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1
Amino Acid Biosynthesis
Emily J. Parker and Andrew . Pratt

1.1
Introduction

The ribosomal synthesis of proteins utilizes a family of 20 a-amino acids that are
universally coded by the translation machinery; in addition, two further a-amino
acids, selenocysteine and pyrrolysine, are now believed to be incorporated into
proteins via ribosomal synthesis in some organisms. More than 300 other amino acid
residues have been identified in proteins, but most are of restricted distribution and
produced via post-translational modification of the ubiquitous protein amino
acids [1]. The ribosomally encoded a-amino acids described here ultimately derive
from a-keto acids by a process corresponding to reductive amination. The most
important biosynthetic distinction relates to whether appropriate carbon skeletons
are pre-existing in basic metabolism or whether they have to be synthesized de novo
and this division underpins the structure of this chapter.

There are a small number of a-keto acids ubiquitously found in core metabolism,
notably pyruvate (and a related 3-phosphoglycerate derivative from glycolysis),
together with two components of the tricarboxylic acid cycle (TCA), oxaloacetate
and o-ketoglutarate (0-KG). These building blocks ultimately provide the carbon
skeletons for unbranched a-amino acids of three, four, and five carbons, respectively.
o-Amino acids with shorter (glycine) or longer (lysine and pyrrolysine) straight
chains are made by alternative pathways depending on the available raw materials.
The strategic challenge for the biosynthesis of most straight-chain amino acids
centers around two issues: how is the a-amino function introduced into the carbon
skeleton and what functional group manipulations are required to generate the
diversity of side-chain functionality required for the protein function?

The core family of straight-chain amino acids does not provide all the functionality
required for proteins. o-Amino acids with branched side-chains are used for two
purposes; the primary need is related to protein structural issues. Proteins fold into
well-defined three-dimensional shapes by virtue of their amphipathic nature: a
significant fraction of the amino acid side-chains are of low polarity and the
hydrophobic effect drives the formation of ordered structures in which these
side-chains are buried away from water. In contrast to the straight-chain amino
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acids, the hydrophobic residues have large nonpolar surface areas by virtue of their
branched hydrocarbon side-chains. The other role of branched amino acids is to
provide two useful functional groups: an imidazole (histidine) and a phenol (tyrosine)
that exploit aromatic functional group chemistry.

This chapter provides an overview of amino acid biosynthesis from a chemical
perspective and focuses on recent developments in the field. It highlights a few
overarching themes, including the following:

i) The chemical logic of the biosynthetic pathways that underpin amino acid bio-
synthesis. This chemical foundation s critical because of the evolutionary mecha-
nisms that have shaped these pathways. In particular, the way in which gene
duplication and functional divergence (via mutation and selection) can generate
new substrate specificity and enzyme activities from existing catalysts [2].

ii) The contemporary use of modern multidisciplinary methodology, including
chemistry, enzymology, and genomics, to characterize new biosynthetic
pathways.

iii) Potential practical implications of understanding the diverse metabolism of
amino acid biosynthesis, especially medicinal and agrichemical applications.

iv) The higher-level molecular architectures that control the fate of metabolites,
especially the channeling of metabolites between active sites for efficient
utilization of reactive intermediates.

Box 1.1: Nitrogen and Redox in Amino Acid Biosynthesis

Ammonia is toxic and the levels of ammonia available for the biosynthesis of
amino acids in most biochemical situations is low. There are a limited number of
entry points of ammonia into amino acid biosynthesis, notably related to gluta-
mate and glutamine. Once incorporated into key amino acids, nitrogen is
transferred between metabolites either directly or via in situ liberation of ammonia
by a multifunctional complex incorporating the target biosynthetic enzyme. The
main source of in situ generated ammonia for biosynthesis is the hydrolysis of
glutamine by glutaminases. De novo biosynthesis of amino acids, like element
fixation pathways in general, is primarily reductive in nature. This may reflect the
origins of these pathways in an anaerobic world more than 3 billion years ago.

Box 1.2: The Study of Biosynthetic Enzymes and Pathways

The source of an enzyme for biochemical study has important implications. Most
core metabolism has been elaborated by studying a small number of organisms
that were chosen for a variety of reasons, including availability, ease of manip-
ulation, ethical concerns, scientific characterization, and so on. These exemplar
organisms include the bacterium Escherichia coli, the yeast Saccharomyces cerevi-
siae, the plant Arabidopsis thaliana, and the rat as a typical mammal. Much of the
detailed characterization of amino acid biosynthesis commenced with studies on
these organisms. With the rise of genetic engineering techniques, biosynthetic
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enzymes from a wide variety of sources are available for scientific investigation,
and there has been increasing emphasis on working with enzymes and pathways
from alternative organisms.

Metabolic diversity is greatest among prokaryotes. One fundamental change in
the underlying microbiology that has affected our understanding of pathway
diversity has been the appreciation of the deep biochemical distinctions between
what are now recognized to be two fundamental domains of prokaryotes:
eubacteria and Archaea [3]. The former bacteria include those well known to be
associated with disease and fermentation processes; while the latter include many
methanogens and extremophiles (prokaryotes that grow in extreme conditions,
such as hyperthermophiles that grow at temperatures above 60 °C or halophiles
that grow in high ionic strength environments). Bioinformatics approaches are
complementing conventional enzymological studies in identifying and charac-
terizing interesting alternative biosynthetic pathways [4]. The greater understand-
ing of microbial and biosynthetic diversity is presenting exciting opportunities for
novel discoveries in biosynthesis.

Much of the focus of biosynthetic enzymology now focuses on enzymes from
pathogens and hyperthermophiles. The focus on the study of enzymes from
pathogens is predicated on the possibility that inhibitors of such enzymes may be
useful as pesticides and therapeutic agents. Since humans have access to many
amino acids in their food, they have lost the ability to make “dietary essential”
amino acids that typically require extended dedicated biosynthetic pathways [5].
The biosynthetic enzymes of the corresponding pathways are essential for many
pathogens and plants, but not for humans; hence, selective inhibitors of these
biosynthetic enzymes are potentially nontoxic to humans, but toxic to undesirable
organisms. Enzymes from hyperthermophilic organisms, produced by genetic
engineering, are scrutinized mainly because of their ease of structural charac-
terization. These enzymes retain their native structures at temperatures that
denature most other proteins, including those of the host organism. These
proteins are of high thermal stability and simple heat treatment can be used to
effect high levels of purification of the desired protein.

1.2
Glutamate and Glutamine: Gateways to Amino Acid Biosynthesis

Glutamate and the corresponding amide derivative, glutamine, are critical metabo-
lites in amino acid metabolism. The biochemistry of these two amino acids also
illustrates the distinct chemistry associated with the a-amino and side-chain func-
tional groups, each of which is exploited in the biosynthesis of other amino acids.
These amino acids derive from ammonia and 0-KG. Glutamate dehydrogenase
(GDH) interconverts a-KG and glutamate (Figure 1.1) [6]. Although glutamate is
formed in this way by reductive amination, this enzyme is generally not dedicated to
biosynthesis; the reverse reaction, an oxidative deamination to regenerate a-KG, is

5
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CO, GDH CO,
NHz + NAD(P)H + L = _  +HyO + NAD(P)*
0~ ~CO, HsN™ "CO»

a-ketoglutarate glutamate

Figure 1.1 Interconversion of a-KG and glutamate catalyzed by GDH.

ATP ADP NH; HOPOgZ2~
fcog \ / fcogpof - \ /‘ fCONHg
+ _ + — + -
HsN~ ~CO, GS HsN~ ~CO, GS HsN~ ~CO,

Figure 1.2 Conversion of glutamate to glutamine catalyzed by GS.

often an important in vivo role for this enzyme [7]. This deamination chemistry might
be a factor in the relatively weak binding of ammonia (e.g., Ky(NH;3) is 3 mM for the
E. coli enzyme — above normal environmental concentrations). In many organisms
there is an additional enzyme, glutamate synthase (GOGAT), dedicated to the
biosynthesis of glutamate [8]. GOGAT utilizes ammonia generated in situ by
the hydrolysis of glutamine and this enzyme will be described after a discussion
of the biosynthesis of glutamine.

The conversion of glutamate to glutamine, catalyzed by glutamine synthetase
(GS), requires the activation of the side-chain carboxylate as an acyl phosphate, prior
to nucleophilic substitution of the resulting good leaving group by ammonia
(Figure 1.2). The use of ATP, to produce vy-glutamyl phosphate, assists both
the kinetics and the thermodynamics of amide formation: by producing a more
reactive carboxylic acid derivative and overturning the intrinsically favorable nature
of amide hydrolysis in water.

GS from enteric bacteria, such as E. coli and Salmonella typhimurium, is an exemplar
of an amino acid biosynthetic enzyme; the overall reaction it catalyses is effectively
irreversible in vivo (K=1200). Being dedicated to biosynthesis, it has evolved tight
binding of ammonia (Ky(NH;) < 200 uM) which allows efficient synthesis of gluta-
mine under the low ammonia conditions (much less than 1 mM) found in vivo. Its in
vivorole as an entry point for the biosynthesis of a wide range of nitrogen metabolites is
eloquently communicated by the extensive feedback regulation of this enzyme by a
range of nitrogen-containing metabolites, including glycine, serine, alanine, and
histidine [9-12]. Glutamine is the primary store of ammonia in many cells; the side-
chain amide is chemically unreactive, but its favorable hydrolysis can be catalyzed on
demand by glutamine amidotransferase (GAT) enzymes [13].

1.2.1
Case Study: GOGAT: GATs and Multifunctional Enzymes in Amino Acid Biosynthesis

In contrast to GDH, GOGAT is a dedicated biosynthetic enzyme. It is the primary
source of glutamate in plants, eubacteria and lower animals [14, 15]. These iron—
sulfur flavoproteins carry out the reductive amination of a-KG to glutamate via a five-
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Figure 1.3  The biosynthesis of glutamate mediated by GOGAT.

step process that utilizes the in situ hydrolysis of glutamine as the source of ammonia
for this reaction (Figure 1.3) [16].

As with many reductive biosynthetic enzymes, there are variants of the enzyme
adapted to different electron sources; for example, both ferredoxin- and nicotin-
amide-dependent enzymes are known, and examples of both of these classes of
GOGAT have been studied in detail [15]. They reveal many of the key features of
metabolite channeling observed in biosynthetic enzymes utilizing glutamine as a
nitrogen donor.

The NADPH-dependent GOGAT from Azospirillum brasilense is an
o,p-heterodimer [17]. The B-subunit supplies the electrons for the reductive
amination process: NADPH reduces FAD and the electrons are passed, in turn,
to a 3Fe—4S center on the a-subunit and then on to the FMN cofactor at the active
site for glutamate formation. The a-subunit consists of four domains. The N-
terminal domain is a type II GAT, in which the N-terminal cysteine attacks
glutamine releasing ammonia and generating an enzyme-bound thioester, which
is subsequently hydrolyzed (Figure 1.3) (type I GATSs, the other variant, utilize a
combination of an internal cysteine and a histidine as catalytic residues [18]). When
a class IT GAT is active, a conserved Q-loop closes over the active site and prevents
release of ammonia to the solution; instead the nascent ammonia travels through a
hydrophilic internal tunnel approximately 30 A in length to the third domain which
is a (Ba)g barrel containing the 3Fe—4S cluster and the FMN active site. The latter
site binds the substrate a-KG and carries out the synthesis of glutamate, presum-
ably via reduction of an a-iminoglutarate intermediate. There is a gating mech-
anism for synchronization of GAT and reductive amination active sites: the
glutaminase activity is dependent on the binding of both a-KG and reduced
cofactor at the second site (Figure 1.4) [19].

The ferredoxin-dependent GOGAT from the cyanobacterium, Synechocystis sp.
PCC 6803, has a similar structure to the A. brasilense enzyme, possessing a type II
GAT domain and a synthase site linked by a 30-A tunnel, which is gated in an
analogous way [21]. The GAT domain exists in an inactive conformation, which can
bind glutamine but not hydrolyze it. This is converted to the active conformation
on binding of a-KG and reduced cofactor, FMNH,, to the synthase site; this

7
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Figure 1.4  Structure of GOGAT showing the internal tunnel for ammonia transfer between the
GAT (gold) and synthase (blue) active sites. (Picture taken from [20].)

conformational switch also serves to open the entry point to the ammonia tunnel. A
conserved glutamate residue (Glu1013 in the Synechocystis enzyme), present at the
tunnel constriction, has been shown to be the key residue controlling the cross-
regulation mechanism. This glutamate interacts with the N-terminal amino group of
the protein, which is the active-site base of the glutaminase, as well as affecting the
geometry of the tunnel entry point. Mutation of this residue to aspartate, asparagine,
or alanine affected glutaminase activity and the sensitivity of glutaminase action to
the binding of a-KG at the synthase site [22].

GOGAT exemplifies our growing awareness of details of glutamine-dependent
enzymes, in particular, and biosynthetic pathways, in general. By exploiting the
higher-level organization of multifunctional enzyme systems, metabolites can be
channeled to the next enzyme of a pathway; thereby controlling their fate. Together
with the potential for subtle levels of regulation, this organization ensures the
efficient use of biosynthetic intermediates [20].

1.3
Other Amino Acids from Ubiquitous Metabolites: Pyridoxal Phosphate-Dependent
Routes to Aspartate, Alanine, and Glycine

1.3.1
Pyridoxal Phosphate: A Critical Cofactor of Amino Acid Metabolism

Once glutamate is available, the a-amino function can be transferred to other a-keto
acids via amino acid aminotransferase enzymes (Figure 1.5) [23]. This family of



1.3 Other Amino Acids from Ubiquitous Metabolites: Pyridoxal Phosphate-Dependent Routes

fco; fco;
N ~ _
HsN™ >CO; \/o CO,
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Figure 1.5 Overall interconversion mediated by most aminotransferase enzymes (e.g., for
AATases R=CH,CO,;").

enzymes exploit the catalytic versatility of the cofactor pyridoxal 5'-phosphate
(pyridoxal phosphate PLP), one of the active forms of vitamin Bs, which is inter-
converted with pyridoxamine phosphate (PMP) during the overall transformation
[24, 25].

The aldehyde of PLP readily forms Schiff bases with amines and this cofactor is
generally tethered to the active site of enzymes via a link to a lysine side-chain. Amino
acid substrates bind to the cofactor by Schiff base exchange with the enzyme lysine,
which is thereby liberated as a potential active-site base. The critical feature exploited
in amino acid metabolism is the ability of PLP to act as an electron sink, stabilizing
negative charge build up at C* of the substrate (Figure 1.6). By delocalizing negative
charge at this center PLP is able to mediate chemistry at the a-, -, and y-centers of
appropriately functionalized amino acids (see Box 1.3).

Pyridoxal-dependent enzymes have been classified into five fold-types and the
aspartate aminotransferase (AATase) family of enzymes belong to Fold-Type I [26, 27].
The cytosolic and mitochondrial AATases were the first PLP-dependent enzymes for
which detailed structural information was obtained [28-30]. These enzymes inter-
convert glutamate and oxaloacetate with 0-KG and aspartate (Figure 1.7). Glutamate
is activated by binding to the PLP and the displaced Schiff base Lys258 acts as an
acid-base catalyst to transfer a proton between C* and C4’ of the PLP [31]. An
aspartate residue (Asp222) interacts with the protonated nitrogen of the cofactor,

,Enz
. R /INH,
H-N"~"CO,
\
+ -
N= OPO342

Enz-PLP

Figure 1.6  Schiff base formation and anion stabilization by PLP-dependent enzymes.
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Figure 1.7 Mechanism of aminotransferase catalysis (for AATases R=CH,CO,").

stabilizing the pyridinium form and facilitating deprotonation of the substrate. Once
a proton has been transferred from C* to C4', hydrolytic cleavage of the ketimine
linkage liberates a-KG and leaves the PMP form of the cofactor. Binding of
oxaloacetate and running the reaction in reverse leads to regeneration of the original
enzyme and production of aspartate. Aminotransferase enzymes provide a general
mechanism for interconverting a-amino acids and a-keto acids, illustrating a second
route by which nitrogen is transferred between metabolites.

13.2
Case Study: Dual Substrate Specificity of Families of Aminotransferase Enzymes

Aminotransferase enzymes pose an intriguing challenge for substrate specificity
since they bind two different substrates successively at the same site and must
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Box 1.3: The Mechanistic Versatility of PLP: A Biochemical Electron Sink

Amino acids bind to PLP by forming a Schiff base. Once bound, the ability of PLP
to stabilize a negative charge at the a-center of bound amino acids has been
harnessed by a range of amino acid biosynthetic enzymes to mediate chemistry at
the a-, - and y-centers of suitably functionalized amino acids.

o-Center Reactivity

Cleavage of any of the three substituent bonds to the o-center can lead to a
carbanionic species (Figure 1.8). Deprotonation of the a-proton, by the lysine
liberated on Schiff base exchange, is used in transamination chemistry where the
o-proton is relocated to the benzylic position of PLP en route to PMP as described
above (and in some amino acid racemases). Decarboxylation provides a related
anion, which can be protonated; this is the source of biological amines and is
exploited in the biosynthesis of lysine via decarboxylation of the p-amino acid
center of meso-diaminopimelate (DAP). Finally, when the amino acid side-chain
contains a f3-hydroxyl function, retro-aldol chemistry provides a way of cleaving
this C—C bond. This is exploited in the biosynthesis of glycine, for example, by

a-Deprotonation a-Decarboxylation a-Side chain cleavage
- R1
H + CO2
+ _ OH
HN—cG, HN— Hsﬁx
R R H_
+ + + COQ
O H ¢+ v, WO H.* O H, +
+ _ + : — . N
OP032 - OP032 - OP032 -
HoN-E
“ HoN—Enz “ “ R p "
,,,,, O H ¢ H v, O H €02 v, O H OH
S G L G UL G-
OPO42~ OPOZ2~ OPOZ2~
T j -CO, j -RICHO
v, WO H* - con v, WO H -4 , G H,+
R .:CO2 N v, WO H. & -
H-RZ_>—"""R H—N% R H—ﬁQ//Nﬁ\CO;
OPOz%~ OPOz%~ OPO42~
+ —
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Figure 1.8 Stereoelectronic control of a-center reactivity by PLP-dependent enzymes illustrated by
enzymes involved in amino acid biosynthesis. As noted in the text, the decarboxylation example,
DAP decarboxylase, utilizes a p-amino acid substrate.
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threonine aldolase. Enzymes control the identity of the bond that is cleaved by
exploiting stereoelectronic factors as originally proposed by Dunathan [32]. The
cleaved bond must align with the delocalized m-orbitals of the PLP cofactor. By
specific recognition of the a-amino acid functionalities, the enzyme can control
the orientation of the substrate and hence its fate [33].

B,y-Center Reactivity

Amino acids that contain a leaving group at the (3-position can undergo elimi-
nation chemistry from the a-deprotonated intermediate. Nucleophilic attack on
the aminoacryloyl intermediate leads to overall nucleophilic substitution, via an
elimination—addition mechanism (Figure 1.9). This is exploited in the biosyn-
thesis of cysteine and related amino acids. More extended proton relays can extend
this chemistry to the y-center (Figure 1.10) as observed in y-cystathionine
synthase.

recognize these substrates but not others. AATases selectively bind glutamate and
aspartate. Two active-site arginine residues (Arg292 and Arg386) bind to the two
carboxylates of these substrates, one of these, Arg292, controls the specificity forming
anion pair with the carboxylate side-chain of each substrate (Figure 1.11). Mutation of
this arginine to an anionic aspartate depresses the activity (ke,:/Ky) of the enzyme
with respect to anionic substrates by a factor of more than 100 000 [34].

Other families of aminotransferases face greater challenges with the dual substrate
specificity that is a general feature of all these enzymes. Since glutamate is a common
amino donor in these systems, these enzymes must accommodate the negatively
charged y-carboxylate of glutamate while also accepting side-chains of the alternative
substrate with different sizes, polarities, and charges. Two different strategies are
employed to deal with the issue: an “arginine switch,” whereby the key arginine
undergoes a conformational shift to accommodate the new side-chain, and the use of
an extended hydrogen bond network to mediate substrate recognition, rather than
the cationic charge of arginine (Figure 1.11) [35].

PLP-mediated

B-substitution
chemistry

Nu +Enz Nu Enz

b R S
co, H-N" ~CO;

Figure 1.9 PLP-mediated nucleophilic substitution at the -center of amino acids.
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Figure 1.10 PLP-mediated nucleophilic substitution at the y-center of amino acids.

Tyrosine aromatic amino transferases (TATases) utilize glutamate or aspartate as
amino donors to produce the aromatic amino acids tyrosine, phenylalanine, and
tryptophan. The TATase from Paracococcus denitrificans provides a clear example of an
arginine switch [36]. The binding of a series of inhibitors to this enzyme shows that
the active site utilizes Arg386 for specific recognition of the a-carboxylate and the

+
NH,
HoN
ArgZQZ\EH\ 2 ;i
~Arg292
+
HN NH,
o- O
H
+ 8 HoN
H-N _ )\ ,Arg386
N (@) + N
H2N H

N="  OPOz2~

glutamate aldimine phenylalanine aldimine

Figure1.11 The arginine switch in the substrate specificity of aminotransferases: in P. denitrificans
TATase Arg292 forms an electrostatic attraction to the glutamate y-carboxylate; reorientation of
Arg292 away from the active site allows binding of a nonpolar side-chain. (Adapted from [31].)
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surrounding region, in the vicinity of the a- and B-centers of the substrate, is rigid.
However, active-site residues that bind the large hydrophobic substituent are con-
formationally flexible and Arg292 moves out of the active site to accommodate bulky
uncharged substrates [37]. The arginine switch has been engineered into AATase by
site-directed mutation of six residues, thereby allowing transamination of large
aromatic substrates [38]. The crystal structure of the resulting mutant provided the
first structural evidence for the arginine switch [39].

Aspartate aminotransferase and tyrosine aminotransferase from E. coli are para-
logs that share 43% sequence identity. It is likely that they evolved by gene duplication
of an ancestral AATase gene. The role of gene duplication and evolution of new
substrate specificities is an area of general interest [40]. Directed evolution, which
mimics the action of natural selection, is a powerful strategy for tailoring protein
properties [41]. It has been used to test these ideas. Repeated mutation of AATase,
with selection for aromatic aminotransferase activity, leads to mutants with broad-
ened substrate specificity [42], validating this evolutionary analysis. The first reports
on the directed evolution of aminotransferases with modified substrate specificity
were of the conversion of AATases to branched-chain aminotransferases [43]. In this
case a mutant with 17 amino acid changes, remote from the active site, resulted in an
arginine switch that allowed Arg292 to switch out of the active site. This change
accommodates bulky hydrophobic side-chains (e.g., the catalytic efficiency (kcat/ Ku)
of valine is increased by 2.1 x 10°) [44, 45]. It appears that the arginine switch is
readily accessible to evolution and that directed evolution strategies may provide a
general tool for the development of new enzymes with tailored specificities.

The other mechanism for dual substrate specificity is the employment of an
extended hydrogen bond network (Figure 1.12). The AATase [46] and TATase [47]
from Pyrococcus horikoshii both use this strategy, as does the branched-chain
aminotransferase from E. coli [48]. Binding glutamate at the active site without the

glutamate aldimine tyrosine aldimine

Figure 1.12 Extended hydrogen bond and mt-stacking interactions in side-chain recognition of
TATase from P. horikoshii. (Adapted from [31].)
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presence of a cationic residue to recognize the side-chain reduces the electrostatic
complexities for dual specificity. Interestingly, by using smaller, less flexible, residues
than arginine for recognition, the branched-chain aminotransferase can more
accurately distinguish between aspartate and glutamate.

133
PLP and the Biosynthesis of Alanine and Glycine

Two more of the protein amino acids, alanine and glycine, are biosynthesized by
direct exploitation of a-center PLP chemistry. Essentially any a-amino acid can be
created from the corresponding a-keto acid if an appropriate aminotransferase is
available. Pyruvate is a ubiquitous metabolite and the corresponding amino acid,
alanine, is readily available by transamination using aminotransferases of appro-
priate specificity (Figure 1.13).

There are three biosynthetic routes to glycine (Figure 1.14). Some organisms, such
as the yeast S. cerevisiae, utilize all three. In organisms, such as S. cerevisiae, that have
access to glyoxalate, transamination provides glycine directly. In this case the amino
donor is alanine [49, 50].

The other two routes to glycine involve PLP-mediated cleavage of the protein
B-hydroxy amino acids serine and threonine by the enzymes serine hydroxy-
methyltransferase (SHMT) and threonine aldolase. Enzymes of this class often have
relaxed substrate specificity and can cleave the side-chain from a number of
B-hydroxy-a-amino acids. Threonine aldolase is an important source of glycine in

Glu o-KG

0~ CO, PLP H3sN™ "CO,

Figure 1.13  Biosynthesis of alanine from pyruvate.

H
:_OH
+ -
HsN™ "CO,
threonine
- MeCHO
Ala pyruvate threonine  CHa-THF
aldolase
N LL N
- + -
o)\Co2 _ HsN” >Cco 0,
alanine-glyoxalate SHMT
glyoxalate 5 minotransferase glycine serine

Figure 1.14 Three PLP-dependent biosynthetic routes to glycine.
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Figure 1.15 Proposed mechanism for SHMT.

S. cerevisige [51]. Threonine forms a Schiff base with PLP which then catalyses a
retro-aldol reaction to remove the side-chain as ethanal (see Box 1.3) [52, 53].

The biosynthesis of glycine in humans occurs primarily via the action of
SHMT [49]. This enzyme is a critical source of both glycine and one-carbon units
for metabolism [33]. Like threonine aldolase, the enzyme carries out a PLP-mediated
side-chain cleavage reaction of a 3-hydroxy-amino acid. However, in the case of serine
the side-chain of the amino acid is a reactive aldehyde, methanal, and is not produced
as a free intermediate. Instead it becomes attached to an essential cofactor as
methylene-tetrahydrofolate (CH,-THF). In this case, the THF cofactor is required
in order to bring about the reaction. Extensive studies with isotopically labeled
substrates and mutated enzymes, together with X-ray structural information, have
attempted to resolve the question of whether the folate cofactor assists the cleavage
reaction directly or simply reacts with methanal as soon as it is formed via retro-aldol
chemistry (Figure 1.15) [54-58].

1.4
Routes to Functionalized Three-Carbon Amino Acids: Serine, Cysteine, and
Selenocysteine

3-Phosphoglycerate is a key metabolite of glycolysis and is the precursor to the three-
carbon protein amino acids with B-functional groups: serine, cysteine, and the 21st
amino acid of the genetic code, selenocysteine.

1.4.1
Serine Biosynthesis

In Gram-negative bacteria, serine is biosynthesized in three steps from 3-phospho-
glycerate [59]. The first step is oxidation to 3-phosphohydroxypyruvate and, as the
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Figure 1.16 Biosynthesis of serine.

point of commitment to the biosynthetic pathway, it is feedback regulated by the end
product, serine [60]. The resulting a-keto acid is a substrate for transamination with
glutamate acting as the amino donor. Hydrolysis of the resulting serine-f3-phosphate
catalyzed by phosphoserine phosphatase (PSP) provides the free amino acid
(Figure 1.16).

Systematic protein crystallography, exploiting the use of reactive intermediate
analogs, has provided a detailed series of “snapshots” of intermediates in the catalytic
cycle of the PSP from Methanococcus jannaschii, allowing the reaction to be visualized
in three-dimensional detail (Figure 1.17) [61]. A conserved aspartate residue at the
end of the active-site tunnel is a nucleophilic catalyst, attacking the serine-
B-phosphate to generate an acyl phosphate intermediate. Release of serine allows
the binding of a water molecule to mediate hydrolysis of the labile aspartate-
B-phosphate to regenerate the starting enzyme.

The PSP from Pseudomonas aeruginosa has evolved the ability to bind homoserine
rather than water in the second half of the reaction and transfer the activated
phosphate of the aspartate-f-phosphate species to this amino acid providing access
to homoserine-y-phosphate, which is a biosynthetic precursor to threonine
(Figure 1.18), as will be described later. This circumvents the need to expend ATP
in phosphorylating this alcohol and is a rare example of an enzyme that transfers
phosphoryl groups directly between non-nucleotide metabolites. This illustrates
again the role of changed substrate specificity in generating new enzyme
activities [62].

Figure 1.17 Catalytic details of PSP from systematic protein X-ray crystallography.
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Figure 1.18 P. geruginosa PSP-catalyzed biosynthesis of homoserine-y-phosphate by phosphoryl
transfer.

1.4.2
Cysteine Biosynthesis

Serine is the starting material for the synthesis of the other three-carbon protein
o-amino acids. There are two common pathways to cysteine: the sulfur assimilation
pathway and the trans-sulfuration pathway. Vertebrates use the latter pathway, which
interconverts homocysteine and cysteine. This latter pathway is discussed separately
in the section on methionine biosynthesis.

The sulfur assimilation pathway to cysteine is found in plants, eubacteria and some
Archaea. The two key steps in this synthesis are mediated by a bifunctional cysteine
synthase complex [63]. Serine acetyltransferase activates the side-chain hydroxyl
group of serine by derivatization with acetyl-CoA and the resulting O-acetylserine
(OAS) reacts with a sulfur nucleophile, catalyzed by a PLP-dependent enzyme OAS
sulfhydrylase (O-acetylserine sulfhydrylase, OASS) (Figure 1.19).

In enteric bacteria there are two isozymes of OASS that utilize different sulfur
nucleophiles as substrates [64]. One isozyme, produced under aerobic conditions,

AcO O-acetylserine HS_ cysteine
+ \“H _ + \“H _
HsN™ "CO, HsN™, "CO,
+
Enz
3)
H-N
\
OASS
N= OPOz?2~

Figure 1.19 Cysteine formation catalyzed by OASS.
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utilizes hydrosulfide (formed by a multistep reduction of sulfate) [65]. Under
anaerobic conditions a second isozyme is produced which utilizes thiosulfate and
produces S-sulfo-cysteine, which is transformed to cysteine by reaction with thiols.

The mechanism of OASS from Salmonella typhimurium has been studied in
detail [65, 66]. This enzyme is a homodimer with an active-site PLP cofactor bound
to Lys41. The initial stages of the reaction parallel those of aminotransferase
enzymes. The monoanion form of OAS forms a Schiff base with PLP by amino
exchange with Lys41, which is thereby liberated to act as an active-site acid-base
catalyst. In this case, deprotonation of the a-center of PLP-linked OAS by Lys41
eliminates acetate and forms of a bound aminoacrylyl intermediate. After loss of
acetate, hydrosulfide binds, in the second step of this ordered Ping Pong Bi Bi
mechanism, and reacts with the aminoacrylate intermediate to produce cysteine.
This mechanism is illustrative of a general class of PLP-dependent enzymes that
facilitate reaction at the B-center of amino acids by facilitating the loss of a leaving
group at that position (see Box 1.3).

143
Case Study: Genome Information as a Starting Point for Uncovering New Biosynthetic
Pathways

With the availability of a large number of genome sequences it is possible to identify
the likely biosynthetic pathways operating in particular organisms based on the
presence or absence of particular genes for biosynthetic enzymes. This has proved
a powerful tool in expanding our understanding of the diversity and distribution of
metabolic pathways. Genome analysis of the biosynthesis of cysteine and its incor-
poration into cysteinyl-tRNA have led to the discovery of two new pathways for the
biosynthesis of this amino acid. These findings, in turn, have led to developments in
our understanding of the biosynthesis of selenocysteine in humans [67]. This area
presents a nice case study in the emerging use of genome analysis to identify new
variants in biosynthetic pathways.

1.4.3.1 Cysteine Biosynthesis in Mycobacterium Tuberculosis

Amino acid biosynthesis in Mycobacterium tuberculosis is under active investigation
because of the growing health threat posed by tuberculosis. Inhibitors of distinctive
essential metabolic pathways in this organism may be useful as antibiotics. The
complete genome sequence of M. tuberculosisis known [68]. M. tuberculosis carries out
cysteine biosynthesis via the sulfur assimilation pathway and adjacent genes, cysE
and cysK1, encode the serine acetyltransferase and OASS activities of the cysteine
synthase complex [69]. However, genome analysis revealed the presence of two other
genes homologous to OASS, cysK1 and cysM. Furthermore, cysM was found clustered
with two other genes related to sulfur metabolism. One of these genes, now called
cysO, is homologous to a family of small sulfide carrier proteins, such as ThiS, which
play a role in thiamine pyrophosphate biosynthesis [70]. A thiocarboxylate derivative
of the C-terminal group of these proteins is the sulfide carrier. The protein is activated
by ATP, to form an acyl phosphate, and then converted to the corresponding

19
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Figure 1.20 Biosynthesis of cysteine in M. tuberculosis.

thiocarboxylate via nucleophilic substitution. Reaction of this thiocarboxylate, and
hydrolysis of the resulting acyl derivative leads to overall transfer of sulfide. A second
genein this cluster, mec ", encodes a potential hydrolase and this gene had previously
been linked to sulfur amino acid metabolism in a Streptomyces species. This genome
analysis led Begley et al. to investigate CysO as a potential sulfur source for cysteine
biosynthesis (Figure 1.20). In vitro assays, making extensive use of protein mass
spectrometry, confirmed this role [71]. CysO reacts with a suitably activated serine
derivative to form a thioester, which rearranges to generate the corresponding
peptide bond. Mec™ is a zinc-dependent carboxypeptidase that removes the newly
created cysteine from the temporarily homologated protein.

Subsequent studies have shown that CysO is part of a fully independent pathway
to cysteine in this organism (Figure 1.20) [72]. The activated form of the serine
substrate for CysM is O-phosphoserine rather than the O-acetylserine utilized by
the sulfur assimilation pathway. This is the biosynthetic precursor to serine as
described previously.

Cysteine plays a key role in responding to oxidative stress encountered by M.
tuberculosis in its dormant phase. The CysO-dependent route to cysteine may be
particularly important under these conditions because thiocarboxylate may be used
as it is more resistant to oxidation that other sulfide sources. The absence of this
biosynthetic route in other organisms, including humans, make inhibitors of these
biosynthetic enzymes of great interest for the treatment of the persistent phase of
tuberculosis.

1.4.3.2 Cysteine Biosynthesis in Archaea

A similar genomics-based approach has uncovered an alternative cysteine biosyn-
thetic pathway in Archaea. When the genome sequences of some methanogenic
Archaea were sequenced they were found to lack the gene, cysS for the appropriate
cysteinyl-tRNA synthetase. In one of these organisms, Methanocaldococcus jannaschii,
it was found that Cys-tRNA“® was generated via an alternative pathway
(Figure 1.21) [73]. First, the relevant tRNA, tRNA, is ligated to phosphoserine by
the enzyme O-phosphoseryl-tRNA synthetase (SepRS) which then undergoes a PLP-
mediated exchange of the p-phosphate for thiol to generate Cys-tRNA, catalyzed
by Sep-tRNA: Cys-tRNA synthase (SepCysS) — a type I PLP-dependent enzyme.
When the gene for SepCysS is deleted in the related methanogen, Methanococcus
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Figure 1.21 Biosynthesis of Cys-tRNA®* in the methanogenic archaeon M. jannaschii.

maripaludis, the organism is a cysteine auxotroph, indicating that this is the sole
pathway to cysteine in this organism.

1.4.3.3 RNA-Dependent Biosynthesis of Selenocysteine and Other Amino Acids
Developments in cysteine biosynthesis research have underpinned our understand-
ing of the biosynthesis of the 21st protein amino acid, selenocysteine. Selenocysteine
has been known to be an important residue for a range of enzymes since 1976 [74].
This amino acid is incorporated into proteins by the ribosome using a tRNAS® — a
suppressor tRNA that corresponds to a stop codon in the genetic code [75]. The
utilization of this suppressor tRNA allows the expansion of the genetic code, but
requires an additional elongation factor for the ribosome to insert the amino acid in
the growing chain.

The biosynthesis of selenocysteine was first elucidated in E. coli and, like the
archaeal route to cysteine, it is based on modification of aminoacyl-tRNAs
(Figure 1.22). The pathway starts with the ligation of serine to tRNA, catalyzed
by SerRS. The resulting ester undergoes PLP-mediated nucleophilic substitution of
the side-chain hydroxyl group with a selenium-based nucleophile, selenophosphate,
that is produced from selenide and ATP. The mechanism of selenophosphate
synthetase from E. coli has been established using positional isotope exchange
methodology [76, 77]. The reaction of Ser-tRNAS with selenophosphate is catalyzed
by SelA [78]. The nucleophilic substitution reaction is assumed to follow a mech-
anism analogous to that of OASS involving an initial elimination of water to form an
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Figure 1.22 Biosynthesis of the tRNA adduct of selenocysteine.
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resulting phosphoselenocysteyl-tRNA® undergoes hydrolysis to generate seleno-
cysteyl-tRNAS,

This biosynthetic pathway was assumed to be common to all selenocysteine
utilizing enzymes, but studies in eukaryotes failed to uncover the requisite biosyn-
thetic enzymes. Subsequent studies have shown that selenocysteine biosynthesis
occurs by acommon pathway in Archaea and eukaryotes that is distinct, but related to
that in bacteria. A protein believed to be associated with selenocysteine synthesis
coprecipitated with the loaded selenocysteyl-tRNAS® and bioinformatics analysis
showed that the enzyme was a PLP-dependent enzyme [79]. The chemical similarity
of cysteine and selenocysteine provided the clue to unraveling the biosynthetic
pathway to the latter amino acid in eukaryotes: Sep-tRNA®* was shown to be a
substrate for the RNA-dependent biosynthesis of selenocysteine.

In the eukaryotic and archaeal version of the biosynthetic pathway, the 3-hydroxyl
group of Ser-tRNAS® is activated by phosphorylation to form the phosphoserine
derivative, Sep-tRNAS®, which then undergoes PLP-mediated nucleophilic substi-
tution of the B-phosphate leaving group with selenophosphate catalyzed by seleno-
cysteine synthase, SepSecS [80]. Selenocysteine synthase is homologous to OASS
both in structure [81] and sequence [82, 83] and the catalytic mechanism is analogous,
involving an initial elimination of phosphate to form an aminoacrylyl-tRNASe1Sec
intermediate which reacts with the selenophosphate. Despite selenocysteine being
an addition to the 20 amino acids found ubiquitously in proteins, the phylogenetic
data suggest that its biosynthesis is a primordial process and that selenocysteine has
played a role in metabolism since before the divergence of the ancestors to the three
kingdoms of life (bacteria, Archaea and eukaryotes) more than 3 billion years ago.

The synthesis of selenocysteine on a specialized tRNA scaffold assists in distin-
guishing the otherwise similar chemistry of selenocysteine and cysteine; the biosyn-
thetic enzymes recognize structural features of tRNA3“. Selenocysteine is not the only
amino acid synthesized by modification of an aminoacyl-tRNA. N-Formyl methionine
is the N-terminal residue of proteins in eubacteria and eukaryotic organelles (mito-
chondria and chloroplasts). It is synthesized via formylation of Met-tRNA™®" in a
process that also depends on binding to the tRNA™¢ and is specific to this aminoacyl-
tRNA species [84]. Interestingly, it has also been found that many organisms produce
aminoacylated tRNAs for asparagine and glutamine by amidating aspartyl and
glutamyl precursors. Again, genome analysis is proving useful in identifying the
pathway(s) present in particular organisms [85]. For example, whereas GIn-tRNAS™™ is
synthesized from glutamine in the cytoplasm of eukaryotes, the majority of eubacteria
and all Archaea make it by the transamidation route [86].

1.5
Other Amino Acids from Aspartate and Glutamate: Asparagine and Side Chain
Functional Group Manipulation

Glutamate and aspartate are the parents of six further amino acids that are
ubiquitously found in proteins: asparagine, methionine, and threonine are produced
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from aspartate; and glutamine, proline, and arginine are derived from glutamate. The
conversion of glutamate to glutamine has already been described and illustrates the
strategy by which the remaining members of this group of protein amino acids are
made. In each case the side-chain carboxylate undergoes functional group manip-
ulation starting with activation to a short-lived acyl phosphate intermediate and then
subsequent nucleophilic substitution. The two nucleophiles that are utilized are
ammonia and hydride ion (delivered by redox cofactors), and these will be discussed
in turn.

1.5.1
Asparagine Biosynthesis

There are two isozymes of asparagine synthetase in E. coli [87]. Each enzyme exploits
the cleavage of ATP to AMP and pyrophosphate as a means of activating the
[-carboxylate of aspartate. The two isozymes differ in their nitrogen source: AsnA
utilizes ammonia [88], whereas AsnB uses glutamine. E. coli asparagine synthetase B
is a multifunctional enzyme. The N-terminal domain is a class II GAT. The C-
terminal domain binds aspartate and ATP, and generates B-aspartyl-adenylate as the
reactive nucleophile (Figure 1.23). A kinetic model for the multistep reaction has
been developed [89].

By producing an inactive mutant with the glutaminase active-site nucleophile, the
N-terminal cysteine, changed to an alanine it has been possible to crystallize the
enzyme with both glutamine and AMP bound, thus clearly revealing the relative
locations of the two active sites (Figure 1.24) [90]. The two active sites are connected by
a tunnel that is 19 A long and lined primarily with low polarity functional groups.
Ammonia traverses this tunnel and combines with the -aspartyl-adenylate that is
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Figure 1.23 Asparagine biosynthesis mediated by bifunctional AsnB.
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Figure 1.24 Glutaminase (gold) and synthetase (purple) sites of AsnB are linked via an internal
tunnel. (Picture taken from [20].)

formed at the second active site. This situation echoes that described for GOGATand
reinforces the pattern of multifunctional GAT-dependent enzymes with internal
molecular tunnels for efficient delivery of nascent ammonia [20].

Like AsnB, asparagine synthetases from plants and animals are glutamine-
dependent — illustrating the importance of glutamine, rather than ammonia, as a
nitrogen carrier in higher organisms. Some leukemia cells have diminished levels of
asparagine synthetase. When asparagine levels are reduced further by side-chain
hydrolysis, mediated by the enzyme 1-asparaginase, these cells become especially
sensitive to chemotherapy Hence, 1-asparaginase is a component of chemothera-
peutic protocols for treating some acute childhood leukemias. Some of these
leukemias develop resistance to chemotherapy by increasing their production of
asparagine synthetase. For this reason, inhibitors of this enzyme are of potential
significance as antileukemia agents and these are being developed based on the
mechanistic studies of E. coli AsnB [91]. Mimics of the tetrahedral intermediate
associated with ammonolysis of the aspartyl-p-adenylate intermediate inhibit the
enzyme at submicromolar concentrations and inhibitors of this type (Figure 1.25) are
being tested for their efficacy as chemotherapeutic agents [92].
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Figure 1.25 Inhibitor of AsnB designed as a tetrahedral intermediate mimic.
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Figure 1.26 Strategy of aspartate and glutamate family amino acid biosynthesis.

1.6
Aspartate and Glutamate Families of Amino Acids

1.6.1
Overview

The remaining four- and five-carbon amino acids are prepared by pathways based
around a common chemical strategy (Figure 1.26): ATP-dependent activation of the
side-chain carboxylate of the parent amino acid generates a reactive acyl phosphate
intermediate that is reduced to the corresponding aldehyde by hydride transfer; the
product amino aldehydes are also labile species and these are converted to more
durable reduced analogs in the next stage.

These pathways illustrate several common features of amino acid biosynthetic
pathways. Enzymes catalyzing analogous reactions in parallel pathways are often
homologous in structure. Once enzymes are available that can catalyze a particular
set of reactions then gene duplication and substrate specificity modification, via
mutation and selection, can generate parallel pathways [93]. This evolutionary
mechanism highlights the important role of the underlying chemical logic of the
pathways that underpin this organization. A second general feature is that pathways
involving reactive intermediates benefit from multifunctional enzyme systems that
can efficiently channel metabolites to the active site that catalyzes the next stage in the
pathway. This not only increases the yield of the reaction, but also controls the fate of
the metabolite when there are competing metabolic uses of the product. For this
reason there are often multiple isozymes to catalyze reactions that occur in multiple
pathways and these are generally independently regulated [94]. For isozymes that
catalyze reactions at branch-points of pathways, where a commitment to one or other
final product is made, the pattern of feedback regulation provides a direct confir-
mation of the in vivo role of the specific form of the enzyme.

1.6.2
Aspartate Family Amino Acids: Threonine and Methionine

The first three steps of the biosynthesis of threonine and methionine in plants and
microbes are common to both pathways (Figure 1.27) [95]. Aspartokinase (AK)
catalyzes the ATP-dependent B-phosphorylation of aspartate, which creates the
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Figure 1.27 Biosynthesis of homoserine.

requisite leaving group for subsequent transformation [96]. The resulting aspartate-
[-phosphate is reduced to the corresponding aldehyde by aspartate -semialdehyde
dehydrogenase (ASADH). Homoserine dehydrogenase (HSDH) catalyzes the fur-
ther reduction of aspartate-B-semialdehyde to homoserine — a key intermediate for
the biosynthesis of both threonine and methionine. NADPH is a hydride source for
the reduction chemistry. In E. coli and other bacteria there are independently
regulated isozymes of AK-HSDH for threonine and methionine biosynthesis.
ASADH from several sources has been characterized [97-99]. The mechanism of
ASADH (Figure 1.28) is analogous to the oxidation of glyceraldehyde-3-phosphate to
glycerate-3-phosphate — one of the key oxidation steps in glycolysis [100]. Aspartate-
B-phosphate undergoes initial nucleophilic substitution of phosphate with the active-
site thiol of cysteine-136. The resulting thioester is then reduced by a nicotinamide
cofactor, NADPH, to aspartate-f-semialdehyde ASA. The resulting aldehyde, ASA, is
sufficiently reactive with nucleophiles that the three-dimensional structure of a
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Figure 1.28 Mechanism of ASADH.
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Figure 1.29 Structure of the hemithioacetal intermediate in the mechanism of ASADH.

tetrahedral intermediate of the reduction step has been determined: when ASA and
phosphate is incubated with the enzyme a hemithioacetal intermediate accumulates
at the active site.

The structure of this intermediate provides a detailed snapshot of the catalytic
machinery of the enzyme in action (Figure 1.29) [98]. The a-carboxylate of the
substrate is bound to Arg270; a catalytic histidine (His277) is suitably placed for
deprotonation of the thiol and one of two bound phosphates occupies the site of the
displaced leaving group. As is expected from the Pauling view of enzyme catalysis,
ASADH stabilizes a reactive intermediate on the pathway; in this case by hydrogen
bonding to the positively charged side-chain of His277, the backbone peptide NH of
Asp135 and the phosphate leaving group from the first half of the enzyme-catalyzed
reaction.

With two labile species in the pathway, metabolite channeling is a feature of this
biosynthetic chemistry. Interestingly, in a number of organisms, including E. coli, the
first and third reactions are mediated by bifunctional AK-HSDH enzymes but the
intervening ASADH reaction is carried out by a separate enzyme. It has proved
difficult to provide direct kinetic evidence for the channeling of intermediates
through a trifunctional enzyme complex AK-HSDH/ASADH; however, evidence
for the presence of such a complex has accrued from a competition experiment [101].
An inactive ASADH mutant was generated by changing the essential active-site
cysteine to alanine. When increasing amounts of this mutant were added to mixtures
of wild-type AK-HSDH and ASADH the synthesis of homoserine was reduced. The
inactive ASADH mutant binds to AK-HSDH in competition with wild-type ASADH
and, when bound, prevents the direct flux of metabolites [102]. Channeling of
aspartate-3-phosphate increases the efficiency of the pathway by minimizing pos-
sible losses from hydrolysis that might occur if this intermediate was freely
exchanged with solution.

Homoserine dehydrogenase from S. cerevisiae has also been studied in detail and
follows an ordered Bi Bi kinetic mechanism. The redox cofactor NADPH binds prior
to ASA and homoserine is released before loss of the oxidized NADP * cofactor. The
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Figure 1.30 Stereospecificity of hydride transfer in the formation of homoserine.

pro-(S) hydride of stereospecifically deuterated NADP[*H] is transferred and the
reduction is catalyzed by carbonyl polarization by a protonated active-site lysine
residue (Lys223) [103, 104] (Figure 1.30).

1.6.2.1 Case Study: Evolution of Leaving Group Specificity in Methionine Biosynthesis
For processing to either methionine or threonine, the hydroxyl group of homoserine
is converted into a good leaving group. Primary metabolism provides two main
alternatives for hydroxyl activation: polyphosphates like ATP can generate phosphate
leaving groups; alternatively thioesters (notably TCA cycle metabolites acetyl-CoA
and succinyl-CoA) generate carboxylate leaving groups (Figure 1.31). There are
variations in the pathway at this point depending on this choice. Phosphorylation
of homoserine by homoserine kinase (HSK) to produce homoserine-y-phosphate is
ubiquitously used for threonine biosynthesis [105]. An interesting alternative phos-
phorylation route, based on the evolution of a novel bifunctional PSP, was described
above (Figure 1.18) [62]. Homoserine-y-phosphate is also the biosynthetic precursor
to methionine biosynthesis in plants [95]. Other organisms use homoserine transa-
cylases to activate homoserine for methionine biosynthesis and two different acyl
groups are employed: Gram-negative bacteria make O-succinyl-homoserine, while
yeasts and many clinically important bacteria (e.g., M. tuberculosis and P. aeruginosa)
use an O-acetyl-homoserine as a precursor to methionine. Although the choice of
leaving group does not fundamentally change the chemistry, it does have implica-
tions for the specificity of inhibitors and for the control of the pathways since, with
distinct building blocks, the two pathways can be controlled independently.

All homoserine transacylases have a catalytic triad of residues situated at the end
of a tunnel. The a-carboxylate of the substrate is recognized by an arginine and an
active-site nucleophile (serine or cysteine) is assisted in catalysis by a histidine in

OH OR
OgPa R =POsz*
+:lQH B _ R=Ac
- + - + - = o
H-N" "CO, HsN”~ >CO; HN">co,  R=COCHCO;
homoserine

Figure 1.31 Three different activated forms of homoserine.
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Figure 1.32 Homoserine transacetylase from H. influenzae. (From [102].)

conjunction with either an aspartate or glutamate. The structures and sequences of
homoserine transacylases group into two families related to the active-site nucleo-
phile. Homoserine transacetylase from Haemophilus influenzae is typical of one
class [106]. A conserved serine (Ser143) is in a strained conformation and acts as a
reactive nucleophile to accept the acetyl group from acetyl-CoA (Figure 1.32). His337
is an adjacent acid—base catalyst and, like the active site of serine proteases, there is an
oxyanion hole to stabilize the tetrahedral intermediate. The residues of the tunnel are
well placed to direct homoserine to the acetylated active site and thereby assure
transesterification outcompetes hydrolysis.

