bottle was then tightly sealed and connected to the gradi-
ent maker; the inner beaker was filled with 500 mL of buffer 
A and the outer beaker contained 500 mL of buffer B.  

   4.    Dialysis was performed at 4°C in cold room in a gradient 
maker and on a magnetic stirrer overnight at a flow rate of 1 
mL/min.  

   5.    The vast majority (>90%) of the nucleosomes on the saturated 
and oversaturated reconstituted chromatin samples are posi-
tioned on the NPSs ( see   Note 2   ).     

  Fig. 1 .   An experimental approach for the transcriptional analysis of distant enhancer–
promoter communication in chromatin. ( a ) Restriction map of the pYP05 template. 
Positions of the enhancer, promoter, and 13 high-affinity nucleosome positioning 601 
sequences (601 NPS) are indicated. 35 bp of the promoter-proximal NPS is truncated 
from its promoter-distal end and is replaced by bacteriophage T 7  transcription termi-
nator site, limiting the length of the transcript to 176 nucleotides. The length of the 
internucleosomal spacer DNA between each two NPSs is 29 bp. ( b ) The experimental 
approach       .
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 In a native gel DNA-protein complexes remain intact. The mobility 
in the gel is determined by the charge, mass, and shape of the 
complexes.
   1.    For this experiment 5 ¢ -radioactively labeled  Apo I/ Eco RI-

restriction fragment of pYP05 plasmid ( Fig. 1a   ) was used. It 
comprises the promoter and enhancer separated by 13 NPSs.  

   2.    After nucleosome assembly ( see   Note  3  ) chromatin samples 
were analyzed by native agarose gel electrophoresis.  

   3.    After the electrophoresis the gel was transferred to Whatman 
3-MM paper, covered with polyethylene wrap, and dried for 
20 min at 50°C and then for 20 min at 80°C.  

   4.    The dried gel was exposed overnight to PhosphorScreen 
(Perkin Elmer) and the screen was scanned on Cyclone Phos-
phorImager (Perkin Elmer,  see   Fig.  2  ).      

 This is a simple and fast assay to evaluate DNA occupancy by 
nucleosomes. The assay is based on the observation that chro-
matin assembly results in strong protection of nucleosome-
covered DNA from digestion with restriction enzymes  (43,   44) . 
The cutting sites should be chosen to generate DNA fragments 
of different lengths to facilitate their separation in the agarose 
gel and analysis of the gel. In the case presented later the sites 

3.3. Characterization 
of the Reconstituted 
Chromatin in a Native 
Gel

3.4. Characteriza-
tion of Reconstituted 
Chromatin using a 
Restriction Enzyme 
Sensitivity Assay

  Fig. 2 .   Analysis of chromatin templates by native PAGE. Chromatin was assembled on 
the radioactively labeled 2.5 kb  Apo I/ Eco RI pYP05 fragment (Fig.  1a ) at the indicated 
mass ratios of donor chromatin to template DNA. Chromatin assembly results in a pro-
gressive decrease of the mobility of the complexes in the gel. Chromatin reconstituted 
at 1:2 ratio of the donor-chromatin to DNA is saturated (S), since further increase in 
the ratio up to 1:1 does not result in further shift of the corresponding band. Saturated 
chromatin assembled at 1:2 ratio was used in the transcription experiment (Fig.  5 )       .
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were chosen in the NPS-free region of the plasmid to evaluate the 
extent of undesired nucleosome assembly. However a similar 
technique could be applied to any DNA region on the plasmid 
 (15,   16) .
   1.    750 ng of DNA or nucleosomal templates (20  m g/mL) was 

incubated in the presence of an excess of  Dra I and  Bgl II 
restriction endonucleases (ten units each) in the NEBuffer 2 
at 37°C for 2 h.  

   2.    DNA was purified by phenol/chloroform extraction followed 
by ethanol precipitation and analyzed by electrophoresis in 1% 
agarose/TAE gel. The intensities of the bands in the gel were 
quantified using the OptiQuant software (Perkin Elmer,  see  
 Note 4   ).  

   3.    The intensities of the bands corresponding to the final prod-
ucts of digestion are decreased as the efficiency of chroma-
tin assembly is increased ( Fig. 3b   ). The extent of chromatin 
assembly is directly proportional to the decrease in the inten-
sity of the bands. However even on saturated chromatin (1:2, 
 Fig. 3   ) the analyzed restriction sites remain largely accessible 
suggesting (in combination with the data shown in  Fig. 2   ) 
that nucleosomes are poorly formed on plasmid DNA regions 
that do not contain NPSs.      

 This is a more advanced and involved version of the restriction 
enzyme sensitivity assay ( see   Subheading  3.4  ) allowing more 
straightforward, quantitative, and high-resolution analysis of 
nucleosome occupancy and positioning on polynucleosomal tem-
plates. Overall experimental approach is illustrated in  Fig. 4a   .
   1.    Chromatin samples were digested with an excess of restriction 

enzymes  Alu I,  Msp I, or  Sca I ( Fig. 4b   ), followed by phenol/
chloroform extraction and ethanol precipitation of DNA.  

   2.    Purified DNA fragments obtained after  Alu I,  Msp I, or  Sca I 
digestion were further digested with  Eco RI restriction enzyme 
( Fig.  1b  ) to set one of the end; the second end is set by the 
primer ( Fig. 4b   ).  

   3.     Eco RI-digested DNA was subjected to primer annealing 
 (Fig.  4b ,  see  Note  5  ). The annealed primer was extended 
with  Taq  DNA polymerase (New England Biolabs) in 
1× ThermoPol buffer and conditions recommended by 
manufacturer.  

   4.    The products of extension were purified by phenol/chlo-
roform extraction, ethanol precipitation, and analyzed by a 
denaturing PAGE.  

   5.    The distribution of the bands in the gel ( Fig. 4c   ) reflects the 
sensitivity of each restriction site to corresponding restriction 
enzyme in chromatin and allows quantitative analysis of nucle-
osome occupancy ( see   Note 6   ).      

3.5. Characteriza-
tion of Reconstituted 
Chromatin using a 
Restriction Enzyme 
Sensitivity Assay with 
Primer Extension
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 In vitro transcription assay was optimized for maximal utili-
zation of the chromatin templates and was used previously 
to accurately measure the rate of enhancer–promoter (E–P) 
communication ( Fig. 5a     (16,   24)  ) . Physical E–P interaction is the 
rate-limiting step during transcription  (16,   21) . E–P communica-
tion and direct interaction of corresponding DNA-bound pro-
teins are accompanied by looping of the intervening DNA  (34, 
  35)  and are required for conversion of the closed (RP closed ) to the 

3.6. Analysis of 
Communication in 
Chromatin Using a 
Single-Round Tran-
scriptional Assay In 
Vitro

  Fig. 3 .   Characterization of chromatin templates using restriction enzyme sensitivity 
assay. Chromatin was assembled on supercoiled pYP05 plasmid and digested with an 
excess of restriction enzymes  Dra I and  Bgl II. Then DNA was purified and analyzed in 
1% agarose gel. Nucleosomes protect DNA from digestion with restriction enzymes. 
The restriction sites are localized beyond the NPSs (Fig.  1b ); therefore, the increase 
of donor-chromatin/DNA ratio results in progressively better protection of the template 
DNA from the enzymes, but this protection is still minimal even at highest ratio of donor 
chromatin to DNA (1:1), indicating that the majority of nucleosomes were formed pre-
dominantly on the desired NPSs. Only a small fraction (<5%) of all nucleosomes formed 
on the plasmid occupy the NPS-free regions of the pYP05 plasmid. M – 1-kb DNA ladder 
(New England Biolabs)       .
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open initiation complex (RP open )  (22,   28–  32) . The RP open  formed 
at the promoter is stable in the presence of heparin; however, 
its formation de novo is strongly inhibited  (45) . Heparin also 
disrupts nucleosomes, so they are present only during initiation 
step, but not during elongation. Therefore when E–P communi-
cation is allowed for a limited time (1 min) the overall efficiency 
of transcription conducted in the presence of heparin can serve as 
a direct and quantitative measure of the rate of E–P communication 
( see   Note 7     (24,   36) ).
   1.    All templates were linearized at the  Eco RI site  (Fig.  1a ) , and 

the closed initiation complexes (RP closed ) were formed in 50- m L 
aliquots in 1× transcription buffer (TB) at 1 nM chromatin 
concentration and 10 nM core RNA polymerase, 300 nM  s  54 , 
120 nM NtrC, and 400 nM NtrB for 15 min at 37°C.  

   2.    5  m L of 40 mM ATP in 1× TB was added to the reaction 
volume to 4 mM final ATP concentration, and the reaction 
was incubated at 37°C for 1 more minute to form the open, 
elongation-competent initiation complex (RP open ).  

   3.    To start elongation and to limit it to a single round (pre-
vent further formation of the RP open ) a mixture of all four 

  Fig. 4 .   Analysis of chromatin templates using a restriction digestion sensitivity assay with primer extension. ( a ) The 
experimental approach. ( b ) Schematic diagram of the fragment of pYP05 plasmid used for in vitro chromatin reconstitu-
tion. Nucleosome positioning sequences (NPS) are shown by solid ovals. Restriction enzyme sites within the NPSs are 
shown by arrows.  Alu I and  Msp I sites are localized within NPS,  Sca I sites – in the middle of NPS-separating spacer DNA. 
 Msp I and  Sca I sites are missing from the first NPS and the spacer DNA, respectively. ( c ) Analysis of the products of primer 
extension by a denaturing PAGE. The increase in the level of chromatin assembly results in progressively better protec-
tion of the templates from  Alu I and  Msp I, but not from  Sca I restriction enzyme. Possible products of digestion are shown 
on the left. S/SS: Saturated/subsaturated chromatin samples       .
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ribonucleotide-triphosphates (4 mM each) in 1× TB with 2.5 
 m Ci of [ a - 32 P]-GTP (3,000 Ci/mmol) and 2 mg/mL heparin 
was added to the reaction.  

   4.    The reaction was continued at 37°C for 15 min and termi-
nated with an equal volume of phenol/chloroform (1:1).  

   5.    The samples were precipitated with ethanol, dissolved in 
formamide-containing loading solution, denatured at 95°C 
for 5 min, cooled on ice, and separated by denaturing PAGE.  

   6.    The gel was transferred to Whatman 3-MM paper, covered 
with polyethylene wrap, and dried for 30 min at 80°C.  

   7.    PhosphorScreen (Perkin Elmer) was placed above the dried 
gel, exposed (usually overnight), and scanned on Cyclone 
PhosphorImager (Perkin Elmer). The data were quantified 
using the OptiQuant software ( Fig.  5b  ,  see   Note  8  ).      

    1.    The pYP05 plasmid contains an NtrC-dependent enhancer 
that strongly activates the  glnAp 2 promoter over 2.5-kb dis-
tance  (21,   46) . It contains thirteen strong 601 nucleosome 
positioning sequences (NPS) between the enhancer and pro-
moter. The remaining portion of the plasmid does not con-
tain any DNA sequences having high affinity to histones and 
therefore serves as a “sink” for the excess of histones or histone 
octamers during reconstitution. Thus chromatin assembly on 
the plasmid can be conducted either using purified histones or 
donor chromatin; in both cases the presence of DNA “sink” 
guarantees complete occupancy of NPSs and minimal pro-
moter/enhancer blockage.  

   2.    After reconstitution of the saturated arrays of 601 nucleo-
somes only one to two randomly positioned nucleosomes are 
formed on the DNA region of the plasmid that does not con-
tain NPSs ( see  F igs.  2  and  3  ; Y.S.P., data not shown). Use 
of regularly spaced nucleosomal arrays allows structural inter-
pretation of the obtained data because the X-ray structures of 
nucleosomes and the 30-nm fibers formed on the templates 
have been solved  (39,   47,   48) .  

   3.    Chromatin assembly on the linear DNA fragment was con-
ducted using the same protocol as in the case of assembly on 
supercoiled DNA ( see   Subheading  3.2  ). Presence of an excess 
of donor chromatin in the reaction does not result in binding of 
an excessive amounts of core histones when chromatin is recon-
stituted by histone transfer from donor chromatin ( Figs   2 – 4 ). 

4. Notes
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However reconstitution from purified histones  (42)  has to 
be conducted much more carefully because even small excess 
of purified histones can result in complete occupancy of the 
promoter and enhancer in the absence of DNA “sink” ( see  
 Note 1   ). In this case, a nonspecific competitor DNA can be 
added during reconstitution to serve as DNA “sink.”  

  Fig. 5 .   Analysis of enhancer-dependent  glnAp2  promoter activation in chromatin using 
the single-round transcription assay. ( a ) The experimental approach. E s  54 : RNA polymer-
ase holoenzyme that recognizes the  glnAp2  promoter. NtrB: protein kinase that phos-
phorylates NtrC (transcription activator that after the phosphorylation interacts with the 
enhancer and activates transcription). RP closed  and RP open  – closed and open initiation 
complexes, respectively. ( b ) Transcription of enhancer-containing and enhancer-less 
saturated chromatin templates. The 3.9-kb  Hind III/ Pst I fragment of the pYP05 plasmid 
containing (+) the enhancer or 3.0-kb  Eco RV fragment missing it (−) were assembled 
into saturated arrays of nucleosomes and transcribed using the single-round transcrip-
tion assay (Fig.  1a ). Chromatin structure supports efficient transcription that is almost 
entirely enhancer-dependent. M – end-labeled pBR322- Msp I digest. End-labeled DNA 
fragment was added to the reactions as a loading control       .
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   4.    The loading was adjusted to guarantee that intensities of 
the bands are in linear range of the measuring device. When 
needed, the standards (DNA fragments with known concen-
trations) were separated in the same gel.  

   5.    The primer (5 ¢ -gaatttcgagggcatgataacgccttttaggg-3 ¢ ) is local-
ized immediately upstream of the promoter ( Fig. 4b   ) and was 
5 ¢ -end labeled with  g  [32] -ATP (Perkin Elmer) by polynucleotide 
kinase (NEB) according to the manufacturer’s protocol.  

   6.    In the particular example ( Fig. 4c   ), histone-free DNA is com-
pletely sensitive to each of the restriction enzymes (lanes 1, 5, 
and 9). In subsaturated chromatin all bands on the gel have 
similar intensities after  Alu I or  Msp I digestion (lanes 3 and 7) 
indicating that in each chromatin sample on average one of 
the 13  Alu I or 12  Msp I sites is accessible to the enzymes cut-
ting within NPSs. Thus on average one of the 13 nucleosomes 
is missing in subsaturated chromatin. In saturated chromatin 
all NPSs are >95% protected from  Alu I and/or  Msp I diges-
tion (lanes 4 and 8) indicating >95% nucleosome occupancy 
of each site. At the same time, non-NPS, internucleosomal 
linker DNA regions are fully sensitive to  Sca I both in subsatu-
rated and saturated chromatin (lanes 11 and 12) indicating 
that nucleosomes preferentially occupy NPSs (less than 5% of 
nucleosomes are formed on the linker DNA regions).  

   7.    Enhancer–promoter communication in chromatin occurs 
only in  cis   (15)  allowing analysis of the same intramolecular 
interactions that occur in vivo. It depends on the presence 
of all functional components involved in enhancer action on 
histone-free DNA  (15,   16) .  

   8.    The rates of enhancer–promoter communication on DNA, super-
coiled or relaxed chromatin templates can be measured quanti-
tatively using the single-round transcription assay. In this case, 
communication is also initiated by adding ATP after preforma-
tion of the RP closed  and NtrC–DNA complexes. This approach is 
similar to the one described in  Subheading  3.6  , but ATP should 
be added for various time intervals (0, 1, 2, 4, 8, 16, or 32 min) 
to allow E–P communication for different times. Then  t  1/2  for 
the rates of communication can be calculated.         
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   Chapter 34   

 A Competition Assay for DNA Binding Using 
the Fluorescent Probe ANS       

     Ian A.   Taylor    and    G. Geoff   Kneale      

  Summary 

 Fluorescence spectroscopy is a technique frequently employed to study protein–nucleic acid interactions. 
Often, the intrinsic fluorescence emission spectrum of tryptophan residues in a nucleic-acid-binding pro-
tein is strongly perturbed upon interaction with a target DNA or RNA. These spectral changes can then 
be exploited in order to construct binding isotherms and the extract equilibrium association constant 
together with the stoichiometry of an interaction. However, when a protein contains many tryptophan 
residues that are not located in the proximity of the nucleic-acid-binding site, changes in the fluorescence 
emission spectrum may not be apparent or the magnitude too small to be useful. Here, we make use 
of an extrinsic fluorescence probe, the environmentally sensitive fluorophore 1-anilinonaphthalene-8-
sulphonic acid (1,8-ANS). Displacement by DNA of 1,8-ANS molecules from the nucleic-acid-binding 
site of the Type I modification methylase EcoR124I results in red shifting and an intensity decrease of 
the 1,8-ANS fluorescence emission spectrum. These spectral changes have been used to investigate the 
interaction of EcoR124I with DNA target recognition sequences.  

  Key words:   Fluorescence spectroscopy ,  1,8-ANS ,  DNA-binding protein ,  EcoR124I.    

  

 Fluorescence spectroscopy is a useful technique for investigating 
the interaction of DNA-binding proteins with DNA. Generally, 
use is made of the intrinsic fluorescence of the protein arising 
from the aromatic amino acids, which is frequently perturbed in 
a DNA–protein complex. In some cases, however, changes in the 
intrinsic fluorescence emission of a protein arising from its inter-
action with nucleic acid may not be detectable. For example, if 
tryptophan and/or tyrosine residues are not located in the proximity 
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of the DNA-binding site the emission spectrum may not be per-
turbed by the interaction. Furthermore, in the presence of a large 
number of tryptophan and tyrosine residues, a relatively small 
perturbation in the overall emission spectrum brought about by 
DNA binding may not be observable. 

 To overcome these problems, an alternative approach is to 
add an extrinsic fluorescence probe to the system that competes 
with DNA for the binding site of the protein. One can then 
measure the change in the fluorescence emission spectrum of the 
probe as DNA is added. If the fluorescence characteristics of the 
free and bound probe differ, displacement of the probe by DNA 
can then be observed. 

 The fluorescent probe 1-anilinonaphthalene-8-sulphonic 
acid (1,8-ANS) and its derivatives have long been used to study 
protein structure  (1,   2)  and more recently to study both protein–
nucleic acid and protein–ligand interactions  (3–  6) . ANS has the 
property that its fluorescence emission spectrum undergoes a 
50-nm blue shift along with approx. 100-fold enhancement when 
transferred from an aqueous environment to a less polar solvent, 
such as methanol ( see   Fig. 1   ). ANS also binds weakly to hydro-
phobic patches on protein molecules with an average dissociation 
constant of 100  m M  (4) . When molecules of ANS are bound to 
protein, enhancement and shifting of the fluorescence spectrum 
similar to that observed in apolar media often occurs ( see   Fig. 2   ). 
Thus, bound molecules of ANS fluoresce much more strongly 
and at shorter wavelength than ANS molecules in an aqueous 
solvent.   

 The precise reason why ANS molecules bind at DNA-binding 
sites is not entirely clear, since such sites are not particularly 

  Fig. 1 .   The effects of solvent polarity on the fluorescence emission spectrum of 1,8-ANS. 
Fluorescence emission spectra (  l   ex  = 370 nm) of 50  m M ANS in 100% methanol ( upper  ) 
and in aqueous buffer ( lower  ) are shown.  Inset , the chemical structure of 1,8-ANS       .
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hydrophobic. Nevertheless, ANS is a planar aromatic molecule 
( see   Fig. 1   ) that will have some properties in common with the 
DNA bases despite the lack of hydrogen-bonding capacity. Fur-
thermore, the negatively charged sulphonate group of ANS may 
mimic the phosphate group of the DNA backbone. 

 The protocol described has been successfully applied to an 
investigation of the DNA-binding properties of a type I modifica-
tion enzyme (M. Eco R124I  (6) ). It was possible to demonstrate 
differential binding affinity for an oligonucleotide containing the 
canonical recognition sequence and one that differs by just one 
base pair in a non-specific spacer sequence in the enzymes recog-
nition site. It remains to be seen how general the method is since 
there have been very few instances of its application to DNA-
binding proteins. Since it can be established rapidly whether ANS 
binds to a given protein, and whether there is some release of 
ANS by the addition of DNA, it is a technique worth investigat-
ing. In  Subheadings  3.1   and   3.2   preliminary experiments are 
described. If these are encouraging, then accurate fluorescence 
titrations can be undertaken to investigate the DNA-binding 
characteristics of the protein in more detail ( Subheading  3.3  ).  

  

    1.    A fluorimeter is required that is capable of scanning with both 
emission and excitation monochromators, and in which the 
emission and excitation slit widths can be varied. In our labo-
ratory, we routinely use either an ISS PC1 or a Perkin-Elmer 

 2. Materials 

  Fig. 2 .   Enhancement and spectral shift of 1,8-ANS fluorescence induced by the addition 
of protein. The  lower curve  is the fluorescence emission spectrum (  l   ex  = 370 nm) of 100 
 m M ANS. The  upper spectrum  is with the addition of 2.2  m M M. Eco R124I       .
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LS50B fluorimeter. Both instruments are controlled by PC, 
using software written by the manufacturers.  

   2.    It is desirable that the cell holder compartment be thermostati-
cally controlled to ±0.1°C, and some models of fluorimeter have 
built-in temperature control. Alternatively, this can be achieved 
by circulating water through the cell holder. In this case, the 
temperature is controlled by a programmable circulating water 
bath (e.g. Thermo-NESLAB RTE7).  

   3.    Good-quality quartz cuvettes (preferably stoppered), with all 
four faces polished are required. A 1 × 0.4 cm (semi-micro) 
cuvette is preferred, since this minimises the inner filter effect 
compared to the standard 1× 1 cm (3 ml) cuvettes, see later. 
The excitation beam should pass through the 0.4-cm path 
since absorption of the emission beam should be negligible.  

   4.    All buffers should be prepared from the highest-quality reagents 
and ultrapure water. The buffers should be degassed and filtered 
to remove any particulate contaminants. In the example pro-
vided, the assay was carried out in 10 mM Tris–HCl of pH 8.2, 
100 mM NaCl, 5 mM MgCl 2  ( see   Note  1  ).  

   5.    High-purity 1-anilino-naphthalene-8-sulphonic acid (1,8-
ANS) free of contaminating bis-ANS may be obtained from 
Molecular Probes, Invitrogen. A 1-mM solution of ANS 
should be made fresh just prior to use.  

   6.    A 50  m M stock solution of the purified DNA-binding protein 
of interest.  

   7.    A 100  m M stock of an oligonucleotide duplex containing the 
DNA-binding site to be investigated ( see   Note  2  ).      

  

  To find optimal conditions for the use of ANS in a DNA-binding 
experiment it is advisable to first titrate the protein of interest 
with ANS to check the extent to which the protein binds the 
fluorescent probe. The precise concentrations of the reagents and 
composition of the buffer used here work well for M. Eco R124I 
and its subsequent binding to a 30-bp DNA duplex containing a 
single recognition site. It may be necessary to vary the conditions 
for other systems.
   1.    Prepare 250 ml of a degassed and filtered standard buffer that 

will be used throughout the set of experiments (e.g. 10 mM 
Tris–HCl of pH 8.2, 100 mM NaCl, 5 mM MgCl 2 ). Dialyse 
or buffer exchange ( see   Note  3  ) the DNA-binding protein 

 3. Methods 

 3.1. Titration 
of Protein with ANS 
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into this same standard buffer and prepare around 2 ml of a 
1  m M solution.  

   2.    Prepare 50 ml of a 1 μM ANS solution again in the same 
buffer. The concentration of ANS can be determined from 
its UV absorption spectrum (  e   370 aqueous  = 5,500 M −1  cm −1 ;  see  
 Note  4  ).  

   3.    Adjust the excitation and emission slits on the fluorimeter to 
2.5 nm (wider slits can be used if the signal is weak) and set 
the desired temperature. Allow time for the machine to ‘warm 
up’ and for the cell holder to temperature equilibrate.  

   4.    Place 1 ml of buffer in the fluorimeter cuvette and using an 
excitation wavelength (  l   ex ) of 370 nm record the fluores-
cence emission spectrum between 400 and 600 nm. Add 2 
 m l aliquots of the 1 mM ANS solution to the cuvette and mix 
gently. After each addition, record the fluorescence emission 
spectrum as before. At the end of the titration measure the 
OD 370  of the sample using the same optical path length as 
used in the fluorescence titration.  

