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Supervisor’s Foreword

Due to its hydrophobicity and difficult sample preparation, the study of membrane
protein has been a challenge. The recent development of a membrane mimic, lipid
nanodisc, can provide the membrane protein a lipid bilayer environment, aiding the
structural and functional studies of many membrane proteins in vitro. The advan-
tages of nanodisc not only provide a near-native membrane environment that is
suitable for biophysical studies, but also offer a well-controlled lipid bilayer system
with size homogeneity. This work utilizes this property of nanodisc to perform
systematic studies of the effect of lipid composition and of the size of nanodisc on
the function of an integral membrane protein, bacteriorhodopsin, by monitoring the
photocycle kinetics of the proton-pumping protein.

The effect of lipid composition of nanodisc was investigated by assembling
nanodisc composed of different ratios of zwitterionic and negatively charged lipid
molecules, where the surface charge was qualitatively analysed using ionic
exchange chromatography. Photocycle kinetics was investigated using transient
absorption spectroscopy monitoring at different wavelengths corresponding to the
absorption wavelength of different intermediate states. It was demonstrated that the
charge of the lipid hydrophilic head could significantly alter the photocycle kinetics,
including the photocycle recovery time, intermediate lifetime, and photocycle
pathway. The phenomenon was further studied using transient photocurrent mea-
surement, where the result suggested that lipid plays a role in the translocation of
proton by the protein during the photocycle.

The size of the nanodisc is monitored by the size of the membrane scaffold
protein, which would wrap around the disc-shaped lipid layer core of the lipid
nanodisc. By adjusting the length of the membrane scaffold protein, one can alter
the size of the assembled nanodisc. E. coli-expressed bacteriorhodopsin was used to
study the effect of size. It was found that the size of the nanodisc is not a major
influencing factor on the photocycle of the E. coli-expressed bacteriorhodopsin in
comparison with the lipid composition.

The last part of this thesis included a highly efficient method to extract bacteri-
orhodopsin from the native purple membrane of Halobacterium salinarum, and
directly assemble into nanodisc, preserving the essential native lipid molecules and
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protein quaternary structure. The method employs modified membrane protein with
covalently linked C and N termini and was systematically optimized to obtain up to
38% of transfer efficiency from the native purple membrane to the native membrane
nanodisc. The conformation of bacteriorhodopsin was verified using visible-
wavelength circular dichroism, and the nanodisc formation was studied using
high-resolution Zernike phase TEM without staining. The lipid composition was
investigated using LC-ESI-MS and 31P NMR, that the majority of the essential
phospholipid was successfully transferred. Lastly, we demonstrated the function
preservation of bacteriorhodopsin using transient absorption spectroscopy, observ-
ing proton-pumping intermediate state, M, and retinal relaxation intermediate state,
O. This efficient method of direct extraction of membrane protein would provide
new platform to study membrane protein in a native-like environment while
allowing biophysical characterization, which could show a higher biological rele-
vance and improved sample preparation.

Taipei, Taiwan
April 2018

Dr. Tsyr-Yan Yu
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Abstract

The structure and function of membrane protein often show dependency to the
membrane environment. Monodisperse lipid nanodisc has been a useful tool for
mimicking membrane environment for the biophysical characterization of mem-
brane proteins. Nanodisc is a high-density lipoprotein with a disc-shaped core of
lipid molecules, wrapped by two copies of membrane scaffold protein, providing
membrane protein a near-native lipid bilayer environment while suitable for
spectroscopic studies. By incorporating monomeric bacteriorhodopsin (bR) into
nanodisc, we demonstrate how to manually manipulate the function of membrane
protein by altering the property of the nanodisc, such as lipid composition and the
size of nanodisc. Embedding in nanodisc composed of different ratios of synthetic
zwitterionic lipid to negatively charged lipid, the photocycle kinetics of bacteri-
orhodopsin was found to alter as the lipid composition changed. Full-wavelength
transient absorption spectroscopy revealed that as the content of PG decreased, the
duration of the photocycle of bR increased drastically and the photocycle pathway
was altered. Further measurement using transient photocurrent indicated that lipid
molecule not only affects the photocycle kinetics but also plays a role in the release
of proton from the protein to the bulk solution during proton translocation. To study
the effect of the size of nanodisc, E. coli-expressed bR was incorporated into
nanodisc of two different sizes. The photocycle kinetics of bR embedded in nan-
odisc was compared to bR in detergent micelle and was shown to have significant
different photocycle kinetics. However, the sizes of nanodisc were found to exhibit
no significant effect on the function of bR embedded.

While demonstrating how the synthetic membrane environment can influence
the function of membrane protein, we further improved the native environment by
using a novel one-step method to incorporate trimeric bR into lipid nanodisc pre-
pared from the native purple membrane of Halobacterium salinarum, without
adding any synthetic lipid or lipid extracts. The method was demonstrated to
produce homogenous sample with sufficiently high yield suitable for biophysical
studies. The trimeric conformation of bR was verified using visible-wavelength
circular dichroism, and Zernike phase TEM image showed a circular disc-like
morphology. The lipid composition of the native purple membrane nanodisc was
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investigated with 31P NMR and liquid chromatography–mass spectrometry, where
the essential lipids are shown to be maintained. Lastly, the preservation of photo-
cycle activity was confirmed using transient absorption spectroscopy. We demon-
strated the feasibility of transferring membrane protein into nanodisc directly from
the native membrane, surrounded by native lipid molecules to preserve the
biological structure.

viii Abstract
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Chapter 1
Introduction

1.1 Membrane Protein

Biological membranes separate cells from the surrounding environment as well as
enclosing compartments to maintain specific chemical or biochemical conditions.
These membranes often consist of phospholipid bilayers and have certain distinctive
tasks that are essential for fundamental biological functions. Membrane proteins are
a category of protein found to interact or embed onto the biomembrane, which carry
specific functions that govern the behaviour of the biomembrane [1]. Membrane
proteins can have a variety of functions. Some play similar roles to soluble proteins,
such as enzymes, carriers or parts of ensemble units. Others might be more unique to
the properties of the membrane, for example, transporters and channels, which allow
ions or small molecules to permeate the membrane barriers under selective condi-
tions. Membrane proteins functioning as receptors are important during signal
transduction pathways, triggering the biochemical chain of events and allowing the
cell to interact with the surrounding environments and prompt the correct responses.
Genomic sequence analysis estimates that as much as 30% of the protein expressed
in Homo sapiens, Escherichia coli and Saccharomyces cerevisae is integral mem-
brane protein [2–6]. With their essential physiological roles and the fact membrane
protein is located on the surface of the membrane, they are the target of almost 60%
of medical drugs [7–9]. With such interest in the functional understanding and
pharmaceutical application, experimentally solving the detailed three-dimensional
structures of membrane proteins has become a focus in many research programs.

The first structure of membrane protein was revealed in 1975 [10]. A two
dimensional crystal of purple membrane (PM) from Halobacterium salinarum
containing bacteriorhodopsin (bR) was characterized by Henderson and Unwin
using electron microscopy, and provided a three dimensional map at 7 Å resolution.
Their results, shown in Fig. 1.1, showed seven cylindrical rods of density and they
concluded that the rods were transmembrane a helices. Henderson was later
awarded Nobel Prize in Chemistry 2017 for his contribution towards development

© Springer Nature Singapore Pte Ltd. 2019
V. Yeh, Study of Bacteriorhodopsin in a Controlled Lipid Environment,
Springer Theses, https://doi.org/10.1007/978-981-13-1238-0_1
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of cryo-electron microscopy for the high-resolution structure determination of
biomolecules in solution. In 1985, Deisenhofer and Michel reported the atomic
resolution structure of the photosynthetic reaction center from Rhodopseudomonas
viridis [11], after being able to obtain better crystals by adjusting the detergents and
micelle modulating additives [12]. Their research broadened the understanding of
the mechanism of photosynthesis in bacteria, but more importantly their results
suggested the possibilities of crystalizing membrane protein to allow atomic reso-
lution X-ray crystallography. Together with Huber, the three shared the Nobel Prize
in Chemistry 1988 for their achievements.

With further successes and breakthroughs, the progress of structural determi-
nation of membrane protein accelerated and the total number of unique structures of
membrane protein solved increased exponentially every year, as shown in Fig. 1.2.
The progression resembles the trend of soluble proteins, though with a small shift
towards the lower numbers [13]. However, despite the progress in science and
advances in technology, characterization of membrane protein remained a
tremendous challenge mostly due to difficulties in sample preparation. Moreover,
due to the nature of membrane protein functions in relation to its natural envi-
ronments, characterization under native or near native environments such as lipid
bilayers or membrane mimics are essential for a better understanding of the
membrane protein’s structure or function. Such membrane mimics will be intro-
duced and further discussed in Sect. 1.2.

Fig. 1.1 Part of the 3D potential map (left) and 3D reconstruction model of a single
bacteriorhodopsin in purple membrane (right), derived by Henderson and Unwin in 1975 using
electron microscopy studying the 2D crystals. Reproduced and adapted with permission from Ref.
[10], copyright 1975 Nature Publishing Group
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1.1.1 Membrane Protein Structures

Membrane protein can be categorized into integral membrane protein and periph-
eral membrane protein. Integral membrane proteins are proteins that are perma-
nently embedded on the membrane, and can be sub-categorized either as
transmembrane proteins or those which reside on only one side of the membrane
through an anchor.

Transmembrane proteins span across the membrane and often function as
channels, transporters or receptors. They are inserted into the membrane and are
exposed to mostly nonpolar environments, so that the side chains of the amino acids
embedded in the membrane are usually hydrophobic. The carbonyl and amide
groups on the backbones of the protein will therefore form hydrogen bonding
networks with each other within the hydrophobic core of the membrane to achieve
structural stabilization. To satisfy the requirements to minimize energy costs, the
formation of a helical or b barrel secondary structures, shown in Fig. 1.3, is thus
strongly favored for integral membrane proteins.

Transmembrane proteins with a helical structures are more abundant due to the
fact that a helices form local hydrogen bonds. This property increases the flexibility
of the transmembrane protein to undergo conformational changes, suggesting that a
helical transmembrane proteins are more versatile in terms of structures and
functions. Indeed, it is estimated that 27% of the total human proteome is a helical
transmembrane proteins [14], with all plasma-membrane proteins being a helical.

Fig. 1.2 Progress in membrane protein structure determination, where only unique structures are
included in the statistic. Data published at http://blanco.biomol.uci.edu/mpstruc/ (Accessed 14
June 2017)

1.1 Membrane Protein 3

http://blanco.biomol.uci.edu/mpstruc/


They function as receptors, channels, transporters, electron transporters and redox
facilitators [15]. Most notably, G-protein couple receptor (GPCR), the largest
family of membrane protein in the human genome [16], shares a common structure
of seven transmembrane helices [11, 16–21]. Alpha helices are mostly perpendic-
ular or close to perpendicular to the membrane plane, where the different helices are
connected between the ends [22]. They are also easier to be identified from
sequence analysis, as the transmembrane segments require mostly hydrophobic side
chains. Alpha helical bundle transmembrane proteins, unlike the bitopic single-pass
a helical protein, often have the active site within the transmembrane bundles.
Alpha helix bundled membrane proteins have remarkable diversity within their
topology and quaternary structures. Shown in Fig. 1.4 are three very different
arrangements. Monomeric bacteriorhodopsin shown in Fig. 1.4a is a classic
seven-helix transmembrane protein (more details discussed in Sect. 1.4), where
each of the transmembrane helices lie almost perpendicular to the membrane plane.
The ClC Cl− channels on the other hand, shown in Fig. 1.4b, is a homodimer with
each monomer having a Cl− specific channel [23]. The subunit contains 18 a
helices with most of the helices far from perpendicular to the membrane plane as
well as helices that do not span across the membrane completely. Shown in
Fig. 1.4c is the Ca+-ATPase, which is formed with a central part and a peripheral
part, which transfers Ca ions after a muscle has contracted and undergoes signifi-
cant conformational changes during its ATP-driven pumping cycle [24, 25].

Alpha helical proteins with single transmembrane domains are characterized as
single-pass transmembrane proteins, where type 1 membrane proteins (TM1) have
their N-terminus on the cytoplasm side. Single-pass transmembrane proteins are
involved in signaling pathways [26–28], and are suggested to compromise 6% of
the proteins-coding genes in humans [29]. The transmembrane helices of such
proteins were initially considered only as a hydrophobic anchor connecting two
extra-membranous parts of the protein [30], however modern studies showed
protein-protein interaction involving the single-pass transmembrane helix, where
the proteins dimerize or oligomerize through their transmembrane domains [31, 32].

Fig. 1.3 Schematic representation diagram of the different types of integral transmembrane
protein: bitopic transmembrane a helix (left), a helices bundle (middle) and b barrels (right)
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While abundant a helices bundles are found in all biological membranes, the
integral transmembrane proteins with b barrel structures are only found on the outer
membranes of Gram-negative bacteria, mitochondria and chloroplasts [33]. Defined
by “long-range” hydrogen bonds between the b strands, unlike the local hydrogen
bonds of an a helix, The b barrel structure leaves only restricted mobility allowing
little conformation changes. They are harder to be recognized in the sequence
compared to the a helical transmembrane proteins, since not all residues in the b
strands are required to be hydrophobic, making the hydrophobicity of
membrane-spanning b strands similar to those of soluble proteins. Transmembrane
b barrel can form with any even number of b strands, from 8 to 22, and can exist as
monomers [34, 35], dimers [36] or trimers [37]. Beta barrel transmembrane proteins
serve a variety of different functions, such a non-specific [34] or specific pores [38],
active transporters [35] and enzymes such as proteases or lipases [36].

Other than integral membrane protein, another class of membrane protein is the
peripheral membrane protein. Peripheral membrane proteins are defined as proteins
that can associate onto the membrane non-permanently as well as exist in the
aqueous environments away from the membrane [39, 40]. This covers a wide range

Fig. 1.4 Schematic of three different structures of a helical bundles, reproduced with permission
from Ref. [182], copyright 2006 Nature Publishing Group. aMonomeric bacteriorhodopsin and co
crystallizing membrane phospholipid shown in yellow. b Homodimeric ClC Cl-/H+ antiporter from
E. coli, with one subunit shown in red and another in blue. c Bovine Ca2+-ATPase, which has a
central membrane embedding part and a peripheral part, experiences dynamic changes during
functional cycles
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of protein folds, structures, and functions. Peripheral membrane proteins can attach
onto the membrane via different interactions, including nonspecific electrostatic
[41], hydrophobic patch [42], covalently bound lipid anchor [43], specific
lipid-binding domains [44] and protein-protein interactions [45]. Peripheral mem-
brane proteins are not exclusive to only one type of membrane binding method.
While peripheral membrane proteins can exist in aqueous environments unlike
integral transmembrane proteins, the interactions with biological membrane and
mechanism remain a great interest in research due to their importance as well as
their complexity.

1.1.2 Membrane Protein Characterization

Membrane proteins structures have been solved with various methods, but the main
bottleneck of membrane protein studies remains to be sample preparation.
Characterization of solubilized membrane protein can be studied using numerous
methods prior to detailed structure determination. It is often the case in membrane
protein research to have thorough preliminary characterization to check for sample
homogeneity, structural and folding integrity, activity and stability. Size exclusion
chromatography (SEC) [46, 47], analytical ultracentrifugation (AUC) [48] and light
scattering (LS) [49] methods have been popular in assessing the homogeneity and
the oligomerization of the solubilized membrane protein. Circular dichroism
spectroscopy (CD) [50], infrared spectroscopy (IR) [51] and Raman spectroscopy
[52] has been demonstrated to provide information of secondary structure, while
isothermal titration calorimetry (ITC) [53] and fluorescence experiments have been
used for ligand binding measurements which can determine the activities of some
membrane proteins.

X-ray crystallography was used to determine the first structure of a soluble
protein in the 1960s and the first atomic resolution membrane protein in 1985 [11].
Although some membrane proteins exist in large quantities in their native mem-
brane, others can only be expressed with low production yield, causing a big
problem for crystallography studies [54]. Protein must be extracted from the
membrane using detergents before the membrane protein can be crystalized.
However the type of detergent applied can significantly influence the success and
the quality of the crystals. With most membrane protein studies, protein construct,
buffer conditions and detergent used to extract or solubilize membrane protein must
be carefully screened and optimized prior to structure determination or functional
observations [55]. Membrane protein crystals are also often fragile to handle and
suffer easily from radiation damage [56]. But with high throughput optimization
and increased knowledge in handling membrane protein, x-ray crystallography can
provide a strong structural understanding of the membrane proteins [57–59].

Electron microscopy (EM) can reconstruct three-dimensional structures of bio-
logical samples by obtaining a set of 2D projections. Due to the need to reduce
radiation damage to biological specimens, high resolution information can only be
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determined by averaging many different images of identical molecules under the
same orientation. Cryo-electron microscopy (cryo-EM) is a particularly powerful
method in the study of protein or membrane protein. The biological sample is
frozen rapidly where the water is frozen into a thin layer of amorphous ice, which
not only increases the contrast of the images compared to the use of staining, but
also can preserve the biological samples in their native conformation [60]. For
cryo-EM, the sample is not required to be crystalline and only a small amount of
material is required. However, though those qualities are well suited for membrane
protein studies, it is not without its own challenges. For example, the presence of
detergents is often necessary to solubilize membrane proteins, but detergent can
reduce the resolution due to its chemical composition as well as causing problems
during vitrification. Moreover, studies of membrane protein using single-particle
electron microscopy requires extensive data analysis, including image sorting and
classification of projections and determination of orientation with respect to each
averaged view. Extensive structural calculations and molecular modeling would
then be performed before comparison to experimental data to determine the
necessity of further refinement. Another approach to electron microscopy, other
than the single particle approach, is electron crystallography. Although a crystalline
sample is required as in the case in x-ray crystallography, instead of 3D crystals
electron crystallography uses crystals of a single layer thickness, referred to as 2D
crystals [10, 61]. The two dimensional crystal appears similar to a membrane
environment and is often achieved by reconstituting purified membrane protein into
a lipid bilayer. It has been demonstrated that some membrane protein can undergo
distortion or conformational changes when packed in a three dimensional lattice,
causing some disadvantages for x-ray crystallography.

Solid-state nuclear magnetic resonance (NMR) has been used to study mem-
brane protein since it can study insoluble macromolecules that cannot be crystal-
lized [62, 63]. NMR probes the nuclear magnetic moments with a strong static
magnetic field and a secondary field generated by an external radio frequency (rf).
In the case of NMR studies, the sample can be isotopically labelled, for example
with 13C, 15N or 2H, in order to enhance the signal-to-noise ratio of the NMR
signals. Structure determination by solid-state NMR is not influenced by the size of
the protein but by sensitivity and spectral resolution. To improve resolution, magic
angle spinning (MAS) [64] is often employed, where the sample container is
rapidly spun at high speeds (up to 80 kHz) around a specific angle in relation to the
static magnetic field. At this angle, anisotropic interactions such as dipolar coupling
and chemical shift anisotropy (CSA) can be reduced or removed.

As with any method of characterizing membrane protein, sample preparation
remains the biggest factor in obtaining high quality results as sample homogeneity
has significant effect on the spectral resolution. Lyophilization has been used
extensively, but it has been demonstrated to cause side-chain conformational
inhomogeneity. Microcrystalline protein sample is also a popular method, as the
qualities of the crystal are not required to be at the level which x-ray crystallog-
raphy demands.
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Solution-state NMR is a drastically different methodology to solid-state NMR. In
solution, the molecules tumble rapidly which averages out anisotropic interactions.
This suggests a size dependence of the molecule of interest since as tumbling rate of
bigger molecule decreases, line broadening occurs due to increases of anisotropic
interactions, thus leading to a significant decrease of resolution. Moreover, struc-
tural studies of membrane protein using NMR requires the sample to be
monodisperse and stable for moderate amounts of time during data acquisition, as
well as isotopic labels to enhance sensitivity. However, recent developments have
enabled successful structure determination of integral membrane protein in small
membrane mimetic such as detergent micelles, lipid bicelles and nanodisc. NMR is
a powerful tool in structural determination of membrane protein due to its unique
ability to probe local structures while able to resolve detailed three dimension
structures through different correlation assignments, providing NMR great potential
in the study of membrane protein.

1.2 Membrane Mimics

As mentioned in the previous section, the main challenge in membrane protein
study is the sample preparation. Membrane proteins are naturally found embedded
in native lipid bilayers. Often membrane proteins are not soluble in aqueous
solutions suggesting a membrane environment must be provided in order to satisfy
the high hydrophobicity of the membrane proteins before carrying out biophysical
characterization. However, biological membranes are complex, heterogeneous,
dynamical systems which prove to be difficult to work with. It is therefore desirable
to transfer the membrane protein of interest to a controlled and simpler environment
that can satisfy the hydrophobic nature of the membrane protein as well as pro-
viding a near-native environment to allow the relevant structures or functions of the
target membrane proteins to be characterized. In this section a few commonly used
membrane-mimicking systems are introduced, while lipid nanodisc, shown in
Fig. 1.5f, will be discussed further in Sect. 1.3.

1.2.1 Detergent Micelle

Detergents have been widely used in the study of membrane protein due to their
ability to extract membrane protein from the membrane while solubilizing the
hydrophobic membrane proteins [65–68]. This property allows for purification of
the membrane protein as well as improving quality of crystallization [69]. Typical
detergent molecules contain a polar hydrophilic “head group” and a hydrophobic
hydrocarbon chain “tail”. At low concentrations, the detergent appears to be
monomeric molecules in solution. However, when the concentration is sufficiently
high, detergent molecules in aqueous solution would spontaneously self-assemble

8 1 Introduction



into spherical micelles, where the polar hydrophilic head would be solvent exposed
while the hydrocarbon tails pack into a hydrophobic core. With this property,
detergent molecules can imitate the membrane environment and protect the
hydrophobic portion of the membrane protein, generating a soluble
protein-detergent complex (PDC) shown in Fig. 1.5a. The lowest concentration for
detergent micelle formation is called critical micelle concentration (CMC). Above
the CMC, the monomeric detergent molecule concentration is independent of the
overall detergent concentration, and the additional detergent molecules would be
incorporated into the detergent micelle [67]. Common detergent and their CMC
value can be found in Table 1.1.

Detergents can be classified according to their structures: ionic, non-ionic, bile
acid salts and zwitterionic [70]. Ionic detergents contain a head group that carries an
overall charge, either anionic or cationic. Ionic detergents such as the anionic
sodium dodecyle sulfate (SDS), shown in Fig. 1.6a, can be harsh but effective in
solubilization of membrane proteins, often causing denaturing of the membrane
protein due to the fact it can disrupt the hydrophobic interaction within the protein.
In some cases the membrane protein can be renatured or refolded after being

Fig. 1.5 Schematic diagram showing different types of common membrane mimics systems:
a small detergent micelle surrounding the target membrane protein; b amphipols made up of
amphiphatic polymers carrying hydrophobic chains, which wrap around the hydrophobic portion
of the membrane protein; c small lipid bicelle composed of a mixture of detergent molecules and
lipid molecules at specific ratios; d liposome consisting of phospholipid vesicle mimicking
membrane bilayer structure; e SMALPs of small central core of lipid bilayer stabilized by
amphipathic polymer called styrene malic acid coploymer and f lipid nanodisc of small central
disc-shape core of lipid bilayer wrapped by two copies of amphipathic helical proteins called
membrane scaffold proteins
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transferred to another environment and the removal of SDS. Bile acid salts are also
ionic, but unlike ionic detergents bile acid salts contain rigid steroidal groups. Bile
acid salts such as sodium cholate, shown in Fig. 1.6b, have a polar and apolar face
and behave as lipid emulsifiers. They are considered as relatively mild detergents
and do not form traditional spherical shaped micelles. In both cases of ionic
detergents, their aggregation is strongly affected by the ionic strength of their
charged head groups.

Non-ionic detergents, on the other hand, are generally considered to be mild and
relatively non-denaturing detergents, as they break only the lipid-protein and
lipid-lipid interactions but not the protein-protein interactions as in the case the
ionic detergents. This allows functional and structural studies of the membrane
protein upon solubilization. Shown in Fig. 1.6c is Triton X-100, a compound
containing a neutral head group followed by aromatic rings forming its hydrophobic
parts. Due to its aromatic feature, Triton X-100 absorbs UV light and interferes with
many spectroscopic methods monitoring protein concentration with 280 nm
wavelength lights. Another example of a nonionic detergent is shown in Fig. 1.6d.
n-Dodecyl b-D-maltoside (DDM) which is an alkylglucoside, has been demon-
strated to successfully extract and isolate functional membrane protein from the
membrane environments [71].

Zwitterionic detergents combine the properties of both ionic and nonionic
detergents, thus their denaturing strength lie somewhere between the two types.
Some examples of zwitterionic detergents include 3-([3-Cholamidopropyl]
dimethylammonio)-2-hydroxy–1-propanesulfonate (CHAPSO) which is shown in
Fig. 1.6e, Lauryldimethyl–amine-N-oxide (LDAO), which is considered a harsh

Table 1.1 Common detergents used in the study of membrane protein for structural analysis

Detergent Molecular weight CMC (mM) Aggregation number

Ionic

SDS 288 7–10 62

Sodium cholate 431 9–15 2–3

CTAB 364 0.9 61–169

Non-ionic

TX-100 625 0.2–0.9 100–155

DDM 511 0.15 98

DM 483 *1.8 *69

OG 292 20–25 84

Digitonin 1229 <0.5 60

Zwitterionic

CHAPS 615 6–10 10

CHAPSO 631 8 11

DPC 352 1.1–1.5 54

C7-DHPC 482 1.4 25

LDAO 229 1–2 74
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detergent and n-dodecylphosphocholine (DPC), a zwitterionic detergent closely
resembling a phospholipid with a phosphocholine head group directly bonded to a
hydrocarbon chain. Another zwitterionic detergent is
1,2-diheptanoyl-sn-glycero-3-phosphocholine (C7-DHPC), shown in Fig. 1.6f,

Fig. 1.6 Molecular structures of a few commonly used detergents in membrane proteins: a ionic
detergent SDS, b bile acid salt sodium cholate, c, d non-ionic detergent Triton X-100 and DDM,
and e, f zwitterionic detergent CHAPSO and C7-DHPC
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which is a phosphocholine with short hydrophobic chains. For some membrane
proteins zwitterionic detergents remain too harsh for functional studies, however
zwitterionic detergents have been commonly used for crystallography.

The optimal choice of detergent for solubilizing a particular membrane protein
can only be found through screening and trial-and-error [72–74]. The stability of
the PDC, activity and structural integrity of the membrane protein in PDC remains
complex and varies drastically between different membrane proteins. Moreover,
membrane proteins are not guaranteed to be correctly folded even within mild
detergents, and not all detergents are suitable for every characterization method.
Size and structure of the detergent micelles and temperature stability must all be
taken into account as well as its effects on the membrane protein. In some cases
systems with mixed detergent micelle or a mixture of lipid and detergent can
improve the quality of the design.