It had been believed that transsuccinylases comprised the cysteine-dependent
family of transacylases. However, when one of this family of enzymes from Bacillus
cereus was fully characterized it was found to be a transacetylase. The structure of this
enzyme illustrates both the details of the active-site architecture, with the catalytic
triad of Cys142, His235, and Glu237, and the basis for the substrate specificity of the
enzyme (Figure 1.33a) [107]. A glutamate residue, Glul11, protrudes into the active

kea'Km Hse keat'Km ,\Hsg
acetyl-CoA 5280 Ms" |, acetyl-CoA oMIg?
succinyl-CoA 0 Mg succinyl-CoA 2940 M-'s"1

Figure1.33  Point mutagenesis (E111G) of B. cereus homoserine transacylase changes its substrate
specificity from that of a transacetylase (a) to a transsuccinylase (b). (From [107].)
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site limiting its size, allowing binding of acetyl species but excluding succinyl species
on steric and electrostatic grounds. In many other enzymes of this class the
corresponding residue is glycine, which presents no such impediments to succinyl
derivatives. Making a single point mutation of this glutamate to glycine was sufficient
to convert a specific transacetylase into a specific transsuccinylase (Figure 1.33D).
This shows again the power of point mutations to engineer modifications to enzyme
substrate specificity.

1.6.2.2 Threonine, Homocysteine, and PLP

The manipulations of these activated homoserine derivatives to form threonine
and homocysteine (en route to methionine) both involve catalysis of the loss of the
side-chain leaving group. In each case this is catalyzed by a PLP-dependent
enzyme. The ability to mediate the chemistry at -, and y-centers of amino acids,
in addition to the a-center chemistry previously described, illustrates the catalytic
versatility of PLP that makes it an indispensible cofactor in amino acid metabolism
(see Box 1.3).

1.6.2.3 Threonine Synthase

Threonine synthase (TS) catalyzes the conversion of homoserine-y-phosphate to
threonine. Threonine synthases are PLP-dependent enzymes, of type II fold,
with a complex mechanism that utilizes the full capacity of PLP to stabilize
reactive intermediates [108]. Sequence alignments have identified two subfami-
lies — class I and class II [109]. Class I enzymes are found in plants and some
bacteria and Archaea, and are allosterically activated by S-adenosylmethionine
[110]. Three-dimensional structures for both classes of enzymes are available
[111-113].

Owing to its potential significance for the development of antibiotics to treat
tuberculosis [114], the class I TS from M. tuberculosis has been studied in detail [115].
In the resting state, the PLP cofactor forms a Schift base with Lys69. When
homoserine-y-phosphate binds to PLP it displaces Lys69, which then acts as a proton
relay in a sequence of acid—base reactions that are shown in Figure 1.34, which gives
an overview of the mechanism of the reaction.

Deprotonation of the a-proton of the substrate by Lys69 produces an aza-allyl
anion. Reprotonation at the benzylic position of the PLP, by the conjugate acid of
Lys69, generates a new iminium ion. Deprotonation at the P-position by the
regenerated basic Lys69 leads to elimination of phosphate and the formation of
a conjugated iminium ion. Now a proton transfer is required from the benzylic
position of the PLP and the terminus of the conjugated system to produce a
o,B-unsaturated ketimine ready for reaction with water at the $-position to generate
threonine. While Lys69 is well placed to undertake the initial proton transfers, the
molecular gymnastics required to also mediate the latter proton transfer is beyond
its reach and there has been debate in the literature about the catalytic group
required for this chemistry. Recent detailed structural studies show that the most
likely acid-base catalyst is the 5’-phosphate of the PLP cofactor (Figure 1.35) [115].
This phosphate moiety is less than 5 A away from both the benzylic position of the



1.6 Aspartate and Glutamate Families of Amino Acids | 31
OPO42~ OPO42~
OPO42~ Lys69 +Lys69
NH, D NH3
+ - o -
+ \\‘H _ H-N g 002 COZ
HsN™ ~CO, ¢}
homoserine-
y-phosphate 7\
N= OPO42~ OPO4?
H

:_OH
hel
HsN CO»
threonine

Figure 1.34 Mechanism of threonine synthase.

PLP and the y-carbon of the substrate. In the final step, Lys69 deprotonates a bound
water molecule to generate hydroxide ion that attacks the a,f-unsaturated ketimine
and produces threonine, which is released by hydrolysis of the Schiff base linkage
to PLP.
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Figure1.35 Proximity of PLP phosphate to C4’ and Cy sites at the active site of threonine synthase.
(From [110].)
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1.6.2.4 Methionine, Cysteine, and Cystathionine

Methionine and cysteine are the two sulfur-containing protein amino acids. The side-
chain sulfur is transferred between the two via the adduct, cystathionine. Most plants
and microbes transfer the sulfur from cysteine to an activated homoserine derivative
to make homocysteine, which is then methylated to produce methionine. In
mammals only the reverse process is carried out. Some fungi undertake trans-
sulfuration in both directions [116, 117]. The interconversion of cysteine and
homocysteine involves facilitating leaving group chemistry at 3- and y-positions in
two sequential PLP-dependent processes: cystathionine y-synthase and cystathionine
[-lyase (forward) or cystathionine f3-synthase then cystathionine y-lyase (reverse).
The combined actions of cystathionine y-synthase and cystathionine f-lyase from
E. coli have been well characterized, and provide an example of the microbial route
to homocysteine.

Cystathionine y-synthase facilitates the loss of succinate from the y-position of
O-succinylhomoserine by a mechanism analogous to the first stage of threonine
synthase catalysis. Cysteine attacks the bound vinylglycine intermediate in the
reverse of the elimination chemistry and the overall result is nucleophilic substitu-
tion to produce cystathionine (Figure 1.36) [116].

Cystathionine P-lyase acts at the cysteine end of cystathionine to labilize homo-
cysteine as a leaving group from the B-position. Hydrolysis results in the release of
pyruvate as the other reaction product (Figure 1.37) [118].
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Figure 1.36 Mechanism of cystathionine-y-synthase.
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1.6.2.5 Methionine Synthase

The biosynthesis of methionine is completed by methylation of homocysteine,
catalyzed by methionine synthase (MS). The ultimate source of the methyl group is
N°-methyl-THF (Me-THF) where the methyl group can originate in the cleaved side-
chain of serine (as seen in the biosynthesis of glycine). There are two distinct versions of
this enzyme depending on the immediate source of the methyl group, either Me-THF
or methyl cobalamin. In organisms that biosynthesize vitamin B,, or obtain it from
their environment, this is often carried out by a multifunctional MS that uses methyl
cobalamin as the alkylating agent (Figure 1.38) [119]. After methionine synthesis, the
methyl cobalamin is reconstituted by methyl transfer from Me-THF [120]. There are
two MS enzymes in E. coli — one uses methyl cobalamin as methyl donor, whereas
another uses Me-THF directly as the alkylating agent in a reaction that is dependent on
a zincion for catalysis [121]. It is believed that homocysteine coordinates to the zinc as
the thiolate and is thereby activated as a nucleophile to react with Me-THF.

1.6.3
Glutamate Family Amino Acids: Proline and Arginine

Proline and arginine are made from glutamate by routes that utilize the same
chemical strategy that is seen in methionine and threonine biosynthesis. This
involves activation of the y-carboxylate and biosynthetic reduction (Figure 1.39). A
bacterial pathway has been characterized: glutamate-5-kinase [122] phosphorylates
the y-carboxylate of glutamate and NADPH-dependent reduction leads to glutamate-
v-semialdehyde, which undergoes spontaneous cyclization to the corresponding
imine, A'-pyrroline-5-carboxylate. In plants a bifunctional enzyme mediates both of
these steps and ensures efficient use of the reactive acyl phosphate intermediate [123,
124]. Two alternative pathways to this cyclic imine via oxidative deamination of
ornithine have been reported [125, 126]. Reduction of the imine to proline is catalyzed
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Figure 1.38 Methyl transfer chemistry of methionine synthase.

by Al-pyrroline-5-carboxylate reductase and the structures of this enzyme from
human pathogens (Neisseria meningitidis and Streptococcus pyogenes) have recently
been characterized [127].

The chemical challenge in making the arginine precursor, ornithine, is in retaining
an acyclic structure. This requires the prevention of cyclization of the a-amino group
onto electrophilic functional groups in side-chain intermediates. A protecting group
strategy is utilized for this purpose (Figure 1.39). The a-amino group of glutamate is
first made non-nucleophilic by acetylation [128]. Phosphorylation [129, 130] and
reduction [131] then produces N-acetylglutamate-y-semialdehyde. In bacteria these
two reactions (ArgB and ArgC) are mediated by enzymes that are homologous in
structure to the corresponding enzymes, AK and ASADH, from the biosynthesis of
ASA, illustrating the recurring pattern of pathway creation by gene duplication and
mutation as noted above [93]. This aldehyde is converted to the corresponding amine
by transamination with N-acetylornithine aminotransferase (Figure 1.40) [132]. This
PLP-dependent enzyme utilizes glutamate as the amino donor. N-Acetylornithine
aminotransferase has evolved an interesting multiple-substrate specificity and is also
used to mediate the synthesis of N-succinyl-1,1-diaminopimelate in the bacterial
biosynthesis of lysine [133]. This is a rare example of PLP-mediated transamination of
a simple aldehyde, rather than an a-amino acid, illustrating substrate specificity
divergence.

After the introduction of the y-amino group the acetyl group is removed by
hydrolysis or trans-acetylation to produce ornithine, and subsequent intermediates,
en route to arginine (Figure 1.39) [134].



1.6 Aspartate and Glutamate Families of Amino Acids

AcSCoA HSCoA

C/\/L ™ ~ OZC/lN acetyl glutamate
+

— N-acetylglutamate
Ha synthase AcHN

glutamate- ATP N-acetyl- ATP |
5-kinase glute}mate- \
= \
ADP 5-kinase ADP “

2= 2— \
ospozcl y-phosphate | OsPO2C
+ —| derivative -

p=4

1
1
H3N™ "CO, AcHN !
1
NAD(P)H NAD(P)H '
- HOPO32_ - HOPO42~ !
NAD(P)* NAD(P !
I
1 o !
oo oy =L | roqmsenae OrC '
. e _ A k
H CO, HsN~~CO, derivative AGHN ',
1
1
A'-pyrroline- NAD(P)H N-acetyl Glu !
5-carboxylate ornithine PLP K
reductase NAD(P)* aminotransferase [ | K
4 +
H3N /' HsN
N+ . \/1 \/1
+ -
Hy 02 AcHN HgN™ ~CO;
proline ornithine

Figure 1.39 Biosynthesis of proline and ornithine.

Although the general chemical strategy for the biosynthesis of ornithine is
common to many organisms, contemporary studies have revealed a diversity of
detail in the pathways, associated with different acyl-transfer chemistry [135]. The
first step of the biosynthesis in E. coli, which served as the initial exemplar for
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Figure 1.40 Multiple substrate specificity of N-acetylornithine aminotransferase.
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bacterial, fungal and vertebrate pathways, is carried out by an N-acetylglutamate
synthase [136, 137] that transfers an acetyl group directly from acetyl-CoA to
glutamate. Subsequently, in other bacteria, a different family of smaller DITTOs
were identified; these are sometimes fused to a second domain catalyzing the last
step of arginine biosynthesis, argininosuccinate lyase — a hint of higher-level order
in the biosynthetic apparatus. Other bacteria use a completely different enzyme for
the acetylation chemistry: an ornithine acetyltransferase [138]. This enzyme acts via
a sequential Bi Bi kinetic mechanism whereby it accepts an acetyl group from
ornithine onto an active-site threonine, generating an acetyl-enzyme intermediate,
and then, in a second step, transfers it to glutamate [139]. This route has the
advantage of adding and removing the acetyl protecting group using a single
enzyme and without paying the metabolic price of acetyl-CoA hydrolysis (although
some of the ornithine acetyltransferases can be primed for acetyl donation by using
acetyl-CoA as an alternative substrate) [140]. Two other biosynthetic variants have
recently come to light: although ornithine is the normal product of this first section
of the biosynthesis, there is evidence that some organisms only remove the N-acetyl
group later in the pathway [141, 142]; mutation of substrate specificity, akin to that
described for homoserine acyltransferases, has also underpinned the utilization of
succinyl- rather than acetyltransferases in ornithine biosynthesis in Bacteroides
fragilis [143].

The biosynthesis of arginine is completed by a three-step modification of the side-
chain amino function of ornithine (Figure 1.41). Ornithine transcarbamoylase
(OTCase) mediates carbamoylation with carbamoyl phosphate to produce citrul-
line [144]. It is one of a general class of transcarbamoylases [145] and is of clinical
significance since OTCase deficiency is a relatively common genetic disease in
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Figure 1.41 Conversion of ornithine to arginine.
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humans. The enzyme mechanism is now believed to involve acid-base catalysis by
the phosphate group of the substrate, carbamoyl phosphate [146].

The urea group of citrulline is converted to an amidine by the introduction of the
final amino group. This transformation occurs in a two-step process that exem-
plifies the third general mechanism of amine transfer in metabolism (after GAT
and PLP action) —ligation of the a-amino group of aspartate and then elimination of
fumarate, which is recycled via the TCA cycle [147]. Argininosuccinate synthetase is
homologous to asparagine synthetase [148] and uses ATP to activate the urea by
adenylation [149]; nucleophilic substitution by aspartate produces argininosucci-
nate. Argininosuccinate lyase, the terminal enzyme of the pathway, is a member of
a family of aspartase enzymes that catalyze the elimination of fumarate (which
feeds into the TCA cycle) from aspartate and N-aspartyl derivatives [150, 151],
demonstrating the generality of this two step synthetase/lyase route for the indirect
transfer of ammonia — the third general process for transfer of nitrogen between
metabolites.

1.7
Biosynthesis of Aliphatic Amino Acids with Modified Carbon Skeletons: Branched-
Chain Amino Acids, Lysine, and Pyrrolysine

1.7.1
Overview

Four of the ubiquitous aliphatic protein amino acids, valine, leucine, isoleucine, and
lysine, are made by the synthesis of new carbon skeletons. Lysine is now known to be
the precursor of the 22nd ribosomally encoded amino acid, pyrrolysine. The
biosynthesis of these amino acids involves parallel pathways in which a chemical
strategy is duplicated and homologous or promiscuous enzymes are used for the
biosynthesis of more than one amino acid. Valine and isoleucine are made from
precursor a-keto acids by a common route, which also provides a key biosynthetic
precursor for leucine. The carbon skeleton of leucine is made from an a-keto acid
intermediate in valine biosynthesis by a pathway homologous to the biosynthesis of
0-KG in the TCA cycle. This route, in turn is utilized for the biosynthesis of another
amino acid, a-aminoadipic acid, which is not incorporated into proteins but is a
biosynthetic precursor to lysine in one of the pathways to that amino acid. Lysine is
unusual in being made in different organisms by two completely different pathways —
from a-aminoadipic acid in some fungi and bacteria, and from aspartate-B-semi-
aldehyde in plants and other bacteria.

1.7.2
Valine and Isoleucine

Three enzymes, acetohydroxyacid synthase (AHAS) [152], acetohydroxyacid isomer-
oreductase (AHIR) [153], and dihydroxyacid dehydratase [154], mediate the four key
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steps common to the biosynthesis of all the branched-chain amino acids [155]. Being
specific to branched-chain amino acid biosynthesis and not found in animals, these
enzymes are key targets for herbicide research [156]. AHAS, in particular, is the target
of a number of commercial herbicides. All three enzymes have relaxed substrate
specificity and process metabolites on two parallel pathways to produce two a-keto
acid products (Figure 1.42).

Pyruvate reacts with the anion of the thiamine pyrophosphate cofactor of AHAS
(Figure 1.43). Decarboxylation of the initial adduct leads to an acetyl a-anion
equivalent, illustrating the role of thiamine pyrophosphate as an umpolung reagent
in biochemistry. Reaction of this nucleophile with a second a-keto acid provides a
branched carbon skeleton [157]. Two a-keto acids can participate as electrophiles in
the second stage of the reaction: pyruvate or a-ketobutyrate; these lead to valine and
isoleucine, respectively. The a-ketobutyrate can be biosynthesized in one step from
threonine (see below).
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Figure 1.42 Overview of the parallel pathways to branched-chain amino acids.
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Figure 1.43 Mechanism of AHAS.

The structures of AHAS with bound sulfonylurea or imidazolinone show the
mechanism of inhibition involves obstruction of the channel leading to the active site.
The details of this inhibition provide an understanding of the basis of evolving
herbicide resistance and will be useful in the generation of alternative
herbicides [158].

Threonine deaminase (also known as threonine dehydratase) is a PLP-dependent
enzyme that is the usual source of a-ketobutyrate needed for isoleucine biosynthe-
sis [159, 160]. It is the point of commitment to isoleucine biosynthesis and the
enzyme is subject to feedback regulation by isoleucine [161, 162]. Schiff base
formation between threonine and the active-site PLP facilitates deprotonation at
the a-center and consequent elimination of water, in a reaction characteristic of PLP-
facilitated transformations of amino acids with (3-leaving groups (Box 1.3). Cleavage
of the link between PLP and the amino acid portion and hydrolysis chemistry
produces a-ketobutyrate and ammonium ions as the product (Figure 1.44). An
alternative route to a-ketobutyrate [163] based on the homologation of pyruvate is
outlined later (Figure 1.48).

The two products of AHAS are processed by a bifunctional enzyme — AHIR [153].
While the enzyme acts on two different hydroxy acids, it has an absolute requirement

Figure 1.44 Conversion of threonine into a-ketobutyrate and ammonium ions.
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Figure 1.45 Two-stage mechanism of AHIR.

for the (S)-enantiomer of each substrate. Although no intermediate has been isolated,
it is presumed that the reaction occurs in two stages — an alkyl migration and then a
reduction step, mediated by NADPH (Figure 1.45).

The structure of plant AHIR with a herbicidal inhibitor bound [164] and, in another
case, with the product and a modified cofactor bound, has allowed a mechanism to be
proposed (Figure 1.45) [111]. Both steps of the reaction require Mg*" for both
structural and catalytic reasons. The two Mg * ions are suitably placed to polarize the
starting keto group and facilitate deprotonation of the adjacent hydroxyl to facilitate
push—pull catalysis of the alkyl transfer. The newly created ketone functionality is
proximal to the nicotinamide cofactor and reduction traps the rearranged product.

Dehydration of the dihydroxy acid products by a dual-purpose enzyme completes
the biosynthesis of the two key a-keto acids: a-ketoisovalerate and a-keto-f3-methyl-
valerate (the precursors of valine and isoleucine, respectively). A [4Fe—4S] cluster of
dihydroxyacid dehydratase catalyzes the elimination of water [154], in a mechanism
believed to be analogous to that of aconitase (ACN) (Figure 1.46) [165]: coordination
of the hydroxy acid to an iron center of the [4Fe—4S] cluster activates the hydroxyl as a
leaving group and allows enzyme-induced elimination. Tautomerism of the resulting
enol generates an o-keto acid product. The [4Fe—4S] cluster is labile to oxidation and
one of the most significant antibacterial effects of nitric oxide, produced by the
immune system, is now believed to be the inactivation of this enzyme [166], which
leads to a diminished ability to make branched-chain amino acids [167]. The [4Fe—4S]
center of dehydratases also appears to be a significant target for copper toxicity in
bacteria [168].

Figure 1.46 Proposed mechanism for dihydroxyacid dehydratase.
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Glutamate acts as amino donor in the transamination of a-ketoisovalerate
and a-keto-B-methylvalerate catalyzed by the branched-chain aminotransferase
(Figure 1.47). This produces valine and isoleucine, respectively. In addition to
this fate, a-ketoisovalerate is also homologated to a-ketoisocaproate en route to
leucine.

1.7.3
Homologation of a-Keto Acids, and the Biosynthesis of Leucine and a-Aminoadipic
Acid

The aliphatic amino acids described so far provide a wide range of chemical diversity
for proteins. However, there are two significant omissions that are rectified in the
universal genetic code. The nonpolar amino acids, valine and isoleucine, are
branched at the B-position, which causes steric congestion when multiply incorpo-
rated within o-helical structures. Homologation of valine to leucine relieves this
steric crowding by placing the branching at the y-center of the amino acid, thus
increasing the opportunity for forming stable hydrophobic cores in a-helical pro-
teins. The other omission is the lack of an amino acid with a side-chain amino
substituent. Ornithine is not incorporated into proteins, possibly because the amino
side-chain can cleave an adjacent peptide link via lactamization to form a six-
membered ring. The only amine side-chain among the protein amino acids is that
of lysine. This is a homologated version of ornithine that would produce a less
favorable seven-membered ring species on lactamization. Access to a homologation
pathway for a-keto acids is used to address both these issues.

In the TCA cycle, a-KG is synthesized from oxaloacetate by a three enzyme
homologation process. Citrate synthase (CS) condenses oxaloacetate with acetyl-CoA.
Hydrolysis of the thioester adduct ensures that the condensation reaction is favor-
able. Hydroxyl migration occurs via a dehydration-rehydration sequence catalyzed by
an iron-sulfur-dependent enzyme, ACN, which is named in honor of the interme-
diate alkene, aconitate. Isocitrate dehydrogenase (IDH) catalyses the oxidation of
isocitrate to a [3-keto acid that spontaneously decarboxylates, in the presence of an
enzymic divalent cation, to produce a-KG. Gene duplication and functional diver-
gence has generated variants of this three-step process that are used to homologate
the other two common a-keto acids of primary metabolism (pyruvate and a-KG) and
a range of other a-keto acids including a-ketobutyrate (the biosynthetic precursor to
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valine) (Figure 1.48) [163]. Transamination of a-ketoisovalerate and of o-ketoadipic
acid makes leucine and a-aminoadipic acid, respectively [169], while the homolo-
gation of pyruvate to a-ketobutyrate provides an alternative route to the starting
material for leucine biosynthesis in some Archaea and bacteria. Many of these
enzymes have not been studied comprehensively and mechanistic proposals are
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often drawn by analogy from the action of homologous enzymes that have been
studied in more detail.

Homocitrate synthase (HCS) [170], isopropylmalate synthase (IPMS) [171], and
citramalate synthase (CMS) [172] are homologous enzymes that catalyze the Claisen
condensation of acetyl-CoA with 0-KG, a-ketoisovalerate, and pyruvate, respectively.
They are also homologous to one of the classes of CS found in anaerobic bacteria[173].
Hydrolysis of the initially formed thioester adduct makes the otherwise reversible
Claisen condensation, favorable. The structure of IPMS has been determined [174]
and that structure was used to shed light on the catalytic machinery of these
enzymes [175]. Carbonyl groups of both substrates are polarized by the enzyme:
acetyl-CoA by an arginine to facilitate enol formation and a-KG by chelation to an
essential Zn®*. On the basis of modeling, kinetic studies and site-directed muta-
genesis, the general base for deprotonation of acetyl-CoA is believed to be a histidine,
acting in concert with a glutamate as a catalytic dyad.

A variety of homologous isomerases catalyze the next step in the homologation
process. These include homoaconitase (HACN) and isopropylmalate isomerase
(IPMI), and are all members of the ACN superfamily [176]. As an example of the
relatedness of these enzymes, in P. horikoshii a single enzyme, with dual substrate
specificity, acts as both an IPMI and a HACN [177]. These enzymes are not fully
characterized, but it is assumed that they exploit the dehydration-rehydration
chemistry of a [4Fe—4S] cluster that has been characterized in ACN and was described
for dihydroxyacid dehydratases above [165 (Figure 1.4-6)].

The final step in the homologation process is the oxidative decarboxylation of the
B-hydroxy acids. In this step an oxidized nicotinamide cofactor (NAD(P) *) accepts a
hydride from the secondary alcohol center and generates a f-keto acid. This
intermediate spontaneously decarboxylates, in the presence of an enzyme-bound
divalent metal ion, to leave the homologated a-keto acids. This step is catalyzed by a
superfamily of homologous enzymes, ICDH [178], isopropylmalate dehydrogenase
(IPMDH) [179], and homoisocitrate dehydrogenase (HIDH) [180]. Dynamic X-ray
crystallography has provided detailed structural information about the catalytic
mechanism of ICDH which is the best characterized enzyme of the family [181].
Again, in some organisms dual substrate enzymes act in parallel pathways; for
example, in both Thermus thermophilus [182] and P. horikoshii [183] a single enzyme
catalyses two oxidative decarboxylation reactions producing both a-KG and a-ketoa-
dipic acid. A loop at the active site of these enzymes appears to control specificity and
mutations within this loop can modify the substrate specificity to change the pathway
that an enzyme acts on. The conversion of E. coli ICDH to a bifunctional ICDH/
IPMDH by mutagenesis has been reported by Koshland et al. Ser113 in the substrate
recognition loop forms a hydrogen bond to the d-carboxylate of isocitrate. Mutation of
this residue to glutamate, which introduces electrostatic repulsion to the normal
substrate, together with systematic mutation of two other local residues, Asp115 and
Val116, produced several mutants with a preference for isopropylmalate as substrate.
In T. thermophilus HICDH, Arg85 of the corresponding loop is involved in recog-
nition of the §/y-carboxylate of isocitrate/homoisocitrate. When this residue is
mutated to a large nonpolar residue, valine, the enzyme is converted to an IPMDH,
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retaining some HICDH activity, but losing its ability to oxidatively decarboxylate
isocitrate [182]. Other substrate specificity changes have been described for these
enzymes; for example, the 100-fold preference of the T. thermophilus IPMDH for
NAD™ as coenzyme has been reversed to a 1000-fold preference for NADP * by
mutagenesis in which seven residues involved in a B-turn were exchanged for a
13-residue sequence of a-helix and a loop modeled on the corresponding specificity
determinant in E. coli ICDH [184].

Finally, the resulting a-keto acids are transaminated to the corresponding amino
acids by appropriate aminotransferases: either the branched-chain aminotransferase
described earlier (to produce leucine) or a glutamate-a-ketoadipate transaminase to
generate the latter amino acid (Figure 1.48). Both enzymes utilize glutamate as
nitrogen donor [185-187] and the structural basis for the multiple substrate spec-
ificity of the T. thermophilus aminotransferase has been studied in detail by X-ray
crystallography [188].

1.7.4
Biosynthesis of Lysine: A Special Case

There are two distinct metabolic strategies for the biosynthesis of the six-carbon
chain of lysine [169, 189]: the diaminopimelate pathway, which is found in
plants, bacteria, and lower fungi utilizes pyruvate, and ASA (also a biosynthetic
precursor to methionine and threonine as described above) as building blocks.
The a-aminoadipate pathway, found in some bacteria, fungi, and euglenoids
(eukaryotic single-celled flagellates), creates the carbon skeleton by a homologated
version of the biosynthesis of a-KG (as found in the TCA cycle and described in the
previous section). Both of these pathways are now known to occur in multiple
variants [190, 191].

1.7.4.1 Diaminopimelate Pathway to Lysine

The DAP pathway produces both lysine and meso-DAP — an important bacterial cell
wall building block (Figure 1.49). It starts with ASA, prepared by the same chemistry
as the first two steps of the methionine/threonine pathway [95, 192]. As with other
aspartate family amino acids, the biosynthetic enzymes are potential therapeutic and
pesticide targets [193]. Dihydrodipicolinate synthase (DHDPS) forms a Schiff base
with pyruvate to provide access to an enamine that condenses with ASA [194-196].
The resulting dihydrodipicolinate is reduced to tetrahydrodipicolinate [197, 198],
after which the pathway diverges in different organisms.

In bacteria, N-acylation facilitates ring opening of tetrahydrodipicolinate; acetyl-
and succinyl-CoA are used as acylating agents in different organisms. The resulting
o-keto acid is transaminated, using glutamate as nitrogen donor; the dual role of
this E. coli aminotransferase for both lysine and ornithine biosynthesis has been
noted above (Figure 1.40). Removal of the N-acyl group gives L,1-DAP, which
undergoes epimerization to meso-DAP catalyzed by an enzyme, DAP epimerase,
that uses a pair of active-site cysteine residues to effect deprotonation and
reprotonation at one of the a-amino acid centers [199, 200]. The p-amino acid
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Figure 1.49 DAP pathways for the biosynthesis of lysine.

center of meso-DAP is decarboxylated by a PLP-dependent enzyme [201-203] to
generate lysine (see Box 1.3).

In plants and some bacteria the latter stages of the DAP pathway are truncated by
omission of the acylation and deacylation steps [191]; in these organisms a 1,.-DAP
aminotransferase converts tetrahydrodipicolinate directly to 1,1-DAP [204]. Coryne-
bacterium glutamicum, used in the industrial production of lysine, can run either the
full or truncated pathway, depending on conditions [160]. Bacillus sphaericus trun-
cates this section of the pathway still further by directly converting tetrahydrodipi-
colinate to meso-DAP using an NADPH-dependent DAP dehydrogenase [205],
presumably via a reductive amination reaction on the ring-opened form of
tetrahydrodipicolinate.

1.7.4.2 o-Aminoadipic Acid Pathways to Lysine

There are now known to be two separate pathways to lysine from a-aminoadipic acid
(Figure 1.50). Both utilize the strategy, anticipated from the biosynthesis of aspartate
and glutamate family amino acids, of activation of the d-carboxylate, reduction to a
semialdehyde, and then an amination process. Interestingly, both pathways are now
believed to involve ligation to carrier proteins. The most recently discovered pathway
was identified in T. thermophilus and P. horikoshii by a bioinformatic approach [190]. A
cluster of three genes homologous to the central three steps of ornithine biosynthesis
(phosphorylation of the side-chain carboxylate, reduction of the acyl phosphate to a

co,
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semialdehyde, and transamination to the amine) were identified in T. thermophilus.
Genes for the first and last steps of arginine biosynthesis (for the protecting group
chemistry of N-acylation and deacylation) were absent. Disruption of these putative
arginine biosynthetic genes led to organisms auxotrophic for lysine. This demon-
strated a biosynthetic route to lysine that is analogous to the biosynthesis of ornithine
from glutamate [206]. In reconstituting the a-aminoadipic acid pathway from T.
thermophilus it was discovered that an alternative N-acylation pathway operates in this
bacterium. In the first step of the pathway the amino group of a-aminoadipic acid is
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protected by acylation by the side-chain carboxylate of the C-terminal glutamate of a
small protein, LysW. The functional group modification of the a-aminoadipic acid is
mediated on the LysW adduct which acts as a carrier protein for the biosynthesis.
Following completion of the side-chain manipulation, the LysW adduct is cleaved to
release lysine [207].

Although the discovery of a bacterial route to lysine from a-aminoadipic acid is a
recent discovery, this amino acid has been known for some time to have two
metabolic roles in fungi — both as an alternative precursor to lysine [169], and as
a key precursor in the biosynthesis of penicillin and cephalosporin antibiotics [208].
For penicillin biosynthesis the d-carboxylate of a-aminoadipic acid is incorporated
into a tripeptide by a nonribosomal peptide synthetase, 6-(a-1-aminoadipyl)-L-cystei-
nyl-p-valine synthetase [209]. The peptide bonds, including that to the side-chain of
o-aminoadipic acid, are made by ligating the carboxyl group of each component to a
multifunctional enzyme via thioester links to 4’-phosphopantetheine groups which
then undergo successive nucleophilic substitution reactions with the amine of the
adjacent component [210].

Walsh et al. have proposed that the activation and reduction of the 6-carboxylate of
a-aminoadipic acid occurs in an analogous fashion to nonribosomal peptide syn-
thesis (Figure 1.50). a-Aminoadipate reductase comprises two proteins — Lys2 and
Lys5. Lys2 is a large (155kDa) multidomain protein. Sequence homologies with
nonribosomal peptide synthetases suggest that residues 225-808 constitute a 60-kDa
adenylation domain (A) that activates a-aminoadipic acid as the aminoacyl-6-AMP
derivative [211]. Hydrolysis of the pyrophosphate side-product makes the reaction
favorable. Lys5 primes the PCP domain (residues 809-924) of Lys2 by adding a 4'-
phosphopantatheine unit to Ser880. The aminoacyl-8-AMP derivative is ligated to the
4'-phosphopantatheine unit as a thioester. NADPH-dependent reduction to o-ami-
noadipic acid-d-semialdehyde, mediated by the reductase domain (residues
925-1392), cleaves the link to the carrier protein.

The biosynthesis of lysine in this pathway is completed by an unusual two-step
transamination process that does not involve a PLP-dependent enzyme. Typical
transamination chemistry involves the reductive amination of PLP to PMP by
glutamate and subsequent reductive amination of the target carbonyl compound
by PMP. In this case, however, a saccharopine dehydrogenase reductively aminates
o-aminoadipic acid-8-semialdehyde with glutamate directly to produce saccharo-
pine [212-214]. A second saccharopine dehydrogenase, structurally related to alanine
dehydrogenase, mediates the NAD " -dependent oxidative cleavage of a-KG from the
adduct to leave lysine [215]. Kinetic and structural studies have led to the proposal for
a proton relay mechanism for this final step of the pathway [216]. NAD " abstracts a
hydride to generate an imine that is converted to a carbinolamine by base-catalyzed
addition of water. Further acid-base chemistry leads to fragmentation of the
carbinolamine and formation of the two products (Figure 1.51).

1.7.4.3 Pyrrolysine
Pyrrolysine is an uncommon amino acid found in some Archaea and eubacteria; only
1% of genomes thus far sequenced contain evidence for its presence. It was first
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observed as an active-site residue in the crystal structure of monomethylamine
methyltransferase from a methanogen, Methanosarcina barkeri [217], and it has now
been found in other methylamine methyltransferases [218] associated with the
metabolism of methylamines to methane. It is believed that the electrophilic imine
of pyrrolysine is the functional group that activates methylamines for transfer of a
methyl group to an adjacent cobalt corrin center [219).

In contrast to selenocysteine, this amino acid addition to the genetic code is
biosynthesized from the free amino acid precursor, lysine, and then incorporated into
an amber suppressor tRNA by a specific pyrrolysyl-tRNA synthetase [220-223]. The
biosynthetic pathway to pyrrolysine is as yet undetermined, however a gene cluster
from Methanosarcina acetivorans pylBCD encodes for the biosynthesis of this amino
acid and recombinant E. coli containing these genes, together with the pylTS genes
that encode tRNA™' and pyrrolysyl-tRNA synthetase, respectively, biosynthesize
pyrrolysine and incorporate it into reading frames containing the amber codon [224].
The pylBCD genes show homology to genes that encode radical (S)-adenosylmethio-
nine-dependent proteins, proteins forming amides and amino acid dehydrogenases,
respectively; this combination of catalytic functionalities has led to the proposal of a
possible biosynthetic route (Figure 1.52) [219]: manipulation of (3R)-3-methyl-p-
glutamate, by analogy with the chemical strategy of the first stages of proline
biosynthesis (reduction to the y-aldehyde and spontaneous cyclization), could
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Figure 1.52 Possible biosynthetic route to pyrrolysine.
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generate the required imino acid which could then be activated and used to acylate
lysine to form pyrrolysine.

1.8
Biosynthesis of the Aromatic Amino Acids

1.8.1
Shikimate Pathway

The biosynthesis of the aromatic amino acids tryptophan, phenylalanine, and
tyrosine begins with the shikimate pathway (Figure 1.53). This pathway consists of
seven enzyme-catalyzed reactions, which convert erythrose 4-phosphate (E4P) and
phosphoenol pyruvate (PEP), both originally derived from glucose, into the prearo-
matic compound chorismate [225, 226]. From chorismate, the pathway branches to
produce tryptophan, or phenylalanine and tyrosine. Chorismate is also the precursor
for other important aromatic compounds.

The first step of the shikimate pathway is catalyzed by 3-deoxy-p-arabino-heptu-
losonate-phosphate (DAH7P) synthase. Feedback regulation of this enzyme by
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Figure 1.53  Shikimate pathway.
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aromatic amino acids is an important mechanism for control of flux through the
shikimate pathway. DAH7P synthase catalyses an aldol-like reaction in which the
three-carbon unit PEP condenses with the four-carbon aldehyde, E4P. It has been
shown that the C-O bond of PEP is cleaved during the reaction, requiring water to act
as anucleophile on C2 of PEP, generating a phosphorylated hemiacetal intermediate
(Figure 1.54). This intermediate then loses phosphate to produce the linear form of
DAH7P. All DAH7P synthases have been shown to require a divalent metal ion for
activity [227]. It is likely that the metal ion plays a role in activating the aldehydic
carbon to nucleophilic attack (Figure 1.54) [228].

Directed evolution experiments have been used to replace DAH7P synthase with a
pyruvate-utilizing aldolase, 2-keto-3-deoxy-6-phosphogalactonate (KDPGal) synthase
(Figure 1.55) [229, 230]. Frost et al. showed that both the E. coli enzyme and that from
Klebsiella pneumoniae could support biosynthesis of aromatic metabolites in a cell line
lacking all isozymes of DAH7P synthase. Gene shuffling and modifications of the
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Figure 1.55 Directed evolution of the pyruvate-utilizing aldolase KDPGal synthase to replace
DAH7P synthase.
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Figure 1.56 Different forms of DAH7P sensitive), (b) P. furiosus type I3 (unregulated),
synthase showing basic catalytic barrel in blue,  (c) T. maritima I3 (Phe, Tyr inhibited) [235], and
and N-terminal and loop extensions in red and  (d) M. tuberculosis (Phe + Tyr inhibited) [231].
yellow, respectively, from (a) E. coli type la. (Phe

E. coli enzyme by site directed mutagenesis produced mutant forms of the aldolase
that exhibited a 60-fold increase of k../ Ky, over wild-type activity.

One of the most interesting aspects of DAH7P synthase is the variation in
structures and regulation patterns that have been observed for this enzyme [231].
Structures of DAH7P synthases have been determined from a variety of sources
including E. coli, Pyrococcus furiosus, S. cerevisiae, Thermotoga maritima, and M.
tuberculosis (Figure 1.56) [231-234]. Despite large primary sequence variation, the
core catalytic unit for each of these proteins is a standard (Ba)g barrel. Variable
accessory domains have been shown to augment this barrel structure and different
quaternary structures are observed for enzymes from different species. The variable
extra-barrel elements are associated with feedback regulation. E. coli expresses three
DAH7P synthase isozymes each with a binding site for a single aromatic amino acid.
On the other hand, the M. tuberculosis genome encodes a single DAH7P synthase.
This enzyme shows synergistic inhibition by a combination of tryptophan and
phenylalanine, with both amino acids binding simultaneously to independent
allosteric sites formed extra-barrel subdomains.

3-Dehydroquinate (DHQ) synthase, which catalyzes the second step of the
shikimate pathway, is responsible for production of the first carbocycle of the
pathway. This enzyme has attracted a great deal of attention due to the number of
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Figure 1.57 Reaction mechanism for dehydroquinate synthase.

different chemical steps catalyzed by a single enzyme (Figure 1.57) [236-238]. DHQ
synthase uses the pyranose form of DAH7P. In the first step it undergoes temporary
oxidation at C5 to facilitate syn elimination by an E1., mechanism to produce an enol
pyranose intermediate. The C5 keto group of the product is then reduced. These
redox steps use NAD ¥ /NADH as a cofactor to accept and deliver the hydride.
Following reduction, the enol pyranose intermediate ring opens and cyclizes via an
intramolecular aldol reaction. There has been some debate about the role of the
enzyme in these final two steps, as the enol pyranose intermediate, released in situ via
photolysis of an o-nitrobenzyl protected form, was able to form dehydroquinate
without assistance from the enzyme (Figure 1.58). However, as some epimer is
produced in the nonenzymatic reaction (produced by the enol attacking the wrong

e
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0, ,COs HO, L0z %2
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Figure 1.58 Nonenzymatic generation of DHQ.
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face of the carbonyl), the enzyme appears to be required at least as a template to
ensure the correct stereochemistry of the final product dehydroquinate is generated
(Figure 1.58). DHQ synthase is one of a handful of enzymes that use transient
oxidation to achieve its overall chemistry [239].

1.8.2
Case Study: Alternative Synthesis of Dehydroquinate in Archaea

Euryarchaea have a different strategy for the biosynthesis of dehydroquinate
(Figure 1.59) [240, 241]. Recent work on Methanocaldococcus jannaschii has shown
that dehydroquinate production occurs through two alternative enzyme-catalyzed
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th N ~O3P
pathway O3PO : OH

OH

H Pi OH
Z‘OSPOW DAH7P
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Figure 1.59 Alternative routes for aromatic amino acid biosynthesis. Dehydroquinate synthase I
catalyzes the oxidative deamination of ADH and its cyclization to form DHQ, which then feeds into
the standard shikimate pathway.
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steps. The first of these is catalyzed by a lysine-dependent, Schiff base-utilizing, type I
aldolase. This enzyme, 2-amino-3,7-dideoxy-p-threo-hept-6-ulosonic acid (ADH)
synthase, catalyses a transaldolase reaction between 6-deoxy-5-ketofructose 1-phos-
phate and ASA (a biosynthetic precursor to threonine, methionine, and lysine). The
structure of this enzyme has revealed the likely active site residues and allowed the
mechanism of this reaction to be predicted [242].

Following the production of ADH, the DHQ is produced in an oxidative deam-
ination reaction thatrequires NAD * . In contrast to DHQ synthase where oxidation is
transient, an equivalent of NAD * is required in this transformation. Analogous to
the DHQ synthase reaction that takes place as part of the canonical shikimate
pathway, stereospecific intramolecular cyclization is required to produce DHQ. The
discovery of this alternate route to DHQ in these organisms highlights how different
strategies can be employed and different chemistries can evolve to achieve the same
overall solution.

The third step in the pathway towards chorismate is catalyzed by dehydroquinase.
There are two distinct types of dehydroquinase that operate in shikimate pathway
metabolism that have evolved convergently and utilize different mechanisms for the
dehydration reaction [243]. Whereas the type I enzyme catalyzes a reaction with overall
syn elimination, the type Il enzymes catalyze anti elimination in which the more acidic
hydrogen is lost (Figure 1.60) [244]. Type I enzymes proceed via a Schiff base
mechanism [245, 246]. The covalent attachment of substrate to the enzymes enables
conformational change promoting the syn elimination to occur by increasing the
acidity of the pro-(S) hydrogen. The reaction catalyzed by the type II enzyme proceeds
viaa standard E1, mechanism, with the loss of the more acidic pro-(R) hydrogen. Type
II enzymes operate in the shikimate pathway of some significant human pathogens
and there has been considerable attention on the development of inhibitors. Several
inhibitors with nanomolar inhibition constants have been described [247].

The fourth step of the shikimate pathway is the NADPH-mediated reduction of
dehydroshikimate catalyzed by shikimate dehydrogenase [248, 249]. Structures of
several shikimate dehydrogenases have been determined with the ternary shikimate/
NADPH/enzyme complex of the shikimate dehydrogenase from Staphylococcus
epidermidis revealing clearly the interaction of substrates with the enzyme, and

Hg HO, ,CO2~
type | 0 H OH type Il
dehydroquiney OH \\dehydroquinase

COs™
07 oH o 6H OH
OH

Figure 1.60 Opposite stereochemical pathways catalyzed by the two types of dehydroquinase.



1.8 Biosynthesis of the Aromatic Amino Acids

HQNOC HoNOC = N,R
COs™

(—\ i

shikimate dehydrogenase

\
o “H Q
H H
SN HESH ;

\ [o R

007 N Lys Lys
wl S w0

Figure 1.61 Reaction catalyzed by shikimate dehydrogenase.

0]

H
\ H.' H
N

\
T

identifying active-site lysine and aspartate residues as a key catalytic diad
(Figure 1.61) [250-252].

In the fifth step of the pathway, shikimate becomes selectively phosphorylated on
the C3 hydroxyl group to give shikimate 3-phosphate. This phosphoryl transfer
reaction uses ATP as a cosubstrate and is catalyzed by shikimate kinase. Some
organisms such as E. coli express two shikimate kinases that have quite different
substrate affinities, while other organisms such as M. tuberculosis and Helicobacter
pylori have a single enzyme responsible for catalyzing this transformation [253, 254].

The penultimate step of the pathway, catalyzed by enolpyruvylshikimate 3-phos-
phate synthase (EPSP synthase), has attracted a large amount of interest, as this
enzyme is the target of the herbicide glyphosate [N-(phosphonomethyl)glycine]
(Figure 1.62). The mechanism of the reaction, a stereospecific addition—elimination,
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2-0zP0” Y~ “OH B
OH COg COQ_
shikimate 3-phosphate ﬁj\
R —— J<OP032_
2- ~ l [ +
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1 B S
2_03PO CO,™
PEP
Je .
2_03PO CO5 2_03P\/ ’l‘ \/002_ CO.-
PEP carbocation glyphosate 2
2-04P0O Y OJLCO{
OH

EPSP

Figure 1.62 Reaction catalyzed by EPSP synthase.



56| 1 Amino Acid Biosynthesis

Figure 1.63 EPSP synthase in open (unliganded, PDB ID: 1EPS) and closed forms (liganded).
(From [257].)

has been well studied [255, 256]. The active site is found in a cleft between two
domains and during the catalytic cycle there is extensive domain movement
(Figure 1.63). Glyphosate inhibits by mimicking the cationic transition state asso-
ciated with the protonated PEP substrate (Figure 1.64) [257)]. Transition state analogs
that include both PEP and shikimate 3-phosphate functionality are particularly
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Figure 1.64 Interactions of the glyphosate and shikimate 3-phosphate with EPSP synthase.
(From [257].)
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potent, but intriguingly show different abilities to inhibit enzymes that are glyph-
osate-tolerant to those which are sensitive to this inhibitor [256].

Chorismate synthase catalyzes the anti 1,4-elimination of phosphate and the C6
pro-(R) hydrogen, in the last step of the shikimate pathway. The mechanism of this
reaction is intriguing, as the reaction, which is overall redox neutral, requires a
reduced flavin mononucleotide — a cofactor associated with redox chemistry
[258-260]. Some enzymes such as the chorismate synthases from Neurospora crassa
and S. cerevisiae are bifunctional with both chorismate synthase and flavin reductase
activity. The reduced flavin is predicted to help catalyze the reaction by a transient
transfer of an electron, and by acting as a base to remove the pro-(R) hydrogen from
EPSP (Figure 1.65). Various active site residues, notably histidine, are available to
support this role [261, 262].
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chorismate ‘
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N
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Figure 1.65 Proposed reaction mechanism for chorismate synthase.
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1.8.3
Biosynthesis of Tryptophan, Phenylalanine, and Tyrosine from Chorismate

From chorismate the pathway for the synthesis of aromatic amino acids branches to
produce either anthranilate for tryptophan biosynthesis or prephenate, the precursor
to both phenylalanine and tyrosine. Chorismate is also the precursor to a range of
other aromatic metabolites (Figure 1.66).

1.8.3.1 Tryptophan Biosynthesis

Anthranilate synthase catalyses the first committed step in the biosynthesis of
tryptophan from chorismate [263-265]. This enzyme is one of a group of chorismate
utilizing enzymes that are predicted to share many mechanistic features and are likely
to have common evolutionary origins (Figure 1.67) [266-268]. The first step is 1,4-
nucleophilic substitution by ammonia. This is followed by elimination of pyruvate. The
ammonia used in this reaction is generated in situ by a glutamine amidotransferase.

phenylalanine
tyrosine
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OH CO,~
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Figure 1.66 Multiple end-products generated from chorismate.
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Figure 1.67 Related enzymatic reactions using chorismate as a substrate.

The indole ring of tryptophan is created by the next three steps of the pathway
(Figure 1.68). A ribose moiety is first tethered to anthranilate, in a reaction catalyzed
by phosphoribosyl anthranilate synthase [269, 270]. Following isomerization of
phosphoribosyl anthranilate involving an Amadori rearrangement (Figure 1.69),
the indole ring is constructed by intramolecular electrophilic substitution. This
reaction chemistry is analogous to that observed for histidine biosynthesis, as
described below [271, 272].

The final step in tryptophan production is catalyzed by the tryptophan synthase
complex [273]. This enzyme has attracted a great deal of attention and been
extensively reviewed as the one of the first enzymes to be discovered that catalyzes
two distinct reactions at independent active sites (in the a- and B-domains) that are
connected via an internal tunnel [274]. This was the first well-documented example of
substrate channeling in amino acid biosynthesis. The reaction chemistry is relatively
straightforward; glyceraldehyde 3-phosphate is eliminated in the a-tryptophan
synthase reaction, producing indole, which is channeled to the second active site
(Figure 1.70). In the PLP-dependent (-reaction, serine undergoes nucleophilic
displacement of water by indole via an elimination-addition mechanism typical of
[-substitution reactions of PLP (Box 1.3). The nett result is the generation of
tryptophan (Figure 1.68).

1.8.3.2 Phenylalanine and Tyrosine Biosynthesis
Prephenate is formed by the reaction catalyzed by chorimate mutase
(Figure 1.71) [275]. This is the only known example of a Claisen rearrangement
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reaction in primary metabolism and one of the few enzyme-catalyzed pericyclic
reactions. Chorismate mutase can be effectively inhibited with a transition state
inhibitor, and the activity of the enzyme is often subject to inhibition by tyrosine and/
or phenylalanine as part of regulation of the pathway.

From prephenate there are a number of alternative pathways to aromatic meta-
bolites (Figure 1.72). Tyrosine is produced by a combination of oxidation and
transamination reactions, whereas phenylalanine is produced by dehydration and
transamination. As the order of these reactions can vary there are usually two
pathways for tyrosine and phenylalanine generation [276-279)].

1.8.4
Histidine Biosynthesis

Histidine is synthesized in eight steps from precursors phosphoribosyl pyrophos-
phate (PRPP) and ATP [280, 281]. The reaction chemistry for the formation of
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histidine has distinct parallels with that of tryptophan biosynthesis. This relationship
is apparent from the first step of the pathway with the reaction catalyzed by ATP-
PRPP transferase (Figure 1.73) being analogous to the first step in tryptophan
biosynthesis.

In many organisms the next two steps of the pathway — loss of diphosphate and
hydrolysis of the adenine ring — are catalyzed by a single bifunctional protein, Hisl
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Figure 1.73  First step of histidine biosynthesis.
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(Figure 1.74). However, there are cases in Archaea and proteobacteria where there are
two distinct proteins responsible for these transformations. It has been speculated
that the genes giving rise to these enzyme activities were originally separate entities
and gene fusion was part of their evolution [282-285].