   5.    In a clean cuvette place 1 ml of the solution of 1  m M DNA-
binding protein and record the fluorescence emission spec-
trum between 400 and 600 nm (  l   ex  = 370 nm). Repeat the 
ANS titration as in  step 4  of  Subheading  3.1   and again record 
the OD 370  of the sample at the end of the titration.  

   6.    To analyse the titration data, choose the wavelength in the 
emission spectrum that shows the largest difference between 
the two titrations. This will probably be close to 480 nm, 
although shorter wavelengths can be used to minimise the 
background signal from free ANS ( see   Fig.  2  ).  

   7.    To obtain the corrected fluorescence intensity ( F  corr ) firstly if sig-
nificant correct for any dilution ( see   Note  5  ). Then correct the 
observed fluorescence intensity ( F  obs ) by application of  Eq. 1  
to account for any non-linearity due to inner filter effects ( see  
 Note  6  ). 

    ex( /2)
corr obs 10 AF F= ×    (1)

 Apply  Eq. 1  to the data from each point in the titration where 
 A ex is the absorbance of the sample at the excitation wave-
length (370 nm). Absorbance values may be calculated from 
the ANS extinction coefficient and the known ANS con-
centration, taking into account the appropriate path length. 
However, it should also be checked against the actual OD370 
value measured at the end of each titration.  

   8.    Plot the corrected fluorescence at the chosen wavelength 
against the ANS concentration for each titration. A typical 
case is shown in  Fig.  3  . The titration curve in the absence of 
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protein should be linear, provided the corrections for inner 
filter and dilution have been correctly applied.  

   9.    Subtraction of the curve of ANS added to buffer from the 
curve of ANS added to the protein solution yields the binding 
curve of ANS to the protein as illustrated in  Fig.  4  . The shape 
of the curve will depend on the ANS-binding properties of 
the particular protein under study ( see   Note  7  ). In the case 
shown in  Fig.  4  , this curve is representative of the situation in 
which several ANS molecules are associated weakly.        

  Fig. 3 .   Titration of M. Eco  R124I with 1,8-ANS, monitored by fluorescence emission at 
480 nm. The  upper curve  shows the fluorescence increase upon successive additions of 
1,8-ANS to a 1.5- m M solution of M. Eco  R124I. The  lower curve  shows the fluorescence 
increment in the absence of protein. Both titrations have been corrected for dilution and 
the inner filter effect       .

  Fig. 4.    The binding isotherm for the interaction of 1,8-ANS with M. Eco  R124I. The data 
were produced by subtraction of the data points from the  lower curve  from the equivalent 
points on the  upper curve  in Fig.  3        .
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  Once satisfied that the protein under investigation binds ANS, 
one must ascertain if any of the bound ANS molecules are located 
in the DNA-binding site of the protein. If this is the case, their 
fluorescence will change upon being displaced by DNA.
   1.    Make up a solution of 100  m M ANS in buffer ( see   Note 8   ). 

Measure its fluorescence emission spectrum between 400 and 
600 nm (using   l   ex  = 370 nm).  

   2.    Prepare an identical solution of ANS containing 1  m M DNA. 
Measure the emission spectrum as in  step 1  of  Subheading 
3.2   . These two spectra should be identical as there should be 
no interaction between the nucleic acid and the ANS.  

   3.    Make up a 100  m M ANS solution containing 1  m M protein, 
and an identical solution containing in addition, 1  m M DNA. 
Measure the fluorescence emission spectra of these two samples 
as earlier.     

 The presence of protein in the ANS solution should cause a 
change in the shape and intensity of the emission spectrum. 
A blue-shifted spectrum accompanied by an increase in quantum 
yield should be observed. When the nucleic acid is also present 
and bound to the protein, any ANS (which is weakly bound) in 
the DNA-binding site of the protein will be displaced and cause 
the form of the spectrum to move toward that of free ANS ( see  
 Fig.  5  ).   

  Once it has been established that the DNA fragment of interest 
shows a measurable displacement of ANS, further investigation 
of the DNA-binding characteristics of the protein can be carried 
out. Titrations can be done in a number of dxifferent ways, but we 

 3.2. Preliminary 
Investigation of the 
Displacement of ANS 
by DNA 

 3.3. Fluorescence 
Competition Assay 

  Fig. 5 .   The fluorescence emission spectra (  l   ex  = 370 nm) of 100  m M ANS in buffer 
( lower ), in a solution of 1  m M M. Eco  R124 ( upper ), and in a solution of 1  m M M. Eco  R124I 
and 1  m M DNA ( middle )       .
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have found it more reproducible to titrate the protein into a solu-
tion of ANS in the presence and absence of DNA. The difference 
in fluorescence at each point then represents the amount of ANS 
displaced i.e. the amount of DNA bound. The concentrations 
used should be those found to be optimal from the earlier experi-
ments. Since the concentration of ANS is constant throughout, 
the absorption at 370 nm should remain unchanged and no inner 
filter correction need be applied.
   1.    Place 1 ml of a 100  m M ANS solution in the cuvette and 

record the emission spectrum between 400 and 600 nm 
(  l   ex  = 370 nm).  

   2.    Add small (2–10  m l) aliquots of the 50  m M stock protein solu-
tion to the cell up to a final concentration of 3  m M. After each 
addition, record the fluorescence emission spectrum.  

   3.    Make up 1 ml of 100  m M 1,8-ANS, this time containing 
1  m M DNA, and record the fluorescence emission spectrum 
as before.  

   4.    Titrate the same small aliquots of the stock 50  m M protein 
solution into the ANS/DNA mixture and record the emission 
spectrum after each addition.  

   5.    Select an appropriate wavelength (e.g. 480 nm;  see   step 6  of 
 Subheading 3.1   ) and plot the fluorescence intensity at each 
point in the titration against the protein concentration for 
both experiments ( see   Fig.  6  ).  

   6.    To obtain a binding curve for the protein–nucleic acid inter-
action, subtract the fluorescence intensities at each point in 
the two experiments (with and without DNA) and plot the 

  Fig. 6.    Data from an ANS competition assay. The upper set of points represent the fluo-
rescence increase resulting from successive additions of M. Eco  R124I to a 100  m M 
solution of 1,8-ANS. The lower set of points represent the fluorescence increase when 
the same titration is carried out in the presence of 1  m M DNA       .
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resulting DF against protein concentration ( see   Fig.  7  ). This 
difference represents the amount of bound DNA, since DNA 
is solely responsible for the decrease in fluorescence through 
displacement of ANS from the binding site. For a high-affinity 
DNA protein interaction (with  K  d  substantially less than the 
concentration of DNA used in the titration) competition from 
the ANS will be negligible and a stoichiometric binding curve 
will be produced; the sharp break in the curve at the stoi-
chiometric point indicates the point at which all the DNA is 
bound. Curvature of the plot around the stoichiometric point 
represents a lower-affinity interaction. For a more detailed dis-
cussion of DNA-binding curves,  see  Chapter “Fluorescence 
Spectroscopy and Anisotropy in the Analysis of DNA–Protein 
Interactions”. Variations in the basic method can also be con-
sidered ( see   Notes 9  and  10 )         

  

    1.    The exact composition of the binding buffer will be depend-
ent on the DNA-binding protein being studied. However, it 
is advisable to avoid the presence of strongly absorbing com-
pounds and/or quenchers that may interfere with fluores-
cence measurements. If the interaction has been characterised 
by another method (for example by gel retardation assay) the 
fluorescence experiment should initially be carried out in the 
binding buffer used in these studies.  

 4. Notes    

  Fig. 7 .   Binding isotherm for the interaction of M. Eco R124I with an oligonucleotide con-
taining its recognition sequence. This curve is generated by the subtraction of the  lower 
curve  from the  upper curve  in Fig.  6        .
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    2.    In our laboratory, titrations are carried out using short 
synthetic DNA duplexes (30mers) containing the pro-
tein’s recognition sequence. Short oligonucleotides have 
the advantage that relatively large amounts of highly pure 
material are readily obtainable. However, the same protocol 
should be applicable to the use of longer nucleic acids such 
as restriction fragments or polynucleotides.  

    3.    It is important that all the components in the titration are 
‘optically matched’. Preparation of a matched protein sample 
is best achieved by either dialysis or buffer exchange. If the 
protein sample is limiting, small amounts can be prepared by 
buffer exchange using NAP5 columns (GE Healthcare) or 
alternatively by dialysis using Slide-A-lyzer cassettes or Slide-
A-lyzer MINI dialysis units (Pierce).  

    4.    The value of   e   370 aqueous  for ANS in buffer was derived by com-
parison of the OD 370  of two equimolar solutions of ANS, 
one in buffer and the other in 100% methanol for which   e   370  
is known (6,800 M −1  cm −1 ; Molecular Probes). If the buffer 
used differs significantly from the one used earlier then it is 
advisable to recalculate a   e   370 .  

    5.    If the stock solution of ANS is available at high concentra-
tion, then the volume of sample in the cuvette during the 
titration can be assumed to remain constant. However, if a 
more dilute stock solution is used, there will be significant 
change in volume (>5%) and it will be necessary to account 
for this when calculating the ANS concentration at each 
point in the titration.  

    6.     See  Chapter “Fluorescence Spectroscopy and Anisotropy 
in the Analysis of DNA–Protein Interactions” for a more 
detailed discussion of the inner filter effect. As a guide, for 
excitation at 370 nm in an aqueous buffer 52  m M ANS has 
an OD 370  of 0.11 in a 0.4-cm path length cuvette. This gives 
rise to an inner filter correction of 1.14 using  Eq. 1 .  

    7.    The binding curve generated for ANS can take many forms. 
The shape will depend on the number and relative affinity 
of ANS-binding sites on the protein. If the protein contains 
high-affinity sites, the curve may be biphasic and may allow 
the stoichiometry of the strong interaction to be determined. 
A more likely situation is that there will be numerous ANS-
binding sites with differing but weak affinities ( K  d  > 100 
 m M). The result of this is a curved plot similar to  Fig. 3   .  

    8.    The concentration of the ANS solution used in the titration 
must be determined empirically from the previous experi-
ments. It should be high enough to ensure that a good frac-
tion of the ANS-binding sites on the protein are occupied 
(as determined in  Subheading 3.1   ).  
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    9.    As well as direct excitation of the fluorescent probe (i.e. with 
an excitation wavelength of 370 nm for ANS), it may be pos-
sible to investigate energy transfer effects between aromatic 
amino acid residues in the protein and the bound probe. 
If the excitation is performed at 280 nm to excite both tyro-
sine and tryptophan, energy transfer to ANS will be apparent 
from the emission spectrum between 400 and 600 nm. In 
principle, this effect could also be useful to follow displace-
ment of ANS in a titration with DNA.  

   10.    A further extension of the fluorescent probe approach is to 
employ the covalent probe 5-((((2-iodoacetyl) amino) ethyl) 
amino) naphthalene-1-sulphonic acid (1,5-IAEDANS)  (7) . 
This reagent reacts with accessible cysteine residues in the 
protein and has a higher quantum yield than ANS in aque-
ous solution. One can look at the emission spectrum of the 
bound probe, or it may be possible to observe energy transfer 
from aromatic residues in the protein. Any of these fluores-
cence characteristics could change when the DNA is bound 
if the probe is located near the DNA-binding site. We have 
used this technique to study the interaction of M. Eco R124I 
with DNA and found that energy transfer from the protein 
to the bound probe decreased by over 30% when DNA was 
bound. As long as the presence of the probe does not inhibit 
binding, then titrations with DNA can be used to produce 
DNA-binding curves. However, if the probe does inhibit 
DNA binding, this can also be informative as the labelled 
cysteine(s) can be identified by peptide mapping by analogy 
with the methods reported in chapter “Fluorescence Spec-
troscopy and Anisotropy in the Analysis of DNA–Protein 
Interactions”.          
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   Chapter 35   

 Fluorescence Spectroscopy and Anisotropy 
in the Analysis of DNA–Protein Interactions       

     Rosy   Favicchio   ,    Anatoly I.   Dragan   ,    G. Geoff   Kneale   , 
and    Christopher M.   Read  

     Summary 

 Fluorescence spectroscopy can be used as a sensitive non-destructive technique for the characterisation of 
protein–DNA interactions. A comparison of the intrinsic emission spectra obtained for a protein–DNA 
complex and for free protein can be informative about the environment of tryptophan and tyrosine 
residues in the two states. Often there is quenching of the fluorescence intensity of an intrinsic emission 
spectrum and/or a shift in the wavelength maximum on protein binding to DNA. A step-by-step 
protocol describes the determination of a DNA-binding curve by measurement of the quenching of the 
intrinsic protein fluorescence.
Fluorescence anisotropy can also be used to obtain a DNA-binding curve if the molecular size of the 
protein–DNA complex is sufficiently different from the free fluorescing component. Typically an extrinsic 
fluorophore attached to one or both 5 ¢  ends of single-stranded or duplex DNA is used, for this increases 
the sensitivity of measurement.
Fitting of the binding curves, assuming a model, can often yield the stoichiometry and association constant 
of the interaction. The approach is illustrated using the interaction of the DNA-binding domains (HMG 
boxes) of mouse Sox-5 and mammalian HMGB1 with short DNA duplexes.  

  Key words:   Fluorescence spectroscopy ,  Anisotropy ,  Protein–DNA complex ,  HMG box.    

 

 Changes in the fluorescence emission spectrum of a protein upon 
binding to DNA can often be used to determine the stoichiometry 
of binding and equilibrium-binding constants; in some cases the 
data can also give an indication of the location of particular resi-
dues within the protein. The experiments are generally quick and 
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easy to perform, requiring only small quantities of material  (1,   2) . 
Spectroscopic techniques allow one to measure binding equilibria 
(unlike, for example, gel retardation assays and other separation 
techniques which are strictly speaking non-equilibrium methods). 
Fluorescence is one of the most sensitive of spectroscopic tech-
niques, allowing the low concentrations (typically in the  m M range) 
required for estimation of binding constants for many protein–
DNA interactions. Considerable care, however, needs to be exer-
cised in the experiment itself and in the interpretation of results. 

 The following methods describe the determination of DNA-
binding curves by intrinsic fluorescence quenching and by fluo-
rescence anisotropy with an extrinsic fluorophore. Fluorescence 
Resonance Energy Transfer (FRET) techniques are becoming 
useful in the area of protein–DNA interactions particularly if one 
wants to measure the degree of DNA bending, to triangulate 
or to measure distances, albeit at a low resolution  (2,   3) . In this 
method, two or even three extrinsic fluorophores are attached 
where the emission light of one fluorophore, the donor, is 
absorbed by another fluorophore, the acceptor, and becomes part 
of its emission spectrum. Stopped-flow and time-resolved FRET 
techniques for kinetic and fluorescent lifetime measurements of 
DNA bending and binding are also advantageous, though they 
require sophisticated instrumentation  (4,   5) . 

  A molecule that has been electronically excited with ultravio-
let/visible light can lose some of the excess energy gained by 
a number of processes as it returns to its ground state. In two 
of these, fluorescence and phosphorescence, this is achieved by 
emission of light. Phosphorescence is rarely observed from mol-
ecules at room temperature and will not be considered further. 
Whilst electrons can be excited to a number of higher energy 
states, fluorescence emission in most cases only occurs from the 
first vibrational level of the first excited state. This has two impli-
cations for the measurement of fluorescence emission spectra. 
Firstly, some of the energy initially absorbed is lost prior to emis-
sion, which means that the light emitted will be of longer wave-
length (i.e. lower energy) than that absorbed. This is known as 
Stoke’s shift. Secondly, the emission spectrum and therefore the 
wavelength of maximum fluorescence will be independent of the 
precise wavelength used to excite the molecule. Thus for tyro-
sine, the wavelength of the fluorescence maximum is observed 
around 305 nm, regardless of whether excitation is at the absorp-
tion maximum (~278 nm) or elsewhere in the absorption spec-
trum (e.g. 230 nm). Of course, the fluorescence intensity will 
change as a consequence of the difference in the amount of light 
absorbed at these two wavelengths. 

 The ratio of the number of photons of light emitted as 
fluorescence to the number of photons initially absorbed, i.e. the 

 1.1. Fundamental 
Principles of 
Fluorescence 
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efficiency of the fluorescence process, is known as the fluorescence 
quantum yield. The value of the quantum yield for a particular 
fluorophore will depend on a number of environmental factors 
such as temperature, solvent, and the presence of other molecules 
which may enhance or diminish the probability of other processes 
deactivating the excited state. The deactivation or quenching 
of fluorescence by another molecule, either through collisional 
encounters or the formation of excited state complexes, forms 
the basis of many of the fluorescence studies on protein–DNA 
interactions. 

 The study of protein–nucleic acid interactions is greatly sim-
plified by the fact that all detectable fluorescence arises from the 
protein since all of the naturally occurring bases in RNA and DNA 
are essentially non-fluorescent. Tyrosine and tryptophan residues 
account for almost all the fluorescence found in proteins. As a 
general rule, when both residues are present the emission spec-
trum will be dominated by tryptophan, unless the ratio of tyro-
sines to tryptophans is very high. The quantum yield of a tyrosine 
residue in a protein compared to that observed in free solution 
is generally very low, illustrating the susceptibility of tyrosine to 
quenching. Tryptophan residues are highly sensitive to the polar-
ity of the surrounding solvent, which affects the energy levels of 
the first excited state with the result that the emission maximum 
for tryptophan can range from 330 nm in a hydrophobic envi-
ronment to 355 nm in water. Thus in proteins containing only 
one tryptophan, the general environment surrounding the resi-
due can be ascertained. 

 In protein–DNA interactions, the fluorescence due to tyro-
sine residues in a protein may be effectively quenched by energy 
transfer from the tyrosines to the bases of DNA, there being a 
large overlap in the absorption (DNA) and fluorescence (tyro-
sine) spectra. Tryptophan fluorescence, like that of tyrosine, can 
also be quenched (indirectly) by DNA binding. Unlike tyrosine, 
the emission wavelength maximum can also change if tryptophan 
is involved in the interaction and this can also be used to monitor 
DNA binding  (6) . 

 The extent to which the fluorescence of a protein is quenched 
by DNA is proportional to the concentration of quencher. As 
quenching is due to the formation of a complex between the 
protein and the DNA, the extent of quenching is proportional to 
the amount of bound protein. Thus by determining the extent to 
which the protein fluorescence is quenched when fully bound to 
DNA (i.e. at saturation), the fraction of bound and free protein 
at any point in a titration can be determined. From these data, 
the stoichiometry and binding constant of the interaction can 
often be obtained. Note that to establish an accurate stoichiom-
etry, a high concentration of DNA is preferred when titrating 
into protein (i.e. well above the  K  d  of the complex) to ensure 
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stoichiometric binding. To establish the binding constant itself, 
one should be working at much lower concentrations of protein 
so that at the stoichiometric point, there is a measurable concen-
tration of unbound protein. In the case of protein–DNA interac-
tions having a low  K  d , this may not be possible. 

 If fluorescence quenching is being used to follow DNA bind-
ing, it is vital to take account of sample dilution, as well as the 
increased absorption of the sample as DNA is titrated in. The 
latter effect is known as the inner filter effect and arises from the 
absorption of the excitation beam (and generally to a lesser extent, 
the emission beam) on passing through the sample ( see   Fig. 1   ). 
One should aim to keep the absorption of the sample (at the exci-
tation wavelength) as low as possible, although absorbances up 

  Fig. 1.    Schematic representation of the inner filter effect in fluorescence, showing the 
effect of high concentration on the absorbance of the excitation and emission beams.       
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to 0.2 can normally be corrected for without too much difficulty. 
A small pathlength cell will also help. Ideally the absorption of 
the sample at the excitation and emission wavelengths ( A  ex  and 
 A  em ) should be measured for each point in the titration (if not, 
one can calculate these values from the known concentrations of 
protein and nucleic acid at each point). For normal right-angled 
geometry of observation, the corrected fluorescence  F  corr  can be 
obtained from the observed fluorescence  F  obs  by the formula:  

     F  corr  =  F  obs  ́  10  (A ex /2 + A em /2)   (1)   

 Often the value of  A  em  is small enough to ignore (for a detailed 
treatment of the inner filter correction,  see   ref.    7 ) . Note that it 
is equally important to correct for the inner filter effect whether 
titrating protein into DNA or vice versa. 

 The use of intrinsic fluorescence, as a method of investigat-
ing protein–DNA interactions, is widespread. For example, both 
binding parameters ( K  obs ) and stoichiometric ratios have been 
derived for the interaction of the HIV-1 nucleocapsid protein 
NCp7 with the natural primer tRNA 3  

Lys  and other related RNA 
molecules  (8) . Similarly, estimates of binding constants have been 
determined for the interaction of human replication protein A 
(hRPA) with single-stranded homopolynucleotides (e.g. poly[dT] 
and poly[dA])  (9) . The interaction of the DNA-binding domain 
(DBD) of mouse Sox-5, known as the HMG box, with a short 
DNA duplex  (10)  is used in the text.  

  Fluorescence anisotropy can be used to measure binding constants 
if the molecular size of the protein–DNA complex is sufficiently 
different from the free fluorescing component. Fluorescence 
emission is not only dependent on the chemical environment of 
the fluorophore but also on the polarisation of the excitation light 
used. Fluorescence anisotropy describes the extent of this polari-
sation of the emission. When excited with plane polarised light a 
fluorophore often emits light that is also polarised. Rotational dif-
fusion of the fluorophore during the lifetime of the excited state 
causes depolarisation of the emitted signal. For fluorophores in 
solution for which the rate of rotational diffusion is much faster 
than the rate of emission, it follows that the emitted light is fully 
depolarised and the anisotropy is equal to zero. If the rate of 
tumbling is much slower than the rate of emission, the emission 
will have maximal polarisation. If the fluorophore is attached to 
DNA, the rate of tumbling is such that the emission remains sub-
stantially polarised. Binding of a protein to fluorescently labelled 
DNA will increase the size of the particle and increase the rota-
tional correlation time, i.e. the complex tumbles more slowly in 
solution than the free DNA. In this case the polarisation of the 
emitted light will change to give an increase in anisotropy of the 

 1.2. Fundamentals 
of Fluorescence 
Anisotropy 
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emission. Thus the change in anisotropy can be monitored and 
subsequently interpreted as a consequence of complex formation. 
Fluorescence anisotropy,  A  is defined as: 
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 where the subscripts h and v in the intensity  I  indicate vertically 
and horizontally placed polarisers, the first subscript referring to 
the excitation polariser position and the second to the emission 
polariser position. The grating factor, GF, is thus a correction 
for the polarisation dependence of the instrument transmission, 
principally the emission monochromator. 

 Fluorescence anisotropy typically utilizes an extrinsic fluoro-
phore rather than relying on the intrinsic fluorescence emission 
of the protein. There are several reasons for this. Firstly, to max-
imise the difference in signal between free and bound states the 
fluorophore needs to be attached to the smaller of the binding 
partners: this is usually the DNA. Secondly, extrinsic fluorophores 
based on fluorescein (known as FAM) or rhodamine derivatives 
attached to one or both 5 ¢  ends of single-stranded or duplex DNA 
are available and these have a large extinction coefficient, which 
increases sensitivity by enabling measurements in the nanomolar 
concentration range. Thirdly, an extrinsic fluorophore with an 
emission spectrum in the visible range requires only the use of 
polarisers constructed of Polaroid rather than the use of quartz 
polarisers required for emission in the UV from intrinsic Tyr and 
Trp fluorophores. 

 Fluorescence anisotropy has been widely used to obtain 
binding curves for a large number of DNA-binding proteins and 
domains and include: AT-hooks  (11) , GCN4-bZIP  (12) , inter-
feron regulatory factors  (13) , homeodomains  (14) , as well as 
HMG boxes  (15,   16) . If protein binding results in DNA bend-
ing, a double-labelled duplex will display a change in the FRET 
effect, which can also be used to obtain a binding curve  (15,   16) . 
However, unless the bend angle is large, the FRET effect will 
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be small and this makes the experiment insensitive. However an 
amplification of small DNA bend angles introduced on protein 
binding using ‘DNA levers’ can overcome this to yield binding 
curves  (17) .   

 

     1.    High-quality quartz cuvettes with all four faces polished are 
required ( see   Note 1   ). A cuvette of square cross-section with 
light paths of 0.4 and 1.0 cm, a stirring bar, and a close-fitting 
lid is commonly used (available from Hellma). A sample vol-
ume of 1.0–1.5 mL is required.  