An excess of detergent might be used to ensure complete solubilization of
membrane proteins, however such excess detergent can often complicate the system
or disrupt further experimental studies. Detergents can be removed or exchanged
from the system through various methods. Dilution of detergent to a concentration
below its CMC would lead to the dissolution of detergent micelles, and the
monomeric detergent molecule can then be removed via methods such as dialysis.
However, for detergents with low CMC values, such as Triton X-100 and DDM
where their CMC is about 0.2 mM, such procedure can be ineffective. Another
method is using hydrophobic resins, or beads such as BioBeads (Bio-Rad), which
interact with the hydrophobic detergent and absorb the detergent, thus removing the
detergent from the system. This particular method is effective in removing deter-
gents with low CMC, and the detergent coated beads can be separated from the
sample using centrifugation or filtration. Chromatography methods such as
ionic-exchange and gel filtration has been employed to remove or exchange
detergent within the system. Because membrane protein can aggregate or become
insoluble in the absence of detergents, buffer used for chromatography methods
often contains a further detergent based on the chromatography methods. For
example, if the membrane protein of interest contains polyhistidine tags, nickel
column can provide an efficient way of transferring protein from one detergent
environment to a different one. The protein bound to the column can be washed
with the new detergent buffer prior to elution.

Detergent can be useful during extraction and purification of membrane proteins,
but the conformation and structure of detergent micelle can deviate from the
structure of the biomembrane, suggesting the use of detergent micelle for the study
of membrane is not always ideal.

1.2.2 Amphipols

Amphipols are a family of amphipathic polymers that carry hydrophobic side
chains and hydrophilic backbones, which can wrap around the hydrophobic portion
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of the membrane protein and replace the detergent molecules, shown in Fig. 1.5b.
The polymer can keep the membrane protein soluble while preventing the dis-
ruptive behaviour of detergent molecules [75, 76]. While in detergent systems free
monomeric detergent can cause trouble during crystallization or viscosity increase,
leading to poor resolution spectra or structure. By using amphipol one can sig-
nificantly decrease the difficulties caused by excess free agents in solutions. The
length and the charge of amphipol can be tailored to the membrane protein of
interest. For a stable complex of amphipol and membrane proteins, the hydrophobic
chain distribution of the polymer must be dense while being stable and flexible in
aqueous solution. Amphipols have been demonstrated to have the ability of
extracting membrane protein, but in most studies membrane protein was solubilized
before transferring to the amphipol complex.

There is, however, concern over whether amphipol provides enough similarity to
the lipid bilayer of biomembranes. Though amphipols have been demonstrated to
extract lipid alongside membrane protein, it is difficult to assume the integrity of the
lipid structure in the polymer-protein-lipid complex.

1.2.3 Lipid Bicelle

In the mixed detergent-lipid micelle systems, lipids remain the minor component
while re-introducing some protein-lipid interaction. However, with certain mixtures
of lipid and detergent, as the lipid to detergent ratio increases the two components
can phase separate under specific conditions [77]. This leads to the formation of a
small lipid bilayer disc with its edges enclosed and stabilized by detergent mole-
cules, shown in Fig. 1.5c. Such a structure called bicelle [78], derived from bilayer
mixed micelle, can offer a small planar phospholipid bilayer which resembles
biomembranes, while optically transparent, making it suitable for many biophysical
characterization such as NMR [79], crystallography [80] and optical spectroscopy
[81]. Bicelles can be magnetically aligned, exploring the orientational orders in the
system using both solution and solid-state NMR. Bicelle can adapt to a variety of
different morphology other than the bilayer disc depending on the temperature,
hydration, ratio of lipid to detergent and salt concentration [82]. It can also be
designed to provide a small, isotropic bilayer environment that can tumble rapidly
for well-resolved spectra. Due to its bilayer structure, bicelle systems have been
demonstrated to have advantages over detergent micelle systems, particularly in
solution state NMR [83–85].

On the other hand, bicelle formation requires specific detergents and lipid
molecules at a particular ratio, limiting the choices of lipid composition in order to
achieve stability. Moreover, bicelle requires high concentration of lipid to overcome
the CMC of the detergent molecules, which can be problematic for studies that
require adjustments of concentration.
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1.2.4 Liposome

A liposome is a particle with a closed lipid bilayer, shown in Fig. 1.5d. Liposomes
resemble the bilayer structure of biomembrane and thus can provide a better chance
of maintaining membrane protein structural and functional integrity. The sizes of
the liposome can range from a diameter of 10 lm (giant unilamellar vesicles,
GUV), to 100 nm (large unilamellar vesicles, LUV) or 20 nm (small unilamellar
vesicles SUV), depending on the preparation method. While large liposomes have
low curvature and thus provide a more native-like local environment for embedded
membrane protein, smaller liposomes can have a faster tumbling rate and higher
concentration. Developed since the 1970s [86], various membrane proteins have
been studied by reconstitution into liposome [87, 88].

Reconstitution of membrane protein into liposome can be challenging. There are
different methods to achieve this, such as detergent mediated transfer and organic
solvent-based transfer. Because membrane protein can often be denatured in the
presence of organic solvent, detergent mediated transfer is often preferred. In such a
procedure membrane proteins are first extracted and purified in the presence of
detergent, before detergent solubilized lipids are added and mixed. Once the
detergent is removed, using a variety of different methods mentioned in Sect. 1.2.1,
liposome would form with membrane protein incorporated. Reconstitution effi-
ciency of membrane protein into liposome can depend strongly on the initial
detergent concentration, the properties of the target membrane protein, lipid com-
position and the rate at which detergent is removed [89].

It is difficult to verify whether the membrane proteins reconstituted into lipo-
some evenly and with the correct orientation. Demonstrated in the studies of Ca2+-
ATPase [90] and BK potassium channel [88], the orientations of membrane protein
inserted into membrane of liposome are not uniform. The size distribution of
liposome is bigger compared to other membrane mimicking systems. Such inho-
mogeneous samples can cause problems for detailed biophysical studies and further
complicate the findings.

1.2.5 Styrene-Malic Acid Copolymers

Recently it was discovered that an amphipathic organic polymer, styrene-malic acid
(SMA) copolymer [91], has the ability to solubilize membrane to extract membrane
protein and form polymer-protein-lipid molecules called SMA-lipid particles
(SMALPs) [92], or Lipodisq particles [93], shown in Fig. 1.5e.

SMA copolymer is a hydrolyzed form of styrene malic anhydride (SMAhn)
copolymer. SMAhn is synthesized by the radical polymerization of maleic anhy-
dride and styrene monomers, shown in Fig. 1.7. The ratio between styrene and
malic acid/anhydride monomers in the copolymer can be varied by monitoring the
feed ratio of the polymerization process, but due to the difference in reactivity in the
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chain [94, 95] the reaction often does not produce regularly repeating blocks nor a
random distribution. If the reaction was carried out in a batch-wise manner, the ratio
of styrene and malic anhydride would be the same as the fed ratio, but the sequence
along the chain might vary significantly [96]. The distribution of the monomeric
units can be improved by performing the polymerization in a continuous manner
[96, 97]. However, even with continuous feed method, the result production is still
inhomogeneous in both length of polymer chains and in composition. The
copolymer has a wide distribution of molecular weights, and it is not clear how such
heterogeneity affects the function of SMA copolymer as a membrane solubilization
agent [98]. Only the hydrolyzed acid form of SMA is water-soluble and can sol-
ubilize membrane. The hydrolysis of SMAnh into SMA is by mixing SMAnh with
water or with alkaline solution, and then the SMA copolymer can be further purified
by repeatedly adjusting the pH of the solution to precipitate the SMA polymer then
resolubilizing the precipitate [99].

SMA copolymers have been demonstrated to extract membrane lipid and
membrane protein from the membrane without the use of detergent to form
SMALPs [92], via electrostatic interaction followed by hydrophobic effect [100].
The formation of SMALPs from large membrane vesicles can be monitored by the
cloudiness of the assembly mixture. SMALP contains a lipid bilayer wrapped by
SMA copolymer, which covers the hydrophobic portion of the lipid bilayer thus
stabilizing the complex. SMA copolymers could extract membrane protein from
either synthetic liposomes [93] or from biological membrane [101–103], with the
latter often referred to as native nanodisc. The sizes of SMALPs have been studied
using EM [100, 104–106], SEC [100, 107], DLS [92, 93, 100] and SANS [104],
and have been reported in the scale around 10 nm. SMALPs were shown to pre-
serve the majority of the lipid composition as well as the membrane protein [101,
102, 108], and the protein activity and structure were characterized using a variety
of different experimental methods [92, 93, 105, 107, 109, 110]. The interaction
between SMA and lipids in SMALPs has been studied using FTIR, NMR and DSC
[104], as well as EPR [93], and found SMALPs to behave similarly to nanodisc
bound by membrane scaffold protein, which will be introduced in Sect. 1.3. Unlike
the nanodisc bound by membrane scaffold protein, SMA only absorbs low amounts

Fig. 1.7 Schematic diagram of the synthesis of SMA copolymer, from monomeric maleic
anhydride and styrene (a) to SMAnh (b), which is converted to SMA (c) by hydrolysis
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of UV range signal [99], making the UV-detection based characterization such as
CD and IR of incorporated membrane protein easier in comparison.

However, there are several limitations of using SMALPs. It is unknown if or
how the heterogeneity of the polymer molecular weight, which can vary up to an
order of magnitude between the smallest and the biggest polymer chains in a typical
preparation, affect the membrane solubilization properties of SMA, or the sizes of
SMALPs. While the reported sizes of SMALPs were in range of 10 nm with minor
variation, the factor that determined the size of SMALPs has not been investigated.
For these reasons, the number of SMA polymers per SMALPs is difficult to
determine, or whether all of the polymers are involved in the solubilization of the
lipid-polymer complex [98]. One particular disadvantage of SMALPs is the
dependency on pH. SMA polymers are only soluble above pH 6.5 due to the pKa of
carboxyl groups in the maleic acid units [91, 99, 111]. At lower pH, the
hydrophobic effect dominates and causes GMA to adopt a globular conformation
and precipitate as aggregates. Another constraint of SMALPS is the limitation on
presence of divalent cations such as Mg2+ and Ca2+, as SMA copolymers behaves
as chelators [99]. Once the divalent cation concentration increases above 5 mM,
SMALPs are disrupted and SMA copolymer will precipitate from the solution.
Those properties can significantly limit the condition of which the membrane
protein embedded on SMALPs can be studied.

1.3 Nanodisc

Nanodisc is a new membrane mimicking system used in the study of membrane
protein. It is a nanoscale high-density lipoprotein containing a central disc-shaped
core of phospholipid bilayer. Shown in Figs. 1.5e and 1.8, the lipid bilayer disc is

Fig. 1.8 Illustration of nanodisc structure composed of MSP (MSP1D1) and phospholipid from
side view (left) and top view (right). The two MSP belts are shown in colored orange and blue.
Adapted with permission from Ref. [183], copyright 2009 John Wiley and Sons
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wrapped with two copies of an amphipathic a helical protein called membrane
scaffold protein (MSP), which encloses the disc and stabilizes the membrane
protein-lipid complex.

MSP was designed using the template of human apolipoprotein A (apo A-1).
Apo A-1 is a plasma protein and it accounts for approximately 75% of the protein
content of high-density lipoproteins (HDL) [112]. HDL particles can pick up and
transport cholesterol through various pathways, mediating the efflux of cellular
cholesterol [113]. Due to the importance of HDL functions, apolipoprotein has been
extensively studied and shown to have amphipathic helices, allowing the associa-
tion with lipid and cholesterol particles to form a water soluble complex. The lipid
protein complex can be assembled using purified apolipoprotein and lipid particles,
with the apolipoprotein arranged as amphipathic helical belts wrapped around the
lipid supramolecules [114–116].

Using the disc model, of which two helical belts of apolipoprotein surround a
disc shaped lipid bilayer [117], MSP was designed to self-assemble into small lipid
bilayers stabilized by amphipathic helical proteins. Containing the protein sequence
found in human apo A-1 but without the globular N-terminal domains [118], MSP
readily assembles into discoidal particles with synthetic phospholipids upon
detergent removal [119]. This provides a near-native like lipid environment with
lipid-bilayer and, unlike lipid bicelle, is detergent-free. When the nanodisc
assembles under the optimized lipid to MSP ratio, the discs produced were shown
to be homogenous in size, and the size is governed by the length of the MSP used in
the nanodisc assembly. Demonstrated by Denisov et al., the sizes of the nanodisc
composed of POPC and with DPPC, calculated using HPLC data and with
experimental fitting of SAXS data, appear to be the same thus confirming that the
size of nanodisc is determined by the length of the MSP [120]. Moreover, they
showed that the deletion of the first 22 amino acids from the first helical segment
did not significantly change the number of lipid particles in the nanodisc, despite
the first helix of the human apo A-1 being presumed to be an essential part in
modelling of analogues discoidal particle [121].

The basis for the formation of nanodisc with target protein incorporated is that
the membrane protein is completely solubilized in the compatible detergent in the
nanodisc assembly mixture. As highlighted in the previous section, screening of
such conditions is crucial and non-trivial in membrane protein research, as mem-
brane protein can still form aggregates, time-dependent aggregates or
concentration-dependent aggregates while solubilized. On the other hand, if the
solubilization of the membrane protein of interest can be achieved, then upon
detergent removal the protein can self-assemble with the lipid particles and MSP to
form lipid nanodisc. Even though the exact mechanism of the self-assembly of
nanodisc is yet to be demonstrated, it is believed that upon detergent removal the
relevant lipid-lipid interaction and the lipid-protein interaction will take over and
traps the membrane protein within the lipid bilayer disc. This suggests the possi-
bility that the formation of the nanodisc can be affected by the rate of detergent
removal, similar to the case in liposome.
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With the ability to provide a monodisperse, well-controlled phospholipid bilayer
environment, nanodisc quickly became popular in membrane protein research,
particular in the fields of EM and NMR [122]. The high size homogeneity as well as
ability to prevent aggregation significantly improved sample quality for EM char-
acterization. Numerous EM studies of isolated and functional membrane protein
complex using nanodisc have been done, as well as 3D structural reconstruction of
membrane protein [123–125]. With its capacity to prevent aggregation at high
concentration while maintaining membrane structure and stability, nanodisc became
a powerful tool for studying membrane protein using solution state NMR. Although
still bigger than detergent micelle, nanodisc can provide a stable membrane envi-
ronment with a rich choice of lipid composition. Nanodisc has been successfully
used for NMR experiments with membrane proteins such as outer mitochondrial
VDAC [126, 127], potassium channel KvsA [128], voltage sensing domain of
KvAP [129], bacterial outer membrane assembly factor BamA [130], and human
CD4 [131]. Demonstrated by Hagn et al., the atomic-resolution structure of bac-
terial outer membrane OmpX in nanodisc showed a significant difference to the
membrane protein compared to the same protein in DPC detergent micelle [132].

Nanodisc provides advantages for structural studies due to its ability to provide
small, size homogenous lipid bilayer platform embedding membrane proteins.
Another benefit of using nanodisc over systems like liposome or detergent micelles
is that nanodisc has been shown to be able to distinguish between monomeric and
oligomeric population. The size of the nanodisc can prohibit the self-aggregation
dynamics by allowing only one target protein present per disc. This was demon-
strated in the case of CYP3A4, a human hepatic drug metabolizing cytochrome
P450, where the state of aggregation can have a significant effect on its function
[133, 134]. Nanodisc provided a straightforward method to study the function of
CYP in phospholipid bilayer in monomeric form and prevent further complication
arising from heterogeneous sample preparation. GPCR rhodopsin has been recon-
stituted into nanodisc in monomeric and dimeric form in order to understand signal
transduction and oligomeric states [135].

1.4 Bacteriorhodopsin

Bacteriorhodopsin (bR) was among one of the first membrane proteins to be
extensively studied. Discussed in Sect. 1.1, it was the first membrane protein to have
its structure revealed, from two dimensional crystal using electron microscopy [10].
Bacteriorhodopsin was also the first integral membrane protein studied by intensive
mutagenesis [136], and the first to be fully unfolded and refolded in vitro [137, 138].
This is due to the fact that bacteriorhodopsin has relatively high stability, particularly
for an integral membrane protein, and is not difficult to obtain in large quantities.
Thus it has been used as a test target protein for the development of numerous
experimental methods or sample preparations throughout the years. Indeed, it was
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among the first membrane protein to be successfully incorporated into nanodisc,
where the function of the protein was demonstrated to be preserved [139].

Bacteriorhodopsin is a light-driven proton pump [140]. Upon excitation of light,
the protein would transfer protons from the cytoplasmic side to the extracellular
side, inducing an electrochemical proton gradient across the cell membrane. The
proton would then flow back into the cell through ATP synthase, another integral
membrane protein, and be used in the production of adenosine 5’-triphosphate
(ATP), shown in Fig. 1.9. ATP is the universal energy currency used in living cells.
When ATP undergoes a reaction that cleaves one of the high-energy phosphoan-
hydride bonds to form ADP and a phosphate, the energy released from the reaction
can power most biological processes such as synthesis, growth, maintenance and
replication. Thus, coupling bacteriorhodopsin and ATP synthase allows the
organism to convert light energy into chemical energy to survive harsh surround-
ings and nutrient starvation.

bR is an integral membrane protein of roughly 26 kDa [141]. It consists of seven
transmembrane a helices, two b sheets [142] and a retinal chromophore molecule
that is covalently linked onto the protein via a protonated Schiff base and a lysine
residue [143]. This retinal is closely linked to the protein’s proton pumping func-
tion, as the change of conformation of the retinal molecule would trigger the proton
passing process.

Fig. 1.9 Schematic of photosynthesis of Halobacterium salinarium, where bR works with ATP
synthase on the inner cell membrane. The photon from the sun is absorbed to trigger proton
translocation towards the extracellular side, then the proton would enter the membrane through
ATP synthase, converting ADP to ATP
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1.4.1 Halobacterium Salinarum

Many of the studies on bacteriorhodopsin are from Halobacterium salinarium.
Bacteriorhodopsin is the only protein constituent of the purple membrane of H.
salinarum [144], a halophilic archaea. Bacteriorhodopsin of H. salinarum (HsbR)
was first isolated in the form of purple membrane (PM) by Stoeckenius and Rowen
in 1967 [145]. Oesterhelt and Stoeckenius later discovered the rhodopsin-like
protein, similar to that of human rhodopsin, embedded on the purple membrane
using absorption spectroscopy [144]. The proton pumping function of bR was
determined in 1973, where they found upon illumination the absorption maxima of
PM shifts from 560 to 415 nm and the shift was accompanied by a change in pH,
suggesting an release and uptake of protons [146]. The protein was then extensively
studied using various methods, for example Resonance Raman spectroscopy [147],
Fourier transform infrared spectroscopy (FTIR) [148] and site-directed mutagenesis
[149], leading to a detailed characterization of bR function and mechanism.
Furthermore, bR was successfully crystallized as a 3D crystal, allowing higher
resolution structural determination. Together with functional research, the behavior
of bR has been well studied.

HsbR goes through a photocycle of several intermediate states, each with a
different absorption wavelength, during the proton pumping process, shown in
Fig. 1.10. Each intermediate state is closely related to the conformational change of
the retinal and the hydrogen-bonding environment around the retinal pocket [150].
The retinal molecule is attached onto the protein through a protonate Schiff base via
K216 of helix G, shown in Fig. 1.11a.

The protonated Schiff base of the retinal molecule forms a hydrogen bonding
network with nearby D85 (from helix C), D212 (from helix G) and water molecule
[151], thus making the photocycle reaction center. When the protein is exposed to

Fig. 1.10 Photocycle of
bacteriorhodopsin in the
purple membrane. The
smaller number beside each
intermediate states represents
the absorption wavelength of
the corresponding state

20 1 Introduction



illumination, the retinal molecule changes conformation from all-trans to 13-cis,
and generates intermediate K [152]. The generation of intermediate K is a photo-
chemical reaction, while the following intermediate states resulted from thermal
reactions [153]. The isomerization leads to the proton on the Schiff base migrating
towards D85, following the blue arrow in Fig. 1.11b, corresponding to the transi-
tion from intermediate L to intermediate M [154]. The generation of intermediate M
coincides with the proton being released towards the extracellular side through a
network of hydrogen bonds involving E194, E204 and D82 [155, 156]. The Schiff
base is reprotonated from the proton donor D96, shown in the orange arrow in
Fig. 1.11b, which leads to the decay of intermediate M and transitions into inter-
mediate N [157]. The formation of intermediate O state corresponds to the reiso-
merization of the retinal from 13-cis to all-trans [158], as well as the reprotonation

Fig. 1.11 Retinal
conformational change
causing proton translocation.
a Retinal molecule is
covalently linked to the
protein via a protonated Schiff
base to Lysine 216. b After
absorption of light the retinal
changes conformation from
all-trans to 13-cis and initiates
proton translocation from the
Schiff base
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of D96 with the proton collected from the cytoplasmic side through D36, D102,
D104 and E161 [159]. The decay of intermediate O and return to the initial ground
state is attributed to the passing of proton from D85 to E204 and the relaxation of
the retinal [160].

On the purple membrane (PM), bR exists as a hexagonal lattice of trimers,
shown in Fig. 1.12 [161–163]. The PM consists of 75% bR and 25% lipid by
weight, with each bR surrounded by 10 lipids [162, 163], including glycolipids,
phospholipids, squalene and traces of vitamins. Lipids and lipid-to-retinal molar
ratios determined by Corcelli et al., using 1H and 13P NMR [163] are listed in
Table 1.2, with their structures shown in Fig. 1.13. The lipid molecules found in
PM not only make up the membrane composition, but also perform various func-
tions such as maintaining bR’s trimeric form [164, 165] and are involved in the
process of proton transport [166]. The membrane of PM is also found to have a
significant influence over the photocycle kinetics of bacteriorhodopsin [167], where
the interactions between specific native PM lipids and bR were found to be crucial
for maintaining the conventional bR photocycle activity [168, 169].

Fig. 1.12 Structure of bacteriorhodopsin on the purple membrane. bR exhibits a trimeric
conformation, with the green, red and blue represents a different monomer. The different PM lipids
are shown in different colors, where extratrimer PGP is shown in grey, intratrimer PGP in yellow,
extratrimer squalene molecule in purple, intratrimer glycolipids in orange. Reprint with premission
from Ref. [184], Copyright 2001 American Chemical Society
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1.4.2 Haloarcula Marismortui

After the discovery of HsbR, several other bR-like proton pump proteins from
different halophiles were discovered [170–173]. In most cases, each organism was
found to contain only one photo-active ion-pumping protein, related to its mech-
anism and environment [174]. An example of a protein containing more than one
light-induced channels is unicellular green algae, containing two channel-
rhodopsins, ChR1 and ChR2 [175]. The two different channelrhodopsin have dif-
ferent absorption wavelength and mediates photoaxis, movement responding to
light. Haloarcula marismortui is another system that was found to contain two
pumping channels [176], however both pumps are proton pumping bR rather than
two different functional channels [177, 178]. Shown in Fig. 1.14, bacteriorhodopsin
of Haloarcula marismortui, HmbRI and HmbRII, shares 50% amino acid sequence
with HsbR [179]. The retinal pocket and proton translocation related residues were
highly conserved, suggesting the same proton pumping function to HsbR using
similar mechanisms [174]. Demonstrated by Tsai et al., HmbRI and HmbRII follow
slightly altered photocycle pathways, shown in Fig. 1.15 [174]. The photocycle of
HmbRI is similar to the conventional photocycle of HsbR with an additional new
intermediate M’, likely attributed to the retinal reisomerization prior to reprotona-
tion. Whereas HmbRII has a small alteration in the photocycle pathway where no
intermediate O population was found, which might originate from the negatively
charged residues on the cytoplasmic side trapping the proton, and delay the pro-
tonation of proton donor D101 [174]. The study of the photocycle revealed that
HmbRI has a faster photocycle, suggesting a higher efficiency in proton pumping,
while HmbRII performs better under acidic conditions found in the Dead Sea,
where H. marismortui thrived. The dual proton pumping mechanism provides
flexibility to aid survival in harsh environments [174].

HmbRI and HmbRII can be expressed using E. coli and can be purified using
Ni-NTA affinity methods [177]. This allows a high quantity of protein production
for biophysical characterization and crystallization [180]. HmbRI with a single
mutation at aspartic acid 94 to asparagine was reported to drastically increase the
expression yield, and can be used as a fusion tag for the production of other
membrane proteins [179]. HmbRID94N corresponds to HsbRD96N, which is a key
residue involved in proton translocation described previously. The photochemistry

Table 1.2 Lipd to retinal
molar ratios in the total lipid
extract of PM, determined
using 13P and 1H NMR,
reported by Ref. [163]

Lipid Lipid-to-retinal ratios

S-TGD-1 3

GlyC 1

PGP-ME 2.4

PG 1.2

PGS + BPG 0.37

SQ 2

Vitamin MK-8 Traces
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properties were demonstrated to be preserved in HmbRID94N [179], and the
mutation was not expected to introduce structural changes in the protein ground
state [153, 181]. Despite the E. coli expression and hence a lack of native lipids,
HmbRID94N was found to be trimeric in the protein crystal [180].

Fig. 1.13 Structure of the purple membrane a polar lipids and b neutral lipids, as reported in Ref.
[163]. the phosphorus is highlighted in yellow

24 1 Introduction



1.5 Motivation of Thesis

Nanodisc has shown to be a powerful tool in the research of membrane protein,
both for detailed work on structural elucidation and also function related studies.
However, much of the focus has been on the target membrane protein embedded in
the nanodisc yet little on the properties of nanodisc itself. It is important to
understand the influences of the properties of nanodisc, such as lipid composition
and size of the nanodisc, in order to allow us to utilize the properties to control and
manually tune the membrane protein of interest for the designs of the characteri-
zation methods. It is also important to keep in mind how those properties of
nanodisc can affect the function or the structure of membrane protein, while con-
sidering the experimental designs.

Using bacteriorhodopsin as a model membrane protein and taking advantage of
its production yield and stability, this work aims to demonstrate how the properties

Fig. 1.14 Sequence alignment of different bacteriorhodopsin HsbR, HmbRI and HmbRII, where
the position of HmbRID94N is marked by an open circle, and the lysine bound retinal via Schiff
base is marked with a filled star

Fig. 1.15 Schematics of photocycle pathway of HmbRI (left) and HmbRII (right), adapted with
permission from Ref. [174]. Copyright 2015 American Chemical Society

1.5 Motivation of Thesis 25



of nanodisc such as lipid composition and size might influence the function of the
membrane protein embedded on the nanodisc. In particular, the function of bac-
teriorhodopsin can be monitored by the study of its photocycle kinetics using time
resolved absorption spectroscopy. Methods and the relevant backgrounds are
introduced in Chap. 2. By combining the different chromatography and spectro-
scopic methods, bR embedded nanodisc can be prepared and characterized.