Following hydrolysis of the adenine ring, the ribofuranose ring is opened by way of
the Amadori rearrangement (Figure 1.75), again in a step analogous to the reaction
catalyzed by phosphoribosyl anthranilate isomerase as part of tryptophan biosyn-
thesis [286-288]. The overlap between these reactions of tryptophan and histidine
biosynthesis is more than just common reaction chemistry. Gene complementation
studies in Streptomyces coelicolor have shown that a single isomerase operates in both
tryptophan and histidine pathways, with dual substrate specificity.

Following the Amadori rearrangement the indole ring is formed [289, 290]. This
step also is particularly interesting from a molecular evolution perspective. Ammonia
is required for this transformation and this is provided by the glutaminase, HisF.
This step also leads to the generation of the purine intermediate aminoimidazole
carboxamide ribonucleotide.

The final steps of histidine biosynthesis involve transformation of the glycerol
phosphate tail of the intermediate imidazole glycerol 3-phosphate (Figure 1.76). The
first step is a dehydration reaction catalyzed by imidazole glycerol phosphate
dehydratase (HisB) [291, 292]. As with other enzyme activities in this pathway, this
reaction is catalyzed by an enzyme that forms one part of a bifunctional enzyme in
many organisms. The other function of the protein is to catalyze the dephosphor-
ylation reaction in a later step in the pathway. Biochemical studies indicate that these
two enzyme activities operate independently and therefore that the bifunctional
protein is likely to have arisen by gene fusion [285].

The intervening step between dehydration and dephosphorylation of the glycerol
phosphate side-chain is catalyzed by the PLP-dependent histidinol phosphate ami-
notransferase, HisC [293-295]. The final steps for histidine biosynthesis are the
oxidation of the primary alcohol functionality to the carboxylate, in two sequential
NAD " -dependent oxidations.
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histidine biosynthesis. This step requires ammonia generated by glutaminase, HisF.

1.9
Conclusions

This is an exciting time for research on amino acid biosynthesis. Genome projects
and bioinformatics are providing rich details on metabolic diversity and the tailoring
of metabolism to particular contexts. Structural biology is providing ever more three-
dimensional detail on biosynthetic enzymes that underpins continued insights into
enzyme catalysis and provides critical information for the design of synthetic
inhibitors of critical biosynthetic enzymes of target organisms. Furthermore, evo-
lutionary studies are providing new catalysts for interesting chemical transforma-
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tions as well as new insights into the origins and development of this fascinating area
of metabolism.
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2
Heterocycles from Amino Acids

M. Isabel Calaza and Carlos Cativiela

2.1
Introduction

Heterocycles make up an extraordinarily important class of compounds. Many
natural products, such as hormones, antibiotics, or alkaloids, as well as pharma-
ceuticals and products of industrial significance (dyes, luminophores, herbicides,
pesticides, etc.) are heterocyclic in nature. The great diversity of heterocycles
alongside their chemical, biological, and technological relevance justifies a perma-
nent effort to devise efficient synthetic procedures for their preparation. Special
attention has been devoted to the development of methodologies for the asymmetric
synthesis of heterocyclic compounds, due to their biological importance. In this
context, proteinogenic o-amino acids are the most extensively used precursors for the
synthesis of enantiomerically pure heterocycles, because they constitute a natural
source of chirality that is readily available and display a multifunctional character that
facilitates synthetic transformations [1]. In view of that, this chapter describes the use
of proteinogenic a-amino acids as enantiomerically pure starting materials for the
synthesis of heterocyclic compounds, provides additional information on the utility
of the products in selected synthetic transformations, and focuses mainly on
synthetic methods of general applicability to different amino acids. The diverse
synthetic approaches have been organized according to the nature of the reactions
that the a-amino acid functional groups undergo to generate the heterocyclic skeleton
(i-e., intramolecular or intermolecular cyclizations and cycloaddition reactions).

2.2
Heterocycles Generated by Intramolecular Cyclizations

2.2.1
o-Lactones and a-Lactams

The multifunctional character of a-amino acids allows the preparation of a diverse
range of heterocycles just through intramolecular ring-closure reactions. In this

Amino Acids, Peptides and Proteins in Organic Chemistry.

Vol.3 — Building Blocks, Catalysis and Coupling Chemistry. Edited by Andrew B. Hughes
Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-32102-5

83



84

2 Heterocycles from Amino Acids

context, two cyclization modes that exclusively involve the carboxylic and amino
functionalities of the a-amino acid 1 could be envisioned. The ring-closure could be
accomplished either by turning the amino function into a leaving group and
subsequent nucleophilic attack of the carboxylate onto the a-carbon or by nucleo-
philic displacement of the amino group to a suitably activated carboxylic moiety. Such
cyclization sequences would furnish a-lactones (2) and o-lactams (5), respectively
(Scheme 2.1). These three-membered ring heterocycles are endowed with a certain
strain energy that influences their stability and reactivity. In fact, o-lactones 2 have
mostly been proposed as intermediates in various transformations such as the
diazotization of a-amino acids to produce a-hydroxy or o-halo acids 3 with retention
of configuration [2]. Conversely, a-lactams 5 have been synthesized and have proven
useful synthons to regioselectively react with nucleophiles [3]. The treatment of N-
benzyloxycarbonyl a-amino acids with a dehydrating agent and a base was initially
reported for the synthesis of aziridinones [4]; however, this report was later shown to
be incorrect since oxazol-5(4 H)-ones were identified as the reaction products [5].
Instead, one of the methods currently employed to synthesize a-lactams 5 is the
dehydrohalogenation of o-halo amides 4 [6], which are often generated from
carboxylic acids rather than a-amino acids because isolable a-lactams need to have
at least one tertiary alkyl or aryl group attached at C3.

NaNOz | Ru. RG-COHM  x=cibr

YCOZH \ Y
NH HF/Py, KX ol 3 R = Me, Bn, CH3CH(OH)...
3

1 2
36-87%

R. _CONHR! base R, o X =Cl, Br
Y \ / R = Ph, 'Bu

X -HX N R'= 'Bu, 1-adamantyl, trityl

base = 'BuOK, KOH, NaH

4 5

Scheme 2.1

222
Indolines

Intramolecular ring-closure reactions may also involve functionalities present in the
o-amino acid side-chains. In particular, a-amino acids with aromatic groups may
afford a straightforward entry to indolines and pyrroloindolines, which are key
structural elements in a wide selection of natural products with a diverse range of
biological activities [7]. The connection of the nitrogen moiety and the benzene ring
requires activation either by external oxidants (such as the two-electron oxidant F*)
or functionalities incorporated into the product (halogen substituent at the ortho
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positions) to undergo transition metal-catalyzed aryl amination reactions. In that
manner, the preparation of enantiomerically pure indolines 7 and 8, from phenyl-
alanine and tyrosine, has been achieved either by palladium-catalyzed amination
using a F* source as the oxidant [8] or through a tandem C—H bond iodination/
amination using Pd(II)/Cu(]) catalysts (Scheme 2.2) [9].

1. Iy, PhI(OAC),,
Pd(OAc), CO,Me Pd(OAc),, NaHCO;
CO,Me ———— CO,Me
R N S o NHTf 2. Cul, NaHCO3 R N
Tt \(;N‘(\F R 91-92% T
7 6 (for cyclization) 8

88-91% R=H, OTf

Scheme 2.2

Correspondingly, the hexahydropyrrolo[2,3-blindole [10] skeleton can be generated
by the ring closure of tryptophan. In particular, the treatment of 9 with H;PO,
followed by N-tosylation (Scheme 2.3) affords a single diastereoisomer (10), which
has been used as a chiral building block for the enantiospecific synthesis of
o-alkylated tryptophans. In addition, 3a-hydroxy- and 3a-(methylthiomethyl)hexahy-
dropyrrolo[2,3-blindoline structural motifs (12 and 13), of high pharmaceutical
interest, have been generated via benzylic oxidations [11] and alkylative cycliza-
tions [12] of suitably protected tryptophan derivatives, respectively. On the other
hand, synthetic approaches towards tetrahydropyrrolo[2,3-b]indoles 11 rely on oxi-
dative cycloaromatizations [13, 14] or intramolecular copper-catalyzed couplings [15]
of suitable iodinated tryptophan derivatives.

1. H3PO4 COzR 1. (CF3COy)zHg, I»
| | CO,R
2. TsCl N NHR! 2. Cul, diamine, K3PO, N N
2 R? 1
85% R 62-98% R
10 (for cyclization) 9 (for cyclization) 11
R =Me R =Me, Bn
R'=CO,Me R' = Cbz, Boc, Ac
R2=H R2=Ac, Boc
OH CH.SMe
CONHR
HN N HN SN COzMe
H 1 H I
Tr COzMe
12 13

R = proteinogenic
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223
Aziridinecarboxylic Acids and Oxetanones

The hydroxyl functional group in serine (and threonine), acting as a nucleofuge, may
provide chiral aziridine-2-carboxylic esters (16) through an intramolecular nucleo-
philic displacement by an amide anion or, alternatively, optically pure a-amino-
B-lactones (18) [16] if the carboxylate acts as the nucleophile (Scheme 2.4). Both,
aziridine-2-carboxylic acids and a-amino-f-lactones (oxetanones), have proven high-
ly valuable heterocycles for the synthesis of a large variety of unnatural amino acids
and natural products [17]. Furthermore, aziridine-2-carboxylic acids find utility as
ligands for catalytic purposes, synthons, and to construct four- and five-membered
ring heterocycles through ring-expansion reactions, even in solid-phase synthesis
[18]. In particular, the preparation of N-Boc aziridines has been reported to require a
temporary amine protection (i.e., trityl protecting group) to avoid the formation of a
five-membered oxazolonium through the nucleophilic attack of the carbonyl oxygen
(Scheme 2.4) [19, 20]. N-Trityl-protected aziridines 15 have been generated either by
the conversion of the hydroxyl group of 14 into a leaving group and subsequent
cyclization under basic conditions or by direct treatment of 14 with sulfuryl
chloride [21]. Alternatively, diethoxytriphenylphosphine (DTPP) effects a one-pot
activation and cyclization of free serine, although with variable yields due to the
fragile nature of DTPP. On the other hand, the treatment of N-Cbz- or N-Boc-serine
under modified Mitsunobu [22] reaction conditions (Scheme 2.4) produces oxeta-
nones 18 via hydroxyl group activation with triphenylphosphine and methyl
azodicarboxylate [23].

A:
R
1. TsCl, Py
R CO%Bn R sCO,Bn
X 2. EtsN a2 1. TFA W2
HO wCO,Bn 3 - \7
NHTr or | 2. Boc0O |
B: SO,Cly, Et3N Tr Boc
14 15 16
method A, R = H, 58% R =H, 80%
method B, R = H, Me, 90-94%
(0]
CO,H PhsP O
HO™ Y — |
NHR DMAD  hn®
17 18
R = Boc, Cbz 72-76%
Scheme 2.4

An additional useful method to a-amino-protected 3-lactones involves the use of
asparagine as the starting amino acid (Scheme 2.5). In this case, the side-chain
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functional group is transformed into a leaving group via Hofmann rearrangement
and diazotization followed by an in situ cyclization [24].

224
f-Lactams and Pyroglutamic Acid Derivatives

Aspartic and glutamic acid, the naturally occurring a-amino acids that possess a
carboxylic acid group at the side-chain, are attractive precursors for the preparation of
B- and y-lactams, respectively. The intramolecular nucleophilic attack at the side-
chain carboxyl moiety by the a-amino acid nitrogen group is one of many method-
ologies developed for the preparation of these heterocycles of great synthetic utility.
The B-lactam moiety is critical to the efficacy of a large class of broad-spectrum
antibiotics against bacterial infections, thus being a heterocycle of great pharmaco-
logical importance. In particular, §-lactam 24 has been obtained from 1-aspartic acid
via a Grignard-mediated ring closure — a procedure that occurs without racemization
(Scheme 2.6) [25]. The synthetic route involves the preparation of 23 by reacting

87
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the free amine 22 with N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide
(MTBSTFA). The subsequent treatment with tert-butylmagnesium chloride yields
[-lactam which affords the free acid 24 by hydrogenolysis. Alternatively, the addition
of bis(bis(trimethylsilyl)amino)tin(II) over rac-25 has been reported to produce a tin
(II) amide that cyclizes to give a -lactam when the amino group lacks a sterically
demanding substituent [26]. On the other hand, the synthetic applications of
pyroglutamic acid as a chiral building block or auxiliary in asymmetric synthesis
are enormous [27] since this y-lactam may undergo transformations on the carboxylic
group, the ring, the carbonyl group of the lactam, and ring-opening reactions. This
heterocycle is synthesized by direct dehydration and ring closure of i-glutamic
acid [28].

225
Amino Lactams and Amino Anhydrides

In the same way to the aforementioned intramolecular ring closures, the a-amino
acid lysine may afford an e-lactam by nucleophilic attack of the moiety that is present
on the side-chain to the a-carboxylic group. Thus, amino caprolactam 31 has been
conveniently made by ring closure of trimethylsilyl amino ester derived from 30 [29]
or, alternatively, the amidation of the Fmoc-protected amino acid with 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) in the presence of N-hydro-
xybenzotriazole (HOBt) (Scheme 2.7) [30].

NH
H2N COzH a)
\/\/Y . o)

NHR .,
NHR

30 31

R=H a) HMDS, CITMS  95%
R=Fmoc a)HOBt, EDCI 88%

Scheme 2.7

Conversely, the condensation of both carboxylic moieties in aspartic and glutamic
acid gives access to amino anhydrides 33 in enantiomerically pure form
(Scheme 2.8) [31].

HO,C™' ™ COH  PCl; Hel ot o
—_— n=1,2
NH, quant. ( n
(o}
32 33

Scheme 2.8
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2.2.6
Azacycloalkanecarboxylic Acids

The construction of a variety of chiral nitrogen heterocycles can be achieved by means of
intramolecular ring-closure reactions via the nucleophilic attack of an enolate, gen-
erated at the a-carbon of the a-amino acid, to a leaving group present in an alkyl chain
attached to the nitrogen moiety rather than in the a-amino acid side-chain
(Scheme 2.9) [32, 33]. The key insights of the methodology are (i) the preservation
of the chirality of a starting N-alkylated amino ester, such as 34, in the form of transient
conformational chirality of a reactive enolate intermediate and (ii) a high stereose-
lectivity during the subsequent cyclization procedure. In general, this protocol con-
stitutes a direct method for the asymmetric alkylation of a-amino acid derivatives
withoutthe aid of external chiral sources such as chiral auxiliaries or chiral catalysts, and
itis referred to as “memory of chirality” [34]. In the case of intramolecular alkylations,
this method has been reported to be very useful for the enantiodivergent synthesis of
o-substituted prolines. With potassium or sodium amide bases in dimethylformamide
(DMEF) or tetrahydrofuran (THF), cyclizations proceed with retention of configuration,
while inversion of configuration is observed with lithium amide bases in THF or
toluene. By varying the nature of the N-alkyl chain attached to the a-amino acid
precursor, azetidine and piperidine 2-carboxylic acids or a-tetrasubstituted tetrahy-
droisoquinoline derivatives, such as 38 and 39, have also been prepared [32, 33, 35].

KHMDS,
R NaHMDS n=1,23

OB Xy AN e M (o XoBl
MN" YCOaEt  inversion n N TCOEttion R R = Me, Bn, 'Pr, HOCHj,, MeS(CHa),
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82-99% ee
35 34 36 °
CO,Bu
X Me
o
“CoBu TP AN KHMDS CO,Bu
N CO,Et ”
ZYCO,Et N ""CO,Et
e Boc | Me
Boc
38 37 39
62%, 91% ee 94%, 95% ee
Scheme 2.9
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Heterocycles Generated by Intermolecular Cyclizations

2.3.1
Metal Complexes

o-Amino acids form stable five-membered chelate rings with various metal ions
through the amine and carboxylate moieties (N,O-chelation). What is more, amino
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acids with coordinating side-chains (histidine, tyrosine, cysteine, etc.) may act as a
tridentate ligands. As a consequence of this multifunctional character, amino acids
form organometallic complexes [36] with a variety of structures that, in turn, display a
great diversity of applications according to their particular physicochemical proper-
ties. a-Amino acids cannot only be stabilized by organometallic complexes, they can
also be activated. In fact, such heterocyclic complexes have been shown to be useful
precursors for the synthesis of substituted amino acids, the controlled synthesis of
peptides, the development of new stereoselective reactions, and for labeling and
catalytic functions. Methodologically, the a-amino acid N, O-chelates can be prepared
by substitution reactions of a-amino acid anions on chloro-bridged complexes
(Scheme 2.10). Cyclic carbonyl (43), n'-alkyl (44), n’-olefin (45), n*-allyl, n°-cyclo-
pentadienyl (46), or n°-arene (47) complexes with a variety of metals have been
synthesized and their applications reviewed (some representative examples appear in
Scheme 2.10).

R R
Ll HzN 2cr N
LM, ML, + 2 —— 2 LM
Cl 0 o e} 0
40 M 42
HN 1 y
2
4\N H> N R J R == @
OCu.\l aN Hg "ptiN II';MO"’NHz RuanKH
OCV'YIVO Me O CI¥ YO oC \O CI7 W2
co o) 0 0 Q\R \H\R
0 0
43 44 45 46 a7

M = Cr, Mo, W, Mn

Scheme 2.10

On the other hand, complexation of a-amino acids with boron affords boroxazo-
lidinones, which have found application as a simultaneous protection of the a-amino
acid moiety to perform side-chain modifications [37] and, when boron is a stereogenic
center, as precursors of optically pure a-alkyl a-amino acids via the generation of
chiral enolates that react with asymmetric memory [38].

232
a-Amino Acid N-Carboxyanhydrides and Hydantoins

Other five-membered ring heterocycles of great synthetic value may be prepared
through intermolecular cyclizations which involve the reaction of the amine and
carboxylate moieties of the a-amino acid with a one-carbon atom dielectrophile. In
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particular, the treatment of a-amino acids with phosgene, diphosgene, or triphos-
gene gives access to N-carboxyanhydrides 49 (Scheme 2.11) [39]. The N-carbamoyl
intermediates spontaneously cyclize to produce the anhydrides and only in the case of
proline the use of a non-nucleophilic base is required for the cyclization to occur [40].
These protected and activated amino acid derivatives are extensively used for stepwise
peptide synthesis; in particular, for the preparation of polypeptides by ring-opening
polymerizations [41]. In fact, synthetic polypeptides are emerging as very promising
compounds in research fields such as drug delivery or material science [42]. In
addition, enantiomerically pure hydantoins 50 [43] can be prepared when optically
pure a-amino amides are treated with triphosgene. These heterocycles are also useful
intermediates in the synthesis of noncoded amino acids, and, additionally, constitute
an important structural moiety found in several natural products and therapeutically
useful compounds.

2.3.3
Oxazolidinones and Imidazolidinones

The condensation of aldehydes with a-amino acids or N-protected amide deriva-
tives gives access to oxazolidinones and imidazolidinones, respectively [44]. The
use of formaldehyde as dielectrophile provides oxazolidinones with a single chiral
center that are useful for the enantiospecific synthesis of a-amino ketones [45], site-
selective transformations of a-amino acids [46], or the synthesis of N-methyl amino
acids [47]. More substituted aldehydes afford chiral heterocycles, differing in the
nature of the substituents on the ring and their relative configuration, by means of
diastereoselective procedures (Scheme 2.12). The cis- and trans-oxazolidinone
ratios are highly dependent upon several factors including the C2-substituent
of the o-amino acid, the aldehyde employed to promote the cyclization, the
acylating agent, and the reactions conditions. In example, using N-benzoyl pro-
tection and pivalaldehyde, and varying the alkyl stereodirecting group of the amino
acid, cis-oxazolidinones predominate with stereoselectivities ranging from 71: 29 to
83:17, while using benzaldehyde, the trans-diastereoisomer is favored with stereo-
selectivities ranging from 25:75 to 12:88. In addition, highly stereoselective
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cyclizations of a range of ferrocenyl imines, derived from ferrocenecarboxaldehyde
and a-amino acids, have been reported [48]. In these cases, the careful choice of the
reaction temperature during the treatment with pivaloyl chloride determines the
generation of the trans isomer (kinetic control) or the cis isomer (thermodynamic
control). In general, these compounds have been shown to be extremely useful for
the synthesis of enantiopure a-alkyl a-amino acids through the use of the “self-
reproduction of chirality” concept [49], by which the stereogenic center of the
amino acid generates a temporary center of chirality that is used to diastereoselec-
tively introduce a new substituent at the original chiral center. Among them,
glycine- and proline-derived [50] oxazolidinones and imidazolidinones have proved
to be particularly useful chiral auxiliaries for the stereoselective synthesis of
o-substituted analogs (Scheme 2.12). In particular, chiral 52 (R=H) can be
dialkylated in a single procedure and it is the order of addition of the two different
electrophiles that determines the absolute configuration of the a-alkyl amino acid
isolated after heterocycle hydrolysis. On the other hand, the condensation of t-
proline with trichloroacetaldehyde is completely stereoselective and provides 57,
which undergoes o-alkylations with electrophiles with retention of the
configuration.

Hexafluoroacetone undergoes heterocyclization with the amino and carboxylic
groups of a-amino acids, and provides access to cyclic oxazolidinones 60. The
hexafluoroacetone protection occurs site selectively even in the presence of unpro-
tected side-chain functionalities like the f-carboxy group of aspartic acid. The
carboxy-derivatization of these oxazolidinones by nucleophiles is accompanied by
N-deprotection and, as a result, these bidentate reagents find extensive applications
in the synthesis of peptides (Scheme 2.13) [51].
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234
Oxazolones

Saturated 5(4 H)-oxazolones 63, also known as 2-oxazolin-5-ones, are easily obtained
from N-acylamino acids in the presence of cyclodehydrating agents such as anhy-
drides or carbodiimides, acting as the dielectrophiles (Scheme 2.14) [52]. Similarly,
the treatment of N-alkoxycarbonyl-a-amino acids generates 2-alkoxy-5(4 H)-oxazo-
lones. Although 5(4 H)-oxazolones are obtained in good enantiomeric excesses, the
tautomeric equilibrium towards saturated 5(2 H)-oxazolones (3-oxazolin-5-ones), by a
1,3-prototropic shift, can be a problem due to the racemization associated with such a
process. In this context, the cyclizations with perfluoroacylating agents seem to be
quite general for the synthesis of 5(2H)-oxazolones 66 with aromatic substituents
directly bonded to the heterocyclic ring. Additionally, unsaturated 5(4 H)-oxazo-
lones 64 are obtained by treatment of N-acetyl- or N-benzoylglycine and an aldehyde

O O

R
Rz\/« RZCHO R, _COH A0 \/K
—_— O R'=alkyl, OR

0]
= N
N\( ACZO, NaOAc NHCOR1 =
R1 R1
64 R=H 62 63
unsaturated saturated
5(4H)-oxazolone 5(4H)-oxazolone
(0]
R
R ~CO,H CF3CO.H %
T |
NH,
CF3
65 66
saturated

5(2H)-oxazolone

Scheme 2.14

93



67

94

OK
NHBoc

2 Heterocycles from Amino Acids

in the presence of a cyclodehydrating agent. The synthesis usually proceeds with a
high degree of stereoselectivity to favor the thermodynamically more stable (Z)
isomer, which can be isolated by recrystallization. In general, saturated 5(4H)-
oxazolones are extensively used in coupling reactions as synthetic equivalents of
amino acids in the synthesis of peptides. On the other hand, unsaturated 5(4H)-
oxazolones are very versatile heterocycles as they undergo ring-opening reactions
with a range of nucleophiles and a plethora of reactions on the exocyclic double bond,
and exhibit many different applications such as dyes, fungicides, and organic
luminophores.

235
Oxazinones and Morpholinones, Pyrazinones and Diketopiperazines

Intermolecular cyclizations that involve the reaction of the amine and carboxylate
moieties of the a-amino acid with compounds that possess two adjacent electrophilic
carbon centers gives access to six-membered heterocycles. In particular, oxazinone 69
is a chiral alanine [53] synthetic equivalent of great utility for the asymmetric
synthesis of a-methylated amino acids that are important compounds in medicinal
chemistry (Scheme 2.15) [54]. The condensation of the potassium salt of N-tert-
butoxycarbonyl alanine with an aromatic bromoketone affords diastereomeric esters,
which can be separated by recrystallization and/or flash chromatography. After N-
Boc deprotection and cyclization, trans-oxazinone 69 is obtained and only slight
epimerization at C3 is detected. Conversely, the cis-oxazinone suffers epimerization
at C6.

1. PhCOCHBriPr NHBoc 1 HCI(g)/EtOAC

2. column 2. Et3N
Ph
chromatography

1,,/

68 69
70%, dr 20:1

Scheme 2.15

Alternatively, oxazinones 71 and 72 can be prepared through intermolecular
cyclizations, which involve the carboxylic group of the a-amino acid acting as an
electrophilic carbon center and the amine moiety as a nucleophile (Scheme 2.16). In
that manner, glycine synthetic equivalent 71 [55] has been obtained and used as a
template for the asymmetric synthesis of dialkylated a-amino acids. The enolates
generated from chiral oxazinones are very soft and can be alkylated in a highly
diastereoselective manner even under phase-transfer catalysis conditions. Addition-
ally, 71 and glycine imine 72 have been employed for the synthesis of a,[3-didehydro-
o-amino acids that can be hydrogenated, cyclopropanated, or submitted to cycload-
dition reactions [56]. Moreover, the catalytic hydrogenation of oxazinones 73 affords
morpholin-2-ones 74 in good yields and high diastereoselectivities.
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In a similar manner to the abovementioned preparation of oxazinone 71, the
condensation of two substrates with nucleophilic nitrogens adjacent to electrophilic
carbon centers renders pyrazinones. In particular, pyrazinone 78 has been accessed
by reaction of a-amino ketone 75 with mixed N-Boc-r-alanine-pivalic anhydride
followed by cyclization (Scheme 2.17) [57]. This heterocycle is obtained in the same
diastereomeric ratio as oxazinone 69 (Scheme 2.15), which means that both com-
pounds have similar acidity at C3. In general, pyrazinones are less sensitive to
aqueous acidic and basic media than oxazinones, thus increasing the yields for
purified compounds.
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75 76 77 78
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Scheme 2.17

On the other hand, the coupling of N-protected a-amino esters 79 to a compound
with an electrophilic carboxylic group, followed by nitrogen displacement of the
leaving group and intramolecular cyclization of the N1-C2 bond, gives access to
unsymmetrical 2,5-diketopiperazines 81 (Scheme 2.18) [58], which are among the
most important backbones in today’s drug discovery because they may confer more
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drug-like properties to peptide molecules by constraining the nitrogen atoms of an
o-amino amide into a ring. Alternatively, analogous unprotected 2,5-diketopiper-
azine 84 has been obtained, in a 50-g scale, by reaction of glycine methyl ester and the
anhydride derived from valine. Such mixed heterocycles can be further converted
into monolactim 82 or bislactim ethers 85 [59] that are very useful templates for the
preparation of a-substituted amino acids through regiospecific deprotonations
followed by stereoselective alkylations.

2.3.6
Tetrahydroisoquinolines and f§-Carbolines

Intermolecular cyclizations may also involve functionalities present at the a-amino
acid side-chain. Those a-amino acids with aromatic side-chains are ideally suited for
the construction of tetrahydroisoquinolines and 3-carbolines scaffolds that appear in
a diverse array of biologically active compounds of both natural and synthetic
origin [60]. The aromatic moieties most often become incorporated into the structure
of these heterocycles by means of Pictet—Spengler [61] cyclizations of an appropriately
substituted a-amino acid and an aldehyde or aldehyde precursor (Scheme 2.19). In
that manner, 1-phenylalanine 86 gives access to tetrahydroisoquinoline 87, which is a
conformationally constrained a-amino acid (Tic) of utility, when incorporated into
bioactive peptidic structures, for structure—activity relationship analysis and for the
generation of compounds with improved biological activity. Correspondingly, the
synthetic potential of the Pictet—Spengler cyclizations in aprotic media with either
tryptophan methyl ester 88 or its Nj-benzyl derivative (88, R =Bn) is quite general
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and can be employed with a variety of aldehydes, which can even contain acid-labile
functional groups. In particular, the treatment of tryptophan methyl ester 88 with
aldehydes at low temperature affords cis-carbolines 89 with moderate diastereos-
electivity and complete retention of the absolute configuration. Such stereoselectiv-
ities have been recently improved by means of crystallization-induced asymmetric
transformations in appropriate solvents [62]. On the other hand, Ny-benzyl trypto-
phans afford mainly the trans products, possibly to avoid steric interactions among
contiguous equatorial substituents in the intermediate carbenium ions. Additionally,
non-aromatic 0-amino esters may be employed in catalytic enantioselective synthe-
ses of tetrahydroisoquinolines through phase-transfer alkylation—cyclization
processes [63].

23.7
Oxazo/Thiazolidinones, Oxazo/Thiazolidines, and Oxazo/Thiazolines

The side-chain functionalities of serine, threonine, and cysteine have been employed
to generate a range of five-membered ring heterocycles (oxazo/thiazolidinones,
oxazo/thiazolidines, and oxazo/thiazolines), which are constituents of numerous
bioactive natural products with antitumor, antiviral, and antibiotic properties. In
particular, oxazolidinone derivatives of serine and threonine 92 can be prepared by

97
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treatment with phosgene under basic conditions, followed by esterification and N-
acetylation (Scheme 2.20) [64]. After such a protection scheme, these heterocycles
may undergo acylations under basic conditions since the B-elimination at the side-
chain is strongly retarded on a stereoelectronic basis. Correspondingly, 2-thiazoli-
dinone derivative 94 has been shown to be an effective protective surrogate of the
thiol group in cysteine derivatives [65]. It is noteworthy that the preparation of 94, by
treatment with phenylchloroformate under basic conditions is successfully attained
in a one-pot procedure and, after subsequent elaborations at the C4 substituent, the
thiol group can be liberated by simple heating in DMF.
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In a similar way, the preparation of oxazo- and thiazolidines was also conceived by
means of simultaneous protection of the hydroxyl/thiol and nitrogen moieties in
serine, threonine, and cysteine (Scheme 2.21). Oxazolidines 96 have been generated
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in optically pure form by the treatment of the a-amino acids serine and threonine
with aqueous formaldehyde, followed by nitrogen protection and trapping of the
adduct at a pH value greater than 7 [66]. On the other hand, thiazolidine 98 has been
synthesized in good yield by the condensation of cysteine ester 97 with paraformal-
dehyde in nonaqueous conditions [67].

Substituted oxazo- and thiazolidines can be prepared, in a diastereoselective
manner, by using bulky aldehydes as electrophiles [68]. In particular (Scheme 2.22),
oxazo- and thiazolidine 100 are generated as cis/trans mixtures but, owing to facile
ring—opening/ring—closure reactions, the N-acylation of the mixtures gives rise to a
single cis isomer [69]. The tBu derivatives 100 have proven very useful to generate
enolates, stable with regard to 3-elimination, which undergo alkylation from the side
opposite to that shielded by the tBu group. Such oxazo- and thiazolidines may afford
101 via the introduction of aleaving group and subsequent elimination. The resulting
compounds are useful synthetic equivalents to undergo stereoselective nucleophilic
additions to the double bond. On the other hand, i-cysteine reacts with aromatic
aldehydes to produce thiazolidines 103, while serine and threonine give rise to ring-
chain tautomeric mixtures due to the lower nucleophilicity and the higher steric
strain on the oxygen atom [70]. Additionally, the cyclocondensation of 1-cysteine with
sugars generates thiazolidines with antioxidative properties and, therefore, their
applications in nutrition or drug design (oxidative stress xenobiotics) are being
extensively studied [71].
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CO,Me CO,Me
99 100 101
91%
CO,Me  PhCHO i1
HS™ Y — ph CO,Me
N
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96%
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Scheme 2.22

On the other hand, the use of 2,2-dimethoxypropane or acetone as electrophiles
affords dimethyloxazo- 106 and thiazolidines 113 [72]. In particular, oxazolidines 106
have been extensively applied to the synthesis of difficult peptides as backbone
protectors for the Fmoc/tBu solid-phase strategy. Such application is limited to serine
and threonine derivatives due to their major acid lability (removed by trifluoroacetic
acid (TFA) within minutes) in comparison to thiazolidines (removed by TFA within
hours) [73]. Among dimethyloxazolidine derivatives generated from a-amino acids,
Garner’s aldehyde 110 constitutes a very remarkable compound, because it is one of

99
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the most valuable chiral building blocks in asymmetric synthesis in recent years [74].
Its value is due to its simple structure that may undergo diastereoselective nucle-
ophilic additions to aldehydes and participate in Diels—Alder reactions. Garner’s
original synthesis [75] implies Boc protection of serine, methyl esterification,
isopropylidenation, and ester reduction. However, the overall procedure has been
subject of several improvements that have led to better yields and high optical
purities, such as the reversal of the first two steps [76], the use of BF;-OEt, to catalyze
the oxazolidine formation [77] or the use of a LiAIH,-Swern protocol [78] for the ester
reduction and subsequent oxidation to the aldehyde (Scheme 2.23).
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Scheme 2.23

The chemical synthesis of 2-oxazolines and 2-thiazolines usually involves the
dehydrative cyclization of serine, threonine and cysteine residues. In particular, Mo
(VI) oxides efficiently catalyze this process and produce oxazolines 115 in good yields
and with complete retention of configuration at the f-position [79]. In the case of
cysteine derivatives the use of bis(quinolinolato)dioxomolybdenum(VI) complexes is
required to suppress the loss of stereochemical integrity at the C2-exomethine
position. Additionally, 2-thiazolines 116 have been prepared by ruthenium-catalyzed
oxidation of thiazolidines, condensation of nitriles iminoethers, iminium triflates, or
a,a-difluoroalkylamines with cysteine derivatives [80], as well as by a two-step
sequence which involves the thioacylation of serine followed by intramolecular
cyclization via a mesylate. Conversely, the coupling of aromatic acids and serine
tert-butyl ester by N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC), followed
by the cyclization using (diethylamino)sulfur trifluoride (DAST), gives oxazolines
120 in high yields (Scheme 2.24) [81]. These racemic compounds have been
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employed for the enantioselective synthesis of o-alkylserines under phase-transfer
catalysis conditions.

2.3.8
Sulfamidates

Sulfamidate derivatives of serine and threonine permit protection of the nitrogen
moiety and conversion of the hydroxyl group into a leaving group. The most direct
approach for their construction is the treatment of esters 122 with sulfuryl chloride;
however, this process leads to the corresponding aziridines in excellent yields
(Scheme 2.25). Owing to this, cyclic sulfamidates are prepared by oxidation of

CO,Me CO,Me
CO,Me SOcCl
HO 2 2, O__NPf Nalos O P!

NHPf Et3N, imidazole ‘T" RuCl3- xH,0 75\
o O O
122 123 124
dr (cis:trans) = 2:1 87%

99%

Pf = 9-phenylfluoren-9-yl

Scheme 2.25
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the sulfamidites 123 that, in turn, are obtained by the treatment of serine and
threonine esters 122 with thionyl chloride, triethylamine, and imidazole [82]. Both
heterocyclic compounds can be ring-opened by several heteroatomic and carbon
nucleophiles, giving access to valuable p-functionalized a-amino acids and
glycopeptides [83].

239
Tetrahydropyrimidinones

The a-amino acid asparagine is the precursor for the preparation of enantiomeri-
cally pure tetrahydropyrimidinones 126, which can also be converted in dihydro-
pyrimidinones 127 (Scheme 2.26) [84]. One-pot syntheses, amenable for the
production of large quantities of tetrahydropyrimidinones 126, have been accom-
plished when pivalaldehyde or p-chlorobenzaldehyde are employed as dielectro-
philes. Following these procedures, the newly formed heterocycles exhibit a cis
relationship of the substituents at C2 and C6. Tetrahydropyrimidinone 126 has
proven an efficient chiral auxiliary for the synthesis of enantiomerically pure
a-substituted derivatives, following the principle of “self-reproduction of chirality”
pioneered by Seebach in that the C2 substituent directs the alkylation stereochem-
istry at C6 [85].

O CO,H (0]
el N\ C0H 1. tBucro, kon Y'Y PAOA Y
_—

O NH,  2.CICOBn, NaHCO; N~ Nigo g Cu(OAc), Py HNYN\COZBn

Bu Bu
125 126 127
80% 60%
Scheme 2.26
24

Heterocycles Generated by Cycloadditions

The manipulation of a-amino acids allows the generation of azomethine ylides and
imino dienophiles which have been extensively utilized in 1,3-dipolar cycloadditions
and aza-Diels—Alder reactions, respectively. Such methodologies are high yielding,
efficient, and regio- and stereocontrolled reactions that find extensive use for the
synthesis of heterocyclic compounds. In general, azomethine ylides, generated upon
treatment of aromatic and aliphatic imines of a-amino acid esters 128 with a base
and a metal salt, undergo highly stereoselective intermolecular 1,3-cycloadditions to
electron-deficient olefins and furnish polysubstituted pyrrolidines 129, which occur
in many pharmacologically active compounds. The stereocontrol can be achieved
either by means of a chiral auxiliary approach, based on the presence of a chiral
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moiety at the azomethine ylide or the dipolarophile, or by employing chiral catalysts
(Scheme 2.27) [86]. Additionally, azomethine ylides generated from secondary
a-amino esters or a-amino acids have been shown to be very useful for the synthesis
of polycyclic proline and pyrrolidine derivatives through cycloadditions carried out
intramolecularly [87], and also on solid-phase supports [88].

On the other hand, the reaction of dienophiles 131, derived from a-amino acid
esters, with cyclic and open-chain 1,3-dienes renders bicyclic aza compounds 132 and
substituted dehydropiperidines in acceptable yields, and with useful diastereomer
ratios that depend on the steric demand of the a-amino acid side-chain (Scheme 2.28).
The iminium ion generated in situ by the reaction of the o-amino acid with the
aldehyde is assumed to be the reactive intermediate for the cycloaddition reactions. In
this way, the observed diastereoselectivities can be explained by an antiparallel
orientation of dipoles given by the carboxyl group and the iminium function on
the dienophile, and a preferential attack of the diene from the side opposite to the
o-amino acid side-chain [89].

H3N", "CO;Me l}l . COyMe
cr H cI-
130 131 132
R =iBu, 57%, dr93:7
R = Me, 99%, dr 73:27
Scheme 2.28

When Danishefsky’s diene 134 is combined with aminoester imines 133 in the
presence of a Lewis acid, a tandem Mannich-Michael reaction takes places, and
enaminones 135 are formed in high yields and with high diastereoisomeric ratios
(Scheme 2.29) [89]. In particular, the reaction of electron-rich siloxydienes with
imines derived from tryptophan has opened new routes to the polycyclic framework
of naturally occuring alkaloids of both reserpine and yohimbine in enantiomerically
pure form.

103



104 | 2 Heterocycles from Amino Acids

R OMe o 0
3 —
NYR + —_— | + | |
RN R™ N
CoMe  TMSO g g
R™ ~CO,Me R™ ~CO,Me
133 134 135a 135b
45-80%
dr90:10 to 97:3
R = Pr,’Bu
Scheme 2.29
2.5
Conclusions

The ease of access to o-amino acids in both enantiomerically pure forms, their
diversity, and their multifunctional character makes them extremely valuable starting
materials for the asymmetric synthesis of complex molecules by means of stereo-
selective transformations. In this context, we have tried to provide a general
perspective, rather than an exhaustive revision due to the vast literature in the field,
of the applicability of a-amino acids for the asymmetric synthesis of heterocycles. The
synthetic methodologies have been organized according to the type of cyclization that
the a-amino acid undergoes to assemble the heterocycle (intramolecular or inter-
molecular cyclizations and cycloadditions). In this way, the reader may easily realize
the potential behind the a-amino acid functional moieties to generate a great diversity
of heterocyclic systems.

2.6
Experimental Procedures

2.6.1
Synthesis of 1-tert-Butyl-3-phenylaziridinone (5)

Ph,, o}

N
Bu

To a well-stirred solution of N-tert-butyl-2-bromo-2-phenylacetamide (6.75g,
0.025 mol) in diethyl ether (200 ml) at 0 °C, a suspension of potassium tert-butoxide
(3.70g, 0.033mol) in anhydrous ether (150ml) was added over a period of 1h.
The reaction mixture was filtered and the filtrate was evaporated under reduced
pressure to afford an oily residue. Recrystallization of this residue from dry pentane
gave aziridinone 5 (2.60 g, 0.014 mol) in 56% yield.
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2.6.2
Synthesis of Dimethyl (2S,3aR,8aS)-1,2,3,3a,8,8a-Hexahydropyrrolo[2,3-b]indole-1,2-
dicarboxylate (Precursor of 10)

HN— N COZMG

|
COzMe

T

85% Phosphoric acid (43ml) was added to 9 (4.00g, 14.46 mmol) at room
temperature and the mixture was stirred for 3 h until a clear solution was obtained.
This solution was added dropwise to a vigorously stirred two-phase system consisting
of 15% aqueous sodium carbonate (90 ml/mmol) and dichloromethane (400 ml) in
such a manner as to prevent build-up of local regions of acid pH (the pH of the
mixture was greater than 8 throughout the addition). The two phases were separated
and the aqueous layer was extracted with chloroform (2 x 20ml). The combined
organic phases were dried with calcium chloride and concentrated under reduced
pressure to give dimethyl (25,3aR,8a5)-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole-
1,2-dicarboxylate as an oil (3.40 g, 12.30 mmol, 85% yield) which solidified when set
aside at 0°C.

2.6.3
Synthesis of Benzyl (R)-1-Tritylaziridine-2-carboxylate (15)

wCOzBn

N
|

Tr

To a solution of 14 (R =H) (65.6 g, 0.15 mol) in dry pyridine (200 ml) at —10°Ca
solution of toluenesulfonyl chloride (85.8 g, 0.45 mol) in dry pyridine (50 ml) was
added over a period of 1 h. After 24 h of stirring at 0 °C, the solvent was removed in
vacuo and the residual oil was partitioned between ethyl acetate and water. The
organic layer was washed with 10% citric acid solution and water, dried over
sodium sulfate and filtered. The solvent was removed in vacuo and the oily residue
was dissolved in dry THF (100 ml). The solution was treated with triethylamine
(39.2ml, 0.28 mol) and it was then heated at reflux (75°C) for 24 h. After that,
the reaction mixture was concentrated in vacuo to give an oily product which
was dissolved in ethyl acetate. The organic layer was washed with 10% citric
acid solution, 1M sodium hydrogen carbonate, and water, dried over sodium
sulfate, and filtered. The solvent was evaporated under reduced pressure and the
product was crystallized from ethyl acetate/ether/hexane (37.4g, 0.09mol,
58% yield).
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2.6.4
Synthesis of (S)-N-tert-Butoxycarbonyl-3-aminooxetan-2-one (18)

o
AR
BocHN"

To a solution of dry triphenylphosphine (6.43 g, 24.5 mmol) in anhydrous THF
(100 ml) at —78 °C, distilled methyl azodicarboxylate (2.70 ml, 24.5 mmol) was added
dropwise over 10 min. After an additional 10 min, a solution of dried N-tert-butox-
ycarbonyl-L-serine (5.00g, 24.4 mmol) in THF (100 ml) was added dropwise over
15 min. The mixture was stirred for 20 min at —78°C and then 2.5h at 20°C. The
solvent was removed in vacuo at 35 °C and the residue was purified by chromatog-
raphy to afford 18 as a white crystalline solid (3.29 g, 0.017 mol, 72% yield).

2.6.5
Synthesis of (S)-1-(tert-Butyldimethylsilyl)-4-oxoazetidine-2-carboxylic Acid (24)

CO,H

o

o “TBDMS

A solution of dibenzyl aspartate 22 (660 mg, 2.10 mmol), N-methyl- N-tert-butyldi-
methylsilyltrifluoroacetamide (1.5 ml, 6.30 mmol) and tert-butylchlorodimethylsilane
(32.0mg, 0.21 mmol) in acetonitrile (1 ml) was stirred for 30 min. The elimination of
the solvent under reduced pressure and the excess of silylating reagent under high
vacuum (1 mmHg) for 18 h, furnished 23 (875 mg, 2.05 mmol) as a pale yellow oil.
This crude product was dissolved in diethyl ether (20ml) and cooled to 0°C. tert-
Butylmagnesium chloride (1.13 ml, 2.26 mmol) was added dropwise and the result-
ing yellow suspension was stirred overnight while warming to room temperature.
After careful addition of saturated ammonium chloride (20ml), the stirring was
continued for 10 min. The organic layer was washed with water (20 ml) and brine
(30ml), dried over magnesium sulfate, and filtered. The solvent was concentrated
in vacuo to afford a yellow oil which was purified by column chromatography
(hexanes/diethyl ether 1: 1) to yield 24 (356 mg, 75% yield) as a colorless oil.

2.6.6
Synthesis of 9H-Fluoren-9-ylmethyl (R)-Hexahydro-2-oxo-1H-azepin-3-yl Carbamate (31)

NH
O
'/NHFmoc

A solution of 30 (R = Fmoc), as TFA salt, (719 mg, 1.49 mmol) in dichloromethane
(57 ml) containing DMF (14 ml) at 18 °C, under an inert atmosphere, was treated with
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Hiinig’s base (290 ul, 1.10 mmol). After 10 min of stirring, the white suspension was
cooled to 0°C and it was then treated with HOBt (244 mg, 1.79 mmol) and EDCI
(344 mg, 1.79 mmol). After 16h at 18°C, a 1M aqueous solution of tartaric acid
(20 ml) was added to the reaction mixture and then it was extracted with ethyl acetate
(3 x 30ml). The combined organic layers were washed with sodium bicarbonate
(50 ml), water (50 ml) and brine (50 ml), dried over magnesium sulfate and filtered.
The solvent was concentrated in vacuo to afford alight yellow oil which was purified by
column chromatography eluting with methanol/chloroform/triethylamine 1: 98: 1 to
yield 31 (460 mg, 1.31 mmol, 88%) as a white powder.

2.6.7
Synthesis of Ethyl (S)-N-(tert-Butoxycarbonyl)-a-(tert-butoxymethyl)proline Ester (36)

N OBu

1
Boc

A mixture of powdered cesium hydroxide (56 mg, 0.38 mmol) in dry dimethyl
sulfoxide (water <0.005%, 1.0 ml) was vigorously stirred (1000-1100 rpm) under an
argon atmosphere at 20 °C for 5 min. A solution of 34 (R=CH,0tBu, X=1, n=2)
(96 mg, 0.25 mmol) in dry dimethyl sulfoxide (1.5 ml) was added to the suspension at
20°C. After vigorously stirring (1000-1100 rpm) for 30 min, the reaction mixture was
poured into saturated aqueous ammonium chloride and extracted with ethyl acetate
(30ml). The organic phase was washed with saturated aqueous sodium bicarbonate
and brine, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue
was purified by preparative thin-layer chromatography (hexanes/ethyl acetate 3: 1)
and furnished 36 (57 mg, 0.22 mmol) in 89% yield and 93% e.e.

2.6.8
Synthesis of Proline N-Carboxyanhydride (49)

0O

.

)

1-Proline (0.5 g, 4.34 mmol) was suspended in dry THF (5 ml) in a round-bottomed
flask provided with a calcium chloride tube. The mixture was heated at 50 °C and
triphosgene (0.64 g, 2.16 mmol) was added in one portion. The reaction mixture was
stirred for 1h and then evaporated under reduced pressure. The oily residue was
dissolved in dry THF (5ml) and added onto polymer-supported amine DEAM-PS
(3 equiv.) which had been previously swollen in dry THF into a polypropylene syringe
fitted with a polyethylene filter disk and kept (and purged) under argon atmosphere
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for 3h (at room temperature). Proline N-carboxyanhydride was obtained by filtration,
washing with additional dry THF. The solvent was removed under reduced pressure
and the crude was recrystallized from ethyl acetate/hexanes, cooling it to —20°C, to
furnish 49 (0.57 g, 4.03 mmol) in 93% yield and 99% purity.

2.6.9
Synthesis of (25,4S)-2-Ferrocenyl-3-pivaloyl-4-methyl-1,3-oxazolidin-5-one (54b)

O

N
Oy \(F

tBu C

Molecular sieves (4A) and ferrocene carboxaldehyde (2.3g, 10.8 mmol) were
added to a solution of 1-alanine sodium salt (0.92 g, 10.3 mmol) in ethanol and the
resulting mixture was stirred at room temperature for 5 h. The sieves were removed
by filtration and the filtrate was concentrated in vacuo. The residue was suspended in
pentane, filtered, and dried in vacuo to yield an imine (3.00 g, 9.77 mmol), which was
suspended in dichloromethane with 4 A molecular sieves and the mixture was cooled
to —15°C. After dropwise addition of pivaloyl chloride (1.2ml, 9.77 mmol) in
dichloromethane, the reaction mixture was allowed to warm to room temperature
over 16h, and then it was filtered. The filtrate was concentrated in vacuo (avoiding
strong heating in order to prevent possible racemization). Several portions of diethyl
ether were added, and the mixture was then passed through a short plug of celite and
silica. The filtrate was removed under reduced pressure and the residue was
recrystallized from diethyl ether/pentane to afford 54b (3.42g, 9.28 mmol, 90%
yield, greater than 98% d.e.).

2.6.10
Synthesis of (6S)-6-Isopropyl-5-phenyl-3,6-dihydro-2H-1,4-oxazin-2-one (71)

)Io o
J
Ph N

To a solution of N,N'-dicyclohexylcarbodiimide (2.27 g, 11 mmol), N-Boc-glycine
(1.89 g, 10 mmol) and a catalytic amount of N, N-(dimethylamino)pyridine in dichlor-
omethane (25 ml) was added a solution of (R)-2-hydroxy-3-methyl-1-phenylbutanone
(1.78 g, 10 mmol) in dichloromethane (25 ml), and the mixture was stirred overnight
at room temperature. The resulting precipitate was filtered off, the filtrate was
concentrated in vacuo, and the residue was purified by column chromatography to
afford an ester (2.68g, 8 mmol), which was treated with a saturated solution of
hydrogen chloride in ethyl acetate (25ml) for 1h. The solvent was evaporated in
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vacuo, and the solid was washed with ether and filtered. The solid was dissolved in
dichloromethane (3 ml) and a solution of trimethylamine in dichloromethane (5 ml)
(obtained by extracting a sodium chloride saturated 45% solution of trimethylamine
in water (3 ml) with dichloromethane (6 ml)) was added. The resulting mixture was
stirred for 1h and then cooled to 0°C, hexane (8 ml) was added, and the precipitate
was filtered off and washed with a 1: 1 hexanes/dichloromethane mixture (2 x 5 ml).
The combined filtrates were evaporated in vacuo, affording oxazinone 71 (1.21g,
5.60 mmol, 56% yield).