   2.    Most commercially available fluorimeters allow scanning by 
both the excitation and emission monochromators and are 
suitable for use in these studies. Anisotropic measurements 
require a fluorimeter with polarisation optics, but since the 
common fluorophores absorb and emit in the visible range, 
quartz polarisers are not required and Polaroid is sufficient. 
Cell sample holders that are thermostatically controlled and 
contain a magnetic stirrer are essential ( see   Notes 2    and  3   ). We 
routinely use a Perkin-Elmer LS50B luminescence spectrometer 
having a Raman S/N ratio of ~1,000. Other more sensitive 
fluorimeters are available, e.g. the SPEX Fluoromax (from 
Horiba Jobin Yvon) for work requiring the use of nanomolar 
concentrations for the determination of very low dissociation 
constants.  

   3.    To control the spectrofluorimeter and to record fluorescence 
spectra a computer linked to the fluorimeter is required. The 
software package FLWinlab running under the WindowsXP 
operating system is provided for use with the LS50B.      

     1.    Reagents used in buffer solutions should be of the highest 
purity available and the solutions prepared in doubly distilled 
water. The buffer should have negligible absorbance in the 
excitation wavelength range (for intrinsic 260–300 nm, for 
anisotropy 400–500 nm) and should not be used if it shows 
fluorescence in the emission region (for intrinsic 290–400 
nm, for anisotropy 450–600 nm).  

   2.    DNA oligonucleotides were synthesised using phosphoramidite 
chemistry and purified by reverse-phase HPLC. A 12-bp DNA 
duplex containing the site-selected AACAAT sequence at its 
centre  (18)  was used as the Sox-5 HMG box target: 

  5 ¢ -GCGAACAATCGG-3 ¢  
  3 ¢ -CGCTTGTTAGCC-5 ¢  

 2. Materials  

 2.1. Spectrofluorimetry 

 2.2. Reagents and 
Solutions 
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  A 16-bp DNA duplex derived from the Epstein Barr virus 
BHLF-1 gene promoter and having a TTCAAA core sequence 
was used as the HMGB1 target  (19) . For the fluorescence ani-
sotropy experiments, one of the strands was modified at the 5 ¢  
end with the fluorescent label 6-FAM: 

 FAM-5 ¢ -CGGGTTTCATTAAGGG-3¢  (FAM-DNA HMG )
  3¢  -GCCCAAAGTAATTCCC-5 ¢  

  The sequence of the FAM-labelled oligonucleotide is important 
( see   Note 4   ). DNA duplexes were constructed by annealing 
an unlabelled complementary strand at equimolar ratio.  

   3.    The HMG box of mouse Sox-5 (amino acids 182–260  (18) ) 
was expressed as a fusion protein in pGEX-2T, using  E. coli  
BL21 (DE3) plysS cells. After affinity purification with glu-
tathione-agarose and thrombin cleavage whilst still attached 
to the column  (20) , reverse-phase high-performance liquid 
chromatography (HPLC) was used to purify the protein. 
Protein was re-dissolved in water and re-folded by extensive 
dialysis against three changes of 1 L of 100 mM KCl, 10 mM 
potassium phosphate, 1 mM EDTA (pH 6.0) at 4°C. 

  The 100-residue second HMG box of mammalian HMGB1 
(amino acids 84–184) and comprising a minimal folded HMG 
box with a basic C-terminal extension, known as HMGB1-B ¢   (21) , 
was expressed and purified by anion exchange chromatography 
and reverse-phase HPLC  (15) . The minimal second HMG box 
of HMGB1 (amino acids 92–170), known as HMGB1-B, was 
expressed as a GST-fusion protein and purified as for Sox-5.  

   4.    Concentrations of all oligonucleotides and DNA duplexes 
were determined from their UV absorption at 260 nm, after 
digestion to nucleotides with snake venom phosphodiesterase 
I (PDE1, from  Crotalus durissus terrificus , Sigma. ( see  Chapter 
“Defining the Thermodynamics of Protein/DNA Complexes 
and Their Components Using Micro-calorimetry”). Account 
must be made for the contribution to the 260-nm absorption 
by the fluorescent tag if present (for FAM the extinction 
coefficient at   e   260 nm  = 28,000 M −1  cm −1 ). Concentrations 
may also be determined using the fluorophore absorption in 
the visible region (e.g. for FAM   l   max  is 496 nm with   e   496 nm  = 
78,000 M −1  cm −1 ). Protein concentrations were determined 
from their UV absorption at 280 nm.  

   5.    Protein and DNA should be dialysed into an identical buffer, 
in this case 100 mM KCl, 10 mM potassium phosphate, 1 mM 
EDTA (pH 6.0). Stock solutions of protein and DNA may 
be prepared in small aliquots and stored at −20°C, assuming 
this is not detrimental to the protein. Dilution to the working 
concentration can then be easily made for the fluorescence 
measurements.       
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  The method described in this section assumes that nothing is 
known concerning the fluorescence properties of the protein or 
its complex with DNA. Consequently the initial steps described 
in  Subheading 3.1.1    are concerned with characterising some of 
the fluorescence properties of the two species such that the opti-
mal conditions for obtaining accurate and reliable data can be 
obtained.  Subheading  3.1.2   describes a procedure for obtain-
ing data for a protein in which the intrinsic fluorescence is only 
quenched by DNA on binding, and how these data may be used 
to obtain information regarding the stoichiometry and dissocia-
tion constant of the interaction. 

 Comparison of the intrinsic emission spectra obtained 
for protein–DNA complex (at a concentration well above that 
corresponding to the dissociation constant) and for free protein 
can be informative. In the case of the Sox-5 HMG box, the 
complex shows both a quenching of the fluorescence inten-
sity and a shift in the wavelength maxima compared to the free 
protein ( see   Fig.  2a  ). The difference spectrum having a wave-
length maxima at 302 nm is typical of the emission spectrum of 
tyrosine. This has been interpreted as being due to the fluores-
cence quenching of three tyrosine residues located close together 
in the ‘minor wing’ of the Sox-5 HMG box as they make close 
approach to the DNA  (10) . In contrast, fluorescence emission 
from the two tryptophan residues, located in the hydrophobic 
protein core and far from the tyrosines in the minor wing, is 
largely unaffected by DNA binding. A method for obtaining 
the stoichiometry and dissociation constant of the interaction in 
which there is fluorescence quenching and a shift in wavelength 
maxima is outlined in  Subheading  3.1.2 .   

     1.    Switch on the fluorimeter and allow 10 min for the compo-
nents to stabilise. Set the excitation and emission slits widths 
to intermediate values (e.g. 10 nm). Turn on the temperature 
control.  

   2.    Fill the cuvette with protein solution of ~1  m M concentration 
( see   Note  5  ). If the cuvette is rectangular place the smallest 
pathlength in the excitation beam – this produces the low-
est overall absorption. Turn the magnetic stirrer on and allow 
time for the solution to equilibrate to the temperature of the 
compartment. To prevent local heating of the solution or pos-
sible photodecomposition, the excitation shutter should be 
kept closed except when taking measurements.  

   3.    If the absorption spectrum of the protein is known set the 
excitation wavelength to that corresponding to the absorption 

 3. Methods  

 3.1. Intrinsic 
Fluorescence 

 3.1.1. Preliminary 
Experiments 
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maximum between 265 and 285 nm; if no such absorption 
peak exists the protein contains neither tyrosine nor tryptophan 
residues and it will not fluoresce. If the absorption spectrum is 
unknown set the excitation wavelength to 280 nm.  

   4.    Open the excitation shutter and quickly scan the emission 
monochromator between 285 and 400 nm. Identify a wave-
length at which there is a maximum value for the intensity. 
Return the emission monochromator to this wavelength.  

   5.    Find the excitation wavelength maximum between 265 and 
285 nm in the same manner, with the emission monochromator 

  Fig. 2.    Titration of the 12-bp DNA duplex with Sox-5 HMG box at 5°C. ( a ) Emission spectra of the free Sox-5, the Sox-
5/12-bp DNA complex, and their difference spectrum. The excitation wavelength was 270 nm. The difference spectrum 
showing a wavelength maxima,   l   max  of 302 nm, demonstrates that the quenching is of tyrosine fluorescence only. ( b ) 
Fluorescence intensities at 300 nm for the free Sox-5 and for a titration of 1.50  m M DNA duplex with Sox-5, a concen-
tration well above the dissociation constant  K  d . Substantial quenching of the tyrosine fluorescence on binding Sox-5 is 
evident up to the stoichiometric point (1:1). ( c ) The titration data re-plotted from ( b ) as the difference between the free 
and bound Sox-5 ( DF ) to show the sharp break at the stoichiometric point. ( d ) The results for a titration of Sox-5 protein 
into 100 nM DNA duplex, a concentration only 6.25× that of the  K  d . The fitted binding curve for a 1:1 interaction is shown. 
The excitation wavelength was 230 nm to improve sensitivity (though with a larger background).       
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   set at the wavelength of maximum fluorescence. Note: The 
aforementioned FLWinLab software allows for simultaneous 
scanning of the excitation and emission wavelengths in what 
is termed a ‘3D Scan’. This allows both the excitation and 
the emission wavelength maxima to be determined in one 
experiment.  

    6.    With both the excitation and the emission wavelengths set 
at their peak values, adjust the instrument to give a reading 
corresponding to about 80% of the full scale. Narrow slit 
widths and a lower amplification (expansion factor, gain) are 
preferred, and a compromise between the two may have to 
be found ( see   Note 6   ).  

    7.    Determine the emission spectrum by scanning the emis-
sion monochromator over the entire wavelength range over 
which fluorescence occurs. A scan speed of 100 nm/min is 
generally suitable.  

    8.    Add a small aliquot of a concentrated DNA solution to the 
cuvette such that the concentration of DNA is in excess. 
Mix and immediately check the fluorescence emission at the 
emission maximum of the protein. Check several times over 
the next few minutes until a consistent reading is obtained. 
Allow this time for equilibration in subsequent experiments. 
Do not adjust the slit widths or the amplification.  

    9.    Obtain an emission spectrum and compare with that 
obtained for the protein only. If fluorescence quenching is 
suspected, make sure that allowance for sample dilution has 
been made. If an inner filter correction is required, measure 
the absorbance of the sample in a spectrophotometer (in the 
same cuvette) and correct the observed fluorescence as 
discussed in the  Subheading 1   .  

   10.    Add aliquots of DNA until there is no further change in 
fluorescence intensity in the emission spectrum ( see   Notes 7    
and  8 ).      

      1.    Examine the emission spectrum of the free protein. If it is 
characteristic of tyrosine fluorescence check for interference 
from the Raman band ( see   Note 9   ). If it is characteristic of 
tryptophan, check for tyrosine contributions which may be 
masked ( see   Note 10   ).  

    2.    Examine the emission spectrum of the protein bound to 
DNA. The titration method described in the following 
passage is particularly applicable when the only change in 
the spectrum is a change in fluorescence intensity. Several 
variations of this method are described briefly in  Note 11    
including an example where the emission spectrum of the 
protein shifts on binding DNA.  

 3.1.2. Protein–DNA 
Titrations 
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    3.    Accurately determine the concentration of protein and DNA 
solutions, e.g. by UV spectroscopy. As we are titrating DNA 
into protein try to use a stock concentration of DNA which 
is at least 20 times the concentration of protein used in the 
experiment multiplied by the estimated stoichiometric ratio; 
for example, if the protein concentration used is 10  m M and 
the stoichiometry estimated to be 1:1 then the DNA con-
centration should be at least 20 × 10  m M = 200  m M. This 
would mean that the dilution of the original protein solution 
will be only 5% at the stoichiometric point.  

    4.    Using the protein solution set up the instrument as described 
in  steps 1–6  of  Subheading  3.1.1 .  If measuring tyrosine 
fluorescence, use an excitation wavelength near the maximum. 
This wavelength can also be used for tryptophan excitation 
if tyrosine fluorescence is insignificant; otherwise, use an 
excitation wavelength of 295 nm.  

    5.    Run a buffer blank and check that the profile of the emis-
sion spectrum is consistent with that previously obtained. 
Subtract this spectrum from subsequent spectra, if this can 
be done automatically.  

    6.    Set the emission monochromator to the emission wave-
length maximum and ensure that the readout is ~80% of its 
maximum value. Note down the value.  

    7.    To begin the titration add a small aliquot from the stock 
DNA solution to the protein in the cuvette. Mix and allow 
the sample to equilibrate (use the time period determined 
earlier) before taking a reading. The aliquots should be suf-
ficiently small such that the protein is still greatly in excess 
and a linear change is observed as more DNA is added.  

    8.    Continue to add the same quantity of DNA for eight to ten 
points. If changes are still approximately linear at this stage 
gradually increase the volume of the DNA added, noting the 
total amount added at each point.  

    9.    When the change in intensity begins to deviate significantly 
from linearity decrease the size of the aliquot so that more 
data points are obtained in this region.  

   10.    As quenching approaches the maximum larger aliquots of 
DNA can be added. Continue until no change in quenching 
is observed for several points.  

   11.    After the last point check that the emission spectrum of the 
complex is consistent with that previously obtained for the 
bound protein.  

   12.    Remove the sample, wash the cuvette thoroughly, and run 
a blank spectrum consisting of cell plus buffer. This should 
have negligible or no fluorescence. Subtract any value at the 
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emission wavelength maximum from the data points, if not 
already done automatically ( see   Note 9   ).  

   13.    In some cases it may be preferable to titrate protein into 
DNA, for an example of this method,  see   ref.     10.  The proce-
dure is similar to that given here, but in this case the experi-
ment should be repeated by adding protein to the buffer in 
the absence of DNA as a reference. Subtraction of the two 
curves should yield a clear binding curve ( see   Fig.  2  ). For a 
discussion of the merits of whether to titrate protein with 
DNA or vice versa,  see   Note  12 .       

      1.    For each data point calculate the fluorescence quenching as: 

    Δ F  = [ F  f  –  F  ] and  Q  = 100 ´ (Δ F  /  F  f  )   (5)   

   where  F  is the measured fluorescence intensity and  F  f  is the 
fluorescence intensity in the absence of DNA, having made any 
corrections for inner filter effects and dilution of the sample. 
Also calculate the DNA and protein concentrations at each 
point. Then calculate  R , the ratio of the concentration of 
DNA to that of protein.  

    2.    Plot either a graph of  Q  against  R  or  F  against DNA con-
centration, D. If only one mode of binding is occurring the 
graph should look like one of the curves shown in  Fig.  3 .  
If the ‘break point’ in the titration is sharp,  see   Fig.  2c  , it 
indicates a small dissociation constant,  K  d  (or a large associa-
tion constant,  K  a ) compared to the protein concentration. 
Conversely, weak binding arising from a large dissociation 
constant (or from too dilute a protein solution) will give a 
smoothly rising curve with no apparent break point.   

    3.    The stoichiometry of binding is the value of  R  at which the 
slope obtained from the initial linear range of the titration 
crosses the horizontal line defined by  Q  max  (or  F  max ) at which 
no further change in intensity occurs.  

    4.    Further information can be extracted from the binding curve 
by fitting to an appropriate model. In the simplest case of a 
bimolecular interaction (   P  +  D   Þ  PD   ), a useful expression 
to estimate the dissociation constant  K  d  is:  

   
( ) ( )( )− × − ×

= 0
d

1 D P
K

q q
q

   (6)   

 where  q  is the fraction of bound to total protein at the stoi-
chiometric point and  P  0  is the total protein concentration 
in the cuvette. For a titration in which DNA is added into 
protein, the fraction of bound protein,  q  is given by the ana-
lytical function:  

 3.1.3. Data Analysis 
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 where  D  is the DNA concentration at any point in the titra-
tion.  Equation    7   enables fitting of the observed variables by 
non-linear regression analysis using the Origin fitting/graphi-
cal software ( see   Subheading  3.2.2  ).  

   5.    Conversely for a titration in which protein is added into 
DNA,  see   Fig. 2   , the fraction of bound DNA,  q  is given by 
the analytical function:  

  Fig. 3.    Graph of fluorescence quenching, Q against protein:DNA ratio, R. The  curves  
illustrate the addition of protein to DNA (at 1  m M) for dissociation constants ( K  d , M) of 
10 −8  ( times symbol ), 10 −7  ( asterisk ), 10 −6  ( filled circle ), 10 −5  ( open circle ), and 10 −4  ( plus 
symbol ), and assuming a bimolecular interaction (1:1 model). The theoretical binding 
curve for infinitely strong binding ( upper curve ) shows a stoichiometry of one protein 
bound per DNA.       
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 where  P  is the protein concentration at any point in the 
titration and  D  0  is the total DNA concentration. D F  b  is the 
maximum change in fluorescence when all of the DNA is 
complexed with protein.  

   6.     Equation  6   also applies to more complex cooperative binding 
along a linear DNA lattice  (22) , assuming the cooperativity 
is sufficiently high, when  K  a  becomes equal to the apparent 
binding constant (and approximates to the product of the 
cooperativity factor and the intrinsic binding constant for 
one site). For a more extensive discussion of complex DNA-
binding equilibria,  see   ref.     23.        

      1.    With the known working concentration of FAM-labelled-
DNA in the cuvette run an emission spectrum using an 
excitation wavelength of 490 nm (the FAM excitation  l  max ) 
over the region 450–600 nm. This serves to check the emission 
wavelength maxima of ~520 nm and to select slit widths 
(typically between 2.5 and 12.0 nm) that give a reasonable 
emission intensity. Slit widths should be varied to increase the 
signal intensity, depending on the concentration of fluorescently 
labelled DNA. Use these slit widths in the anisotropy 
measurements.  

   2.    The anisotropy experiments were performed by titration of 
protein into DNA. Typically a volume of 5–10  m L of protein 
is added at each addition into a 1,200- m L volume of FAM-
labelled-DNA. Mix the sample by inversion, insert the cuvette 
into the fluorimeter, and allow the solution to reach equilib-
rium (~5 min) before measurement of the anisotropy. The 
sample should be stirred continuously and the sample tem-
perature held constant. DNA concentrations ranging from 30 
nM up to 10  m M, depending on the protein construct, were 
used for the HMGB1-B ¢  and HMGB1 titrations ( see   Fig.  4  ). 
Final protein concentrations typically reached 3× that of the 
DNA. In all cases the dilution factor did not exceed 10%.   

   3.    Fluorescence anisotropy is measured by excitation of the 
FAM-labelled DNA at 490 nm, setting the excitation path 
polariser to alternate vertical and horizontal positions. For 
each position of the excitation polariser, the emission path 
polariser is also moved alternately to vertical and horizontal 
positions. At each of the four possible positions the fluores-
cence intensity is measured at 520 nm to yield  I  vv ,  I  vh ,  I  hh , and 

 3.2. Fluorescence 
Anisotropy 

 3.2.1. Anisotropy 
Experiments 
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 I  hv  ( see   Subheading 1.2   ). Using  Eqs. 3  and  4  the grating 
factor and anisotropy values can then be calculated for each 
titration point ( see   Note 13   ).      

  Fig. 4.    Plots of the change in fluorescence anisotropy of FAM-DNA HMG  upon titration with 
HMGB1-B ¢  ( top ) and HMG1-B ( bottom ). Titrations were performed at a number of DNA and 
protein concentrations; however, the final dataset used for accurate determination of binding 
constants was recorded with 60 nM FAM-DNA HMG  and 1.5  m M HMGB1-B ¢  ( top ) and 8.8  m M 
FAM-DNA HMG  and 288.0  m M HMGB1-B ( bottom ). The original data for ( a ) are shown in Table  1 . 
The datasets were fitted by non-linear regression to a 1:1 binding model using Origin. The best-
fit curves are shown along with the derived  K  d  values. The anisotropy data fitted to a 1:1 binding 
model clearly show removal of the very basic C-tail from HMGB1-B ¢  to generate HMGB1-B 
raises the  K  d  from 12 nM to 18.5  m M (i.e. by three orders of magnitude), demonstrating that 
residues outside the minimal domain help to greatly enhance binding affinity       .
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     1.    A tab-delimited text file containing output, the anisotropy 
values, is read into an Excel spreadsheet ( see   Table 1   ) which 
can then be directly imported into the ‘Data’ window of a 
curve-fitting and graphical software package, such as Origin.

      2.    A spreadsheet is also useful to calculate the DNA and protein 
concentrations at each titration point, making any correction 
for dilution of the sample ( see   Table 2   ). A correction for the 
inner filter effect could be required at higher FAM-labelled 
DNA concentrations (at 2.5  m M the absorbance at 496 nm is 
0.2). Calculate R, the ratio of the concentration of protein to 
that of DNA as well. Import into Origin.   

   3.    Plot a graph of anisotropy, A against either protein concen-
tration, P or ratio, R. The graph should be recognisable as a 
binding curve, similar to that already seen with intrinsic fluo-
rescent quenching data ( see   Fig.  2   and  Subheading  3.1.3  ). 
The stoichiometry of binding is the value of  R  at which the 
slope obtained from the initial linear range of the titration 
crosses the horizontal line defined by the maximum anisotropy, 
when the DNA is fully bound.  

 3.2.2. Data Analysis 

  Table 1 
  Raw data output from a fluorescence anisotropy experiment    

 Mode:  Anisotropy  Date: ######           

 Ex. Slit  Em. Slit  Ex. Wave  Em. Wave  Temp.   I  vv    I  vh   GF  Int.  Comment 

 11  11  490  520  20  123.493  104.430  0.951  0.075  60 nM FAM-DNA 

 11  11  490  520  20  127.373  101.365  0.962  0.093  Plus 7  m L B ¢  

 11  11  490  520  20  130.900  99.762  0.967  0.106  Plus 14  m L B ¢  

 11  11  490  520  20  133.962  98.694  0.968  0.118  Plus 21  m L B ¢  

 11  11  490  520  20  133.221  95.716  0.965  0.128  Plus 28  m L B ¢  

 11  11  490  520  20  136.248  95.504  0.970  0.136  Plus 35  m L B ¢  

 11  11  490  520  20  136.961  93.429  0.967  0.147  Plus 45  m L B ¢  

 11  11  490  520  20  134.135  90.144  0.968  0.152  Plus 55  m L B ¢  

 11  11  490  520  20  130.868  86.808  0.971  0.156  Plus 65  m L B ¢  

 11  11  490  520  20  123.729  79.592  0.965  0.169  Plus 100  m L B ¢  

 11  11  490  520  20  123.142  77.529  0.970  0.175  Plus 130  m L B ¢  

 11  11  490  520  20  119.774  74.340  0.969  0.181  Plus 160  m L B ¢  

   60 nM FAM-DNA HMG  was titrated with successive 7.0  m L aliquots of 1.5  m M HMG1-B ¢  in 100 mM 
KCl, 10 mM potassium phosphate buffer (pH 6.0) at 20°C. The excitation wavelength was 490 nm 
and the emission wavelength was 520 nm, with both slits set at 11 nm. The column labelled ‘Int.’ is the 
calculated anisotropy; other column labels are as described in    Subheading  1.2  
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   4.    A dissociation constant  K  d  may be obtained by fitting the 
anisotropy/protein concentration values assuming a binding 
mode. The equation for a bimolecular (1:1) model is:  
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   (9)   

 where  P  is the protein concentration,  A  is the measured ani-
sotropy upon addition of protein to DNA,  A  f  is the anisotropy 
value of the free DNA,  A  b  is the maximum anisotropy value 
obtained when the DNA is fully bound to protein,  D  0  is the 
DNA concentration used in the titration, and  K  d  is the dis-
sociation constant. This function needs to be entered into the 
fitting software prior to its use in the fitting routine.  

  Table 2 
  Spreadsheet example for calculation of protein and DNA concentrations    

 Titration of 16-bp FAM-HMG DNA with HMGB1-B ¢   Date: ######   

 Ex = 490 nm; Em = 520 nm; Slits = 11.0/11.0 nm; Volume = 1,200  m L     

 Buffer:  100 mM KCl, 10 mM Kphosphate (pH 6.0)     

 [B ¢ ] = 1,500 nM; [F-DNA HMG ] = 60 nM     

 Add ( m L)  Total added ( m L)  Total vol. ( m L)  Dilution  F-DNA final (nM)  B ¢  final (nM)  P/F-DNA 

 0.00  0.00  1,200.00  1.0000  60.0000  0.0000  0.0000 

 7.00  7.00  1,207.00  1.0058  59.6520  8.6993  0.1458 

 7.00  14.00  1,214.00  1.0115  59.3081  17.2982  0.2917 

 7.00  21.00  1,221.00  1.0172  58.9681  25.7985  0.4375 

 7.00  28.00  1,228.00  1.0228  58.6319  34.2020  0.5833 

 7.00  35.00  1,235.00  1.0283  58.2996  42.5101  0.7292 

 10.00  45.00  1,245.00  1.0361  57.8313  54.2169  0.9375 

 10.00  55.00  1,255.00  1.0438  57.3705  65.7371  1.1458 

 10.00  65.00  1,265.00  1.0514  56.9170  77.0751  1.3542 

 15.00  80.00  1,280.00  1.0625  56.2500  93.7500  1.6667 

 20.00  100.00  1,300.00  1.0769  55.3846  115.3846  2.0833 

 30.00  130.00  1,330.00  1.0977  54.1353  146.6165  2.7083 

 30.00  160.00  1,360.00  1.1176  52.9412  176.4706  3.3333 
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   5.    In the curve-fitting/graphical program the columns of data 
must be set as follows: the protein concentration  P  as an inde-
pendent variable (on the X-axis) and the measured anisotropy 
 A  as a dependent variable (on the Y-axis). The DNA concen-
tration ( D  0 ) is a known (fixed) variable. The anisotropy for 
free and fully bound DNA ( A  f  and  A  b ) and the  K  d  are treated 
as three unknown variables.  