The effect of different lipid compositions of nanodisc on the embedded bacte-
riorhodopsin was investigated and demonstrated in Chap. 3. Utilizing the fact that
lipid composition does not affect the size of the nanodisc and that nanodisc provide
a well controlled lipid environment, we were able to perform systematic studies on
the effect of lipid composition on the function of bR. We were able to successfully
incorporate bR into nanodisc of different ratios of lipids with neutral and negative
hydrophilic heads, as well as lipids with saturated or unsaturated hydrocarbon
chains. The results of time resolved difference spectra indicate that the photocycle
kinetics of bR is significantly influenced by the charge of the hydrophilic lipid head,
altering both the duration and the pathway of a single pathway. Further analysis
using photochemical measurement suggests that not only does the lipid affect the
photocycle kinetics, but also plays a part in the proton release by the protein during
the photocycle. The structure of the hydrophobic lipid tails was also shown to have
minor contribution to the photocycle kinetics of bR. Therefore we demonstrate that
the function of transmembrane protein can be tuned in controlled manner by
adjusting the lipid composition of nanodisc.

The effect of the size of nanodisc on the embedded bacteriorhodopsin is studied
in Chap. 4. Rather than isolating bacteriorhodopsin from H. salinarum,
HmbRID94N expressed using E. coli was used to avoid native lipids of H. sali-
narum, which may be incorporated in different amounts into nanodisc of different
sizes. The sizes of the nanodisc are controlled by the lengths of the membrane
scaffold proteins, and the product is size homogeneous. By using modified MSPs
with chemically joint C and N termini, monomeric bR incorporated into nanodisc
were compared to monomeric bR in detergent micelle, to reveal significant changes
in photocycle kinetics and photocycle active population. However, bR embedded in
different sizes of nanodisc with the same lipid composition showed no significant
difference in photocycle durations. This could be due to the slow photocycle
kinetics caused by the amino acid mutation, as preliminary results from the study of
bR from H. salinarum, with native lipids removed by detergent, incorporated into
nanodisc showed a difference in the photocycle lifetime between different sizes of
nanodisc. This suggests the sizes of the nanodisc play only a minor factor in the
study of membrane protein, and the effect is dependent on the function and dynamic
of the membrane protein.

We showed by adjusting the lipid composition one can manipulate the function
of membrane protein, but we also showed that the use of synthetic lipid molecules
can deviate from the true native environment despite a similar bilayer structure, as
the lipid property can influence the function of the membrane protein. Inspired to
study membrane protein in an environment as close to its native biological mem-
brane while allowing biophysical characterization, we show in Chap. 5 a novel
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method to extract bR and its native lipids from the purple membrane, and incor-
porate them into nanodisc without any additional synthetic lipid molecules or lipid
extracts. By using the modified MSP with the chemical linked N and C termini, we
have successfully extracted bR with the essential native PM lipid where the trimeric
conformation and the function of bR were preserved. The native purple membrane
nanodisc assembled using membrane scaffold protein showed a greater flexibility
over assembly and characterization conditions in comparison to styrene malic acid
copolymer. This suggests the native nanodisc assembled using membrane scaffold
protein would be ideal for the study of a large variety of membrane protein, par-
ticularly in functional studies where the surrounding lipid environment can affect
the dynamics or behavior of the membrane protein of interest.
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Chapter 2
Experimental Background

2.1 Chromatography Methods

Chromatography methods are used extensively for protein and biomolecule
purification or sample characterization. The biomolecules are separated according
to the different specific properties of the chromatography methods, with some of the
common methods illustrated in Fig. 2.1. Common chromatography methods
include hydrophobic interaction chromatography, which separates biomolecules
based on the reverse absorption depending on the differences in hydrophobicity.
Affinity chromatography, on the other hand, separates biomolecules depending on
the specific interaction, for example antibody, enzymes and ligands. This section
introduces the chromatography methods used in the study of the different properties
of nanodisc and their effects on the embedded membrane proteins.

2.1.1 Size Exclusion Chromatography

Also known as gel filtration chromatography in aqueous solution, size exclusion
chromatography (SEC) is a chromatography method in which the sample is sepa-
rated by size. The separation size is based on the difference in hydrodynamic
volume, which for most globular proteins is directly related to molecular weight.
Unlike the other common chromatography methods in Fig. 2.1 size exclusion
chromatography separates protein without the sample binding to the column resin,
giving flexibility over the buffer composition. This also means that size exclusion is
suitable for proteins or biomolecules that are sensitive to pH changes, metal ions
and does not have specific binding partners. With this flexibility over buffer con-
ditions, size exclusion is often coupled with other chromatography methods since
the buffer composition would not significantly affect the final separation.

The separation using size exclusion chromatography is achieved by the pores of
gel beads packed in the size exclusion chromatography column. The pores in the
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beads make up the stationary phases that trap smaller molecules as the sample
passes. The separation is based on the different permeation rate of each solute
molecule into the interior of the pores. Shown in Fig. 2.2a, the differently sized
molecules propagate through the size exclusion medium at different speeds. Smaller
molecules enter the pores, travelling and exploring all the spaces within the matrix

Fig. 2.2 Schematic diagrams of size exclusion chromatography. a The different pathlengths
travelled by particles of different sizes, with the largest particle travelling only in the excluded
volume between particles (red) and the smallest particles travelling through the pores within the
inner space of the matrix (green). b The different sizes molecules travelling through the size
exclusion chromatography columns at different times with the same flow rate, resulting in different
elution volumes

Fig. 2.1 Schematic diagrams showing the common chromatography methods and their separation
principles: a size exclusion, b hydrophobic interaction, c ion exchange and d biorecognition
affinity chromatography
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before eluting from the column. Larger molecules, however, cannot enter the pores
and are thus excluded from the inner pore space, and can only travel through the
inter particle space. This implies that the larger molecules would have a smaller
volume to travel through compared to the smaller molecules, hence eluting from the
column faster than the smaller molecules under the same flow rate.

Each size exclusion chromatography column has a range of molecular sizes that
it can separate, where if the molecules are bigger than this range they would elute in
the void volume (V0), and if smaller, the molecules would travel through the
column together at the end of the total column volume. Void volume is the elution
volume of molecules that are excluded from the size exclusion medium, in other
words void volume is the volume of the mobile phase. If the size exclusion column
is well packed, this volume is roughly 30% of the total column volume (Vt). The
resolution of protein separation can be influenced by many factors, most of which
are the physical properties of the column, such as column volume and dimensions,
particle medium and sizes, packing density and pore sizes. Others factors such as
loading volume, buffer viscosity and flow rate can be moderated during sample
preparation in order to improve resolution and reduce peak broadening due to low
separation efficiency. In addition to purification and fractionation of biomolecules
based on size, size exclusion chromatography can also separate small molecules
such as excess salt from the large biomolecules, serving as a quick and simple way
for desalting or buffer exchange.

Size exclusion chromatography columns have the ability of size calibration
within the separation range of the column. This can be achieved by plotting the
selectivity curve with the partition coefficient, Kav as a function of log of molecular
weight of a set of standard samples. The partition coefficient of a sample can be
calculated with the elution volume of the sample Ve, the void volume V0 and the
total column volume Vt.

Kav ¼ Ve � V0ð Þ
Vt � V0ð Þ ð2:1Þ

(Vt − V0) approximates the volume of stationary phase, and includes the volume of
the materials that makes up the matrix. Although this suggests that the Kav deter-
mined using the Eq. 2.1 is not the true partition function, the volume of the solid
material is constant and independent of the sample molecule and concentration.
Therefore Kav determined using the Eq. 2.1 defines sample properties independent
of the column packing or dimensions. Under normal circumstances Kav determined
using the Eq. 2.1 should be between 0 and 1. If Kav is greater than 1 (Ve > Vt) it
suggests that the molecules have non-specific binding to the matrix of the column
and the elution volume is no longer dependent on the size of the molecules. On the
other hand, if Kav is smaller than 0 (Ve < V0), it suggests the previously determined
void volume is no longer correct, likely caused by gaps or gas in the size exclusion
chromatography column and the column should therefore be repacked. The
selectivity curve is usually reasonably linear within the range Kav = 0.1 and 0.7 [1],
providing the relationship,
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Kav ¼ aþ blog MWð Þ ð2:2Þ

Which can be used to estimate the molecular weight of samples based on the elution
volume. Figure 2.3a shows the size exclusion profiles of size calibration using some

Fig. 2.3 Size exclusion chromatography profiles for size calibration of Superdex 200 Increase 10/
300 GL (GE Healthcare) (a) and the selectivity curve from the size exclusion profiles (b). Kav

values were calculated using Eq. 2.1, with the elution volume of blue dextran as the void volume
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of the common standards, with each of the peak’s elution volume translating to a
point on the selectivity curve shown in Fig. 2.3b. The estimated molecular weight
of the sample can be used as a guideline, since the estimation is based on the
assumption of globular protein.

2.1.2 Ionic Exchange Chromatography

Ionic exchange chromatography is a chromatography method that separates the
sample, in particular ionic or polar molecules, based on their electrostatic affinity to
the oppositely charged ion exchanger. This interaction is strongly influenced by the
overall charge, but also the charge density and the surface charge distribution. For
biological samples, the charge is also dependent on the pH due to the composition
of many amino acids containing weak basic or acidic groups. The surface charge of
the protein can also be affected by the structure of the protein and the chemical
environment. Since each protein has a unique isoelectric point (pI) based on its
amino acid composition and structure, ionic exchange chromatography can separate
the sample by its unique relationship between the surface charge and pH.

There are different types of ionic exchange chromatography and their use is
dependent on the strength and the charge of the desired sample. Anionic exchange
chromatography utilizes a positively charged medium to bind to the negatively
charged protein, whereas cationic exchange chromatography contains a negatively
charged medium to bind with the positively charged sample. After the sample is
applied onto the ionic exchange chromatography column it binds with the medium
contained in the column, shown in Fig. 2.4a. The sample can be eluted out of the
column using either an increase of ionic strength, such as an increasing salt gra-
dient, or by changing the pH that adjusts the surface charges of the protein. Shown
in Fig. 2.4b is the elution profile of a typical anionic exchange chromatography
where the samples were eluted out with different concentrations of NaCl. As the
amount of salt ions present increases, the ions compete with the bound molecules to
bind with the ionic exchange medium and eventually lead to the bound molecule
eluting from the medium and being washed out of the column. The sample with the
weakest surface charge would be eluted out first, with the lowest required salt
concentration. Conversely, molecules with the strongest surface charge would
require a higher salt concentration in order to be eluted from the column, and the
higher the surface charge the higher ionic strength necessary for sample elution. By
introducing a gradual change of ionic strength, typically a gradient or steps of
increasing salt concentration, samples with different surface charges can be eluted
out from the column at different times in a concentrated manner.

While size exclusion chromatography introduced in Sect. 2.1.1 has flexibility
over the running buffer conditions due to the nature of the separation achieved, the
buffer conditions for ionic exchange must be carefully designed to achieve the
optimum separation. As discussed earlier in the section, the binding affinity of the
sample to the ion exchange medium is dependent not only on the ionic strength of
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Fig. 2.4 Schematics of anionic exchange chromatography. As the sample passes through the
column in low salt buffer (a), the protein will bind to the oppositely charged resin packed in the
column and the protein sample is eluted out of the column at different elution volumes with
different salt concentration (b)

Fig. 2.5 chematic diagram illustrating the effect of pH on the binding and the elution of proteins
using anionic exchange chromatography, where three different proteins and their elution pattern is
represented by red, green and blue, and the gradient of increasingNaCl concentration is shown in grey
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the elution buffers but also on the pH. Figure 2.5 illustrates the significance of pH
in the selectivity of proteins using anionic exchange chromatography and the same
NaCl concentration gradient. However, because the buffer conditions and the elu-
tion gradient can be adjusted according to the charge properties of the sample, ionic
exchange offers a greater versatility as one can tailor the buffer conditions for a
specific purpose. Furthermore, since separation using ionic exchange chromatog-
raphy is achieved based on the difference in charge, ionic exchange chromatogra-
phy can be used to qualitatively characterize the changes in surface charge.

2.2 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy is an absorption spectroscopy that measures
the difference between absorbance of the right and left circularly polarized light.
Light is circularly polarized with the direction of the electric field rotating around
the propagation axis, while the magnitude remains constant. When the circularly
polarized light travels through matter that is optically active and chiral, the right
rotating and left rotating polarized light interacts with the matter differently,
resulting in circular dichroism. Most biomolecules are chiral, just as most of the
common amino acids are chiral. Chirality can be conformational as well as struc-
tural, such in the cases of secondary structures. The high chirality of biomolecules
allows circular dichroism spectroscopy to be a popular and useful spectroscopic
technique in the field of biophysical characterization.

By definition, the difference in absorbance between the left and the right cir-
cularly polarized light can be expressed as

DA kð Þ ¼ AL kð Þ � AR kð Þ ð2:3Þ

where DA is a function of wavelength. By applying Beer’s law, Eq. 2.3 becomes

DA kð Þ ¼ eL kð Þ � eR kð Þ½ � � d � C ð2:4Þ

where e(k) is the molar extinction coefficient with the unit cm−1M−1, d is the path
length of the sample in cm and C is the molarity of the sample in M. The ellipticity,
h, of the polarization is defined as

tan h ¼ ER � EL

ER þEL
ð2:5Þ

where ER and EL are the electric field vectors of the right and left circularly
polarized light, respectively. When ER and EL have the same magnitude, h is 0 and
the light is linearly polarized. Due to the magnitude of circular dichroism being
small, small angle approximation can be applied onto tanh. By equating the
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relationship between electric field vector E and intensity of light I, where I = E2,
Eq. 2.5 becomes

tan h � h ðradiansÞ ¼ I1=2R � I1=2L

I1=2R þ I1=2L

ð2:6Þ

By applying Beer’s law, Eq. 2.6 becomes

h ¼ e
�AR ln10

2 � e
�AL ln10

2

e
�AR ln10

2 þ e
�AL ln10

2

ð2:7Þ

By substituting Eq. 2.7 with Eq. 2.4,

h ¼ e
DAln10

2 � 1

e
DAln10

2 þ 1
ð2:8Þ

Since DA is �1, the exponentials in Eq. 2.8 can be approximating using Taylor
expansion to the first order. Together with conversion from radians into degrees,

hðdegreesÞ ¼ DA
ln10
4

� �
180
p

� �

¼ 32:98 � DA
ð2:9Þ

Finally, by applying Eq. 2.4 and removing the dependence of concentration of
the sample and path length, the molar ellipticity can be defined as

h½ � ¼ 100h
Cd

¼ 3298 eL � eRð Þ ð2:10Þ

The unit of molar ellipticity is deg cm2 dmol. For proteins, the circular dichroism
between the short wavelength ranges from 180 to 350 nm can often be used to
determine secondary structure, as a helix, b sheets and random loops have distinct
patterns in circular dichroism spectrum of that range.

Other than determining the secondary structure of protein, circular dichroism has
been utilized to elucidate the oligomeric state of bacteriorhodopsin. Demonstrated
first by Heyn et al., the visible wavelength circular dichroism spectra within the
range between 400 and 700 nm exhibited a biphasic feature for purple membrane.
The biphasic couplet contains a positive peak at a wavelength shorter than 567 nm
and a negative peak at a wavelength longer than 567 nm. They found that the
couplet was decreased and shifted into a monophasic positive peak when Triton
X-100 was added to solubilize the purple membrane, suggesting the biphasic
couplet was influenced by the integrity of the trimeric conformation.

Shown in Fig. 2.6 is a visible wavelength CD spectrum comparing the different
features of monomeric and trimeric bacteriorhodopsin [2]. Further studied by
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Becher and Ebrey [3], the singularly positive peak was found to be caused by
attachment of the retinal to the protein, whereas positive and negative couplet
relates the interaction of chromophores between separate proteins. The inter-protein
interaction was recognized as exciton coupling. A recent study done by Pescitelli
and Woody looked closer at the origin of the doublet of PM in visible wavelength
CD spectrum using theoretical calculations, and found that the CD spectrum was
dominated by exciton interaction [4]. Furthermore, they showed that not only is the
CD spectrum influenced by intra-trimeric interaction but also inter-trimeric
interaction.

2.3 Transient Absorption Spectroscopy

2.3.1 Principles

Transient absorption spectroscopy is a time resolved spectroscopy that can measure
the changes in absorbance or transmittance in the sample. The basic set up and
principle is illustrated in Fig. 2.7. The sample is placed in front of a continuous
wave light source, and is excited by a pulsed laser to initiate the reaction. During the
reaction the changes in absorbance are measured with respect to time, providing

DAbs k; tð Þ ¼ log
I0 kð Þ
I k; tð Þ ð2:11Þ

where k is a particular wavelength. For bacteriorhodopsin at a fixed wavelength of
light, DAbs corresponds to a change in intermediate states due to the progression of
the photocycle. The negative DAbs observed for the parent state and its recovery to
zero represents the initiation and the completion of a single photocycle, respec-
tively. The positive rise of DAbs and its decay, on the other hand, corresponds to

Fig. 2.6 Visible wavelength
CD spectra of
bacteriorhodopsin in DMPC
vesicles, trimeric
bacteriorhodopsin at 0.6 °C
(solid) and monomeric
bacteriorhodopsin when
temperature is raised to
35.0 °C (dashed). Reprint
with permission from Ref. [2].
Copyright 1981 American
Chemical Society
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the formation and the transition from the intermediate state. The transient absorp-
tion spectroscopy result can provide information of photocycle duration, pathway
and individual intermediate lifetime, which can be used to analyze photocycle
kinetics of bacteriorhodopsin in a given environment.

2.3.2 Experimental Setup

The time-resolved absorption spectroscopy experiment set up is shown in Fig. 2.8.
The experimental set up can be grouped into 3 categories: the pulsed laser exci-
tation, the sample set up and the data acquisition. The pulsed Q-switched laser
excitation, highlighted in orange in Fig. 2.8, is generated by neodymium-doped
yttrium aluminum garnet (Nd:YAG) system LS-2134UTF (Lotis Tii), on the second
harmonic (SH) mode to provide a laser at 532 nm. The laser pulse then enters a
series of lenses before reaching to the sample. A mechanical shutter VS25S2T2
(Uniblitz) monitors the repetition frequency of the laser pulse slower than 1 Hz.
The beam is then split into two, one continues to travel towards the sample and the
other towards the power detector in order to monitor the power of the laser. Finally
the laser passes through a set of neutral density lenses to monitor the intensity of the
beam, before entering the sample cell to excite and initiate bacteriorhodopsin
photocycle.

Fig. 2.7 Schematics of transient absorption spectroscopy experiment setup. The sample was
excited with pulsed laser at 532 nm. Perpendicular to the excitation laser was an UV/Vis light
source which passed through the sample and the transmitted light entered a monochromator to
select observing wavelength. The final time-resolved results were displayed and recorded on the
oscilloscope. The oscilloscope was triggered by the photodiode
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The blue region shown in Fig. 2.8 illustrates the sample and probing set up. As
described in Fig. 2.7, the sample was placed in the holder where it was excited by a
pulsed laser. The sample temperature was monitored with qpod® (Quantum
Northwest). The pulsed laser also initiated trigger through the photodiode.
Perpendicular to the pulsed laser was the probing continuous wave (CW) light
generated by UV/Vis light source DH2000 (Ocean Optics). To avoid the CW light
source interfering with the photocycle initiated by the pulsed laser, the intensity of
CW light source was monitored to be below 10% of the pulsed laser. As the
excitation pulsed laser initiated the photocycle of bacteriorhodopsin, the changes in
intermediate state caused a change in the absorbance in certain wavelengths. To
investigate the changes in absorbance of a particular wavelength, the CW light
transmitted through the sample would go towards Model 218 monochromator
(McPherson), where a single wavelength was selected. The selected wavelength
passed through a final lens to filter the scattered laser at 532 nm, and then proceed
to photomultiplier (PMT) for signal transformation. The wavelength selection is
based on the absorption wavelength of each intermediate state, illustrated in
Fig. 2.9.

The yellow region in Fig. 2.8 highlights the signal detection and data acquisi-
tion. The changes in absorbance due to the photocycle were detected and recorded
with an oscilloscope WaveSurfer 2MXs-B (LeCory). The signal was triggered by a

Fig. 2.8 Experimental set up of single wavelength transient absorption spectroscopy, where the
set up can be separated into 3 categories: pulsed laser excitation (orange), probing sample (blue)
and data acquisition (yellow)

2.3 Transient Absorption Spectroscopy 47



photodiode, placed around the optical pathway to detect the scattered intense laser
pulse. Power meter 1919-R (Newport Crop.) detected the pulsed laser after beam
splitter, and was recorded using a computer.

2.4 Transient Photocurrent Measurement

2.4.1 Principles

Photocurrent is the electrical current generated due to exposure to illumination. It
may occur as a result of photoelectric, photoemissive or photovoltaic effects. For
bacteriorhodopsin, the photovoltaic signals caused by the proton release have been
previously studied [5–9]. As bR initiates photocycle and the proton pumping
process, the protein releases a free proton into the bulk solution. Utilizing the
concept of concentration cell, where both half-cells consist of the same chemical
composition differing only in concentration, the changes in proton concentration
due to the photocycle can be detected. In a concentration cell, a small voltage is
generated as the concentration cell attempts to reach chemical equilibrium. By
setting up the experiment so that bR is only contained in the working half cell, the
proton released by bR during the photocycle leads to a proton gradient between the
two half cells. The potential difference between the two half cells can be expressed
as a function of concentration

Fig. 2.9 Intermdiate states and their absorption spectra during bR photocycle, reprint from with
permission Ref. [18]. Copyright 1999 American Chemical Society
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V / ln
n0 þ nH þ tð Þ

n0

� �
¼ ln 1þ nH þ tð Þ

n0

� �
ð2:12Þ

n0 represents the number densities of the cations, and nH+(t) corresponds to the
proton concentration modulation during the photocycle of bR. The concentration of
the ions from NaCl is kept constant across the two half cells. Because the proton
concentration modulation of nH+(t) is relatively small in comparison to the bulk
solution, Eq. 2.12 can therefore be approximated to [5]

V / nH þ tð Þ ð2:13Þ

The current is defined as the rate of flow of the electron charge, Q. By using the
relationship between charge, capacitance and voltage, the photocurrent can be
derived in terms of the differentiation of the proton concentration related to the
photocycle.

I ¼ dQ
dt

¼ C
dVðtÞ
dt

/ d nH þ tð Þ½ �
dt

ð2:14Þ

Thus the photocurrent measures the change of proton released by the protein into
the bulk solution during the photocycle.

2.4.2 Experimental Setup

The photoelectrochemical cell is set up according to a study performed by Kuo and
Chu [5], shown in Fig. 2.10. The experimental assembly is shown in Fig. 2.10a,
where the sample cell is connected to a laser system. The neodymium-doped
yttrium aluminum garnet (Nd:YAG) system LS-2134UTF (Lotis Tii), on the second
harmonic (SH) mode generates a laser pulse at 532 nm and the signal passes
through a mechanical shutter VS25S2T2 (Uniblitz), to monitor the repetition fre-
quency. The laser pulse is introduced to the sample via wave-guider Model 77629
(Oriel Instruments). The photocurrent, generated by the proton release of bR during
the photocycle, is amplified by an external current amplifier SR570 (Stanford
Research System) before being recorded using oscilloscope WaveSurfer 2MXs-B
(LeCory).

The photoelectrochemical cell is shown in Fig. 2.10b. The two identical pieces
of glass with dimensions 25 mm � 50 mm � 1.1 mm, coated with fluorine-doped
tin oxide (FTO, Sinoar Solar Corp.) on a single side, served as both a transparent
window and the electrodes. Both working and reference cells consisted of a circular
Teflon spacer and were placed on the FTO surface. The two cells are separated by a
molecular porous membrane with MWCO 14 kDa (BioDesign Inc.), and both the
sample and reference contain 50 mM NaCl.
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2.5 Solution State NMR

Nuclear magnetic resonance (NMR) spectroscopy utilizes the magnetic properties
of nuclei to determine their physical and chemical properties. In protein studies,
NMR spectroscopy is often employed to obtain information on the structure and
dynamics of the protein, as the signals are highly sensitive to local environments.
There are many specialized NMR spectroscopy techniques, each probes a specific
condition, and the data is combined and processed to calculate the protein structure
or interactions.

The spin quantum number is determined by the number of protons and neutrons
in the nuclei, and nuclei with spin quantum number I � ½ are magnetic and thus
possess an intrinsic magnetic moment. Isotopes are defined by nuclei with the same
chemical properties but a different number of neutrons, where they can be distin-
guished by their spin quantum number and by gyromagnetic ratio, c. The magni-
tude of the spin angular moment, L, is quantized by

Fig. 2.10 Schematic diagram of the photoelectrochemical set up. a The cell is connected to a laser
which generates excitation pulse to initiate bR photocycle. b Close up on the electrochemical cell,
where the purple represents the bR containing working half cell, and the grey represent the
reference half cell Adapted with permission from Ref. [5], copyright 2014 Elsevier
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L ¼ I Iþ 1ð Þ½ �12�h ð2:15Þ

ħ is the reduced Plank’s constant. Spin angular moment is a vector, with its
direction and magnitude quantized. The z component of spin angular moment is
given by

Iz ¼ m�h ð2:16Þ

where m = I, I − 1,… −I. Spin gives rise to magnetic moment,

lz ¼ cIz ð2:17Þ

where the gyromagnetic ratio, c, is the ratio between the magnetic dipole moment to
the angular moment of the nuclei. When the nuclei is placed in an applied magnetic
field, B0, the frequency at which the magnetization precesses around the field is
defined by the Larmor frequency, x0, of a nuclei spin,

x0 ¼ �cB0 ð2:18Þ

An NMR experiment measures the Larmor frequency, and it can be measured as
a change of energy

DEj j ¼ �hcBzj j ð2:19Þ

The sample is placed in a strong magnetic field B0 and a second magnetic field,
B1, is applied. B1 is relatively weak in comparison B0 and is generated using a radio
frequency (rf) pulse

B̂1 ¼ B1j jcosðxrf tþ/Þ ð2:20Þ

When xrf = x0, the magnetization will nutate around the direction of the B1 pulse.
This means that only the nuclei close to or on resonance are affected. In this case, an
on resonance 90° pulse will create a transverse magnetization. When such a pulse is
switched off, the transverse magnetization will precess around B0 at the frequency
x0 to return to thermal equilibrium. The NMR signal is generated by this phe-
nomenon in a coil through electromagnetic induction. The schematic description is
shown in Fig. 2.11.

In a multiple spin system there exists many different interactions such that the
Hamiltonian operator can be expressed as

H ¼ Hz þHQ þHD þHCS þHCSA þHJ ð2:21Þ

where Hz is the Zeeman interaction between the nuclei and the external magnetic
field, HQ is the quadrupolar interaction for nuclei with I > ½, HD is the homonu-
clear and heteronuclear dipolar interaction, HCS is the isotropic chemical shift, HCSA
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is the chemical shift anisotropy and HJ is the spin-spin J coupling. In solution state
NMR spectroscopy, spatial dependent and anisotropic interactions such as dipolar
interaction and CSA are averaged due to the fast tumbling of molecules in solution.
By employing nuclei with I = ½, quadrupolar interaction can be eliminated.