2.6.11
Synthesis of (3S,6R)-6-Isopropyl-3-methyl-5-phenyl-1,2,3,6-tetrahydro-2-pyrazinone
(78)

H
)IN 0

I
Ph”” N7

A solution of ketone 77 (3.48 g, 10 mmol) in a 3 M solution of hydrogen chloride in
ethyl acetate (50 ml) was stirred for 1h. The solvent was evaporated, the residue
dissolved in hydrochloric acid (0.1 M, 10 ml), and the solution was washed with ether
(10 ml). The organic phase was discarded, and the aqueous phase was treated with
saturated solution of potassium carbonate (50 ml) and extracted with ethyl acetate
(3 x 15 ml). The organic layer was dried over sodium sulfate, filtered, and the solvent
was removed under reduced pressure to afford pyrazinone 78 (1.98 g, 8.6 mmol) as a
pale yellow oil in 86% yield.

2.6.12
Synthesis of (3S)-3,6-Dihydro-2,5-dimethoxy-3-isopropylpyrazine (85)

OMe
/g/\%N

OMe

Triethylamine (87.55g, 0.87 mol) was added to a suspension of glycine methyl
ester hydrochloride (55.44 g, 0.43 mol) in chloroform (500 ml) under nitrogen and
the reaction mixture was cooled to —78 °C. A solution of the anhydride derived from
L-valine (58.62 g, 0.41 mol) in THF (300 ml) was added dropwise over a period of 4h
resulting in the precipitation of triethylamine hydrochloride as a gelatinous white
solid. After stirring for 1 h at —78 °C, the reaction mixture was stored at —20 °C for
12h. The precipitate was removed by filtration through Celite and the filtrate was
concentrated in vacuo to afford a crude oil which was redissolved in THF (300 ml).
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Filtration through Celite and evaporation of the solvent gave a colorless unstable oil that
was refluxed in toluene (300 ml) for 24 h. The solvent was removed under reduced
pressure to provide a pink solid that was decolorized by treatment with charcoal in water
(300 ml), under reflux, for 1 h. After filtering off the charcoal the solvent was removed in
vacuo with the aid of ethanol (300 ml). The resulting solid was dried at 90 °C for 24 h to
provide 84 as a white powder (53.1 g, 79% yield). Trimethyloxonium tetrafluoroborate
(135 g, 915 mmol) and 84 (50 g, 320 mmol) were efficiently mixed together, as solids,
and then covered with dichloromethane (500 ml) under anatmosphere of nitrogen. The
heterogeneous reaction mixture was stirred atroom temperature for 72 h. The biphasic
mixture was then poured slowly, with rapid stirring and cooling, into a saturated
solution of sodium bicarbonate (750 ml) ensuring that the solution remained above pH
7.5. The resulting solution was extracted with dichloromethane (2 x 200 ml), filtered
through Celite, the organic layer dried over magnesium sulfate, and concentrated in
vacuo to afford 85 (45 g, 245 mmol, 77% yield) as a pale yellow oil.

2.6.13
Synthesis of (35)-1,2,3,4-Tetrahydroisoquinoline-3-carboxylic Acid (87)

CO,H
CCh

To a suspension of i-phenylalanine (5.0g, 0.03mol) in chloroform (50ml),
formaldehyde (27 ml) and concentrated hydrochloric acid (45 ml) were added drop-
wise, and the resulting mixture was stirred at 80-90°C for 10 h. After cooling the
reaction to room temperature, the precipitate was collected by filtration and washed
with water and acetone to afford 87 as a colorless powder (4.5 g, 0.025 mol, 84%).

2.6.14
Synthesis of Methyl (S)-N-tert-Butoxycarbonyl-2,2-dimethyloxazolidine-4-carboxylate
(109)

COzMe

O)<NBoc

Ester 108 (3.05 g, 13.9 mmol) was dissolved in a mixture of acetone (50 ml) and 2,2,-
dimethoxypropane (15 ml) to which boron trifluoride etherate (0.1 ml) was added.
The resulting solution was stirred at room temperature for 2h. The solvent was
removed under reduced pressure, the residual oil was taken up in dichloromethane
(50ml), and washed with a mixture of saturated sodium bicarbonate and water (1:1,
30ml) and brine (30ml). The organic layer was dried over magnesium sulfate,
filtered, and the solvent was removed in vacuo to give 109 as a pale yellow oil (3.28 g,
12.6 mmol, 91% yield).
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2.6.15
Synthesis of (25,6S)-2-tert-Butyl-1-carbobenzoxy-4-oxopyrimidin-6-carboxylic Acid
(126)

o\\I/YCOZH

HN N
\r ~CO.Bn
Bu

A slurry of r-asparagine monohydrate (6.17 g, 41.1 mmol) in water (4 ml) was
treated with KOH (2.30 g, 41.1 mmol) dissolved in water (6 ml). The slightly yellow
solution was heated to 60 °C and evaporated overnight under high vacuum (0.1 Torr),
producing a slightly yellow glassy solid. The solid was dissolved with absolute
methanol (63 ml), treated at room temperature with pivalaldehyde (5.1 ml, 46 mmol),
and heated at reflux with vigorous stirring for 6-8 h. Evaporation of solvent under
reduced pressure (50 Torr) and heat (60 °C) left behind an off-white lumpy solid that
was dissolved in aqueous solution of sodium bicarbonate (83 ml, 3.19 g, 41.1 mmol).
Benzyl chloroformate (7.28 ml, 49.3 mmol) was added dropwise to the ice-cooled
solution from a pressure equalizing dropping funnel. After stirring for 8 h at room
temperature, the mixture was quenched with 5% HCl (32ml, 46.0mmol) and
evaporated to one-third volume, whereupon a white precipitate was produced. The
slurry was extracted with ethyl acetate (100ml), and the aqueous layer was back-
extracted with 20% methanolic ethyl acetate (3 x 200 ml). The organic layers were
combined and dried over anhydrous magnesium sulfate. Filtration, evaporation of
the solvent and prolonged evacuation (1 Torr; 48 h) gave 126 as a white solid (11.0g,
32.9 mmol, 80% yield).
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3
Radical-Mediated Synthesis of a-Amino Acids and Peptides
Jan Deska

3.1
Introduction

The development of efficient and flexible methods for the preparation of ao-amino
acids and related peptides has been attracting considerable attention over the past
decades, and numerous different approaches have been explored, meeting the
challenges of regioselectivity issues, stereocontrol, and functional group tolerance.
Apart from the extensively exploited ionic reactions employing nucleophilic amino
acid enolates or electrophilic amino acid cation equivalents, the number of investiga-
tions towards radical-mediated procedures has steadily increased over the years.
Offering the benefits of strictly neutral conditions such as absence of racemization
hazards and compatibility with a wide range of functionalities, a variety of free radical
processes have been developed. The different approaches can be categorized in three
major strategies according to the nature of the amino acid precursors (Figure 3.1).
One field of research deals with the free radical formation of amino acid or peptide
building blocks, either at the a-carbon or the amino acid side-chain, and their
modification through appropriate trapping reactions. A second pathway includes the
radical additions to glyoxylate imine derivatives as radicalophilic glycine precursors.
In a third concept, a,p-dehydroamino acids are used as precursors, which are
modified via radical conjugate addition. The different theoretical considerations,
practical procedures, stereoselective solutions, and synthetic applications of the
respective strategies are discussed in the following sections.

3.2
Free Radical Reactions

One major strategy for the radical-mediated synthesis or modification of amino acids
deals with the generation of carbon-centered free radicals at either the a-carbon or the
amino acid side-chain, which are subsequently trapped by functional radical accep-
tors. The radical formation can be accomplished by either hydrogen atom abstraction
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1) amino acid free radicals 2) radical additionto 3 radical conjugate addition
glyoxylate imines to dehydroamino acids
radical /_\ R.
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Figure 3.1 Strategies for the radical-mediated synthesis or modification of a-amino acids.

or through radical degradation of functional groups present in the amino acid or
peptide building block.

3.2.1
Hydrogen Atom Transfer Reactions

Hydrogen transfer reactions offer certain advantages as they allow for the direct
substitution of nonactivated hydrogens both in carbon—carbon and carbon-
heteroatom coupling reactions. Although amino acids, and in particular peptides,
can exhibit a broad number of carbon-hydrogen bonds capable of undergoing
homolytic cleavage, a high degree of regio- and chemoselectivity is often observed.
In general, hydrogen atom transfer reactions show high selectivities to form the most
stabilized radical, which is in most cases the captodative a-carbon-centered radical.
Both with the amino function as the free base or as N-amido derivatives, the unpaired
spin density of a-carbon-centered amino acid radicals is extensively delocalized as a
combined resonance effect from the electron-withdrawing (capto) carboxy group and
the electron-donating (dative) amino or amido group, respectively. In contrast,
o-radical formation of protonated or quaternized amino acid derivatives is less
favored due to the lack of dative resonance stabilization (Figure 3.2) [1].

Easton et al. studied the radical formation behavior of different N-acyl amino acid
methyl esters and their relative stabilities [2]. Contrary to the expectation that tertiary
radicals are more stable than secondary ones, in the a-bromination reaction using N-
bromosuccinimide, the reaction of the glycine derivative was faster than the
bromination of corresponding alanine and valine derivatives. This phenomenon
has been attributed to the destabilizing effects of nonbonding interactions in the
different radical species. The stabilization of the captodative a-radical results from
overlap of the semioccupied p-orbital with the m-orbitals of the amido and the
methoxycarbonyl groups, which is maximal in a planar conformation. In comparison
to the glycinyl radical, the alaninyl radical will thereby be destabilized due to the
nonbonding interaction between the methyl side-chain and the amido oxygen; even
stronger destabilizing effects result from nonbonding interactions with the sterically
more demanding isopropyl group in the valinyl radical. By this means, N-methylation
causes also destabilization, so that both alanine and sarcosine derivatives show
comparable reaction rates; on the other, hand methyl pyroglutaminate, relatively free
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Figure 3.2 Resonance stabilization of amino, amido, and ammonium a-radicals.

of nonbonding interactions in the radical intermediate, reacts faster than the glycine
ester. See Figure 3.3.

These differences in reaction rates can be exploited in the selective modification of
glycine-containing peptide derivatives. In the pioneering work of Elad, the photo-
chemical alkylation of amino acids [3], peptides [4], and proteins [5] has been
investigated. Using an a-diketone together with di-tert-butylperoxide as the photo-
initiating system, tert-butoxy radicals are formed, which act as hydrogen-abstracting
species, leading to a-radical generation in both the peptide as well as in the alkylating
agent toluene and recombination of the peptide radical with the tolyl radical results in
the formation of a phenylalanine-valine dipeptide (2), although without significant
asymmetric induction from the adjacent valine moiety (Figure 3.4). Various alkylat-
ing agents were used such as methoxytoluene, fluorotoluene, 1-butene, and acetic
anhydride, yielding the corresponding tyrosine, fluorophenylalanine, norleucine, or
aspartic acid derivatives.

(0] XMe
pp ey OV
. OMe o) (H H o OQiPr
0 'T'> $ Ph)J\H)'\WOMe 0)(H Ph)J\H)'\WOMe
H .
o) o N)\H/OMe o)
MeXO
]

low nonbonding interaction high nonbonding interaction

Figure 3.3 Nonbonding interactions in different amino acid a-carbon-centered radicals.
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Figure 3.4 Photochemical peptide alkylation.

Easton et al. elaborated a two-step procedure for the preparation of allylated
peptides consisting of a regioselective radical bromination of glycine moieties in
dipeptides followed by a radical allylation employing allylstannanes [6]. Skrydstrup
et al. used potassium O-ethyl dithiocarbonate to trap the unstable a-bromoglycine
peptide intermediates forming peptidic o-xanthates, which served as o-radical
precursors in C-C coupling reactions such as radical allylations and radical additions
to olefins [7]. As in the case of Elad’s photoalkylation, the reactions with linear
peptides only reached modest diastereoselectivities. This limitation was overcome by
the use of N,N'-diacetyl-diketopiperazines [8]. The cyclic dipeptide 3, derived from
(S)-valine and glycine, reacted highly regio- and diastereoselective both in the
bromination and the allylation step to give the (R)-allylglycine derivative 5 in good
yield as a single stereoisomer (Figure 3.5).

Apart from the diastereocontrol in peptides, there have also been efforts to develop
stereoselective radical-mediated protocols for the enantioselective synthesis of single
amino acids by a-hydrogen atom transfer of glycine derivatives bearing chiral
auxiliaries attached either to the amine or the carboxyl group. In a fully radical-
mediated approach presented by Hamon et al., chiral a-brominated 8-phenylmenthyl
glycinate, derived via radical bromination of 6 [9], was treated with various allyl-
stannanes and the corresponding (S)-allylglycine derivatives were obtained in high
yield and excellent stereoselectivity (Figure 3.6) [10]. Furthermore propargyl- and

NBS /\/SnBu3

) Ac ) Ac o ) Ac
’INTO AIBN iNf AIBN /];N:io/\
0" N 0" N8B 0PN
Ac Ac Ac

CCl4/CH,CI; (1:1) r benzene, reflux
reflux

3 4, 86% yield 5, 60% yield, dr > 99:1

Figure 3.5 Radical bromination-allylation sequence of diketopiperazines.

)vSnBu?, /K
2e

NBS (1 eq) (2eq) s
hv AIBN (2 mol%) ;
O\H/\NHBOC O\H/\NHBoc
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Figure 3.6 8-Phenylmenthyl-controlled glycine allylation.
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Figure 3.7 Oxazolidinone-urea-controlled glycine allylation.

allenylstannanes were employed in this reaction, yielding the corresponding alkyne-
and allene-substituted amino acids, respectively.

Yamamoto et al. have used a chiral oxazolidinone-urea modified glycine ester in a
similar bromination—allylation approach [11]. Here, ZnCl, acts as radical initiator as
well as a chelating agent, indispensable for a fixed geometry and efficient shielding of
one face of the intermediate captodative glycine radical (Figure 3.7). Also in this
example, the allylglycine 9 was obtained in high yield, although with a slightly lower
degree of stereoselectivity.

Intramolecular a-alkylation procedures have been presented by Giese et al. [12] ina
series of stereoselective photocyclizations yielding cyclic amino acid derivatives. A
phenylketone moiety linked to the N- or C-terminal nitrogen of a glycine acts as an
internal radical initiator, which, after being excited, abstracts a hydrogen atom via 1,6-
hydrogen atom transfer from the glycine a-carbon. The biradical formed recombines
to give the cyclic amino acid. In an auxiliary controlled approach, a C2-symmetrical
pyrrolidine at the C-terminus forces the biradical into a conformation minimizing
the steric repulsion between the phenyl group and the auxiliary, resulting in a highly
selective recombination from the less hindered Re-face, leading to 3-hydroxyproline
derivative 11, which was isolated in good yield as a single diastereoisomer
(Figure 3.8) [12].

A related photocyclization could also be performed with dipeptides, in which the
adjacent side-chain of the C-terminal amino acid caused the asymmetric induc-
tion [13]. Radical formation occurred regioselectively at the glycine moiety, not only
due to the higher stability of the glycine radical (see above), but also determined by the
preferred conformation of the substrate, leading to the formation of conformationally
restricted peptide species 14 and 15 in good yield and high diastereoselectivity
(Figure 3.9).

Following the idea of a-carbon radical formation by intramolecular hydrogen atom
transfer, Wood et al. investigated the use of the 2-iodobenzoyl moiety as “protecting-
radical-translocating” group [14]. In an asymmetric approach exploiting Seebach’s
concept of “self-regenerating of stereocenters” [15], N-2-iodobenzoylated oxazoli-
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Figure 3.9 Constrained peptides via photocyclization.

dines, derived from enantiomerically pure 3-amino alcohols and pivalaldehyde, were
reacted with in situ generated Bu;SnH and acrylonitrile forming diastereomerically
pure N-benzoyl oxazolidines, which after hydrolysis and oxidation of the alcohol
yielded enantiomerically pure a,a-disubstituted amino acid derivatives (18)
(Figure 3.10). Hereby, the initially formed tributyltin radical abstracts iodine leaving
a phenyl radical moiety that undergoes 1,5-hydrogen atom transfer forming a carbon-
centered radical o to the nitrogen, which finally adds to acrylonitrile. Along with the
a,0-dialkylated product, reduced N-benzoyloxazolidine was obtained, caused by
undesired quenching of either the phenyl or the oxazolidine radical.

BusSnCl (0.15 eq)

O tBu NaBH3CN (2 eq)
s acrylonitrile (5 eq) NC
N~ O AIBN (4x 0.2 eq) —— )
- X
I g tBUOH, reflux BzHN~ ~COOH
16 18

17, 85% yield, dr > 99:1

Figure 3.10 lodobenzoyl as “radical-translocating” protective group.
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3.2.2
Functional Group Transformations

In contrast to hydrogen atom transfer reactions that usually generate prochiral
o-radicals and therefore require stereoselective solutions in order to obtain enantio-
merically pure amino acids, radical transformations can also be performed at the
amino acid side-chain, using side-chain functionalities for the radical generation
without affecting the stereochemical information present at the a-carbon.

In particular, the side-chain carboxylic acid function of aspartic and glutamic acid
derivatives has been the target for numerous investigations in the field of radical side-
chain modifications. For example, decarboxylative radical transformations of corre-
sponding Barton esters have been used to introduce heteroatoms into the amino acid
side-chain such as halides [16] or selenides [17], which subsequently were employed
as a handle for a variety of following reactions [18]. Further, it was possible to add the
intermediate carbon-centered radical to activated olefins such as acrylates, vinylsul-
fones, or nitroethylene forming new carbon—carbon bonds (Figure 3.11) [19].

A different kind of C—C coupling reaction of aspartic and glutamic acid derivatives
can be accomplished either by Kolbe electrolysis of the free acids or by photolytic
decomposition of related diacyl peroxides, both in a symmetrical or unsymmetrical
fashion. In both cases, carboxyl radicals are formed, which subsequently undergo
decarboxylation resulting in the formation of alkyl radicals. Recombination finally
yields the modified amino acid (Figure 3.12).

Kolbe electrolysis has been applied in the synthesis of the cystine isostere (S,S)-
diaminosuberic acid as well as for the preparation of (S, S)-diaminoadipic acid [20]. In
these homocoupling procedures, N-protected a-esters have been subjected to anodic
oxidation on a platinum electrode in the presence of catalytic amounts of sodium
methoxide giving rise to the amino acid dimers in moderate yield (Figure 3.13).
Attempts to perform electrolytic dimerization between two different glutaminic acid
derivatives led to the formation of mixtures of homo- and heterocoupling
products [21].

More successful heterocouplings were performed by Vederas et al. by photochem-
ical decomposition of diacyl peroxides (Figure 3.14) [22]. UV irradiation under
solvent-free conditions atlow temperatures generated the heterodimers in acceptable
yield without the formation of cross-over products. This method allowed for the
decarboxylative coupling between two amino acid derivatives, but also between
aspartic/glutamic acid and other kinds of acyl derivatives. Interestingly, even sub-

EtOOCJk/StBu

CozN O (P (5he‘1) CozHN
AN v Bnooc)\/ﬁ(COOEt

BnOOC
s THF, rt

19 20, 34% yield

Figure 3.11 Decarboxylative side-chain allylation.
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Figure 3.12 Radical decarboxylative coupling of aspartic and glutamic acids.

NHBoc NaOMe (3 mol%) NHBoc
Pt-anode
tBuOOC OH fBuOOC COO®Bu
(o] MeOH/pyridine (3:1), rt NHBoc
21 22, 38% yield

Figure 3.13  Electrolytic decarboxylative dimerization.

BocHN O NHCbz hv, 254 nm BocHN NHCbz
,O - —_— i
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Figure 3.14 Photolytic heterocoupling of diacyl peroxides.



3.2 Free Radical Reactions

Ph3Sn\v/ﬂ\v/OH

123

(3 eq) CbzHN NH,

CbzHN hv
| BnOOC OH

Et,0, rt
29 30, 70% yield
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Figure 3.15 lodine atom transfer radical coupling.

strates with chiral centers next to the decarboxylating acyl peroxide, forming prochiral
radical intermediates, could be coupled with significant retention of configuration,
which was attributed to the marginal mobility of the reactive partners at low
temperature.

Another amino acid that proved to be suitable for radical functional group
manipulations is serine. One possibility is the transformation of the side-chain
alcohol function into an iodide, which allows for subsequent iodine atom transfer
reactions. Both the groups of Kiyota [23] and Baldwin [24] employed serine-derived 3-
iodoalanine derivatives in the radical coupling with various allylic stannanes in the
synthesis of the unnatural amino acid tabtoxinine f3-lactam (31) (Figure 3.15).

Skrydstrup et al. extensively studied Sml,-promoted C-alkylations of small to
medium-sized peptides. Herein, serine acted as a handle to regioselectively introduce
the reducible pyridyl sulfide group by degradation to the a-acetoxyglycine using Pb
(OAc), and subsequent nucleophilic displacement with mercaptopyridine [25].
Alternatively this kind of a-activation was also achieved via Easton’s selective N-
bromosuccinimide bromination of glycine moieties [26]. In the C—C coupling step,
the peptidic a-pyridyl sulfide reacts with Sml,, forming a captodative glycine radical,
which is further reduced by a second equivalent of the lanthanide reagent. The
resulting chelated samarium enolate finally undergoes an aldol addition with
carbonyl compounds (Figure 3.16).

This method was applied to various linear as well as cyclic peptides and the
f-hydroxy amino acid-containing derivatives were obtained in generally good yield.
Surprisingly, and in contrast to related aldol reactions employing base-generated
peptide enolates [27], only a few examples showed significant stereochemical
induction caused by adjacent amino acids (Figure 3.17); more frequently, diastereo-
meric mixtures were obtained, which was attributed to the high flexibility in the
proposed seven-membered samarium enolate chelate.

I
o} 1) Sm”
\TVH\VJ\ Smi, XI(H\/ﬂ‘ smi, f/~b R)LR
X : R — ,/\
0 |N\ ; o) i
~  (2-Pynssml,

Figure 3.16 Mechanism for the Sml,-mediated reductive aldol addition.
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Figure 3.17 Sml,-promoted dipeptide alkylation via serine degradation.

33
Radical Addition to Imine Derivatives

As a second general pathway for the radical mediated synthesis of a-amino acids and
related compounds, the field of carbon-centered radical addition to C=N double
bonds, mostly imine derivatives, as radical acceptors has emerged rapidly in the past
years [28]. Though radical additions to aldimines often suffer from the low reactivity
of the C=N double bond, glyoxylate imine derivatives react already under very mild
conditions with nucleophilic carbon radicals to give the corresponding amino acid,
due to the activating, electron-withdrawing properties of the neighboring carboxyl
substituent. Further enhancement of the reactivity can be achieved by the addition of
Lewis acids, which coordinate to the imine nitrogen resulting in a lower lowest
unoccupied molecular orbital energy of the radical acceptor and a decreased electron
density at the iminyl carbon atom [29]. Thereby, different kinds of glyoxylate imines
such as oximes, hydrazones, nitrones, or simple imines can be applied.

Radical formation is usually accomplished by atom transfer processes using alkyl
halides together with an appropriate initiator. A variety of different initiator systems
such as tributyltin hydride [30] and Mo,(CO);¢ [31], as well as metallic zinc [32] and
indium [33], have been investigated, but the most widespread practice involves the
use of triethylborane or diethylzinc in the presence of air. Hereby, triethylborane
(alike diethylzinc) plays, simultaneously, the role of an initiator, activating complex-
ing reagent and chain transfer agent [34]. Initially, the borane reacts with oxygen to
form an ethyl radical, which undergoes iodine atom transfer with the alkyl iodide.
The so-provided alkyl radical adds to a preactivated imine-borane complex gener-
ating a N-boryl iminyl radical that finally liberates another ethyl radical (Figure 3.18).
Nevertheless, sometimes the formation of undesired ethylated side-products detract
from the benefits in using triethylborane (i.e., mild reaction conditions and the
absence of toxic metals).
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Figure 3.18 Multiple functions of triethylborane in the radical addition to glyoxylate imines.

3.3.1
Glyoxylate Imines as Radical Acceptors

Bertrand et al. studied the use of glyoxylate imines, prepared from chiral amines, in
the stereocontrolled, radical-mediated alkylation with alkyl halides. Different initiator
systems (Bu3SnH/2,2’-azobisisobutyronitrile (AIBN) [35], Et3B, or Et,Zn [36]) have
been investigated. In particular, diethylzinc turned out to be not only an appropriate
initiator, but also due to its ability to form bidentate substrate—zinc complexes it
allowed for high diastereoselectivities in the reaction with acyclic imine derivatives.
Several chiral methyl glyoxylate imines, derived from phenylethylamine, valinol, or
norephedrine, were reacted with secondary and tertiary alkyl iodides and diethylzinc,
yielding the desired amino acids in moderate-to-good diastereoselectivities. The best
stereocontrol was observed in the reaction with the O-methyl-norephedrine-derived
imine 35 and tert-butyl iodide giving rise to the (R)-tert-leucine derivative 36 in 69%
yield and 86% d.e. The origin for the high selectivity observed has been attributed to
an efficient Si-face shielding by formation of an N,O-chelate (Figure 3.19).

In a different strategy, not introducing the amino acid side-chain but the carbonyl
moiety in a radical addition step, in situ prepared imines were used as acceptors by

Ety;Zn (2 eq)

tBul (6 eq)
Ph i
N7 >COOMe ar /\COOMe

OMe CHCl, -40°C OMe M
35 36, 69% yield, dr = 14:1

\
O._Ph

qozi 1
3

MeOOC

Figure 3.19 Diethylzinc-mediated alkylation of imines.
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R = alkyl, alkenyl, aryl, heteroaryl
yield: 30 - 85%

Figure 3.20 Titanium-mediated three-component radical addition.

Porta et al. in a free-radical Strecker-related multicomponent reaction [37]. Initially, Ti
(III) reduces hydrogen peroxide to hydroxy radicals, abstracting hydrogen atoms
from formamide and generating carbamoyl radicals. The Lewis acidic Ti(IV) formed
initiates the condensation of an aldehyde with p-methoxyaniline and activates the
resulting p-methoxyphenyl imine, which is finally attacked by the nucleophilic
carbamoyl radical. This one-pot multicomponent reaction was applied to various
aliphatic, vinylic and aromatic aldehydes yielding the respective racemic a-amino
acid amides in moderate-to-good yields (Figure 3.20).

3.3.2
Oximes and Hydrazones as Radical Acceptors

Among the different types of glyoxylate imine derivatives used as radical acceptors,
oxime ethers and hydrazones are the most commonly applied ones. They provide an
additional stabilization of the intermediate aminyl radical due to the m-bonding
interaction of the adjacent heteroatom’s lone pair (Figure 3.21) [38]. Furthermore,
oxime ethers and hydrazones benefit from enhanced hydrolytic stability. However,
both acceptors require an additional step for the cleavage of the nitrogen—heteroatom
bond to yield the desired amino acid derivative.

Both glyoxylate oximes and hydrazones have been the target of extensive studies by
Naito et al. During the course of their investigations they explored different aspects
such as Lewis acid influence [39], solid-phase applications [40], and in situ generation
of the oxime ethers [41]. Asymmetric induction was achieved by using Oppolzer’s
camphorsultam as chiral auxiliary and high diastereoselectivities were obtained, both
with oxime ether 39 and hydrazone 41 [32, 38, 42]. The stereochemical outcome can

o R LR R
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R N&\E R,O\NJ\E R,O\. 7)\E R/O\H)\E
R R [ R R R R R R
/N\ . ..I +.I

RN E R’N‘I}IJ\E —_ R'N‘NH\E - R’N‘”)\E

Figure 3.21 Aminyl radical stabilization of oxime ethers and hydrazones.
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Figure 3.22 Radical additions to camphorsultam-derived oxime ethers and hydrazones.

be rationalized by a preferred conformation, shown below, in which dipolar inter-
actions between functional groups are minimized and radical attack from the less
hindered Re-face is favored (Figure 3.22). Scherrmann et al. successfully applied this
approach with more complex, sugar-derived alkyl iodides in the stereoselective
synthesis of C-glycosyl amino acids [43].

Instead of glyoxylic acceptors, Friestad et al. employed a pyruvate-derived ketimine
(43) bearing a chiral oxazolidinone moiety at the N-terminus, which can be used in
the stereoselective preparation of a,a-disubstituted amino acids [31]. Mo(CO)s-
radicals, formed by photolytic homolysis of Mn,(CO);, acted as initiator providing
alkyl radicals via iodine atom transfer. InCl; was used as the activating agent for the
hydrazone, among the different Lewis acids tested, and provided the best results both
in terms of yield and stereoselectivity. Primary and secondary iodoalkanes could be
employed, whereby especially secondary iodides gave the quaternary a-methylamino
acid derivatives such as the a-methylvaline ester 44 not only in high yields, but also
good stereoselectivities (Figure 3.23).

hv
Bn M (igrol)(5 ?? )1 ) Bn
ny 10 (1.7 eq S,
a N //L InCls (2.2 eq) o/ \N }
g N~ ~COOMe ' N~ ~COOMe
o CHoCly, 1t o M

43 44, 85% yield, dr = 12:1

Figure 3.23 Auxiliary-controlled stereoselective synthesis of o,a-disubstituted amino acids.
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Figure 3.24 Three-component condensation-radical addition of 1,3-dioxolanyl radicals.

Fernandez and Alonso applied the same auxiliary (45) in a different approach, not
introducing the amino acid side-chain in the radical addition step, but using the
photolytically generated 1,3-dioxolanyl radical as a synthon for the carboxyl group
(Figure 3.24) [44]. In a one-pot procedure, different alkyl- and arylaldehydes were
condensed with aminooxazolanone 45 and the hydrazones formed reacted subse-
quently under irradiation, in the presence of benzophenone as photoinitiator and
InCl; as activating Lewis acid, with the dioxolanyl radical, generated from the solvent
1,3-dioxolane. Thus, protected o-amino aldehyde derivatives were obtained in high
yield and moderate to high diastereoselectivities, which delivered the (R)-amino acids
after reductive cleavage of the N-N bond and oxidation of the dioxolane. The
photolytic generation of a-oxo carbon-centered radicals and their addition to imine
derivatives has also been used in a substrate-controlled approach in a formal total
synthesis of the polyhydroxylated amino acid (+ )-myriocin [45].

So far, asymmetric catalysis in radical additions remains an unsolved problem.
Attempts to conduct reactions in the presence of chiral Lewis acids suffer from the
lack of catalytic turnover, due to the fact that the amine formed during the reaction is
not released from the Lewis acid, since the imine represents a weaker ligand than the
product amino acid. However, Naito et al. took up the concept of asymmetric radical
additions controlled by chiral Lewis acids in a stoichiometric approach using a
bisoxazoline-modified magnesium complex as activating agent in a tin-mediated
alkylation of methyl glyoxylate oxime ether 48 [39]. In the presence of equimolar
amounts of MgBr, and the C2-symmetric bisoxazoline 49 the reaction to the (R)-
valine derivative 50 proceeded in excellent yield and moderate enantioselectivity
(Figure 3.25).

In this context, Cho and Jang reported the enantioselective radical addition to
glyoxylic oxime ethers mediated by quaternary ammonium hypophosphites derived
from cinchona alkaloids [46]. Under biphasic conditions, the reactions with second-
ary and tertiary alkyl iodides gave high yields and good to excellent enantioselec-
tivities and even the sterically highly demanding adamantyl radical reacted smoothly,
yielding the corresponding amino acid derivative in enantiomerically pure form,
depending on the cinchona species used as either (S)- or (R)-enantiomer
(Figure 3.26). However, in some cases the formation of substantial amounts of
ethylated side-product was observed. The stereoselectivity of the reaction is explained
by hydrogen bonding between the ammonium proton and the oxime nitrogen.
Together with a m-stacking interaction between benzyl ether and the quinoline
moiety, this results in an efficient shielding of one face of the oxime ether.
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Figure 3.25 Mg-bisoxazoline-mediated enantioselective radical addition to glyoxylate oxime

ethers.
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Figure 3.26 Cinchona-controlled enantioselective radical alkylation.
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333
Nitrones as Radical Acceptors

Like oxime ethers and hydrazones, nitrones also offer the additional stabilization of
the aminyl radical by the adjacent oxygen atom; however, there are only a few
examples for amino acid synthesis using nitrones as radical acceptors. Naito et al.
studied asymmetric Et;B-mediated iodine atom transfer reactions between alkylio-
dides and chiral glyoxylic nitrones [47]. Both acyclic camphorsultam-modified and
cyclic 1,2-diphenylaminoethanol-derived radical acceptors have been employed and
in either case a high degree of stereocontrol was achieved (Figure 3.27). Nevertheless,
the formation of O-alkylated side-products, low stability (in the case of the acyclic
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Figure 3.27 Auxiliary-controlled addition to nitrones.
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Figure 3.28 Amine a-carbamoylation.

derivative), and the need for high excesses of the alkylating agent, up to its use as
solvent, make this method less attractive.

334
Isocyanates as Radical Acceptors

Yoshimitsu et al. reported on a method employing the addition of carbon centered
radicals to the C=N double bond of isocyanates as a related approach to the addition
toimine derivatives [48]. In contrast to the previous strategies, instead of introduction
of the amino acid side-chain the isocyanate serves as precursor for a carboxamide
group. Et3B is used as initiator abstracting hydrogen atoms from the o-carbon of
tertiary amines and the generated a-amino carbon radicals add to aromatic iso-
cyanates giving rise to amino acid anilides in moderate yield. This method was used
for the one-step synthesis of the anesthetic pipecolinic acid derivative mepivacaine
(59) from readily available materials (Figure 3.28).

3.4
Radical Conjugate Addition

Dehydroamino acids and related derivatives can act as radical acceptors using alkyl
halides or selenides as alkylating agents. The conjugate addition of nucleophilic alkyl
radicals proceeds generally with a high degree of regioselectivity at the B-carbon,
forming a captodatively stabilized a-radical [49]. The trapping of the a-radical is a
crucial step since it represents the stereodetermining factor in asymmetric amino
acid syntheses of this kind and is commonly accomplished by hydrogen atom
transfer using tin hydrides. Bu3SnH acts both as a quenching reagent for the amino
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Figure 3.29 Bu;SnH-mediated radical conjugate addition.

acid radical as well as a chain propagating agent, where the in situ formed tin radical
facilitates the generation of the reactive alkyl radical by atom transfer from alkyl
halides or selenides (Figure 3.29). Alternatively, alkylmercury halides can be used as a
direct alkylating agent via in situ generation of alkylmercury hydride species by
treatment with NaBH, [50].

The latter method has been applied by Crich et al. for the alkylation of dehydroa-
lanines [51] and dehydroalanine-containing di- and tripeptides [52], and a variety of
primary, secondary, and tertiary alkylmercury halides could be reacted in generally
high yields. Unfortunately, in the case of peptidic substrates, the stereochemical
induction from adjacent amino acids in the hydrogen atom transfer step was
relatively low (Figure 3.30).

High stereoselectivities could be obtained in intramolecular radical conjugate
additions of peptide derivatives. Colombo et al. described the diastereoselective
synthesis of conformationally restricted peptides via 7-endo-trig cyclization of substi-
tuted dehydroalanine-proline dipeptides (Figure 3.31) [53]. Selenoethyl or iodoethyl
side-chains in the 5-position of the proline served as a handle for the generation of the
carbon-centered radical using Bu3;SnH and AIBN yielding 7,5-fused bicyclic lactams
in good yield and excellent stereoselectivity. This method has also been used for the
synthesis of 8,5- [54] and 6,5-fused bicyclic systems; however, in the latter case lower
selectivities were observed.

0 H iPrHgCI (2.5 eq) 0 H
CszN\L)J\NJ%(N\Z/COOMe NaBH; (10 eq) CszN\L)J\N N._COOMe
: H o /E\ Ph/i H 0 /E\

o CH,Clo/H,0 (1:2), rt

6o 61, 88% yield, dr = 1.4:1

Figure 3.30 Conjugate addition to peptidic dehydroalanines.
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/\/& BusSnH
PhSe COOtBu AIBN

N

o benzene, 80°C AcHN o) COOtBu

NHAc
62 63, 61% yield, dr > 99:1

Figure 3.31 Synthesis of conformationally restricted dipeptides via 7-endo-trig cyclization.

OAc
AcO
Bu3SnH (2 eq)
OA 3
¢ AIBN (cat) OAc
J§ . A 0 AcO”],0
BocHN™ ~COOBn AcO toluene, 60°C
AcO Br
64 BocHN™~ “COOBn
65

66, 65% yield, dr = 3.8:1

Figure 3.32 Substrate-controlled synthesis of C-glycoamino acids.

Kessler et al. also used a tin-mediated method for the synthesis of C-glycoamino
acids and C-glycopeptides [55]. Herein, glycosyl bromides, derived from glucose,
galactose, and lactose, were reacted with dehydroalanine derivatives yielding the
a-configured C-glycosides in good yield. In this case, the newly introduced chiral
glycosyl group controlled the hydrogen transfer and moderate-to-good diastereos-
electivity was observed (Figure 3.32).

With the objective of attaining a better control over the stereochemical outcome of
radical conjugate addition reactions, different kinds of auxiliary controlled diaster-
eoselective methods have been employed. Beckwith et al. investigated the radical
addition to chiral 4-methyleneoxazolidin-5-ones [56]. Applying either tin-mediated
alkylations with alkyl iodides or reductive alkylmercury additions, in both cases good
yields and high diastereoselectivities were obtained. Great benefit in this method
arises from the fact that different nitrogen protecting groups can give rise to opposite
diastereomers, as a change as small as switching from benzoyl to phenylacetyl led to
a complete reversal in stereoselectivity from the trans (69) to cis product (70)
(Figure 3.33). Furthermore, this procedure has been extended to the application of

& CyHgCl o CyHgCl
/ o NaCNBHs R w NaCNBH; 0

— N O
N O THF, rt 0 Y THF, rt Ph/YNYo
O

tBu

\‘/ Bu
tBu R =Ph R = PhCH,
R= Ph: 67

% yield .
551 PhCH,: 68

70, 86% yield
dr=16:1

Figure 3.33 Complementary protective groups in additions to methyleneoxazolidinones.
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tBu

0]
NaBH3CN (2 eq)
\‘ fo' 5 9 BuzSnCl (0.3 eq) HN/QN o
N. O + Zj\)ﬁ AIBN (0.1eq) oA _ w
Cbz~
Y O~ 'N toluene, 60°C Cbz’N\‘/O
tBu K/I
4l 72 73, 51% yield, dr > 99:1

Figure 3.34 Nucleobase-modified amino acids via radical conjugate addition.

methyleneimidazolidinones as precursors for the enantioselective synthesis of
amino acid amides [57].

Enantiopure 4-methyleneoxazolidin-5-ones were later applied by other groups, for
example, as acceptors in the photolytic C-C coupling with alcohols and ethers [58] or
in the tin-mediated enantioselective synthesis of C-glycoamino acids [59]. Jones et al.
used this approach for the synthesis of nucleobase-modified amino acids by coupling
of iodoalkyl-substituted benzoyl-protected purine- and pyrimidine derivatives, giving
rise to the (debenzoylated) products in moderate yield but excellent stereoselectivity
(Figure 3.34) [60].

In another auxiliary-controlled approach, Chai and King described the use of
methylenediketopiperazines as radical acceptors [61]. Interestingly, even with the
relatively small methyl group as the stereoinducing element in this cyclic dipeptide
derivative (74), diastereopure radical addition products could be obtained in mod-
erate-to-good yields after reacting with either alkylmercury halides and NaBH, or
alkylhalides in presence of Bu3SnH (Figure 3.35).

Belokon et al. reported on the tin-mediated radical conjugate addition to dehy-
droalanine-nickel complexes, modified by a chiral proline-derived benzophenone
imine auxiliary [62]. Especially with bulky alkyl radicals, very high diastereomeric
excesses were observed, rationalized by an efficient Si-face shielding of the inter-
mediate a-radical in the square-planar nickel complex (Figure 3.36). The lower
selectivity observed for smaller radicals such as ethyl or benzyl could easily be
increased (up to 98% d.e.) by a subsequent NaOMe-catalyzed epimerization of the
diastereomeric mixture.

As an alternative to the use of auxiliaries, Sibi et al. developed an enantioselective
method employing stoichiometric amounts of a chiral Lewis acid derived from

hv Ph
o BnBr (13 eq) 0
BusSnH (1.2 eq)
Ac-N  N-Ac AIBN (cat) Ac-N  N-Ac
g benzene, rt o
74 75, 63% yield, dr > 99:1

Figure 3.35 Methylenediketopiperazines as chiral radical acceptors.
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tBuBr (13 eq) Ph 0
BusSnH (3.8 eq) ) /ng
AIBN (0.6
N\NI\N (0.6 eq) N~Ni—n
/ \—Ph
benzene, 80°C N
o

77, 90% yield, dr = 24:1

Figure 3.36 Auxiliary-controlled conjugate addition using dehydroalanine—nickel complexes.

Mg(ClOy,), and an appropriate bisoxazoline ligand (79), which acts as an activating
agent forming a seven-membered chelate with N-acyl dehydroalanine esters and
controls the stereoselectivity in the hydrogen atom transfer by shielding the Re-face
of the captodative radical [63]. Thus, alkylation with a series of alkyl halides using
Et;B/O, as radical initiator and Bu3;SnH as hydrogen atom donor could be
performed in good yields and moderate-to-good enantioselectivities (Figure 3.37).
The 2-naphthoyl protective group turned out to be crucial for high enantiomeric
excesses.

In radical conjugate additions, P-substituted dehydroamino acids, yielding
B-branched amino acids, have been rarely employed [64]. Castle and Srikanth
addressed this task by using a-nitroacrylamides and -esters as radical acceptors,
which were afterwards reduced to the corresponding amino acid derivatives [65]. In
an enantioselective approach related to Sibi’s bisoxazoline-magnesium procedure,
B-branched a-amino acids could be obtained in good yield with very high enantios-
electivities [66]. Unfortunately the syn/anti selectivity remained an unsolved problem
(Figure 3.38). Recently, the radical conjugate addition to a-nitroacrylamides has been
extended to peptidic acceptors, where moderate substrate stereocontrol was achieved
using Zn(OTf), as Lewis acid. This protocol has recently been applied in the total
synthesis of the bicyclic octapeptide celogentin C [67].

Etl (5 eq)
Mg(CIO4), (1.3 eq) )
o

9) 79 (1.3 eq) -
JL Bu3SnH (2 eq)

O N” 'COOMe  Et;B (6eq)/O; O N""coome
O 78 CH,Cly, -78°C O

OVX/Q 80, 72% yield, 85% ee
! (I

Figure 3.37 Mg-bisoxazoline-mediated enantioselective radical conjugate addition.
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iPrl (5 eq) o]
o) Mg(NTf2)2 (1 eq) 1) In
ON 82 (1 eq) HCI Cozrn NHBn
| NHBn BusSnH (2.5 eq) 2) CbzCl
EtsB (5eq)/ Oz Na,CO3
oMe  CHiCly, -78°C MeO
81 83, 65% yield, 97% ee, dr = 1.8:1
82 i o i

os
2-Naph  2-Naph

Figure 3.38 Mg-dibenzofuradiylphenyloxazoline-mediated addition to o-nitroacrylamides.

3.5
Conclusions

The field of radical-mediated methods for the synthesis and modification of amino
acids and peptides has steadily evolved during the past decades. A variety of different
complementary approaches has been established, offering versatile protocols dealing
with a-alkylation, side-chain modification, or de novo synthesis. Some of these
methods provide flexible and selective solutions for the construction of complex
amino acid building blocks with high synthetic value, and which have found their way
into natural product synthesis or application in the preparation of biologically active
compounds.

3.6
Experimental Protocols

3.6.1
Preparation of ((1R,2S,5R)-5-methyl-2-(1-methyl-l-phenylethyl)cyclohexyl 2-[(tert-
butoxycarbonyl)amino]-4-methyl-pent-4-enoate) (7)

o H
NHBoc
Ph\gA

A solution of the bromoglycine derivative (91 mg, 0.193 mmol), tri-n-butyl(2-
methyl-2-propenyl)stannane (133 mg, 0.386 mmol) and AIBN (about 1 mg) in dry
benzene (0.68 ml) was let stand at 20 °C for 16 h. The benzene was evaporated at
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reduced pressure and the residue was chromatographed on silica to give 7 (69 mg,
81%). High-performance liquid chromatography (HPLC) analysis indicated the
presence of two components in a 95: 5 ratio. 'H-nuclear magnetic resonance
(NMR): 8 =7.15-7.35 (m, 5H), 4.84 (dt, J=4.3, 10.7 Hz, 1H), 4.75 (s, 1H), 1.20
(s, 3H), 4.63 (s, 1H), 4.41 (d, ] = 8.3 Hz, 1H), 3.77 (m, 1H), 1.64 (s, 3H), 1.45 (s, 9H),
1.30 (s, 3H), 0.86 (d, J=6.4Hz, 3H); 3C-NMR: 6 =171.6, 154.9, 151.7, 140.9,
128.1, 125.3, 125.2, 113.9, 79.2, 75.7, 51.7, 50.2, 41.4, 40.4, 39.5, 34.5, 31.2, 29.0,
28.3, 26.4, 23.9, 21.9, 21.8; MS m/z: 443 (M "), 387 (M *-C,Hg); high-resolution
mass spectrometry (HRMS) calculated for C,;H,,NO, (M + H]™'): 444.311,
found: 444.313; analytically calculated for C,;H4;NO4: C 73.10, H 9.32, found:
C 72.70, H 9.03.

3.6.2
Synthesis of (25)-3-{(1R,2S)-2-[(N-bis-Boc)amino]-1-cyclopropyl}-2-benzyloxycarbo-
nylamino-propionic Acid Methyl Ester (26)

CbzHN

)\/A,\\N(Boc)z
MeOOC

A solution of 25 (40mg, 0.07 mmol) in CHCI; was transferred to a crystalli-
zation dish (150 mm x 75 mm) and the solvent was evaporated with the aid of dry
air, and finally purged with argon gas in order to generate a thin film of compound
at the bottom of the dish. The dish was then covered with a quartz plate, cooled to
—78°C, and photolyzed with 254 nm UV lamp (0.9 A) for 36 h. Purification of the
crude product by flash chromatography on silica gel (4: 1 hexanes/ethyl acetate)
provided 26 (16 mg, 47%) as clear colorless oil. [a]y = +11.1 (¢ 1, CHCl;); IR
(CHCl; cast) 3321, 1731, 1706, 1530cm™; 'H-NMR (CDCl;, 500 MHz): &
=7.36-7.26 (m, 5H), 7.01 (d, J=9.0Hz, 1H), 5.14 (d, 1H, J=12.5Hz), 5.08
(d, 1H, J=12.5 Hz), 4.53 (dt, 1H, J=4.5, 9.0 Hz), 3.70 (s, 3H), 2.41-2.38 (m, 1H),
2.06 (dt, 1H, J=4.5, 14.5), 1.61-1.56 (m, 1H), 1.45 (s, 18H), 0.96-0.90 (m, 1H),
0.77-0.73 (m, 1H), 0.66 (q, 1H, J=6.5Hz); *C-NMR (CDCl;, 100 MHz): &
=172.3, 156.4, 153.4, 136.7, 128.3, 127.8, 127.7, 82.7, 66.5, 53.4, 52.1, 34.5,
34.4, 279, 18.2, 14.5; HRMS (electrospray) calculated for C,sH3cN,OgNa:
515.2363, found 515.2361.

3.6.3
Synthesis of (3aR,6S,7aS)-hexahydro-8,8-dimethyl-1-[(2R)-3,3-dimethyl-1-ox0-2-(2,2-
diphenylhydrazino)butyl]-3H-3a,6-methano-2,1-benzisothiazole 2,2-dioxide (42)

Q H
NS Nopr,
S0, :

A
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To a micro tube containing 41 (50 mg, 0.11 mmol), tert-butyl iodide (101 mg,
0.55 mmol), zinc (50.3 mg, 0.77 mmol), and CH,CI, (0.1 ml) was added dropwise
aqueous saturated NH4CI (0.4 ml) at 20 °C over 5 min. After being stirred at the same
temperature for 22 h, the reaction mixture was diluted with 36% potassium sodium
(+ )-tartrate and then extracted with CH,Cl,. The organic phase was washed, dried
over MgSOy,, and concentrated at reduced pressure. Purification of the residue by
preparative thin-layer chromatography (hexane/EtOAc, 3: 1) afforded 42 as colorless
oil. [a]2, +50.6 (¢ 1.11, CHCly); IR (CHCls): 2958, 1685, 1589, 1467 cm™; 'H NMR
(CDCls): & =7.29-6.97 (m, 10H), 4.63 (brs, 1H), 4.11 (s, 1H), 3.66 (t, ] = 6.3 Hz, 1H),
3.43 (d, J=13.5Hgz, 1H), 3.37 (d, J=13.5 Hz, 1H), 2.05-2.01 (brm, 2H), 1.93-1.81
(brm, 3H), 1.35-1.20 (brm, 3H), 1.08 (m, 12H), 0.93 (s, 3H); 3C-NMR (CDCl):
0=174.1,149.3,128.7,122.6,121.4,69.3,65.9,53.2, 47.6,47.5, 44.5, 38.6, 35.8, 33.2,
27.1, 26.4, 20.6, 20.0. HRMS calculated for C,5H3,N303S (M *): 495.2554, found:
495.2546.