   6.    The non-linear least squares regression routine is run to best 
fit to the observed anisotropy/protein concentration data 
according to the equation for a particular mode of binding 
(e.g. a 1:1 model,  Eq. 9 ). The routine should converge to 
a solution after a number of iterations, to give values for the 
unknowns  K  d ,  A  f , and  A  b  (along with their errors). The curve 
for the equation representing the best fit of that binding mode 
may then be plotted, along with the original data ( see   Fig.  4  ). 
A measure of how well the data are fitted is given by   c   2  and 
by the regression coefficient  r  2 . A   c   2  value close to zero and 
an  r  2  value close to one indicate a good fit to the data ( see  
 Note 14   ).        

 

    1.    Care should be taken when handling fluorescence cuvettes 
as both fingerprints and scratches can introduce significant 
artefacts into the experiment. After use, cuvettes should be 
thoroughly washed with ethanol or acetone, rinsed with dis-
tilled water, and dried thoroughly using a stream of nitrogen 
or helium gas. If contamination is great, then immerse the 
cells for several hours in a dilute solution of Hellmanex (from 
Hellma GmbH), rinse with water, and dry.  

   2.    Changes in temperature affect the viscosity of the solution 
and hence the number of collisions a fluorophore makes with 
solvent molecules. Since the viscosity of water is inversely pro-
portional to temperature it follows that there is less collisional 
quenching and a greater fluorescence at lower temperatures. 
Both Trp and Tyr fluorescence are highly sensitive to tem-
perature, as is the intrinsic fluorescence of a protein ( see   ref.    24   
and references therein). For accurate fluorescence measure-
ments temperature control is an essential.  

   3.    A stirred cuvette is similarly required to maintain the thermal 
equilibrium. If the fluorimeter is not equipped with a magnetic 
stirrer unit, adequate mixing can usually be achieved by gently 
drawing the solution in and out through a plastic pipette tip. 
Avoid the introduction of bubbles into the sample by stirring 

 4. Notes  
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or pipetting too fast as this can both denature the protein and 
cause light scattering.  

   4.    In designing short synthetic oligonucleotides for binding 
studies, GC base pairs are often added at the end(s) of the 
DNA duplex to reduce fraying of terminal base pairs. How-
ever, the quantum yield of an extrinsic fluorophore attached 
to the end of a DNA can be affected by the choice of the 
adjacent (terminal) nucleotide, e.g. in 3 ¢ -fluorescein- and 
5 ¢ -hexachlorofluorescein (HEX)-labelled DNAs an adjacent 
guanosine nucleotide reduces the quantum yield, i.e. fluores-
cent intensity by as much as 40%  (25,   26) . Thus to remove 
potential quenching effects in fluorescein- (and its deriva-
tives) labelled DNA duplexes but still have a GC terminal base 
pair, one should design an oligonucleotide with a cytosine 
nucleotide adjacent to the fluorophore modification, with a 
base-paired guanosine in the complementary oligonucleotide. 
Note: 3 ¢ -Cy3-labelled DNAs are little affected by the choice 
of adjacent nucleotide.  

   5.    Fluorescence intensity is only proportional to concentration 
when the absorbance is no greater than ~0.2 OD units, at the 
excitation wavelength selected. Remember that the absorption 
bands for proteins and nucleic acids overlap, and in titrations 
the contribution of the nucleic acid to the overall absorption 
must be considered as well as the protein.  

   6.    Whilst it is preferable to have narrow excitation and emis-
sion slit widths and a low amplification factor, there may be 
a need to compromise in order to obtain a stable reading. 
For proteins displaying tyrosine fluorescence, the small wave-
length difference between the excitation and emission maxima 
suggests that it would be better to maintain narrow slits and 
increase the signal amplification. For proteins dominated by 
tryptophan fluorescence the greater the difference between 
the excitation and emission wavelengths, the greater the fea-
sibility of increasing the slit widths and maintaining a lower 
amplification. In general, when measuring emission spectra it 
is better to use a narrow excitation slit width and to widen 
the emission slit width. For broad banded spectra such as that 
seen with tryptophan both slits can be widened.  

   7.    If no changes in the emission spectrum of the protein are 
observed when DNA is added (after inner filter and dilution 
corrections if necessary), then either the protein is not bind-
ing to DNA or binding cannot be detected by this procedure 
and will need to be assessed by another method such as fluo-
rescence anisotropy or FRET.  

   8.    Note the molar ratio of DNA:protein at which no further 
changes occur. This will provide a rough guide for future 
experiments.  
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    9.    Tyrosine emission can often be confused with Raman scat-
tering from water molecules which occurs at ~305 nm when 
an excitation wavelength of 280 nm is used. The presence 
of the Raman band can be assessed by measuring the emis-
sion spectrum using a different excitation wavelength. The 
fluorescence emission spectrum is independent of excitation 
wavelength, whereas Raman scattering occurs at a constant 
wavenumber (=1/  l   in cm −1 ) difference from that used for 
excitation and will shift in the same direction as the change 
in excitation wavelength. In aqueous solutions this shift is 
−3,380 cm −1 . The contribution of the Raman band to the 
overall intensity of the signal can be assessed by running an 
emission spectrum of a buffer blank. Automatically subtract 
out this spectrum from subsequent spectra where possible. 
Note: The FLWinLab software includes a ‘PreScan Mode’ in 
which the Raman absorption, the Rayleigh scatter, and their 
second-order peaks are identified automatically.  

   10.    To check the contribution tyrosine may make to a fluores-
cence emission spectrum dominated by tryptophan, run an 
emission spectrum using an excitation wavelength of 295 
nm. At this wavelength only tryptophan emission will be 
observed. If the emission spectrum is unchanged then it can 
be concluded that the contribution from tyrosine residues 
is negligible. (Of course the intensity will be lower as tryp-
tophan absorption is greater at 280 nm than it is at 295 nm.)  

   11.    In cases where both the emission wavelength maximum 
shifts and the fluorescence intensity is quenched, the method 
described can be used provided that an emission wavelength 
is chosen outside the wavelength region overlapped by the 
emission spectra of the free and bound protein. Alternatively, 
the ratio of the intensity of the emission maxima of the free 
and bound protein can be followed; for an example  see   ref.    6  . 
The use of a ratio method means that the dilution factor 
and inner filter correction can usually be ignored, although 
strictly speaking the ratio is not a linear function of degree of 
binding.  

   12.    We have found that in some cases different results can be 
found dependant on the direction of the titration; this can 
occur when the fluorescence changes observed include con-
tributions from protein–protein interactions accompanying 
DNA binding in addition to (or instead of) contributions 
from the interaction with the DNA itself ( ref.    27 ) .  

   13.    In the LS50B the ‘Single Read’ application of the FLWinLab 
software automatically controls the change of both polariser 
positions. Calculation and display of grating factors and ani-
sotropy values is then in real time. All that is required is 
to enter the excitation and emission wavelengths, with their 
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respective slit widths and an integration time (typically 1–10 s). 
The relevant intensities, grating factor, and anisotropy values 
may be saved into a spreadsheet after each addition of 
protein ( see   Table  1  ).  

   14.    It can be difficult to decide between different binding modes 
on the basis of small differences in the fits, e.g. slightly dif-
ferent   c   2  values. One should be careful to not over-interpret, 
and unless there is good reason the simplest binding model 
that fits the data should be chosen.          
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   Chapter 36   

  Circular Dichroism for the Analysis 
of Protein–DNA Interactions        

     P.D.   Cary    and    G. Geoff   Kneale     

  Summary 

 Circular dichroism (CD) is a well-established technique for the analysis of both protein and DNA structure. 
The analysis of protein–nucleic acid complexes presents greater challenges, but at wavelengths above 250 
nm, the circular dichroism signal from the DNA predominates. Examples are given of the use of CD to 
examine structural changes to DNA induced by protein binding.  

  Key words:   DNA structure ,  Protein–nucleic acid complexes ,  Single-stranded DNA binding proteins , 
 Transcriptional activators and repressors ,  DNA intercalation    .

 

 The asymmetric carbon atoms present in the sugars of nucleotides 
and in all the amino acids (with the exception of glycine) result 
in nucleic acids and proteins displaying optical activity. Further 
contributions to the optical activity of the polymers result 
from their ability to form well-defined secondary structures, 
in particular helices, which themselves possess asymmetry. As a 
consequence, circular dichroism (CD) has found widespread use 
in secondary structure prediction of proteins using a number of 
modelling techniques  (1–  3)  and online modelling is available  (4) . 
Similar studies, though less widespread, have sought to correlate 
structural parameters of DNA with their CD spectrum  (5–  7) , 
with some success particularly in assigning quaternary structures 
to nucleic acids (e.g. in the case of triplex DNA and G-quartet 
mediated structures)  (8,   9) . It follows that the disruption of 
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secondary structure by, for example, denaturation or ligand 
binding can be usefully followed by CD. 

 Plane polarized light can be resolved into left- and right-
handed circularly polarized components. CD measures the dif-
ference in the absorption of these two components, i.e. 

    Δ = −L R ,e e e    (1)   

 where   e   is the molar extinction coefficient (M −1  cm −  1  )  for the 
left (L) and right (R) components ( see   Note  1  ). When passing 
through an optically active sample the plane of polarized light is 
also rotated; hence, the emerging beam is elliptically polarized. 
Thus CD is often expressed in terms of ellipticity ( q   l   in degrees) 
or molar ellipticity ([ q ]  l   in degrees cm 2 /dm). 

    = m[ ] 100 / ,c ll lq q    (2)   

 where  c  m  is the molar concentration and  l  is the path length in 
cm. The two quantities are interconvertible with the expression 
[ q ]  l   = 3,298  D   e  , or more practically.  

    = mrw g[ ] ( ) / ( 100),SM c llq q   (3)   

  S  is the instrument scale correction factor,  M  mrw  is the mean resi-
due weight,  q   l   is in degrees,  l  is in decimetres and  c  g  is in gram 
per millilitre ( see   Note 2   ). 

 The overlap of the UV absorption bands of nucleic acids and 
proteins means that CD studies of protein–DNA interactions 
can be complicated by the contributions observed from both 
components. This is particularly true for wavelengths less than 
250 nm. In practice CD spectra between 250 and 300 nm are 
dominated by that of the nucleic acid, the contribution arising 
from the aromatic chromophores of the protein being weak by 
comparison and generally few in number in a protein. Changes 
in conformation can usually be attributed to the polynucleotide 
as the conformational distribution of aromatic amino acids in a 
globular protein is such that the majority are normally involved 
with stabilizing the inner core; this means that a large conforma-
tional change throughout the protein would be required to cause 
a significant change in the CD spectrum. 

 The low molar ellipticity of polynucleotides means that for 
accurate CD measurements high concentrations (10 −4 –10 −5  M) of 
nucleotide are required. For this reason CD is not generally used 
to determine binding constants of protein–DNA interactions. 
However CD can be used to obtain accurate values for the stoi-
chiometry of protein–nucleic acid interactions  (10) ; in the case 
of the fd gene 5 protein, CD was used to show the existence of 
two distinct binding modes  (11) . CD has also been used to show 
that conformational changes induced by bound  Lac  repressor are 
different for operator DNA and for random sequence DNA  (12) . 
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Similar studies on  Gal  repressor demonstrated the involvement of 
the central G–C base pairs of the operator sequence in repressor-
induced conformational changes  (13) . Studies on the interaction 
of  cro  protein of bacteriophage  l  have also revealed different con-
formational changes for specific and non-specific DNA binding 
 (14) . Despite the apparent lack of any direct interaction of the 
central base pair of the operator sequence with  cro  protein, base 
substitution at this site was shown to affect the CD spectrum 
considerably. 

 Some additional examples in which CD has been used to 
examine protein–DNA interactions include the SRY-related pro-
tein sox5 and the controller protein, C.AhdI protein  (15,   16) . 
Both these proteins cause the DNA to bend. Sox-5 is a DNA-
sequence-specific protein that has a single globular domain which 
opens up the DNA by intercalation of the methionine side chain 
in helix 1.The N- and C-terminal residues stabilize the bending 
 (15) , and as a consequence there is a large enhancement of   e   
and a wavelength shift. On the other hand C.AhdI is a dimer in 
free solution at CD concentrations; two dimers bind on to the 
operator sequence 35-bp operator sequence  (16)  causing a large 
enhancement of   Δe   but no wavelength shift ( see   Fig.  1a  ). Hence, 
although both cause DNA bending, the two proteins must bind 
in different ways.  

 It is interesting to note that the 35-bp operator to which 
C.Ahd binds has two sites, one for each dimer; binding to the 
left operator, O L , is much stronger than that to the right opera-
tor O R , so this site is filled first. However, binding of a second 
dimer to O R  is highly cooperative and under most experimental 
conditions, only the tetrameric complex is seen. Nevertheless, it 
was possible to observe binding to the left-hand operator, O L , 
when O R  was mutated to a non-specific sequence, which greatly 
decreases the affinity at this site  (16) . Titrating the protein into 
the DNA and observing the change in CD signal ( Fig. 1b   ) show 
that the binding of each dimer causes an identical change in  D   e   
(i.e. the CD change is additive). This suggests that the structural 
change is localized to the two sites and that there is no additional 
perturbation to the DNA structure (at least none observable by 
CD) arising from the interaction between the two bound C.AhdI 
dimers. 

 A large increase in   e   was also observed when a type I DNA 
methyltransferase bound to its DNA recognition sequence, sug-
gesting deformation of the DNA  (17) . CD has, in addition, been 
shown to be a useful tool when studying RNA triplex structures 
 (18) , binding of peptides TAT and REV  (19,   20)  to RNA and T7 
RNA polymerase disordering  (21) . 

 It should be emphasized that CD provides complementary data 
to other spectroscopic techniques such as fluorescence, since such 
techniques can monitor different components of the interaction. 
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Indeed, even the apparent stoichiometry of binding can be sig-
nificantly different for this reason, even when measured under 
the same solution conditions  (10) .  

  Fig. 1.    Circular Dichroism spectra show the result of C.Ahdl binding. ( a ) The 35-bp native 
operator sequence and ( b ) the 35-bp sequence in which the right operator has been 
mutated. Four scans were taken and averaged from 360 to 230 nm and data collected 
every 1 nm, following the addition of 50- m M aliquots of C.AhdI. Representative spectra 
are shown, corresponding to protein: DNA ratios of ( a ) 0, 0.54, 1.1, 1.6, 2.2, 3.0, 4.1, 
and 4.6 ( b ) 0, 0.49, 1.0, 1.74, and 2.23. All spectra shown were corrected for both 
baseline differences and dilutions made by titration additions. These experiments were 
carried out in 40 mM citrate of pH 5.6, 100 mM NaCl, 1 mM EDTA at 20°C in a 4-mm 
path-length cell (119-004F QS). In ( a ) and ( b ) saturation is close to being reached when 
the molar ratio of protein: DNA is 4 and 2, respectively. As indicated in Fig.  2 ,  D   e   for the 
mutated sequence increases at a much lower rate beyond the 2:1 ratio, indicating very 
weak binding of the second protein dimer to the non-specific DNA sequence that has 
been introduced in place of the right operator.       
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    1.    A high-quality quartz cell with low strain is required for accu-
rate measurements. The cell path length will depend on the 
absorption properties and concentration of the sample. Cells 
with path lengths between 0.01 and 1 cm are often used, 
depending on the CD signal to be measured and the absorp-
tion of the sample (including the buffer). Path lengths of 
0.4–1.0 cm is usually recommended for measurement of the 
nucleic acid signal in the vicinity of 275 nm, where the signal 
is weak and buffer absorption is negligible. Protein secondary 
structure analysis requires measurements from 260 nm down 
to 180 nm (or lower); hence, typically the cell path lengths 
used will be 0.2–2 mm, dependent on the sample concentra-
tion and the solvent absorption properties.  

   2.    Buffers should be prepared using high-quality reagents and 
water. Use buffers that have low absorbance in the wavelength 
region of interest. Tris–HCl, citrate, perchlorate, and phos-
phate are routinely used. Preferably use buffers at low con-
centrations 1–10 mM and where possible use the salt KF as a 
replacement for NaCl or KCl to achieve good spectra in the 
far UV (160–210 nm), having checked by other means that 
this does not affect binding.  

   3.    Stock solutions of appropriate protein and nucleic acid solu-
tions should be in the same buffer: the protein should be as 
concentrated as possible avoiding aggregation, to minimize 
dilution during the titration. If a synthetic DNA fragment 
containing the recognition sequence is to be used, it should 
be close to the minimum size required for binding to maxi-
mize the change in CD signal and avoid non-specific binding. 
To avoid denaturation and degradation keep concentrated 
solutions of protein and DNA frozen in small aliquots, if it 
has been established that this procedure does not damage the 
protein. Whilst working at the laboratory bench, keep all solu-
tions on ice to prevent aggregation or degradation and sealed 
to prevent condensation and evaporation ( see   Note 4   ).  

   4.    A supply of dry nitrogen (oxygen-free) is recommended for 
any CD measurement as this protects the optics, prevents the 
production of ozone, reduces the EHT on the photomulti-
plier, and improves the transmission below 220 nm. The sup-
ply may be from a gas bottle or a liquid nitrogen dewar; both 
systems should have an absorption filter before the optical 
unit ( see   Note  3  ).  

   5.    Calibration of a CD instrument in millidegree ellipticity is 
achieved with a solution of (+)10-camphor-sulphonic acid 
at a concentration of 5.0 mg/ml. The concentration may be 

 2. Materials  
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accurately checked by measuring the absorption in a UV spec-
trophotometer using a molar extinction coefficient of 34.5 at 
285 nm   . Typically the solution above in a 1-cm path-length 
cell will have an absorption of 0.743 OD units at 285 nm, and 
this will give a corresponding ellipticity of 837.5 millidegrees 
at 290.5 nm in a 0.5-cm path-length cell in the CD instru-
ment. (for calibration scale factor  see   Note 2   ).  

   6.    In the procedure given later, we have made use of an Applied 
Photophysics pi* -180 spectrometer which is capable of giving 
reasonable results down to 180 nm. However, more mod-
ern machines (for example, the AP Chiroscan or J800 series 
from Applied Photophysics and Jasco, respectively) offer clear 
advantages in terms of sensitivity, stability, and extending 
detection into the far UV down to 163 nm (for setting up,  see  
 Note 5   ).  

   7.    Temperature control of the sample is essential when compara-
tive measurements are being made in which the instrument 
may be used for long periods of time, for example a titration 
or a kinetics experiment. Hence the usage of a Peltier cell with 
water cooling is an essential part of the spectrophotometer kit 
and should control the sample temperature ±0.05°C, with a 
temperature range of −20°C to +110°C.      

 

 For most proteins there is no significant CD spectrum between 
250 and 300 nm compared to that seen for nucleic acids. Experi-
ments involving the addition of protein can thus be conveniently 
carried out in this wavelength range, as described below. Below 
250 nm both proteins and DNA have optical activity and any 
experiments here may require resolution of the spectrum into 
protein and DNA components.
   1.    To prevent damage to the optics, flush the instrument with 

nitrogen for 10–15 min before switching the lamp on. Con-
tinue to purge the instrument for the duration of the experi-
ment ( see   Note  3  ).  

   2.    Switch on the electronics first and then the lamp and allow the 
instrument to stabilize for 30 min. After warming up is com-
plete switch on the Peltier temperature controller and set the 
temperature to 20°C; allow a further wait of 10 min before 
making any measurements.  

   3.    Whilst waiting for the instrument to warm up, measure the 
UV spectrum of both the DNA and the protein; calculate 
the concentration of the stock solutions from their extinction 

 3. Methods  
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   coefficients. The stock solution of protein should be at as 
high a concentration as possible to minimize corrections for 
dilution in subsequent titrations.  

    4.    Measure the UV absorbance of the buffer in the cell to be 
used in the CD experiment against an empty cell ( see   Note 
4   ). This is to check the buffer has little or no absorption in 
the wavelength region in which the measurements are to be 
made.  

    5.    Using the data from  steps 3  and  4  determine the concentra-
tions of DNA and protein that can be used in the experiment 
such that the total absorbance of all components including 
the cell is less than 1.0 OD unit.  

    6.    Once the CD instrument has warmed up, use a clean 0.4-cm 
cell filled with water to determine the baseline between 230 
and 360 nm (for instrument set-up  see   Note  5  ).  

    7.    Clean the 0.4-cm cell ( see   Note  6  ) and calibrate the instru-
ment using the previously prepared solution of camphor 
sulphonic acid and measure the CD between 250 and 320 
nm. A 5-mg/ml solution in a 0.4-cm path-length cell has an 
ellipticity of 670 millidegrees at 290.5 nm at 20°C.  

    8.    Take the cell set aside for the experiment, clean it, and fill 
with buffer. Place the cell in the instrument taking care to 
note the orientation of its faces in the beam. If using a cylin-
drical cell place it so that the neck of the cell rests against 
the side of the cell holder. Run a baseline between 230 and 
360 nm, and signal average over nine scans to reduce the 
noise. This multiple scanning should show reproducible CD 
spectra and hence a constant condition has been achieved for 
recording the experiment.  

    9.    Clean the cell and replace the buffer with the DNA solu-
tion and run the spectrum under the same conditions. When 
you remove the cell remember to place the cell back in the 
holder with the same face towards the light source as before 
and check the baseline position relative to the buffer in the 
region 360–320 nm.  

   10.    Accurately pipette a small aliquot of the stock protein solu-
tion into the DNA in the cell and mix. Allow time for 
equilibration and measure the CD spectrum. The volume 
of the protein solution to be added will be determined by 
its concentration, the DNA concentration in the cuvette, 
and a rough idea of the expected stoichiometry. For initial 
experiments, the molar quantity of protein added at each 
step should be perhaps 10% of that of the DNA. For every 
aliquot of protein added the baseline must be checked for 
any variations and the problem must be resolved before the 
next addition is made ( see   Note 5   ).  
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   11.    Repeat the addition of protein to the DNA until no further 
changes in the CD are observed.  

   12.    Thoroughly wash the cell and refill with buffer, and re-run 
the baseline. If the baseline has drifted from its initial value, 
this will have to be considered when analysing your results. 
If apparent drifting is greater than 0.2 millidegrees,  see   Note  5  .  

   13.    Plot the measured CD parameter at a particular wavelength 
against the concentration of protein added. The stoichi-
ometry can be determined from the point at which a line 
drawn along the initial slope intersects that of the titration 
end point, which should be horizontal assuming dilution (if 
significant) has been corrected for ( see   Figs.  1   and    2 ).  

   14.    Once the spectral changes and stoichiometry have been 
established, it is often useful to repeat the experiment with 
rather more titration points, using smaller aliquots of pro-
tein. This can be done at a single wavelength, without the 
need for scanning. Although the maximum CD signal from 
DNA is normally obtained around 275 nm, one should work 
at the wavelength that corresponds to the largest difference 
between free and bound DNA, which may well be different.      

 The CD spectrum of the DNA at saturation can be used to assess 
conformational changes that result from protein binding to a 
given sequence. Although analysis of the    spectrum in terms of 
molecular structure is not straightforward  (2) , it may be possible 

  Fig. 2.    Circular Dichroism titration curve of the binding of the protein C. Ahdl to the native 
DNA sequence ( open squares ) and the mutated DNA sequence ( filled circles ); values of 
 D   e   were taken at the peak maxima wavelengths of the CD spectra (274.5 and 277.5 
nm, respectively) shown in Fig.  1 . Data were fitted to a two-step binding model with 
the binding affinity for the first site,  K  2  = 2 × 10 7  M −1  in both cases. For binding to the 
second site, the best fit was obtained with  K  3  = 3 × 10 7  M −1  for the native operator and 
 K  3  = 2×10 4  M −1  for the mutant operator,  see  ref. 16  for further details.       
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to interpret CD spectra of double-stranded DNA in terms of 
changes in helical twist angle (under-winding or over-winding of 
the helix).The spectral changes that accompany protein binding 
to different DNA sequences or with a variety of co-factors can 
also be informative.  