Isotropic chemical shift describes the electronic shielding induced by the
external magnetic field B0. The external magnetic field creates a small current flow
in the electron orbitals, and generates a local magnetic field that is dependent on the
surrounding chemical environment whereby

Bz ¼ 1� rð ÞB0 ð2:22Þ

r is the chemical shielding. Including this equation into Eq. 2.18, the observed
Larmor frequency, x, becomes

x ¼ �cB0 1� rð Þ ð2:23Þ

Since different electronic arrangements and bonding give rise to different
chemical shielding, the resulting chemical shift is unique to the environment of
nuclei. By comparing to reference frequency of a standard sample, xref, chemical
shift, d, can be measured independent to the external magnetic field strength,

d ¼ x� xref
� �

xref
� 106 ð2:24Þ

The factor of 106 is required to express chemical shift in terms of parts per
million (ppm).

Two-dimensional (2D) correlation NMR is often used to study protein dynamic
and structure. 2D NMR consists of four stages, as shown in Fig. 2.12: preparation,
evolution, mixing and detection. The main difference between two-dimensional and
one-dimensional NMR spectroscopy is the evolution and the mixing periods. During
the preparation state, magnetization coherence is created by rf pulses, while in the
evolution time no pulse will be present and the magnetization is free to precess. The
mixing period manipulates the magnetization by rf pulses and results in the
observable signal, and the NMR signal is detected in the form of free induction

Fig. 2.11 Schematic vector diagram of (a) magnetization at thermal equilibrium, (b) transverse
magnetization due to on-resonance rf pulse and (c) after the rf pulse has been switched off and then
magnetization precesses around B0 at the Larmor frequency returning to the equilibrium state via
relaxation. This generates a NMR signal which can be Fourier transformed into the frequency
domain
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decay. A 2D NMR spectrum is generated by a series of one-dimensional experi-
ments with different duration of evolution periods. Both dimensions in a 2D NMR
spectrum are shown in frequency, which in turn are represented in chemical shift.

Heteronuclear single quantum correlation spectroscopy (HSQC) detects the
correlation between two different types of nuclei that are connected by a chemical
bond. The general pulse sequence for a HSQC experiment is shown in Fig. 2.13.
1H–15N HSQC is frequently performed in the study of protein to check the size and
the folding of a protein. For a folded protein, the spectrum will usually be well
dispersed. Each amino acid with the exception of proline contains an amide proton
attached to the backbone nitrogen, providing at least one signal to the spectrum.
1H–15N HSQC experiment is relatively sensitive and can be acquired in a short
period of time, making it ideal for preliminary experiments in protein NMR studies.
Moreover, 1H–15N HSQC can be used to study protein-protein interaction or
protein-ligand binding experiments, as the changes in structure or interaction can be
detected through changes in chemical shift. HSQC can also be combined with other
NMR pulse sequence schemes to achieve higher dimensional NMR experiments for
sequence assignments and structural determinations.

Fig. 2.13 General pulse sequence of 1H–15N HSQC. The thin black square represent 90° pulse,
whereas the thicker black square represent 180° pulse

Fig. 2.12 Schematics of general pulse sequence structure for a 2D NMR experiment. The stages
include preparation, evolution, mixing and detection
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2.6 Nanodisc Assembly and Optimization

2.6.1 MSP Expression and Purification

Membrane scaffold proteins, MSP1E3D1 and MSP1E3D1_srt (E3D1_srt), which is
MSP1E3D1 with an additional his tag and a sortase recognition site, and
GB1_MSP1D1DH5_srt (GB1DH5_srt), were expressed using E. coli with pET28
vector with kanamycin antibiotic resistance. The additional soluble protein, protein
G domain B1 (GB1) fused on the N terminal of DH5_srt is to increase the protein
expression yield. While MSP1E3D1 and E3D1_srt were expressed using Rosetta
with an additional chloramphenicol antibiotic resistance, GB1DH5_srt was
expressed using BL21 (DE3). The bacteria carrying the plasmid were first trans-
formed. The overnight culture was grown from 2 to 3 colonies, and was grown for
14–16 h in 37 °C before transferring into the expression culture. The bacteria were
grown to optical density at 600 (OD600) of 0.8–1.0 before inducing with 1 mM
IPTG. In the case of GB1DH5_srt, the induction was performed at 30 °C. The
bacteria were harvested after 4–5 h of induction for E3D1_srt and after 6 h for
GB1DH5_srt. The bacterial pellet was kept at −80 °C until purification.

The purification buffer of MSP is shown in Table 2.1. The bacterial pellet was
resuspended in a buffer containing 50 mM Tris-HCl, 500 mM NaCl, 1 mM EDTA,
1 mM PMSF, 1% Triton X-100, a small amount of DNase and lysozyme. After the
bacterial pellet had fully suspended, lysis was done by sonication using Q700
sonicator (QSonica) at amplitude 25 with 1 s on and 3 s off, for 4 min. After the
insoluble membrane fraction was separated using centrifugation, the solutions were
then applied onto a Ni-NTA column that was equilibrated with suspension buffer.
The samples were bound to the column for 1 h with gentle agitation.

After binding to Ni-NTA, the resins were washed with wash buffers containing
50 mM Tris-HCl, 500 mM NaCl at pH 8 and different detergent or imidazole
concentrations. Wash buffer 2 has an additional 1% Triton X-100, whereas wash
buffer 3 contains 50 mM sodium cholate. Wash 4 contains 20 mM imidazole and
the protein was eluted from the resins with 500 mM imidazole. The eluted sample

Table 2.1 Purification buffer of membrane scaffold protein

Buffer

Lysis 50 mM Tris HCl, 500 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1% Triton X-100,
DNase and lysozyme, at pH 8

Wash 1 50 mM Tris-HCl, 500 mM NaCl, pH 8

Wash 2 Wash 1 + 1% TX-100, pH 8

Wash 3 Wash 1 + 50 mM sodium cholate, pH 8

Wash 4 Wash 1 + 20 mM imidazole, pH 8

Wash 5 Wash 1 + 100 mM imidazole, pH 8

Elution Wash 1 + 500 mM imidazole, pH 8

Dialysis 25 mM Tris-HCl, 100 mM NaCl, 0.5 mM EDTA, pH 7.5
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was concentrated down to less than 10 ml using Centricon, before the imidazole
was removed using dialysis overnight. The concentration of the purified protein was
checked with NanoDrop, and the purity was verified using SDS PAGE and
MALDI-TOF mass spectroscopy. In the case of MSP1E3D1 and MSP1E3D1_srt,
the purification procedure had an additional wash using wash buffer 5, containing
100 mM imidazole before elution to avoid high molecular weight impurities.

For GB1DH5_srt, the protein was purified using size exclusion chromatography
after elution from Ni-NTA to separate impurities consisted of GB1, using HiLoad
16/600 Superdex 75. The fractions were checked with SDS PAGE and only frac-
tions containing only GB1DH5_srt were collected, shown in Fig. 2.14.

Fig. 2.14 a Size exclusion chromatography profile and b SDS PAGE of individual fractions for
the purification of GB1DH5_srt
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2.6.2 Circularization of cMSP

Conventional nanodiscs were assembled using linear-form MSPs. The N and C
terminal are held together through self-assembly, but the ends are not joined
together thus the content of the nanodisc, particularly small lipid molecules, can
move in and out of the MSP belts. This may lead to unfavorable lipid aggregation,
especially at high concentration and higher temperature, and complicate the bio-
physical analysis. Inspired by circular proteins found in nature with circular
backbones to prevent degradation [10, 11], MSP was designed to chemically join its
N and C termini to improve stability [12, 13]. An additional Sortase A recognition
site was added onto the MSP to undergo a sortase mediated catalytic reaction [14].

The schematic of E3D1_srt sortase catalyzed circularization reaction into cE3D1
is described in literature [13] and presented Fig. 2.15a. The process is the same for
GB1DH5_srt. Evolved Sortase A (SrtA) required for the circularization process was
expressed using E. coli with pET29 vector with kanamycin antibiotic resistance.
The plasmid of SrtA was transformed into BL21(DE3) and the bacteria was grown
in the expression culture until OD600 reached 0.8 before the protein expression was
induced with 0.45 mM IPTG at 30 °C for 3 h. The bacteria was centrifuged after
harvest and the bacterial pellet was kept at −80 °C until purification. During
purification, the bacterial pellet was resuspended in SrtA lysis buffer as described in
Table 2.2. After binding to Ni-NTA for 1 h at 4 °C, the resin was washed with each
of the wash buffers for 10 CV, before the protein was eluted from the resin using
SrtA elution buffer. Imidazole was then removed via dialysis overnight.

E3D1_srt contains a polyhistidine tag on both the N and the C terminals, with an
additional sortase recognition site located on the N terminal. First, the N terminal
his tag was cleaved by TEV protease cleavage reaction to expose the sortase
recognition site, with E3D1_srt to TEV ratio at 10 to 1 and cleaved for 15 h in RT.
The TEV protease cleaved E3D1_srt(-) was diluted with a buffer containing 50 mM
Tris-HCl, 150 mM NaCl and 2 mM Triton X-100 at pH 7.5. The mixture was
added into the reaction mixture containing 3 lM of SrtA, 50 mM Tris-HCl,
150 mM NaCl, 1 mM Triton X-100 and 10 mM CaCl2. The final ratio between
E3D1_srt and SrtA was 1 to 1. The reaction was stirred in RT for 15 h before the
sample was purified using Ni-NTA to remove SrtA, TEV protease and unreacted
E3D1_srt(-). The Ni-NTA flowthrough was collected and condensed before the
detergent was removed using BioBeads with overnight treatment. The final product,
cE3D1, was characterized using SDS PAGE and MALDI-TOF mass spectroscopy,
shown in Fig. 2.15b and c.
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2.6.3 Lipid and MSP Optimization

Membrane scaffold protein, lipid in detergent and target protein were mixed and
incubated for 2 h before the detergent was removed with 400 mg of BioBeads per
500 ll of assembly mixtures. The samples were treated with BioBeads with gentle
agitation for at least 4 h in 4 °C, and the BioBeads were separated from the sample
via centrifugation at 3381 � g (6000 rpm) using Centrifuge 5425 R (Eppendorf).

Fig. 2.15 Schematics of the circularization process of cE3D1 from E3D1srt (a). The products
during the circularization can then characterized using b SDS PAGE and c MALDI-TOF mass
spectra

Table 2.2 Purification buffers of SrtA

Buffer

Lysis 50 mM Tris HCl, 300 mM NaCl, 1 mM MgCl2, 1 mM PMSF, DNase and
lysozyme, at pH 8

Wash 1 50 mM Tris-HCl, 300 mM NaCl, 5 mM imidazole, pH 8

Wash 2 Wash 1 with 20 mM imidazole, pH 8

Elution Wash 1 + 500 mM imidazole, pH 8

Dialysis 50 mM Tris-HCl, 150 mM NaCl, pH 7.5
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The samples underwent fast centrifugation at 21130 � g (15000 rpm) in order to
remove precipitation before further purification using chromatography methods.

During nanodisc assembly, the membrane scaffold protein to lipid ratio is crucial
to obtain a narrow distribution of nanodisc homogeneity. It is therefore important
that the MSP to lipid ratio is optimized prior to incorporating the target protein for
biophysical studies.

Figure 2.16 demonstrates an optimization process of MSP to DMPC ratio using
linear MSP1D1DH5 without joint termini with size exclusion chromatography.
When the lipid to membrane scaffold protein ratio is too high, suggesting an excess
amount of lipid in assembly mixture, the extra lipid would either enlarge a portion
of the nanodisc causing the distribution to increase, or form large aggregation after
the detergent has been removed. On the other hand, when the lipid to membrane
scaffold protein ratio is too low, corresponding to an excess of membrane scaffold
protein, the membrane scaffold protein would aggregate and thus decrease the
efficiency and yield of the nanodisc formation. Moreover, the lipid to membrane
scaffold protein ratio varies with different lipids even when the same membrane
scaffold protein is used, as the packing of each lipid would differ depending on the
charge of the hydrophilic head or the size and status of the hydrophobic tails. There
is also a slight alteration of the lipid to membrane scaffold protein ratio across
different batches of membrane scaffold protein expression or lipid in detergent
preparation, due to the small inaccuracy in determination of protein concentration
or measurements of lipid weight.

Fig. 2.16 Size exclusion
chromatography of empty
nanodisc composed of
MSP1D1DH5 and DMPC at
different MSP to lipid ratios
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2.7 PM Preparation

2.7.1 H. salinarum Culture

Halobacterium salinarum S9 was grown according to the protocols outlined by
Oesterhelt and Stoeckenius [15]. After the expression culture shown in Table 2.3
was prepared the pH of the expression culture was adjusted to pH 7.4 using NaOH
and the culture was autoclaved and sterilized. During the culture, since no bacteria
can survive such harsh conditions, no antibiotic was necessary to avoid contami-
nation. H. salinarum was expressed either with 1 L in 2.5 L Erlenmeyer flask or 2 L
in Winpact Bench-Top Fermenter (Major Science). The expression culture was
grown from the mature smaller culture of 20 ml, and was grown at 38 °C with
illumination. As the population of H. salinarum grew the oxygen and nutrient level
in the medium decreased rapidly. After 1 week of growth the colour of the culture
would turn from yellow to pink, corresponding to the expression of functional bR.
The expression of bR and production of PM was checked by centrifuging a small
amount of culture daily and compares the increase of purple pellet. Once the
bacterial pellet ceased to increase, H. salinarum was harvested by centrifuge and
directly proceeded to lysis and purification to preserve the integrity of PM and
avoid loss of yield.

2.7.2 PM Isolation

The PM containing bacterial pellet was resuspended in 4 M NaCl. Lysis of
H. salinarum was achieved by adding a small amount of DNase and gentle shaking
overnight. The lysis mixture was then dialyzed first in 0.1 M NaCl, then twice in
doubly distilled water, each over night at 4 °C. The dialysis process induced lysis
by osmosis and the gentle breaking of membrane. The membrane fraction con-
taining purple membrane was obtained by fast centrifuge at 27216 � g (15000
rpms) for 1 h using Avanti J-26S XP Centrifuge JA25.50 rotor (Beckman). The
purple membrane was then suspended in distilled water, and transferred to a tissue

Table 2.3 Chemical
composition of H. salinarum
S9 strain culture medium

Chemical Weight per litre/gL−1 Concentration/M

ddH2O Up to 4 L

NaCl 250 4.28

KCl 2 2.68 � 10−2

MgSO4 9.75 8.10 � 10−2

CaCl2 0.202 1.82 � 10−3

Na3C6H5O7 3.4 1.16 � 10−2

Peptone (LP0037) 10
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grinder. By creating a gentle vacuum using the tissue grinder, some intertrimer
interaction was disrupted and large aggregation broken, allowing removing of
impurities that were previously aggregated with PM. The purified PM was sepa-
rated from b-carotene and impurities by sucrose gradient. The gradient consisted of
40%, 50%, 60% sucrose in distilled water, at 7 ml, 7 ml and 3 ml, respectively. The
sucrose gradient purification was performed at 87300 � g (22000 rpm) using
Optima XE-90 Ultracentrifuge SW28 swing bucket rotor (Beckman) for 22 h, with
slow deceleration to maintain the final gradient. Shown in Fig. 2.17 is the final
sucrose gradient with a clear separation of b-carotene and impurities. The dark
purple fraction was carefully extracted and the sucrose content was later removed
by another centrifugation. After the purified, insoluble purple membrane was
separated from the supernatant, purple membrane was resuspended in distilled
water.

The sample was sonicated briefly using Q700 sonicator (QSonica) at amplitude
20 with 1 s on and 3 s off, for 1 min, to break apart the large aggregation of PM.
This prevents light scattering of large particles in the sample. Finally the concen-
tration of PM was estimated using steady state spectroscopy, using the absorption at
568 nm and extinction coefficient of bR at that wavelength e568 = 62700 M−1cm−1.
PM was stored at 4 °C.

Fig. 2.17 Sucrose gradient
purification of purple
membrane (PM), with double
distilled water, 40% sucrose,
50% sucrose and 60% sucrose
layers. Image reproduced with
premission from
Ref. [19], from Nature
Publishing Group
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2.8 HmbRI Preparation

2.8.1 Site Directed Mutagenesis

The plasmid of wild type HmbRI and HmbRII was generously provided by
Professor Chii-Shen Yang from the department of Biochemical Science and
Technology, National Taiwan University. The mutation of D94N from wild type
HmbRI was achieved by mutating a DNA sequence from GAC to AAC.
The forward and reverse primers, synthesized (Genomics BioSci and Tech) were
5’-CAACGCCGTTGCTGCTGTATAACCTCGGACTGCTTGCAGG-3’ and
5’-CCTGCAAGCAGTCCGAGGTTATACAGCAGCAACGGCGTTG-3’, respec-
tively. The PCR reaction for site directed mutagenesis was performed with 40 ng of
template containing wild type HmbRI, 0.2 lM of primer pair, 200 lM dNTPs, 1x
Fusion DNA polymerase, using Mastercycler pro (Eppendorf). The reaction was
started by an initial denaturation at 98 °C for 1 min then followed by 25 cycles,
consisting of 25 s of denaturation at 98 °C, 20 s of annealing at 55 °C and 4 min
elongation at 68 °C. The reaction was terminated with an additional 5 min elon-
gation at 68 °C. The PCR product was then treated with a unit of Dpn1 at 37 °C for
3 h before purification using Gel/PCR DNA fragment extraction kit DF100/DF300
(Geneaid Biotech). The purified plasmid was then amplified by transformation into
E. coli DH5a. The sequence was confirmed by Sequencing Center at National
Taiwan University, Taipei.

2.8.2 HmbRID94N Culture and Purification

The expression vectors containing HmbRID94N were transformed into E. coli C43
(DE3) [16]. The bacteria was grown in small volume overnight using LB in 37 °C
with carbenicillin antibiotics. For protein production, the appropriate volume of
overnight culture was transferred to a large expression culture in Erlenmeyer flask
and grown until OD600 was around 1.0 at 37 °C. The culture was then induced with
0.5 mM IPTG and 10 lM of all-trans retinal (Sigma). The retinal was necessary for
the functionality of bR. Unlike in the case of HsbR expression using H. salinarum,
E. coli does not produce the retinal hence the molecule must be added separately.
Shown in Fig. 2.18b is the result of HmbRID94N expression with and without the
addition of all-trans retinal. The culture was harvested after 5 h of induction and the
bacterial pellet was kept in −80 °C until purification.

For purification, the bacterial cell was suspended in buffer containing 50 mM
Tris, 4 M NaCl, 0.2 mM PMSF, 14.2 mM b-mercaptoethanol, a small amount of
lysozyme and DNase. The cell was disrupted using sonication, with 1 s on 3 s off
for 120 s. The cell lysate was then centrifuged at high speed to separate the
membrane and the soluble fraction, and the insoluble membrane fraction was dis-
solved in solubilization buffer containing 2% DDM for at least 24 h. The sample
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was kept in a dark environment to avoid protein denaturing. After solubilization and
another centrifugation to separate the solubilized fraction and the insoluble impu-
rities, the supernatant was applied onto Ni-NTA column in 4 °C for 1 h of binding.
After incubation, the column was washed with wash buffers 1, 2 and 3 before the
protein was eluted from the column using elution buffer. The chemical composition
of each buffer is detailed in Table 2.4. The excess imidazole was removed using
dialysis overnight.

The purity of the protein was checked with SDS-PAGE, shown in Fig. 2.19, and
the concentration of the protein was determined using 280 nm absorption and
extinction coefficient of 68410 M−1cm−1.

Fig. 2.18 a Structure of all-trans retinal required for the expression of HmbRID94N, which is
commercially available. b Harvest bacterial pellet expression HmbRID94N using the same
conditions except without (left) and with (right) addition of 10 lM all-trans retinal during IPTG
induction

Table 2.4 HmbRID94N purification buffers using DDM

Buffer Chemical composition

Lysis 50 mM Tris-HCl, 4 M NaCl, 0.2 mM PMSF, 14.7 mM b-mercaptoethanol,
small amount of lysozyme and DNase, pH 8

Solubilization 50 mM Tris-HCl, 4 M NaCl, 0.2 mM PMSF, 14.7 mM b-mercaptoethanol,
small amount DNase and 2% DDM, pH 8

Wash 1 50 mM Tris-HCl, 4 M NaCl, 0.05% DDM, pH 8

Wash 2 Binding buffer + 20 mM imidazole

Wash 3 Binding buffer + 50 mM imidazole

Elution 50 mM Tris-HCl, 1 M NaCl, 0.1% DDM, 300 mM imidazole, pH 8

Dialysis 25 mM Tris-HCl, 100 mM NaCl, 0.5 mM EDTA, pH 7.5
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2.8.3 Isotopic Labeling Expression

A benefit of using E. coli to express HmbRID94N, rather than growing the native
archaea like H. salinarum for HsbR, is the convenience of isotopic labeling of
HmbRID94N for NMR experiments. For HSQC experiment, HmbRID94N was
expressed with 2D and 15N labels using modified high salt minimum media [17]
dissolved in D2O. The chemical composition of the expression media is detailed in
Table 2.5.

The expression vector containing HmbRID94N was transformed into E. coli
C43(DE3) and was grown overnight in small volume in LB at 37 °C. The overnight
culture was briefly centrifuged for 3 min at 1811 � g (3000 rpm) using Centrifuge
5810 R (Eppendorf) to collect the bacteria. The LB was removed and the bacterial
pellet was carefully suspended with the high salt minimum media to avoid any
disruption of the cell, then the resuspended bacterial culture was added to a small

Fig. 2.19 SDS PAGE of HmbRID94N purification using DDM

Table 2.5 Chemical
composition of modified high
salt minimum media per 1 L
of expression culture

Chemical /L

KH2PO4 13 g

K2HPO4 10 g

Na2HPO4 9 g

K2SO4 2.4 g
15NH4Cl 1 g

MgCl2 0.952 g

Glucose 4 g

Trace elements + vitamin 1x

ISOGRO 0.5 g
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volume of high salt minimum media for adaptation growth. The bacteria was
adapted for 6 h and was added to large expression culture, where it was grown until
OD600 before induction with 0.5 mM IPTG and 10 lM of all trans retinal. 0.5 g/L
of 2D, 15N labeled ISOGRO (Sigma) growth medium was added during the addition
of IPTG and all trans retinal to provide enrichment and increase expression yield.
Due to the substitution of D2O for H2O which would significantly slow down the
growth and expression rate of the bacteria, the culture was induced for 10 h before
harvest. The purification procedure of 2D, 15N labeled protein is the same as LB
expressed, unlabeled protein.
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Chapter 3
Effect of Lipid Composition of Nanodisc

3.1 Introduction

As discussed in Chap. 1, the idea of using a membrane mimic for studying membrane
protein is not only for solubilization of the membrane protein but also to provide the
protein a near native environment, ensuring the relevant structures and the functions
are preserved. Introduced in Chap. 1, nanodisc has been utilized to study numerous
membrane proteins. The ability to be able to embedmembrane protein in a near native
phospholipid bilayer while keeping the size of the complex reasonable has advanced
the use of solution NMR in the studies of membrane protein. An advantage of
nanodisc is the flexibility of lipid composition. In lipid bicelle, and composition of
lipid, the choice of detergent and the ratio between the two are kept very specific in
order to produce size homogenous bicelle. This means that the choice of lipid
composition is limited. In nanodisc, however, the choice of lipid bilayer composition
is only limited by the lipid molecule’s ability to self assemble into lipid bilayer in
aqueous solution without solubilization agents. Most commonly used phospholipids
in nanodisc are zwitterionic, such as DMPC, POPC, DPPC [1], with some negatively
charged PG lipids incorporated to increase stability [2].

The effect of lipid composition has been known to be an important factor
affecting the structure, function or stability of certain membrane proteins. For
example, in the cases of bacterial secondary transporters, some proteins were found
unable to functionally fold in E. coli lacking PE lipids [3, 4]. Lipid composition can
affect a large range of membrane properties such as charge, curvature or curvature
stress, membrane thickness or packing and specific lipid-protein interaction. The
effect of the surrounding lipid composition on the function of bacteriorhodopsin has
been suggested by previous studies [5, 6]. The interaction between bR and the
surrounding membrane lipids is proposed to have significant effect on its photo-
cycle [7, 8], where some native lipids were shown to be more important than others
in preserving the photocycle kinetics of PM.
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Bacteriorhodopsin has been successfully incorporated into liposomes [9–11] or
nanodisc [12] composed of synthetic lipids. Demonstrated by Wang et al. the
synthetic lipid composition of the liposome can alter the intermediate state M decay
of the bR reconstituted onto the liposome [13]. However, the lipid composition also
influences the orientation of the proton pump [13, 14], with similar phenomenon
reported for proteorhodopsin [15]. This further complicates the investigation on the
effect of the lipid, as an inward pumping and an outward pumping bacteri-
orhodopsin would behave differently. Another concern during the studies of bR
using liposome is the inhomogeneous sample, where the number of proteins on a
vesicle is difficult to monitor, particularly with the changes in lipid composition.
Liposome also introduces optical scattering due to its physical properties, which
would affect the signal-to-noise ratio [16].

By utilizing the homogenous and disc-like nature of nanodisc, the concerns of
bR orientation and homogeneity associated with lipid composition can be elimi-
nated. Furthermore, nanodisc can provide a size homogenous lipid environment
with exact control of the lipid ratio between zwitterionic and negatively charged
hydrophilic heads, and between the saturated and unsaturated hydrophobic tails. By
using MSP1E3D1 membrane scaffold protein we were able to produce larger
nanodisc, which introduces less structural confinement in comparison to the smaller
nanodisc assembled using MSP1D1. By systematically studying of monomeric bR
incorporated into nanodisc of different lipid composition, we were able to
demonstrate the significant influence of lipid on the function of bR using transient
absorption spectroscopy and electrochemical measurement. The results indicate a
decrease in the negatively charged lipid content leads to an increase in photocycle
lifetime, in particular decelerated kinetics of the intermediate M, suggesting a
decreased rate of proton translocation. While the photocycle duration increases, the
decrease in the negatively charged lipid content also leads to decreased populations
of intermediates N and O, suggesting an alteration in the photocycle pathway. On
the other hand, photocurrent measurements results show that even though a
decrease in the negatively charged lipid content results in longer intermediate M
lifetime, the neutral and the positively charged lipid were found to assist in the
release of protons from the protein after proton translocation. In addition to the
effect of the charge of lipid, the structure of the hydrophobic lipid tails was found to
have minor influence over the photocycle kinetics. This suggests that although the
charge of the lipid hydrophilic head is the dominant factor when tuning the pho-
tocycle kinetics of bacteriorhodopsin embedded in nanodisc, the lipid packing and
transition temperature affected by the structure of the hydrophobic lipid tails should
not be over looked.
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3.2 Experimental Details

3.2.1 Sample Preparation

3.2.1.1 Monomeric BR in Triton X-100 Micelle

The purple membrane (PM) of Halobactrium salinarum S9 strain was harvested
and purified following a standard method described in Sect. 2.7. The detergent
solubilized monomeric bR (mbR) was prepared by mixing purified PM with
detergent Triton X-100 at a ratio of 1 to 7 (w/w) [17], and the solubilization process
was kept in dark environment for 72 h at 25 °C. After the solubilization process
was complete, mbR was collected from the supernatants after three centrifugations
at 18,400 � g for 30 min. The steady state absorption contour maximum of the
light adapted mbR in detergent micelle shifted from 568 to 553 nm.