3.64
Synthesis of N-(2,6-diphenyl-methylpiperidine-2-carboxamide (59)

To a solution of 2,6-dimethylphenylisocyanate (58) (420ul, 3.0mmol) in N-
methylpiperidine (57) (12.8 ml, 105 mmol) was added Et;B (2.6 ml, 18 mmol) at
room temperature under an argon atmosphere. After removal of the argon
balloon, the reaction mixture was stirred at the same temperature with contin-
uous bubbling of dry air through a syringe needle with a balloon (flow rate: about
10-20 ml/h/mmol isocyanate) for 42h. MeOH (5 ml) was added and the mixture
was stirred at 60°C for an additional 12h without air admission. The reaction
mixture was concentrated under reduced pressure, diluted with CH,Cl,, and
transferred into a separatory funnel where it was acidified with 3N HCI and
extracted with CH,Cl,. The aqueous layer was carefully basified by portionwise
addition of solid Na,CO; and extracted with CH,Cl,. The combined organic
extracts were dried over K,COs, filtered, and concentrated. Silica gel chroma-
tography (MeOH/CH,Cl, 1: 60) yielded the pure 59 (381 mg, 52%) as colorless
prisms. Melting point: 149-151 °C (Et20/hexane); IR (KBr): v 3159, 1655cm ™ };
'H-NMR (300 MHz, CDCl3): 8 =8.04 (brs, 1H), 7.12-7.02 (m, 3H), 3.00 (brd, 1H,
J=11.5Hz), 2.66 (dd, 1H, J=3.3, 11.4 Hz), 2.42 (s, 3H), 2.25 (s, 6H), 2.20-2.07
(m, 2H), 1.83-1.51 (m, 4H), 1.36-1.21 (m, 1H); >C-NMR (75 MHz, CDCI3):
0=172.3, 134.9, 133.3, 128.0, 126.7, 69.8, 55.3, 45.1, 31.2, 25.2, 23.1, 18.6;
HRMS (electron ionization) calculated for C;5H,,N,0 (M ™): 246.1732, found:
246.1725.
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3.6.5
Synthesis of Methyl 2-(2-naphthylcarbonylamino)pentanoate (80)

A suspension of dehydroalanine derivative 78 (38 mg, 0.15 mmol), magnesium
perchlorate (45 mg, 0.2 mmol), and ligand 79 (71 mg, 0.2 mmol) in CH,Cl, (3 ml) was
stirred at room temperature for 1 h. During this time all the suspension dissolved to
provide a homogeneous solution. To this solution was added ethyl iodide (0.06 ml,
0.75 mmol), tributyltin hydride (0.1 ml, 0.3 mmol), and triethylborane (1 ml, 1 mmol,
1M inhexane) at —78 °C. The reaction vial was charged with oxygen. After stirring for
3hat—78°C, saturated aqueous NH,Cl (1 ml) was added. The mixture was extracted
with ether (10 ml). The organic layers were washed with water (2ml), saturated
aqueous potassium fluoride (3 ml x 3), and brine (3 ml). The mixture was poured into
silica gel and concentrated in vacuo. The silica gel was washed with hexane to remove
tin byproducts. It was further eluted with ether and the resulting organics were
concentrated in vacuo to give 126 mg of a colorless oil, which was chromatographed
over silica gel (10-20%, EtOAc/hexanes) to give 80 (30.7 mg, 72%). [a]p —26.2 (c0.97,
85% e.e., CH,Cl,); melting point: 107-108 °C; 'H-NMR (CDCl3, 500 MHz): § =8.33
(s, 1H), 7.82-7.98 (m, 5H), 7.52-7.62 (m, 2H), 6.84 (d, J = 7.3 Hz, 1H), 4.91 (m, 1H),
3.81 (s, 3H), 1.99 (m, 1H), 1.83 (m, 1H), 1.38-1.56 (m, 2H), 0.98 (t, ] = 7.3 Hz, 3H);
13C.NMR (125MHz, CDCl3): 6 =173.6, 167.3, 135.1, 132.8, 131.4, 129.2, 128.7,
128.0,127.8,127.0,123.8,52.8, 52.7, 35.1, 18.9, 14.0; Rr0.30 (30% EtOAc/hexanes);
analytically calculated for C;7H;9NO3: C 71.56, H 6.71, N 4.91, found: C 71.94, H
6.58, N 5.09; HPLC: tg 35.1 min (R-isomer); tg 48.4 min (S-isomer) [Chiralpak AD
(0.46 cm x 50 cm) hexane/iPrOH, 95: 5, 0.8 ml/min].
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4
Synthesis of f-Lactams (Cephalosporins) by Bioconversion

José Luis Barredo, Marta Rodriguez- Saiz, José Luis Adrio, and Arnold L. Demain

4.1
Introduction

Ring expansion of the five-membered thiazolidine ring of the intermediate penicillin
N to the six-membered dihydrothiazine ring of deacetoxycephalosporin C (DAOC)
(Figure 4.1) was discovered by Kohsaka and Demain [1] working with cell-free extracts
of Acremonium chrysogenum (formerly Cephalosporium acremonium). DAOC synthase
(deacetoxycephalosporin C synthaseDAOCS; also known as expandase) is a crucial
enzyme responsible for converting penicillins to cephalosporins. In cephalosporin
producers, A. chrysogenum and Streptomyces clavuligerus, expandase is an iron- and
a-ketoglutarate-dependent enzyme. In the bacterium, S. clavuligerus, the subsequent
hydroxylation of the methyl group of DAOC to give deacetylcephalosporin C (DAC) is
catalyzed by a closely related enzyme, DAC synthase (deacetylcephalosporin C
synthase DACS), whereas in the fungus A. chrysogenum, the activities of expandase
and hydroxylase reside in a single functional protein (Figure 4.1).

The bifunctional expandase of A. chrysogenum is a monomer with a molecular
weight of 41 kDa and an isoelectric point (pI) of 6.3 [2]. Itis a bifunctional enzyme that
catalyzes not only ring expansion but also the hydroxylation of the methyl group of
DAOC to DAC. Expandase exhibited properties of a-ketoglutarate-linked dioxy-
genases [3]. Ring expansion activity was markedly increased by ascorbic acid, Fe " *
[4, 5], a-ketoglutarate [4, 6], oxygen [6, 7], dithiothreitol (DTT), and ATP. The enzyme
showed an absolute requirement for o-ketoglutarate [4, 8-10] and this cosubstrate
could not be replaced by chemically related compounds such as a-ketoadipate,
pyruvate, oxaloacetate, glutamate, succinate, a-ketovalerate, or o-ketobutyrate
[11-13]. The properties of the expandase are similar to those of other o-ketogluta-
rate-dependent dioxygenases that incorporate one atom of oxygen into a-ketogluta-
rate to form succinate and the other atom into the product molecule. However,
expandase differs in that no oxygen atom appears in its ring expansion product,
DAOC. When isopenicillin N, penicillin G, penicillin V, ampicillin, and 6-amino-
penicillanic acid (6-APA) were tested as substrate analogs of penicillin N, no ring
expansion was observed [2, 11, 14].
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4.1 Introduction

Both activities of the fungal enzyme were evident when Fe** was replaced by Fe’ "
in the presence of a reducing agent; however, no activity was observed when Fe?* was
replaced by Mg?*, Ca®", Cu®", Ni**, Co*", Zn**, Na*, or K*. The K, value
obtained for penicillin N was 29 uM, whereas for o-ketoglutarate, it was 22 uM
[2, 11, 14]. Both activities were similarly sensitive to inhibition by metal chelators like
EDTA or o-phenanthroline, as would be expected with chelators of Fe** . Inhibition
by Zn®" and sulfhydryl reagents like p-hydroxymercuribenzoate (PHMB), 5,5'-
dithio-bis(2-nitrobenzoic acid) (DTNB), or N-ethylmaleimide (NEM) suggests that
at least one sulfhydryl group is essential for ring expansion activity.

In the fungus, the cephalosporin biosynthetic genes are located in two different
clusters on separate chromosomes [15-17]. One of them is formed by the genes
encoding the first two steps of the pathway, pchAB and pcbC [18], found on
chromosome VI, whereas the cluster containing the late genes (cefEF and cefG) is
located on chromosome II [19]. The two cef genes are oppositely oriented and
expressed from divergent promoters located within a 938-bp intergenic region [20].
Cloning of cefEF from A. chrysogenum in Escherichia coli was achieved using probes
based on amino acid sequences of fragments of the purified protein [21]. The results
obtained revealed an open reading frame of 996 bp encoding a protein of 332 amino
acids with a predicted molecular weight of 36 462 Da. However, the protein migrated
during sodium dodecylsulfate—polyacrylamide gel electrophoresis with an apparent
molecular weight of 40-41 kDa. This could be due to posttranslational modification.

Owing to the effectiveness of the cephalosporins against penicillin-resistant
pathogens, there has been great interest in producing large quantities of intermedi-
ates that can be used to prepare semisynthetic analogs of the natural cephalosporin C.
One such intermediate is 7-aminodeacetoxycephalosporanic acid (7-ADCA); another
is 7-aminocephalosporanic acid (7-ACA).

Industrial 7-ACA and 7-ADCA were traditionally produced by complex chemical
processes, which were expensive and environmentally unfriendly. New microbio-
logical procedures are now available, and are discussed in Sections 4.3 and 4.4,
respectively.

The development of recombinant DNA techniques and their application to
industrial microorganisms in the last few decades has led to the design of new

d
N

(Continued)

pathways. Epimerization of IPN to penicillin N
(PN) is catalyzed by IPNE, encoded by a single
gene (cefD) in Streptomyces, whereas two genes
(cefD1 and cefD2) encoding isopenicillinyl-CoA
ligase and isopenicillinyl-CoA epimerase are
involved in A. chrysogenum. Prokaryotic species
possess separate cefE and cefF genes and
enzymes (encoding DAOCS and DACS,
respectively) that convert penicillin N into
DAOC, which is then transformed into DAC. In
the fungus A. chrysogenum, the cefEF gene
encodes an enzyme with both DAOCS/DACS

activities, that directly biosynthesizes DAC from
penicillin N. DAC is finally converted into
cephalosporin C by the DAC-AT encoded by the
cefG gene. In the penicillin G pathway, the penDE
gene codes for IPN-AT, encoded by the penDE
gene, which exchanges the L-a-aminoadipic
acid side-chain of IPN by phenylacetic acid,
previously activated as phenylacetyl-CoA. cmcH,
cmcl, and cmgf genes code for enzymatic
activities involved in the last three steps of
cephamycin C biosynthesis: O-carbamoylation,
hydroxylation, and O-methylation.
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biosynthetic pathways and to the modification of existing pathways. This has resulted
in yield improvement of new molecules of interest.

The product of the expandase acting on penicillin G, deacetoxycephalosporin G
(DAOG), could be easily deacylated to 7-ADCA - the important compound for the
manufacture of many semisynthetic cephalosporins of medical use. Thus, a bio-
conversion of the inexpensive and available penicillin G to DAOG is of great
economic interest. Several research groups have reported on the narrow substrate
specificity and lack of detectable activity of expandase from S. clavuligerus on
inexpensive and available penicillins such as penicillin V and G produced by
Penicillium chrysogenum [1, 11, 22, 23]. However, progress has been made and these
developments are described in this chapter, which presents an overview on 3-lactam
synthesis by bioconversion to construct new and environmentally safer “green”
routes for commercially valuable cephalosporins and penicillins.

4.2
Biosynthetic Pathways of Cephalosporins and Penicillins

Cephalosporins are chemically characterized by a cephem nucleus composed of a
B-lactam ring fused to a dihydrothiazine ring (Figure 4.1). The different cephalo-
sporin derivatives are synthesized by side-chain substitutions from cephalosporin
C - a cephalosporin with low antibacterial activity, industrially produced by
submerged fermentation of A. chrysogenum.

The cephalosporin C biosynthetic pathway has been investigated in depth in A.
chrysogenum. The route begins with three enzymatic reactions common to
penicillins and cephalosporins (Figure 4.1). The first one is the condensation
of 1-cysteine and 1-a-aminoadipic acid to form the dipeptide 1-0-aminoadipyl-i-
cysteine (AC). Then, r-valine is epimerized to p-valine, activated, and condensed
with AC to form the tripeptide d-(t-a-aminoadipyl)-L-cysteinyl-p-valine (ACV)
[24, 25]. The first two reactions are catalyzed by the activity of ACV synthetase
(8-(1-a-aminoadipyl)-L-cysteinyl-p-valine synthetase; ACVS), encoded by the
pcbAB gene [18, 26]. The purified ACVS has a molecular weight of 360kDa and
was suggested to be a dimeric structure. Its activity is dependent on 1r-a-ami-
noadipic acid, 1-cysteine, ATP, and Mg+2 or Mn*2. The third reaction is the
cyclization of ACV to isopenicillin N (IPN) catalyzed by the IPN synthase
(isopenicillin N synthase IPNS or “cyclase”), encoded by the pchC gene [27].
IPNS has a molecular weight of 41 kDa [28], and is stimulated by Fe * 2, reducing
agents, and oxygen [10]. In A. chrysogenum, the IPN epimerase (isopenicillin N
epimerase; IPNE) activity, responsible for the epimerization of the r-a-aminoa-
dipic side-chain of IPN to the p-configuration of penicillin N, has been shown to
be a two-component protein system catalyzed by the enzymes isopenicillinyl-CoA
ligase and isopenicillinyl-CoA epimerase, encoded respectively by the cefD1 and
cefD2 genes [29, 30], whereas the single cefD gene encodes IPNE in cephamycin or
cephalosporin-producing bacteria, such as S. clavuligerus, Nocardia lactamdurans,
and Lysobacter lactamgenus [31-33].



4.3 Production of 7-ACA by A. chrysogenum

Although formerly, penicillin N and cephalosporin C were thought to be products
of different biosynthetic pathways, the discovery of ring expansion of penicillin N to
DAOC revealed the key step for a common pathway [1]. The ring expansion of
penicillin N to form DAOC is catalyzed by an a-ketoglutarate-dependent dioxygen-
ase, DAOCS (“expandase”) [1], requiring Fe'?, ascorbate [10], oxygen, and a-
ketoglutarate [6, 11]. DAOCS and the following enzyme of the pathway, DACS, are
encoded by separate genes in bacteria (cefE and cefF, respectively) [34, 35], but both
activities are present as a single protein encoded by the cefEF gene located on
chromosome II in A. chrysogenum [19, 21, 36, 37]. The DAOCS of S. clavuligerus is
a monomer of 34.6kDa [38] whose catalytic activity is stimulated by DTT and
ascorbate, but not by ATP. On the other hand, the fungal bifunctional DAOCS-DACS
enzyme is a monomer of 41 kDa with an isoelectric point of 6.3 [2]. It requires Fe "2,
a-ketoglutarate, and oxygen, and is stimulated by ascorbate, DTT, and ATP. Finally,
the hydroxymethyl group of DAC, located at C3, is acetylated by a DAC acetyltrans-
ferase (deacetylcephalosporin C acetyltransferase DAC-AT) encoded by the cefG
gene [20, 39] to biosynthesize cephalosporin C.

The genes of A. chrysogenum encoding the first two enzymes of the cephalosporin
biosynthetic pathway (pchAB and pcbC) are clustered in chromosome VII, whereas
the genes coding for the enzymes that catalyze the last two steps of the pathway (cefEF
and cefG) are clustered in chromosome I [40]. Both clusters are present as a single
copy per genome both in the wild-type and in the high cephalosporin-producing
strains of A. chrysogenum. Altered electrophoretic karyotypes as a result of chromo-
somal rearrangements have been described in industrial strains of A. chrysogenum
obtained by classical mutagenesis [41].

In the penicillin G biosynthetic pathway of P. chrysogenum, the activity of IPN
acetyltransferase (isopenicillin N acyltransferase; IPN-AT) [42], encoded by the
penDE gene of penicillin-producing fungi [43], exchanges the a-aminoadipyl
side-chain of IPN by aromatic acids such as phenylacetic or phenoxyacetic acids,
resulting in the biosynthesis of penicillin G or V, respectively [44]. This activity is
absent in A. chrysogenum and other cephalosporin producers because they lack a
gene homologous to penDE.

4.3
Production of 7-ACA by A. chrysogenum

The clinically important semisynthetic derivatives of cephalosporins are manu-
factured from 7-ACA and 7-ADCA. Important cephem antibiotics, such as cefa-
zolin and ceftizoxime, are chemically synthesized from 7-ACA [45, 46], whereas
production of oral cephem antibiotics, such as cefixime and cefdinir, utilizes as
starting material 7-aminodeacetylcephalosporanic acid (7-ADACA), obtained by
hydrolysis of 7-ACA [47, 48].

Industrial 7-ACA had been produced from cephalosporin C by a complex chemical
process using harmful and toxic reagents to obtain a crystallized product [49].
This procedure was very expensive because important environmental protection
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measures were required. As an alternative to the chemical process, a two-step
enzymatic procedure conducted in water was developed to convert cephalosporin
C into 7-ACA. This process involves the conversion of cephalosporin C into 7-8-(5-
carboxy-5-oxopentanamido)-cephalosporanic acid (ketoadipyl-7-ACA), catalyzed by
the activity of p-amino acid oxidase (DAO) [50, 51], and then, the ketoadipyl-7-ACA
reacts non-enzymatically with the hydrogen peroxide released in the previous
reaction to give 7-f-(4-carboxy-butanamido)-cephalosporanic acid (glutaryl-7-ACA).
Finally, the enzyme glutaryl acylase (GLA) hydrolyzes ketoadipyl-7-ACA and glutaryl-
7-ACA to yield 7-ACA [52, 53] (Figure 4.2).

A fusion of the genes encoding DAO and GLA was expressed in E. coli obtaining a
GLA-DAO protein, which includes both enzymatic activities and directly catalyzes
the conversion of cephalosporin C into 7-ACA, thus simplifying the bioconversion
process [54].

The industrial application of the two-step procedure has been implemented with
high overall yield [53]. The filtered cephalosporin C solution obtained from the
fermentation broth is sequentially treated with acrylic resins, including immobilized
DAO and GLA, to produce 7-ACA in a very cost-competitive and environmentally
friendly process. One of the major advantages of this enzymatic procedure over the
chemical method is the high selectivity of the enzymes in recognizing a specific
molecular group without interfering with any other reactive residues present in the
substrate. This avoids the use of dangerous and toxic reagents as protective groups in
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H H
HgNY\/\n/N S HOO\(\/\H/N S
CoH O j;r\‘;)\ CoH O j;l\'l/%
(o) (o)
HO,C  OAc o ho HO,C  OAc
Cephalosporin C 3+ M2t Ketoadipyl-7-ACA
DAO
H202
CO2 + H20
H
HoN S HOO\/\/\H/N S
! — Tl
o j)\ GLA o ﬁ)\
HO,C OAc HO,C OAc
ACA Glutaryl-7-ACA

Figure 4.2 Two-step enzymatic synthesis of 7-  ketoadipyl-7-ACA reacts nonenzymatically with
ACA from cephalosporin Cusing DAO and GLA.  hydrogen peroxide to form glutaryl-7-ACA.
Cephalosporin C is transformed into 7-f-(5- Finally, glutaryl-7-ACA is hydrolyzed to 7-ACA by
carboxy-5-oxopentanamido)-cephalosporanic GLA.

acid (ketoadipyl-7-ACA) by DAO and then the
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the reaction. In addition, the product can be easily purified and concentrated by
adsorption to resins, yielding highly pure 7-ACA. All these aspects make the
enzymatic process more efficient, less expensive, and more environmentally suitable
compared to the old chemical one.

This two-step enzymatic procedure for 7-ACA manufacturing involves an in vitro
enzymatic conversion catalyzed by DAO and GLA. Different microorganisms have
been reported as sources of DAO (e.g., Trigonopsis variabilis, Rhodotorula gracilis,
Fusarium solani, etc.) [55-57] and of GLA (Pseudomonas spp., Acinetobacter spp.,
etc.) [52, 53]. On the basis of this procedure, a 7-ACA biosynthetic gene cluster was
constructed in A. chrysogenum by the expression of the genes encoding DAO from F.
solani and GLA from Pseudomonas diminuta in an attempt to directly produce 7-ACA
by fermentation [57] (Figure 4.3a). The recombinant strains were able to produce
detectable amounts of 7-ACA plus two side-products, 7-ADACA and 7-ADCA,
probably synthesized from the biosynthetic intermediates DAC and DAOC, respec-
tively. Although the low amount of 7-ACA produced by the recombinant strain of A.
chrysogenum does not have commercial significance, this was the first report on direct
microbial production of 7-ACA, and it proved the feasibility of introducing new
biosynthetic capabilities into industrial microorganisms by combining fungal and
bacterial genes.

4.4
Production of 7-ADCA by A. chrysogenum

7-ADCA is used as a substrate for the production of cephalexin and cephadroxyl —
semisynthetic cephalosporins lacking the R2 side-chain at the C3 position. 7-ADCA
has been traditionally synthesized from {-lactams obtained by fermentation via a
complex chemical process that requires expensive reagents and prior purification of a
highly impure starting material before chemical treatment, generating significant
quantities of byproducts that could cause environmental problems [58]. The chemical
process is based on a multistep ring expansion of penicillin G produced by
fermentation of P. chrysogenum [59]. Chemical reactions are carried out in organic
solvents to protect the free carboxyl groups of the penicillin G, oxidize the sulfur atom
of the resulting intermediate, ring-expand the oxidized five-membered thiazolidine
ring, and hydrolyze the protected carboxyl moiety of DAOG (phenylacetyl-7-ADCA).
Finally, the phenylacetyl side-chain is enzymatically removed to give 7-ADCA using a
penicillin acylase.

Fermentative processes to replace the chemical pathway to 7-ADCA have been
developed in similar ways to those described above for 7-ACA to reduce costs and
environmental problems. Three biological routes for 7-ADCA production have been
described: the first one using P. chrysogenum [60], a second one based on A.
chrysogenum [61], and a third method by enzymatic expansion of penicillins into
cephalosporins [62, 63].

The development of a genetically modified A. chrysogenum strain for the biological
production of 7-ADCA was reported by Velasco et al. [61]. In this case, the cefEF gene
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4.5 Production of Penicillin G by A. chrysogenum

disruption of an industrial strain of A. chrysogenum led to transformants accumu-
lating large amounts of penicillin N. Further expression of the cefE gene from S.
clavuligerus under the control of the pchC promoter from P. chrysogenum caused in vivo
expansion of penicillin N into DAOC (Figure 4.3b). DAOC constitutes the starting
material for 7-ADCA production using the two-step enzymatic bioconversion involv-
ing the following: (i) DAO, which catalyzes the oxidative deamination of DAOC
to 7-B-(5-carboxy-5-oxopentanamido)-deacetoxycephalosporanic acid (ketoadipyl-7-
ADCA), (ii) the decarboxylation to glutaryl-7-ADCA by the side-product of the
reaction (hydrogen peroxide) [51], and (iii) the hydrolysis of glutaryl-7-ADCA to 7-
ADCA by GLA [52, 53]. In contrast to the data reported for recombinant strains of P.
chrysogenum expressing ring-expansion activity, no detectable contamination with
other cephalosporin intermediates occurs.

The process based on adipoyl-7-ADCA biosynthesis by a recombinant strain of P.
chrysogenum expressing the cefE gene of S. clavuligerus and further removal of the
adipoyl side-chain using a cephalosporin acylase [60] is described in Section 4.6. The
method of expanding the ring of penicillins into cephalosporins involves ring
expansion of the inexpensive penicillin G by S. clavuligerus cells or their expandase
toyield DAOG (phenylacetyl-7-ADCA), followed by removal of the phenylacetyl side-
chain yielding DAOC [62, 63]. As described above, DAOC can be enzymatically
converted to 7-ADCA. This process is discussed in Section 4.7.

Using the above approaches, the entire synthesis of 7-ADCA is carried out avoiding
chemical steps, and constitutes a very efficient bioprocess from the industrial and
environmental points of view.

4.5
Production of Penicillin G by A. chrysogenum

The penDE gene of P. chrysogenum [43] encodes the enzymatic activity IPN-AT [42],
which exchanges the a-aminoadipyl side-chain of IPN by phenylacetic acid, resulting
in the biosynthesis of penicillin G. This activity is absent in A. chrysogenum and other
cephalosporin-producing microorganisms. The heterologous expression in A. chry-
sogenum of the penDE gene of P. chrysogenum caused simultaneous production of
benzylpenicillin (penicillin G) and cephalosporin C in phenylacetate-fed fermenta-
tions of the transformant strains [64]. The branching of the biosynthetic pathway at
the IPN step (Figure 4.1) lowered the cephalosporin C yield with an equivalent
production of B-lactams (cephalosporin C plus penicillin G). The relative amount of
each antibiotic was determined by the specific activities and substrate affinities of the
two competing enzymes IPNE and IPN-AT, showing a decrease in the cephalosporin
C level equivalent to the penicillin G synthesized. Northern analysis of the trans-
formants revealed a transcript corresponding to the penDE gene identical in size to
that of P. chrysogenum, showing that the three introns of the penDE gene were
properly processed by A. chrysogenum. This suitable heterologous expression of the
penDE gene under the control of its own promoter is in all probability due to the
conservation of the transcription signals and expression motifs in both filamentous
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fungi. A potential application of these transformants could be adipoyl-cephalosporin
production in adipate-fed fermentations [60] that could simplify the enzymatic
production of 7-ACA.

4.6
Production of Cephalosporins by P. chrysogenum

The genes of P. chrysogenum encoding the penicillin biosynthetic enzymes have been
characterized (Figure 4.1): pcbAB encoding ACVS [65, 66], pcbC encoding IPNS
[67, 68], penDE coding for IPN-AT [47], and phl encoding a phenylacetyl-CoA
ligase [69]. The first three genes are clustered together [65, 70, 71] in chromosome
I [72] and tandem amplified in penicillin-overproducing strains [73-75]. It is also
possible that some high-producing strains hold chromosome amplification and
segregate to lower-producing strains probably by chromosome losses [76]. Neverthe-
less, the phl gene is not linked to the penicillin gene cluster. Although the pheny-
lacetyl-CoA ligase encoded by the phl gene is involved in penicillin production, a
second aryl-CoA ligase appears to contribute partially to phenylacetic acid activation.

In silico analysis of the P. chrysogenum genome revealed the presence of a gene
called ial (IPN-AT-like, isopenicillin N acyltransferase-like IAL; Pc13g09140) initially
described as a paralog of the penDE gene [77]. Nevertheless, no activity related to
penicillin biosynthesis was detected for IAL. Sequence comparison between the P.
chrysogenum IAL, the Aspergillus nidulans IAL homolog, and the IPN-AT, revealed that
the lack of enzyme activity seems to be due to an alteration of the essential Ser309 in
the thioesterase active site. It is possible that the ial and pen DE genes might have been
formed from a single ancestral gene that became duplicated during evolution.

The penicillin production level of P. chrysogenum is higher than that of cephalo-
sporin production by A. chrysogenum [78]. This difference has led to the construction
of genetically-modified strains of P. chrysogenum producing cephalosporin C
derivatives.

Earlier studies reported the possibility of producing detectable amounts of DAOC
in P. chrysogenum by the heterologous expression of the cefD gene of S. lipmanii and
the cefE gene of S. clavuligerus, encoding IPNE and DAOCS, respectively [79]. The
enzymatic ring expansion of penicillin G was not possible in vivo, although low levels
of DAOC corresponding to expanded IPN were found in the fermentation broths
(Figure 4.3c).

Old experiments showed that feeding P. chrysogenum fermentations with adipic
acid (instead of phenylacetic or phenoxyacetic acids) as a side-chain precursor, forced
the fungus to biosynthesize adipoyl-6-APA (carboxy-n-butyl-penicillin) [80]. Adipoyl-
6-APA is a potential substrate of the DAOCS for the production of adipoyl-7-ADCA.
On the basis of this idea, Crawford et al. [60] expressed the cefE gene of S. clavuligerus
in an industrial strain of P. chrysogenum. As a result, significant amounts of adipoyl-7-
ADCA were produced by selected transformants and the adipoyl side-chain was
efficiently removed using a cephalosporin acylase from Pseudomonas (Figure 4.3e).
Physiological studies of the P. chrysogenum strain expressing DAOCS showed slightly
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lower productivity when compared to the penicillin-producing host [81]. Finally, an
industrial plant for the production of 7-ADCA using this technology was set up [82],
exemplifying the power of metabolic engineering for developing new fermentative
processes that are more competitive and environmentally friendly.

In a similar way, the cefEFand cefG genes (encoding DAOCS/DACS and DAC-AT,
respectively) from A. chrysogenum were expressed in P. chrysogenum and the
transformants, when grown in media containing adipic acid as the side-chain
precursor, carried out a novel and efficient bioprocess for production of adipoyl-
cephalosporins. Strains expressing DAOCS/DACS produced both adipoyl-7-ADCA
and adipoyl-7-ADAC, whereas strains expressing DAOCS/DACS and DAC-AT
produced adipoyl-7-ADCA, adipoyl-7-ADAC, and adipoyl-7-ACA. The adipoyl
side-chain of these cephalosporins was easily removed with a cephalosporin acylase
from Pseudomonas to yield the cephalosporin intermediates [60]. Although these
adipoyl-cephalosporins were obtained in relatively low yields, the authors stated
that application of classical strain improvement technology to the highest produc-
ing transformants resulted in significant further titer increases, thus forecasting a
commercial process.

DAC was produced by a mutant strain of P. chrysogenum lacking IPN-AT activity
(accumulating penicillin N) that was used as a host for the heterologous expression of
the genes cefD1, cefD2, cefEF, and cefG from A. chrysogenum [83]. The transformant
strains secreted significant amounts of DAC, but cephalosporin Cwas not detected in
the culture broths. High-performance liquid chromatography (HPLC) analysis of cell
extracts of three transformants showed that two of them accumulated DAC intra-
cellularly, and the third accumulated both DAC and cephalosporin C. Even when
accumulated intracellularly, cephalosporin C was not found in the culture broth
(Figure 4.3d)

4.7
Conversion of Penicillin G and other Penicillins to DAOG by Streptomyces clavuligerus

4.7.1
Expandase Proteins and Genes

The S. clavuligerus expandase is a monomer of 34 600 Da with two isoelectric points of
6.1 and 5.3 [38]. Based on a 22-residue N-terminal sequence of the purified protein,
the cefE gene coding for expandase was cloned and expressed in E. coli [34].
Comparison of this gene and the cefEF gene of A. chrysogenum showed 67% similarity,
whereas at the protein level there was 57% similarity. The bacterial protein is 21
amino acids shorter than the fungal enzyme. Purified expandase was not able to
expand isopenicillin N, penicillin G, penicillin V, ampicillin, or 6-APA [14, 38].
Based on the reported crystal structure of the S. clavuligerus expandase [84], a
mechanism for the formation of the reactive ferryl species, a catalytic intermediate
common to many nonheme oxygenases [85], was proposed. The apo-expandase, a
crystallographic trimer, reacts first with the iron, which is ligated by three protein
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ligands (His183, Asp185, and His243) and three solvent molecules, causing disso-
ciation of the apoenzyme into monomers — the catalytically active form. Then, the
cosubstrate a-ketoglutarate binds to the enzyme-Fe”", replacing two solvent mole-
cules around the iron, and allowing dioxygen binding. The ferryl form of expandase,
which reacts with penicillin N, is created by the splitting of dioxygen and oxidative
decarboxylation of o-ketoglutarate to succinate. Studies employing site-directed
mutagenesis were carried out to replace the residues His183, Aspl85, and
His243 [86]. Substitution at these sites completely abolished ring expansion, con-
firming that these residues are essential for catalysis.

The utilization of alternative cosubstrates for the ring expansion reaction was
investigated earlier [11, 13]. The expandase crystal structure revealed the arginine
residues within the active site, with Arg258 being involved in cosubstrate binding
[84, 87]. Site-directed mutagenesis of this residue resulted in mutant enzyme R258Q
whose activity was reduced in the presence of a-ketoglutarate, but could be fully
restored using aliphatic 2-oxoacids as alternative cosubstrates [88]. Wild-type expan-
dase has, at most, only traces of activity with the 2-oxoacids tested (other than
o-ketoglutarate and 2-oxoadipate). These results show that the side-chain of Arg258 is
a major determinant of the 2-oxoacid cosubstrate selectivity. The decrease in activity
of the R258Q mutant observed with a-ketoglutarate seems to be due to the loss of a
favorable ionic interaction between the 5-carboxyl group of a-ketoglutarate and the
guanidine group of Arg258.

The crystal structure of expandase has revealed the formation of a trimeric unit in
which the C-terminus of one expandase molecule is inserted into its neighbor in a
cyclical fashion [84, 87]. Further studies suggested that residues located at the C-
terminus might be involved in orienting and/or binding of the penicillin substrates
during the reaction. Construction of different mutants with truncated C-termini
showed that deletion of up to 11 residues does not affect binding of a-ketoglutarate
but there were significant differences in the way in which the enzyme catalyzes
penicillin N oxidation as compared to penicillin G oxidation [88]. With penicillin N,
deletion of five to six residues did not significantly affect activity but when penicillin
G was used as substrate, activity was very much reduced.

Expandase is inactivated by compounds such as PHMB, DTNB, or NEM [38],
suggesting that atleast one sulfhydryl group may be important for structural integrity
and/or catalysis. Lee et al. [89] mutated three cysteine residues (Cys100, Cys155, and
Cys197) that were possible candidates for involvement in disulfide bond formation.
Mutation at these positions (singly or in combination) to alanine residues led to
mutant enzymes with activity on penicillin N.

Superimposition analysis of S. clavuligerus expandase and the A. nidulans IPNS
allowed Chin et al. [90] to identify several residues located in the substrate-binding
pocket of S. clavuligerus expandase. Four of them (R74, R160, R266, and N304) were
classified as the most hydrophilic. In order to modify the substrate specificity of
expandase towards hydrophilic penicillins, these four positions were selected for
single mutations to replace R (arginine) or N (asparagine) with L (leucine). Only
mutant enzyme N304L was able to convert the three substrates tested (penicillin G,
ampicillin, and amoxicillin) and improvements in ring expansion activity from 5- to
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40-fold were observed relative to wild-type expandase. The improved enzymatic
activity shown by this mutant could be due to the orientation of the L residue at the C-
terminus guiding the entrance of the substrate into the catalytic center of expandase,
confirming the proposal made by Lee et al. [88] that modifications at this part of the
enzyme might be involved in orienting and/or binding of the penicillin substrates
during the reaction.

Cloning and expression of the Nocardia lactamdurans cefE gene in Streptomyces
lividans revealed an enzyme of 34 532 Da and an isoelectric point of 4.9 [32]. The gene
has high similarity to the genes of S. clavuligerus (74.7%) and A. chrysogenum (69.2%).
At the protein level, there is also high similarity to the expandase of S. clavuligerus
(70.4%) and the expandase/hydroxylase of A. chrysogenum (59.5%). This expandase
also showed a high specificity for the nature of the side-chain and only penicillin N
was expanded.

4.7.2
Bioconversion of Penicillin G to DAOG

When IPN, penicillin G, penicillin V, ampicillin, carboxy-n-butyl penicillin, and 6-
APA were tested as substrate analogs [2, 11, 14], no ring expansion by A. chrysogenum
expandase was observed.

The catalytic activity of the S. clavuligerus expandase requires o-ketoglutarate,
Fe’", and oxygen, and it is stimulated by DTT and ascorbate, but not by ATP
[14, 38, 91]. The synthase was equally active with Fe** or Fe*>" in the presence of
ascorbate and DTT; however, these metal ions could not be replaced by Mg?*, Ca®*,
Cu®™, Ni*", Co*", Zn’", Na™, or K. As mentioned above for the fungal
synthetase, the S. clavuligerus expandase activity is also very sensitive to metals
chelators such as EDTA or o-phenanthroline, and to sulfhydryl reagents like
PHMB, DTNB, and NEM. As was previously observed by other authors working
with cell-free extracts [8, 23], purified expandase was unable to expand IPN,
penicillin G, penicillin V, ampicillin, or 6-APA [14, 38].

4.7.3
Broadening the Substrate Specificity of Expandase

4.7.3.1 Resting Cells

S. clavuligerus NP1, a mutant producing only trace levels of cephalosporins [92], was
used, since the absence of significant levels of cephalosporins in this strain facilitated
detection of cephalosporins produced by ring expansion from added penicillins.
Mycelia were developed in two shaken stages of medium MST [93] and were washed
twice before being used for the reaction. The standard reaction mixture for expandase
action was that described by Maeda et al. [23] except that penicillin G replaced
penicillin N. Additions were made in the order established by Shen et al. [13]. At
various times during the shaking incubation, samples were taken, centrifuged to
remove cells, and supernatant fluids were assayed by the paper disk-agar diffusion
bioassay, using E. coli Ess (a B-lactam supersensitive mutant) [94]. The formation of

155



156

4 Synthesis of f-Lactams (Cephalosporins) by Bioconversion

DAOG was determined by inclusion of penicillinase in the assay agar (this narrow
spectrum f-lactamase attacks penicillins, but not cephalosporins) and measuring
zones of growth inhibition.

Although previous attempts by several research groups to expand the thiazoli-
dine ring of penicillin G and other penicillins had failed [1, 11, 23, 38], success was
achieved with resting cells of S. clavuligerus [95]. The cofactor requirements for
penicillin G expansion to DAOG were examined with resting cells of S. clavuligerus
NP1. When Fe?", a-ketoglutarate, or ascorbic acid was absent, the amount of
product obtained was about 30% of that in the control. On the other hand, ATP,
Mg”", K*, and DTTdid not play a significant role in the reaction with resting cells.
The omission of DTT actually increased production by 50%. When the a-ketoglu-
tarate concentration was raised from the previously used 0.64 [23] to 1.28 mM,
activity of resting cells was doubled. When the concentration of Fe”" was raised 45-
fold, the ring-expansion activity was markedly increased. The optimum ascorbate
concentration for conversion was found to be 4-8 mM. Maeda et al. [23] had used
5mM ascorbate and Liibbe et al. [96] had used 4 mM ascorbate for cell-free
conversion of penicillin N to DAOC. ATP did not improve resting cell activity
on penicillin G, whereas cell-free extracts acting on penicillin N had been
stimulated by ATP [32]. Increasing cell mass enhanced the concentration of DAOG
formed, the optimum concentration being 19 mg/ml. Higher cell concentrations
inhibited the reaction, probably because oxygen supply became limiting. In the
studies of Cho et al. [95], the buffer used for bioconversion had been 50 mM
Tris-HCl at pH 7.4. It was later found that 50 mM MOPS buffer or 50 mM HEPES
buffer at pH 6.5 improved activity [97]. Increasing the concentration of penicillin G
(from 2 mg/ml) increased the concentration of DAOG produced but decreased the
yield. Decreasing penicillin G concentration decreased the DAOG concentration
but increased yield from below 1% to as high as 16.5%.

To identify the products of the biotransformation, a HPLC system for the
separation of penicillin G, DAOG and DAG was used [98]. After 1 h of incubation,
two new peaks (at 3.65 and 15.3 min) appeared on the chromatogram. The 15.3-min
peak was DAOG but the 3.65-min peak was unidentified. During the subsequent 2 h
of biotransformation, these two peaks increased in size. No peak corresponding to
DAG was detected during the reaction. In S. clavuligerus, DAC is a precursor of three
compounds: O-carbamoyldeacetylcephalosporin C, 7-a-hydroxy-O-carbamoyldeace-
tylcephalosporin C, and cephamycin C. The new unidentified peak might represent
the phenylacetyl version of any one of these products.

4.7.3.2 Cell-Free Extracts

Using the high concentrations of FeSO, and o-ketoglutarate established for resting
cell conversion of penicillin G to DAOG, activity was observed with cell-free extracts.
Furthermore, high protein (6 mg/ml) and high substrate (5 mg/ml) concentrations
increased the concentration of product made. Using the conditions employed earlier
with penicillin N [95], in which protein concentration in the cell-free extracts was
1-2 mg/ml, only a low level of activity on penicillin G was observed. The penicillin G
concentrations previously used by Maeda et al. [23] were only 0.01-0.36 mg/ml. The
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importance of Fe* ", a-ketoglutarate, and ascorbic acid, and the lack of importance of
ATP, MgSO,, and KCI, mentioned above with resting cells, were also observed with
cell-free extracts. However, DTT did not decrease the activity of extracts on penicillin
G and was included in later experiments to protect the enzyme [99]. All 15 penicillins
tested were successfully bioconverted.

4.7.4
Inactivation of Expandase during the Ring-Expansion Reaction

The extent of expansion by S. clavuligerus extracts increased with increases in
concentration of both protein and substrate [95]. However, in all cases, including
purified recombinant expandase [100], the concentration of product increased during
the first 1-3h and then either remained stable or decreased. To determine if the
limiting factor after 2 h was the exhaustion of one or more components of the reaction
mixture, different concentrations and combinations of reaction constituents were
added to the reaction at 2h, but no additive was able to reactivate the system [101].
Lack of activity could not be attributed to enzyme instability during shaking.
Preincubation of the cell-free extracts under different conditions of temperature,
and agitation for 2 h did not affect subsequent ring expansion activity.

To determine whether one or more reaction mixture components might inactivate
the enzyme, the cell-free extract was preincubated for 2 h in the presence of different
reaction components. After this preincubation, the remaining reaction components
as well as the substrate (penicillin G) were added. The amount of product obtained
was markedly different depending on which component was present during pre-
incubation. When buffer alone was present, the subsequent reaction yielded up to
95% of the amount of product formed in the control reaction. When certain
individual components (FeSO,, ascorbate, a-ketoglutarate, MgSO,, or KCl) were
present during incubation, production remained between 64 and 85% of control.
However, when preincubation was with Fe’" plus ascorbic acid or Fe’* plus
o-ketoglutarate, no detectable product was obtained. The same phenomenon was
also observed with resting cells [97]. As with extracts, inactivation was not merely due
to the presence of oxidized Fe because when the normal bioconversion reaction was
carried out with Fe*" (as ferric sulfate) instead of Fe?", there was no inhibition.

Inactivation during aerobic incubation with Fe’" plus ascorbic acid and/or
o-ketoglutarate might have been due to formation of hydrogen peroxide
[102-104]. As for other a-ketoglutarate-dependent dioxygenases, expandase requires
a reducing agent in addition to a-ketoglutarate and iron. This requirement could be
fulfilled by several substances, but ascorbate is the most effective and is the reducing
agent usually used with this type of enzyme [105]. However, ascorbate can have
adverse effects, since incubation of some enzymes with ascorbate and oxygen leads to
rapid loss of enzymatic activity due to production of hydrogen peroxide during auto-
oxidation of this reducing agent [105, 106]. Catalase is known to stimulate the activity
of such enzymes [99]; however, when catalase was added to the preincubation mixture
with cell-free extract, no protection was observed [101]. Nevertheless, when 15 mM
hydrogen peroxide was added to a reaction mixture, activity was markedly reduced,
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and when catalase was also added, the inactivation due to peroxide was reversed,
indicating that inactivation normally observed with Fe** plus ascorbate was not due,
at least exclusively, to formation of hydrogen peroxide.

Oxygen-dependent inactivation of several key biosynthetic enzymes that involve
mixed-function oxidation systems has been reported [102]. These systems catalyze
synthesis of hydrogen peroxide and reduction of Fe** to Fe>*, followed by oxidation
of enzyme-bound Fe*" to generate oxygen radicals that attack a histidine (or other
oxidizable amino acids) at the metal-binding site of the enzyme. Golan-Goldhirst
et al. [107] reported that preincubation of different proteins in the presence of
ascorbate and copper (or iron) led to their inactivation due to the auto-oxidation of
ascorbic acid. In this reaction, four strong oxidant species were formed and, after
preincubation, changes in the amino acid composition of all proteins were observed.
There was a major loss of histidine (His183 and His243) and methionine residues,
which ligate ferrous ions (with Asp185) to give a catalytically active form [84].

In order to check if inactivation could be due to formation of reactive oxygen
species such as superoxide, the effects of different radical scavengers such as
mannitol, dimethylsulfoxide, as well as superoxide dismutase were examined.
However, none of these was able to reactivate the enzyme after preincubation [101].
Although DTT is not necessary in the enzymatic conversion of penicillin G [95], this
compound is known to stimulate the expandase activity of frozen crude extracts of S.
clavuligerus and A. chrysogenum on penicillin N [99]. However, neither this reagent nor
B-mercaptoethanol was able to stimulate the subsequent reaction with penicillin G
when added during preincubation with FeSO, and ascorbate [101].

4.7.5
Further Improvements in the Bioconversion of Penicillin G to DAOG

4.7.5.1 Stimulatory Effect of Growth in Ethanol

Biosynthesis of antibiotics rarely takes place during periods of rapid growth in rich
media [108]. Rather, their production occurs best under conditions of nutrient
imbalance brought about by limitation of carbon, nitrogen, or phosphorus and at
low growth rates. The discovery of heat shock-like proteins (GroEL-like proteins),
potentially important in antibiotic export and in the assembly of multienzyme
complexes for polyketide antibiotic synthesis in a variety of streptomycetes [109],
led to the first study on the relationship between non-nutritional stresses, such as
heat shock or ethanol treatment, and antibiotic biosynthesis [110]. In that study,
jadomycin production was induced by heat shock or by ethanol.

The effect of growth in the presence of alcohols of S. clavuligerus NP1 was
studied [98] with regard to the ability of resting cells to biotransform penicillin G
into cephalosporin-type antibiotics. Cultures upon growth showed the typical myce-
lial masses of tangled hyphae. However, when the growth medium was supplemen-
ted with ethanol, different morphologies were observed depending on the alcohol
concentration. In 1% ethanol, the hyphae were somewhat more dispersed, whereas
in 2% ethanol, the hyphae were extensively fragmented and dispersed. In the
presence of 1% ethanol or 1-2% methanol, growth extent was slightly less than
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normal, but with 2% ethanol, growth was severely restricted; higher concentrations
totally inhibited growth. Omission of starch from the growth medium led to a slight
increase in specific production of DAOG. When the medium was supplemented with
1% ethanol, there was a marked increase in specific production and a 6- to 7-fold
increase when 2% ethanol was added [98]. Addition of alcohols at later times during
growth (at 2, 6, and 12h) did not have any stimulatory effect.

The mechanism of alcohol stimulation on biotransformation of penicillin G
remains a mystery although it could be related to the known ability of ethanol to
trigger a heat-shock (stress) response [110-112]. Alternatively, growth in alcohol
might yield cells with increased membrane permeability. The morphological effects
observed could reflect this latter mechanism.

4.7.5.2 Use of Immobilized Cells
For bioprocessing purposes, increases in the stability of biocatalysts are quite often
achieved by immobilization of cells or enzymes [113, 114]. This technology is an
attractive alternative to the use of expensive free enzymes and cofactors and can
coordinate multistep enzymatic processes into a single operation. Furthermore,
fermentative biosynthesis of cephamycin C using immobilized cells of S. clavuligerus
NRRL 3585 had been accomplished [115]. Jensen et al. [116] reported on the
immobilization of B-lactam-synthesizing enzymes from the same wild-type culture.
However, neither of these early studies used penicillin substrates other than the
normal intermediate (i.e., penicillin N).

The oxidative ring expansion of penicillin G by free and entrapped resting cells of
S. clavuligerus NP1 was compared [117], and immobilized cells were found to
perform the expandase reaction more slowly and less extensively than free cells,
probably due to strong diffusional limitations. Both types of cells virtually ceased
production after 2h of reaction. Increasing resting cell concentration yielded
increased product formation although, again, the reaction markedly decreased in
rate after 2h. To examine multiple cycles of ring expansion, free or resting cells
immobilized by entrapment in polyethyleneimine-barium alginate were allowed to
carry out oxidative ring expansion for 2 h, followed by centrifugation in the cold for
5 min. The cells were washed with 50 mM MOPS (pH 6.5) and recentrifuged. The
expandase reaction was again initiated. Two-hour cycles were carried out up to 4
times with assays for product formation done at the end of each cycle. The activity of
free cells was reduced by about 60% from the first to the second cycle and was
completely lost after the second cycle. On the other hand, immobilized cells showed
only a small reduction of activity at each cycle and still had activity through four
cycles.

4.7.5.3 Elimination of Agitation and Addition of Water-Immiscible Solvents

Since inactivation of expandase was thought to be an oxidative process [89], the effect
of eliminating shaking during the ring expansion reaction was examined. It was
found that the bioconversion rate was lower but, more importantly, the conversion
yield increased [118]. The positive effect was observed with cells grown with or
without ethanol.
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Alarge number of different additives were tested for their effect on bioconversion
by resting cells. Polyethylene glycols, alginate, Tween 80, DTT, and pi-methionine
showed moderate or slight stimulatory effects [118]. Water-immiscible solvents were
tested because they often increase enzyme activity and stability, and prevent the
hydrolysis of the substrate or product [119, 120]. In order to check if they might
decrease the inactivation of expandase by Fe*" plus ascorbate or Fe>" plus a-keto-
glutarate, some of these solvents were added to the reaction. When compared to other
solvents used for enzyme catalyzed reactions, alkanes are often best because of their
high log P values (octanol/water partition coefficient) which are favorable for activity
and stability of cells and enzymes [121, 122]. Among them, n-decane has been
reported to have minimal deleterious effects on microbial viability [123]. Based on
these facts, the effect of adding n-decane to the reaction was examined [118]. Addition
of 32% (v/v) n-decane led to an increase in DAOG formation that was especially
significant in those reactions carried out without agitation.

A series of other solvents were compared to decane at the 32% concentration. n-
Butanol, dimethyl sulfoxide, dioxane, isopropyl alcohol, and cyclohexanol totally
inhibited the reaction [124]. Solvents that were as effective as n-decane were all
alkanes (i.e., hexane, heptane, octane, dodecane, and hexadecane).

4.7.5.4 Addition of Catalase

As mentioned above, oxidative inactivation of expandase during the ring-expansion
reaction by cofactors Fe? ", a-ketoglutarate, and ascorbate might possibly be due to
the formation of hydrogen peroxide and/or superoxide anion [87, 97]. The effect of
enzymes capable of destroying these types of compounds was studied [124].
Although addition of catalase or scavengers did not prevent inactivation with cell-
free extracts, a positive effect was surprisingly observed with resting cells. Addition of
catalase to the bioconversion system, conducted in the absence of agitation and in the
presence of 50% (v/v) hexane, was found to increase the bioconversion of penicillin G
to DAOG. When other enzymes such as peroxidase or superoxide dismutase were
added to the reaction, no enhancement was observed.

4.7.5.5 Recombinant S. clavuligerus Expandases

Expression of the S. clavuligerus NRRL 3585 cefE gene in E. coli was achieved for the
first time using the APy promoter [34] although the protein produced was predom-
inantly insoluble. Cloning under control of the T7 promoter using the pET expression
system resulted in production of large amounts of soluble expandase [86, 87, 100].
Although induction at 37 °C led to low levels of the glutathione—expandase fusion
protein (below 5% of total soluble protein), when cultures were induced at 20 and
28°C, high levels of recombinant protein were obtained (above 20% of total soluble
protein) [100]. Expression and secretion of this synthase was also achieved in a
eukaryotic background using the Pichia pastoris expression system [125].