 

    1.    For proteins and polynucleotides, molarity is often expressed 
in terms of moles of amino acid or nucleotide residues (respec-
tively) for such calculations.  

   2.    The instrument scaling factor ( S ) is the correction scaling fac-
tor when calibrating the instrument in millidegrees ellipticity. 
There is normally an internal scaling correction number that 
can be adjusted, so the instrument may be read directly in mil-
lidegrees ellipticity and hence  S  = 1 or simply use an S value to 
convert into millidegrees ellipticity. The mean residue weight 
( M  mrw ) is simply the Molecular Weight of the protein or nucleic 
acid divided by the number of amino acids in a protein or the 
number of nucleotides in the nucleic acid, respectively.  

   3.    High-intensity UV radiation converts oxygen to ozone which 
damages the optics. Failure to purge will lead to deterioration 
in instrument performance and be detrimental to the health of 
those working in the vicinity of the instrument. Flushing the 
optics with nitrogen gas can be done from a liquid nitrogen 
dewar (Taylor–Wharton XL-45) with the gas flow at 4 L/
min; this gives 3 weeks of continuous purging and the instru-
ment can then be purged for 3 days prior to measurements 
for the best results. Alternatively you can flush with a nitro-
gen (oxygen-free) bottle, which will last up to 2 days before a 
replacement is required.  

   4.    For most experiments at wavelengths 230–300 nm, cells with 
path lengths of 0.4–1 cm can usually be used. The Hellma 
low strain 119.004F-QS 10 × 4 mm semi-micro with PTFE 
stopper is ideal for these measurements; it has a working start 
volume of 1,200  m l and has two path lengths (0.4 and 1.0 
cm) dependent on its orientation to the beam. The stopper 
prevents evaporation during the experiment; plus it is easy to 
attach an internal temperature probe through the stopper to 
measure the actual sample temperature. Longer path-length 
cells for work with more dilute solutions are available at a price.  

   5.    A number of instrument parameters must be set up before 
any spectrum run is initiated.These are (1) the entrance and 
exit slits which normally will be set between 1 and 2 nm for 

  4. Notes      
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protein or DNA work, (2) the wavelength start and finish val-
ues (say 360 and 230 nm), (3) the number of accumulations 
required, (4) the data collection settings, (5) temperature set 
value, and (6) nitrogen purging rate. The wider the slits are 
set, the more light enters the optical system and hence a bet-
ter signal-to-noise ratio is achieved, but this results in poorer 
resolution. For instance, if the wavelength calibration of the 
instrument is set using the fine structure lines of the xenon 
lamp (460–490 nm region), the slits should be set to 0.1 nm 
as these line are extremely sharp and will only be resolved with 
a narrow setting. The wavelength range for protein, DNA, or 
RNA structure analysis is typically 360–180 nm, but it will 
vary within this range dependent on the experiment and the 
solvent conditions. CD measurements at specific wavelengths 
are sometimes used; for example, this is often the case with 
kinetic or temperature melting experiments, etc. Multiple 
scans or accumulations improve the signal-to-noise ratio – 
typically a baseline might require nine scans and a sample four 
scans. Data collection is dependent on how the manufacturer 
has designed the instrument, with the pi* -180 or Chiroscan 
from Applied Photophysics, we recommend collection at 0.5- 
or 1-nm intervals with the number of samplings set to 10,500, 
operating in conjunction with adaptive sampling, set error to 
±0.01 and a maximum sampling of 500,000. For the Jasco 
700–800 series, set the step resolution to 0.2 nm (this allows 
a maximum wavelength range of 400 nm), and a scanning 
speed of 20 nm/min and a response time of 2 s. If you wish to 
scan faster or slower, then the response time must be adjusted 
according to the manufacturer’s recommendations. Software 
packages from both manufacturers allow for smoothing of 
data, baseline subtraction, zeroing offsets, and simple math-
ematical options to convert millidegrees into ellipticity per 
mole residue and compensate for dilution corrections, plus 
data formatted conversion options to allow the data to be 
manipulated within Microsoft Excel and other software pack-
ages with graphical outputs. 
  If significant drifting of the baseline has occurred, the 
experiment may have to be repeated. To minimize the effect 
of drifting, use two cells: one as a baseline reference and one 
containing sample. The baseline can then be standardized at 
each point in the titration. Remember that when swapping 
cells, it is vitally important to present the same section of the 
cell to the beam each time. Changes in baseline on a modern 
instrument with temperature control are in general the order 
of a fraction of a millidegree, and it is more likely the vari-
ations come from the cell not being position correctly each 
time when the cell has been removed or moved slightly when 
removing the stopper. Any baseline shifts can be observed in 
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the region 360–320 nm as there will be no protein or DNA 
component in this region; hence, it is best practice to scan 
this region for all measurements as this region should be 
unchanged. 
 To re-establish the original baseline, make sure the tempera-
ture of the cell solution is constant (20°C), the solution is 
well mixed, the cell is orientated as before and in the original 
position, and the cell walls are clean (re-wiping the cell faces is 
recommended to remove finger marks, etc.).  

   6.    Clean the cell after a buffer or sample measurement, washing 
the cell continuously with high-quality water and then three 
times with acetone; wipe the outer surface of the cell before 
blow drying the cell.      
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      Chapter 37

  Defining the Thermodynamics of Protein/DNA Complexes 
and Their Components Using Micro-calorimetry        

     Colyn   Crane-Robinson   ,    Anatoly I.   Dragan   , and    Christopher M.   Read  

          Summary 

 Understanding the forces driving formation of protein/DNA complexes requires measurement of the 
Gibbs energy of association, D G , and its component enthalpic, D H , and entropic, D S , contributions. Iso-
thermal titration calorimetry provides the enthalpy (heat) of the binding reaction and an estimate of the 
association constant, if not too high. Repeating the ITC experiment at several temperatures yields D C   p  , 
the change in heat capacity, an important quantity permitting extrapolation of enthalpies and entropies to 
temperatures outside the experimental range. Binding constants, i.e. Gibbs energies, are best obtained by 
optical methods such as fluorescence at temperatures where the components are maximally folded. Since 
DNA-binding domains are often partially unfolded at physiological temperatures, the ITC-observed 
enthalpy of binding may need to be corrected for the negative contribution from protein refolding. This 
correction is obtained by differential scanning calorimetric melting of the free DNA-binding domain. 
Corrected enthalpies are finally combined with accurate Gibbs energies to yield the entropy factor ( T  D S ) 
at various temperatures. Gibbs energies can be separated into electrostatic and non-electrostatic contri-
butions from the ionic strength dependence of the binding constant.  

    Key words:   Thermodynamics ,  Calorimetry ,  Protein/DNA complex ,  HMG box ,  AT-hook.    

 The many detailed, though static, structures of protein–nucleic acid 
complexes have revealed the underlying structural determinants of 
the binding process: a high interface complementarity and a pre-
cise orientation of interacting groups. However, another impor-
tant question is  what drives  the molecules to interact with each 
other. To answer this question we have to rationalize a structure 
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energetically, and this requires a deconvolution of the relatively 
large negative value of the free energy of association (D G ) into its 
enthalpic (D H ) and entropic (D S ) contributions. Only then can 
one appreciate the true nature of the forces that drive the interac-
tion of protein and nucleic acid. 

 Proteins and nucleic acids typically behave co-operatively and 
often undergo structural rearrangements on association. These 
changes range from subtle adjustments of dihedral angles to rear-
rangements in the orientation of domains and even the refold-
ing of entire binding domains. Many DNA-binding domains are 
either very flexible, or partly unstructured or even fully unfolded 
in the free protein and become folded only when bound to the 
specific DNA target site  (1) . The DNA itself sometimes under-
goes large structural deformation upon complex formation, 
e.g. bending  (2–  6) . In energetic terms, the view that binding 
specificity is simply the accumulation of specific favourable inter-
actions between rigid binding partners is frequently not the case 
and conformational changes in the two components, as well as 
solvent exclusion and rearrangement in the binding site play 
an important role. There is thus a complicated energetic pro-
file involving changes in D G , D H , and D S  on going from the free 
components to the final complex. 

 This chapter focuses on the practical aspects of measuring 
the equilibrium energetics of associating DNA-binding domains 
(DBDs) with short DNA duplexes. As examples we will largely 
consider the HMG boxes from the sequence-specific (SS) pro-
tein hLEF-1 and the non-sequence-specific (NSS) HMG-D from 
Drosophila, in order to illustrate the importance of structural 
changes that accompany complex formation and the relative roles 
played by electrostatic and non-electrostatic forces in the bind-
ing process  (7,   8) . HMG boxes contain three  a -helices arranged 
into an L-shaped fold. NMR-derived structures of the HMG box 
of human LEF-1 complexed to 15-bp DNA  (5)  show that the 
domain binds into a widened minor DNA groove, generating 
a large bend with considerable base unstacking, together with 
the partial intercalation of a single sidechain from the protein. 
A crystal structure of a minimal domain of HMG-D in complex 
with DNA  (6)  reveals a very similar folded complex but with  two  
partial sidechain intercalations from the protein into the DNA. 

 Since the structures of the interacting components, in particular 
the free proteins, depend significantly on temperature  (7,   8)  the 
temperature dependence of the enthalpy of binding, as meas-
ured by isothermal titration calorimetry (ITC), can no longer be 
simply interpreted as being solely due to a unique heat capacity 
increment, D C   p  . The combined use of ITC with differential scan-
ning calorimetry (DSC) is necessary for studying the energetics 
of protein–nucleic acid complexes, since the DSC data are essen-
tial for correcting the data obtained by ITC. 
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 To characterize the thermodynamics of a binding reaction, it is 
necessary to determine the association Gibbs free energy, D G , and 
its enthalpic and entropic components, D H  and D S , at a given 
reference temperature. The heat capacity increment on binding, 
D C   p  , is a fundamental thermodynamic quantity which reflects 
the nature of forces involved in the association process (polar, 
non-polar) and contains information about the conformational 
changes in the free components on association  (9,   10) . Further-
more, D C   p   is required to predict the change of these three quanti-
ties with temperature, according to the general thermodynamic 
relationships, thereby allowing values to be obtained at experi-
mentally inaccessible temperatures. 

 For a simple 1:1 interaction of protein P with DNA, D: 
  P D PD+ ⇔    the energetics of equilibrium binding can be 
described by the well-known relationship:  

     A Aln ,G RT K H T SΔ = − = Δ − Δ     (1)

 where D G  A  is the free energy of binding,  K  A  is the association 
constant, D H  is the enthalpy change (heat), and D S  is the entropy 
change on binding. The Gibbs energy of binding is calculated 
from the association constant, which is best obtained by opti-
cal methods, e.g. fluorescence spectroscopy ( see  later and Chap-
ter “Fluorescence Spectroscopy and Anisotropy in the Analysis 
of DNA–Protein Interactions”). The enthalpy is obtained from 
ITC, after correction for refolding of the components on form-
ing the complex. The entropy is then calculated by difference. 

 Measurement of the ionic strength dependence of the asso-
ciation constant enables the separation of  K  A  (i.e. D G  A ) into its 
electrostatic and non-electrostatic components. On association 
of protein with DNA, the formation of ion pairs between cati-
onic residues in the protein and the DNA polyanion results in 
the release of counterions, the mixing of which with the ions in 
the bulk solution produces significant entropy increase  (11) . At 
relatively low salt concentrations in aqueous solution this entropy 
effect is simply proportional to the number of released counteri-
ons  (12) . Correspondingly, the logarithm of the association con-
stant of protein with DNA can be presented in just two terms:  

     = − ×A A nellog( ) log( ) log[KCl].K K N     (2)

 The first term on the right-hand side of  Eq. 2    results from the 
nonelectrostatic (nel) interactions between the DNA and protein, 
and the second term results from the electrostatic effects associ-
ated with the release of counterions. The slope of this function,  N  
is equal to  (Z Y  +  b ) , where  Z  is the number of DNA phosphates 
interacting with the protein,   Y   is the number of cations per phos-
phate released upon protein association, and   b   is the number of 
anions displaced from the protein on DNA binding. For short 

1.1. The Energetics 
of Biomolecular 
Interactions
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DNA duplexes   Y   has been empirically determined as 0.64  (13)  
and the product  Z Y   is much greater than   b  . The number of ionic 
contacts made on forming a complex can thus be determined 
from the value of the slope of the linear relationship of log( K  A ) 
with log[KCl]. It should be noted that counterions are released 
mostly from the DNA since the low charge density on protein 
surfaces does not attract a tight coat of counterions  (14) . 

 Modern mixing micro-calorimeters allow precise measurements 
of the enthalpy of binding, D H  app  between 2 and 80°C. The 
basic principle is that one binding partner (e.g. the protein, P) 
is titrated at a constant temperature into a known amount of the 
other binding partner (DNA, D) placed in the sample cell of the 
calorimeter. Heat is produced or released when binding occurs. 
The instrument measures the electrical power (in units of J/s or 
Watts) required to maintain zero temperature difference between 
the sample cell and the reference cell, the latter filled with buffer. 
The contents of the sample cell are stirred to allow rapid mixing 
and effective heat transfer over the surface of the cell. 

 If  K  A  is high and the degree of saturation is still low, electrical 
power peaks of similar magnitude appear in the thermogram sub-
sequent to each injection,  i . Integration of a peak with respect to 
time yields the apparent heat change, D q   i   ,app . As the fractional satu-
ration increases, D q   i   ,app  gradually decreases and eventually all bind-
ing sites become saturated ( see   Fig. 1   ). Small non-specific heat 
effects, D q   i   ,ns  observed after complete saturation may be caused by 
the heat of protein dilution, by an imperfect match between the 
buffer composition of the protein solution and the DNA solu-
tion, or by other non-specific effects. To eliminate these factors, 
a separate titration of protein into buffer is carried out and the 
observed heat, D q   i   ,ns  subtracted from the titration with DNA in 
the cell ( see   Subheading 3.2   ). D q   i   ,app  is proportional to the known 
volume of the calorimetric cell,  V  cell , to the change in concentra-
tion of the bound protein   ,bound ,bound 1,bound[P] [P] [P]i i i −Δ = −   , and 
to the apparent molar enthalpy of association D H  app . Thus D H  app  
at temperature  T  may be calculated from,   

     ,app ,ns ,bound cell app[P] .i i i iq q q V HΔ = Δ + Δ = Δ Δ
    

(3)

 As in other binding experiments, the dissociation constant, 
 K  D (=1/ K  A ), can only be reliably measured in titrations covering a 
fairly narrow concentration range. If the concentration of binding 
sites is much larger than  K  D , the binding isotherm is of rectangular 
shape with a sharp step at saturation. In the case of the binding-site 
concentration being much smaller than  K  D , the binding isotherm 
is very shallow and is of limited use for calculating the dissociation 
constant and the enthalpy. In practice, values of the ratio of the 
binding-site concentration to  K  D  between 10 and 100 represent 

1.2. The ITC 
Experiment
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the optimal window to obtain precise values of the dissociation 
constant. This is the case for the binding of the AT-hook peptide 
to DNA AT , as measured at two temperatures ( Fig.  1  ): the DNA 
concentration is 400  m M and the calculated  K  D  values are ~10  m M, 
i.e. the ratio is about 40. Unfortunately, this window is not always 
accessible to ITC. For very low  K  D  values (tight binding), the 
optimal concentrations are so low that the released heat is below 
the sensitivity of the instrument, the specific enthalpy of biomo-
lecular interactions not being very large. This effectively limits 
the measurement of  K  D  using ITC to values above about 10 −7  
M (D G  approx. −40 kJ/mol at 25°C). Alternatively, if  K  D  is high 
(weak binding), then very high concentrations are required and 
the heat of binding may be obscured by aggregation effects. 

 Two types of ITC measurement are typically made. If the 
binding is relatively weak, a full titration at a DNA concentration 
10–100 times the estimated value for  K  D  is carried out to obtain 
 n ,  K  A , and D H  app  with the injection of up to a 2–4 M excess of 
protein. If the binding is tight, then just a direct measurement of 
D H  app  is carried out at DNA concentrations much greater than 
 K  D  and with the total number of moles of added protein being 
less than the number of moles of binding sites available, to ensure 
that virtually all protein becomes bound to the DNA. Each 

  Fig. 1 .   ( a–b ) ITC titration of the 17-residue AT-hook peptide DBD2 into a 12-bp target DNA (400  m M DNA AT ) in 100 mM 
KCl, 10 mM phosphate buffer (pH 6.0), at two temperatures showing that binding occurs with heat effects of opposite 
sign. The  insets  give the actual calorimetric traces. The enthalpies of association, D H  app , were derived by integration of 
each peak in the titration. The  curves  drawn through the data points correspond to 1:1 stoichiometry fits with binding 
constants of about 10  m M at both temperatures. ( c ) Plot of the temperature dependence of the binding enthalpy: the 
 slope  represents the change in heat capacity on binding DBD2 to the DNA.       
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injection of protein, D[P]  i   ,total  then produces an approximately 
equal change in heat, D q   i   ,app . If the overall fractional saturation is 
still low after completion of a series of injections, then the average 
may be taken and  Eq. 3    becomes  
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 where  m  is the number of injections. If low amounts of protein 
are injected, aggregation effects and non-specific binding are also 
minimized. 

 In general D C   p   ,app  the apparent heat capacity change of asso-
ciation may be calculated from titrations at a number of tem-
peratures. Under ideal circumstances the plot of the apparent 
enthalpy D H  app  versus temperature will be linear with a slope, 
   /pC H TΔ = Δ Δ   , but all too often this is not the case. 

 In a DSC experiment, the heat capacity of a macromolecule is 
measured as a function of temperature. A sample cell containing 
the macromolecule(s) of interest in buffer and a reference cell 
containing buffer are electrically heated at a known constant rate. 
At a temperature-induced transition (typically endothermic), the 
temperature of the sample cell will lag behind that of the refer-
ence cell. An electrical feedback mechanism is used to maintain 
the reference cell at the same temperature as the sample cell. This 
amount of compensatory electrical power (in units of J/s) at tem-
perature  T  divided by the heating rate is the apparent difference 
in heat capacity between the cell containing the sample and the 
reference cell, D C   p   ,app ( T ) (in units of J/K). Because the sample 
cell contains a smaller volume fraction of buffer as compared to 
that in the reference cell, the partial molar heat capacity of the 
dissolved macromolecule  C   p   ,    f   ( T ) at temperature  T  (with units of 
J/mol/K) is given by  
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C T
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Δ
= −

    
(5)

 where  C   p   ,buffer ( T ) and  V  buffer  are the partial molar heat capacity and 
molar volume of buffer, respectively.   0Vf    and  M  are the partial 
molar volume and the molar mass of the macromolecule, respec-
tively, and  m  is the mass of macromolecule in the sample cell. 

 The excess molar heat capacity function is the heat absorbed 
in the melting transition above that of the intrinsic heat capacity of 
the macromolecule. Integration of the excess molar heat capacity 
function with respect to temperature yields the enthalpy of the 
melting transition:  

1.3. The DSC 
Experiment
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(6)

 The intrinsic heat capacity of the initial (folded) and final 
(unfolded) states of the macromolecule must be estimated within 
the melting transition. For monomeric proteins, the heat capac-
ity of the folded state is an approximate linear function of tem-
perature  (15,   16)  whilst the unfolded state is a shallow parabolic 
function of temperature  (15) . 

 The relationship of the partial molar heat capacity to the excess 
molar heat capacity functions is schematically shown in  Fig. 2   .  

  Fig. 2 .   ( a ) Schematic representation of the partial molar heat capacity function as would 
be observed for the melting of a single domain monomeric protein. Over the transition 
region the intrinsic heat capacity function is an interpolation of the folded and unfolded 
states, weighted in proportion to their relative contributions ( dashed line ). ( b ) replots the 
 Cþ      / T  function above that of the intrinsic heat capacity of the system. This is known as 
the excess molar heat capacity function       .
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 Differential scanning calorimetric experiments were usually car-
ried out on a Nano-DSCIII calorimeter (Calorimetry Sciences 
Corp./TA Instruments). The instrument’s performance and data 
acquisition are detailed in refs.  17 – 19 . In brief, the instrument 
operates over the temperature range −20 to 130°C in both heat-
ing and cooling regimes. The sample and reference calorimetric 
cells are of approx. 330  m L volume, with a capillary design for 
effective heat transfer. Control of the calorimeter and scan acqui-
sition is achieved via the supplied DSC_Acquisition program run-
ning on a PC computer connected to the calorimeter. 

 It is important to note that the scanning calorimeter must 
not only be precise as regards its absolute determination of  C   p   
in both the heating and the cooling modes but must also have a 
very stable and reproducible baseline. High stability is achieved 
only by continuous temperature cycling of the instrument, and 
this means changing samples at around room temperature with-
out stopping the cycling mode. 

 Isothermal titration calorimetry was performed on a Nano-
ITCIII titration calorimeter (Calorimetry Sciences Corp./TA 
Instruments) which can operate between 2 and 80°C. The cells 
are of cylindrical design having approx. 1 mL volume and incor-
porate a stirrer that can be set to a precise speed. Control of 
the calorimeter and scan acquisition is achieved via the supplied 
ITC_Run software. Peak integration, baseline subtraction, and 
curve fitting were performed with the software, BindWorks and 
Origin. Technical details on the construction of mixing micro-
calorimeters, their performance and sensitivity, and on the theory 
of data analysis have been described elsewhere  (20–  23) . 

    1.    For calorimetric experiments it is important to ensure that the 
protein and DNA samples are homogeneous, because even a 
few percent of contaminating species might cause significant 
heat effects. Homogeneity of the samples is most reliably veri-
fied by mass spectrometry.  

   2.    Concentrations must be precisely determined so as to obtain 
accurate thermodynamic quantities ( see   Subheading 3.6   ). 
The preparation of equimolar mixtures (of complementary 
oligonucleotides or HMG box/DNA complexes) can then 
be made precisely, without further purification. Dilutions are 
made by weight on a precision balance.  

   3.    The DSC and ITC experiments normally used a standard 
buffer of 100 mM KCl, 10 mM potassium phosphate (pH 
6.0), 1 mM EDTA ( see   Note 1   ). All buffer solutions were pre-

2. Materials

2.1. Calorimeters

2.2. Reagents 
and Solutions

2.2.1. Calorimetry
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pared from the highest-quality reagents and ultrapure water. 
For ITC experiments the solutions were filtered through a 
0.45- m m membrane and thoroughly degassed prior to use.     

    1.    The 14–16-bp DNA duplexes used here are specific for the 
binding of human LEF-1 (DNA Lef ) which contains the cog-
nate-binding site TTCAAA, mouse Sox-5 (DNA Sox ) con-
taining the binding site AACAAT, human SRY (DNA Sry ) 
containing the binding site CACAAA and a non-specific 
16-bp DNA duplex (DNA NS ) containing ATAT at its centre 
 (8) . For the AT-hook domain 2 from human HMGA1 a 
12-bp DNA duplex (DNA AT ) containing AAATT at its cen-
tre was used.  

   2.    DNA oligonucleotides were synthesised using phosphorami-
dite chemistry and purified on a Mono Q HR16/10 column 
fitted to a Pharmacia FPLC system, eluting with a linear 0.1–
1.0 M NaCl gradient in 10 mM Tris–HCl, 1 mM EDTA, 20% 
(v/v) acetonitrile (pH 7.0). Oligonucleotide fractions were 
precipitated with 3 volumes of ethanol at −20°C overnight, 
redissolved in water, and then extensively dialysed using Spec-
trapor tubing (molecular-weight cut-off: 1,000 Da) against 
three changes of 1 L of standard buffer at 4°C.  

   3.    DNA duplexes were prepared by mixing equimolar amounts 
of the complementary oligonucleotides in standard buffer and 
annealed by heating to 95°C in a water bath followed by slow 
cooling to 4°C over a period of approx. 4 h. DNA duplexes 
were then extensively dialysed using 3,000 Da molecular-
weight cut-off tubing against three changes of 1 L standard 
buffer at 4°C.  