3.2.1.2 Nanodisc Assembly

The synthetic lipids used to assemble the nanodisc are shown in Fig. 3.1. DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine), DMPG (1,2-dimyristoyl-sn-glycero-
3-phospho-[1’-rac-glycerol]), DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),
DOPG (1,2-dioleoyl-sn-glycero-3-phospho- [1’-rac-glycerol]), DOTAP (1,2-dioleoyl-
3-tri-methylammonium-propane), POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosp
ho-choline) and POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-[1’-rac-glyc
erol]) were purchased from Avanti Polar Lipids, Inc. and were solubilized to stock
solution using buffer solution containing Triton X-100. The concentrations of the lipids
and Triton X-100 in the stock solution were 50 mM and 200 mM, respectively, and
were used to make different molar ratios of DOPC/DOPG, DMPC/DMPG, DMPC/
DOPG, DOPC/DOTAP and POPC/POPG mixtures. The assembly of nanodisc was
outlined in Sect. 2.6, with the final molar ratios between bR, MSP and lipids shown in
Table 3.1. Themolar ratios ofMSP to each different lipid mixture have been optimized
prior to the study. After BioBeads are removed from the assembly mixture, the sample
was centrifuged at 15000 rpm to remove further aggregates and precipitation, before
moving on to purification using chromatography methods.

After purification, the bR embedded nanodisc samples were collected, con-
densed and exchanged into relevant buffers before proceeding to optical and
functional characterizations. For bR embedded in nanodisc composed of DMPG/
DMPC, DOPG/DOPC and DOPG/DMPC, the buffer contained 0.5x phosphate
saline buffer with an additional 100 mM NaCl at pH 5.8 and the concentration of
the bR embedded nanodisc was maintained at 10 lM. For bR embedded in nan-
odisc composed of DOTAP/DOPC, DOPG/DOPC and POPG/POPC, the buffer
contained 50 mM NaCl at pH 7, adjusted by careful addition of HCl or NaOH, and
the concentration was diluted to 5 lM.
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3.2.2 Sample Characterization

3.2.2.1 Size and Assembly

Size Exclusion Chromatography. The size exclusion chromatography was per-
formed with either a HiLoad 16/600 Superdex 200 PG column or a Superdex 200
10/300 GL column (GE Healthcare) depending on the volume of the sample and
concentration for optimum separation. The assembled nanodisc samples were
condensed to the appropriate volume if necessary, using a Centrifugal Concentrator
(Vivaspin), and was applied onto the column at 4 °C.

SDS PAGE. The samples collected from size exclusion chromatography were
exchanged into distilled water to remove the salt content before the solution was

Fig. 3.1 The molecular
structures of synthetic lipids
used in the nanodisc
assembly. The charges of the
hydrophilic heads are
represented in different colors:
zwitterionic (green), negative
(red) and positive (blue)
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removed using Savant SPD111 V SpeedVac (Thermo Fisher) at 40 °C for more
than 2 h. The dried sample was rehydrated in SDS PAGE loading dye and urea.

Matrix Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF)
Mass Spectroscopy. Sample fractions from size exclusion chromatography were
collected and combined. The salt buffer in the sample was removed by exchanging
the sample into distilled water using Centrifugal Concentrator (Vivaspin), before
addition of organic solvent mixture of acetone and methanol at a ratio of 7–1,
respectively. The sample mixture containing organic solvent was rested on ice for
1.5 h. Protein precipitate was obtained after fast centrifuge, and was dissolved using
trifluoroacetic acid (TFA). The dissolved sample was then mixed with DHB matrix
mixture before the mass spectroscopy experiment.

3.2.2.2 Surface Charge

Anionic Exchange Chromatography. The anionic exchange chromatography was
performed using a Resource Q anion exchange column (GE Healthcare). The
sample was eluted from the column with a linearly increased salt concentration
from 0 to 1 M NaCl, and in some cases an increasing pH from pH 6.5 to pH 8, in
elution buffer containing 25 mM Tris-HCl and 0.5 mM EDTA. The sample elution
was monitored using 280 nm absorption.

Zeta Potential Measurements. The cuvette used to analyse zeta potential was
equipped with carbon electrodes. The concentration of samples were diluted and
maintained at 1.1 lM, while the temperature was monitored at 25 °C.

Table 3.1 Molar ratios of
lipid to bR in different bR
embedded nanodisc
assemblies

100/0 75/25 50/50 25/75 10/90 0/100

DMPG/DMPC

Lipid:MSP 50:1 50:1 60:1 67:1 – 90:1

MSP:bR 6:1 6:1 6:1 6:1 – 8:1

DOPG/DOPC

Lipid:MSP 40:1 40:1 47:1 65:1 65:1 70:1

MSP:bR 6:1 6:1 6:1 6:1 6:1 6:1

DOPG/DMPC

Lipid:MSP 40:1 50:1 55:1 70:1 – 90:1

MSP:bR 6:1 6:1 6:1 6:1 – 6:1

DOTAP/DOPC

Lipid:MSP – – – – 65:1 –

MSP:bR – – – – 6:1 –

POPG/POPC

Lipid:MSP 35:1 – 40:1 – 85:1 –

MSP:bR 6:1 – 6:1 – 6:1 –
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3.2.2.3 Oligomeric State and Retinal State

Circular Dichroism Spectroscopy. The circular dichroism (CD) spectra were
recorded with a model No. J-815 spectrometer (JASCO), averaged for 1.2 s at 1 nm
intervals between 700 and 400 nm at 28 °C. The path length of the cuvette was
1 cm.

Steady state Absorption Spectroscopy. The steady state UV-Vis absorption
spectra were recorded with a model No. USB4000-UV-VIS spectrometer (Ocean
Optics) at room temperature. The cuvette used for the steady state absorption
spectroscopy was the same as in CD experiments.

3.2.2.4 Photocycle Kinetics

Time-resolved Absorption Spectroscopy. The transient absorption spectroscopy
was performed at 25 °C using a temperature monitor, where the concentration of
sample was maintained at 10 lM prior to the laser excitation. An appropriate
excitation repetition rate was optimized and carefully selected for each bR
embedded nanodisc sample depending on the overall photocycle lifetime, shown in
Table 3.2. Temporal profiles upon 550–1200 laser excitations, also stated in
Table 3.2, were averaged to increase the signal to noise ratio.

Time-resolved Photoelectric Measurements. The concentration of bR
embedded nanodisc was kept at 5 lM using 50 mM NaCl in the working half-cell,
and the reference half-cell contained only 50 mM NaCl. 240 ll of solutions were
injected in the each of the half cells. The laser flux was controlled at 0.5 mJ cm−2,
and the repetition rate of 2 Hz. The temporal profiles of photocurrent averaged over
200 laser excitations.

Table 3.2 Repetition rates of
the 532 nm excitation pulse
for various bR samples for
time-resolved difference
spectrum acquisitions

100/0 75/25 50/50 25/76 100/0

DMPG/DMPC

Repetition rate/Hz 5 2 2 1 0.5

Number of averages 1200 1200 1200 600 550

DOPG/DOPC

Repetition rate/Hz 5 5 5 5 2

Number of averages 1100 1200 1200 1200 1200

DOPG/DMPC

Repetition rate/Hz 5 5 5 2.5 0.5

Number of averages 1100 1100 1100 1100 550
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3.3 Results and Discussion

The bR embedded nanodisc samples were characterised using chromatography
methods as well as optical experiments. Anionic exchange chromatography was
used to characterize the surface charge of the nanodisc samples, while size exclu-
sion chromatography determined the size of the nanodiscs. Steady state spec-
troscopy was performed to examine the confirmations of the retinal pocket of bR,
and visible wavelength circular dichroism was used to inspect the oligomeric state
of bR in nanodisc. The photocycle kinetics of bR in nanodisc with different lipid
composition was studied using time-resolved difference spectra, and the kinetics of
the release of proton by bR into the bulk solution was investigated using
time-resolved photoelectric measurements.

3.3.1 Sizes, Oligomeric State and Surface Charge

The sizes of bR embedded lipid nanodisc were estimated to be 140 ± 25 kDa using
size exclusion chromatography. The estimation was achieved by creating a rela-
tionship between elution volume from the size exclusion column and protein
molecular size of standard samples.

The sample collected from size exclusion then underwent MALDI-TOF mass
spectroscopy and SDS-PAGE for verification, shown in Fig. 3.2. MALDI-TOF
mass spectra showed two major peaks, with molecular weights identified as bR and
MSP1E3D1. In 5–13% SDS PAGE, the fractions collected from size exclusion
chromatography showed two bands, identified as bR, MSP1E3D1 and MSP1E3D1
(-), which is the MSP1E3D1 without its histidine tag. Moreover, the intensities of
the bands across the different fractions showed agreement to the intensity of the
peak of which the fraction was taken, suggesting the peak was homogeneous and
singular.

The circular dichroism was performed to verify the oligomeric state of bR
embedded in nanodisc. Shown in Fig. 3.3, bR embedded in nanodisc consisting of
DMPG/DMPC, DOPG/DOPC and DOPG/DMPC all at 50/50 displayed clear
monophasic feature in the visible light range. Compared to the biphasic peaks of
trimeric bR in PM, the monophasic feature indicated bR embedded in nanodisc to
be monomeric rather than trimeric. Moreover, we found that despite reports of
oligomeric state of bR being influenced by the bR to lipid ratio, as PC lipid was
substituted with PG lipids and the number of lipids to MSP decreased, bR
embedded in nanodisc maintained the monomeric form. This eliminates the trimeric
coupling effect in functional studies.

The ionic exchange chromatography profiles of the nanodisc assembled are
shown in Figs. 3.4, 3.5 and 3.6. Samples of empty nanodisc and bR embedded
nanodisc of DMPG/DMPC, DOPG/DOPC and DOPG/DMPC were eluted from
Resource Q column with a linearly increasing gradient of NaCl concentration and
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Fig. 3.2 a Size exclusion chromatography profile of bR embedded nanodisc composed of DOPG/
DOPC 10/90. b MALDI-TOF mass spectrum and c SDS PAGE of fractions taken from the size
exclusion chromatography profiles shown in (a). Reproduced with permission from Ref. [22],
copyright Elsevier 2015

Fig. 3.3 Circular dichroism
spectra of (black) bR in PM
and bR embedded in
nanodiscs consisting of PC/
PG 50/50. The lipid
compositions of the nanodiscs
are DMPG/DMPC (blue),
DOPG/DOPC (red) and
DOPG/DMPC (green). The
ellipticity of bR in PM was
scaled to 30% to showcase the
biphasic feature in
comparison. Reproduced with
permission from Ref.[22],
copyright Elsevier 2015
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pH, represented by the grey lines. In both the case of bR embedded nanodisc (a–c)
and empty nanodisc (d–f), the nanodisc with higher DMPG or DOPG contents
resulted in greater elution volume and a higher salt concentration. Since in anionic
exchange chromatography a greater elution volume with a greater salt concentration
indicates a greater negative surface charge, the results shown in Fig. 3.4 suggest an
increase of DMPG or DOPG content increases the negative surface charge.

Moreover the zeta potential analyses shown in Fig. 3.5, showed agreement to the
trend found in ionic exchange chromatography profiles, with the increase in neg-
ative surface charge as the PG lipid content in nanodisc was increased. This phe-
nomenon is due to the negatively charged hydrophilic head of PG. The zeta
potential of PM at pH 7.5 was reported to be 52.0 ± 1.2 mV [18] and between −15
and −20 mV at pH 5.8 [19]. By comparing the ionic exchange profiles and zeta
potentials of bR embedded nanodisc and empty nanodisc of the same lipid com-
position, the incorporation of monomeric bR into nanodisc slightly increases the
negative surface charges. This suggests that monomeric bR has intrinsic negative
surface charge and therefore played a small role in changing the surface charge of
the nanodiscs.

Figure 3.6 shows the anionic exchange chromatography of bR embedded in
DOTAP/DOPC, DOPG/DOPC and POPG/POPG. Unlike in Fig. 3.4, the elution
buffer contained only a linearly increasing NaCl concentration and no increasing
pH, while the pH remained at pH8. This was due to the fact that DOTAP/DOPC 10/
90 sample contained less negative surface charge and the initial pH 6.5 caused the

Fig. 3.4 Anionic exchange chromatography profile of a–c bR embedded nanodisc and d–f empty
nanodisc, composed of a, d DMPG/DMPC, b, e DOPG/DOPC and c, f DOPG/DMPC. The molar
ratio of the PG/PC lipids are 0/100 (black), 25/75 (blue), 50/50 (green), 75/25 (orange) and 100/0
(red). The NaCl linear gradient that was used to elute the sample is shown in grey Adapted and
reproduced with permission from Ref. [22], copyright Elsevier 2015
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sample to only weakly interact with the anion exchange resin. Since the elution of
samples was still governed by the increase in NaCl concentration, the trend of
increasing PG content in nanodisc increases the overall surface charge was also
found in Fig. 3.6.

3.3.2 Steady State Absorption and CD Spectroscopy

The purified PM showed a characteristic absorption band at 563 nm, and the
detergent solubilized mbR showed a shift to 553 nm. Shown in Fig. 3.7, the
absorption contours of bR embedded nanodisc shows an absorption band at
560 nm. The peak around 660 nm is a known artefact from the UV-Vis light
source. No additional absorption band was observed at 390 nm, suggesting no
hydrolysis of retinal had taken place in the different lipid environment.

Fig. 3.5 Anionic exchange chromatography profile and zeta potentials of bR embedded nanodisc
(above) and empty nanodisc (below), composed of DOPG/DMPC lipids, at molar ratio of 0/100
(black), 25/75 (blue), 50/50 (green), 75/25 (orange) and 100/0 (red). The NaCl linear gradient that
was used to elute the sample is shown in grey Adapted and reproduced with permission from Ref.
[22], copyright Elsevier 2015
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Shown in Figs. 3.8 and 3.9 are the steady state absorption contours of bR
embedded in nanodisc composed of DMPG/DMPC, DOPG/DOPC, DOPG/DMPC,
DOTAP/DOPC and POPG/POPC lipids at different ratios. The shift of bR
embedded in nanodisc in the absorption contour observed in Fig. 3.7 was found to

Fig. 3.6 Anionic exchange chromatography profiles of bR embedded in nanodisc consisted of
DOTAP/DOPC and DOPG/DOPC (above) and POPG/POPC (below). The molar ratio of the lipids
is DOTAP/DOPC 90/10 (purple), or PG/PC with 10/90 (navy), 50/50 (green) and 100/0 (red). The
NaCl linear gradient that was used to elute the sample is shown in grey Adapted and reproduced
with permission from Ref. [23] from The Royal Society of Chemistry

Fig. 3.7 Steady state
absorption spectra of PM
(blue), mbR (red) and bR
embedded in nanodisc (green)
consisted of DMPG/DMPC at
molar ratio of 50/50. The
sample was light Adapted for
at least 30 min, and the
concentration was controlled
at about 10 µM
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Fig. 3.8 Steady state
absorption spectra of bR
embedded in nanodisc
consisting of a DMPG/
DMPC, b DOPG/DOPC and
c DOPG/DMPC. The molar
ratios of PG/PC lipids are
shown as 0/100 (black), 25/75
(blue), 50/50 (green), 75/25
(orange) and 100/0 (red). The
sampled are in buffer
consisted of 0.5x PBS with
additional 100 mM NaCl at
pH 5.8. Adapted and
reproduced with permission
from Ref. [22], copyright
Elsevier 2015
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be almost independent of lipid composition and buffer conditions, suggesting the
retinal pocket of bR is not significantly affected by lipid composition and only by
the structure of surrounding lipid environment.

In the case of lipids with two unsaturated hydrocarbon tails (DO) or only one
unsaturated hydrocarbon tail (PO), a minor blue shift can be observed as the
zwitterionic or positive lipid content is increased. This could be due to an alteration
of the population of the different states of retinal in the bR interior in nanodiscs of
different lipid compositions. In particular, the blue shift could be attributed to the
decrease in retinal with all-trans population and an increase in the 13-cis confor-
mation [20].

Fig. 3.9 Steady state
absorption spectra of bR
embedded in nanodisc
consisting of a DOTAP/
DOPC and DOPG/DOPC,
and b POPG/POPC. The
molar ratio of DOTAP/DOPC
is 10/90 (purple), and the PG/
PC lipids are shown as 10/90
(navy) 50/50 (green) and 100/
0 (red). The samples are in
buffer consisting of 100 mM
NaCl at pH 7. Adapted and
reproduced with permission
from Ref.[23], from The
Royal Society of Chemistry
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3.3.3 Time Resolved Difference Spectra

The time-resolved difference spectrum measures the changes in absorption of a
particular wavelength of bR with respect to time after the photocycle was initiated
with a pulsed laser at 532 nm. By selecting different observation wavelengths the
experiment was designed to monitor not only the recovering of the parent state,
which measures the overall photocycle duration, but also the lifetime of the
intermediate states.

Before the difference spectra could be collected, it was important to optimize the
repetition rate of the excitation laser to avoid overshooting or distortion due to
incomplete photocycles. Shown in Fig. 3.10, the repetition optimization for each
bR embedded nanodisc monitored the recovery parent state at 560 nm. In the case
of complete photocycle within the duration between each excitation pulses the
recovery curve would overlap. As the photocycle began to fail to complete within
the duration between the excitation pulses, the recovery curve, though seeming to

Fig. 3.10 Normalized temporal profiles for repetition optimization of the recovery of bR at
560 nm upon 532 nm excitation pulses of bR in nanodisc of different lipid composition. The
repetition rates are 0.5 Hz (black), 1 Hz (red), 2 Hz (green), 5 Hz (blue) and 10 Hz (purple).
Reproduced with permission from Ref. [22], copyright Elsevier 2015
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return to zero indicating a return to the parent state, would become distorted and fail
to successfully overlap with the recovery curves using a slower repetition rate. For
example, with bR embedded in nanodisc composed of DMPG/DMPC 100/0, the
560 nm recovery curve of 5 Hz excitation repetition overlapped with recovery
curves from 0.5, 1 and 2 Hz repetition rate, however at 10 Hz the recovery curve
became distorted. This suggested the optimum excitation repetition for bR
embedded in DMPG/DMPC 100/0 would be 5 Hz. The final repetition rates for
transient absorption spectra for each bR embedded in nanodisc samples are listed in
Table 3.2.

By looking at the recovery of the parent state at 560 nm after excitation, shown
in Fig. 3.11, the duration of the overall photocycle was characterised. In all the
cases of lipids with either saturated hydrocarbon tails (DM), unsaturated hydro-
carbon tails (DO) or a mixture of the two, the increase in PG lipid content sig-
nificantly increased the recovery rate of bR parent state, therefore resulting in a
decrease in photocycle lifetime. By analysing the native lipid composition in PM,
the percentages of PGP-Me, PG and PGS is about 40% [21]. Shown in Fig. 3.11 the
increase of recovery rate of bR embedded in nanodisc reaches a maximum as PG
content exceeds 50%, which shows agreement to the native composition and bio-
logical conditions.

Moreover, by comparing Fig. 3.11a and b, the changes in photocycle across the
different surface charges of nanodisc are more observable in DM lipid tails com-
pared to DO lipid tails. This suggests not only would the charge of hydrophilic lipid
head significantly affect the rate of the photocycle and thus, the rate of the proton
pump, but the structure of the hydrophobic hydrocarbon chain might also have an
effect. With the differences in the recovery of the bR parent state observed, it is
clear that the photocycle kinetics of bR is strongly influenced by the different
nanodisc environments. In order to investigate the effect of the lipid further, the
entire photocycle activities of bR embedded in nanodisc of different lipid nanodisc,
such as the different intermediate states, were characterized.

Time-resolved difference absorption spectroscopy was performed across a range
of wavelengths. The experiment was performed to probe from 380 to 710 nm upon
532 nm excitation pulses, thus recording the proton translocation and retinal rei-
somerization by observing the transition from intermediate M state and to the
following intermediate states. The time-resolved full-wavelength difference spectra
of monomeric bR embedded in nanodisc of different lipid composition are shown in
Fig. 3.12, with the untruncated spectra shown in Fig. 3.13. The upward (rise of
intermediate state) and downward (decay from parent state) features in the differ-
ence spectra were shown in red and blue, respectively. The contours of the
full-wavelength difference spectra showed the depletion of the parent state at
560 nm (downward), rise of the intermediate state M at 410 nm (upward), the
intermediate state N characterized by asymmetric recovery at 450–500 nm
(downward) and the intermediate state O at 650 nm (upwards). In the cases of bR in
nanodisc containing high (>50%) PG contents, the intermediates N and O are
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strongly preserved. Not only does this suggest a conventional photocycle pathway,
bR embedded in nanodisc containing high PG contents also displayed a faster
photocycle lifetime and shorter intermediate state lifetime, showing similarities to
native bR behaviour compared to bR embedded in nanodisc containing higher PC
contents. For bR embedding in nanodisc of higher PC contents, the photocycle

Fig. 3.11 Normalized temporal profiles of the recovery of bR depletion at 560 nm upon 532 nm
excitation of monomeric bR embedded in nanodisc of different lipid composition. The nanodisc
consisted of a DMPG/DMPC, b DOPG/DOPC and c DOPG/DMPC, with PG/PC molar ratios of
0/100 (black), 25/75 (blue), 50/50 (green), 75/25 (orange) and 100/0 (red). Adapted and repro-
duced with permission from Ref. [22], copyright Elsevier 2015
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lifetime increases as the amount of PC content increases, while the population of
intermediate states N and O decreases. In the cases of higher PC contents, the
difference spectra showed two symmetrical features, an upwards feature at 410 nm
denoting the M intermediate states and a downward feature at 560 nm denoting a
depletion of parent state. These features suggested bR embedded in nanodisc with
lower PG content undergoes an altered pathway rather than the conventional
photocycle, and that the transition from the M intermediate returns to the parent
ground state without going through N or O states.

Furthermore, the difference in photocycle kinetics in the parent state recoveries
between bR embedded in nanodisc consisted of saturated hydrocarbon tails, and
those consisted of unsaturated hydrocarbon tails observed in Fig. 3.11 are also
apparent in the full-wavelength difference spectra. Comparing bR embedded in
nanodisc composed of only DMPG and those composed of only DOPG (PG/PC
100/0) in Figs. 3.12 and 3.13, the transient absorption contours showed distinct
differences. Particularly, the population of intermediate O state appeared to be
significantly less in bR embedded in nanodisc composed of only DMPG compared
to DOPG. Also, the rate of the photocycle of bR embedded in nanodisc composed

Fig. 3.12 Time-resolved difference absorption spectra in two-dimension contours of monomeric
bR in nanodisc consisting of a DMPG/DMPC, b DOPG/DOPC and c DOPG/DMPC upon
excitation with 532 nm pulsed laser. Adapted and reproduced with permission from Ref. [22],
copyright Elsevier 2015
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of only DMPG was found to be longer than DOPG. The distinction in photocycle
lifetime is more significant in the cases of bR embedded in nanodisc composed of
only DMPC lipid and only DOPC lipid. Such differences caused by the different
hydrocarbon chains could arise from variety of different properties. The melting
points of the lipids might be a factor in the alteration of photocycle kinetics. The
experiments were performed at 25 °C, and melting temperatures of DMPG (23 °C)
and DMPC (24 °C) are much higher than that of DOPG (−18 °C) and DOPC
(−17 °C). The difference in the structure and in the length of the lipid tails might
affect the packing of the nanodisc, considering the difference in the optimized
number of lipids per disc. It is therefore reasonable to conclude that the lipid tail can
have a moderate influence on the photocycle kinetics, while the effects of the charge
of the lipid head are more significant.

With the knowledge of the general patterns, full-wavelength transient absorption
experiments can be simplified to only observing parent state recovery at 560 nm, M
state intermediate at 410 nm and O state intermediate at 650 nm. Shown in
Figs. 3.14 and 3.15 are the temporal profiles of bR embedded in nanodisc com-
posed of DOTAP/DOPC, DOPG/DOPC and POPG/POPC lipids at different molar
ratios. Figure 3.14 shows the weighted temporal profile where the observed tem-
poral profiles were divided by the optical density of the steady state absorption
spectra at 532 nm, the excitation wavelength, to eliminate small deviation of the

Fig. 3.13 Untruncated time-resolved difference absorption spectra in two-dimension contours of
monomeric bR in nanodisc consisting of a DMPG/DMPC, b DOPG/DOPC and c DOPG/DMPC
upon excitation with 532 nm pulsed laser. Adapted and reproduced with permission from Ref.
[22], copyright Elsevier 2015
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sample concentration, whereas Fig. 3.15 shows the normalized temporal profiles for
parent state recovery and M state intermediate. As anticipated, the rate of recovery
of the parent state at 560 nm decreased as the PG content was decreased. The
lifetime of intermediate state M increased as the PG contend was reduced, while the
population of intermediate state O intermediate reduced, consistent with the pre-
vious findings.

Weighted profiles of parent state recovery in Fig. 3.14a and d show a decrease in
the maximum absorbance as the neutral and positive lipid content of the nanodisc

Fig. 3.14 Weighted temporal profiles of (a, d) recovery of bR depletion at 560 nm, (b,
e) intermediate M state at 410 nm and (c, f) intermediate O state at 650 nm upon 532 nm
excitation laser of bR embedded in nanodisc consisting of (a–c) DOTAP/DOPC and DOPG/
DOPC and (d–f) POPG/POPC. The molar ratio of DOTAP/DOPC is 10/90 (purple), and molar
ratios of PG/PC are 10/90 (navy), 50/50 (green) and 100/0 (red). Adapted and reproduced with
permission from Ref. [23], from The Royal Society of Chemistry
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increases, showing agreement to the minor decrease in the population of the pho-
tocycle active all-trans retinal.

3.3.4 Transient Photocurrent Measurements

Photocurrent is generated by the release of a proton to the exterior by bR after
excitation pulse, thus by measuring the time-resolved photocurrent it is possible to
measure the changes in free proton population due to release of a proton from the
protein to the bulk solution during the photocycle. The temporal profiles of the
photocurrent of bR embedded in nanodisc composed of DO and PO lipids are
shown in Fig. 3.16, both weighted and normalized. The waveform across the dif-
ferent nanodisc sample displayed similar shapes, however the magnitudes vary
depending on the lipid composition of nanodiscs. As the PG content was reduced,
the maximum intensity of the photocurrent increased, suggesting a great population
of free protons are released into the bulk solution after 532 nm excitation pulses.