The recombinant expandase obtained by Sim and Sim [100] was able to convert
penicillin G not only under the conditions reported by Cho et al. [95], where the
concentration of the two most important cofactors (FeSO, and a-ketoglutarate) were
1.8 and 1.28 mM, respectively, but also using the conditions used by Maeda et al. [23]
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with lower concentrations of both cofactors (0.04 and 0.64 mM, respectively). The rate
of conversion was 2-fold higher using the conditions of Cho et al. [95]. Ring expansion
activity was also observed when ampicillin, amoxicillin or penicillin V was used as
substrate [100, 126]. Studies on the effect of cofactors on ring expansion with
penicillin G or ampicillin as substrate revealed that Fe*" and a-ketoglutarate
omission results in more than 50% reduction of activity. Conversion of penicillin
G by recombinant expandase was enhanced by 11-fold when DTT was omitted [100].
On the other hand, omission of ascorbate had a greater negative effect on expandase
activity in resting cells of S. clavuligerus [95] than with the recombinant enzyme.
When both DTTand ascorbate were omitted in the ring expansion reaction using the
recombinant enzyme, the rate of conversion of penicillin G and ampicillin was
enhanced by 21- and 35-fold, respectively [100].

Further improvements in the conversion of hydrophobic penicillins were obtained
with a mutant enzyme in which the hydrophilic asparagine residue N304 was
replaced by leucine (a noncharged, hydrophobic amino acid) [90]. Using penicillin
G as substrate, an improvement of 83%, relative to that of wild-type S. clavuligerus
expandase activity, was observed. Further modifications by Chin and Sim [127]
involved the substitution of polar residues R306 and R307, also located at the C-
terminus of the enzyme, each with a hydrophobic leucine residue. This resulted in
improvements in the conversion of penicillin G of 102 and 24%, respectively. Further
substitution of the asparagine residue N304 was carried out with 18 aliphatic amino
acids in addition to leucine [128]. Substitution with alanine showed a 63% increase in
activity, whereas replacement with K (lysine) and R (arginine) yielded increases of 142
and 163%, respectively. Modifications of residue C281 to C281Y increased activity by
151%, and to C281F by 164% [129] whereas modification of N304 to N304K increased
activity by 137% and to N304R by 163%. Modification of 1305 to I305M raised activity
by 134%. Double mutations even had a greater effect as follows: C281Y N304A
=283% increase; V2751 N304K =194%; C281Y N304K =328%; C281Y N304M
=177%; V2751 N304R=281%; C281Y N304R =341%; V2751 1305M =320%;
C281Y I305M = 395%; and C281Y R307L = 234% increase. These studies have been
recently reviewed by Goo et al. [130].

Experiments by Wei et al. [131, 132] featured random mutagenesis followed by site-
directed mutagenesis, which produced three mutants (N304K, I1305L, and I1305M)
which possessed a 6- to 14-fold increase in k ./ K, values. Mutants were made with all
the possible combinations of these six sites, resulting in a double mutant (V275I,
1305M) with a 32-fold increase in ke, /K, and a 4-fold increase in penicillin G
conversion activity. They further isolated the triple mutant (V275I, C281Y, 1305M)
with a 12-fold increase in activity on penicillin G. The same group [133], using DNA
family shuffling of expandase genes from S. clavuligerus and newly isolated strains of
Streptomyces ambofaciens and Streptomyces chartreusis, obtained an enzyme with 118-
fold higher kc,/Ky, on penicillin G than the wild-type S. clavuligerus enzyme.

Based on the high degree of similarity at the nucleotide (74%) as well as at the
amino acid (70%) sequence levels between the expandase genes of S. clavuligerus and
N. lactamdurans [32], it was of interest to determine whether homologous recom-
bination (recombination between partially homologous sequences) could take place
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at a significant frequency between these two genes when cloned in the same
orientation on a plasmid. If so, hybrid expandases with potentially altered activity/
specificity could be generated in vivo. Studies were conducted by Adrio et al. [134]in a
recA™ E. coli strain. Seventeen colonies (27%) isolated after four rounds of propagation
in such a strain revealed that two major types of DNA rearrangements had occurred
in these plasmids. Sequencing of the cross-over junctions in representative recom-
binant plasmids showed that recombination had taken place in fully conserved
sequence stretches of 2-17bp at five different positions within the first 550 bp of
the chimeric cefE genes. All clones had undergone in-frame recombination events.

Recombination was also attempted in S. lividans 1326. A rapid screen to detect the
putative clones harboring a chimeric expandase gene was developed using as marker
the melC gene from Streptomyces glaucescens which encodes the black pigment
melanin [134]. Analysis of several white colonies (“melanin-negative”) revealed the
presence of plasmids of different sizes, ranging from 4 to 8 kb (the expected size was
6.3kb). When the ring expansion abilities of several of these recombinants were
determined, three white strains as well as controls (melanin-positive) showed activity
producing growth inhibition zones in the agar bioassay and a peak corresponding to
DAOG when analyzed by HPLC. Strain W25 produced approximately 20-fold more
DAOG than S. clavuligerus NP1 and even more than B18, which contains the two
intact cloned expandase genes [134].

When different growth conditions were tested for recombinant strain W25, it was
found that the best conversion was obtained with cells grown in MT4E medium (MT
medium plus 4% ethanol) for 1 day [135]. When the bioconversion was carried out
without shaking and in the presence of 50% (v/v) hexane, production was markedly
increased as previously observed for S. clavuligerus NP1 cells. The hybrid strain
performed better at 16-25 °C rather than at 28 °C. Furthermore, lowering the iron
concentration to 0.45mM and raising a-ketoglutarate concentration to 1.92mM
improved the activity of W25 cells. In a statistical study, the FeSO, concentration was
found to be the most important factor whereas ascorbate was the least. The 4-fold
lower iron concentration preferred by the hybrid culture is probably the main reason
for the improved bioconversion. This is based on the action of iron, not as cofactor in
the biological oxidation reaction, but more importantly, as an inactivator of the
expandase [101]. Catalase stimulated the bioconversion and could be replaced by the
inexpensive additive yeast extract, which contains a component known to destroy
hydrogen peroxide [136]. In a number of experiments, DAOG concentrations higher
than 200 mg/liter were obtained.

4.8
Conclusions

The directed evolution of DAOCS is providing new insights into the structure—
function relationship of the protein that should lead to further rational engineering
for new possibilities of manufacture of improved oral cephalosporins. In this sense,
metabolic engineering and classical strain improvement are being jointly used by the
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B-lactam industry to develop new processes for production of cephalosporins.
Additionally, the developments in functional genomics are improving the detailed
phenotypic characterization of the microorganisms, providing excellent information
to construct enhanced strains.

Since unwise recombinant DNA practices may have potential environmental
impacts, the natural response to the uncertainty of manipulating genetically modified
organisms (GMOs) was the development of regulations to prevent human health and
environmental risks prior to confined manipulation and/or field release of GMOs.
Knowledge and experience accumulated with GMOs have not revealed any particular
safety and/or environmental problems. These encouraging results will promote
deregulation programs to simplify the industrial application of many GMOs. The
power and potential of metabolic engineering is great, and it must be exploited wisely
and safely for the benefit of humans and the environment.
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5
Structure and Reactivity of f}-Lactams
Michael |I. Page

5.1
Introduction

B-Lactams are the four-membered ring condensation products of (3-amino acids.
Although they occur relatively rarely in nature, the naturally occurring f-lactam
antibiotics, such as the penicillins [1] and cephalosporins [2], are well known. Due to
this unusual occurrence, it is not surprising that the biological activity of these
compounds was initially attributed to the expected high chemical reactivity of the
four-membered f-lactam ring. Shortly after the introduction of penicillin to the
medical world it was suggested that the antibiotic’s activity was due to the inherent
strain of the four-membered ring [1] or to reduced amide resonance [2]. The latter
may occur because the butterfly shape of the penicillin molecule [3] prevents the
normal planar arrangement of the oxygen, carbon, and nitrogen atoms assumed to be
necessary for the effective delocalization of the nitrogen lone pair. Both of these ideas
are, of course, intuitively appealing and they remained unchallenged for several
decades. Indeed, these two proposals dominated the thoughts of many synthetic
chemists who were convinced that more effective antibiotics could be made by
making the p-lactam system more strained or nonplanar. However, there is little
evidence to show that the f-lactam in penicillin is unusually strained or that amide
resonance is inhibited.

1
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5.2
Structure

Amide resonance is usually depicted by the canonical forms [4] and [5].
+
s > —_N
o>_N\ 07 S

(4) ()

Any inhibition of amide resonance should make the amide resemble [4] at the
expense of [5], so that this would:

i) Increase the C—N bond length and decrease the C—N bond strength.
ii) Decrease the C=0 bond length and increase the C=0 bond strength.
iii) Decrease the positive charge density on nitrogen.

iv) Decrease the negative charge density on oxygen.

X-ray crystallography has been invaluable in providing detailed three-dimensional
structures of f-lactams and amides. Although the acyclic amide, acetamide, has C;
symmetry in the gas phase and solution, the carbonyl carbon is actually pyramida-
lized in the crystalline state [3]. The degree of coplanarity of the B-lactam nitrogen
with its three substituents can be expressed either by the perpendicular distance, h, of
the nitrogen from the plane of its substituents or by the sum of the bond angles about
nitrogen. The former is easier to visualize and the nitrogen ranges from being
essentially in the plane of its three substituents in monocyclic f-lactams to being
0.5 A out of the plane in bicyclic systems (Table 5.1). Until recently, it was assumed
that a more pyramidal nitrogen would decrease amide resonance and lead to
increased biological activity, consequently considerable effort was put into making

Table 5.1 Structural parameters of some B-lactams [5].

Compound c=0 Distance B-Lactam B-Lactam
stretch on N from C=0 bond C—N bond
(em™) plane h (A)  length (A) length (A)

Penicillins 1770-1790

Ampicillin 0.38 1.20 1.36

Benzylpenicillin 0.40 1.17 1.34

Phenoxymethylpenicillin 0.40 1.21 1.46

A>-Cephalosporins 1760-1790

Cephaloridine 0.24 1.21 1.38

A*-Cephalosporins 1750-1780

Phenoxymethyl A%-cephalosporin 0.06 1.22 1.34

Anhydropenicillins 1810

Phenoxymethylanhyropenicillin 0.41 1.18 1.42

MBLs 1730-1760 0 1.21 1.35

Amides 1600-1680 0 1.24 1.33
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nonplanar B-lactams. 1-Carba-1-penem shows one of the highest hvalues, 0.54 A, and
yet this compound is biologically inactive [4]. Furthermore, there is no direct
correlation between h values and chemical reactivity.

It has been claimed that the bond lengths seen in penicillins [1] and cephalospor-
ins [2] indicate the inhibition of amide resonance [6]. The C—N bond length of planar
monocyclic f-lactams (1.35 A) is generally longer than that of amides (1.33 A). The
converse is true for C=0 bond lengths, 1.24 A for amides compared with 1.21 A for
monocyclic f-lactams. In nonplanar penicillins and cephalosporins there is a general
trend for the C—N bond length to increase as the C=0 bond length decreases [6, 7],
but this trend is by no means linear. Bond lengths for C=0 vary from 1.17 to 1.24 A
and for C—N from 1.33 to 1.46 A, and there is a tendency for the C—N bond length to
increase with h.

It is not easy to explain these bond length differences. Penicillin V shows [8] the
longest C—N bond length of 1.46 A and yet the C=0 bond length is identical to that
commonly found in planar monocyclic f-lactams (1.21 A). In monocyclic f-lactams
the nitrogen is coplanar with its three substituents and yet the bond length
differences from those found in acyclic amides are also in the direction predicted
by inhibition of amide resonance. The degrees of nonplanarity in penicillin V and
ampicillin are similar (h=0.40 and 0.38 A, respectively), and yet the C—N bond
length in the former is 0.10 A longer than in the latter.

Structural data have also been used to support the suggestion that enamine
resonance is important in cephalosporins [2] and that this also reduces amide
resonance [6]. However, there is no significant difference in the C—O and C—N
bond lengths of cephalosporins from that general trend exhibited by penicillins. The
C(4)—N(5) of cephaloglycine is 1.51 A [9] which is longer than the expected value of
1.47 A for C—N. Furthermore, the C(4)—N(5) bond length in the A*-cephalosporin,
cephaloglycin, is longer than that of 1.45 A in A%.-cephems [9] and that of 1.46 A in
cephams [10] where enamine resonance cannot occur.

It appears that variations in bond lengths in penicillins and cephalosporins are
caused by the nature of substituents and the minimization of unfavorable strain
energies caused by the geometry of the molecule. To attribute these differences to the
inhibition of amide resonance seems speculative and is only supported by the
selection of examples.

The conformation of the substituent on nitrogen relative to the carbonyl group has
a significant effect on the carbonyl *C chemical shift in amides. For example, a
difference of 4 ppm is observed in the carbonyl 1*C resonances of the E- and Z-
isomers of N-methylformamide [11]. This reflects both steric and anisotropic
differences in the environment. The f-lactam carbonyl carbon usually resonates
between 160 and 167 ppmina '*C-nuclear magnetic resonance (NMR) spectrum [12].
This is in the same region in which the carbonyl resonance of formamide and its N-
methylated derivatives also appear [11]. The carbonyl resonances of five- or larger-
membered lactams appear between 170 and 180 ppm. Replacement of an alkyl
substituent on the B-lactam nitrogen by an aryl substituent causes shielding of the
lactam carbonyl resonance by about 4 ppm [12]. Dipole moment [13] and UV spectral
studies [14] indicate that the lone pair on the 3-lactam nitrogen is conjugated with the

7
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aromatic ring. This resonance interaction presumably alters the electron density at
the B-lactam carbonyl and could account for the shielding of the resonance due to that
carbon.

There is little variation in the chemical shifts of the B-lactam carbonyl carbon of
penicillins and cephalosporins [15]. The carbonyl carbon of the p-lactam in peni-
cillins resonates about 10 ppm to lower field than that in cephalosporins. Surpris-
ingly, the shifts in the biologically active A°- and the inactive A*cephalosporins are
similar [16]. Inhibition of amide resonance may be expected to make the carbonyl
carbon more electron deficient [17] and although the difference in chemical shifts
between penicillins and A*-cephalosporins support this proposal it is not apparent
from the A% to A*-cephalosporin comparison. In penicillins the nitrogen is 0.4 A
from the plane of its substituents compared with 0.2 A in A*-cephalosporins, whereas
the ceph-2-em systems are planar [18]. The similarity of the values of the *C shifts
found for the -lactam carbonyl carbons in ceph-3-ems and ceph-2-ems indicates that
the charge density and bond order at the carbonyl carbons in both systems is
approximately the same. 1>N-Chemical shifts of the B-lactam nitrogen in ceph-3-
ems are almost invariant (less than +1 ppm) with the nature of the substituent at
C(3) [19] and therefore also do not indicate significant enamine-type resonance in
these systems. Not surprisingly there is a large difference of 15 ppm in the 1N
chemical shifts of the f-lactam nitrogen in ceph-2-ems and ceph-3-ems. There is an
upfield shift of 30 ppm in the 3-lactam nitrogen on going from nonplanar penicillins
to planar ceph-2-ems [20] and yet increased amide conjugation in the planar system
would be expected to induce a downfield shift.

The B-lactam IR carbonyl stretching frequency has been regarded as an important
index for both inhibition of amide resonance and for investigating structure-activity
relationships of the f-lactam antibiotics [9, 21-23]. In normal penams the f3-lactam
carbonyl stretching frequency occurs in the 1770-1790 cm ™' range compared with
1730-1760 cm™"' monocyclic unfused B-lactams and about 1600-1680cm™" for
amides. In general, the nonplanar 3-cephems show higher stretching frequencies,
1786-1790 cm ™', than the planar 2-cephems, which absorb at 1750-1780 cm ™ '. The
frequency in cephalosporins increases by about 5cm ™! when the ring sulfur is
replaced by oxygen, but decreases by a similar amount when the 7-a-hydrogen is
substituted by the methoxy group [24]. Of course, the observed B-lactam frequency is
dependent on the conditions of measurement (KB, film, solution, etc.) which may
cause variations comparable with those produced by structural changes. There is a
tendency for a high carbonyl stretching frequency to be associated with a shorter
B-lactam C=0 bond length and a more pyramidal nitrogen. Furthermore, it has been
tempting to associate a high carbonyl stretching frequency with increased strain,
increased double bond character, and reduced amide resonance [7, 21, 25]. However,
the evidence again is ambiguous. Although selected examples may show some of
these inter-relationships there are many exceptions; for example, the carbonyl
stretching frequency for some penems decreases 20 cm ™' while the f-lactam nitrogen
becomes more pyramidal by 0.12 A [25].

Finally, the direct interpretation of carbonyl stretching frequencies in terms of
bond order or electron density distributions is not straightforward. Many subtle
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effects can alter the frequency even if the force constant for C=0 stretching, which is
presumably the best indicator of bond strength, remains constant. For example, in
the system X-C=O0 the carbonyl stretching frequency can be increased by decreasing
the C-X bond length, by increasing the C-X stretching force constant, or by
increasing the XCO bending force constant [26].

Theoretical geometry optimization of -lactams at a semiempirical level and a
limited ab initio study using minimal basis STO-3G calculations at fixed geome-
tries [27] underestimates valence angles at heteroatoms and is expected to exaggerate
the degree of nonplanarity in amides, while the split-valence 4-31G basis set
characteristically overestimates these valence angles and consequently overestimates
the tendency of amides to be planar. Given these reservations, the calculated STO-3G
energy of formamide in a penicillin-like geometry is only 2.8 kcal/mol higher than
the planar geometry [28]. Furthermore, in general, the geometrical parameters
associated with the B-lactam ring vary only slightly with changes in the hybridization
at nitrogen. An exception is the C—N bond length, which becomes longer as the
nitrogen becomes pyramidal. Formamide lies in a potential well, which is very flat
with respect to inversion at nitrogen. The inversion barrier is lower for molecules
favoring a large angle at nitrogen (amides) and higher for systems adopting a small
angle at nitrogen (e.g., aziridine) [29]. It appears that the nitrogen in amides can be
made pyramidal without severe changes in energy.

A final aspect of structural effects is the basicity of -lactam nitrogen. Inhibition of
amide resonance in [3-lactams is expected to increase localization of the lone pair on
nitrogen and so increase the basicity of nitrogen. It is well known that torsional strain
in amides can increase the basicity of nitrogen in amides. For example, 6,6-dimethyl-
1-azabicyclo[2.2.2]octan-2-one has the nitrogen lone pair almost orthogonal to the
carbonyl 7 system and amide resonance is consequently inhibited. Amides are
normally only very weakly basic and the pK, values of their conjugate acids are around
zero. By contrast, 6,6-dimethyl-1-azabicyclo[2.2.2]octan-2-one is half protonated at
pH 5.3, consistent with the increased basicity of the amide nitrogen [30].

Similarly, if amide resonance in penicillins is inhibited because of the pyramidal
nature of the B-lactam nitrogen, penicillins should also show enhanced basicity
compared with normal amides. There is no evidence to suggest that this is the case. In
fact, penicillins appear to show reduced basicity and cannot be detectably protonated
even in 12 M hydrochloric acid [31] and so N-protonated penicillins must have a pK,
below —5. An indication of increased nitrogen basicity would be a large binding
constant of penicillin to metal ions. However, the equilibrium constant for metal ion
coordination between the carboxyl group and fB-lactam nitrogen [6] is only about
100-200M " for Cu(Il), Zn(II), Ni(II), and Co(II) [32, 33]. This is the order of
magnitude expected for coordination between a normal amide and a carboxyl group.

RCONH s

JI<
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53
Reactivity

Nucleophilic substitution at the carbonyl group of an amide usually occurs in a
stepwise manner by initial formation of a tetrahedral intermediate (Scheme 5.1).
Conversion of the three-coordinate, sp>hybridized carbonyl carbon to a four-coor-
dinate sp>-hybridized carbon in the intermediate must be accompanied by the loss of
amide resonance. This contribution to the activation energy will be reduced if amide
resonance is inhibited and a rate enhancement is expected in such cases. Similarly,
the release of strain energy will increase the rate if the four-membered ring is opened
or has been opened in the transition state.

-o H+
NG\ _ N °=l/_|-|r!1
N AN ~
Nu Nu

0\) AN

Scheme 5.1

A simple reaction to see if either of these effects is apparent is the hydrolysis of the
[B-lactam antibiotics (Scheme 5.2). The rate of the alkaline hydrolysis of benzylpe-
nicillin, which opens the f-lactam ring to give benzylpenicilloate is similar to that of
ethyl acetate. The pK, of the protonated amine in the product is 5.2 and this weakly
basic nitrogen is expected to improve the leaving group ability of the amine relative to
more basic amines. Therefore, in order to assess any special reactivity of the f-lactam
antibiotics, the dependence of the rate of hydrolysis of simple amides and f-lactams
upon substituents must be known.

H,0
_—_—m
J o~ Wi

o N OH

Scheme 5.2

A Brensted plot of the logarithm of the second-order rate constants for the
hydroxide ion-catalyzed hydrolysis of acyclic amides, monocyclic B-lactams and
bicyclic B-lactams against the pK, of the leaving group amine (in its protonated
form) is a simple way to assess structure-reactivity relationships. The slope of these
plots gives the Brensted ;4 value, which for N-substituted acyclic amides and
anilides is only —0.07, as a result of the small dependence of reactivity on the
basicity of the leaving group. The Brensted {3;, is compatible with rate-limiting
breakdown of the tetrahedral intermediate, but is incompatible with rate-limiting
expulsion of the amine anion or with a transition state in which the nitrogen has a
unit positive charge (i.e., is fully protonated). The observations are consistent with
water acting as a general acid catalyst in the breakdown of the tetrahedral interme-
diate [31, 34]. By contrast the rates of alkaline hydrolysis of f-lactams exhibit a first-
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order dependence on hydroxide ion concentration and show a Brensted 3,4 value of
—0.44, which is indicative of rate-limiting formation of the tetrahedral
intermediate [35].

A consequence of the different dependence upon leaving group basicity for acyclic
amides and monocyclic f-lactams and different rate-limiting steps is that the
difference in reactivity of f-lactams compared with acyclic amides depends upon
the basicity of the leaving group amine. f3-Lactams of weakly basic amines are about
500-fold more reactive than an acyclic amide of the same amine but 3-lactams of basic
amines (pK, of RNH; " >7) are only slightly more reactive than analogous acyclic
amides. Crystallographic and spectroscopic evidence show that N-substituted f3-
lactams are planar and are resonance-stabilized similar to acyclic amides. The rate
enhancement of 30-500-fold shown by -lactams of amines of pK, < 6 is simply due
to relief of strain energy as the trigonal carbonyl carbon is converted to the tetrahedral
intermediate [36]. The magnitude is similar to the 500-fold faster rate of reduction of
cyclobutanone by borohydride compared with acetone [37]. The conversion of three-
to four-coordinate carbon in four-membered rings is accompanied by the release of
11.4kJ/mol of strain energy [36, 38]. A rate enhancement of 100-fold is therefore
expected in the conversion of the 3-lactam carbonyl carbon to a tetrahedral inter-
mediate compared with the same process in an acyclic amide. The rate of alkaline
hydrolysis of the simple N-methyl p-lactam is only 3-fold greater than that of N-
dimethyl B-lactam.

There is nothing unusual about the chemical reactivity of the monocyclic 3-lactam
antibiotics nocardicin and the monobactams, and the second-order rate constants for
their alkaline hydrolysis fit the Brensted plot for other monocyclic B-lactams [31].

The release of strain energy accompanying the opening of the fB-lactam ring
(26-29 kcal/mol) could increase the rate by up to 10> so, as f-lactams do not exhibit
enhanced reactivity, this energy must still be present in the transition state for the
hydrolysis of monocyclic f-lactams that is, there is little or no f-lactam C—N bond
fission in the transition state. Fusing the {3-lactam ring to a five-membered ring to
make bicyclic 1-aza-bicyclo[3.2.0]heptan-2-ones increases the reactivity by about 100-
fold but does not significantly change the Brensted 3,4 value, which is —0.55 for the
bicyclic system [31]. Although the rate enhancement is substantial, it is hardly of the
magnitude expected from the release of strain energy in opening a four-membered
ring or from a system in which amide resonance is significantly inhibited. Ring
opening does not lower the activation energy because the rate-limiting step for
the alkaline hydrolysis of penicillins is formation of the tetrahedral intermediate. The
Brensted (314 of —0.55 indicates that the nitrogen behaves as if it has no charge in
the transition state and has lost all of the expected 0.6 positive charge present in the
reactant resonance stabilized 3-lactam. This is compatible with a transition state that
very much resembles the tetrahedral intermediate.

In summary, both structure and reactivity do not indicate a significant degree of
inhibition of amide resonance in penicillins and cephalosporins. The bicyclic
B-lactam antibiotics do not exhibit exceptional chemical reactivity. Monocyclic
B-lactams of weakly basic amines can be as chemically reactive as penicillins and
cephalosporins, and it is not necessary to make the $-lactam part of a bicyclic system
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to have a reactive amide. A pyramidal geometry of the $-lactam nitrogen does not
necessarily give a chemically more reactive (3-lactam. Strained f-lactams are not
necessarily better antibiotics and biological activity is not directly related to chemical
reactivity.

5.4
Hydrolysis

5.4.1
Base Hydrolysis

It is well known that minor substituent changes in 3-lactam antibiotics can have a
dramatic effect upon antibacterial activity and susceptibility to 3-lactamase-catalyzed
hydrolysis. The mechanism of the alkaline hydrolysis of f-lactams was reviewed in
the previous section where it was shown that decreasing the basicity of the leaving
group amine increases the rate of alkaline hydrolysis of penicillins, which occurs with
rate-limiting formation of a tetrahedral intermediate. Electron-withdrawing substi-
tuents at C(6) in penicillins [1] also increase the rate of hydroxide ion hydrolysis and
give a Hammett g value of + 2.0 [31], which is only slightly less than the value of 2.7
for acyclic amides [39]. Substituents at C(6) affect the rate of nucleophilic substitution
by their effect upon both the electrophilicity of the carbonyl carbon and the leaving
group amine (Scheme 5.1). Although the acylamido side-chain at C(6) is important
for biological activity and increases the rate of alkaline hydrolysis 20-fold relative to
penicillanic acid, its effect on chemical reactivity is purely inductive. The carboxyl
group at C(3) is very important for biological activity and it could, in principle, actas a
general acid catalyst in the reaction of nucleophiles with penicillins. However [7],
there is no evidence that the carboxyl group facilitates hydrolysis and, as expected on
the basis of a purely inductive effect, the esterification of this group increases the rate
of reaction 10- to 100-fold [31, 32].

H ¢
Co” o
(7)

The replacement of the thiazolidine sulfur by CH, to give a carbapenam increases
the rate by a factor of 3, whereas substitution by oxygen as in the oxapenams increases
the rate about 5-fold as expected on the basis of an inductive effect. The incorporation
of a double bond into the thiazolidine ring of a penam to give the corresponding
penam system increases the rate of hydrolysis by about 25-fold. This is the order of
magnitude expected from the decrease in basicity of the leaving group amine brought
about by the introduction of a conjugated amine in the tetrahedral intermediate [31].
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Conversion of a A>-carbapenem to a A'-carbapenem similarly decreases the reactivity
25-fold [25].

The rate of the alkaline hydrolysis of penicillins is not greatly affected by ionic
strength, I, and the second-order rate constant increases by about 30% up to I =0.5M
(KCl) but is then independent of I up to I =4.0 M. Kinetic solvent isotope effects,
kon/kop = 0.65, for the alkaline hydrolysis of penicillins are consistent with rate-
limiting formation of the tetrahedral intermediate [32, 40].

The major structural differences between cephalosporins [2] and penicillins [1] are
that the five-membered thiazolidine ring of penicillins is replaced by a six-membered
dihydrothiazine ring in cephalosporins and that the degree of pyramidalization of
the B-lactam nitrogen is generally smaller in cephalosporins. In addition, many of
the cephalosporins [2] have a leaving group for example, acetate, pyridine and thiol, at
C(3') and expulsion of these groups occurs during the hydrolysis of the f-lactam
(Scheme 5.3) [41, 42].

RCONH

s ) RCONH g
Nu 2_" + L
N 2L o Nao
(o) Nu
CO,H CO,H
Scheme 5.3

There have been many suggestions [43], supported by theoretical calculations
[44, 45], that a nucleophilic attack on the B-lactam carbonyl carbon is concerted with
departure of the leaving group L at C(3'). It was thought that the presence of the
leaving group at C(3') enhanced chemical reactivity [46] and it was proposed that
biological activity is related to the leaving group ability of the C(3') substituent [47].
However, in general, the second-order rate constants for the hydroxide ion-catalyzed
hydrolysis of cephalosporins are similar to those of penicillins [31, 48)]. This similarity
indicates that the nonplanarity of the f3-lactam nitrogen does not significantly affect
amide resonance since the nitrogen is 0.4A out of the plane defined by its
substituents in penicillins [9] whereas in the cephalosporins it deviates by
0.2-0.3 A [6]. The kinetic similarity also indicates that having a leaving group at
C(3') does not significantly affect the reactivity of cephalosporins. The rate-limiting
step in the alkaline hydrolysis of cephalosporins appears to be formation of the
tetrahedral intermediate. Electron-withdrawing substituents attached to the f3-lactam
nitrogen increase the rate of hydrolysis and give a Brensted 314 of —0.6 [31]. In the
stepwise mechanism, breakdown of the tetrahedral intermediate generates the
enamine followed by expulsion of the leaving group at C(3’) to give the conjugated
imine (Scheme 5.3) [49]. Several experimental observations indicate that the reaction
is not concerted and that expulsion of the leaving group at C(3) occurs afier -lactam
ring opening.

The second-order rate constants for the hydroxide ion-catalyzed hydrolysis of
cephalosporins are correlated with o; for C3 substituents and give a Hammett g; of 2.5

177



178

5 Structure and Reactivity of f-Lactams

for CH,L and of 1.35 for L. Several substituents at C3 (e.g., CH3, H, and CH,CO,Et)
are not expelled during hydrolysis or cannot be expelled directly by a concerted
mechanism (e.g., Cl). Substituents that are and those that are not expelled are
controlled by the same linear free energy relationship [22, 31, 43]. Leaving groups of
different nucleofugalities [50] influence the rate of reaction only by their inductive
effect[31, 43]. A series of cephalosporins with substituted pyridines and thiol leaving
groups at C(3') covering a range of 10 pK, units show a Brensted 3,5 0f 0.1, showing
that there is little or no change in the effective charge on the leaving group on going
from the ground to the transition state. Finally, the conversion of the enamine
intermediate to the o,f-unsaturated imine product is reversible, and the addition
of thiolate anions to the hydrolysis products of cephalosporins generated using
[B-lactamase as a catalyst indicates that the enamine and o, 3-unsaturated imine are in
equilibrium [51, 52].

Some structure-reactivity effects are replacement of the dihydrothiazine sulfur by
oxygen, which increases the rate of alkaline hydrolysis about 6-fold [53], replacement
by CH, increases the rate of hydrolysis about 3-fold. It is interesting to note that this
increase in reactivity is accomplished by a decrease in the -lactam carbonyl stretching
frequency, which is contrary to the correlation described earlier [23]. Increased
antibacterial activity of 1-oxacephalosporins may result from a higher rate of
penetration through the bacterial cell membrane because of increased hydrophilic-
ity [S4]. The addition of a methyl, methoxy, or thiomethyl group at the 6-a-position of
penicillin results in a reduction in antibacterial activity, whereas the addition of a
7-a-methoxy group to a cephalosporin results in compounds that are better trans-
peptidase enzyme inhibitors, although they do not necessarily show better antibac-
terial properties [55]. Substituent changes in the 7-3-acylamido side-chain have little
effect upon chemical reactivity and yet can enormously change biological activity. For
example, the incorporation of a syn-oxime function, as in cefuroxime, confers both
high antibacterial activity and (3-lactamase resistance [56, 57]. The oxime substituent,
irrespective of its configuration, does not affect koyy for alkaline hydrolysis of the
[-lactam, but is highly enzyme specific. For example, the syn isomer is 35-fold less
reactive, as measured by k..;/ Ky, towards B-lactamase, whereas, the anti isomer is
twice as reactive compared with an analogous cephalosporin lacking the oxime
function [58].

5.4.2
Acid Hydrolysis

There is no significant spontaneous hydrolysis of benzylpenicillin, but the f3-lactam
does undergo an acid-catalyzed degradation. By contrast, cephalosporins do exhibit a
spontaneous pH-independent hydrolysis [31] and are less reactive towards acid than
penicillins by a factor of about 10*.

In addition to the expected hydrolysis product, benzylpenicilloic acid, the acid-
catalyzed degradation of benzylpenicillin gives benzylpenicillenic acid, benzylpena-
maldic acid, benzylpenillic acid, and benzylpenilloic acid. The proportion of each
product formed depends upon the pH [59, 60]. Although several kinetic studies have
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been reported on the degradation of penicillins in acidic media [61-64] there is still
uncertainty about the details of the reaction pathway. It has been proposed [31, 63]
that an oxazolone-thiazolidine intermediate, formed by nucleophilic attack of the
acylamido side-chain on the f-lactam carbonyl carbon, is the precursor of the
degradation products.

Unusually, the logarithms of the pseudo-first-order rate constants for the
hydrolysis of f-lactam antibiotics and derivatives increase linearly with decreasing
H, values up to —5 [31]. This behavior is not peculiar to bicyclic p-lactams since
monocyclic B-lactams show similar behavior [31, 65]. This is quite unlike the
behavior of other amides for which the rate of hydrolysis passes through a
maximum, attributed to complete conversion of the amide into its O-conjugate
acid and to decreasing water activity. Thermodynamically the most basic site for the
protonation of normal amides is oxygen and the pK, of O-protonated amides is 0 to
—3 [66]. The behavior of B-lactams towards acid hydrolysis indicates that neither
the amide nitrogen nor the oxygen is sufficiently basic for substantial conversion to
the conjugate acid and that the pK, for O- or N-protonation must be below —5. The
B-lactams are far less basic than normal amides for O-protonation and a different
mechanism of hydrolysis is operating. Similarly, cyclobutanones have a reduced
basicity compared with other ketones [67] and the very weak basicity of f-lactams
may have a similar origin [68]. The slopes of plots of the logarithms of the pseudo-
first-order rate constants against H, are —1 to —1.3 and, since water activity
decreases with increasing acidity, it appears that water is not involved in the
transition state. All of these observations are compatible with a unimolecular Al-
type mechanism with N-protonation of the f-lactam (Scheme 5.4). The introduc-
tion of the A1 mechanism must be an intrinsic property of f-lactams is probably
due to the enhanced rate of C—N bond fission that occurs in -lactams as a result of
the relief of ring strain [31].

L NH —— //+ N‘ H20 O=/_|
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Scheme 5.4

Electron-withdrawing substituents that cannot be involved in neighboring group
participation greatly retard the rate with a Hammett o; value of about —4.0 to —5.0
depending upon the acidity [31]. By contrast the effect of acyl substituents upon the
rate of acid-catalyzed hydrolysis of acyclic amides is small, with electron-withdrawing
substituents producing either a small increase or decrease in rate [39]. Electron-
withdrawing substituents in the amine portion of the B-lactam decrease the rate of
acid-catalyzed degradation of penicillins. The Brensted 3 value is about 0.35 [31]
compared with —0.26 for acyclic anilides and amides [69]. Although the effects of
substituents are not large, they are significant and in the opposite direction for
B-lactams compared with other amides, which again is indicative of a different
mechanism.
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Owing to the similarity of the rate constants for the degradation of benzylpenicillin
and its methyl ester there is no evidence for neighboring group participation of the
carboxy group in the fission of the B-lactam ring [31].

The acid hydrolysis of cephalosporins shows similar behavior to that of the
penicillins, but they are about 10*-fold less reactive [31]. Electron-withdrawing
substituents at C(7) in cephalosporins decrease the rate of acid hydrolysis and, as
for penicillins, the Hammett o; value is about —5, but there is no evidence for
neighboring group participation by the 7-acylamido group as seen for penicillins.
There is no obvious explanation of the difference in behavior between the cepha-
losporins and penicillins.

Similar to alkaline hydrolysis there is no evidence for the group at C(3') in
cephalosporins (acetate or pyridine) affecting the rate of reaction. In fact, the 3-
methyl derivative is more reactive than the cephalosporins with acetate or pyridine at
C(3'), which again indicates that expulsion of these groups is not important in the
rate-limiting step.

5.4.3
Spontaneous Hydrolysis

There is no significant pH-independent “uncatalyzed” hydrolysis of most penicillins.
By contrast, most cephalosporins show a pH-independent reaction between pH 3
and 7 with k, in the range 5 x 107 to 3 x 10 °s™' [48, 70]. The solvent kinetic
solvent isotope effect k™20 /kP2° is 0.93 [48] is not typical of a water-catalyzed
hydrolysis and the few penicillins that do show pH independent hydrolysis
exhibit a significant solvent isotope effect, k20 /kP2© is 4.5 [71].

5.4.4
Buffer-Catalyzed Hydrolysis

The hydrolysis of both penicillins and cephalosporins are often catalyzed by buffers.
The Bronsted plot for the hydrolysis of benzylpenicillin-catalyzed by oxygen bases
shows a nonlinear dependence on the basicity of the buffer, which is indicative of a
change in mechanism. The Brensted -value for weak bases is 0.39 and, together with
a solvent isotope effect k52 /kD2° of 2.1, is indicative of general base-catalyzed
hydrolysis. In contrast, the Brensted 3 value for bases whose conjugate acids have a
pK, above 7 is 0.95 and represents nucleophilic-catalyzed hydrolysis [5]. Evidence for
an intermediate ester formed during the reaction has been obtained with alkoxide
ions and phosphate dianion [72]. The mechanism of the reaction with alkoxide ions
probably proceeds by rate-limiting breakdown of the tetrahedral intermediate.

5.4.5
Metal lon-Catalyzed Hydrolysis

Transition metal ions cause an enormous increase in the rate of hydrolysis of
penicillins and cephalosporins [32, 33]. For example, Cu(II) ions can enhance the
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rate of hydrolysis of benzylpenicillin 10%-fold — a change in the half-ife from 11
weeks to 0.1s at pH 7. In the presence of excess metal ions, the observed apparent
first-order rate constants for the hydrolysis of the -lactam derivatives are first order
in hydroxide ion, but show a saturation phenomenon with respect to the concen-
tration of metal ion that is indicative of the formation of an antibiotic/metal ion
complex (Scheme 5.5)
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The rate of hydroxide ion-catalyzed hydrolysis of benzylpenicillin bound to metal
ion shows the following rate enhancements compared with the uncoordinated
substrate: Cu(Il), 8 x 107; Zn(Il), 4 x 10°; Ni(II), 4 x 10%; Co(II), 3 x 10*. The
analogous data for cephaloridine [32] are: Cu(Il), 3 x 10% Zn(II), 2 x 10°. The Cu
(II) ion coordinates to the carboxylate group and the f3-lactam nitrogen of benzylpe-
nicillin as shown in Scheme 5.5. Coordination occurring to the carboxylate group is
indicated because esterification of this group decreases the rate enhancement by a
factor of about 5 x 10°. It has been suggested that Cu(II) ions coordinate to the 6-
acylamino side-chain and the f3-lactam carbonyl group [73]. However, replacement of
the acylamino side-chain by the more basic amino group has little effect upon the
binding constant and the rate enhancement for the hydroxide ion-catalyzed hydro-
lysis for 6-aminopenicillanic acid is very similar to that for benzylpenicillin. Fur-
thermore, complete removal of the amido side-chain, as in penicillanic acid, also
gives similar binding constants and rate enhancements. It appears that Cu(Il) ions do
not bind to the amido side-chain in penicillins, and that coordination probably occurs
between the carboxylate oxygen and the B-lactam nitrogen [32, 74].

Cu(II) ions bind 10-fold more tightly to cephalosporins than to penicillins which
would be surprising if the sites of coordination were similar. Molecular models
indicate that one of the conformations of cephalosporins would be very suitable for
metal ion coordination between the carboxylate group and the p-lactam carbonyl
oxygen. Precipitation of the (3-lactam/metal ion complex in the presence of excess
ligand gives solids with different characteristics. For example, benzylpenicillin forms
a 1: 1 complex with both Cu(Il) and Zn(Il) in which the asymmetric stretching
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frequencies of the f-lactam carbonyl and the carboxylate are decreased by about
30cm™' compared with uncoordinated penicillin. The NMR spectrum of the
Zn(II) /benzylpenicillin complex shows a downfield shift for the C(3) hydrogen
consistent with the proposed mode of binding [75]. Cephalothin and 3-methyl-73-
phenylacetamidoceph-3-em-4-carboxylic acid form solid 2:1 complexes with tran-
sition metal ions in which both the asymmetric stretching frequency of the carbox-
ylate and the B-lactam carbonyl stretching frequency are decreased by 10-30cm ™!,
depending upon the nature of the metal ion. The NMR spectrum of the Zn(II)/
cephalothin complex shows a downfield shift of the C(7) hydrogen. The site of metal
ion coordination could be different for cephalosporins and involve the f-lactam
carbonyl oxygen, although the situation in solution may be different.

An important role of the metal ion in the hydroxide ion-catalyzed hydrolysis is to
stabilize the tetrahedral intermediate (Scheme 5.5). The hydroxide ion-catalyzed
hydrolysis of benzylpenicillin probably proceeds by the formation of the tetrahedral
intermediate and there is an enormous change in the basicity (more than 12 pK,
units) of the B-lactam nitrogen as it is converted from an amide to an amine. An
estimate of the binding constant of Cu(Il) ions to the tetrahedral intermediate of
10”2 M~ can be made from a comparison with model compounds [33]. The rate of
the hydroxide ion-catalyzed hydrolysis of Cu(Il)-bound benzylpenicillin is 8 x 107
faster than that of uncoordinated benzylpenicillin [32] so Cu(lI) ion stabilizes the
transition state by 13.9 kcal/mol compared with an estimated value of 9.8 kcal/mol
for the stabilization of the tetrahedral intermediate.

There is no correlation between the binding constant of the 3-lactam antibiotic
with the nature of the metal ion and the rate enhancement. The order of reactivity is
that of the Irving—Williams series: Co(II) < Ni(II) < Cu(Il) < Zn(II).

Cu(Il) ions bind about 10-fold more tightly to cephalosporins than to penicillins,
which, at first, seems surprising in view of the greater nonplanarity of the penicillin
molecule and so the assumed greater basicity of the -lactam nitrogen. The rate of
hydroxide ion-catalyzed hydrolysis of Cu(II)-bound cephaloridine is about 3 x 10*
fold faster than that for the uncoordinated compound, compared with a rate
enhancement of 8 x 107 seen for benzylpenicillin. The transition state for cepha-
loridine hydrolysis is stabilized by Cu(Il) ions about 100-fold less than that for
penicillin hydrolysis, but both transition states are greatly stabilized by the metal ion.
Again, ad hoc explanations for this difference may be found in the lower basicity of the
ring nitrogen in the tetrahedral intermediate formed from cephaloridine and/or a
less favorable geometry.

It has been suggested that a ternary complex is formed between benzylpenicillin,
Zn(I1) and Tris buffers and that hydrolysis occurs by intramolecular nucleophilic
attack of one of the coordinated buffer hydroxyl groups on the B-lactam [76, 77].

5.4.6
Micelle-Catalyzed Hydrolysis of Penicillins

The micelle-catalyzed hydrolysis of penicillins in alkaline solution is unusual because
it involves the reaction between two anions — the hydroxide ion and the negatively
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charged benzylpenicillin [78]. The acid-catalyzed degradation of penicillins is inhib-
ited in cationic micelles of cetyltrimethylammonium bromide (CTAB) [79] and, as
expected, neither anionic micelles of sodium dodecylsulfate nor polyoxyethylene
lauryl ether promote the hydroxide ion-catalyzed hydrolysis of benzylpenicillin [78].
There have been relatively few studies of the micellar-catalyzed hydrolysis of amides
and the effects are small [80].

In the presence of CTAB the pseudo-first-order rate constants for the alkaline
hydrolysis increase rapidly with surfactant concentration once above the critical
micelle concentration of the surfactant [81]. Increasing the surfactant concentra-
tion eventually leads to a slow decrease in the observed rate. This general shape of
surfactant-rate profile has been found for many bimolecular reactions catalyzed by
cationic micelles. However, unusually, the observed pseudo-first-order rate con-
stantis not independent of penicillin concentration. The binding constant between
the micelle and substrate is unlikely to change significantly with concentration, and
yet the lower the concentration of benzylpenicillin, the faster the rate increases and
the greater the maximal rate obtained — the rate maximum shifting to a lower
surfactant concentration. This observation could be explained if both hydroxide ion
and benzylpenicillin compete for the same types of sites in the micelle, and if
benzylpenicillin binds better than hydroxide ion. Increasing the hydroxide ion
concentration inhibits the rate of the micellar-catalyzed reaction while the rate in
the bulk aqueous phase increases. The observed pseudo-first-order rate constant for
the micelle-catalyzed hydrolysis does not increase linearly with increasing hydrox-
ideion concentration at constant surfactant concentration, but reaches a maximum
value [81]. The kinetics suggests that there must be binding of benzylpenicillin
anion to the micelles of CTAB and this has been shown spectroscopically [82]. The
maximum rate acceleration in the alkaline hydrolysis of benzylpenicillin by CTAB
micelles is about 50. The rate increase observed for many reactions upon the
addition of detergents above the critical micelle concentration has been explained
on the basis of the substrate binding to the micelle to form a substrate—micelle
complex and with an equilibrium constant K, (300 M~ for benzylpenicillin). The
substrate and substrate-micelle complex from the product P with rate constants k
and k,;, referring to bulk aqueous and micellar phases, respectively. The inhibitory
effect of increasing benzylpenicillin concentration can be rationalized by the
pseudo-phase ion-exchange model, but as the number of molecules of the antibiotic
bound to the micelle increases (above 10 for concentrations above 2 x 10~ * M) the
behavior of a micelle covered with benzylpenicillin is probably different from a
typical CTAB micelle [82].

Catalysis by micelles of the hydroxide ion-catalyzed hydrolysis of substrates
appears to be qualitatively understood on the basis of a concentration effect of
reactant on, or around, the micelle surface, and need not necessarily involve a
difference in the free energies of activation in the micelle and bulk phase. This does
not mean that the cationic micelles could not and do not cause electrostatic
stabilization of the transition state. The cationic micelle surface can act as an
electrostatic sink for the anionic intermediate leading to its stabilization, but a rate
enhancement requires preferential stabilization of this intermediate compared with
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the reactant. The small rate enhancement of the micelle-catalyzed reaction, about 50-
fold, is equally well explained by considering that the increased concentration of
reactants at the micelle surface leads to a higher observed rate. Incorporation of the
reactants into a limited volume decreases the entropy loss that is associated with
bringing reactants together in the transition state and this leads to an increase in the
pseudo-first-order rate constants in the presence of surfactant micelles. Cationic
micelles of CTAB have also been shown to facilitate the alkaline hydrolysis of the
cephalosporin cephalexin [83].

The hydrolysis reaction is inhibited by the addition of the hydrolysis product, the
dianion benzylpenicilloate, which appears to bind no more tightly to the micelle
than does benzylpenicillin itself. In benzylpenicilloate there are two carboxylate
anions, yet the inhibition, which results from increasing its concentration is similar
to that caused by increasing the benzylpenicillin concentration. The rate of the
hydroxide ion-catalyzed hydrolysis of benzylpenicillin in the presence of micelles of
CTAB is sensitive to electrolytes [78], supporting the idea of electrostatic interac-
tions between substrates and the micelle surface. The importance of other
effects has been demonstrated by modifying the 6-f-side-chain of penicillin to
increase the substrate lipophilicity and hence the micelle—substrate hydrophobic
interaction [81].

Increasing the hydrophobicity of the 6-3-side-chain increases the CTAB-catalyzed
hydrolysis of penicillin derivatives, but once the 6-B-side has been extended to
CH;3(CH,)4,CONH-, further extension does not significantly increase the binding
constant. The polar compound, 6-f-aminopenicillanic acid, is only weakly bound to
the micelle, and electrostatic interactions may be all that exist between the substrate
and micelle.

5.4.7
Cycloheptaamylose-Catalyzed Hydrolysis

Cycloamyloses (cyclic a-1,4-linked oligomers of p-glucose) have a toroidal
(“doughnut”)-shaped structure. The primary hydroxy groups are located on one side
of the torus while the secondary ones lie on the other side. Relative to water, the
interior of the cycloamylose torus is apolar. The catalytic properties of cycloamyloses
depend on the formation of inclusion complexes with the substrate and subsequent
catalysis by either the hydroxy, or other groups, located around the circumference of
the cavity [84].

Under mildly alkaline conditions and in the presence of excess cycloheptaamy-
lose the rate of degradation of penicillin is increased 20- to 90-fold compared with
the rate of alkaline hydrolysis [85]. Michaelis—Menten kinetics are observed which
are indicative of complex formation. The apparent binding constant of 6-substi-
tuted penicillins varies little with the length of the alkyl side-chain although it is
increased about 10-fold for diphenylmethyl penicillin. The reaction is catalytic and
hydrolysis proceeds by the formation of a penicilloyl-B-cyclodextrin covalent
intermediate (i.e., ester formation) by nucleophilic attack of a carbohydrate
hydroxyl on the B-lactam.
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5.4.8
Enzyme-Catalyzed Hydrolysis

Most B-lactam antibiotics are susceptible to the B-lactamase hydrolytic enzymes,
which are the most common, and growing, form of bacterial resistance. B-Lactamases
catalyze the hydrolysis of the B-lactam to give the ring-opened and bacterially inert
B-amino acid (Scheme 5.2). The main mechanistic division of (3-lactamases is into
serine enzymes, which have an active-site serine residue and the catalytic mechanism
involves the formation of an acyl-enzyme intermediate, and zinc enzymes. On the
basis of their amino acid sequences, the serine 3-lactamases are subdivided into three
classes (A, C and D), whereas the class B P-lactamases consist of the zinc
enzymes [86].