   4.    The sequence of human LEF-1 encoding amino acids 285–
384, with cysteine 321 mutated to serine (LEF86), was 
expressed using a pET vector, in  E. coli  BL21 (DE3)-RIL cells. 
The insoluble protein was purified essentially as described in 
 (24)  and followed by reverse-phase HPLC. A shortened ver-
sion of LEF-1 encoding amino acids 298–374, with cysteine 
321 mutated to serine, LEF79, was expressed as a soluble 
fusion protein in pGEX-2T, using  E. coli  BL21 (DE3) plysS 
cells. After affinity purification on glutathione-agarose and 
thrombin cleavage whilst still attached to the column  (7) , 
it was purified by reverse-phase HPLC.
   The DNA sequence encoding the entire drosophila HMG-D 

protein, HMG-D100, and a 25-residue C-terminal shortened 
version, HMG-D74, was expressed using a pET vector, in  E. coli  
BL21 (DE3) cells. Briefly, the soluble proteins were purified by 
ammonium sulphate fractionation, DEAE- and SP-ion exchange 
chromatography, and finally by reverse-phase HPLC  (7) .  

2.2.2. Preparation of HMG 
Box/DNA Complexes and 
Components
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  Dried purified proteins were dissolved in water and refolded 
by extensive dialysis against three changes of 1 L of standard 
buffer at 4°C. Electrospray mass spectrometry indicated that 
all the expressed proteins lacked an initiator methionine resi-
due.     
   5.    The HMG box/DNA complexes were prepared by mixing 

equal volumes of the components at equimolar concentration 
in standard buffer at 4°C. Protein was added in 10% aliquots, 
at 5-min intervals, to the DNA. The complex was then exten-
sively dialysed using 3,000-Da molecular-weight cut-off 
tubing against three changes of 1 L standard buffer at 4°C.     

    1.    100 mM Tris–HCl (pH 8.0).  
   2.    Snake venom phosphodiesterase I (PDE1, from  Crotalus 

durissus terrificus , Sigma).     

    1.    Prior to starting experiments ensure that the Nano-DSC 
calorimeter sample and reference cells are at room tempera-
ture, thoroughly cleaned, and thermally balanced.  

   2.    Fill both sample and reference cells with standard buffer 
(100 mM KCl, 10 mM potassium phosphate, 1 mM EDTA 
(pH 6.0)) at room temperature ( see   Note  2  ). It is most 
important that no air bubbles are present in the calorimeter 
cells. The presence of air bubbles will yield incorrect values 
for the partial molar heat capacity of the macromolecule, 
because the volume of solution in the sample and reference 
cells will not be identical (assumed in  Eq. 5   ). Furthermore, 
as heating proceeds the expansion of even the smallest of air 
bubbles will result in significant heat output (and vice versa 
on cooling).  

   3.    Seal the top of the chamber with the screw-threaded piston 
and let the calorimeter settle to thermal equilibrium. Apply 
approx. 3 atm. of over-pressure to the cells by screwing the 
piston down ( see   Note  3  ).  

   4.    Scan to obtain a buffer–buffer baseline. Initially, a number of 
scans are recorded in order to produce a number of reproduc-
ible baselines (to within 0.1  m W, in the linear region). A com-
plete cycle of heating and cooling at a rate of 1 K/min actually 
takes about 4 h. because at the end of each heating or cooling 
scan, there is a period of thermal equilibration.  

   5.    Remove the buffer from the sample cell. This is most easily 
accomplished with a vacuum line attached to a water pump.  

2.2.3. DNA Concentrations

3. Methods

3.1. Differential 
Scanning Calorimetry
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   6.    Slowly and carefully apply a 1.0 mL volume of dialysed sample 
to the cell, using the method outlined in  Note 2   . The excess 
sample is put to good use: firstly to determine sample concen-
tration and secondly, it is diluted (using the final dialysate) for 
subsequent calorimetric runs at lower concentrations. Again 
apply an overpressure of approx. 3 atm. to the cells.  

   7.    Perform one heating and cooling scan to obtain the denatura-
tion and renaturation curves of the sample buffer. Usually sam-
ples were heated from 0 to 80°C and then cooled to −8°C, 
both at a rate of 1 K/min. The heat effects of unfolding and 
refolding should appear as mirror images, slightly shifted in 
temperature due to the slower kinetics of refolding. Reproduc-
ibility demonstrates that the heat-induced unfolding/refolding 
is reversible. However, this is not always the case ( see   Note 4   ).  

   8.    Remove the sample from the cell. Thoroughly wash out the 
cell with buffer and then perform another scan of buffer. 
A heat-absorption peak may be observable if the previous 
sample is not completely removed ( see   Note 5   ).     

 The subtraction of buffer scans to obtain an accurate baseline, the 
conversion to partial molar heat capacities, and the deconvolution 
of the excess molar heat capacity function into separate transitions 
were all performed using the CPCalc program. CPCalc provides 
a simple interactive mechanism, based on Data Exchange Ports, 
for the parsing of data from one step to another.
   1.    The functions of differential power and temperature versus 

time are extracted from the DSC data acquisition files. Each 
file may contain more than one scan, but further analysis is on 
a one-scan basis.  

   2.    A matching buffer–buffer scan is subtracted from a sample-
buffer scan. Both must be from a heating (or cooling) scan. 
Since the absolute values of the molar heat capacities depend 
on good baseline subtraction and the buffer–buffer scans vary 
to a small extent, it is important that a number of subtractions 
are tried using different scans from the acquisition file.  

   3.    The subtracted compensatory power curve is converted to the 
partial molar heat capacity function by use of  Eq. 5   . Accurate 
values for the concentration ( Subheading 3.6   ), molecular 
mass, and partial specific volume of the macromolecule are 
required ( see   Note  6  ).  

   4.    Appropriate functions for the intrinsic heat capacity of the 
folded and unfolded states ( see   refs.  15 ,  16 ,  19  ) may then 
be introduced onto the observed partial molar heat capacity 
function to generate the ‘background’ heat capacity function 
( Fig. 2a   ). The excess heat capacity function above this 
‘background’ then yields the calorimetric D H , the melting 
temperature, and D S  at this temperature ( Fig. 2b   ).  

3.1.1. DSC Data Analysis
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   5.    If the melting profile of the sample is complex and contains 
several overlapping transitions, their individual energetic 
parameters can be obtained by deconvolution of the molar 
heat capacity function as shown in  Fig. 3a   .      

  Fig. 3 .   ( a ) Deconvolution of the partial molar heat capacity function for free LEF86, 
determined over the temperature range from −10°C (i.e. a super-cooled solution) to 
75°C ( solid line ). Three transitions are observed ( dashed lines ) and their sum is shown 
as a  dotted line . The baseline represents the partial molar heat capacity of the fully 
folded protein BPTI, corrected to the molecular weight of LEF86, together with an added 
contribution from the seven residues of the unfolded C-tail of LEF86. The vertical line at 
30°C defines the wedge-shaped area that corresponds to the total heat absorbed from 
the start of melting (at −10°C) up to 30°C. This heat is the correction to be added to the 
ITC-observed heat of binding at 30°C ( see  Fig.  4 ). ( b ) Partial molar heat capacity func-
tions of free LEF86 (  C p

 LEF86  ), the free DNA duplex (  Cp
DNA  ), and the LEF86/DNA complex 

(  Cp
complex  ). The  dotted-dashed line  shows the summed heat capacities of free DNA and 

protein (  Cp
LEF86 + Cp

DNA  )       .
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 Figure  3a    shows the partial molar heat capacity function of the 
free LEF86 DBD, together with a baseline representing the  C   p  / T  
function of a ‘standard fully folded protein’, BPTI, the function 
is corrected for the difference in molecular weight between BPTI 
and LEF86. It can be seen that even at −8°C there is still a small 
residual unfolded component in LEF86: this largely represents 
the unstructured C-terminal tail that constitutes 9% of the total 
residues. The complete melting profile of LEF86 can be decon-
voluted into the cooperative melting of three components and 
whilst their interpretation in terms of sub-domain structure is 
still unclear, a high degree of structural disorder in the LEF-1 
HMG box at room temperature has been amply demonstrated 
by NMR  (24) . 

 Before a series of experiments, the calorimeter was calibrated either 
by applying electrically generated heat pulses or by standardised 
chemical reactions (e.g. the protonation of tris[hydroxymethyl] 
aminomethane or the binding of Ba 2+  to 18-crown-6 ether  (25) ). 
It is recommended to install the calorimeter in an air-conditioned 
room and to equilibrate it at a set temperature overnight since 
this substantially improves baseline stability. The speed of the 
stirring paddle both equilibration and experiment was usually 
200 rpm    ( see   Note 7   ).
   1.    Sample and reference cells are first rinsed with dialysis buffer. 

The reference cell is then filled with buffer and the sample 
cell filled with the DNA solution. The system is heated to 
the working temperature and equilibrated until the differen-
tial power signal levels off. The injection syringe containing 
protein is inserted into the sample cell, stirring is initiated, and 
the baseline is established over a period of 1–2 h. Typically, a 
baseline drift (differential power signal drift) of ~40 nW/h 
and an rms noise of ~4 nW indicates complete thermal equili-
bration of the system under stirring ( see   Note 8   ).  

   2.    The experiment is started with a small injection of 1–2  m L. 
The reason for this is that during the long equilibration 
period, diffusion through the injection port of the syringe 
occurs, thus causing a change in protein concentration near 
the syringe needle tip. The proper injection schedule is then 
executed. To measure the enthalpy of LEF86 binding to 
DNA, a further nineteen injections each of 10  m L and of ~10 s 
duration were performed, with a 2.5 min interval between 
injections ( see   Note 9   ). A typical thermogram is depicted in 
 Fig.  4a  .  

   3.    After completion of the experiment the cells are thoroughly 
cleaned. Cleaning of the calorimetric cells and filling syringes 
follows a standard laboratory protocol ( see   Note 10   ).  

3.2. Isothermal 
Titration Calorimetry
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   4.    The cells may then be filled with buffer and  step 2  repeated. 
Injections of protein into buffer yields the heat associated with 
protein dilution and other non-specific effects. Because the 
heats obtained in  steps 2  and  4  are directly subtracted in the 
data analysis, it is crucial that  (1)  the blank titration is per-
formed at exactly the same temperature as the main experi-
ment,  (2)  the same protein solution and dialysis buffer are 
used, and  (3)  an identical injection scheme is executed.  

   5.    The titrations are performed at a number of temperatures to 
collect data on the temperature dependence of the binding 
enthalpy,  see   Fig. 4b   .      

 If a complete binding isotherm has been recorded over an optimal 
concentration range (as in the AT-hook case,  see   Fig.  1  ), the data 
can be subjected to a nonlinear least-squares analysis to obtain a 
full set of parameters (D H  app ,  K  A  and  n ) according to  Eq. 3   . In 
the case of LEF86 binding to DNA ( Fig.  4a  ), the experiments 
were designed to measure only the enthalpy and thereby the heat 
capacity change. Thus integration of the differential power peaks 
( see   Note 11   ) collected as in  step 2  of  Subheading  3.2   yielded 
D q   i   ,app  and the non-specific heats D q   i   ,ns  are obtained by integration 
of the peaks collected as in  step 4  of  Subheading 3.2   . Under 

3.2.1. ITC Data Analysis

  Fig. 4 .   ( a ) ITC titration of LEF86 into a 15-bp target duplex DNA Lef  at 10  m M in 100 mM KCl, 10 mM phosphate buffer (pH 
6.0) at 25°C. The  inset  gives the actual calorimetric trace. The enthalpy of association, D H  app , was derived by integra-
tion of each peak in the titration. The  curve  drawn through the data points corresponds to a 1:1 stoichiometry fit with a 
binding constant of ~0.1 nM. ( b ) The ITC-measured enthalpies of binding LEF86 to DNA Lef  plotted as a function of tem-
perature. The observed binding enthalpies (D H  observed ) were then corrected for protein refolding (D H  corrected ) using fractional 
proportions of the  C   p  / T  function ( see  Fig.  3 ). The slope of the D H  corrected / T  function represents the heat capacity change, 
D C   p  , on binding fully folded protein to the DNA       .
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conditions of total association, D[P]  i   ,bound  equals D[P]  i   ,total  and is 
simply calculated from the known concentration of protein in the 
injection syringe, the volume of each injection and the volume of 
the cell,  V  cell . The enthalpy of association, D H  app  at temperature  T  
may then be calculated from  Eq.  4 .  The procedure is repeated at 
several temperatures. 

 The experimentally observed enthalpies (D H  app ) can then be 
plotted against temperature, as illustrated for LEF86 binding to 
DNA ( Fig. 4b   ). It can be seen that the temperature dependence 
of the binding enthalpy is very non-linear. Although its negative 
slope is a sign that substantial dehydration of apolar surface occurs 
on forming the complex, the strong curvature suggests that D C   p   is 
very temperature dependent over a narrow range. The curvature 
is in fact due to the components, in particular the protein, refold-
ing on forming the complex, with consequent heat release: this is 
an extra negative contribution to the observed binding enthalpy. 
Since the degree to which the protein is unfolded increases as the 
temperature of the ITC experiment rises, this negative contri-
bution to D H  increases with temperature and the D H / T  plot is 
consequently non-linear. 

 Correction of the observed enthalpy of binding for the negative 
contribution of protein unfolding can be achieved if an accurate 
determination is made of the thermal unfolding of the DBD using 
DSC ( Subheading 3.1   ). For an ITC experiment carried out at 
30°C, the heat of refolding of LEF86 is given by the wedge-
shaped area under the  C    p  / T  function, as obtained by DSC, from 
30°C down to approx. −10°C, the temperature in which LEF86 
is fully folded ( see   Fig. 3a   ). At approx. −10°C the  C    p  / T  func-
tion of LEF86 coincides with the  C    p  / T  function of BPTI, the 
‘standard fully folded protein’. For each of the temperatures used 
in the ITC measurements the heats of refolding are obtained by 
calculating the area under the  C    p  / T  function (from DSC), and 
this is then a positive correction to the ITC-measured enthalpies 
of association to yield corrected heats ( see   Fig.  4b  ). At 30°C 
the heat of refolding is +90 kJ/mol. Since the total enthalpy of 
LEF86 unfolding is 265 kJ/mol (from DSC), the domain could 
be said to be 34% unfolded at this temperature. 

 Is there any unfolding of the DNA or even of the complex at 
the temperatures used for ITC, for which correction also needs 
to be made? NMR studies of short duplexes show that the two 
terminal base pairs are very mobile, but this flexibility does not 
extend to the penultimate base pairs. The duplexes used for the 
formation of complexes with DBDs are usually slightly longer 
than the contact length of the protein (to ensure that no con-
tacts are omitted), so the terminal base pairs are not constrained 
in the complex, i.e. there is no change in their state on complex 
formation. No positive correction for DNA refolding is normally 

3.3. Correction of ITC-
Derived Enthalpies 
for Partially Unfolded 
Components
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needed therefore. In regard to the complex, for ITC measure-
ments made at temperatures as high as 35–40°C there could be 
some temperature-induced unfolding of the complex: a negative 
correction would then need to be made. This correction can be 
determined by calculating the area under the  C    p   / T  function of 
the complex, obtained from DSC, as described earlier for the free 
protein. 

 A simpler approach in which all three possible corrections 
are made simultaneously is illustrated for LEF86,  see   Fig. 3b   . At 
the lowest temperatures, where all three elements (free protein, 
free DNA, and complex) are virtually fully folded the observed 
 C   p   / T  function of the complex is slightly less than the summed 
heat capacities of free protein and DNA, meaning that formation 
of fully folded complex from fully folded components is accom-
panied by a small reduction in heat capacity (i.e. a negative D C   p   
– as measured with much greater precision from the corrected 
ITC data). At temperatures of ~35°C and below (a typical ITC 
temperature range), there is an increasing interval between the 
observed and the ‘summed’  C   p   / T  functions for the complex: this 
wedge-shaped area (from the lowest temperature up to the tem-
perature of an ITC measurement) represents the net enthalpy of 
changes in all three elements on forming the complex and is the 
correction to be applied to the ITC-observed enthalpy. In prac-
tice, this correction comes almost entirely from protein refolding 
and can usually be taken from the  C   p   / T  function of the protein 
alone (e.g.  Fig.  3a   for LEF86). When this (substantial) correc-
tion is made, the D H / T  function is no longer curved ( see   Fig. 4b    
for LEF86), implying that D C   p   is largely temperature independ-
ent over this narrow temperature interval. For LEF86, a value 
of D C   p   = −1.2 kJ/mol/K is obtained and not ~−4 kJ/mol/K as 
appears from the uncorrected data. 

 The Gibbs free energy of binding is calculated from the asso-
ciation constant, which is best obtained by optical methods, e.g. 
fluorescence spectroscopy. The change in fluorescence anisotropy 
on titration of LEF86 into a 16-bp FAM-labelled DNA Lef  duplex 
yielded a binding isotherm fitting a 1:1 interaction having  K  D  
~0.1 nM ( Fig. 5a   ). This DBD consists of a folded domain and a 
C-terminal extension of eight residues, seven of which are basic 
(K or R). The binding of a truncated form lacking the C-tail 
(LEF79) shows that removal of the very basic C-tail raises  K  D  to 
~200 nM.  

 The ionic strength dependence of the association constant is 
instructive in this example ( see   Fig. 5b   ). The experiment is most 
simply carried out by gradually increasing the salt concentration 
of a single solution: knowing the value of the anisotropy at satura-
tion and for free DNA, measured at the same salt concentration, 
interpolation gives the fraction bound and hence the  K  D  value at 

3.4. Obtaining 
Electrostatic and 
Non-electrostatic 
Free Energies
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each ionic strength. For maximum accuracy however, it is best to 
obtain complete binding isotherms at several ionic strengths to 
check the reliability of the ‘single solution’ approach. In 1 M KCl 
both the LEF86 and LEF79 domains have the same association 
constant (log( K  A ) nel  = 3.3), which represents the non-electrostatic 

  Fig. 5 .   ( a ) Change in fluorescence anisotropy upon titration of LEF86 into a 16-bp FAM-labelled duplex DNA Lef  at 20°C in 
100 mM KCl, 10 mM phosphate buffer (pH 6.0). Since the DNA concentration was 50 nM and  K  D  is ~0.1 nM for LEF86, 
this binding curve cannot be used to derive  K  D , but it does demonstrate the 1:1 stoichiometry. Removal of the very basic 
C-tail lowers  K  D  to ~200 nM, so the binding isotherm for LEF79 under the same conditions exhibits substantial curvature 
and fitting to a 1:1 binding model allows an accurate determination of its  K  D . ( b ) Dependence of the log values of the 
association constants of LEF86 and LEF79 with DNA Lef  on the log value of the KCl concentration ( K  D  values obtained by 
measuring the FRET effect from doubly labelled DNA). ( c ) and ( d ) The separated electrostatic and non-electrostatic com-
ponents of the total Gibbs free energy of binding LEF86 and HMG-D100 with DNAs of various sequences in the standard 
buffer at 25°C, derived by extrapolating the binding constant to 1 M KCl so as to obtain D G  nel . The  numbers  above the 
bars indicate the induced DNA bend angles, as measured by FRET, also in the standard buffer at 25°C       .
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contribution to binding of the folded domain and is the basis of 
its sequence specificity. It follows that interaction of the C-tail 
with the target duplex is entirely electrostatic. In the standard 
buffer (containing 100 mM KCl, i.e. log[KCl] = −1), log( K  A ) for 
the intact LEF86 is 10.2 and for the truncated construct lacking 
the basic C-tail it is 6.7, i.e. the tail contributes more than three 
orders of magnitude to  K  A  under these conditions. However, in 
the absence of  all  ionic contacts log( K  A ) has dropped to 3.3, and 
this makes it clear that the globular domain (of 78 residues) also 
makes a substantial number of ionic contacts with the DNA. In 
fact, the change in log( K  A ) on removing the tail under standard 
conditions (10.2−6.7 = 3.5) is almost the same as the change on 
losing all the ionic contacts from the globular domain (6.7−3.3 = 
3.4), so the tail and the globular domain make the same number 
of ionic contacts with the DNA. The slopes  N  in  Fig. 5b    (i.e. 
 Z Y  , assuming   b   =0) lead to the conclusion that both domains of 
LEF86 make about five ionic contacts with the DNA, a conclu-
sion well corroborated by the NMR structure of the globular 
domain, although for the C-tail this value cannot be verified due 
to its extreme mobility. 

 Knowledge of ( K  A ) nel  yields D G  nel , so that if we obtain D G  total  from 
the binding curve determined under the standard conditions, we 
derive the electrostatic contribution to the Gibbs energy of bind-
ing as   el total nelG G GΔ = Δ − Δ   . The electrostatic contribution is in 
fact entirely entropic (as demonstrated by the observation that 
binding enthalpies – as determined by ITC – are  independent  of 
the salt concentration, see later), and the entropy increase comes 
from the release of bound cations from the DNA phosphates into 
the bulk solution. Since the protein component of the complex 
is also highly charged, one might ask whether release of counte-
rions (of either sign) from its surface also gives an entropy con-
tribution. Generally, it appears that protein counterions are not 
so tightly bound as to result in a significant mixing entropy when 
released. However, tightly coordinated anions could play a role 
with basic DBDs, as seen in a recent example of homeodomain 
binding to DNA  (26) . When KCl was substituted by NaCl, there 
was no change in the affinity but substitution by KF led to a rise 
in the affinity, i.e. the nature of the anion was important, though 
change of the monovalent cation – which exchanges with the 
DNA phosphates – was not. This suggests that chloride ion(s) 
are tightly bound to some of the basic residues on the homeo-
domain surface that participates in interactions with DNA in the 
complex. 

 The insights that can be obtained from separating the elec-
trostatic and non-electrostatic contributions to the free energy 
of binding are well illustrated by comparing the SS LEF86 with 
the NSS HMG box from Drosophila HMG-D100.  Figure 5c, d    
gives a breakdown of their Gibbs energies of binding to several 
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DNA sequences under the standard buffer conditions. For both 
DBDs the electrostatic forces dominate and when the basic tails 
are removed, in both cases the electrostatic contribution drops to 
about one-half that for the full-length DBD  (8) , i.e. the tail and 
the globular domain of each DBD make equal numbers of DNA 
contacts. Comparing the two DBDs bound to DNA Lef , it is seen 
that the mix of electrostatic and non-electrostatic contributions 
is almost the same, as is the bend angle generated, so where does 
the difference between SS and NSS binding lie? When the target 
sequence is altered to DNA Sox  and DNA Sry , somewhat less favour-
able for binding of LEF86, the electrostatic contribution remains 
unchanged (i.e. all the phosphate contacts are maintained, as 
expected), but the non-electrostatic contribution drops, as does 
the bend angle (measured by FRET). Since the non-electrostatic 
contribution comes from van der Waals contacts and H-bonds 
between the protein and DNA, reduced complementarity at 
the interface would be expected to lower this contribution and 
lead to less bending: this is the manifestation of sequence spe-
cificity. For HMG-D100, not only is the electrostatic contribu-
tion independent of the target DNA sequence but so also is the 
non-electrostatic contribution and, by and large, the bend angle. 
The unchanged non-electrostatic contribution must mean that 
the van der Waals contacts and H-bonds at the interface are also 
unaffected by the DNA sequence: this is the manifestation of 
non-sequence specificity  (6) . 

 This can now be derived as follows:
   1.    When the salt concentration approaches 1 M ( Fig. 5b   ), the 

electrostatic term in  Eq. 2    becomes zero (since log[KCl] = 0) 
and the Gibbs energy of association then represents the 
non-electrostatic component, D G  nel . By subtracting this 
term from the overall Gibbs energy in the standard buffer, 
one can calculate the electrostatic term of the Gibbs energy: 
  el total nelG G GΔ = Δ − Δ   . 

2. The enthalpy D H  total  is obtained from the corrected ITC 
enthalpies. Since the enthalpy    of HMG box binding to DNA 
has been experimentally demonstrated to be independent of 
the salt concentration (e.g. SRY   (8)  ), it can be entirely assigned 
to the non-electrostatic component of the Gibbs energy.  

   3.    The non-electrostatic entropy factor can then be determined 
as   nel nel nelT S H GΔ = Δ − Δ   . Since the electrostatic compo-
nent of the Gibbs energy of association is entirely entropic 
in nature, the electrostatic component of the entropy factor, 
 T D S  el  equals − D G  el .  

   4.    We now have the total Gibbs free energy (D G  total ), the enthalpy 
D H , and the entropy factor  T D S , the values being under the 
standard buffer and temperature conditions. The enthalpy and 

3.5. A Full Energetic 
Profile for a Protein/
DNA Association
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entropy can be extrapolated to other temperatures using the 
corrected value of D C   p   (e.g. from  Fig. 4b   ), thereby yielding 
the Gibbs energies at other temperatures. It is typically found 
that the total Gibbs free energy (D G  total ) has only a small tem-
perature dependence.     