Fig. 3.15 Normalized temporal profiles of a, c recovery of bR depletion at 560 nm and b,
d intermediate M state at 410 upon 532 nm excitation laser of bR embedded in nanodisc consisting
of (a–c) DOTAP/DOPC and DOPG/DOPC and (d–f) POPG/POPC. The molar ratio of DOTAP/
DOPC is 10/90 (purple), and molar ratios of PG/PC are 10/90 (navy), 50/50 (green) and 100/0
(red). Adapted and reproduced with permission from Ref. [23], from The Royal Society of
Chemistry
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From the steady state absorption spectra shown in Fig. 3.9, as the PG content
was reduced the characteristic absorption peak underwent a minor blue shift, which
could be caused by a decrease in all-trans retinal suggesting a decrease in photo-
cycle active population. This was further supported by a decrease in the intensity of
the depleted bR parent state, observed in weighted transient absorption spectra
shown in Fig. 3.14. With a decrease in photocycle active bR population, it is
therefore reasonable to expect bR embedded in nanodisc composed of neutral or
positive lipids to exhibit a weakened photocurrent, since the photocurrent is related
to the release of proton by bR during the photocycle. However, the magnitudes of
photocurrent produced by bR embedded in nanodisc composed DOTAP/DOPC 10/
90, which consisted of positive and zwitterionic hydrophilic lipid heads, was shown
to be greater than bR embedded in nanodisc composed of DOPG/DOPC. This trend
was also observed in the case of bR embedded in POPG/POPC nanodiscs, sug-
gesting that the effect was predominantly governed by the charge of the hydrophilic
lipid head.

Fig. 3.16 a, c Weighted and b, d normalized temporal profiles of the photocurrent upon 532 nm
excitation of bR embedded in nanodiscs consisting of (a, b) DOTAP/DOPC and DOPG/DOPC or
(c, d) POPG/POPC. The molar ratio of DOTAP/DOPC is 10/90 (purple), and molar ratio of PG/PC
are 10/90 (navy), 50/50 (green) and 100/0 (red). Adapted and reproduced with permission from
Ref. [23], from The Royal Society of Chemistry
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By examining the results, the phenomenon can be explained by the intrinsic
property of the hydrophilic head, particularly the fact that hydrophilic lipid heads
reside on the surface of the lipid bilayer. After the photo excitation pulse the
photocycle is imitated and the retinal begins to change conformation, leading to the
proton on the protonated Schiff base to translocate towards the extracellular side
through a series of hydrogen bonding networks. As the proton is released by the
protein on the extracellular side, if the lipid bilayer surface consists of negatively
charged lipid heads, such in the case shown in Fig. 3.17a, the positive free proton
would be attracted to the negatively charged lipid heads and thus could be trapped
on the surface rather than released into the bulk solution. If however, the surface of
the nanodisc is composed of neutral or positively charge lipid heads, shown in
Fig. 3.17b, rather than being attracting to and becoming trapped, the proton would
be repulsed into the bulk solution resulting in an increase of non-bound protons in
the bulk solution and photocurrent magnitude.

3.4 Conclusion

Since its invention, nanodisc has provided an advantageous platform for membrane
protein studies for its ability to act as a lipid bilayer membrane mimic. However,
while the membrane environment is critical for the stability, the solubility, the
structure and the function of some membrane proteins, the lipid composition of
such membrane environment can have a crucial effect on the membrane protein.

Demonstrated in this systematic study, the effect of the lipid composition on the
function of membrane protein bacteriorhodopsin was elucidated. The size exclusion
chromatography, MALDI-TOF mass spectroscopy and SDS PAGE showed bR was

Fig. 3.17 Schematics of the effect of lipids on the release of free proton by bR embedded in
nanodisc composed of negatively charged (a) and positively charged lipids (b). The differently
charged lipids were shown in different colours: zwitterionic (green), negative (red) and positive
(blue) lipid head groups. Adapted with permission from Ref. [23], from The Royal Society of
Chemistry
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successfully incorporated into nanodisc and circular dichroism spectra showed bR
was in monomeric form while embedded on nanodisc. Anionic exchange chro-
matography and zeta potential measurements showed an increase of negative sur-
face charge as the PG lipid content was increased. Steady state absorption
spectroscopy was employed to show the retinal pocket was almost unaffected by the
different lipid composition of the nanodisc, with a minor blue shift observed as the
PG content was decreased and the positively charged lipid content increased. This
minor blue shift can be attributed to a small change in the population of retinal
conformation, specifically a small decrease in the photoactive all-trans retinal state.
Full wavelength transient absorption spectroscopy was used to characterize the
photocycle kinetics of bR embedded in nanodisc of different lipid compositions. It
was observed that a change in lipid composition, especially the charge of the
hydrophilic lipid head, would lead to a significant alternation in the photocycle
kinetics of bR. Furthermore, electrochemical measurements showed that the posi-
tively charge lipids would assist the release of proton from the protein after
translocation, by repulsing the proton into the bulk solution and increasing the
population of the non-bound protons during photocycle. The results suggest that
negatively charged lipids in the nanodisc would accelerate the photocycle kinetics
and trap the proton in the proximity of bR and preserve the electromotive force
across the lipid bilayer.

The results presented in this chapter indicate the significant influence of lipid
composition on the ion translocation membrane protein, with the lipids having
important effects on the function of the protein. Therefore, it is possible to manually
tune the function of membrane protein by adjusting the lipid composition of the
nanodisc, which can aid and provide greater control when using the appropriate
characterization methods. However, the result also implied that while nanodisc
provide remarkable advantages in the study of membrane protein, the choice of
lipid composition should be carefully considered in order to provide a biologically
relevant outcome.
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Chapter 4
Effect of Size of Nanodisc

4.1 Introduction

Other than the ability to provide a lipid bilayer environment, nanodisc also has the
advantage of producing size homogenous samples. The sample homogeneity is an
important factor in the quality of biophysical characterisation, affecting resolution
and repeatability.

As well as high size homogeneity, the size of the nanodisc can be varied by
adjusting the size of the MSP used to assemble the nanodisc. While changing the
lipid to detergent ratio or the types of lipid or detergent can modify the size of the
bicelle, the resulting product can be unstable. On the other hand, the nanodisc
provides a detergent free system, and the formation of the nanodisc is maintained
by the double MSP belt. This indicates that the size of the nanodisc is tuneable by
changing the length of the membrane scaffold protein. As mentioned in Chap. 1,
MSP derives from human apolipoprotein A [1]. Membrane scaffold protein consists
of several amphipathic a helices. Designed by Bayburt et al., MSP1 forms a
nanodisc with diameter *10 nm [1]. Longer MSPs were constructed by inserting
additional helices, each composed of 22 amino acids, and were shown to suc-
cessfully form larger nanodisc using size exclusion chromatography and small
angle X ray scattering [2]. MSP1D1, which has a small truncation at the N-terminal,
is the most commonly used MSP in membrane protein research using nanodisc due
to its high stability.

One of the major applications of nanodisc is preparing the membrane protein for
characterization using solution state NMR, since the dimension of the nanodisc is
small thus providing sufficient resolution. The lack of detergent in the nanodisc
system also provides significant benefit. Not only might detergent disrupt the
function or the structure of the membrane protein and thus causing instability,
detergent molecules also increases viscosity and reduces the resolution of NMR
spectra. Many protein systems have been studied with solution state NMR using
nanodisc as a membrane mimic. MSP1D1 produces nanodisc with a diameter of
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roughly 9.5 nm, with the bilayer area estimated to be 7.5 nm in diameter [3]. The
product nanodisc translates to roughly 150–200 kDa. Although MSP1D1 nanodisc
has been used to perform 2D heteronuclear NMR experiments on various mem-
brane proteins, the size of the nanodisc still proved difficult for multidimensional
NMR experiments. Hagn et al. reported constructs of smaller nanodisc that are
suitable for high resolution NMR experiments, by deleting an a helix from
MSP1D1 [4]. By deleting the helix 5 from MSP1D1, MSP1D1DH5 (DH5) nan-
odisc has a calculated diameter of 8.4 nm, and has a molecular weight *100 kDa
estimated using NMR rotational correlation time [4].

With the smaller complex and reduced molecular weight, the nanodisc was able
to solve the structure of membrane protein using solution state NMR. However,
with a reduction in size, the area of the phospholipid is reduced significantly, which
may or may not cause small alterations to the membrane protein’s properties.
Furthermore it is unclear if the structural confinement of the nanodisc has any effect
on the membrane protein. On the native membrane the area of lipid bilayers are not
as restricting as those on a nanodisc, and it is uncertain if the decrease of lipid
molecules surrounding the membrane protein would have an impact on the prop-
erties of protein.

By using the E. coli expressed bacteriorhodopsin from Haloarcula marismortui
with a mutated site (HmbRID94N) as target membrane protein, we demonstrated
the size of nanodisc does not have a significant influence over the function of the
protein embedded. First HmbRID94N was optimized and purified using Triton
X-100 as a solubilization agent to obtain monomeric bR in detergent micelle.
HmbRID94N was purified using a polyhistidine tag attached to the C terminal,
followed by size exclusion chromatography. Isotopically labeled (2D, 15N)
HmbRID94N was studied using solution state NMR after being exchanged into
1,2-diheptanoyl-sn-glycero-3-phospho-choline (c7-DHPC), and showed promising
potential for further characterization using solution state NMR. The different sizes
of nanodisc were achieved by assembling nanodisc with membrane scaffold protein
of different lengths, shown in Fig. 4.1. Instead of using the linear-form MSPs, the
circularized MSPs with chemically joined C and N termini were employed, in order
to achieve higher stability and size control. As the circularized MSP only contained
a small modification in the termini of the protein, the overall structure and number
of helices of the linear and the circularized form of respective MSP are the same. To
demonstrate how the sizes of nanodisc would affect the function of HmbRID94N,
cE3D1 and cDH5 were used, based on the significant difference of the reported
sizes of their respective linear counterpart.

After incorporating HmbRID94N into nanodisc, the nanodisc assembly was
purified using Ni-NTA to separate the HmbRID94N embedded and empty nan-
odisc, as the polyhistidine tag of MSP had been removed using TEV protease
reaction. The oligomeric state of HmbRID94N in TX-100 micelle and embedded
nanodisc was verified using visible wavelength circular dichroism, and the pho-
tocycle kinetics of each sample was characterized using transient absorption
spectroscopy.
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4.2 Experimental Details

4.2.1 Sample Preparation

4.2.1.1 Preparation of HmbRID94N

HmbRID94N with C terminal polyhistidine tag was expressed using E. coli C43
(DE3), generously provided by Professor Chii-Shen Yang of Department of
Biochemical Science and Technology, National Taiwan University. The expression
conditions of HmbRID94N and purification using DDM as solubilizing agent were
described previously in Sect. 2.8. The final purified protein was eluted from the
Ni-NTA resin using elution buffer containing DDM, and the excess imidazole was
removed using dialysis overnight.

Fig. 4.1 Schematics and SDS PAGE of different sizes of a linear MSP and b circularized MSP
(cMSP), and the reported nanodisc size in diameter for the linear MSP. Each MSP’s individual
helices are shown as color blocks, with highlights over helix 4, 5 and 6 of MSP1D1. SDS PAGE of
each linear MSP had their N terminal histidine tag cleaved off using TEV protease
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HmbRID94N purified using Triton X-100 as detergent was modified to avoid
denaturing of protein with Triton X-100 micelle, particularly in the presence of
illumination (Table 4.1). The NaCl concentrations of the purification buffers were
lowered to prevent phase separation with Triton X-100. After lysis and centrifu-
gation, the membrane fraction was solubilized using solubilization buffer contain-
ing 0.5% Triton X-100 for 15 h. Employing centrifugation to separate the
solubilized fraction and the unwanted insoluble fraction, the solubilized protein was
mixed with binding buffer to adjust pH before binding to the Ni-NTA resin. After
binding for 1 h, the Ni-NTA resins were washed with wash buffers containing
25 mM Tris-HCl, 500 mM NaCl, 0.5% Triton X-100 and 20 mM or 30 mM
imidazole. The protein was eluted from the column using elution buffer containing
high concentration imidazole. The imidazole was removed from the sample by
dialysis, twice at 1 L to avoid the removal of Triton X-100. After dialysis, the
sample was purified further using size exclusion chromatography. The buffer used
for purification using size exclusion consisted of 25 mM Tris-HCl, 100 mM NaCl,
0.5 mM EDTA and 3 mM Triton X-100 at pH 6.

4.2.1.2 HmbRID94N Detergent Exchange

HmbRID94N in Trtion X-100 was exchanged into C7-DHPC using Ni-NTA.
HmbRID94N in Triton X-100 was diluted with buffer containing 50 mM Tris,
100 mM NaCl, 0.5% Triton X-100 at pH 8 to increase the pH of the sample
optimum for Ni-NTA binding, then the sample was incubated with Ni-NTA for
80 min. After the buffer containing Triton X-100 was removed, sample bound to
Ni-NTA was washed twice with buffer consisted of 50 mM Tris, 500 mM NaCl
and 0.1% C7-DHPC at pH 8, before the sample was eluted from the column using
the wash buffer with additional 500 mM imidazole at pH 8. The eluted sample was
applied onto a size exclusion chromatography column. The buffer for size exclusion
chromatography consisted of 50 mM NaPi, 100 mM NaCl and 3 mM C7-DHPC at
pH 6.

Table 4.1 HmbRID94N purification buffer containing Triton X-100

pH

Lysis 50 mM Tris-HCl, 1 M NaCl, 0.2 mM PMSF, 14.7 mM
b-mercaptoethanol, small amount of DNase and Lysozyme

6

Solubilization Lysis buffer + 0.5% Triton X-100 6

Binding 50 mM Tris-HCl, 500 mM NaCl, 0.5% Triton X-100 8

Wash buffer 1 Binding buffer + 20 mM imidazole 8

Wash buffer 2 Binding buffer + 30 mM imidazole 8

Elution Binding buffer + 500 mM imidazole 8

Dialysis 25 mM Tris-HCl, 100 mM NaCl, 0.5 mM EDTA 6

Size exclusion 25 mM Tris-HCl, 100 mM NaCl, 0.5 mM EDTA, 3 mM Triton X-100 6

96 4 Effect of Size of Nanodisc



4.2.1.3 Nanodisc Assembly

E3D1_srt and GB1DH5_srt were expressed and purified as previously described in
Sect. 2.6.1, while the sortase catalyzed circularization from E3D1_srt and
GB1DH5_srt into cE3D1 and cDH5, respectively, were described in Sect. 2.6.2.
DMPG (1,2-dimyristoyl-sn-glycero-3–phospho-[1’-rac-glycerol]) was purchased
from Avanti Polar Lipids, Inc, and were prepared in a stock solution with lipid and
Triton X-100 concentration at 50 mM and 200 mM, respectively. HmbRID94N
solubilized in Triton X-100, cMSP and solubilized lipid solution was mixed and
incubated for 2 h in 4 °C with gentle agitation before the addition of BioBeads for
detergent removal.

After the removal of Biobeads, the nanodisc sample was applied onto a Ni-NTA
column for separation of empty and HmbRID94N embedded nanodiscs. The
Ni-NTA flow through and an additional wash without imidazole was collected and
condensed. The HmbRID94N embedded nanodisc was eluted from Ni-NTA using
elution buffer containing 50 mM Tris, 500 mM NaCl and 500 mM imidazole at pH
8. Both fractions were applied onto size exclusion chromatography columns,
monitoring both 280 and 552 or 545 nm absorption.

4.2.2 Sample Characterization

Size Exclusion Chromatography. The size exclusion chromatography was per-
formed with either a HiLoad 16/600 Superdex 200 PG column or a Superdex 200
Increase 10/300 GL column (GE Healthcare) depending on the volume of the
sample and concentration for optimum separation. Experiments using either column
were performed at room temperature. The elution buffer consisted of 25 mM Tris,
100 mM NaCl and 0.5 mM EDTA. The TX-100 containing purification buffer had
an additional 3 mM TX-100 and was at pH 6, whereas the nanodisc purification
buffer was pH 7.5 and did not contain detergent. Sample elution was monitored at
both 280 nm absorption for the protein absorption peak, and at 560 nm absorption
for the bR characteristic absorption.

Circular Dichroism Spectroscopy. The circular dichroism (CD) spectra were
recorded with a model No. J-815 spectrometer (JASCO), averaged for 1.2 s at 1 nm
intervals between 700 and 400 nm at 28 °C. The path length of the cuvette was
1 mm.

Steady State Absorption Spectroscopy. The steady state UV-Vis absorption
spectra were recorded with a model No. USB4000-UV-VIS spectrometer (Ocean
Optics) at room temperature. The path length of the cuvette used for steady state
spectroscopy was 1 cm.

Time-Resolved Absorption Spectroscopy. The transient absorption spec-
troscopy was performed at 28 °C using a temperature monitor to avoid the transient
temperature of DMPG at 23 °C. The concentration of sample was maintained at
20 lM prior to the laser excitation. An appropriate excitation repetition rate was
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optimized to be 0.1 Hz for HmbRID94N in TX-100 micelle, and 0.5 Hz for
HmbRID94N embedded in nanodisc. For HmbRID94N in TX-100, temporal pro-
files of 300 laser excitations were averaged, as were 1000 laser excitations for
HmbRID94N embedded nanodisc. The samples of HmbRID94N embedded in
nanodisc were exchanged in buffer consisting of 25 mM Tris-HCl, 100 mM NaCl,
0.5 mM EDTA at pH 6.

Solution State NMR. The sample for solution state NMR was exchanged into a
buffer containing 50 mM NaPi, 100 mM NaCl and 0.61% c7-DHPC (w/v) at pH 6
with 5.72% D2O (w/w). The 1H−15N HSQC experiment was performed on Bruker
Avance III 850 MHz NMR spectrometer.

4.3 Results and Discussion

HmbRID94N was purified using DDM or Triton X-100. The purified protein in
detergent micelle was characterized using SDS-PAGE for purity checking and
circular dichroism for determination of oligomeric state. Monomeric HmbRID94N
in Triton X-100 was then taken to perform time-resolved difference spectra for
characterization of photocycle.

Monomeric HmbRID94N was incorporated into nanodisc composed of DMPG,
using either MSP1D1 or MSP1D1DH5 as MSP. The nanodisc assembly was
purified using Ni-NTA to separate the empty and the HmbRID94N embedded
nanodisc. The sample then underwent size exclusion chromatography, before
exchanging into buffer with 25 mM Tris-HCl, 100 mM NaCl, 0.5 mM EDTA at
pH 6. The HmbRID94N embedded nanodisc was characterized with circular
dichroism and steady state absorption spectroscopy, before the photocycle kinetics
were characterized using time-resolve difference spectra.

4.3.1 HmbRID94N Purification Using Trion X-100

The purification of HmbRID94N using DDM as a solubilization agent has been
previous established, providing sufficient amount and pure HmbRID94N as seen on
SDS PAGE [5]. However, due to the mild nature of DDM as a detergent, the resulting
purified HmbRID94N appears to be partially trimeric thus complicating further
characterizations or incorporation into nanodisc. Since monomeric HsbR, used
previously in lipid composition studies in Chap. 3 was solubilized in Triton X-100,
HmbRID94N was believed to be compatible with Triton X-100. Composition of
purification buffer containing Triton X-100 is shown in Table 4.1.

In the purification buffers of HmbRID94N with DDM, a high amount of NaCl
was used to preserve and protect the protein during lysis and solubilization.
However, high concentration of NaCl and Triton X-100 causes severe phase sep-
aration, which further complicates the purification procedure. Hence the

98 4 Effect of Size of Nanodisc



concentration of NaCl was reduced from 2 to 0.5 M. As a consequence of
decreasing the concentration of NaCl and Triton X-100 being a detergent that is
slightly stronger compared to DDM, during the purification process the avoidance
of illumination was crucial and the duration of the solubilization was reduced to
prevent denaturing of protein. To increase the stability of HmbRID94N during the
long solubilization process, the pH of solubilization buffer was reduced from pH 8
to pH 6. The solubilization mixture was diluted with binding buffer at pH 8 at 1:1
ratio moments before binding to Ni-NTA to increase affinity. Moreover, the imi-
dazole concentration had to be modified from the purification procedure using
DDM, as Triton X-100 appeared to weaken the interaction between the histidine
tags and Ni-NTA. Shown in Fig. 4.2 is the SDS PAGE of HmbRID94N purification
procedure using Triton X-100.

After the purified protein was eluted from Ni-NTA using elution buffer con-
taining high concentration of imidazole, the sample was moderately condensed
before the imidazole was removed through dialysis. After dialysis HmbRID94N
was purified further using size exclusion chromatography to remove high molecular
weight impurities that Ni-NTA could not successfully remove. Shown in Fig. 4.3,
the size exclusion chromatography profile of HmbRID94N purification with elution
buffer containing Triton X-100. As indicated by the absorption at 552 nm, the
HmbRID94N containing fraction can be separated from high molecular weight
impurities.

Fig. 4.2 SDS PAGE of HmbRID94N Triton X-100 purification

4.3 Results and Discussion 99



4.3.2 HmbRID94N Characterization in Triton X-100

HmbRID94N purified in detergent micelle was characterized first using visible
wavelength circular dichroism. Shown in Fig. 4.4 the circular dichroism spectra of
HmbRID94N in DDM and in Triton X-100 micelle. The concentrations of
HmbRID94N in DDM and in Triton X-100 are 160 lM and 53 lM, respectively,
and spectrum of HmbRID94N in DDM was reduced 70% in order to compare the
two spectra. HmbRID94N in DDM displayed clear biphasic feature, illustrating the
presence of HmbRID94N trimer in the sample. However, in the results of
HmbRID94N purified in Triton X-100 the spectrum indicated a clear monophasic
peak, characteristics of monomeric species. The results shown in Fig. 4.4 suggests
that HmbRID94N purified using Triton X-100 produced mainly monomeric con-
formation rather than partially trimeric.

Monomeric HmbRID94N in Triton X-100 was taken to perform transient
absorption spectroscopy to reveal its photocycle kinetics. Shown in Fig. 4.5 are the
time resolved difference spectra monitoring at different wavelengths for different
intermediate states. The amino acid mutation at aspartic acid 94 is a key residue in
the retinal pocket during proton translocation, therefore by mutating aspartic acid

Fig. 4.3 Size exclusion chromatography profiles of HmbRID94N in Triton X-100, monitoring at
a 280 nm and b 552 nm
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94 into an uncharged amino acid asparagine, the rate of proton pumping was
hypothesized to decrease in comparison to the wild type HmbRI [6]. In Fig. 4.5a,
the recovery of the parent ground state of HmbRID94N in Triton X-100 in pH 6
was shown to be around 6 s, and the M intermediate lifetime appeared to directly
reflect the parent state recovery rate, while O intermediate state behaved differently.

Referring to Tsai et al., wild type HmbRI in DDM at pH 5.8 has a photocycle
completed in less than 1 s while observing a minor population of intermediate O
state at 640 nm [6]. Due to the proximity of 640–552 nm and the intensity of the
parent state depletion, the difference absorption spectrum at 640 nm often includes
a minor signal from the parent state depletion which overlaps with the O inter-
mediate state population. In Fig. 4.6, the temporal profiles Fig. 4.5a and c were
normalized to elucidate the signals from O intermediate state. However, shown in
Fig. 4.6 the normalized time resolved difference spectra monitoring 550 and at
640 nm appear to overlap, indicating either no or only very weak O intermediate.
This could suggest the photocycle kinetics of HmbRID94N has been significantly
altered with the single amino acid mutation.

4.3.3 HmbRID94N in C7-DHPC

HmbRID94N purified from E. coli using Triton X-100 as a solubilization agent is
not suitable to be studied using solution state NMR due to poor resolution.
Therefore in order to prepare monomeric HmbRID94N for solution NMR, the
sample was exchanged into a different detergent, C7-DHPC. Although DDM was
demonstrated to show compatibility with HmbRID94N, the membrane protein
appeared to contain some trimeric population, shown in Fig. 4.4, which would
significantly decrease the spectral resolution of NMR experiment. DHPC has been

Fig. 4.4 Circular dichroism
spectra of HmbRID94N
purified using DDM as
solubilization agent (black)
and Triton X-100 as
solubilization agent (red),
both performed at 20 °C. The
concentrations of
HmbRID94N in DDM and in
Triton X-100 are 160 µM and
53 µM, respectively. The
circular dichroism intensity
for HmbRID94N solubilized
in DDM is reduced to 30% for
figure comparison
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previously used to solubilize membrane protein for structural determination and
was reported to improve the NMR spectral quality and resolution [7]. HmbRID94N
was exchanged into C7-DHPC from Triton X-100 using Ni-NTA. After the
HmbRID94N was eluted from the Ni-NTA into buffer containing C7-DHPC, the
sample was purified using size exclusion to separate undesirable oligomeric states,
as well as exchanging into NMR appropriate buffer.

Figure 4.7a shows the size exclusion chromatography profile of HmbRID94N
exchanged into C7-DHPC. The characteristic HmbRID94N absorption at 552 nm
indicated that the sample contained a major smaller species and a minor bigger
aggregate, with their sizes estimated at 70 and 156 kDa, respectively. Judging from
the molecular weight differences the aggregate is likely to be the minor trimeric
HmbRID94N, which can be separated from the monomeric form in detergent. The

Fig. 4.5 Time resolved
difference spectra of
monomeric HmbRID94N in
Triton X-100, monitoring
a parent state recovery at
550 nm, b intermediate M
state at 410 nm and
c intermediate O state at
640 nm
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monomeric HmbRID94N in C7-DHPC detergent micelle was collected, condensed
and verified with visible wavelength circular dichroism, shown in Fig. 4.7b. By
comparing the spectrum obtained for C7-DHPC to the trimeric HmbRID94N in
DDM previously recorded, it can be concluded that, by the lack of biphasic feature,
HmbRID94N in C7-DHPC exists in monomeric form. The monomeric, isotopically
labeled HmbRID94N in C7-DHPC was then condensed further in preparation of
solution state NMR experiment.

Fig. 4.6 Normalized time-resolved difference spectra of monomeric HmbRID94N in Triton
X-100 monitoring the parent state recovery at 550 nm (black) and 640 nm (red)

Fig. 4.7 a Size exclusion chromatography profiles of HmbRID94N in C7-DHPC, monitoring at
280 nm (black) and 552 nm (gray). b Visible wavelength circular dichroism spectra of
HmbRID94N in C7-DHPC (black) and HmbRID94N in DDM (gray). The trimeric
HmbRID94N in DDM was scaled down to 30% to aid comparison
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Figure 4.8 shows the 1H-15N HSQC spectrum of HmbRID94N embedded in
C7-DHPC micelle, recorded at 37 °C. The resolution of spectrum is less than
desirable due to possible formation aggregating HmbRID94N during condensing
and acquisition period. However, the spectrum was well dispersed, suggesting the
protein is folded in the detergent micelle. With an optimized detergent buffer
condition, it would be possible to achieve chemical shift assignment. The result
showed promise for further characterization of HmbRID94N using solution state
NMR to explore structural information.