5.4.8.1 Serine p-Lactamases

The class A and class C enzymes are monomeric medium-sized proteins with M,
values of about 29 000 and 39 000, respectively [86], and show two major structural
domains, all-a and o/, with the active site situated in a groove between the two
domains [87]. The class C 3-lactamases have additional loops and secondary structure
on the all-a-domain. The active site serine is situated at the N-terminus of the long,
relatively hydrophobic, first a-helix of the all a-domain. There is very strong evidence
for the formation of an acyl-enzyme intermediate (Scheme 5.6) — including electro-
spray mass spectrometry, IR measurements, trapping experiments, the determina-
tion of the rate constants for their formation and breakdown, and even an X-ray crystal
structure [88].

Scheme 5.6

Formation of the acyl-enzyme intermediate requires at least two proton transfers —
proton removal from the attacking serine and proton donation to the departing
B-lactam amine (Scheme 5.7). Despite the availability of a number of X-ray crystal
structures of several class A and class C p-lactamases [87], and many site-directed
mutagenesis studies [89], the identity of the catalytic groups involved in these proton
transfer steps remains elusive.

The maximum second order rate constant for an enzyme-catalyzed reaction is that
corresponding to diffusion control (about 10°M 's™'), and some B-lactamases
appear to be near this limit and are “perfect catalysts” [90].

In class A P-lactamases there are two serious contenders for the general base-
acid —-Glu166 and Lys73. The pH-dependence of k. /Ky, indicates two ionizing
residues are important for catalysis — one of pK, about 5 and formally required in its
basic form, and one of pK, about 9 and formally required in its acidic form. If the low
pK, group corresponds to the general base then this is reasonable for the carboxylic
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acid of Glu166, but is rather low for an ammonium ion of Lys73. Although it has been
suggested [88] that Lys73 may have a reduced pK, it is difficult to envisage the
required reduction of 5.6 pK, units given the close proximity to Glu166 (2.8-3.4 A). A
normal pK, of Lys73 is supported by *C-NMR studies [91] and theoretical calcula-
tions. Site-directed mutagenesis of Glu166 shows that the rates of both acylation and
deacylation are affected, although the latter is more so [89]. On balance it appears that
the evidence supports Glul66 (Scheme 5.7, B=GluCO, ") acting as the unique
proton transfer agent — as a general base and acid in the formation and breakdown of
the tetrahedral intermediate, respectively, and in the same role for the hydrolysis of
the acyl-enzyme intermediate.

Historically, class C pB-lactamases were often referred to as “cephalosporinases”
because of the characteristic higher turnover numbers, k., observed for cephalos-
porins compared with penicillins. However, the k./ K, values for the two classes of
enzymes are generally similar and high for both penicillins and cephalosporins
(10°-10* M~ s7%) [92]. A major difference between the two classes is that for class
C B-lactamases deacylation is often rate limiting so that the acyl-enzyme intermediate
may accumulate giving rise to low values of K. In class C f-lactamase there is no
equivalent glutamate residue but Tyr150 may take its role with Lys67 equivalent to
Lys73 in the class A enzyme [87]. In addition, it has been suggested that the hydrolytic
water involved in deacylation of the acyl-enzyme approaches from the f-face and that
this hydrolysis may be substrate-assisted by the expelled amine, which was the
[B-lactam nitrogen, acting as a general base catalyst [93]. In class C p-lactamase it has
been suggested that the phenol of Tyr150 has a severely reduced pK, and acts as a
general base catalyst for proton removal from Ser64 [94] although this is not
supported by site-directed mutagenesis of Tyr150 [95]. Owing to its relatively positive
environment and strong hydrogen bonding of the phenoxide ion by lysine residues
Tyr150 has a severely reduced pK,. It appears that the Tyr150 residue is a very strong
candidate for the role of a general base catalyst in class C -lactamases, (Scheme 5.7,
B=TyrO™).



5.4 Hydrolysis

5.4.8.2 Metallo f-Lactamases

Class B f-lactamases or metallo -lactamases (MBLs) require one or two zinc ions to
catalyze the hydrolysis of B-lactams. They have no sequence or structural homology
to the serine B-lactamases and exhibit a broad spectrum substrate profile, hydro-
lyzing penicillins, cephalosporins, carbapenems, and even some mechanism-
based inhibitors of class A (-lactamases [96]. The first MBL to be discovered was
produced by an innocuous strain of Bacillus cereus, but in the last 20 years, MBL-
mediated resistance has appeared in several pathogenic strains and is being rapidly
spread by horizontal transfer, involving both plasmid and integron-borne genetic
elements [97]. MBLs represent a huge potential clinical threat to f-lactam antibiotic
therapy as presently there is no clinically useful inhibitor for this class of
[-lactamases.

MBLs can be divided into three subclasses, B1, B2 and B3, according to their amino
acid sequences, substrate profile, and metal ion requirement [98]. Subclass B1 is the
largest and contains four well-studied f-lactamases: Bcll from B. cereus, CcrA from
Bacteroides fragilis, IMP-1 from Pseudomonas aeruginosa, and BlaB from Cryseobacter-
ium meningosepticum. These enzymes efficiently catalyze the hydrolysis of a wide
range of substrates, including penicillins, cephalosporins, and carbapenems. Bcll
hydrolyzes penicillins at significantly higher rates than cephalosporins and carba-
penems, although CcrA does not show this preference, both enzymes exhibit lower
K., values for cephalosporins [99].

The number of zinc ions required for MBL activity has been a matter of
controversy and the different crystal structures reported has added to the confu-
sion. The structures of several MBLs have been determined by X-ray diffraction
and all show a similar afffa fold. The active site of MBLs is situated at the bottom
of a wide shallow groove between two B-sheets and has two potential zinc ion
binding sites at the active site often referred to as sites 1 and 2 [100-102]. The zinc
ligands in the two sites are not the same and are not fully conserved between the
different MBLs. In the subclass B1 such as the B. cereus enzyme BclI the zinc in
site 1 (the histidine site or Hisj site) is tetra-coordinated by the imidazoles of three
histidine residues (His116, His118, and His196) and a water molecule, Wat;. In
site 2 (or the Cys site) the metal is penta-coordinated by His263, Asp120, and
Cys221, and one water molecule; the fifth ligand at site 2 is carbonate or water,
often referred to as the apical water (or Wat,) [101, 102]. The two metal ions are
relatively close to each other, but the distance between them varies from 3.4 to
4.4 A in different structures of the BclIl and CcrA enzymes. Several structures of
the CcrA enzyme show a bridging water ligand between the two metals, which is
thought to exist as a hydroxide ion. In a structure of BcII containing two zinc ions
determined at pH 7.5 there is also a similar bridging water molecule, but in
structures of this enzyme at lower pH this solvent molecule is strongly associated
with the zinc in site 1 [103].

A recent extensive study of BclI using circular dichroism, competitive chelation,
mass spectrometry, and NMR concluded that the dizinc form is the only relevant
species for catalysis. Similarly, isothermal titration calorimetry studies show only one
binding event with two zinc ions bound to BclI, except below pH 5.6 where only one
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zinc binds to the enzyme. It now appears that there is no significant difference
between BcIl and the homologous class B1, CcrA from B. fragilis that binds both zinc
ions very tightly [99].

Early kinetic studies of CcrA led to the proposal that both the mono- and dinuclear
forms of the enzyme were catalytically active, with slightly different activities, at
physiological pH [104]. However, later studies showed that only the dinuclear species
was active, and that the previously observed “monozinc” CcrA was a mixture of the
dizinc and the apo (metal-free) enzyme [105].

There are many potential mechanistic roles for the metal ion in metalloproteases
and they may well vary from enzyme to enzyme [106, 107]. The role of zinc in catalysis
is related to its ability to participate in tight but readily exchangeable ligand binding
and its exceptional flexibility of its coordination number and geometry. In addition,
zinc shows no redox properties and this facilitates its evolution in living systems
without the risk of oxidative damage. Finally, its intermediate hard/soft behavior
allows it to bind a variety of atoms, as seen, for example, in the second binding site of
class B1 MBLs, which involve nitrogen, oxygen, and sulfur as ligands. The Lewis
acidity, flexible geometry, and coordination number, and the lack of redox properties
make zinc an ideal metal cofactor for many enzymes. The small energy difference
between four, five, or six coordination geometries, and the rapid exchange of the
kinetically labile zinc-bound water molecule is an important feature in all zinc
hydrolases, including MBLs.

It is commonly suggested that the metal ion acts as a Lewis acid by coordination
to the peptide carbonyl oxygen, giving a more electron-deficient carbonyl carbon,
which facilitates nucleophilic attack. The metal ion thus stabilizes the negative
charge developed on the carbonyl oxygen of the tetrahedral intermediate anion
(Scheme 5.8). Many metalloproteases have a water molecule directly coordinated to
the metal ion, which may act as the nucleophile to attack the carbonyl carbon. The
role of the metal ion is to lower the pK, of the coordinated water so that the
concentration of metal-bound hydroxide ion, albeit different, is increased relative to
bulk solvent hydroxide ion at neutral pH and is a better nucleophile than water
(Scheme 5.9). Although C—N bond fission is the most energetically difficult
process in peptide hydrolysis, little attention is normally given to the mechanism
of the breakdown of the tetrahedral intermediate. Breakdown of the tetrahedral
intermediate could be facilitated by direct coordination of the departing amine
nitrogen to the metal ion (Scheme 5.10). This is the mechanism adopted for the
zinc-catalyzed hydrolysis of penicillin. Alternatively, a metal-bound water could act
as a general acid catalyst protonating the amine nitrogen-leaving group to facilitate
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5.4 Hydrolysis
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C—N bond fission [108] (Scheme 5.11). Despite intense mechanistic studies, the
detailed roles of the metal ion in metalloproteases remain controversial and
distinguishing between the relative importance of the possible roles for zinc is
complex.
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Scheme 5.11

The zinc of B. cereus f-lactamase is coordinated to three protein ligands in the zinc1
site (His86, His88, and His 149) and a water molecule [102]. In aqueous solution, zinc
is coordinated to six water molecules and the pK, of the zinc bound water is 9.5. The
reduced coordination number of 4 in the zinc1 site of B-lactamase reduces the pK, to
less than 6. The pH-rate profile for the Bcll-catalyzed hydrolysis of benzylpenicillin
and cephaloridine [109] was taken to indicate that the zinc ion bound water has a low
pK; of below 5 and is therefore fully ionized at neutral pH. Nucleophilic attack by the
metal-bound hydroxide ion on the carbonyl followed by a proton abstraction from the
Asp120 gives a dianionic tetrahedral intermediate (Scheme 5.12). It was suggested
that the same aspartate residue functions as proton donor to facilitate C—N bond
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fission, and either step k, or k5 could be rate limiting. A dianionic intermediate assists
[B-lactam ring opening and generates a carboxylate anion rather than the undisso-
ciated acid.

A mechanism of hydrolysis for the dizinc enzyme (Scheme 5.13) uses the bridging
hydroxide ion for the nucleophilic attack, which results in a negatively charged
intermediate stabilized by the oxyanion hole. The apical water molecule bound to zinc
is positioned to donate a proton to the leaving nitrogen.
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5.5 Aminolysis

The exchange of the spectroscopically silent zinc in zinc enzymes with probes,
such as cobalt, copper, and cadmium, enables the study of the metal interactions in
the enzyme active site with its ligands, substrates and inhibitors of the metalloen-
zyme, using techniques such as electronic spectroscopy, NMR, electron paramag-
netic resonance, and perturbed angular correlation (PAC) spectroscopy. The zinc of
MBLs can be exchanged with cadmium, cobalt, and manganese to give catalytically
active enzymes. The use of a combination of NMR and PAC spectroscopy to study
cadmium binding to B. cereus MBL has revealed a rapid intramolecular exchange of
the metal between the two sites in the mono-cadmium enzyme and negative
cooperativity in metal binding [110]. The metal-substituted enzymes have similar
or higher catalytic activities compared with the native zinc enzyme, albeit at pHs
above 7 and, for the cobalt enzyme, at all pHs. A higher pK, for the metal-bound
water for cadmium and manganese Bcll leads to more reactive enzymes than the
native zinc BclI, suggesting that the role of the metal ion is predominantly to
provide the nucleophilic hydroxide, rather than to act as a Lewis acid to polarize the
carbonyl group and stabilize the oxyanion tetrahedral intermediate [111].

The bridging water is an important ligand binding the second metal ion to the
protein, but it is consumed during the catalytic cycle of hydrolysis. Consequently,
regeneration of the catalyst requires the coordination of a new water molecule to the
active-site zinc and its deprotonation, and so it is possible that the second metal ion
could be lost during turnover. In fact, the kinetics of the hydrolysis of benzylpenicillin
catalyzed by the cobalt-substituted p-lactamase from BclI are biphasic with an initial
burst of product formation followed by a steady-state rate of hydrolysis [112, 113].
This is due to a branched kinetic pathway with two enzyme intermediate species, ES*
and ES?, which have different metal: enzyme stoichiometries. ES' is a dimetal ion
enzyme intermediate and is catalytically active, but it slowly loses one bound metal
ion during turnover via the branching route, to give the mononuclear and inactive
enzyme intermediate ES®.

5.5
Aminolysis

The reaction of amines with penicillins to give penicilloyl amides (Scheme 5.7) is of
interest because the major antigenic determinant of penicillin allergy is the
penicilloyl group bound by an amide linkage to e-amino groups of lysine residues
in proteins [114-116]. The aminolysis of penicillin is an amide exchange - a
normally difficult process, but one which occurs readily with 3-lactams [117]. The
C—N bond fission in amides usually requires protonation of the nitrogen to avoid
expulsion of the unstable anion, but in B-lactams this process is accompanied by a
large release of strain energy that modifies the requirements for catalysis compared
with normal amides. Another important difference between C—N bond fission in
B-lactams compared with that in amides is that the latter may be accompanied by a
more favorable entropy change as the molecule fragments into two separate
entities [36].
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The aminolysis of p-lactams occurs by a stepwise mechanism, involving the
reversible formation of a tetrahedral intermediate, the breakdown of which to
products is catalyzed by bases (Scheme 5.14) [118-120].
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Scheme 5.14

The shape and rigidity of the penicillin molecule makes it a suitable substrate to
study the effectiveness of intramolecular catalysis and, in particular, to elucidate
any preferred direction of nucleophilic attack upon the p-lactam carbonyl
group [121].

The rate of the reaction of penicillin with the monocation of 1,2-diaminoethane is
about 100-fold greater than that predicted from the Bregnsted plot for a monoamine of
the same basicity. The rate enhancement is attributed to intramolecular general acid
catalysis of aminolysis by the protonated amine [118, 122]. Breakdown of the
tetrahedral intermediate is facilitated by proton donation from the terminal proton-
ated amino group to the B-lactam nitrogen.

An interesting difference between nucleophilic substitution in penicillins and
peptides/amides is the preferred direction of attack and the geometry of the initially
formed tetrahedral intermediate. It is usually assumed, based on the theory of
stereoelectric control [123], that nucleophilic attack on the carbonyl carbon of a planar
peptide will generate a tetrahedral intermediate with the lone pair on nitrogen anti to
the incoming nucleophile (8 and 9). Conversely, nucleophilic attack on f-lactams
occurs from the least hindered o-face (exo) so that the f-lactam nitrogen lone pair is
syn to the incoming nucleophile in the tetrahedral intermediate (10) [119, 122]. This
has obvious consequences for the placement of catalytic groups, particularly the
general acid donating a proton to the departing amine of the 3-lactam.
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5.5 Aminolysis

The observation of intramolecular general acid catalysis in the reaction with the
monocation of 1,2-diaminoethane gives an indication of the direction of hucleophilic
attack upon penicillin. In order that ready proton transfer takes place from the
protonated amine to the f-lactam nitrogen, it is essential that the tetrahedral
intermediate has the geometry (10) shown. Further evidence for nucleophilic attack
taking place from the a-face comes from the absence of intramolecular general base
catalysis in the aminolysis of 6-B-aminopenicillanic acid. That the lone pair of
B-lactam nitrogen takes up the geometry shown in (10) is supported by the
observation that Cu(lI) ions catalyze the aminolysis of penicillin by coordination
to the P-lactam nitrogen and the carboxy group, thus stabilizing the tetrahedral
intermediate [32].

The rate of aminolysis of benzylpenicillin and cephaloridine by hydroxylamine,
unlike other amines, shows only a first-order dependence on amine concentra-
tion [124]. The rate enhancement compared with that predicted from a Brensted
plot for other primary amines with benzylpenicillin is greater than 10° and is
attributed to rate-limiting formation of the tetrahedral intermediate due to a rapid
intramolecular general acid-catalyzed breakdown of the intermediate. For cepha-
loridine, the rate enhancement is greater than 10*, which demonstrates that
B-lactam C—N bond fission and expulsion of the leaving group at C3’ are not
concerted.

N-Aroyl B-lactams (11) are imides with exo- and endo-cyclic acyl centers that
react with amines in aqueous solution to give the ring-opened -lactam aminolysis
product. Unlike the strongly base-catalyzed aminolysis of f-lactam antibiotics, the
rate law for the aminolysis of N-aroyl B-lactams is dominated by a term with a first-
order dependence on amine concentration in its free base form, indicative of an
uncatalyzed aminolysis reaction. The rate constants for this uncatalyzed amino-
lysis of N-p-methoxybenzoyl 3-lactam with a series of substituted amines generate
a Brensted B, value of +0.90, indicative of a large development of positive
effective charge on the amine nucleophile in the transition state. Similarly, the rate
constants for the reaction of 2-cyanoethylamine with substituted N-aroyl f3-lactams
give a Brensted Py, value of —1.03 for different amide leaving groups and is
indicative of considerable change in effective charge on the leaving group in the
transition state. These observations indicate a concerted mechanism with simul-
taneous bond formation and fission (12) in which the amide leaving group is
expelled as an anion (13). The sensitivity of the Brensted B,,,c and g values to the
nucleofugality of the amide leaving group and the nucleophilicity of the amine
nucleophiles, respectively, indicate a coupled bond formation and bond fission
processes [125].
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Amide resonance is usually described in terms of charge transfer from nitrogen
to oxygen as shown in the traditional resonance formulation (4) and (5), which is
used to rationalize both the large barrier to rotation in amides and their low
chemical reactivity towards nucleophilic substitution at the acyl center. In
thioamides it is expected that there would be greater m charge transfer from
nitrogen to sulfur due to the larger size of sulfur and weaker w bond of C=S,
despite the smaller electronegativity of sulfur compared with oxygen. The effect of
replacing the f-lactam carbonyl oxygen in cephalosporins by sulfur has a minimal
effect upon the rate of alkaline hydrolysis — the sulfur analog is only 2-fold less
reactive than the natural cephalosporin. However, the thioxo-derivative of ceph-
alexin (14), with an amino group in the C7 side-chain, undergoes f-lactam ring
opening with intramolecular aminolysis to give (15) — a reaction seen with
cephalexin itself [126]. However, the rate of intramolecular aminolysis for the
sulfur analog is three orders of magnitude greater than that for cephalexin,
although their rates of hydrolysis are similar. Furthermore, unlike cephalexin,
intramolecular aminolysis in the sulfur analog occurs up to pH 14 with no
competitive hydrolysis.

The rate of intermolecular aminolysis of cephalosporins is normally dominated by
a second-order dependence on amine concentration, due to the second amine acting
as a general base catalyst. In contrast, the aminolysis of thioxo-cephalosporins (16)
shows only a first-order term in amine. The Brensted P,y for the aminolysis of
thioxo-cephalosporin is + 0.39, indicative of rate-limiting formation of the tetrahe-
dral intermediate with an early transition state with relatively litle C—N bond
formation. The change in mechanism is due to a slower rate of breakdown of
the tetrahedral intermediate to regenerate the reactants for thioxo-f-lactam
(Scheme 5.14). It is likely that a dominant feature controlling the relative stabilities
of the zwitterionic tetrahedral intermediates is the more favorable sulfur anion
compared with oxygen [126].
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The alcoholysis and thiolysis of B-lactam antibiotics have also been studied
[127-129]. Both alcohols and thiols catalyze the hydrolysis of benzylpenicillin
through the formation of a ester intermediates. The catalytically reactive form of
the nucleophile is the anion and the rate-limiting step is the breakdown of the
tetrahedral intermediate, as occurs in aminolysis. Solvent kinetic isotope effects of
2.2-2.4 indicate that the solvent water probably acts as a general acid catalysis in the
breakdown of the tetrahedral intermediate.
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5.6
Epimerization

The initial product of alkaline hydrolysis of benzylpenicillin is (5R,6R)-benzylpeni-
cilloic acid. However, epimerization then occurs at C(5) to give a mixture of the
(SR,6R)- and (5S,6R)-penicilloic acids (17) [64, 130-133]. The equilibrium constant
for the ratio of the (5S,6R)- to that of the (5R,6R)-benzylpenicilloate is 4. The rate
constants for epimerization are pH- and buffer-independent from pH 6 to 12.5, but
become first order in hydroxide ion at higher pH. The pH-independent epimeriza-
tion in D,0 occurs without deuterium incorporation at C(5) or C(6) [130, 134, 135]
indicative of a mechanism involving unimolecular ring opening and closing of the
thiazolidine to form the iminium ion (18). The base-catalyzed epimerization probably
occurs by elimination across C(6)—C(5) and thiazolidine ring opening to give the
enamine (19) as shown to occur for a-penicilloyl esters and supported by the
appearance of a chromophore at 280 nm and deuterium exchange at C(6) [134, 135].
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Proton abstraction at C(6) in penicillins appears to give unusual carbanion
intermediates. Although the treatment of a penicillin derivative with an imine at
C(6) with phenyllithium in tetrahydrofuran appears to lead to abstraction of the C(6)
proton, reprotonation regenerates the 6- epimer despite being the less stable
epimer [136, 137]. Even more strange is the observation that reprotonation with
D,0/CD3CO,D does not incorporate deuterium. However, epimerization by triethy-
lamine in acetonitrile containing D,O is accompanied by deuteriation of the
presumed carbanion intermediate and occurs preferentially from the least hindered
o-face to give the less stable -epimer. Deuterium exchange at C(6) of the 6-f3 epimer
occurs faster than epimerization at C(6) [138]. The calculated isotope effect kyy/kp, for
protonation of the carbanion is 12.7, which is ascribed to proton tunneling. However,
6-a-chloropenicillanic acid undergoes deuterium exchange at C(6) in NaOD/D,0
without epimerization and at a rate faster than f3-lactam ring opening, whereas the
6-B-epimer undergoes epimerization and deuteriation at C(6) at the same rate [139].
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6
Solution-Phase Peptide Synthesis
Yuko Tsuda and Yoshio Okada

6.1
Principle of Peptide Synthesis

Early in the twentieth century, Curtius [1] and Fischer [2] independently began the
chemical synthesis of simple peptides, with the dream to eventually synthesize
biologically active peptides and proteins. Since then, the chemistry of peptide
synthesis has been a challenge for over a century. The chemistry has been developed
using the following chemical approaches: (i) selection of protecting groups for amino
acids and their deprotection, and (ii) peptide bond formation. In recent peptide
synthesis methodologies, two procedures are primarily applied — one is based on
synthesis in solution and the other involves synthesis on a solid support (solid phase),
although they are based on fundamentally the same principles as shown in Figure 6.1.

In this chapter, we focus on the chemistry for protecting functional groups and
formatting the amide bond between the amino group of an amino acid and the
carboxyl group of a second amino acid.

Furthermore, it is required to prepare optically pure products; however, racemi-
zation can occur during protection of amino acids and also during the procedures for
the removal of protecting groups as well as at the activation step. The following two
racemization mechanisms were considered:

i) Direct proton abstraction [3]. This mechanism is the pathway only in very special
cases such as the rapid racemization of derivatives of phenylglycine
(Scheme 6.1). As shown in Scheme 6.1, the racemization occurs by the
direct abstraction of the a-proton by strong bases. This can be prevented by
application of suitable reaction conditions, especially by use of a tertiary amine
[4, 5].

ii) Racemization through oxazol-5(4 H)-ones [6, 7]. The formation of oxazol-5(4 H)-
ones [6] was proposed to explain the mechanism of racemization. In this
mechanism, it was shown that the properties of the amino protecting group
might be associated with the tendency to racemization. The activation of the
carboxyl moiety of N-acyl amino acids (acyl =acetyl, benzoyl, peptidyl, etc.)
readily results in the formation of oxazol-5(4H)-ones, which give rise to
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X-NH-AA,-COOH NH,-AA;-COO-Y

1) selection of protecting groups for amino acid
2) peptide bond formation

X-NH-AA,-AA;-COO-Y

3) selective deprotection of N*-protecting group

Y

H-NH,-AA,-AA4-COO-Y

4) peptide bond formation P,

X-NH-AA;3-AA,-AA;-COO-Y

(repetition of 3 and 4)

& i
X-NH-AA1o-AAg-AAg-AA7-AAg-AAs-AA-AA;-AA,-AA1-COO-Y

5) deprotection of protecting
groups for amino acids

NH,-AA1o-AAg-AAg-AA7-AAg-AAs-AA4-AA;3-AA,-AA-COOH

P4,P,: side-chain protecting group, X:N%protecting group,
Y:carboxyl-protecting group.

Figure 6.1 Principle of peptide synthesis.

-baseH*
baseH* oL
X=N=CH-C-Y ~*°7  y_N-Cci—c-v X=N-C=C-Y
T -
o H O TO
.
X: protecting group BLge Base

Y: activating group

Scheme 6.1 Proton abstraction mechanism [3].

chirally unstable intermediates via tautomerization of the oxazol-5(4H)-ones
(Scheme 6.2). In the case of urethane-protected amino acids, such as
benzyloxycarbonyl (Z or Cbz)- or tert-butyloxycarbonyl (Boc)-amino acids, it
has been the accepted view that oxazol-5(4H)-ones are not produced from
such amino acid derivatives, resulting in resistance to racemization during
activation and coupling. Nonetheless, optically pure oxazol-5(4H)-ones were
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X
R1 —> R ‘\O ﬂ(» R 0
HN_ 04 "HN« S0® T N=
ey .
Rz
i o) o® 0 ]

base-H*
—> R (¢} -7 0O -=-—» Ri { o)

Scheme 6.2 Chirally unstable oxazol-5(4H)-one [3].

isolated when Z- or Boc-amino acids were activated by carbodiimide, mixed
anhydride, or thionylchloride [8, 9].

6.2
Protection Procedures

As shown in Figure 6.1, the controlled formation of a peptide bond in solution
requires the coupling between one protected at its N-terminus and the other at its C-
terminus. After amide bond formation, the protected dipeptide is isolated, purified,
and characterized. After deprotection of the N”-protecting group, the resulting
dipeptide amine is then coupled with another amino acid protected at its N*-amino
function. Thus, in order to obtain the desired peptide, N*-amino or carboxyl function
and side-chain functional groups should be protected with an appropriate protecting

group.

6.2.1
Amino Group Protection

6.2.1.1 Z Group
The Z group 1 was introduced by Bergmann and Zervas [10] for the protection of
amino groups. For the preparation of Z-amino acids, benzyloxycarbonyl chloride is
allowed to react with amino acids under conditions of the Schotten-Bauman
reaction [10] as shown in Scheme 6.3.

This protecting group can be removed by a variety of methods, including hydro-
genolysis, reduction with sodium in liquid ammonia, liquid HF, and so on. However,

205
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R o) R
Q NaOH 0 ,
O0—C—Cl + NHx— CH COOH — CHy;—O—C—NH—CH—COONa

R

—»@— —0—C—NH—CH—COOH

Scheme 6.3  Synthetic route to the Z-amino acids.

hydrogenolysis [10] and acidolysis with HBr [11] are the most widely used proce-
dures. The Z group can be removed by catalytic hydrogenolysis at room temperature
and atmospheric pressure — a process that leaves the peptide bond and the various
side-chain functions unaffected, and generates only relatively harmless byproducts,
toluene and carbon dioxide, as shown in Scheme 6.4.

O R O R

Il I Hy-Pd 1l 1
QCHQ—O—C—NH—CH—COOH E— CH; + HO—C—NH—CH—-COOH

)

Ot

R
|
— > NHp-CH—COOH + CO3

Scheme 6.4 Removal of the Z group by catalytic hydrogenolysis.

The Z group can be also removed by acidolysis with HBr. As the initial step, the
carbonyl oxygen is protonated, followed by fission of the benzyl-oxygen bond.
Decarboxylation of the carbamic acid intermediate leads to the liberation of the
amino group in a protonated form (Scheme 6.5).

o
HOCNHR—> —0—C—NH—R —— >

OH
OXC-NH-R — > CO; +  HBr NHR

®

Scheme 6.5 Removal of the Z group by HBr.

Catalytic hydrogenolysis of the Z groups of sulfur-containing amino acids such as
Cys and Met fails because of catalyst poisoning. Several attempts were made in order
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to overcome this restriction; for example, an additive, such as BaSO, [12] or boron
trifluoride etherate [13] was reported to improve hydrogenolysis only in the case of
Met-containing peptides, but not Cys-containing peptides. Likewise, catalytic transfer
hydrogenation with a proton donor, such as 1,4-cyclohexadiene [14], ammonium
formate [15], or cyclohexene [16], worked well with Met-containing peptides. Kur-
omizu and Meienhofer [17] reported that the Z group from Cys-containing peptides
could be removed by catalytic hydrogenolysis in liquid ammonia. This procedure was
applied to the synthesis of somatostatin [18], but further applications are not available
at the present time.

6.2.1.2 Substituted Z and other Urethane-Type Protecting Groups

The isonicotinyloxycarbonyl (iNoc) group 2 [19] can be also removed by hydroge-
nolysis over a palladium catalyst due to the presence of the benzylic C—O bond,
while 2 is more stable than 1 under acidic conditions (Figure 6.2). The incorporation
of an electron-donating group on the aromatic ring, such as the 4-methoxybenzylox-
ycarbonyl Z(OMe) group 3, increased the acid lability of the Z group. It can be
removed by trifluoroacetic acid (TFA) treatment [20-23] as well as by hydrogenolysis.
Even more acid labile are the o,a-dimethyl-3,5-dimethoxybenzyloxycarbonyl (Ddz)
4 [24] and 2-(4-biphenyl)isopropyloxycarbonyl (Bpoc) 5 [25] groups. These are
removed under much milder conditions than those necessary for the Z group, or
even for the Boc group; a solution of chloroacetic acid in dichloromethane is normally
sufficient.

6.2.1.3 Boc Group

The Boc group 6 was introduced by McKay and Albertson [26]. Unlike benzyl
chloroformate, tert-butylchloroformate is unstable except at low temperature. Thus,
various alternative methods for the preparation of Boc-amino acids were investigated.
Of these, di-tert-butyl dicarbonate [27, 28] is popularly employed as a reagent for
preparation of Boc-amino acids as shown in Scheme 6.6.

0 = 0 %
@—cm—o—c— NQ—CHQ—O—C— HscoO—CHz—o—o—

1: benzyloxycarbonyl(Z) 2: isonicotinyloxycarbonyl (iNoc) [19] 3: 4-methoxybenzyloxycarbonyl[Z(OMe)] [20-23]

H4CO
¢ ?Hg (I? ?Hs (I?
I
CH3 CH3
H,CO

4: 0,0-dimethyl-3,5-dimethoxybenzyloxycarbonyl(Ddz) [24] 5: 2-(4-biphenyl)isopropyloxycarbonyl(Bpoc) [25]

Figure 6.2 Structures of the Z and substituted Z groups.
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?
(HsC)sC—0—Co_
(H3C)3C—O—(I‘T/

0 %f_J

di-zert-butyl dicarbonate 6: tert-butyloxycarbonyl(Boc)

R (0]
| base Il |
O + H,N—CH—-COOH —> (H3C)3€—0—C—NH—CH—COOH

Scheme 6.6 Synthetic route to the Boc-amino acids.

The Boc group is stable to catalytic hydrogenation, sodium in liquid ammonia and
alkali, but can be removed under mild acidic conditions such as TFA. The Boc group
is cleaved by treatment with TFA at room temperature for 30-60 min [29]. It is also
cleaved by HBr within 1 min. Treatment of Boc derivatives with HCI (about 10 equiv.)
in acetic acid, AcOEt, or dioxane can remove the Boc group within 30 min [26, 30].
Under these conditions, the Z group remains intact or cleavage is negligible. Since
the Z group is removed by catalytic hydrogenolysis and is stable to mild acidic
conditions, those Z and Boc groups are used as orthogonal protecting groups in the
synthesis of complex peptides. Additionally, Carpino [29] and Sakakibara et al. [31]
reported that the Boc group can be removed by 48% HF and anhydrous HF at 0 °C
within a few minutes.

The cleavage by acidic treatment proceeds through the formation of the tert-butyl
(tBu) cation, which undergoesloss of H" to form isobutylene. The other products are
carbon dioxide and a salt of the free amino acid or peptide (Scheme 6.7).

O R R
I | I ®
(H3C)3C—0—C—NH—CH—COOH + H* —— H3N*-CH—COOH + (HsC)sC + CO,
b oo
H,C=C]
CHs

Scheme 6.7 Cleavage of the Boc group by acidolysis.

Not only is the tBu cation active in alkylating functional amino acids, such as Tyr
and Trp [32, 33], but also isobutylene can react with TFA to produce {Bu trifluor-
oacetate, which also has an ability to alkylate functional amino acids. Thus, in order to
suppress such alkylation, anisole is added as a cation scavenger. Boron trifluoride
etherate [34], formic acid [35], and mercaptoethane sulfuric acid [36] have also been
reported to be able to remove the Boc group. (CH3)3SiClOy4 [37], 1 M p-toluenesul-
fonic acid [38], and 80% formic acid [39] can also remove Boc groups quantitatively,
leaving other protecting groups, such as Z, benzyl, and even tBu esters unaffected.

6.2.1.4 Tri Group
When Lys(Boc), Glu(OtBu), and Asp(OtBu) are employed, the peptide chain can be
elongated by removing the N*-Z group by catalytic hydrogenolysis. However, the
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7: triphenylmethyl(Tri) [40—42]

Figure 6.3  Structure of the Tri group.

procedure cannot be applied for the introduction of sulfur-containing amino acids,
Met and Cys, due to catalyst poisoning of the sulfur atom. Thus efforts were
concentrated to explore novel type o-amino protecting groups that can be removed
selectively leaving the side-chain protecting groups intact, preferably by milder acids
than TFA. The triphenylmethyl (trityl: Tri) group 7 [40-42] can be introduced into
amino acids by the action of trityl chloride with amino acid esters in the presence of
pyridine, followed by saponification of the ester group (Figure 6.3).

Since every carboxyl group of the Tri-protected amino acid is sterically hindered,
peptide bond formation is achieved only by the N,N'-dicyclohexylcarbodiimide
(DCC) method, but in low yield. Thus, it seems advantageous to use this protecting
group for o-amino protection of peptides, rather than that of amino acids [43]. The Tri
group can be removed by catalytic hydrogenolysis, dilute acetic acid or 1 equiv. of HCIL.

Sieber et al. [44] synthesized human insulin by using the Tri group as an a-amino
protecting group of necessary peptide fragments. The Tri group was selectively
removed by HCl in trifluoroethanol (pH 3.5-4.0), in the presence of the Bpoc, Boc,
and tBu groups.

6.2.1.5 Fmoc Group

In principle, protecting groups removable by strong bases are not attractive for
peptide synthesis, since racemization may take place under the basic conditions.
However, protecting groups removable under mild basic treatment have great values
for practical peptide synthesis, since selective removal of the Bpoc or Tri group in the
presence of Lys(Boc) seems to be particularly difficult. The principle for removal of
protecting groups by base is based on fB-elimination (Scheme 6.8). As shown in
Figure 6.4, an electron-withdrawing substituent at the 3-position of the ethyl group of
the 2-p-tosylethoxycarbonyl group 8 [45] and the 2-nitroethoxycarbonyl group 9 [46]
activates the adjacent C—H bond. The activated hydrogen atom is then easily
subtracted with base for the f-elimination to proceed. Of various base-labile protect-
ing groups, the 9-fluorenylmethyloxycarbonyl (Fmoc) group 10 [47] has been widely
used in solid phase synthesis.

Preparation of Fmoc-amino acids by the reaction of free amino acids with Fmoc-Cl
proceeds with the formation of a small amount of Fmoc-dipeptides as a side-
product [48)]. In order to avoid this side-reaction, several additional Fmoc reagents
were introduced: Fmoc-OSu 11 [49, 50], Fmoc-OPCP 12 [49] and Fmoc-OBt 13 [49]



210 | 6 Solution-Phase Peptide Synthesis

Scheme 6.8 Removal of the Fmoc group with piperidine [54].

0
1l
H3C—©—ﬁ—CHg—CH2—O—ﬁ— NO,—CH,~CH, —0—~C—
0

o} e}
8: 2-p-tosylethoxycarbonyl(Tos) 9: 2-nitroethoxycarbonyl
i CHy,-O0-C— 10: 9-fluorenylmethyloxycarbonyl(Fmoc)
1

O ’

Figure 6.4 Structures of the Fmoc and related groups.
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Figure 6.5 Structures of Fmoc reagents.

(Figure 6.5). Alternatively, amino acids are converted in situ to the corresponding
trimethylsilyl ester, which can be acylated by Fmoc-Cl without the side-reaction
described above [51].

Deblocking of the Fmoc group proceeds readily by various amines, most rapidly by
unhindered cyclic secondary amines, such as piperidine [52, 53]. As shown in
Scheme 6.8, Fmoc deprotection by piperidine eventually leads to the formation of
a fulvene—piperidine adduct, which presents difficulty in removal from the reaction
mixture in solution-phase synthesis. To alleviate this problem, polymer-bonded
amines [55-58] have been shown to efficiently remove the Fmoc group in solution.
Tetrabutyl ammonium fluoride in dimethylformamide (DMF) is also an effective
alternative to piperidine for removal of Fmoc groups [59]. This protecting group is
stable in acidic reagents, but unexpectedly cleaved by catalytic hydrogenolysis [60, 61],
particularly in combination with ammonium formate over a palladium/charcoal
catalyst [15].

6.2.1.6 Other Representative Protecting Groups

Effective N®-protection is also provided by the allyloxycarbonyl (Alloc) group 14
[61, 62]. The Alloc group can be readily removed through palladium catalyzed
transfer of the allyl entry to various nucleophilic species under neutral conditions
as shown in Scheme 6.9. The tBu group and fluorene-9-ylmethyl (Fm) groups are
not affected by these procedures.

RNHCO PdCL © /|\® NuH

2 4 RNHCO, * : u

\/\ 2 Pq! —> RNH,+ CO, + Nu/\/
v L -PdOL,

14: allyloxycarbonyl(Alloc)

Scheme 6.9 Palladium-catalyzed deprotection of the Alloc group [62b].

The 2,2,2-trichloroethoxycarbonyl (Troc) group 15 [63-66] presents a useful
property of being stable in both acid and base, and removed under mild conditions
on treatment with zinc dust in acetic acid, following the mechanism outlined in
Scheme 6.10. The stability of the Troc group to catalytic hydrogenolysis is somewhat
questionable.
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H+
Cl O) OH
1 N cl H 1
CI—Cﬁ;CHz—O—C—NH—R —_ :C:C: + O=C—NH—R —> HoN—R
a Cl H L
( CO,

Zn

%K—J

15: 2,2,2-trichloroethoxycarbonyl(Troc)

Scheme 6.10 Removal of the Troc group with zinc dust in acetic acid [67].

Many other urethane type N®-protecting groups have been used in solution
synthesis, such as the tert-amyloxycarbonyl (Aoc) group 16, which is removed by
TFA [68-71], and the 1-adamantyloxycarbonyl (1-Adoc) group 17 [72] as well,
although neither have been extensively applied in peptide synthesis.

Nonurethane N*-protecting groups have been applied far less frequently in peptide
synthesis. This is mainly because they do not provide adequate protection against
amino acid racemization when the carboxyl group is activated. Nevertheless, a
number of nonurethane groups provide sufficient protection against racemization
and perhaps the most important is the o-nitrophenylsulfenyl (Nps) group 18, which
has been used in complex peptide synthesis [73, 74] (Figure 6.6). It can be removed
under mild conditions, on treatment with 2-mercaptopyridine in acetic acid [75],
which does not affect tBu- or benzyl-based protecting groups.

6.2.2
Carboxyl Group Protection

As described, protection of the C-terminus is the major difference between solid-
phase peptide synthesis and peptide synthesis in solution. In the former, the
insoluble polymeric support may be considered to be the C-terminus protecting
group, whereas in peptide synthesis in solution, more conventional protecting
groups are used. The C-terminus is most commonly protected as an alkyl or aryl
ester. Hydrazides or protected hydrazides are also C-terminal protecting groups.
These hydrazides were important in classical peptide synthesis in solution because
they are converted into azides for segment coupling reactions.

NO»
C2oHs ? o]
1 1
HSC—(ID—O—C— o-C— S—
CHs
16: tert-amyloxycarbonyl 17:1-Adamantyloxycarbonyl 18: O-nitrophenylsulfenyl
(Aoc) [68-71] (1-Adoc) [72] (Nps) [73, 74]

Figure 6.6 Other protecting groups.
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6.2.2.1 Methyl Ester (-OMe) and Ethyl Ester (-OEt)
The preparation of methyl ester (-OMe) 19 and ethyl ester (-OEt) 20 [1] can be achieved
by the route shown in Scheme 6.11 [76].

ROH + SOCl; — ROSOCI + HCI

R! R’
| |
ROSOCI + NH;-CH—COOH —> HCI. NH,-CH—COOR + SO,

19: R=CH,
20: R=C,Hs

Scheme 6.11 Preparation of methyl or ethyl esters by thionyl chloride.

Methyl and ethyl esters can be removed by saponification and are also converted to
the corresponding peptide C-terminal amide by treatment with ammonia [77] and to
the corresponding peptide hydrazide by hydrazinolysis [78]. Peptide hydrazides can
be converted into the corresponding acyl azides for segment coupling.

6.2.2.2 Benzyl Ester (-OBzl)

The benzyl ester (-OBzl) 21 of amino acids is easily prepared under mild conditions
by acid (p-toluenesulfonic acid)-catalyzed esterification with benzyl alcohol [79, 80] or
by reaction of the amino acid cesium carboxylate with benzyl bromide [81]. Cleavage
of the benzyl ester can be brought about by acidolysis with strong acid or a more
frequently used milder alternative is catalytic hydrogenolysis [82]. The benzyl ester
may also be removed by saponification or it can be converted into the corresponding
C-terminal amide by treatment with ammonia [83] or the corresponding hydrazide by
treatment with hydrazine hydrate [84, 85].

6.2.2.3 tBu Ester (-OtBu)
Amino acid tBu esters 22 can be prepared by the reaction of amino acids with
isobutylene in the presence of sulfuric acid as a catalyst [86], by transesterification of
the amino acid with tert-butylacetate in the presence of perchloric acid [87, 88] or by
using tBu 2,2,2-trichloroacetimidate [89]. N-Protected amino acids are soluble in
organic solvents. Therefore, N-protected amino acids can be easily esterified by
isobutylene methods [90, 91].

tBu esters are stable to base-catalyzed hydrolysis, to hydrogenolysis over a
palladium catalyst and to nucleophiles in general; the formation of diketopiperazines
from dipeptide tBu esters does not usually occur. tBu esters are useful C-terminus
protecting groups and may be removed by acidolysis with moderately strong acid,
such as TFA or solutions of HCl in organic solvents. They are, however, sufficiently
stable to weak acids to allow the washing of organic solutions of the peptides with
dilute aqueous acid.
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CHs

22: tert-butyl ester(-O-1Bu) [86—-88] 23: 1-adamantyl ester(-O-1-Ada) [92]

Figure 6.7 Structures of tBu and T-adamantyl esters.

The property of 1-adamantyl esters of amino acids 23 [92] is similar to that of tBu
esters and the 1-adamantyl esters can be removed by the action of TFA (Figure 6.7).

6.2.2.4 Phenacyl Ester (-OPac)

Amino acid phenacyl esters 24 are produced in high yield upon treatment of N-
protected amino acid carboxylates with bromoacetophenone [93]. The phenacyl ester
may be regarded as a methyl ester substituted with a benzoyl group. The phenacyl
group can be removed by treatment with zinc in acetic acid [93] or with sodium
thiophenoxide in an inert solvent at or below room temperature [94]. It can be only
partially removed by catalytic hydrogenolysis [95]. The phenacyl group is stable to
acid, even toliquid HF. This property makes the phenacyl group suitable for use with
the Boc as N-protection. Its use has been advocated by Sakakibara [96] as part of a
general approach to the synthesis of large peptides and proteins (Figure 6.8).

6.2.2.5 Hydrazides

Peptidyl hydrazides 25 are prepared by treating the peptide methyl, ethyl, or benzyl
esters with hydrazine hydrate [84, 85]. The hydrazide can serve as a protecting group
for the carboxyl function and may be converted into the acyl azide by treatment with
nitrous acid [97] or by treatment with organic nitrites [98]. In order for the protection
of the C-terminus to be useful as the hydrazide, only moderately active acylating
derivatives, such as active esters, can be used for chain elongation [99].

In the case of the protected peptide alkyl ester containing Arg(NO,), Asp(OBzl),
Asp(OtBu), or Glu(OBzl), treatment with hydrazine hydrate gives side-reactions,
such as hydrazinolysis of side-chain functional groups. In order to avoid these side-
reactions, it is preferable to synthesize protected peptide hydrazides from the
corresponding substituted hydrazide. The most useful in this class of compounds
are the Z 26 [100], Boc 27 [101], Tri 28 [102], Troc 29 [103], and iNoc 30 [104] protected
derivatives.

7o %
H2N—CH——C—O—CH2—C—©
N J

Y

24: phenacyl ester(-OPac) [93, 94]

Figure 6.8 Structure of phenacyl ester.
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These C-terminus protecting groups can be prepared by reaction of the appro-
priately protected hydrazide derivative and N-protected amino acid, using standard
coupling procedures [105]. With the C-terminus protected, the peptide is synthesized
by chain elongation at the N-terminus until, at the appropriate time, the hydrazide
protecting group is removed, releasing the hydrazide that is then converted into the
azide for coupling at the C-terminus.

6.2.3
Side-Chain Protection

Some naturally occurring amino acids possess a third functional group. In the
construction of peptides, the e-amino group of Lys (or 8-amino group of Orn) in either
the carboxyl or amino component and the -mercapto group of Cys in either
component require protecting groups. On the other hand, there is no general rule
as to the requirement of protection for other side-chain functional groups; such as the
carboxyl groups of Asp and Glu, the guanidine group of Arg, the phenolic hydroxyl
group of Tyr, the aliphatic hydroxyl group of Ser and Thr, the imidazole of His, the
primary carboxamide of Asn and Gln, the aliphatic thioether of Met, and the indole
ring of Trp. Okada et al. synthesized eglin ¢, which consists of 70 amino acid residues,
by a minimum protection method using an excess amount of small segment
azides [106, 107].

In contrast, in the “maximum protection” strategy, in which the maximum
numbers of functional groups are masked in order to avoid side-reaction. Sakakibara
recommended “solution synthesis of peptides by the maximum protection
procedure” using the DCC coupling method and a HF final deprotection meth-
od [108]. As described above, peptide segments with full side-chain protection have
less byproduct formation. Nonetheless, it is difficult to construct highly soluble
segments with full protection; however, if the principle of maximum protection is
followed, the carboxyl component can be activated by various methods to almost any
extent. In fact, Nakao et al. synthesized osteocalcin, which consists of 49 amino acid
residues, by the maximum protection procedure [109].

6.2.3.1 &-Amino Function of Lys (8-Amino Function of Orn)

As described above, protection of the e-amino group of Lys is indispensable during
peptide synthesis, otherwise its acylation will lead to branching of the peptide chain.
Similarly, protecting groups for the a-amino function can be used to also protect the
e-amino function of Lys. Moreover, the protecting group for the g-amino function
should be stable to the conditions employed to remove the a-amino protecting group.
The former protecting group, different from the latter, does not lead to racemization.
Therefore, an acyl-type protecting group is quite acceptable.

Z Group The combination of N°-Z group and N“-Boc group has been widely
employed for peptide synthesis. Lys(Z) is prepared by the reaction of Z-Cl with
Lys,/Cu®", followed by removal of Cu”" with H,S or EDTA [110-112]. The Z group
is removed by catalytic hydrogenolysis or strong acids such as HF. In solid-phase
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peptide synthesis, the N°-Z group was used at an early time in the history of the
technique. However, the N°-Z group was partially cleaved under the condition to
remove the N“-Boc group during the peptide synthesis. Therefore, protecting groups
more stable to TFA were required and the following Z derivatives are now available.
Use of the 2-chlorobenzyloxycarbonyl (2-C1Z) group 31 [113], the 3-chlorobenzylox-
ycarbonyl (3-ClZ) group 32 [114], the 4-chlorobenzyloxycarbonyl (4-ClZ) group
33 [113], the 2,4-dichlorobenzyloxycarbonyl (2,4-Cl,Z) group 34 [113], the 2,6-
dichlorobenzyloxycarbonyl (2,6-Cl,Z) group 35 [113], and the 3,4-dichlorobenzylox-
ycarbonyl (3,4-Cl,Z) group 36 [113] has been reported.

Boc Group This derivative was introduced by Schweyzer et al. [115] for preparation
of o-melanocyte stimulating hormone. Recently, it was found to be important for the
Fmoc strategy in solid-phase peptide synthesis. Lys(Boc) is prepared by the reaction of
the Lys,/Cu®** complex with (Boc),0 [27].

2-Adoc Group Lys(2-Adoc) 37 (Figure 6.9) was developed by Nishiyama and
Okada [116], and it was prepared using Lys,/Cu’" complex and 2-adamantyl
chloroformate in the usual manner [117]. The 2-Adoc group was stable to 7.6 M
HCI in dioxane, TFA, 25% HBr in acetic acid and 1M trimethylsilylbromide
(TMSBr)-thioanisole-TFA for up to 24h. It could be removed by 1M trifluoro-
methanesulfonic acid (TFMSA)—thioanisole-TFA or anhydrous HF in a few minutes
at 0 °C, but was cleaved very slowly by methanesulfonic acid (MSA). Further, the
2-Adoc group was stable to 20% piperidine in DMF, 10% triethylamine in DMF, 10%
NaHCO3, and 2M NaOH for up to 24 h.