 Obtaining the full energetic profile of a DBD/DNA interaction 
can allow a detailed interpretation to be made of the forces driv-
ing the interaction. This is illustrated by comparing the LEF86 
DBD which binds to DNA Lef  sequence specifically, with that of 
the HMG-D100 DBD and its truncated form HMG-D74, both 
of which bind to DNA Lef  non-sequence specifically.  Figure  6   
shows that sequence-specific binding of the LEF86 DBD is actu-
ally opposed by a small positive enthalpy (+13 kJ/mol). LEF86 
binding is therefore driven by a substantial negative entropy 
factor,  T D S  (i.e. a large entropy increase). The Gibbs energy of 
binding HMG-D100 to DNA Lef  is almost as negative as that for 
LEF86 ( see   Fig.  6  ) but in this case binding is strongly opposed by 
a large positive enthalpy: correspondingly, binding is driven by an 
even larger negative entropy factor, principally non-electrostatic.  

 Since the structures of the two complexes are rather similar 
 (5,   6) , the question arises as to why they have such disparate ener-
getic signatures. In both cases, structures show that the highly 
ordered water in the AT-rich minor groove is totally excluded on 
binding protein, and this must result in a large positive enthalpy 
and a large negative non-electrostatic entropy factor, as seen for 
HMG-D100. However, for the sequence-specific LEF86/
DNA Lef  complex there is an  additional  negative enthalpy from 
the formation of multiple van der Waal’s contacts and H-bonds 
at the complementary interface, a contribution absent from the 
D-100 complex. The result is that the net enthalpy is much less 
positive in the case of the LEF86 complex than for HMG-D100. 
As regards the entropy factors, immobilization of groups at the 
interface of the LEF86 complex results in a reduction in the 
non-electrostatic contribution to  T D S , in contrast to the HMG-
D100 complex where there is little immobilization of groups at 
the interface due to lack of complementarity. When the C-tail 
is removed from HMG-D100 (to give HMG-D74) the Gibbs 
energy is only about 60% of the value for HMG-D100.  Figure 6    
shows that this is entirely due to a reduction in the electrostatic 
entropy factor. This is due to the loss of multiple ionic contacts 
in the C-tail. 

 The protein and DNA samples must be highly homogeneous and 
their concentrations accurately determined by UV-absorption 
spectroscopy. Firstly, this enables an accurate preparation of a DNA 
duplex from its complementary oligonucleotides and of the HMG 
box-DNA complex from protein and DNA duplex. In DSC, the 
accuracy with which the sample concentration can be determined 

3.6. Determination 
of Concentrations
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directly affects the molar heat capacity values obtained. In ITC, 
unlike other binding assays, errors in the concentration of protein 
are directly reflected in the values of D H  app  ( Eqs. 3     and   4 ). Thus, 
in both ITC and DSC, concentrations are determined after dialy-
sis. In the DSC experiments it is also possible that a small amount 
of buffer from a previous scan remains in the gold capillary cell. 
To eliminate this potential source of error, concentrations were 
determined using the excess sample that remains after filling the 
calorimeter cell. 

 For oligonucleotides and DNA duplexes, concentrations were 
determined from their UV absorption at 260 nm, after digestion 
to nucleotides with snake venom phosphodiesterase I (PDE1).
   1.    Accurately dilute the solution of DNA to about 1.0 mL with 

100 mM Tris–HCl (pH 8.0) so as to give an absorbance at 
260 nm of about 0.5 in a 1-cm path-length cell. To overcome 
any reliance on the presumed accuracy of the pipettes being 
used, the dilutions are performed on a precision balance.  

   2.    Record the UV-absorption spectrum of the diluted DNA 
solution, using as a reference a blank cell containing buffer. 
Note that for small oligonucleotides and DNA duplexes with 

3.6.1. DNA

  Fig. 6 .   Thermodynamic profiles of LEF86 (a sequence-specific binding HMG box), HMG-
D100 and HMG-D74 (non-sequence-specific binding HMG boxes) binding to DNA Lef , 
showing the Gibbs free energy, D G , and its contributions from the enthalpy, D H , and 
entropy factor, − T D S . The entropy factor is shown separated into its electrostatic (el) 
and non-electrostatic (nel) contributions       .
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a biased nucleotide composition, the absorption maximum is 
not necessarily at 260 nm. This is in fact an optional step, but 
the recording of UV spectra both before and after the addition 
of PDE1 indicates that digestion has occurred and enables a 
determination of the hypochromicity of the DNA solution.  

   3.    Remove the diluted DNA solution from the cell and place 
into a screw-capped 1.5-mL tube. Add either 0.008 units (for 
oligonucleotides) or 0.08 units (for DNA duplexes) of PDE1 
to the solution, mix well, and incubate at 37°C overnight. 
If necessary, a time course of the digestion may be followed 
(at room temperature) in the UV spectrophotometer by direct 
addition of PDE1 to the DNA solution in the quartz cell.  

   4.    Accurately record the UV-absorption spectrum of the DNA 
solution after PDE1 digestion, using as reference a cell contain-
ing buffer. The contribution to the absorbance at 260 nm aris-
ing from overlap of the PDE1 280-nm peak may be neglected.  

   5.    Optionally, calculate the percent hypochromicity, % H  from 
the equation  
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 where  A  b  and  A  a  are the absorbances at 260 nm before and 
after PDE1 digestion respectively, with dilution due to the addi-
tion of PDE1 taken into account. Values of % H  are approx. 20% 
for oligonucleotides and 35–40% for duplex DNA. Lower values 
indicate that digestion may not be complete, that the original 
DNA is degraded, or that there is a failure to form duplex DNA.  
   6.    Calculate the molar nucleotide concentration and thus the 

molar DNA concentration from the following equations:  
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 where  N  is the total number of nucleotides in the DNA; and 
 G ,  A ,  T , and  C  are the number of dG, dA, dT, and dC nucle-
otides, respectively. The extinction coefficients at 260 nm for the 
four nucleotides are from  ref. 27   .     

 LEF79 and LEF86 concentrations (in standard buffer) were 
determined from their UV absorption at 280 nm using an extinc-
tion coefficient of 17,780 M −1  cm −1 . This extinction coefficient is 
based on the addition of the extinction coefficients of tryptophan 
and tyrosine (of which there are 2 and 5 in LEF79 and LEF86, 
respectively). The concentration of HMG-D74 and HMG-D100 

3.6.2. Proteins
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was similarly determined using an extinction coefficient at 280 nm 
of 19,252 M −1 cm −1 . The accuracy of the concentration determi-
nation is within 5%. 

 The concentration of complex was determined from its UV absorb-
ance at 260 nm. At this wavelength the absorption is mainly due to 
the DNA, but there is a significant absorption from the protein that 
must be taken into account. There may also be additional hyper-
chomic effects since the DNA of the HMG box–DNA complex 
is highly bent with considerable base unstacking. The approach 
taken was therefore to measure the UV absorbance at 260 nm for 
a solution of DNA duplex and then again after the addition of an 
equimolar amount of protein to form the complex. 

     1.    The choice of buffer depends on the system under study and 
on the requirements of other assays performed in the context 
of a particular investigation. If a titration is conducted at near 
neutral pH, it is possible that titratable groups in the protein, 
e.g. the imidazole ring of histidine, change protonation level 
on complex formation. This is of course a change in its p K a 
and is a large enthalpic process. In the case of the HMG 
boxes HMG-D74 and HMG-D100 there are no histidine 
residues, whilst in LEF79 and LEF86 there are three, so it 
is possible that the observed differences in the enthalpies 
on binding DNA in the standard buffer at pH 6.0 result 
from protonation/deprotonation of histidine(s). The heat 
of DNA binding by LEF86 was therefore measured at three 
different pH values: pH 5.0, 6.0, and 7.0 at 20°C and the 
binding enthalpies found to differ by less than 2 kJ/mol, i.e. 
within experimental error.  

    2.    Each cell of the Nano-DSCIII calorimeter should be filled 
by the following method using a minimum of 1.0 mL of 
solution. Attach a 2.5-mL pipette tip with a short length 
of silicon tubing to one port of the cell. Draw up the solu-
tion using a 2.5-mL pipettor also fitted with a 2.5-mL tip 
and silicon tubing. Connect this to the other port of the 
calorimeter cell and slowly introduce the solution. Since the 
cell is only ~330  m L in volume, excess solution rises up into 
the other 2.5-mL pipette tip. The solution is then pipetted 
up and down, at first slowly and then more rapidly, for a 
sufficient time to completely expel all air bubbles from the 
cell. Eventually, excess solution may be removed by care-

3.6.3. HMG Box/DNA 
Complexes

4. Notes
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fully withdrawing it into the tip connected to the pipettor 
and then disconnecting by simultaneously pulling off both 
2.5-mL tips with their connecting tubing. This excess solution 
is used for concentration determinations.  

    3.    As pressure is applied note the compensatory power reading 
– it should not change by more than ~10  m W. If greater, then 
air bubbles are still present in one or both of the cells, which 
must then be emptied and refilled.  

    4.    One reason may be temperature-induced aggregation, mani-
festing itself as a large peak of heat evolution that typically 
commences close to the point of maximum heat absorption in 
the co-operative denaturation transition (approximately at  T  m ). 
A second possible reason for irreversibility is the presence 
of disulphide bonds in the protein, which may disrupt on 
heating but on cooling form mixed disulphide bonds with 
incorrect Cys residues. This may be overcome by using pro-
teins (or domains) with no Cys residues (as in HMG-D74 
and HMG-D100) or by using engineered versions in which 
the Cys residues have been mutated to Ser (as in LEF79 and 
LEF86). This strategy will, however, depend on the con-
tribution of the disulphide bonds in stabilising the overall 
protein fold. A third possibility is that heating the protein 
to high temperatures can cause some chemical degradation, 
with the result that the amount of protein capable of proper 
refolding has dropped.  

    5.    The calorimetric cells may be thoroughly cleaned by filling 
them with 50% (v/v) formic acid, followed by heating from 
25 to 75°C (at 1 K/min) and back to 25°C. The cells are 
then thoroughly rinsed with water and buffer. Multiple base-
line scans of the buffer are recommended before proceeding 
with the next sample.  

    6.    The partial specific volume used for DNA duplexes was 0.540 
mL/g. The partial specific volume of LEF86 was calculated 
from its composition as 0.728 mL/g, using the known par-
tial specific volumes of the amino acids. The LEF86/15-bp 
DNA complex partial specific volume of 0.640 mL/g was 
calculated as the weight average of the partial specific vol-
umes of LEF86 and the DNA duplex.  

    7.    In setting the stirring speed in the titration calorimeter, the 
particular system under study must be considered. Some 
proteins do not resist the forces arising from rapid stirring of 
the solution placed in the narrow calorimetric cell and aggre-
gate or unfold in consequence. On the other hand, very slow 
stirring may result in low rates of heat transfer thus causing 
broadening of the peaks observed in the thermogram and 
thus a decrease in sensitivity.  
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    8.    When working below room temperature, it is recommended 
to fill the cells with cold solutions; otherwise the equilibra-
tion time may be very long. Any particles in the stirred sam-
ple cell as well as the formation of bubbles during filling may 
cause problems in establishing the baseline.  

    9.    There is no general rule about the number, volume, and dura-
tion of injections. To obtain an entire binding isotherm, a 2–4 
molar excess of ligand over the concentration of receptor-bind-
ing sites should be injected by at least 10–15 additions. Five to 
ten injections suffice to reliably measure the enthalpy of reac-
tion. In this case, the degree of saturation should be <0.5 at 
the end of experiment. The volume and duration of injections 
must be chosen in such a way that the released heat is well 
above the threshold of sensitivity and sharp peaks appear in the 
thermogram. Typically, 5-min intervals between injections are 
sufficiently long for the signal to return to the baseline. How-
ever, for very slow reactions this interval should be prolonged. 
Because the heat of reaction is a temperature-dependent quan-
tity, the injection scheme might have to be changed for experi-
ments carried out at different temperatures.  

   10.    Alternating cycles of washing with 0.5 M NaOH and iso-
propanol are routinely used. To remove heavily precipitated 
proteins, the cell can be rinsed with a hot solution of 20% 
sodium dodecyl sulphate (SDS). The protocol for cleaning 
will depend on the particular system under study and the 
material from which the cell is made.  

   11.    Integration requires construction of a proper baseline. Some 
software products support automatic procedures for base-
line determination. However, it is often found that manual 
adjustment of the baseline is a better practice, particularly in 
cases when the signal-to-noise ratio is low or if the instru-
ment baseline has drifted. In constructing the baseline man-
ually, it is important to use the same integration window for 
all the peaks observed, both in the specific binding and in the 
blank titration experiments. This will avoid the introduction 
of non-random bias in the data.         

 We would like to thank Peter Privalov (Johns Hopkins University, 
Baltimore), in whose laboratory the calorimetry was performed. 
Financial support from an NIH grant to the Baltimore laboratory 
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   Chapter 38   

  Surface Plasmon Resonance Assays 
of DNA–Protein Interactions        

     Peter G.   Stockley    and    Björn   Persson     

  Summary 

 Assaying sequence-specific DNA–protein complex formation in vitro often involves the use of specific 
labelling or modification of the components of the complex to provide unique signals that can be used 
to assess the affinity of the interaction. Surface plasmon resonance (SPR) spectroscopy is an optical 
technique that can be used without radio- or other labelling of the components of a complex provided 
that one of the partners can be immobilised to a solid support. For DNA oligonucleotides this can eas-
ily be achieved by the incorporation of a biotin end label, but proteins can also be immobilised if they 
carry conventional tags for affinity purification, such as GST or polyhistidine extensions. The SPR effect 
relies on changes in the refractive index of solutions adjacent to the immobilised surface and is extremely 
sensitive. The continuous flow systems developed by BIAcore AB (now GE Healthcare Biosciences AB) 
permit real-time recording of the binding and dissociation of analyte species to the immobilised ligand, 
resulting in both rapid stoichiometric kinetic, affinity, and thermodynamic measurements. These assays 
can be carried out with complex mixtures of analytes, providing a powerful addition to the techniques 
available to probe such interactions. We illustrate the use of such assays here using the example of 
the  E. coli  methionine repressor, MetJ, which is also described in Chapters “Filter-Binding Assays” and 
“Ethylation Interference Footprinting of DNA–Protein Complexes.”  

 Key words:  Surface plasmon resonance ,  Spectroscopy ,  DNA–protein interactions ,  Affinity and 
kinetics ,  MetJ ,  Methionine repressor.    

 

 The procedures for biomolecular interaction analysis described 
in this chapter are based on biosensor technology, which offers 
an opportunity to study the interaction between an immobi-
lised partner, the ligand, and an analyte molecule in solution 

 1. Introduction  

Tom Moss and Benoît Leblanc (eds.), Methods in Molecular Biology, DNA-Protein Interactions, vol. 543
© Humana Press, a part of Springer Science + Business Media, LLC 2009
DOI: 10.1007/978-1-60327-015-1_38

653653



654 Stockley and Persson

( see   Note 1   ). The interaction is monitored continuously and the 
binding events are studied in real time, with no need for label-
ling of any component. The technology is generally applicable 
to the study of any molecular structures which express affinity 
for one another, including proteins, nucleic acids, carbohydrates, 
lipids, low molecular weight substances, but also large particles 
like vesicles, bacteria, and cells. The wealth of information pro-
vided by this technology includes qualitative data such as binding 
specificity, but quantitative aspects of binding like stoichiometry, 
affinity, concentration, and kinetics are also amenable to detailed 
analysis  (1,   2) . 

  The principle of detection relies on the optical phenomenon of 
surface plasmon resonance (SPR), which is sensitive to the optical 
properties of the medium close to a metal surface. Various config-
urations of instrumentation may be used to exploit the SPR effect 
and the following descriptions are all based on the commercial 
instruments available from GE Healthcare Biosciences AB, Upp-
sala (formerly BIAcore AB). The specific details of instruments 
from other manufacturers will vary, but many of the protocols 
outlined should be adaptable in most cases  (3) .  Figure 1    shows 
the detection unit of the instrumental set up in the Biacore sys-
tem. The detection system consists of a monochromatic, plane-
polarised light source and a photodetector that are connected 
optically through a glass prism. The thin metal film positioned on 
the prism is in contact with the sample solution. The fan-shaped 

 1.1. Principle of 
Detection 

  Fig. 1.    Surface plasmon resonance detection unit.  L  plane-polarised light source,  D  
photodiode array detector,  P  prism,  S  sensor surface,  F  flow cell. The two  dark lines  in the 
reflected beam projected on to the detector symbolise the light intensity drop following 
the resonance phenomenon at time =  t  1  and  t  2 . The  line  projected at  t  1  corresponds to 
the situation before binding of analyte species to the immobilised target molecules on 
the surface and  t  2  is the position of resonance after binding.       
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light beam incident on the back side of the metal film is totally 
internally reflected on to the diode-array detector.  

 SPR occurs when light incident on the metal film couples to 
oscillations of the conducting electrons, plasmons, at the metal 
surface. These oscillations create an electromagnetic field com-
monly referred to as the evanescent wave. This wave extends 
from the metal surface into the sample solution on the back side 
of the surface relative to the incident light, i.e. the non-illumi-
nated face. When resonance occurs, the intensity of the reflected 
light decreases at a sharply defined angle of incidence, the SPR 
angle, which is dependent on the refractive index penetrable by 
the evanescent wave close to the metal surface. The SPR angle 
is dependent on several instrumental parameters, e.g. the wave-
length of the light source and the metal of the film. When these 
parameters are kept constant, the SPR angle shifts are dependent 
only on changes in refractive index of a thin layer adjacent to the 
metal surface. If the SPR angle shift is monitored over time, a 
gradual increase of material at the surface will cause a successive 
increase of the SPR angle, which is detected as a shift of the posi-
tion of the light intensity minimum on the diode array. 

 The SPR angle shifts obtained from different proteins in solu-
tion have been correlated to surface concentration determined 
from radiolabelling techniques and found to be linear within a 
wide range of surface concentration. The instrument output, the 
resonance signal, is given in resonance units (RU); 1,000 RU 
corresponds to a 0.1° shift in the SPR angle, and for an average 
protein this is equivalent to a surface concentration change of 
about 1ng/mm 2 . Note, the relationship between RU change and 
surface concentration may be different for non-protein species. 
It has been reported that for DNA 780 RU = 0.1° shift  (1,   4,   5) , 
but this has been disputed recently with a claim that nucleic acids 
and protein have similar dependencies  (6) .  

  The sensor chips are available commercially and consist of a glass 
substrate on to which a 50-nm-thick gold film has been deposited. 
The gold film is covered with a long-chain hydroxyalkanethiol, 
which forms a monolayer at the surface. This layer serves as a 
barrier to prevent analyte coming into contact with the gold, but 
also as the attachment point for carboxymethylated dextran chains 
that create a hydrophilic surface to which proteins or other mol-
ecules can be covalently coupled. A range of surface-derivatised 
sensor chips with differing dextran layers and/or chemistries are 
available  (2,   7)  ( see   Note 4   ). In a typical kinetic analysis, one of 
the two interacting partners, commonly referred to as the ligand, 
is immobilised on the dextran. For example, substances contain-
ing primary amines can be immobilised after activation of the 
dextran matrix with carbodiimide/ N -hydroxysuccinimide. Sev-
eral other procedures are also available for the immobilisation of 

 1.2. Surface Chemistry 
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ligands, e.g. DNA is commonly synthesised with a 5 ¢ -biotin label 
and captured on streptavidin that is immobilised on the sensor 
chip either by amine coupling or directly onto pre-coupled com-
mercial streptavidin sensor chips ( see   Subheading 2.2   ). 

 An important feature of the sensor chip construction is that 
the dextran layer extends typically  ~ 100 nm out from the surface 
and thereby a small volume, penetrated by the evanescent wave, 
is created where the analyte/ligand interaction can be studied. 
The specificity of the analysis is determined by the identity and 
biological activity of the ligand.  

  Sample solutions containing analytes are injected into a run-
ning buffer that flows continuously over the sensor surface. A 
typical kinetic analysis consists of (1) establishment of a baseline 
response in running buffer, (2) an association phase, i.e. injection 
of sample in running buffer, and (3) the dissociation phase, i.e. 
wash out with running buffer ( see   Subheading 2.2   ). For kinetic 
analysis of fast interactions, it is important that the flow system 
can perform virtually dispersion-free injections into the detector 
flow cell; otherwise, small deviations in analyte concentration will 
perturb the results. 

 The mass transfer of analyte molecules from the bulk of the 
sample solution in the flow cell to the ligand on the sensor surface 
is another crucial parameter in kinetic analysis. Fast mass transfer 
is obtained by having: (1) a high linear velocity of the sample solu-
tion, thereby diminishing the thickness of the unstirred layer near 
the surface; and (2) a thin flow cell, facilitating an unperturbed 
flow regime. It is also important to keep the ligand concentration 
low; otherwise, depletion of analyte near the surface will perturb 
the effective analyte concentration and thus the kinetic constants 
will be underestimated. A good baseline stability is required for 
kinetic analysis, e.g. when the dissociation phase of a stable com-
plex is measured, but also in equilibrium analysis to obtain a reli-
able steady-state value during sample injection. 

 Interacting partners in solution are delivered to the surface via 
a system of flow channels, formed when a microfluidic cartridge 
is brought into contact with the sensor surface. The number of 
flow cells is two (Biacore X100) or four (Biacore 2000 and 3000, 
Biacore T100) and enables the corresponding number of sensor 
surfaces to be addressed. Each flow cell allows separate ligand 
immobilisation. In multi-channel detection mode these surfaces 
can be addressed in series which makes it possible to run the same 
analyte solution over two or four surfaces, respectively, offering 
an opportunity to use one surface as a reference whose signal may 
be subtracted from that of the active surface. 

 Biacore A100 has four parallel flow cells, each containing five 
detection spots. Here hydrodynamic addressing allows injected 
samples to be directed to selected spots or groups of spots within 

 1.3. Liquid-Handling 
System 
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the same flow cell. This technique enables multiple interactants 
to be immobilised on detection spots in a single flow cell, allow-
ing simultaneous analysis of interactions with a reference spot in 
the same flow cell as the ligands. There is no lag time between 
samples reaching the active and reference spots, so that very rapid 
kinetics can be measured. 

 In recent versions of the instrumentation (Biacore T100, 
Biacore A100, Biacore X100) thorough method and evaluation 
software support is available. Application wizards provide guid-
ance in setting up experiments for assay development and execu-
tion. Separate wizards are offered for different purposes such as 
immobilisation, concentration determination, or measurement of 
kinetic constants. Each wizard consists of an ordered series of dia-
log boxes, ensuring that the essential features of the application 
setup are correctly defined. If more flexibility (and conversely 
less guidance) is required the graphical interface called  Method 
Builder  provides full flexibility in method definition while still 
retaining a simple interface for running assays based on estab-
lished methods. The evaluation software offers general functions 
for presentation of results (sensorgrams, report point plots) and 
application-specific evaluation, e.g. kinetics, affinity, and thermo-
dynamic measurements. 

 For example, in the kinetics wizard it is recommended to 
run a concentration series of at least five analyte concentrations 
and one zero concentration. At least one analyte concentration 
should be measured in duplicate. A further option for kinetic 
analysis is single-cycle analysis. This assay type includes a series 
of sample injections (from low to high concentrations) in one 
cycle, with a dissociation period after the last injection. The sur-
face is not regenerated between injections. The method is useful 
for determining kinetics for interaction systems that are difficult 
to regenerate. Also, when ligand capture is used, consumption 
of ligand is minimised since one capture injection is used for all 
sample concentrations.   

 

     1.    This protocol assumes access to a Biacore instrument. For 
Biacore 2000 and 3000 the instrument would be set up to 
run sample buffer at 20°C with rack D in the first position and 
rack A in the second position.  

   2.    Streptavidin (e.g. from Pierce) resuspended in 0.22- m m fil-
tered, distilled water to a final concentration of 5 mg/mL. 
This preparation may be stored at 4°C for up to 3 months.  

 2. Materials  

 2.1. Coupling 
Streptavidin to 
Carboxymethyl-Dextran 
Sensorchips 
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   3.    HBS buffer (10 mM HEPES of pH 7.4, 150 mM NaCl, 
3.4 mM EDTA, 0.005% (v/v) BIAcore surfactant, such as 
Tween 20).  

   4.     N -ethyl- N  ¢ -(diethylaminopropyl) carbodiimide (EDC) and 
 N -hydroxy succinimide (NHS) purchased from Biacore as 
lyophilised powders, resuspended in 0.22- m m filtered, dis-
tilled water to final concentration of 100 mM each.  