4.3.4 HmbRID94N in Nanodisc

The ability of incorporating monomeric HsbR purified from H. salinarum into nan-
odisc of different lipid compositions was demonstrated in Chap. 3. However, since
HsbR was purified directly from the purple membrane ofH. salinarum it was unclear
howmuch, if any, native lipid from PMwas still present in the solubilizedmonomeric
HsbR in detergent. Those lipids might transfer to the nanodisc during nanodisc
assembly. It was shown that the lipid composition has a significant effect on the
photocycle, so if the native purple membrane lipids were present in the nanodisc
surrounding the protein, it would have an influence over the photocycle. In the studies
described in Chap. 3, the size of the nanodisc was fixed while the lipid composition
was altered. If monomeric bR in detergent micelle carried any native lipid molecules,
the amount of native lipid molecules incorporated into the nanodisc would not vary
significantly. However, in the study of the effect of different nanodisc sizes, it would
be difficult to determine how much of the native lipid was incorporated into the

Fig. 4.8 1H–15N
HSQC NMR spectrum of
HmbRID94N in C7-DHPC
detergent micelle recorded
37 °C
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nanodisc of different sizes, and if that amount was the same with different sized
nanodisc.

HmbRID94N was expressed using E. coli and purified using polyhistidine tags,
eliminating the possibility of residual native lipids present in the sample. Similar to
HsbR, HmbRID94N is an integral protein with seven transmembrane a helices.
HmbRID94N was hypothesized to enter the nanodisc lipid bilayer in a similar
fashion as HsbR. Demonstrated in the size exclusion chromatography profile
Fig. 4.9, HmbRID94N was successfully incorporated into lipid nanodisc of two
difference sizes, with 545 nm being the characteristic HmbRID94N absorption in
nanodisc. Both samples were previously treated using a Ni-NTA purification col-
umn to separate the empty and the HmbRID94N embedded nanodisc, as only
HmbRID94N contained the polyhistidine tags to bind to Ni-NTA.

The bigger nanodisc consisted of cE3D1 and the smaller nanodisc consisted of
cirDH5, both composed of DMPG lipid bilayer. The difference sizes could be seen
on the size exclusion chromatography profiles, as well as their optimized lipid to
MSP ratio. Although the difference in elution volumes between the two different
sizes of nanodisc seemed small, the elution volume of size exclusion is often only
suitable for estimation. While size exclusion can separate sample based on the size of
the particle, nanodisc is not an ideal spherical object. As different sizes of nanodisc
have different radius on the lipid surface, the ratio between the width of the disc and
the height of the hydrophobic face changes. Therefore it is only appropriate to use
the size exclusion chromatography profile in Fig. 4.9 to conclude that nanodisc
consisted of cE3D1 is indeed bigger than the nanodisc made from cirDH5.

The nanodisc samples were collected, condensed and characterized using
spectroscopic methods. Figure 4.10 shows the steady state absorption spectra of
HmbRID94N embedded in two different sizes of nanodisc, in comparison to
HmbRID94N in detergent micelle. All the samples were light adapted for more than
30 min. On the steady state spectrum, HmbRID94N embedded in nanodisc dis-
played a significant blue shift compared to HmbRID94N in detergent micelle. Once

Fig. 4.9 Size exclusion
chromatography profiles of
HmbRID94N incorporated in
nanodisc composed of
DMPG, with ether cE3D1
(blue) or cDH5 (red) as
membrane scaffold protein.
Elution was monitored using
280 nm (solid line) and
545 nm (dashed line)
absorption
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incorporated into nanodisc, the absorption maximum HmbRID94N shifts from
552 nm to 545 nm. This blue shift is independent of the size of the nanodisc, which
can indicate it is caused by the changes in surrounding lipid environment.

Figure 4.11 shows the visible wavelength circular dichroism of HmbRID94N
embedded in DMPG nanodisc of different sizes. The experiments were performed

Fig. 4.10 Steady state absorption spectra of monomeric HmbRID94N in Triton X-100 detergent
micelle (black), embedded in nanodisc composed of cE3D1 and DMPG (blue) or embedded in
nanodisc composed of cDH5 and DMPG (red). The vertical dashed lines indicate the absorption
maxima of HmbRID94N in detergent micelle at 552 nm (black) and HmbRID94N in nanodisc at
545 nm (red)

Fig. 4.11 Visible range circular dichroism spectra of HmbRID94N embedded in nanodisc
consisted of cE3D1 (blue) cDH5 (red) recorded at 26 °C, in comparison to trimeric HmbRID94N
in DDM (black). The ellipticity of trimeric HmbRID94N in DDM was reduced to 30% to
showcase the biphasic feature in the similar scale
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at 26 °C to avoid the phase transition temperature of DMPG at 23 °C. With the clear
absence of biphasic features within the visible wavelength range, such as the
spectrum displayed by HmbRID95N in DDM micelle, it can be concluded that
HmbRID94N embedded in nanodisc is no trimeric.

The photocycle kinetics of HmbRID94N embedded in nanodisc were charac-
terized using transient absorption spectroscopy. The repetition rate optimization is
shown in Fig. 4.12. During the repetition rate optimization experiment, both
samples showed similar recovery rates. Figure 4.13 showed the time resolved
difference spectra of HmbRID94N embedded in nanodisc of different sizes,
recorded using laser pulse repetition rate of 0.2 Hz. The time resolved difference
experiment was recorded observing the ground state recovery at 545 nm and the M
intermediate state at 410 nm. The weighted spectra using absorption at 532 nm
showed HmbRID94N in different size nanodisc have similar intensities, thus a
similar photo-active population. The time resolved difference spectra observing the
ground state recovery of HmbRID94N showed that not only does HmbRID94N
embedded in different sizes of nanodisc have similar spectroscopic intensities, but
also similar photocycle life time and recovery rate. On the other hand, while
observing the population of M intermediate state, HmbRID94N embedded in
nanodisc of different sizes displayed minor differences in the decay of M inter-
mediate. HmbRID94N embedded in the smaller nanodisc consisting of cirDH5
showed a slightly longer M intermediate state lifetime in comparison to the bigger
nanodisc consisting of cE3D1, despite such difference not being observed in the
ground state recovery profiles. However, this difference in the lifetime of inter-
mediate M observed is not significant in comparison to the difference of bR
incorporated in nanodisc with different lipid composition, discussed in Chap. 3.

The intensities of the time resolved difference spectra of HmbRID94N embedded
in nanodisc is significantly lower in comparison to the time resolved difference
spectrum recorded for HmbRID94N in Triton X-100 micelle, shown in Fig. 4.14.

Fig. 4.12 Normalized time resolved difference spectra of HmbRID94N embedded in nanodisc
consisted of a cE3D1 and b cDH5, for repetition optimization of the recovery of HmbRID94N at
545 nm upon 532 nm excitation pulses. The repetition rates of the laser pulses are 0.1 Hz (black)
and 0.2 Hz (gray)
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Fig. 4.13 a, c Weighted using absorption at 532 nm and b, d normalized time resolved difference
spectra of HmbRID94N embedded in nanodisc of cE3D1 (blue) or cDH5 (red), monitoring a,
b parent state recovery at 545 nm and b M intermediate at 410 nm

Fig. 4.14 Weighted time
resolved difference spectra of
HmbRID94N in nanodisc
consisting of cE3D1 (blue)
and cDH5 (red), and
HmbRID94N in Triton X-100
micelle (black). The spectra
recorded for HmbRID94N in
detergent micelle has been
scaled down to 10% of its
original intensity for ease of
comparison
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HmbRID94N in Triton X-100 micelle was recorded at pH 6, when HmbRID94N in
nanodisc was recorded at pH 5.8. While pH is a major factor in the kinetics of
photocycle of bacteriorhodopsin [6], the similarities in the range of pH should allow
an estimated comparison to be made between the different sets of samples. The
decrease in intensities in the time resolved difference spectra can be explained by the
shift observed in the steady state spectra shown in Fig. 4.10, where HmbRID94N
embedded in nanodisc has a blue shift in the absorption contours. The blue shift
could be caused by a change in retinal conformation, specifically a decrease in the
photocycle active all trans retinal population. With a decrease in the photocycle
active retinal, a decrease in number of photocycles initiated is expected. Since the
blue shift in steady state absorption contour and the decrease in intensities of tran-
sient absorption spectra are both observed for HmbRID94N embedded in nanodisc
of different sizes, and in a similar scale, it is therefore reasonable to conclude that the
phenomenon is related to the structure of the surrounding lipid environment.
A consequence of a decrease in the intensities of time-resolved difference spectra is
the study of other intermediate states, for example intermediate O at 640 nm,
becomes increasingly difficult as the intensities of O intermediate state is expected to
be an order of magnitude lower than the intensities of M intermediate state.

As well as a decrease in photocycle intensities, a significant increase in the
photocycle recovery was observed for HmbRID94N embedded in nanodisc at pH
5.8, in comparison to HmbRID94N in Triton X-100 micelle at pH 6. While an
increase of photocycle lifetime can be expected at an elevated pH, the length of
photocycle lifetime of HmbRID94N in Triton X-100 is still significant longer.

The long photocycle lifetime indicates a slower motion of the protein during the
proton pumping process. This could suggest the confinement of the surrounding
lipid bilayer has a smaller effect on the function of HmbRID94N, as the dynamic of
the membrane protein is not drastic during the photocycle therefore the difference
between the smaller and the bigger membrane bilayer might be much smaller, if
significant. The longer photocycle of HmbRID94N in comparison to wild type
HmbRI or HsbR arose from the mutation at a key amino acid involved in the proton
translocation process. The preliminary results from the study of size of nanodisc
using monomeric HsbR in DMPC nanodisc consisted of cE3D1 or cirDH5 and
DMPC, are shown in Appendix I, and showed a greater difference in photocycle
recovery rate. The monomeric HsbR was previously treated with CHAPSO to
remove native lipids and was purified using size exclusion before the incorporation
into nanodisc. HsbR embedded in smaller nanodisc consisting of cirDH5 was found
to have a shorter recovery rate in comparison to HsbR embedded in the bigger
nanodisc, suggesting that the size of nanodisc can have an effect on the function of
membrane protein incorporated. However, the effect of size of nanodisc appeared to
be less significant in comparison the effect due to the different lipid composition.
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4.4 Conclusion

Nanodisc has provided significant benefits in the study of membrane protein,
particularly in structural or functional studies using solution state NMR. Due to the
properties of solution state NMR, the resolution of the NMR spectrum is strongly
correlated to the size of the subject of interest. Since the sizes of the nanodisc are
determined by the membrane scaffold proteins that wrap around the lipid bilayer
core, smaller nanodisc have been achieved by reducing the size of the membrane
scaffold protein. This strategy has been demonstrated to successfully enhance
resolution of NMR spectrum. However, the reduction complex size implies a
decrease in the lipid bilayer area.

However, demonstrated using E. coli expressed bacteriorhodopsin HmbRID94N,
the function of HmbRID94N does not experience significant change when embed-
ded in different sizes of nanodisc.

HmbRID9N was first purified in conditions containing Triton X-100 to obtain
monomeric HmbRID94N, and the oligomeric state was verified using visible
wavelength circular dichroism. Isotopically labeled HmbRID94N was exchanged
from Triton X-100 micelle into C7-DHPC micelle, which is more suitable for
solution state NMR study. While the spectral resolution was not desirable, the
method showed a promising potential for chemical shift assignment as the spectral
quality can be improved with an optimized buffer and experimental condition.

The HmbRID94N embedded nanodisc of different sizes, one composed of
cE3D1 and smaller nanodisc composed of cDH5 were produced. The assembly
mixture was purified with Ni-NTA to separate the empty and the HmbRID94N
embedded nanodisc, and the nanodisc assembled using different MSP showed a
difference in sizes on size exclusion chromatography. The oligomeric state of
HmbRID94N embedded nanodisc was characterized using visible wavelength cir-
cular dichroism where the spectra displayed a clear lack of biphasic feature, sug-
gesting HmbRID94N incorporates into nanodisc as monomers. The photocycle
kinetics of HmbRID94N embedded in nanodisc was studied using transient
absorption spectroscopy. The time resolved difference spectra showed that the
ground state recovery of HmbRID94N embedded in different sizes of nanodisc
behave similarly. On the other hand, the M intermediate state has a slightly slower
decay in the smaller nanodisc consisting of cDH5, in comparison to the nanodisc
consisting of cE3D1. However, the difference observed in the M intermediate
lifetime is not significant, particularly when compared to the differences observed in
the case of different lipid composition. By comparing the weighted spectra, the
quantum yield of HmbRID94N in different environments can be compared, as well
as the photocycle rate. HmbRID94N embedded in nanodisc has a lower quantum
yield compared to HmbRID94N in TX-100 micelle. The phenomenon can be
explained by the blue shift observed in the maximum absorption using steady state
absorption spectroscopy. This suggests that the membrane bilayer environment
affected the photocycle kinetics of HmbRID94N and the status of retinal that is
involved in the proton translocation process.
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While there was no significant difference observed in the function of
HmbRID94N observed in different sizes of nanodisc, the lack of difference may be
due to the long photocycle duration of HmbRID94N, as it contained a mutation on
the key amino acid involved in the proton translocation process. The long photo-
cycle lifetime suggests a slower motion exhibited by HmbRID94N during the
proton translocation process, suggesting that the confinement from the surrounding
lipid bilayer would have a smaller effect on the dynamics of HmbRID94N. The
effect of size using HsbR with native lipids removed, embedded into nanodisc
showed a greater difference between the difference sizes in the preliminary results.
This suggests that the size of the nanodisc may still have an effect on the function of
membrane protein. However, the effect of the sizes of nanodisc on membrane
protein appears to be less significant than the effect of changing lipid composition.
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Chapter 5
Native Membrane Nanodisc

5.1 Introduction

Despite nanodisc’s ability to provide native-like lipid bilayer to facilitate membrane
protein, how native the environment that nanodisc produces is still uncertain.
Discussed in Chaps. 3 and 4, both the lipid composition and the size of the nan-
odisc can have a significant effect on the function of the proton pumping membrane
protein bacteriorhodopsin. In Chap. 3 it was shown that the photocycle kinetics of
bR embedded in nanodisc is significantly altered by the change in lipid composi-
tion. As the negative lipid PG content increases, the faster the photocycle duration
and it undergoes the traditional photocycle pathway, which shows a greater simi-
larity to the behavior of bR in native environment. This suggests that compared to
neutral lipid PC environment, the negatively charged lipid bilayer is closer to the
native environment of bR. Surveying the native lipids found on PM, the negative
lipids including PGP-Me, PG and PGS are about 40% of the lipid composition. This
observation shows agreement to the experimental data of bR embedding in nan-
odisc composed of synthetic lipids. However, it is clear that the charge of the
hydrophilic lipid head is not the only influence on the photocycle kinetics of bR,
and that despite the charge similarities, monomeric bR embedded in nanodisc of
synthetic lipid is still far from the native environment.

In traditional nanodisc assembly, both the synthetic lipid and the target protein
are solubilized using detergent. With an emphasis on the desire to study membrane
protein in its native environment, it is clear that the lipid composition of the lipid
bilayer plays an important role. The ideal conditions include membrane protein
preserved in the native conformation surrounded by native lipid in a manner that
allows biophysical characterization. This idea served as an inspiration to extract
membrane protein, along with the surrounding native lipids, directly from the native
membrane and incorporate it into nanodisc for structural and functional charac-
terization (Fig. 5.1).
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bR is found on the purple membrane of Halobacterium salinarum. To demon-
strate the concept of one step extraction and incorporation of membrane protein
without addition of extra lipid molecules, bR was an ideal candidate due to it being
the only protein found on PM, as well as its abundance on the membrane.
Bacteriorhodopsin adopts a trimeric conformation on the PM, forming a hexagonal
unit. While in Chap. 3 bR was incorporated into nanodisc with synthetic lipids as
exclusively monomers, previous studies have shown that bR has the ability to form
trimers or monomers, when reconstituted into lipid vesicle or DMPC nanodisc with
different temperatures [1, 2] or with different bR to lipid ratio [3–5]. It was reported
that incorporation of trimeric bR can be monitored by adjusting the concentration of
NaCl [6, 7] and the addition of PM polar lipids [8, 9]. Since the purpose of this
work is to extract and incorporate bR into nanodisc directly from the purple
membrane, no extra lipid molecules were added into the reaction mixture and only
the NaCl concentration was adjusted.

Using a modified MSP where the N and the C termini were chemically linked
together [10, 11], we demonstrated that trimeric bacteriorhodopsin with native
lipids can be extracted and incorporated into nanodisc in one reaction assembly,

Fig. 5.1 Schematics of a traditional nanodisc assembly, where the target membrane protein and
additional lipid molecules are solubilized in detergent prior to the assembly, and b one-step
extraction of membrane protein from native membrane, directly incorporated into native
membrane nanodisc. Reproduced with permission from Ref. [24], from Nature Publishing Group
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directly from the native purple membrane under optimized conditions. The final
product was verified using size exclusion chromatography, showing a narrow
symmetrical peak of the size homogenous nanodisc. The nanodisc was further
characterized using Zernike phase TEM image, to show the circular disk-like fea-
ture of native purple membrane nanodisc (PMND). The oligomeric state of bac-
teriorhodopsin on PMND was established using circular dichroism, while the lipid
composition was characterized using 31P NMR. Finally, single wavelength transient
absorption spectroscopy was performed to verify the preservation of the functions
of bR.

5.2 Experimental Details

5.2.1 Sample Preparation

5.2.1.1 Preparation of PM

Purple membrane was grown and extracted from H. salinarum as described in
Sect. 2.7. After purification using sucrose gradient, the sample was dissolved with
4 M NaCl in preparation for high salt concentration native purple membrane
assembly.

5.2.1.2 PMND Assembly

PMND assembly differed from conventional nanodisc assembly in two ways. First,
the target proteins were still in its native purple membrane instead of being solu-
bilized in detergent micelle. Secondly PMND did not require additional synthetic
lipid and therefore the detergent was added separately. Table 5.1 lists the compo-
nents for PMND assembly, where the ratio between PM to cE3D1 and detergent
concentration was later optimized. The assembly buffer contained 25 mM Tris-HCl,
NaCl ranging between 100 mM and 5 M depending on the optimized conditions,
and 0.5 mM EDTA at pH 7.5.

Table 5.1 PMND assembly
and individual components

Concentration in assembly

DTT 1 mM

Protease inhibitor 1x

Phosphatase inhibitor 1x

cE3D1 20–33 lM

Triton X-100 5–20 mM

Assembly buffer Topping up assembly

PM 25 lM
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Each component was added into the assembly mixture, with PM being the last to
avoid high local detergent concentration thus increasing the preservation of the
native conformation. After assembly the sample was placed in 4 °C with gentle
agitation for a period of time, before BioBeads were added to remove the detergent.
After the addition of BioBeads PMND followed the conventional nanodisc
assembly procedure previously described in Sect. 2.6 and was purified using size
exclusion chromatography.

5.2.2 Sample Characterization

Size Exclusion Chromatography. The PMND sample was purified using size
exclusion chromatography, performed with either a HiLoad 16/600 Superdex 200
PG column or a Superdex 200 Increase 10/300 GL column (GE Healthcare)
depending on the volume of the sample and concentration for optimum separation.
Experiments using either column were performed at room temperature. The elution
buffer consisted of 25 mM Tris, 100 mM NaCl and 0.5 mM EDTA at pH 7.5.
Sample elution was monitored at both 280 nm absorption for the protein absorption
peak, and at 560 nm absorption for the bR characteristic absorption.

Matrix Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF)
Mass Spectroscopy. Nanodisc sample was collected and combined after purifica-
tion using size exclusion chromatography. The salt buffer in the sample was
removed by exchanging the sample into distilled water using Centrifugal
Concentrator (Vivaspin), before addition of organic solvent mixture of acetone and
methanol at a ratio of 7–1, respectively. The sample mixture containing organic
solvent was rested on ice for 1.5 h. Protein precipitate was obtained after fast
centrifuge, and was dissolved using trifluoroacetic acid (TFA). The dissolved
sample was then mixed with DHB matrix mixture before the mass spectroscopy
experiment.

Steady state Absorption Spectroscopy. PMND sample was light adapted for
more than 30 min prior to the steady state absorption spectroscopy. The steady state
UV-Vis absorption spectra were recorded with a model No. USB4000-UV-VIS
spectrometer (Ocean Optics) at room temperature. The path length of the cuvette
was 1 cm.

Circular Dichroism Spectroscopy. The circular dichroism (CD) spectra were
recorded with a model No. J-815 spectrometer (JASCO), averaged for 1.2 s at 1 nm
intervals between 700 and 400 nm at 20 °C. The path length of the cuvette was
1 mm.

Zernik Phase Transmission Electron Microscopy. The samples on grids were
air dried without staining. Phase TEM images were taken in in-focus condition at
200 kV using an JEM2100 TEM (JEOL) equipped with a LaB6 filament equipped
with an Zernike phase plate with a *700 nm central hole, and a direct detector
DE-12 (Direct Electron). The images of unstained sample shown here were
recorded at nominal microscope magnifications of � 100,000 and � 200,000.
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Lipid Extraction. The lipid of PM and PMND was extracted using organic
solvent. 200 ll of protein in aqueous solution was mixed with chloroform and
methanol at 0.8:2:1. The sample was vigorously shaken and centrifuged to achieve
clear phase separation, and afterwards the upper water phase was discarded. 250 ll
of chloroform and water each were added to the lower organic solvent phase to
obtain a two-phase system. After another centrifugation to achieve phase separa-
tion, the chloroform phase was dried using N2 gas.

Solution State NMR Spectroscopy. The 31P NMR sample was prepared using
methanol reagent containing D2O and dissolved Cs-EDTA. The cesium salt EDTA
was used due to poor solubility of sodium salt EDTA in organic solvents. Cesium
salt of EDTA was prepared by titrating EDTA free acid in distilled water with solid
CsOH to pH 6, when the EDTA dissolved. The solution was then dried using
lyophilization then dissolved D2O to a concentration of 0.2 M. The methanol
reagent was prepared by adding D2O-Cs-EDTA to methanol with the ratio of
1 to 4, respectively. For the 31P NMR sample, dried extract lipids were dissolved in
400 ll of deuterated chloroform and mixed with 200 ll of methanol reagent con-
taining Cs-EDTA. The sample was placed in the NMR tube where the two phases
could be observed: a major chloroform phase and a smaller water phase. The 31P
spectra were recorded using a Bruker Avance III 500 MHz NMR spectrometer
equipped with a 5 mm CryoProbe Prodigy probehead.

Lipid Chromatography Mass Spectrometry. LC-ESI was performed with
LTQ Orbitrap XL ETD mass spectrometer equipped with Waters Acquity UPLC,
using a ZIC-HILIC column. The gradient employed contained 98% buffer B at
2 min to 60% buffer B at 45 min, with a flow rate of 50 ll/min. Buffer A consisted
of 0.1% formic acid in water, whereas buffer B consisted of 0.1% formic acid in
acetonitrile. The mass spectrometry experiment detected mass-to-charge range of
320–2000, with resolution 30,000 at m/z 400. The electrospray voltage was
maintained at 4 kV, and the capillary temperature was set at 275 °C.

Transient Absorption Spectroscopy. The concentration of PMND was moni-
tored at 10 lM. The buffer of the sample was the same as the size exclusion
chromatography buffer described previously, with 25 mM Tris, 100 mM NaCl and
0.5 mM EDTA at pH 7.5.

5.3 Results and Discussion

5.3.1 PMND Assembly and Optimization

The procedure of extraction and incorporation of bR from the native purple
membrane directly into nanodisc required several steps of optimization, since it is a
one-step direct assembly and also due to the homogenous nature of PM. The
decision to use the largest available membrane scaffold protein, MSP1E3D1 and its
modified version, cE3D1 for the assembly of the native purple membrane nanodisc
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was based on the reported size of the trimeric bR determined using X-ray crys-
tallography to be 60.8 Å [12]. The reported sizes of nanodiscs with DH5, MSP1D1
and MSP1E3D1 are 8.5 nm [13], 9 nm [14] and 13 nm [15] in diameter, respec-
tively. The diameter of the lipid bilayer area was estimated to be at 7.5 and 10.6 nm
for nanodisc with MSP1D1 and MSP1E3D1, respectively [15]. To incorporate
trimeric bR in MSP1D1 nanodisc risked protein-protein interaction between
MSP1D1 and bR, as well as eliminating space for the extract native lipids.
Therefore, the bigger nanodisc of MSP1E3D1 and its modified version cE3D1 were
employed for this study.

Figure 5.2 compares PMND assembled with the same conditions such as final
salt concentration, but using different forms of MSP and their optimized PM to
MSP ratios. Both the linear MSP1E3D1 and circularized MSP1E3D1 (cE3D1) can
produce a nanodisc peak that contains bR, as both samples had strong 560 nm
absorption. However, under the same conditions the peak produced by cE3D1 is
more symmetrical, whereas the peaks of PMND assembled using linear MSP1E3D1
are asymmetric with large amount of aggregates. It is therefore reasonable to
conclude that cE3D1 can achieve a higher homogeneity of native purple membrane
nanodisc compared to the conventional linear MSP1E3D1.

Fig. 5.2 Size exclusion
chromatography profiles for
comparison of PMND
assembled using convention
linear MSP1E3D1 (blue) and
circularized cE3D1 (red),
monitored at a 280 nm and
b 560 nm absorption.
Samples were assembled
under the same conditions
other than the type of MSP
and the respective
concentration, with 10 mM
Triton X-100, 3.45 M NaCl
and incubated for 10 min
before detergent is removed.
The concentration of
MSP1E3D1 and cE3D1 are
29.2 and 25.0 µM,
respectively. Reproduced
with permission from Ref.
[24], from Nature Publishing
Group
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The type of MSP is not the only factor determining the success of PMND
assembly. Demonstrated in Figs. 5.3, 5.4, 5.5 and 5.6 are optimizations of different
components in the PMND assembly, including the ratios of PM to cE3D1, incu-
bation duration before detergent was removed, the detergent concentration and the
final NaCl concentration in the assembly, respectively.

The ratio between PM and cE3D1 is crucial. In conventional nanodisc assembly
the ratio of lipid to MSP is important in the homogeneity of the nanodisc sample,
demonstrated in Chap. 2. Since the extraction and the incorporation of bR from PM
into the native purple membrane nanodisc is one single step, the ratio between PM
and MSP represents the both the ratios of lipid to MSP and also bR to MSP. Shown
in Fig. 5.3, the ratio between PM and cE3D1 can affect the homogeneity of PMND.
When the ratio was not optimized and the amount of PM was too high, the
assembly resulted in high molecular weight aggregates. However, when there was
too much cE3D1, the excess MSP would form a smaller aggregate close to the size
of PMND, becoming difficult to separate and purify from the desire PMND product.
It is also important to note that the ratio can vary between different batches of PM
and cE3D1, mostly due to the difficulties to accurately determine the concentration
of PM.