   5.    1 M Ethanolamine hydrochloride (pH 8.5), purchased from 
Biacore, stored at 4°C.  

   6.    Sensorchip surface CM5 research grade installed in the 
BIAcore apparatus according to the manufacturer’s instruc-
tions and pre-primed with HBS buffer ( see   Notes 2    and  5 ).  

   7.    Reaction vials for the Biacore (small, plastic = 7 mm; medium, 
glass = 16 mm; and large, glass = 2 mL) were purchased from 
Biacore.      

     1.    Access to a Biacore instrument. For Biacore 2000 and 3000 
the instrument would be set up to run sample buffer at 
20°C with rack D in the first position and rack A in the second 
position.  

   2.    End-biotinylated DNA suspended in HBS buffer, or equiva-
lent, to 10  m g/mL.  

   3.    HBS buffer.  
   4.    Streptavidin-activated sensorchip CM5 research grade, or a 

pre-derivatised streptavidin sensorchip (SA) installed in the 
Biacore apparatus and pre-primed with HBS buffer.      

     1.    A stock solution of MetJ dialysed against the running buffer.  
   2.    A stock solution of AdoMet (100 mM) in running buffer.       

 

  Traditional approaches to the assay of protein–DNA interactions 
rely on alterations of the properties of the partners of the com-
plex as the interaction proceeds. For instance, DNA fragments 
become retarded relative to unbound fragments in gel electro-
phoresis, or are retained on nitrocellulose filters by virtue of their 
interaction with proteins in filter-binding assays ( see   Chapter 
 “Filter-Binding Assays”) or the accessibility of functional groups 
in the DNA becomes reduced in footprinting assays ( see   Chap-
ters  “DNase I Footprinting,” “Hydroxyl Radical Footprinting of 
Protein–DNA Complexes,” “Ethylation Interference Footprint-
ing of DNA–Protein Complexes,” etc.). These are necessarily 

 2.2. Immobilisation 
of the DNA 

 2.3. Kinetic Analysis 
of MetJ-Operator 
Interaction 

 3. Methods  

 3.1. Experimental 
Design 
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techniques based on the separation of equilibrium mixtures or 
competition assays, neither of which is ideal for accurate quanti-
tation. In some cases, the molecules concerned, usually the pro-
teins, have unique spectral properties which permit analysis of the 
kinetics and equilibrium distribution. However, such situations 
are the exception rather than the rule. 

 The SPR biosensors provide an excellent tool to overcome 
the various limitations of these traditional techniques. In many 
cases it is possible to obtain stoichiometric, kinetic, thermody-
namic, and affinity data very rapidly with relatively small amounts 
of material. The first task in setting up such SPR experiments is 
to design the assay for the interaction of interest. For practical 
purposes, it is often easiest to immobilise the target DNA frag-
ments, via biotin–streptavidin complexation, and address these 
ligands with solutions of the test protein analyte. There are many 
advantages to this approach. DNA molecules are conformation-
ally flexible and are naturally part of very large polymers which 
approximate to the immobilised state. There should therefore be 
little effect from the immobilisation, although this is not true 
when the DNA is used as the template for polymerases  (4) . 
Regeneration of the sensorchip is also straightforward, requiring 
only removal of the protein analyte which is easily achieved with-
out denaturing the DNA ligands. 

 The following sections describe the results obtained for the 
interaction of the  E. coli  methionine repressor, MetJ, and a series 
of target DNA molecules encompassing operator sites. MetJ is a 
well-characterised protein structurally, biochemically and geneti-
cally  (7–  10) , and details of its interaction with DNA can be seen 
in  Fig. 1    of “Filter-Binding Assays.”  

  Sequence-specific DNA–protein complexes characteristically 
have very rapid forward rate constants, reflecting the functional 
need to identify the DNA target against the large background 
of competing non-specific sites. In order to avoid problems 
caused by mass transport limitations, the level of immobilised 
DNA ligand should be relatively small ( ~ 100–300 RU). This 
can conveniently be achieved by sequential injections of the 
appropriate low concentrations of biotinylated DNA ligands for 
differing contact times. Immobilisation is usually linear during 
this period ( see   Fig. 2   ).  

     1.    Prime the apparatus with HBS buffer.  
   2.    The thawed EDC solution in an Eppendorf tube with the top 

removed is placed in rack 1 position a1 (r1a1).  
   3.    The thawed NHS solution in an Eppendorf tube with the top 

removed is placed in r1a2.  
   4.    Streptavidin (5 mg/mL, 50  m L) in an Eppendorf tube with 

the top removed is placed in r1a3.  

 3.2. DNA 
Immobilisation 

 3.2.1. Coupling 
Streptavidin to 
Carboxymethyl-Dextran 
Sensorchips 
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    5.    2 mL of filtered (0.2  m m) distilled water is placed in a large 
glass vial in r2f7.  

    6.    1 M Sodium acetate buffer (1 mL, pH 4.5) is placed in a 
large glass vial in r2f3.  

    7.    1 M Ethanolamine (200  m L) is placed in a large tube in r2f4.  
    8.    Two small clean plastic vials are placed in positions r2a1 

and r2a2.  
    9.    An empty large glass vial is placed in r2f5.  
   10.    The following method, or equivalent, is programmed into 

the Biacore instrument, checked for errors and run. Note, 
modern instrument software contains simple routines (wiz-
ards) that offers prompts for most common protocols. The  
EDC/NHS reagents are mixed according to the manufac-
turer’s instructions and the activation of the surface allowed 
to proceed for 7 min. Streptavidin (150–500  μ g/ml) is 
passed across the surface in 10  μ m acetate buffer, again for 7 
min, before the reaction is terminated by passing across the 
ethanolamine, again for 7 min.      

      1.    It is advisable to run this sensorgram ( Fig. 2   ) manually so as 
to monitor the degree of immobilisation.  

    2.    Select a surface pre-treated with streptavidin. For Sensor 
Chip SA inject three 60-s aliquots of 50 mM NaOH to 
remove loosely retained streptavidin.  

 3.2.2. Immobilisation of 
the DNA 

  Fig. 2.    Sensorgram showing the different steps of the immobilisation of DNA on an SA-5 sensor chip.  Phase 1 : drop in 
signal as NaOH is passed over the sensor chip surface. A new baseline signal (a) is reached at the end of this injection 
due to the loss of loosely bound streptavidin from the surface.  Phase 2  : injection and binding of biotinylated DNA to the 
surface. At the end of this injection an increased baseline signal is seen (b), due to the bound DNA.  Phase 3 : injection 
of SDS to remove loosely bound DNA from the surface of the sensor chip. At the end of this injection a slightly lowered 
baseline signal is established (c). If the baseline signal, a, is subtracted from this new reading, c, the amount of DNA 
immobilised onto the surface can be calculated  (1).        
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    3.    Flow HBS buffer at 20  m L/min across the surface until a 
steady baseline signal is achieved. This can take several hours.  

    4.    Inject the DNA solution across the surface, set the baseline 
to the point of injection, and monitor the change in RU 
during the injection phase. Ideally, between 20 and 50 RU 
of DNA should be immobilised (see later).  

    5.    Wash the surface with a 50- m L injection of 1 M NaCl in 
filtered, distilled water.  

    6.    Wash the surface with a 15- m L injection of 0.05% (w/v) 
sodium dodecyl sulphate (SDS).  

    7.    Allow the surface to re-equilibrate in HBS buffer to a stable 
baseline; the difference in RU between the beginning of the 
injection phase and the end of the wash period reflects the 
amount of DNA bound.      

      1.    Establish a steady baseline with running buffer flowing 
over the sensor chip derivatised with the target, two met 
box DNA duplex, at the highest possible flow rate, e.g. 30 
 m L/min for the example shown in  Fig. 3   . For studies with 
MetJ the buffer was TKE (20 mM Tris–HCl of pH 7.4, 200 
mM KCl, 0.5 mM EDTA, 0.0005% (v/v) Tween 20).   

 3.2.3. Kinetic Analysis of 
MetJ-Operator Interaction 

  Fig. 3.    ( a ). A typical sensorgram showing MetJ binding to and dissociating from the operator-derivatised sensor chip sur-
face and the regeneration of the sensor chip.  Phase 1 : initial baseline signal when running buffer passes over the sensor 
chip.  Phase 2  : first injection containing MetJ and AdoMet. The change in signal is due to the binding of the holo-repressor 
to the chip surface.  Phase 3  : second injection of running buffer containing AdoMet alone, allowing the dissociation in the 
presence of effector to be measured.  Phase 4  : regeneration of the sensor chip surface by the injection of SDS  (1).        
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    2.    Make a serial dilution of the MetJ stock protein into run-
ning buffer plus saturating (1 mM) AdoMet. On completely 
automated instruments it is sometimes best to do this dilu-
tion via the instrument software.  

    3.    Program triplicate injections of 30  m L of each concentration 
of MetJ + AdoMet followed by co-injection of 30  m L of 
AdoMet in buffer across the flow cell. Each analyte injec-
tion should be separated by a wash phase of 15  m L 0.05% 
(w/v) SDS to ensure complete dissociation of repressor 
before a second sample is injected. We program the tripli-
cates to occur in series allowing the activity and concentra-
tion changes (e.g. due to evaporation) to be monitored over 
many hours. In our hands each derivatised flow cell can be 
used up to 100× before it begins to show deterioration.       

  The mathematical treatment of the data obtained is usually carried 
out using the software supplied by the manufacturer. The basic 
equations describing the simplest analyses are shown as follows. 

  For an immobilised DNA fragment (D), the interaction with a 
mobile protein (P) can be written as   :  

   
ass

diss

D P DP.
k

k
⎯⎯⎯→+ ←⎯⎯⎯    (1)   

 A classical Langmuir adsorption isotherm requires that the 
fraction of available sites on the DNA occupied by the protein 
( q  D ) is given by: 

    D
T

[DP]
[D ]

q =  .  (2)   

 Furthermore, in such a simple case the equilibrium association 
constant  K  a  is given by the expression: 

    
a

D
a

[P]
1 + [P]

K
K

q =  .  (3)   

 Thus, assuming that in the continuous flow system, [P] T  = [P], 
a plot of ( q  D ) against [P] T  should allow a direct fit by  Eq. 3    to 
give an estimation of  K  a .  

  The protein that is injected across the surface should after an infi-
nite time arrive at an association equilibrium giving a signal  R  eq , 
and the resonance signal  R  at time  t  during this process following 
injection at  t  = 0 when  R  =  R  0 , should in simple instances, obey 
the expression: 

    obs( ) 
0 eq 0( ) ( )[1 e ].k tR t R R R −= + − −    (4)   

 3.3. Binding Curve 
Analysis 

 3.3.1. Stoichiometry and 
Equilibrium Analysis 

 3.3.2. Kinetic Analysis 
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 Similarly, for the dissociation of the bound protein 

    off( )
0 eq 0( ) ( )e k tR t R R R −= + −    (5)   

 assuming that the bound molecule completely dissociates from 
the immobilised ligand. 

 Consequently, the observed reaction rate  k  obs  for the interaction 
is given by 

    obs ass diss[P] .k k k= +    (6)   

 There is thus a linear relationship between the value for  k  obs  and 
the total concentration of protein [P]. The value for  k  obs  can be 
obtained from a direct fit of the association phase using Eq.  4 , 
or by linear regression of a semi-log plot. It follows that linear 
regression analysis of the dependence of  k  obs  on [P] allows calcu-
lation of  k  ass  and  k  diss  using Eq.  6 . If we assume that the reaction 
is in fact activation controlled (were it otherwise then the asso-
ciation rate would be of the order of 10 9  M −1  s −1  which is well 
beyond the range of current SPR devices), then: 

    diss ass dk k K=  .  (7)   

 Thus the equilibrium dissociation constant ( K  d ) can be obtained 
from the ratio of the off and on rates.  

  The interaction between molecules in BIAcore is monitored over 
time and presented as a sensorgram, i.e. a plot of response units 
(RU) versus time (s). To be able to extract kinetic parameters from 
the sensorgram, the curve must be analysed in terms of a defined 
mathematical model. The Langmuir isotherm is one example of a 
model that describes the interaction between a monovalent analyte 
and a ligand with  n  independent binding sites. The concentration 
of analyte is assumed to be constant during the sample injection 
phase and zero during the dissociation phase. 

 There are several things that must be considered for the 
design of a proper kinetic analysis of binding. 

  Multivalent analytes.  It is important to avoid multivalent 
analytes in kinetic analysis of binding. Antibody–antigen inter-
actions are one such example. In studies of such interactions 
it is preferable to immobilise the bivalent antibody and use 
the antigen as analyte. If the antibody is used as analyte some 
molecules may bridge two antigens and give rise to an avidity 
effect, which is not taken into account in the simple Langmuir 
model. 

  Mass transport.  Mass-transport-limited binding of analyte 
occurs in instances where the association rate is particularly 
elevated and the diffusion rate of the non-immobilised molecules 

 3.3.3. Practical 
Considerations 
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is not especially fast. In this situation the interaction of the free 
molecules with the immobilised ligand may deplete a layer of sol-
vent immediately surrounding the immobilised ligand such that 
the rate-limiting step for association now becomes the rate of 
repletion of this layer from the bulk solvent. Fortunately, this 
type of effect can fairly easily be identified by injecting the ana-
lyte at different flow rates. Generally, a change of the flow from 
15 to 75  m L/min should not affect rate constants more than 
5–10% if there is no significant mass transfer effect. Two practi-
cal solutions to avoid mass-transfer-limited binding are, firstly, to 
use a low immobilisation density, and secondly to use relatively 
elevated flow rates (>20  m L/min). It is generally recommended 
to perform kinetic measurements with  R  max  values of 100–1,000 
RU, although lower values may be used if high-quality signals can 
be attained ( see also   Note 3   ). 

 Recapture of analyte may occur when an analyte dissociates 
from the immobilised surface. The analyte may then subsequently 
be recruited to an adjacent molecule. The effect of this will be 
to decrease the numerical values ascribed to derived dissociation 
constants. This effect is important in systems with fast kinetics of 
binding and is pronounced when the immobilisation level is high. 
Thus in practice the density of immobilisation must be adjusted 
so that the dissociation rate is independent of immobilised ligand 
density ( Fig.  4  ). If this proves difficult then it is possible, with 
considerable error, to extrapolate to infinite dilution. Finally, free 
ligand may be included during the dissociation phase in order to 

  Fig. 4.    Calculation of kinetic constants using the linear kinetic evaluation software. Plots used for calculating the apparent 
kinetic constants (see text) gave the following parameters:  k  ass  = 9.06(±0.77) × 10 5  M −1  s −1 ;  k  diss  = 11.3(±1.5) × 10 −3  s −1 , 
yielding an apparent equilibrium dissociation constant,   k¢d  = 12.0(±.1.9) × 10 −9  M MetJ dimer. This value compares with 
values ranging from 4 to 14 nM MetJ dimer obtained from other techniques ( see  Chapters “Filter-Binding Assays” and 
“Ethylation Interference Footprinting of DNA–Protein Complexes”).       
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calculate an affinity for the competitor and thus allow an estima-
tion of a true dissociation constant.  

 Association rate constants for proteins are normally in the 
range 1 × 10 4  to 1 × 10 7  M −1  s −1  and values  »  1 × 10 6  can 
generally be determined in BIAcore. Faster rate constants can 
be determined by the use of non-linear regression analysis pro-
cedures provided with the BiaEvaluation software 3.0. In this 
procedure the parameter  k  t , the mass transfer constant, is fitted 
to the experimental curve along with the other parameters. It is 
related to the generally accepted mass transfer coefficient  k  m  by 
the expression: 

    9
t m10 MW ,k k≈ × ×     

 where MW is the molecular weight of the analyte. Values for  k  t  
are typically of the order of 10 8  for proteins of molecular weight 
50–100 kDa. 

  Heterogeneity.  It is important to point out that heterogeneity is 
highly prevalent in preparations of biological molecules. This may 
be induced by purification schemes or can be inherent in the popu-
lation of native molecules. The immobilisation procedure used to 
couple the ligand to the surface may also introduce heterogeneity. 
If the time of injection of the analyte is varied, this should not affect 
the shape of the dissociation curve provided that the interacting 
species are homogeneous. When heterogeneity of either ligand or 
analyte is at hand, different complexes having different properties 
will form at the sensor surface and their relative abundance will 
vary with time. This will affect the shape of the dissociation curve. 
The first remedy in this case is to consider an alternate immobilisa-
tion strategy, either chemical procedures for covalent attachment 
or capturing, e.g. by antibodies or by other means. 

  Scatchard analysis and kinetic binding.  The equilibrium dis-
sociation constant,  K  d , can be derived from a plot of the steady-
state response  R  eq  versus C (concentration of analyte). The value 
thus obtained should be identical with  k  diss / k  ass  according to Eq.  7 . 
However, to obtain a reliable  K  d  from  R  eq  responses, several 
concentrations of analyte in the range 0.1–10 times  K  d  must be 
determined. It may take many hours or even days to determine 
steady-state responses, while kinetic analysis is performed within 
minutes at concentrations of 10–1,000 times  K  d .   

   A representative SPR sensorgram for the interaction of MetJ with 
an immobilised, uniquely labelled 5 ¢  biotin DNA duplex encom-
passing a minimal, consensus operator site (16 bp, two tandem 
met boxes,  see   Fig. 1    of Chapter “Filter-Binding Assays”) is 
shown in  Fig. 3   . Holo-repressor, i.e. MetJ in the presence of 
saturating amounts of the co-repressor,  S -adenosylmethionine 
(AdoMet), was passed over the surface and the binding curve, 

 3.4. Results and 
Discussion 

 3.4.1. MetJ Sensorgrams 
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sensorgram, recorded. Dissociation of the repressor–operator 
complexes formed by return to running buffer in the absence of 
co-repressor was too rapid to permit kinetic analysis. Therefore 
dissociation was monitored in experiments in which consecutive 
injections, the first containing MetJ and AdoMet and the second 
only AdoMet, were made. Binding was clearly both repressor 
concentration and AdoMet-dependent, as expected. Furthermore, 
binding saturation occurred at RU levels consistent with the 
expected stoichiometry of one MetJ dimer per met box, which is 
based on both crystallographic and biochemical data. 

 Binding data from triplicate injections of a range of MetJ 
protein concentrations (60–200 nM) were evaluated using the 
linear kinetic evaluation package in the BIAevaluation software, 
as described previously  (10)  ( see   Note 6   ). Briefly, in order to cal-
culate a value for  k  ass , data from sensorgrams were used to plot the 
binding rate (dR/dT) as a function of the response (R) for each 
repressor concentration ( Fig.  4  ). The slopes ( k  s ) of these result-
ing straight lines were then calculated. By plotting these values 
of  k  s  versus concentration,  k  ass  was obtained as the slope of the 
resultant straight line. The value for  k  diss  was obtained from the 
gradient of the plot of ln( R  0 / R   n  ) versus ( t   n  − t  0 ), where  R  0  and 
 R   n   are the response values obtained along the dissociation curve 
at times ( t ) 0 and  n . 

 It was found that, although the minimal system with the 
two met box DNA target involves the interaction of a dimer of 
repressor dimers on the DNA, the association phase fits well to 
a simple 1:1 binding model. The dissociation phase in the pres-
ence of AdoMet, however, is clearly biphasic. We have ascribed 
the biphasic dissociation behaviour to the increasing effect of 
operator rebinding (see earlier) as the concentration of free holo-
repressor increased. This seemed likely because of the very high 
forward rate constant (~10 6  M −1  s −1 ). Apparent rate constants for 
the dissociation reaction could be calculated for two roughly lin-
ear regions of the sensorgram: the initial pseudo-first-order dis-
sociation of the repression complex and at later times the slower 
phase consisting of both dissociation and rebinding. The calcu-
lated apparent equilibrium constant for the interaction (the ratio 
of the apparent kinetic constants) was in the nM range, close 
to those determined by more traditional binding assays such as 
nitrocelluose filter binding and gel mobility shifts  (9)  ( see   Chap-
ters  “Filter-Binding Assays” and “Electrophoretic Mobility Shift 
Assays for the Analysis of DNA–Protein Interactions”). 

 Detailed descriptions of the physical basis of the SPR effect 
and the analysis of binding data are beyond the scope of this 
chapter, and readers should consult appropriate reference in the 
literature  (1,   11,   12) , as well as the detailed help routines in the 
Biacore instrument software and on the company’s web site  (2) .    
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    1.    It is important to remember that SPR assays using Biacore are 
not free solution measurements. There are certain to be effects 
on the interaction because of the immobilisation of one of the 
ligands. Nucleic acid immobilisation in our hands is the pre-
ferred option because it is easy to tether from a defined end, 
e.g. via a terminal biotin residue, and they are inherently flex-
ible molecules that, in the case of DNA, show little long-range 
order. As a result it would be difficult to imagine that the base 
pairs within a short recognition sequence embedded in a teth-
ered duplex would behave differently to the same sequence 
that is part of a chromosomal DNA molecule. The situation is 
different in the case of polymerases because polymerase action 
leads to torsional stress ( see  ref. 4). It is also different for pro-
teins where long-range order within the globular structure, and 
molecular dynamics linked to function, are the norm. Immobi-
lisation of proteins by chemical cross-linking produces a hetero-
geneous mixture of ligands for analyte binding. Use of specific 
protein tethers, e.g. a His-tag with an NTA-sensor chip, solves 
this problem but could cause unexpected effects on affinity if 
the tethering hinders internal motion. For these reasons it is 
always best to refer to the parameters measured via Biacore as 
‘apparent’, e.g. apparent association rate constant,  k  ass , explicitly 
acknowledging the fact that the values are for the interaction at 
the sensor chip surface rather than for the reaction in solution. 
We also try to study the effects of making small changes to the 
interacting ligands so that the principal focus is on the effect(s) 
of this difference, all other factors being equal.  

   2.    We routinely carry out desorb and sanitise steps with the sen-
sor chip docked before starting immobilisations.  

   3.    Problems can also be caused by rapid, high-affinity interac-
tions. The very high forward apparent rate constant observed 
for the binding of MetJ to its operator is typical for sequence-
specific DNA–protein interactions. Care must be exercised in 
such cases to ensure that sensible values are obtained for the 
apparent rate constants. Two phenomena are relevant to this 
discussion. The first is the rate of mass transfer of the ana-
lyte into the region of the immobilised target. This can be 
increased by increasing flow rates and analyte concentrations, 
but the principal approach to avoid problems caused by mass 
transport effects is to work at very low immobilised target 
concentrations, avoiding depletion of the analyte concentra-
tion in the layer adjacent to the surface. Low target densities 
mean that the rate of analyte binding is not determined by 
simple mass transfer kinetics.  

  4. Notes      
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   4.    Another problem which has been reported is that the presence 
of a dextran support matrix results in hindered diffusion of 
the analyte within the layer, dramatically slowing the rate of 
target binding  (13,   14) . This proposal has been tested directly 
for MetJ and other interactions using sensor surfaces having 
different lengths of dextran support or where the streptavidin 
is attached directly to the hydroxyalkane chain on the gold 
surface. There are no discernible effects from the presence of 
the dextran surface  (7) , suggesting that hindered diffusion is 
not a significant problem under these conditions.  

   5.    A possible problem is that the DNA may not couple onto a 
CM-derivatised sensor chip. Oligonucleotides are repelled by 
the negatively charged carboxymethyl groups on some sur-
faces. Such simple problems can be overcome by immobilisa-
tion in high salt concentrations. There are now a wide range 
of sensor chips available from the manufacturer with different 
surface chemistries, and customised surfaces can be designed 
in consultation.  

   6.    Referees will not accept the interpretation of SPR assays. It 
is important to realise that the interpretation of sensorgrams 
relies on accurate insights into the binding events taking place 
on the sensor surface. The software associated with the instru-
ments is very powerful but only does what the user tells it to 
do, and it mostly will always return values for the parameters 
associated with binding events. Therefore if the sensorgrams 
do not make biochemical sense, e.g. when the maximum 
RU signal exceeds that which is theoretically possible for an 
expected interaction misleading results can be obtained. For 
MetJ the sensorgrams recorded over concentrations where 
specific operator recognition is known from other techniques 
to occur, and which are reasonable in vivo, yield Rmax values 
corresponding to formation of complexes with roughly one 
MetJ dimer/8 bp (met box) of DNA, as expected. We might 
have expected that this binding reaction would need to be 
analysed to reflect this stoichiometry, but the data fit very well 
to a simple 1:1 binding model, probably because under these 
conditions recruitment of the second MetJ dimer to the initial 
complex is not rate limiting.          
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