Fig. 5.3 Size exclusion
chromatography profiles for
comparison of PMND
assembled with different
ratios of 3–2 (green), 3–3
(red) and 3–4 (blue), PM to
cE3D1, respectively,
monitoring a 280 nm and
b 560 nm absorption.
Samples were assembled
under the same conditions
other than the concentration
of cE3D1, with 10 mM Triton
X-100, 3.63 M NaCl and
incubated for 10 min before
detergent is
removed. Reproduced with
permission from Ref. [24],
from Nature Publishing
Group
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A small amount of detergent was added to the assembly to perturb the intertrimer
interaction and disrupt the PM aggregate in order to assemble isolated trimer bR in
individual nanodisc. Figure 5.4 shows the optimization of the incubation period
after the assembly and before the detergent was removed. From the comparison it
can be seen that the incubation period before the removal of detergent has a small
effect on the yield of the PMND assembly and the small aggregate. Shown in
Fig. 5.5, the concentration of detergent in the assembly mixture can also have a
small influence over the yield of PMND produced. The increased amount of
detergent appears to decrease the yield of PMND, however the small aggregate
around 13 ml elution volume remained the same absorption intensity. Also shown
in Fig. 5.5, successful PMND requires only a small amount of detergent but if in the
absence of detergent, shown in blue with Triton X-100 at 0 mM, cE3D1 alone is
insufficient to extract bR from PM and thus no PMND can be assembled.

Of the parameters optimized, the salt concentration of the assembly had the
greatest impact on the success and the yield of PMND. Shown in Fig. 5.6, the
comparison of the size exclusion chromatography of PMND assembled using dif-
ferent final NaCl concentrations. The final NaCl concentration was calculated by
the amount of NaCl dissolved in various components used in the PMND assembly.

Fig. 5.4 Size exclusion
chromatography profiles for
comparison of PMND
assembled with different
incubation period prior to the
removal of detergent of
10 min (green), 30 min
(red) and 60 min (blue),
monitoring at a 280 nm and
b 560 nm absorption.
Samples were assembled
under the same conditions
other than the incubation
period before detergent is
removed, with 10 mM of
Triton X-100, 25 µM of
cE3D1, and 3.84 M NaCl.
Reproduced with permission
from Ref. [24], from Nature
Publishing Group
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When the concentration of NaCl in the final assembly is decreased, the intensity of
the products in size exclusion chromatography profiles are decreased, with the sizes
shifted towards smaller nanodiscs and MSP aggregates. The smaller nanodisc peak
showed absorption at 560 nm suggesting the fraction contained bR, it is therefore
reasonable to assume the smaller nanodisc is in fact PMND with monomeric bR. As
the NaCl concentration increases, the intensity of the peak increases significantly
and the size of the product slightly increases. The peak of PMND also became more
symmetrical as the salt concentration increases providing a higher production yield.

The size exclusion profile of purified PMND assembly is shown in Fig. 5.7,
assembled using 10 mM Triton X-100, 25 lM cE3D1, 3.84 M NaCl, and incu-
bated for 10 min before BioBeads were added to the mixture to remove the
detergent. The transfer yield from PM to PMND assembly was found to be up to
38%. The high production is ideal to provide sufficient sample for biophysical
characterizations. Estimating using the extinction coefficient of PM at 280 and
568 nm, and extinction coefficient of cE3D1 at 280 nm, the ratio of absorption at
560 and 280 nm of the peak of PMND from the SEC profile in Fig. 5.7 contained
about 61% of bR embedded nanodisc.

Fig. 5.5 Size exclusion
chromatography profiles for
comparison of PMND
assembled with different final
concentration of TX-100 of
0 mM (blue), 5 mM (green),
10 mM (orange) and 20 mM
(red), monitoring at a 280 nm
and b 560 nm absorption.
Samples were assembled
under the same conditions
other than the concentration
of Triton X-100, with
30.8 µM of cE3D1, 3.62 M
NaCl and incubated for
10 min before detergent is
removed. Reproduced with
permission from Ref. [24],
from Nature Publishing
Group
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Fig. 5.6 Size exclusion
chromatography profiles for
comparison of PMND
assembled with different final
concentration of NaCl of
0.07 M (red), 1.22 M
(orange), 2.35 M (green) and
3.84 M (blue), monitoring at
a 280 nm and b 560 nm
absorption. Samples were
assembled under the same
conditions other than the
concentration of NaCl, with
10 mM Triton X-100, 25 µM
of cE3D1, and incubated for
10 min before detergent is
removed. Reproduced with
permission from Ref. [24],
from Nature Publishing
Group

Fig. 5.7 Size exclusion
chromatography profile of
purified PMND assembled
using 10 mM Triton X-100,
25 µM of cE3D1, and 3.84 M
NaCl, incubated for 10 min
before detergent is removed.
Reproduced with permission
from Ref. [24], from Nature
Publishing Group

122 5 Native Membrane Nanodisc



5.3.2 PMND Characterization

The size of PMND is estimated to be 150 ± 25 kDa using size exclusion chro-
matography calibrations. The sample of PMND was taken to perform anionic
exchange chromatography and compared to the monomeric bR embedded nanodisc
made of synthetic lipids, discussed in Chap. 3. Using the same conditions as
Fig. 3.6, the surface charge of PMND was compared with the surface charge of
monomeric bR embedded nanodisc composed of linear MSP1E3D1 and different
ratios of DOPG/DOPC content. The anionic exchange chromatography profile
shown in Fig. 5.8 revealed that PMND has a negative surface charge slightly more
than that of bR embedded in DOPG/DOPC nanodisc, but not as negative as the bR
embedded in pure DOPG nanodisc. Considering the major native lipid of PM is
about 40% PG, and from Fig. 3.5 it was concluded that bR contributes a slightly
negative surface charge, the result in Fig. 5.8 showed agreement to the previous
observations.

The protein extracted from PMND using organic solvents was taken to perform
MALDI-TOF to verify the content, and the mass spectrum shown in Fig. 5.9 shows
two distinct signals belonging to bR and to cE3D1, confirming the size exclusion
chromatography profile of nanodisc with bR embedded inside. Figure 5.10 shows
the steady state absorption spectra of PMND compared to bR in other environ-
ments, such monomeric bR in detergent micelles, in lipid nanodisc composed of
DMPG/DMPC 50/50 and trimeric bR in PM. The peak around 660 nm is a known
artifact attributed to the UV-Vis light source. From the steady state spectra it can be
seen that PMND exhibits a maximum absorption at 563 nm. As discussed in

Fig. 5.8 Anionic exchange chromatography of PMND (black) compared with monomeric bR
embedded in nanodisc composed of synesthetic lipids previously shown in Fig.3.6, with DOPG/
DOPC ratios of 10/90 (blue), 50/50 (green), 100/0 (red)
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Chap. 3, monomeric bR embedded in nanodisc with different compositions of
synthetic lipids did not show significant differences in absorption peaks, with the
peak located around 560 nm. Comparing PMND to monomeric bR embedded in
nanodisc of synthetic lipid, the absorption of PMND at 563 nm is closer to the
568 nm absorption maximum of bR in native purple membrane. This suggests the
retinal pocket of bR in PMND has a greater similarity to those found in PM than
monomeric bR in nanodisc composed of synthetic lipids.

Visible range circular dichroism was used to determine the oligomeric state of
bR in PMND. Shown in Fig. 5.11, The CD spectrum of PMND showed clear
biphasic features, suggesting the bR is at least mostly in trimeric conformation. The
homogeneity of the trimeric conformation cannot be verified using circular

Fig. 5.9 MALDI-TOF mass
spectrum of PMND protein
extracts

Fig. 5.10 Steady state
spectra of monomeric bR in
detergent micelle (red),
monomeric bR in nanodisc
composed of DMPG/DMPC
50/50 (orange), PMND
(green) and trimeric bR in PM
(blue). The maximum
absorption wavelengths of
each sample are listed with
the respective color. The (*)
indicates artifact from light
source of experimental set up
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dichroism due to the drastic difference in intensities of monomeric and trimeric
features. Comparing the CD spectrum of PMND to PM, although the biphasic
features are clear, the CD spectrum of PMND experiences a significant shift in the
zero interception wavelength. The direction of the shift agrees with the shifts
observed in steady state absorption spectra, however shown in Fig. 5.10, the dif-
ferences in maxima of PMND and PM are only 5 nm. In CD spectra, the difference
in the zero intercept wavelengths is 17 nm, which is much greater than ones
observed in the steady state absorption experiment. Moreover, the spectra were
normalized based on the positive, shorter wavelength peak. By normalizing the
spectra it can be seen that the ratio between the positive and the negative peaks are
different with PM and PMND, despite both displaying biphasic features. Referring
back to Sect. 2.2, the theoretical calculation suggested that biphasic features arise
from coupling and intratrimer interaction, the ratio between the positive and the
negative peaks could be influenced by the intertrimer interaction [16]. The differ-
ence in the CD spectra between PM and PMND could be attributed to the difference
in intertrimeric interactions, as PMND would likely be present as isolated trimers
and thus lack the trimer-trimer interaction.

As mentioned previously, PMND assembled in high NaCl concentration yielded
primarily trimeric bR embedded on the nanodisc, however some nanodisc con-
taining monomeric species still existed in the sample. By using visible wavelength
circular dichroism spectroscopy, it was shown that size exclusion is capable of
separating the nanodisc with trimeric bR and monomeric bR. Figure 5.12a showed
the size exclusion profile of PMND and the positions of the fractions collected
during the chromatography experiment. Each individual fraction was condensed
separately and investigated using visible wavelength circular dichroism. Each cir-
cular dichroism spectrum shown in Fig. 5.12b was normalized with the absorbance
of steady state absorption contour maximum around the bR characteristic absorp-
tion wavelength. In other words, the circular dichroism spectra were normalized by
the concentration of bR. Figure 5.12b shows that trimeric bR characteristic was

Fig. 5.11 Normalized
circular dichroism spectra
recorded at the visible
wavelength range of PMND
(black) and PM
(red) performed at 20 °C
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clearly observed in the earlier fractions and was consistent in normalized intensity.
However, starting from fraction 7, the signal intensity of the trimeric bR charac-
teristic began to rapidly decrease, where eventually the biphasic feature is no longer
clear. Since in the later fractions, particularly 8 through 10, the size exclusion
profile indicated clear absorption of 560 nm suggesting the presence of bR in the
sample, one can conclude that the bR existed in monomeric form. The result
showed that size exclusion chromatography is capable of separating PMND con-
taining different oligomeric states of bR. Therefore for the following section, only
trimeric bR in PMND would be collected to perform characterization.

Figure 5.13 shows Zernike phase TEM [17, 18] images of PMND. The images
of unstained sample allowed improvement of resolution and preservation of the
integrity of the sample. The technique revealed high-resolution images of PMND,
particularly distinguishing between the MSP and the lipid components. The images
clearly show disc shaped units with cE3D1 wrapping around the lipid core in a
circular manner, providing evidence of a successful PMND assembly.

While spectroscopic and imaging methods revealed the successful extraction and
incorporation of bR from PM into nanodisc, the transfer of native lipid from PM to
PMND is of particular interest. Discussed in detail and demonstrated in Chap. 3,
the lipid composition of nanodisc has a significant influence over the function of
bR. The native PM lipid has been previously analyzed using solution state 31P
NMR spectroscopy [19, 20], as most lipid molecules are phospholipids, as well as
using LC-MS for the none phospholipid S-TGD-1. The lipid molecules of PM and
PMND were extracted using organic solvents. For 31P NMR, The extracted lipid
was dried and redissolved in deuterated chloroform and methanol reagents. The 31P
NMR spectra of lipid extracted from PM and PMND are shown in Fig. 5.14. The
chemical shift assignment of PM was according to the values reported by
Corcelli et al. [20] and is shown in Table 5.2. The 31P spectrum of PM shown in

Fig. 5.12 a Size exclusion chromatography profile of PMND using HiLoad Superdex 200,
monitoring the elution at both 280 nm and 560 nm absorption. The positions of individual
fractions were indicated in numeric order. b Visible wavelength circular dichroism spectra of
individual fractions indicated in a. The spectra were normalized by the maximum absorbance in
steady state absorption experiment of respective fraction. Reproduced with permission from Ref.
[24], from Nature Publishing Group
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Fig. 5.14a shows agreement to the reported values, which is to be expected despite
a small difference in lipid extraction methods. The 31P spectrum of PMND in
Fig. 5.14b contains the peaks with chemical shifts consistent with the lipids found
in PM. This suggests that during the process of PMND assembly the native lipids
are extracted and most of the phospholipids are present. However, as shown by the
difference in relative peak intensities, the relative amount of individual lipid was not
retained. Not all of major lipids found in PM are phospholipids, therefore to further
analyze the lipid content, LC-ESI-MS was performed with the lipid extract redis-
solved in methanol, shown in Fig. 5.14c and d. Figure 5.14c shows the LC-MS
spectrum of lipid extracted from PM, which showed good agreement to the
molecular weight reported by Corcelli et al. [20]. Two phospholipids, BPG and
GlyC were not observed in the LC-MS spectra but were seen in 31P NMR. This
could be due to the sensitivity and the ionization efficiency of the lipid types. The
LC-ESI-MS spectrum of PMND lipid extract in Fig. 5.14d showed that two lipids
previously found in PM, PGS and S-TGD-1, are absent. The extra signals recorded
for PMND lipid extracts likely arose from protein fragments, as PMND contained
additional protein in comparison to PM. Since S-TGD-1 cannot be observed in 31P
NMR experiment and PGS has a very similar 31P chemical shift to BPG, the results
from two methods showed agreement to each other. It was previously reported that
PGP-Me is crucial and essential in maintaining the photocycle activity of bR [7,
21]. The result of lipid analysis showed that PGP-Me was successfully transferred
from PM into PMND, thus the function and photocycle activity are expected to be
preserved in PMND.

Transient absorption spectroscopy was performed to investigate the preservation
of bR function, since the proton pumping process can be monitored through the
progression of intermediate states and photocycle. Figure 5.15 shows the time
resolved difference spectra of PMND monitoring at different wavelengths to

Fig. 5.13 Zernike phase TEM images of PMND. All the scale bars are 10 nm. Reproduced with
permission from Ref. [24], from Nature Publishing Group
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observe the formation of key intermediate states. The M intermediate state corre-
sponds to the deprotontation of the retinal Schiff base, and hence represents the
translocation of the proton towards the extracellular side, while the O intermediate
state is related to the relaxation of the retinal molecule and indicates the traditional
PM photocycle pathway. The time-resolved difference spectra show a clear

Fig. 5.14 a, b 31P NMR spectra and c, d LC-ESI-MS spectra of lipid extracted from (a, c) PM
and (b, d) PMND. The assignments of each spectrum are based on the 31P NMR chemical shift
values and molecular weights reported in Ref. [20]. Reproduced with permission from Ref. [24],
from Nature Publishing Group

Table 5.2 31P chemical shift
of the individual PM
phospholipids reported by
Corcelli et al. [20]

Lipid d(31P)/ppm

GlyC 1.964

PGS 1.374

PGP-Me 1.357 and 2.594

PG 1.725

BPG 1.401
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formation of both the M and the O intermediate state, suggesting the bR function
was preserved in PMND and the photocycle undergoes the pathway similar to PM.

While we demonstrated membrane scaffold protein has the ability to extract
membrane protein and the surrounding native lipid from the biological membrane,
it has been reported that SMA co-polymer, introduced in Sect. 1.2.5, can achieve
similar results. However, one particular limitation of using SMA co-polymer and
SMALPs is that the solubility of SMA co-polymer strongly depends on pH. As pH
falls below 6.5, the carboxyl group of malic acid will be fully protonated and the
polymer would begin to aggregate, eventually precipitating out of the solution. This
property can limit the conditions in which the incorporated membrane protein can
be studied. Figure 5.16 shows size exclusion chromatography of PMND assembled
at different pH conditions. While pH appears to influence both the size homogeneity
of PMND as well as the assembly efficiency, with acidic conditions better than the
alkali conditions, the size exclusion profiles suggest that PMND can assemble even
in low pH conditions. This implies that MSP solubilized biological membrane has a
greater flexibility over not only the experimental conditions, but also solubilizing
nanodisc assembly conditions. The flexibility over pH is important in the study of
membrane protein, as the function of membrane protein can change with different
pH [22, 23].

Fig. 5.15 Temporal profiles
of a bR parent state recovery
at 560 nm, b M state
intermediate at 410 nm and
c O state intermediate at
670 nm. Reproduced with
permission from Ref. [24],
from Nature Publishing
Group
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5.4 Conclusion

For the study of membrane protein, it is often ideal for the target membrane protein
to be in its native environment. However, with the nature of the native biological
membrane it is usually difficult to achieve, whether the difficulties lie with sample
preparation or on experimental limitations. Nanodisc can provide a small lipid
bilayer that is homogenous in size and is stable in aqueous solution, but the use of
synthetic lipids disrupts and deviates from the native environment. We demon-
strated a highly efficient method of extracting membrane protein and its native
lipids and incorporating them into nanodisc in one step, directly from the natural
biological environment. By using a modified MSP, we were able to extract and
incorporate bacteriorhodopsin with the native PM lipids into size homogenous
nanodisc with a sufficiently high yield of 35%, directly from the PM purified from
Halobacterium salinarum. The condition of the native purple membrane nanodisc
(PMND) was optimized carefully and monitored using size exclusion

Fig. 5.16 a, b Normalized and c, d unnormalized size exclusion chromatography profiles of
PMND assembled at pH 5 (red), pH 6 (orange), pH 7.5 (green) and pH 9 (blue), monitoring at (a,
c) 280 nm and (b, d) 560 nm. The normalized spectra were normalized based on the corresponding
280 nm absorbance. Reproduced with permission from Ref. [24], from Nature Publishing Group
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chromatography. Modified circular MSP with the N and C termini chemically
linked together (cMSP) was shown to produce PMND with higher homogeneity,
compared to the PMND assembled using traditional linear MSP. Detergent con-
centration, assembly duration and PM to cMSP ratio was optimized to provide the
highest yield. NaCl concentration of PMND assembly was found to be the domi-
nant factor in the effectiveness of PMND formation, governing both the success and
the yield of PMND production.

PMND was characterized using various spectroscopic methods. The formation
of PMND was confirmed with MALDI-TOF mass spectroscopy, where two distinct
signals were observed and were identified to be bR and cMSP. The retinal state of
bR was characterized using steady state absorption spectroscopy. PMND showed
only a minor blue shift from the absorption maximum of PM, suggesting the retinal
states in PMND have a greater similarity to PM, in comparison to monomeric bR
embedded in nanodisc composed of synthetic lipid. The oligomeric state of PMND
was verified using visible wavelength circular dichroism, where a clear biphasic
feature was observed indicating the preservation of trimeric conformation of bR.
When compared to the spectrum recorded for PM, a difference in the ratio of the
oppositely signed peak was observed. The difference can be attributed to difference
in intertrimer interactions, in particular the formation of PMND suggests isolated
trimers with a lack of interaction to the neighbouring trimer unit. Zernike
Phase TEM of unstained sample provided a high resolution image showing the
circular feature of PMND, where the MSP was shown to wrap around a disc-shape
core, verifying the formation of PMND. The lipid molecules of PM and PMND
were extracted and identified using 31P NMR spectroscopy and LC-ESI-MS. 31P
NMR spectra and LC-ESI-MS showed most native phospholipids, in particular
PGP-Me, were successfully extracted and incorporated in PMND. Finally, single
wavelength transient absorption spectroscopy was performed to demonstrate the
function of bR in PMND was preserved. The intermediate state M was clearly
observed in the time resolved difference spectrum, as was intermediate state O,
suggesting the photocycle of PMND undergoes the conventional pathway similar to
PM.

With the main limitations in membrane protein research being the difficult
sample preparation, this method of extraction of both membrane protein and native
lipids from the biological membrane to form nanodisc for biophysical characteri-
zation has the ability to improve the quality of samples. While SMA copolymer has
been demonstrated to have a similar ability of extracting membrane protein from
membrane, the native nanodisc consisted of MSP showed a greater flexibility over
the pH of both assembly condition and characterization environment.
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Chapter 6
Conclusions and Outlook

The nature of membrane protein, such as solubility and the dependency on the
membrane environment, has given rise to formidable challenges to study and
investigate. Membrane mimics have been extensively employed to provide a
platform to allow biophysical characterization. Lipid nanodisc, a small lipid bilayer
wrapped by two copies of a helical amphipathic proteins, has been designed to
incorporate membrane protein in a way that is suitable for spectroscopic studies.
While many membrane proteins have been studied with the use of lipid nanodisc,
both functional and structural, the properties of the nanodisc and their effects on the
target membrane protein have not been thoroughly discussed. By using bacteri-
orhodopsin as the target membrane protein, this study investigates the feasibility of
using different lipid composition and different sizes of nanodiscs to manually tune
the function of membrane protein embedded in the nanodiscs. Furthermore, we
developed a novel method to extract membrane protein and the native lipid
molecules directly from the biological membrane, and incorporate them into
nanodisc.

In Chap. 3, we successfully incorporated monomeric bacteriorhodopsin into
nanodisc consisting of lipids with different charges of hydrophilic head and dif-
ferent structures of hydrophobic tails. The bR embedded nanodisc with different
lipid composition was characterized using ionic exchange chromatography and
showed the surface charge of the nanodisc becomes more negative with increasing
PG content. Steady state spectroscopy revealed that bR embedded in nanodisc
experiences a minor blue shift in comparison to the native purple membrane, and
the shift is almost independent of the lipid composition. The photocycle kinetics of
bR embedded in nanodisc was characterized using transient absorption spec-
troscopy, and showed that the lipid composition of nanodisc has a significant
influence over the function of bR. The recovery rate of bR parent state drastically
decreases as the negatively charged lipid content decreases, while the population of
intermediate O decreases. This suggests the duration of the photocycle changes
significantly with the change in lipid composition, which also alters the photocycle
pathway. This effect is dominated by the charges of the hydrophilic head, with a

© Springer Nature Singapore Pte Ltd. 2019
V. Yeh, Study of Bacteriorhodopsin in a Controlled Lipid Environment,
Springer Theses, https://doi.org/10.1007/978-981-13-1238-0_6

135

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1238-0_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1238-0_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1238-0_6&amp;domain=pdf


small contribution from the different hydrophobic tails. Further analysis with
transient photocurrent measurement showed that while negatively charged lipid
heads trap the proton released by the protein, the neutral and positively charged
hydrophilic head assists and repulses the proton into the bulk solution. The study
suggests that the lipid plays an important role in the function of some membrane
protein, and that the lipid composition of nanodisc can be tuned to manually alter
the function of the membrane protein.

The size of nanodisc and its effect on the membrane protein was investigated in
Chap. 4. By using E. coli expressed bacteriorhodopsin we could eliminate uncer-
tainty in the contribution of native lipids, as it is unknown whether different amount
of native lipids would be transferred to different sizes of nanodisc. The bacteri-
orhodopsin HmbRID94N was successfully expressed using E. coli and purified
with nonionic detergent Triton X-100, and demonstrated to be monomeric using
visible wavelength circular dichroism. Isotopically labeled HmbRID94N was
exchanged into solution state NMR suitable detergent, C7-DHPC, and preliminary
results suggest promising use of solution state NMR to probe structural details of
HmbRID94N. HmbRID94N in Triton X-100 micelle was then compared to
HmbRID94N embedded in DMPG nanodisc and showed that the photocycle
kinetics was significantly altered by the different environment structure. The life-
time of HmbRID94N photocycle and quantum yield is shown to decrease drasti-
cally in the lipid bilayer of nanodisc compared to detergent micelle. However,
HmbRID94N incorporated into different sizes of nanodisc was demonstrated to
have similar photocycle lifetimes, suggesting that function of HmbRID94N is not
influenced by the size of the nanodisc. While the photocycle lifetimes of
HmbRID94N in different sizes of nanodisc were the same, the lifetime of inter-
mediate M state was shown to be slightly longer in smaller nanodisc. However, the
difference observed is not significant. The lack of difference in photocycle, which
can contribute to the long photocycle duration, arose from the mutation of key
amino acids involved in the proton translocation, as preliminary results from the
study of nanodisc size effect using HsbR, with native lipids removed, showed
different photocycle duration between the different sizes of nanodisc. The difference
in photocycle kinetics observed for bR embedded in different sizes of nanodisc is
not as significant when compared to the effect of lipid composition, suggesting the
lipid composition is the dominant factor.

While Chaps. 3 and 4 discussed the effect of artificial properties of nanodisc on
the function of membrane protein, Chap. 5 discusses the possibility of preserving
the biological state of membrane protein in a way that allows biophysical charac-
terizations. Since the lipid composition of nanodisc is demonstrated to have a
significant effect on the photocycle kinetics of bacteriorhodopsin, we developed a
method to extract bR and its native lipids directly from the purple membrane and
incorporate them into nanodisc in one reaction mixture. Using modified MSP where
the N and C termini are chemically linked by sortase catalytic reaction, the process
of assembling native purple membrane nanodisc (PMND) was systematically
optimized. In particular, NaCl concentration was demonstrated to be a major factor
in both the success and the yield of PMND production. Under optimized conditions
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the yield of PMND is up 38% from the origin PM, providing high production ideal
for biophysical characterization. PMND was demonstrated to preserve the trimeric
conformation of bR, while a Zernike phase TEM image of unstained sample shows
the circular disk appearance of PMND. The lipid composition was analyzed with
31P NMR and LC-ESI-MS, where most types of phospholipid, in particular the
essential lipid PGP-Me, which was reported to be crucial in maintaining of bR,
were present. bR in PMND was revealed to maintain the photocycle activity and
underwent conventional PM photocycle pathway, suggesting that the function of
bR was preserved during the extraction and incorporation into PMND. The novel
technique provides significant advantage in the study of membrane protein, where
membrane protein can be well characterized while preserved in the biological
conformation surrounded by native lipid molecules. The membrane protein of
interest can be overexpressed on the organism with the biological membrane and
extracted using small amount of detergent and modified MSP, allowing the native
conformation and structure to be studied.

The use of nanodisc as a platform to study membrane protein and their functions
has become increasingly popular, particularly using solution state NMR and other
spectroscopic methods. This study aimed to investigate the properties of nanodisc
and their effects on the membrane protein to gain insights into the biological status
of nanodisc. It serves as an example that the lipid composition of nanodisc can be
employed to tune the function of embedded membrane protein for the particular
experimental designs, while the sizes of nanodisc have a less significant influence
on the function of membrane in comparison to the lipid composition. On the other
hand, size and lipid composition of nanodisc should be carefully considered, par-
ticularly in functional studies, when biological relevancy is being emphasized. The
ability to assemble nanodisc using native lipid, preserving the protein function and
conformation on the biological membrane provides possible solutions to the use of
synthetic lipid.
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Appendix
I—Preliminary Results of HsbR in DMPC
Nanodisc of Different Sizes

See Fig. A.1.

Fig A.1 Preliminary results
of HsbR with native lipid
previously removed, embed-
ded in nanodisc composed of
DMPC at pH 7. The time
resolved difference spectra of
HsbR embedded in nanodisc
consisted of either (black)
cE3D1 or (red) cDH5,
observing the recovery of
parent state at 568 nm (upper)
and M intermediate at 410 nm
(lower)
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