6.2.3.2 [-Mercapto Function of Cys
S-Benzyl (S-Bzl)cysteine and Related Derivatives Cys(S-benzyl, S-Bzl) was prepared

by the reaction of Cys hydrochloride with benzyl chloride [118]. The S-Bzl 38 group
can be removed by Na/liquid NH;[119] or HF (20 °C for 30 min) [120]. However, such

HoN—CH—COOH

37: H-Lys(2-Adoc)-OH

Figure 6.9 Structure of H-Lys(2-Adoc)-OH.
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conditions are incompatible with sensitive functionalities such that current protec-
tion schemes with benzyl are seldom conducted. This protecting group was intro-
duced by du Vigneaud [121]. In order to increase acid lability such that its removal
might be effected under less drastic conditions, substituted benzyl thioethers, like the
compounds p-methylbenzyl (S-MeBzl) 39 [122], p-methoxybenzyl (S-MBzl) 40 [123],
S-trimethylbenzyl (S-Tmb) 41 [124], S-benzhydryl (S-Bzh) 42 [125], and S-Tri
43 [126, 127], were investigated and evaluated for their efficacy in complex peptide
synthesis. The cleavage of S-MeBzl and S-MBzl still requires treatment with liquid
HF, albeit at a lower temperature than that required for the benzyl group. The
S-Tmb is stable to TFA at 23 °C for 2 h and cleaved by HF-anisole at 0 °C for 30 min.
S-Bzh and S-Tri are labile in TFA. The S-MeBzl and S-MBz groups are compatible
with the Boc/Bzl strategy, while the S-Bzh and S-Tri groups can be used in the
Fmoc/tBu approach.

S-Acetamidomethyl (S-Acm)cysteine and Related Derivatives ~ Cys(S-acetamidomethyl
Acm) 44 can be prepared from acetoamide, formaline, and Cys [128]. The Cys(S-Acm)
is stable to acids, such as HF, TFA and HBr/AcOH and bases, such as NH,NH; and
1M NaOH. The S-Acm group is removed by Hg(OAc), or AgOTf [129] or I, [130]. Cys
(S-Tacm: S-trimethylacetoamidomethyl) 45 was developed by Kiso et al. [131, 132]. It
is stable to acids and bases as is S-Acm and, it can be removed by a similar procedure
to S-Acm. S-Tacm is also more easily prepared than S-Acm (Figure 6.10).

S-3-Nitro-2-pyridylsulfenyl (S-Npys)cysteine and Other Derivatives 3-nitro-2-pyridyl-
sulfenyl (Npys) was introduced by Matsueda et al. [133]. Cys(S-Npys) 46 can be
prepared by the reaction of N-protected Cys (Boc-Cys) with Npys-Cl. This protecting
group is stable in acids, such as HF or TFA and can be removed by tri-n-butylpho-
sphine or f-mercaptoethanol. A particularly useful aspect of the Npys group is that it
can be displaced by the free sulthydryl group of another Cys residue, allowing the
directed formation of disulfide bridge. Other mixed disulfides, such as the S-tert-
butylmercapto (S-S-tBu) 47 [134] and S-S-Et 48 [135], can be removed by thiolysis.

6.2.3.3 - and vy-Carboxyl Functions of Asp and Glu

In the case of the minimum protection procedure, it is not necessary to protect side-
chain carboxyl functions after introduction into a peptide segment. However, in the
case of the maximum protection procedure, both carboxyl functions of Asp and Glu
should be protected during peptide synthesis.

S—X
CHa 0 HC O
HN—=CH—C=OH X H;C~C~NH—CHp~ HsC—C—C—NH—CH,—
0 HsC

44: acetoamidomethyl(Acm) [128]  45: trimethylacetoamidomethyl(Tacm) [131, 132]

Figure 6.10 Structures of Acm and Tacm groups.
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Aspartic Acid 3-Benzyl Ester, Asp(OBzl) Asp(OBzl) 49 can be prepared from Asp and
benzylalcohol in the presence of sulfuric acid [136]. The benzyl group can be easily
removed by catalytic hydrogenolysis or HF [17], TEMSA [137], trimethylsilyltrifluor-
omethanesulfonate (TMSOTY) [138], and TMSBr [139]. When Asp(OBzl) is used
for peptide synthesis, formation of succinimide is often observed (Scheme 6.12)
[140-142]. This succinimide is very sensitive to base and rearrangement of the
peptide bond (from a to P) is also observed [143-148|.

)
OH

C=OR!
/

CHz
R-HN-CH

.
C—NH—CHy—~C—R?
1] g o)

1]
CH, _— T CHC
N /NCHZCOORZ
o]

1l
0] 0] 0 0]

}; g —OR! / Succinimide

H .

C—NH—CH,~C—R?
1]

o] o]

Scheme 6.12 Acid- and base-catalyzed ring closure in 3-benzylaspartyl peptides [140].

Aspartic Acid (-tert-Butyl Ester, Asp(OtBu) Z-Asp(OtBu)-OH can be prepared from
Z-Asp-OEt [149, 150]. Asp(OtBu) 50 is stable to catalytic hydrogenation and is easily
removed by acids (TFA, HCl in organic solvent, HBr/AcOH, etc.) [39, 151]. It should
be kept in mind that Asp(OtBu) is partially saponified under alkaline conditions
[152-154] and is partially converted to the corresponding hydrazide by hydrazine
hydrate [103, 154].

Aspartic Acid 3-Cyclohexyl Ester, Asp(OcHx)  As described above, on the introduction
of Asp(OBzZl) to the peptide, or upon removal of the $-OBzIl [155], especially when a
Thr, Gly, His, or Asn residue is located at the C-terminus of Asp(OBzl) [140-142],
formation of succinimide from Asp residue readily occurs (Scheme 6.12), followed by
conversion of an a-peptide bond to an a,p-peptide bond. In order to suppress the
above side-reaction, various protecting groups for the B-carboxyl function were
developed. The cyclopentyl ester, Asp(OcPe) 51, removable by HF is more stable
to TFA than Asp(OBzl) [156]. However, the tendency to form succinimide is similar to
Asp(OBzl). The cyclohexyl ester, Asp(OcHx) 52 [157], is stable to TFA and removed by
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51: cyclopentyl(-OcPe) [151] 52: cyclohexyl(-OcHx) [157] 53: cycloheptyl(-OcHp) [158] 54: cyclooctyl(-OcOc) [158]

Figure 6.11 Structures of (-aspartates.

HF. The above side-reaction of the peptide with this protecting group was reduced
dramatically compared with the Asp(OBzl) containing peptide. Cycloheptyl ester,
Asp(OcHp) 53 and cyclooctyl ester, Asp(OcOc) 54 [158] were also developed by
Yajima et al. (Figure 6.11).These protecting groups are stable to TFA and removed
by HF or 1M TFMSA-thioanisole-TFA and can reduce the formation of
succinimide [159].

Aspartic Acid f3-1- or 2-Adamantyl Ester, Asp(O-1- or 2-Ada) [3-1- or 2-Adamantylas-
partate, Asp(O-1-Ada) 55 and Asp(O-2-Ada) 56 were synthesized [160, 161]. The 1-
Ada group is susceptible to TFA, whereas the 2-Ada group is stable during TFA
treatment and easily removable by MSA or HF. Both groups are stable to 50%
piperidine in dichloromethane (DCM). These groups suppress aspartimide forma-
tion as a side-reaction under acidic and basic conditions during the synthesis of an
aspartyl peptide.

6.2.3.4 Protecting Groups for the y-Carboxyl Function of Glu

These protecting groups are similar to those of Asp. The following protecting
groups were reported: y-Benzylglutamate, Glu(OBzl) 57 [162], y-tert-butylglutamate,
Glu(OtBu) 58 [149], y-cyclopentylglutamate, Glu(OcPe) 59 [163], y-cyclohexylgluta-
mate, Glu(OcHx) 60 [160], y-cycloheptylglutamate, Glu(OcHp) 61 [164], and
v-2-adamantylglutamate Glu(O-2-Ada) 62 [165].

6.2.3.5 9-Guanidino Function of Arg

The 6-guanidino group of Arg is strongly basic (pK, = 12.5) and protonation provides
asimple method of protection that was often used in peptide synthesis by the solution
method [166, 167]. However, the poor solubility associated with the intermediates
and problems arising as a result of the protonated peptides behaving like an ion-
exchange resin, causing them to change anions during the course of the peptide
synthesis, prompted the search for a more satisfactory method for protecting the side-
chain of Arg.
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63: Arg(NO,) [168, 169] 64: Z-Arg(Z), [190]

Figure 6.12 Structures of H-Arg(NO,)-OH and Z-Arg(Z),-OH.

NC-Nitro(NO,)arginine Arg(NO,) 63 is prepared by addition of ammonium nitrate
to a solution of arginine hydrochloride in concentrated sulfuric acid [168, 169]. This
protecting group is stable to acids, such as HBr/AcOH, TFA, and removed by HF
(0 °C, 30 min) [31]. It takes a relatively long reaction time to remove the protecting
group by catalytic hydrogenation and sometimes, stable, partially reduced products
are formed.

NC-Benzyloxycarbonyl(Z),arginine The reaction of arginine with Z-Cl (4 equiv.)
under strong basic conditions yields Z-Arg(Z),64 [170] (Figure 6.12). In this case,
basicity of the guanidino function is completely protected and can be used as an acid
component. This group can be removed by catalytic hydrogenolysis and is stable to
HBr/AcOH [170].

NC®-(1-Adoc),arginine  Two 1-Adoc residues are introduced into the guanidino
function of Arg by reaction of N*-protected arginine with 1-adamantyl chloroformate
to give Boc-Arg(1-Adoc),-OH or Z-Arg(1-Adoc),-OH [171]. The solubility of Arg(1-
Adoc),-containing peptides in organic solvents is considerably increased. Cleavage of
the 1-Adoc group is achieved with TFA or HCI treatment [172].

NC.p-Toluenesulfonyl(Ts) arginine The p-toluenesulfonyl Tos group 65 is currently
the most commonly applied to peptide synthesis. This protecting group is stable
to acids such as HBr/AcOH and TFA and bases such as NH,NH, and NaOH
[173, 174] and it is cleaved by HF (0 °C, 30 min) [175] or TEMSA (25 °C, 90 min)
[176, 177].

The 4-methoxy-2,3,6-trimethylbenzenesulfonyl group (Mtr) 66 [173, 178] is
removed with TFA-thioanisole (9:1) [177]. This protecting group is also removed
by 1M TMSBr-thioanisole-TFA [179] and 1M tetrafluoroboric acid-thioanisole—
TFA [180]. The 2,2,5,7,8-pentamethylchroman-5-6-sulfonyl group (Pmc) 67 [181]
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Figure 6.13 Protecting groups for d-guanidino function of Arg.

and the closely related 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl group
(Pbf) 68 [182] are more easily removed by TFA (Figure 6.13).

6.2.3.6 Phenolic Hydroxy Function of Tyr

The phenolic hydroxyl group of Tyr can react with acylating agents especially
under basic conditions where the formation of the phenolate anion generates a
potent nucleophile [181, 182]. Therefore, it is preferable to protect the phenolic
hydroxyl function. However, it should be kept in mind that the phenol ring of Tyr
is susceptible to electrophilic aromatic substitution in the phenol ring, partic-
ularly at the position ortho to the hydroxyl group. In peptide synthesis, such
alkylation usually occurs on acidolytic removal of protecting groups.

O-Benzyl(OBzl)tyrosine  Originally, the hydroxyl function of Tyr was protected with a
benzyl ether [183]. Tyr(OBzl) 69 is stable in AcOH and TFA and removed preferably
by Na/liquid NHj; or catalytic hydrogenolysis [184]. Significant amounts of
3-benzyltyrosine were observed on acidolytic removal by HBr/AcOH or HF [185].
In order to reduce this rearrangement reaction, the 2,6-dichlorobenzyl ether was
developed [186].

Other Protecting Groups O-2-Bromobenzyloxycarbonyltyrosine, Tyr(O-2BrZ)
70 [187], is more stable to TFA than 69 by 50-fold and it is removed by HF or
catalytic hydrogenolysis. The O-tert-butyl ether, Tyr(OtBu) 71, is removed by TFA or
HF. However, 3-tert-butyltyrosine was observed upon acidolysis [188, 189].
O-Cyclohexyl ether, Tyr(OcHx) 72 [25], is removed by HF (0 °C, 30 min) and reduces
the alkylation that occurs on the phenol ring. O-2-Adamantyloxycarbonyltyrosine,
Tyr(O-2-Adoc) 73, was prepared [82]. The 2-Adoc group is stable to TFA, 5M HCl
in dioxane, and catalytic hydrogenolysis, but removed by treatment of 1M
TFMSA-thioanisole-TFA and HF.
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6.2.3.7 Aliphatic Hydroxyl Function of Ser and Thr
O-Benzylserine, Ser(OBzl) 74 [190], and O-benzylthreonine, Thr(OBzl) 75 [190], were
developed. This protecting group is stable to alkaline condition and removed by
catalytic hydrogenolysis [191], HBr/dioxane, HBr/TFA [192], or HF [31]. The O-Bzlis
stable to TFA; however, it is partially cleaved during repetitive treatments of the
peptide with TFA. Bromobenzyl ethers [193] or chlorobenzyl ethers [193] are more
stable to TFA than the benzyl ether.

O-tert-Butylserine, Ser(OtBu) 76, and O-tert-butylthreonine, Thr(OtBu) 77, were
developed [194]. This protecting group is removed by TFA (at room temperature,
30-60min) [195], HCI/TFA (at room temperature, 30 min) [196], and HF [31].

6.2.3.8 Imidazole Nitrogen of His

The protection of the side-chain of His was problematic for many years and even
today it has still not been resolved in a completely satisfactory manner. Difficulties
arise because the imidazole ring has two nonequivalent, but similarly reactive
nitrogen atoms, designated i and t as shown in Figure 6.14.

N™-Tosyl(N"-Tos)histidine His(N"™-tosyl, Tos) 78 was prepared by the reaction of
acylhistidine (acyl = tert-amyloxycarbonyl, Nps, etc.) with tosyl chloride [197, 198].
This protecting group is stable to TFA and catalytic hydrogenolysis and removed by
HF[197] and TFMSA [178]. Itis also removed by 1 M NaOH and partially removed by
triethylamine in organic solvent or N-hydroxybenzotriazole [197, 198|.

N™-Dinitrophenyl(N"™-Dnp)histidine His(N"™-dinitrophenyl Dnp) 79 was prepared
by the reaction of Z-histidine with 2,4-dinitrofluorobenzene [199]. The Dnp group is
stable to acid, such as TFA or HF [200], and removed by thiolysis [201].

N™-Benzyloxymethyl(N"-Bom)histidine and the Other Derivatives Jones et al. pointed
out that protection of the mt-nitrogen of imidazole function was required to prevent
racemization of the His residue [202, 203]. They introduced the benzyloxymethyl
(Bom) group 80 to the m-nitrogen, which prevents racemization [204]. This group
is removed by catalytic hydrogenolysis, HBr/TFA, and HF, and is stable to TFA.
The problem associated with this derivative, however, is that the Bom group
generates formaldehyde upon strong acid-mediated cleavage, which can lead to
the irreversible blocking of the amino group or to the modification of Cys
residues [205-208|.

9
HoN—CH~=C—OH
CH,

T —N

NH «—T

Figure 6.14 Imidazole nitrogens of His.
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The N™-tert-butyloxymethyl (Bum) group 81 [209] is stable to catalytic hydroge-
nolysis and alkaline conditions and it is removed by TFA.

The N”™-1-adamantyloxymethylhistidine, His(N"-1-Adom) 82, is stable to alkaline
conditions and it is cleaved by TFA [210, 211]. The N™-2-adamantyloxymethylhisti-
dine, His(N"-2-Adom) 83 is stable to both TFA and alkaline conditions and it is
cleaved by 1 M TFMSA-thioanisole-TFA and HF [212, 213].

N*-Tritylhistidine, His(N"-Tri) 84, is currently the method of choice. It is complete-
ly stable to basic conditions and is readily removed by mild acidolysis.

6.2.3.9 Indole Nitrogen of Trp

The most popular choice for the protection of the Trp side-chain is the N™%-formyl
(For) 85 group, which is stable to HF [214]. Its removal can be accomplished by
treatment with a solution of piperidine in water, or with hydrazine or hydroxylamine.
Trp(N™ -Mtr) 86, Trp(N'™¢ -Mtb: 2,4,6-trimethoxybenzenesulfonyl) 87 [215], and Trp
(N _Mts: mesitylsulfonyl) 88 [216] were also developed. Those protecting groups
can be removed by HF or 1 M TFMSA-thioanisole-TFA.

6.3
Chain Elongation Procedures

A combination of stepwise elongation and segment condensation strategies may be
used when peptide molecules are synthesized in solution. Chemical methods used
on both of those types of couplings are principally similar.

6.3.1
Methods of Activation in Stepwise Elongation

It is very important to avoid epimerization during the peptide synthesis. Stepwise
elongation from the C-terminal by one amino acid at a time using urethane-protected
amino acids such as Z-amino acids and Boc-amino acids, is advantageous in avoiding
epimerization during the peptide bond-forming reaction [77, 217, 218]. The stepwise
elongation procedure is effective for the synthesis of small peptides, and for
preparing peptide segments to construct large peptides and proteins.

6.3.1.1 Carbodiimides

In 1952, Khorana employed DCC 89 for nucleotide synthesis [219] and, in 1955,
Sheehan and Hess employed DCC for peptide synthesis [220]. For many years, DCC
has been the most useful and popular coupling reagent in peptide synthesis for both
solid-phase and solution methods. It is highly reactive and gives high yields within a
short time. The disadvantage to the use of DCC is the formation of the insoluble
dicyclohexylurea during activation/coupling. To overcome the problems of separa-
tion of the insoluble urea byproduct, the use of diisopropylcarbodiimide (DIPCDI)
90, which is equally effective and forms a more soluble urea byproduct[220], has been
advocated. A reaction mechanism with DCC is summarized in Scheme 6.13.
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Scheme 6.13 DCC-mediated coupling pathway [67].

Addition of the N-protected amino acid to one of the N=C bonds of DCC gives the O-
acylisourea, intermediate A, the first active species formed in the coupling reac-
tion [221-223]. The highly reactive A can then undergo aminolysis by the amino
component, leading to formation of amide B and the dicyclohexylurea byproduct C.
Alternatively, another molecule of carboxylic acid can react with O-acylisourea,
forming the amino acid symmetrical anhydride D. This is another potent acylating
species that also reacts with the amino component, again leading to amide bond
formation [224-226]. Water-soluble carbodiimide (WSCI), 1-ethyl-3-(3’-dimethyla-
minopropyl)carbodiimide (EDC) 91, was also developed [227] (Figure 6.15).

6.3.1.2 Mixed Anhydride Method

This principle was already reported more than 100 years ago by Curtius [1]; however,
in fact, Wieland was first to employ this method for peptide synthesis [228]. There is
an inherent problem in the reaction using a mixed anhydride formed from protected
amino acids or peptides and carboxylic acids. Since the anhydride has two carbonyl
groups, there is a regiochemical problem. Attack of the amino component must take
place at the desired place if the correct product is to be obtained (Scheme 6.14).

QN=C=NO >7N=C=N—< CH3—CHz=N=C=N—(CH);—N

89: DCC 90: DIPCDI 91: WSCI

Figure 6.15 Structures of carbodiimides.
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Scheme 6.14 Two possible products via a mixed anhydride.
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Figure 6.16 Structures of the mixed anhydrides with carboxylic acids.

The success of the method depends on the ability to completely reduce the attack at
the wrong carbonyl group, which would lead to the formation of N-acylated amino
derivatives that can no longer take part in peptide synthesis. This can be achieved by
using carboxylic acids, or their derivatives, which present severe steric hindrances.
Mixed anhydrides containing isovaleryl 92 [229] or pivaloyl residues 93 [230] are the
most successful of this class of coupling reagents (Figure 6.16).

The most popular type of mixed anhydride is that formed with carbonic acids
instead of carboxylic acids. Typically, ethyl chloroformate 94 [231, 232] and isobutyl
chloroformate 95 [233] are used. The pathway for the amide bond formation is
summarized in Scheme 6.15.

R O R O
I Il N(C2Hs)3 I I
X—NH—CH—C—0H > X—NH—CH—C._
Q 94: Y=ethyl v—0-¢c~
Y—0O—C—Cl 95: Y=isobutyl 5
HoN—R' R
; > X—NH—CH—CONH—R' + YOH + CO;
bemeon > Y—O-CONH—R' (by-product)

Scheme 6.15 Coupling via a mixed anhydride with carbonic acids.

The advantage of this method is that the byproducts generated, carbon dioxide and
the corresponding alcohol, are easy to remove from the reaction mixture.

6.3.1.3 Active Esters

Methyl esters or ethyl esters are converted to the corresponding amide or hydrazide
by ammonia or hydrazine hydrate, respectively. Therefore, these esters have a
tendency to suffer ammonolysis. In order to form the peptide bond from an amino
ester under mild conditions, the ester moiety should be activated [234]. Based on the
principle of the mixed anhydride procedure, Wieland et al. developed an amino acid
thiophenyl ester [235]. It can be considered as a type of mixed anhydride from the
carboxylic acid and thiophenol. Electrophilicity of the carbonyl carbon of carboxyl
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function is raised by the electron-withdrawing property of the alcohol moiety of the
ester, thereby the carbonyl carbon becomes more vulnerable to attack by the amino
component. Generally, phenols with electron withdrawing substituent at ortho or
para positions can be converted to active esters by the DCC procedure or a mixed
anhydride procedure. Of these, p-nitrophenyl ester 96 [77], 2,4,5-trichlorophenyl
ester 97 [236], pentachlorophenyl ester 98 [237], and pentafluorophenyl ester 99 [238]
are widely used.

Anderson et al. developed N-hydroxysuccinimide (HOSu) ester 100 as one type of
N-hydroxyamine type active ester [239]. These types of active ester can suppress
epimerization. The advantage over the phenol type of active esters is that the N-
hydroxyamine derivative can be removed simply by washing with water. The HOSu
ester is easily prepared from the N-protected amino acid and HOSu with DCC.
However, it was revealed that HOSu reacted with DCC (in a molar proportion of 3: 1)
forming dicyclohexylurea and succinimideoxycarbonyl-f-alanine-hydroxysuccini-
mide ester through a Lossen rearrangement [240]. N-Hydroxybenzotriazole (HOBt)
ester 101 can be easily prepared by the DCC method, it suppresses epimerization and
accelerated aminolysis, and therefore it is widely used in peptide synthesis [241, 242].
The typical structures of the active esters are shown in Figure 6.17.

Cl
TR
X—NH—CH—C-0-X  X: —@—Noz cl
Cl
96: p-nitopheny! ester 97: 2,4,5-trichlorophenyl ester
cl Cl F F
Cl F
Cl cl F F
98: pentachlorophenyl ester 99: pentafluorophenyl ester
O
N
/7
—N N\
N
5 I
100: N-hydroxysuccinimide ester 101: 1-hydroxybenzotriazole ester
(HOSu) (HOBY)

Figure 6.17  Structures of the active esters.
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6.3.1.4 Phosphonium and Uronium Reagents

The use of acylphosphonium salts as reactive intermediates for the formation of
amide bonds was first postulated by Kenner in 1969 [243]. However, compounds that
promote peptide coupling by the formation of acylphosphonium salts did not become
widely used until Castro developed the (benzotriazol-1-yloxy)tris(dimethylamino)
phosphonium hexafluorophosphate (BOP) reagent 102 [244]. Since then, the use of
phosphonium salts in peptide chemistry has increased dramatically. BOP is easy to
handle and promotes rapid coupling. As the reagent does not react with N*-amino
group, it can be added directly to the amino and carboxyl components that are to be
coupled, meaning that the BOP reagent is able to produce the active ester in situ. A
drawback of its use is that BOP reagent produces the toxic hexamethylphosphoro-
triamide (HMPA) A as a byproduct. The proposed reaction mechanism of BOP
reagent is shown in Scheme 6.16 [245a,b]. The initial attack of carboxylate on the
phosphonium salts leads to the acyloxyphosphonium salts B. This is extremely
reactive and is attacked by the amino component or by the oxyanion of HOBt C to
form benzotriazolyl ester D, which is thought to be the predominant species
suffering aminolysis. A tertiary amine is normally used as base to form the
carboxylate ion of carboxyl component.

R—COOH
a. iPr)NEt
o—PEN(CHY |4
b. N,N PFg 102: BOP
N\
N
Y
R—C—O—P*{N(CH3)2 ]3
1
) \zr\m\ ©
N
+
C

o
4
N R-CONH-R! + [(CH3)2NIsP(O) + N
N, N
'/\ N A
HoNR!

Scheme 6.16 BOP-coupling pathway [245b].
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Figure 6.18 Phosphonium, uronium, and guanidium salts.

Based on the structure of BOP reagent, Castro developed (benzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate (PyBOP) 103 [251] (Figure 6.18).
PyBOP contains pyrrolidine instead of dimethylamine, therefore, it does not
form a noxious byproduct [246]. Halo (bromo or chloro)tripyrrolidinophosphonium
hexafluorophosphate, bromotripyrrolidinophosphonium hexafluorophosphate
PyBroP 104 or chlorotripyrrolidinophosphonium hexafluorophosphate PyCloP
105 were also developed [247, 248], which are effective on the coupling reaction of
N-methylamino acids or a,o-disubstituted amino acids. Kiso et al. introduced
2-(benzotriazol-1-yloxy)-1,3-dimethylimidazolidinium hexafluorophosphate (BOI)
106 [169].

The related uronium salts have also been developed for peptide synthesis in solid-
phase methods. Since the uronium salts react with the N*-amino group, the pre-
activation of the carboxyl component is required. In uronium activation, the active
species are formed quickly, even in the polar solvents required for optimal peptide
resin activation. Side-reactions such as epimerization and dehydration of amide side-
chains can be minimized [249]. The reagent, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU) 107, was introduced by Dourtoglou
etal.[250, 251]. Several other uronium salts were introduced subsequently. Knorr et al.
reported the usefulness of 2-(1H-benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium
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tetrafluoroborate (TBT'U) 108 [249]. More recently, a new generation of phiosphonium
and uronium coupling reagents, based on 1-hydroxy-7-azabenzotriazole (HOAt) 109,
have been developed [252]. The aza analog of HBTU, 2-(1H-7-azabenzotriazol-1-yl)-
1,1,3,3,-tetramethyluronium hexafluorophosphate (HATU) 110, was introduced [252].
For years, HBTU and HATU were thought to exist as uronium salts; however, X-ray
crystallography analysis revealed their true structure as guanidinium salts [253],
but they are still commonly called uronium salts.

6.3.2
Methods of Activation in Segment Condensation

For the synthesis of larger peptides or proteins by solution methods, the conden-
sation of peptide segments is an attractive strategy. The separation of the product
from truncated or deleted sequences is considerably facilitated. The main and serious
problems of this procedure lies in the easy epimerization of the C-terminal residue of
the carboxylic segment when the residue is neither glycine nor proline. This
epimerization proceeds primarily through an oxazolone intermediate by the reaction
of the penultimate residue on the terminal activated carboxylate (Scheme 6.2).
Therefore, the most important requirement for coupling applied to the formation
of an amide bond between two protected peptide segments is to reduce epimerization
of the C-terminal amino acid of the carboxyl component to a minimum extent. In this
chapter, suitable coupling procedures to suppress epimerization in segment con-
densation will be described: (i) the azide procedure, (ii) DCC methodology using an
acidic additive, and (iii) native chemical ligation.

6.3.2.1 Azide Procedure

The application of the azide procedure (Scheme 6.17) is preferable when the segment
to be activated does not contain a Gly or Pro residue at the C-terminus, although
epimerization using the azide procedure was observed by Kemp et al. [4]. However, it
is still true that the amount of epimerization is usually relatively low and, if certain
precautions are taken, it can be maintained at very low levels [254a]. It is possible to
explain the reason why so little epimerization occurs with this method compared with
others based on the fact that aminolysis of the peptidyl azide is governed by

R? R!
| |
X-NH-CH-COO.Y —NHANH2 s NH-CH-CONHNH, —_HNO2
R2
R’ J: R! R2
HoNCHCOO-Y

I
X-NH-CH-CON3 ———» X-NH-CH-CONH-CH-COO-Y + HNj3
N-acyl azide

X: N-protecting group or N-protected peptide; Y: C-protecting group

Scheme 6.17 Peptide bond formation via an N-acylamino acid azide.
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Scheme 6.18 Intramolecular base catalysis mechanism [261b).

intramolecular general base catalysis as shown in Scheme 6.18 and this type of
catalysis does not lead to oxazolone formation.

A further advantage is that the azides do not acylate hydroxyl functions, thus the
principle of minimum protection can be applied. However, its main disadvantage is
the considerably decreased rate of coupling which favors the rearrangement-reaction
leading to carbamide-peptides which are difficult to separate [97].

Diphenylphosphoryl azide (DPPA) 111, which was developed as a reagent forming
acyl azides by Shioiri et al. [255], gives a peptide bond without protection of the side-
chain functional groups in a low yield of the epimeric peptide [255-257]. DPPA also
proves to be effective in the synthesis of cyclic peptides [258]. The reaction mode
postulated is shown in Scheme 6.19 [257].

_OPh
RCO,y, + N3—P 111: DPPA
2 N oph
/ \O
o
p PN RCO O
— [ —
RCO: ™Sopp =< 2 i oPh
N3
RCON;
Nu: Nu:

Nu:
RCONu

Scheme 6.19 Reaction mode of DPPA [257].

6.3.2.2 Carbodiimides in the Presence of Additives

It was revealed that the coupling of protected peptide segments using carbodiimides
alone proceeds with extensive epimerization of the C-terminal amino acid of the
segment [259].

Weygand et al. found that segment coupling with DCC in the presence of HOSu
drastically decreased epimerization (less than 1%) [260, 261] and Wuensch et al.
successfully applied this procedure to the synthesis of glucagon [262-264], although
Schroeder had previously given up on its synthesis by the azide procedure.

Later, Koenig and Geiger introduced a more effective reagent than HOSu, namely
HOBt [242] and 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine (HOOBt), in
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1970265, 266]. The DCC/HOBt method was successfully employed for the synthesis
of human adrenocorticotropic hormone (ACTH) [267]. Sakakibara et al. synthesized
human parathyroid hormone [268] by using the WSCI/HOOBt segment coupling
method in addition to calciseptine — an L-type specific calcium channel blocker [269],
Na*/K*-ATPase inhibitor-1 (SPAI-1) [270] and O-palmitoylated 44-residue peptide
amide (PLTXII) blocking presynaptic calcium channels in Drosophila [271] by using
the WSCI/HOOBt segment coupling method. In segment-coupling model studies,
even lower levels of epimerization have been reported [272] when WSCI is used in
conjunction with additional HOAL.

The segment coupling method accompanies solubility problems, even though
powerful solvents such as DMF, HMPA, and N-methylpyrrolidone (NMP) [273] are
used. In peptide synthesis by solution methods, the difficulty of obtaining homo-
geneous products increases drastically as the size of the target peptide increases. The
low solubility of large segments brings about the low concentrations in the reaction
mixtures, resulting in slow reaction rates. In order to maintain the solubility of
peptide segments suitable for the coupling reactions, two main approaches have been
attempted. One is the development of protecting groups, which can lead to peptide
intermediates that are soluble in organic solvent systems that have high solubilizing
potential. The other is the choice of proper reaction solvent systems. We focused on
the latter, namely effective solvent systems. The insolubility of the protected peptide
intermediates is caused by f3-sheet aggregation of the peptide chain resulting from
intra- or inter-chain hydrogen bonds [274, 275]. In order to dissolve such peptides, the
B-sheet structure must be disrupted and transformed into a helical or random
structure. Trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) have been
recommended for disrupting -sheet aggregation [276, 277]. Narita et al. reported
that a mixture of chloroform (CHL) or DCM with HFIP, phenol, TFE, or some other
polar solvent is an extremely good solvent for dissolving fully protected peptides [278].
Sakakibara et al. tried to couple Boc-(1-10)-OH with H-(11-28)-OBzl in order to
synthesize protected rat atrial natriuretic peptide (1-28). In CHL/TFE (3: 1), the
coupling reaction proceeded smoothly by the EDC/HOOBt method without any
detectable epimerization. The reaction was completed within 5h and the reaction
mixture remained a clear solution [279]. Similar results were obtained in the
synthesis of human parathyroid hormone [268, 279], calcicludine [280], muscarinic
toxin I [281], and B-amyloid peptides [282].

6.3.2.3 Native Chemical Ligation

Native chemical ligation, the highly chemoselective reaction between unprotected
peptides bearing a C-terminal thioester and N-terminal Cys results in polypeptides
under mild conditions in aqueous solution, is the most practical and most widely
used for creating long peptide chains [283] (Scheme 6.20). Dawson et al. extended the
utility of this approach to non-Cys containing peptides [284]. After ligation, selective
desulfurization of the resulting unprotected polypeptide with H,/metal reagents
converts the Cys residue to Ala[284]. Since Ala is a common amino acid in proteins as
compared with Cys, ligation at Ala residues enables universal application. The
convergent chemical synthesis of a polypeptide chain with 203 amino acids by
sequential ligation of four peptide segment has been achieved [285].
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Scheme 6.20 Synthesis of peptides by native chemical ligation.

6.4
Final Deprotection Methods

The final stage of peptide synthesis consists of deprotection reactions to remove all
protecting groups. As described above, each protecting group on an a-amino or
carboxyl function or side-chain of an amino acid has properties suitable for peptide
synthesis. By a combination of protecting groups and the selection of an appropriate
activation method on carbonyl groups, protected peptides can be synthesized by both
solution and solid-phase methods through stepwise condensation and segment
condensation procedures. The solution method enables the purification of a reaction
product after each coupling step. Therefore, protected peptides can be obtained by
this method with a high degree of purity. At the final deprotection step, all protecting
groups should be completely removed. Obviously, the choice of the reagents used in
the final deprotection step determines the main strategy of peptide synthesis. These
final deprotection procedures are mainly: (i) catalytic hydrogenolysis in the presence
of palladium [7, 286], (ii) sodium treatment in liquid ammonia for 10-15 s repetitively
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over 30 min [287-289], (iii) TFA treatment at room temperature for 1h[115, 290], (iv)
HF treatment at 0 °C for 1h [34, 291], or (v) the “hard-soft acid-base (HSAB)”
procedure [166, 292-298].

6.4.1
Final Deprotection by Catalytic Hydrogenolysis

Generally, peptides which do not contain Lys and sulfur-containing amino acids (Met
and Cys) can be prepared by a combination of the Z group with amino acid derivatives
containing protecting groups which are removable by catalytic hydrogenolysis, such
as Arg(NO,), Asp(OBzl), and Glu(OBzl). Boissonnas et al. synthesized bradykinin by
this procedure [7].

6.4.2
Final Deprotection by Sodium in Liquid Ammonia

This procedure was first employed by du Vigneud for the synthesis of oxytocin [83] and
later for the synthesis of insulin [287-289]. As a side-reaction in this procedure,
Hofmann and Yajima reported that the peptidylproline bond was cleaved during the
synthesis of ACTH [299]. In the synthesis of insulin, the Thr—Pro bond in the B-chain
was partially cleaved. The procedure is no longer employed for the synthesis of large
peptides or proteins due to the occurrence of these detrimental side-reactions.

6.4.3
Final Deprotection by TFA

For the final deprotection by acid, novel amino protection groups were required
beside the Z group. Deprotection of the Boc group by McKay and Albertson resolved
this problem [26]. Schwyzer et al. established this novel strategy by applying Lys(Boc)
to the synthesis of porcine ACTH (1-19) [115]. The synthesis of calcitonin [290] or
porcine glucagon [262-264] also employed this procedure.

TFA cleavage of tBu and Boc groups results in tBu cation and tBu trifluoroacetate
formation (Scheme 6.7). These species are responsible for the alkylation of Trp [300],
Tyr [301], and Met [302]. 1,2-Ethanedithiol has been shown to be most effective
scavenger for tBu trifluoroacetate, compared to anisole, phenol, and so on [300].
However, 1,2-ethanedithiol alone is unable to fully prevent tert-butylation such that a
second scavenger, usually anisole is used [303].

6.4.4
Final Deprotection by HF

Anhydrous HF can easily cleave benzyl-based protecting groups as well as tBu-based
protecting groups [31]. It should be noted that HF is a typical reagent in the
Friedel-Crafts reaction. In the final deprotection procedure using HF, scavengers
should be added to the reaction mixture to avoid the alkylation by the cation produced
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in the acidolytic cleavage of protecting groups, such as Tyr(OBzl) and Tyr(OCl,BzI).
Anisole remains one of most widely used scavengers for HF cleavage. The Boc/Bzl
strategy is widely employed for both solution- and solid-phase peptide synthetic
methods. The solid-phase peptide synthetic methods could not have been developed
without the discovery of the HF deprotection procedure.

6.4.5
Final Deprotection by HSAB Procedure

The HF deprotection procedure is more suitable for the preparation of large peptides
and proteins than using TFA and is employed more widely. However, special
equipment is required in the HF procedure and TFMSA is an alternative to HF
cleavage. Organic sulfonic acids, such as TFMSA and MSA, are 47- and 2-fold as
acidic as HCl, respectively. Yajima et al. understood these phenomena and demon-
strated the possibility of using organic sulfonic acids as the final deprotection
reagent [176]. They successfully employed a 1 M TFMSA-thioanisole-TFA system
for the synthesis of large peptides and succeeded in synthesizing a catalytically active
bovine RNase, which consists of 124 amino acids [136]. This reaction mechanism can
be explained by the HSAB theory reported by Pearson [304] and summarized as
shown in Scheme 6.21 [304-306].

®
H

o)
I 1M TFMSA
CH,LONC—NH—R ————» HN—R + CO, + <j>—cH2
in TFA |
( HiC—§
HSC_SO

Scheme 6.21 Deprotection by the HSAB theory [306].

Asthe first step, the carbonyl oxygen is protonated, followed by fission of the benzyl
oxygen bond. The fission is accelerated by the attack of thioanisole, the so-called “soft”
nucleophile. Later, TMSOT{ was also employed as a super hard acid [307] with
thioanisole as a soft base for the final deprotection of neuromedin U-25 [308],
sauvagin [309], and human pancreatic polypeptide [310] by a solution method, and
later magainin [311] by a solid-phase method.
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7
Solid-Phase Peptide Synthesis: Historical Aspects
Garland R. Marshall

7.1
Introduction

Itis rare to be an observer /participant in the development of a technology thathas had
as much impact on scientific capabilities as has the solid-phase method of using a
polymeric protecting group as a convenient handle for purification. While the
potential impact was certainly apparent in 1959 to its inventor, Professor R. Bruce
Merrifield (Figure 7.1) of Rockefeller University, and many others as they became
exposed to the idea, no one could have predicted its dominance in combinatorial
chemistry, a field not yet conceived. It is also interesting to reflect on the severe
resistance that the concept generated by the synthetic organic chemistry community
whom it would best serve. One might expect such reluctance as a common
phenomenon for any paradigm shift that threatens the status quo [1]. What follows
is a personal view of the historical development of solid-phase peptide synthesis as
well as its acceptance by the scientific community at a time when the basic concept
was being developed from a prototype into a reliable methodology.

7.2
Selection of Compatible Synthetic Components

Merrifield’s notebook entry of 5/26/59 — “A New Approach to the Continuous,
Stepwise Synthesis of Peptides” records the first formal expression of the concept of
solid-phase peptide synthesis (SPPS). In his autobiography written at the request of
the American Chemical Society, Bruce outlined his scientific background and
experiences at the bench with the solution synthesis of peptides that led him to
this revolutionary concept, so trivial once expressed and so powerful once reduced to
practice. With Professor D. Wayne Woolley’s blessing as head of the laboratory, Bruce
started the search for the right support, linker, amino-protecting group and proce-
dure for cleaving the product from the polymeric support. Except for his autobiog-
raphy, Life During a Golden Age of Peptide Chemistry [2], published by the ACS in 1993,
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Figure 7.1 Bruce Merrifield reviewing his notebook entry of 5/26/59 “A New Approach to the
Continuous, Stepwise Synthesis of Peptides” (Courtesy of Professor John M. Stewart).

very little has been revealed about the multiple combinations of the different
components explored by Merrifield during this period to realize his concept of
SPPS. A number of polymeric supports, linkers, protecting groups, cleavage
reagents, and so on, were examined and found wanting, at least with the technology
available at the time. The problem was solved when Bruce obtained a sample of the
polymer, polystyrene cross-linked with divinylbenzene (Figure 7.2), used by Dow to
make ion-exchange resins for column chromatography. The polymer beads had to be
functionalized (Figure 7.3) to generate linkage sites for building the growing peptide

Figure 7.2 Polystyrene beads cross-linked with divinylbenzene — the first successful polymeric
support.
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methyl ether divinylbenzene

The Chloromethylation Step

Figure 7.3 Polystyrene polymer beads cross-linked with divinylbenzene were functionalized by
chloromethylation.

chain. His efforts with other supports including cellulose and multiple combinations
of protecting groups, linkers and cleavage conditions during this development period
were only revealed in any detail recently in this autobiography with direct quotations
from his laboratory books.

The combination of chemically modified (chloromethylated) cross-linked poly-
styrene beads with stepwise addition of N-terminal carbobenzoxy (Z)-protected
amino acids first led to a successful synthesis of small peptides. By the end of
1962, Bruce had demonstrated feasibility for SPPS by preparing a simple tetrapep-
tide, Leu—Ala—-Gly—Val, utilizing the Z group for amino protection and HBr/HOAc
for deprotecting the amino group of the growing peptide chain [3]. The strongly acidic
conditions required for Z removal mandated a more resistant linkage to the
polymeric support than the benzyl ester linkage originally tried. Bruce nitrated the
polystyrene resin to generate, in effect, a nitrobenzyl carboxy-protecting group stable
to HBr/HOACc that could be cleaved by saponification as shown in Figure 7.4. The ion-
exchange chromatogram (Figure 7.5) of the cleaved product of the synthesis of
Leu—Ala—Gly-Val already foreshadowed many of the problems that would have to be
overcome to make SPPS a robust and reliable procedure. For example, the presence
of Gly—Val and Ala—Gly—Val in the chromatogram implied that chain elongation was
incomplete, leading to these truncated sequences due either to incomplete deprotec-
tion or coupling. The presence of the deletion sequences Leu—Ala—Val and Leu-Val
that have omitted Gly and Ala—Gly, respectively, imply that incomplete deprotection/
coupling was only temporary, and growing chains could resume participation in
chain elongation (Figure 7.6). The tetrapeptide with p-Val at the C-terminus implies
racemization, either during coupling to the resin or upon saponification. The
presence of acetylated peptides implies incomplete washing after HBr/HOAc
treatment with retention of acetic acid into the activation and coupling procedure.
Nevertheless, despite these deficiencies, the major peak corresponded to the desired
product Leu—Ala—Gly—Val; the ease of synthesis compared with the labor and time to
produce a tetrapeptide by conventional solution approaches was sufficient to provoke
both intense interest in SPPS as well as a backlash by the more classical solution
peptide chemistry community. One of the referee’s critiques of the first paper
suggested that this SPPS should be shunned as it violated the basic principles of
synthetic organic chemistry (i.e., isolation and characterization of intermediates). In
view of the mixture of compounds in the cleaved product, such a reaction was not
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Figure 7.6 Use of the urethane-protecting groups, Z and Boc, for the amino group of amino acids
to minimize racemization during stepwise activation and coupling.

unreasonable. This was not the last time that this criticism among others would be
heard from synthetic organic chemists.

73
Racemization and Stepwise Peptide Assembly

The choice of urethane (benzyloxycarbonyl or carbobenzoxy (Z), t-butyloxycarbonyl,
(Boc), fluorenylmethoxycarbonylamino (Fmoc), biphenylisopropoxycarbonyl (Bpoc),
etc.)-protected amino acids was dictated by their resistance to racemization of the
a-carbon hydrogen when activated. Other amino acid derivatives, such as N-trityl and
N-o-nitrophenylsulfonyl, were also tried in alternative strategies because they too
resisted racemization upon carbonyl activation. This reasoning also dominated the
choice for stepwise addition of protected amino acids to elongate the growing peptide
chain from the C-terminal residue; otherwise, peptide carboxyl groups would require
activation if the growing peptide chain were attached to the polymer at the N-
terminus, with a high probability of racemization. Prior to native chemical ligation,
fragment-condensation strategies were chosen to have either proline or glycine
residues at the C-terminus to minimize racemization. If this were not feasible,
special activation procedures, such as the azide, of the C-terminal carboxylate of the
peptide were often utilized to minimize racemization during fragment condensa-
tion. By choosing urethane protecting groups and stepwise addition of protected
amino acids, the Merrifield strategy attempted to avoid racemization as a side-
reaction during chain elongation.
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7.4
Optimization of Synthetic Components

I was essentially unaware of the many trials of alternative approaches that Bruce had
endured before I showed up in his laboratory in the spring of 1963 at the suggestion
of my research advisor, the prominent immunologist Henry Kunkel. Professor
Kunkel had suggested that I try and develop an immunoassay for angiotensin II —
an important octapeptide hormone involved with blood pressure regulation. He
suggested that I work with Bruce on coupling the peptide to a carrier protein in order
to use it as a hapten and develop antibodies for the immunoassay. The protein
chemistry tradition (Max Bergman and Leonid Zervas came from Germany in 1933
just after their publication of the Z group in 1932) at the Rockefeller Institute for
Medical Research (later Rockefeller University) was especially strong as was that of
immunology (Landsteiner had thoroughly developed the use of haptens conjugated
to proteins to generate antibodies that recognized the small-molecule hapten). At that
time, the Merrifield section of the Woolley group consisted of only Bruce and his
technician, Angela Corrigliano. The first paper on SPPS with Z-amino protection was
in press in Journal of the American Chemical Society, and Bruce was already working on
its improved successor using Boc-amino protection (Figure 7.7) and a benzyl ester
linkage to the polymeric polystyrene support. Since each protected amino acid had to
be generated in the laboratory, each new peptide presented its own set of solution
synthetic problems. Bruce and Angela generated Boc-Arg(NO,), Boc-Pro, Boc-Phe,
Boc-Gly, and Boc-Ser(OBzl) for the synthesis of bradykinin, Arg—Pro—Pro-Gly—
Ser—Pro—Phe-Arg. My initial job was to generate the Boc derivatives of Val and
side-chain protected Asp, His, and Tyr for the synthesis of angiotensin II,
Asp-Arg-Val-Tyr-Val-His—Pro-Phe.

Certainly, the SPPS of bradykinin reported in 1964 was revolutionary compared
with traditional solution methods for preparing peptides. The nonapeptide was
assembled in 4 days, purified and fully characterized in 68% overall yield in another 5
days (a large part of the latter being the purification by counter-current distribution
and characterization by manual amino acid analysis — both techniques being tedious
and time consuming). This synthesis was comparable to the work of the large
synthetic group of Vincent du Vigneaud at Cornell on the synthesis of the two
nonapeptide pituitary peptides, oxytocin and vasopressin, for which Vincent du
Vigneaud had received the Nobel Prize only 10 years before. It was readily apparent to
perceptive chemists around the world that a paradigm shift in peptide chemistry was
underway. To some, the concept of a filterable protecting group was readily adaptable
to synthetic chemistry in general.

7.5
Foreshadowing of the Nobel Prize

Despite my background in biology at Caltech, or perhaps because of it, I instantly
sought tutoring in synthetic organic chemistry by Professor John M. Stewart, then
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Both bradykinin and angiotensin Il were

an assistant professor associated with the Woolley group. I tried not to expose my
chemical ignorance during laboratory discussions. I was essentially an apprentice
across the laboratory bench from Bruce and his technician, Angela, on a daily
basis. Despite my naivety, Bruce and other members of the Woolley laboratories
never treated me as anything but a colleague, which certainly put pressure on me
to learn as quickly as possible. It was an ideal environment in which to mature as
a scientist and my focus on SPPS intensified. I recognized the potential impact
that SPPS would have on science once developed. The method brought numerous
prominent scientists to visit, many of whom claimed to have conceived of SPPS,
but none other than Bruce to my knowledge had seriously attempted to reduce
the concept to practice. I particularly remember the visit of Sir Robert Robinson,
Nobel Laureate, to the laboratory in 1964. Bruce was especially excited that such
a prominent figure of synthetic chemistry would visit him. The Nobel Laureate
pulled me aside to tell me how lucky I was to be working with Professor
Merrifield; I agreed and then he said that he intended to nominate Bruce for
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the Nobel Prize. Every October for 20 years, I awaited the inevitable (at least to me)
announcement.

7.6
Automation of SPPS

It was obvious to Bruce that the simplicity of the steps involved in SPPS could be
automated as only introduction of solvent/reagent, shaking, and filtering were
involved (Figure 7.8) in an iterative synthetic cycle. He had witnessed the automation
of amino acid analysis by Professors Moore and Stein at Rockefeller, and saw the
dramatic improvement in both time savings and reproducibility (amino acid analyses
were done manually in the Merrifield laboratory). Bruce got John Stewart to help with
the electronics and drum programmer, and Nils Jernberg to design a novel rotary
valve using Teflon for the liquid interface to select solvents/reagents while he focused
on the plumbing, shaker, and so on. In a fairly short time, the prototype [4] (Figure 7.9)
was working 24h a day, much more reproducibly than a technician or graduate
student. The prototype was eventually retired to the Smithsonian Museum in
Washington, DC. I constructed the second automated synthesizer when I moved
to Washington University School of Medicine in 1966. I tried to improve the design
with a subroutine for washing built of relays to save space on the drum programmer,
but quickly learned that computers built with relays were inherently unreliable, much
to the amusement of my computer-experienced colleague, Professor Charles Molnar.
Interaction with Professor Molnar eventually led to my involvement with computer-
aided molecular design, but that is another story [5].

Figure7.8 Bruce Merrifield with new manual solid-phase shaker as seen from across the lab bench
at his lab at Rockefeller Institute for Medical Research in 1963.
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Figure 7.9 Automated solid-phase peptide synthesizer (now in the Smithsonian Museum). Note
drum programmer and timers within control module on right, two rotary valves above shaker with
reagent vessels on top.

7.7
Impact of New Protecting Groups and Resin Linkages

There were still many opportunities for significant improvement to the Merrifield
Boc/benzyl ester strategy. Boc amino protection and the benzyl ester side-chain
protection and linkage to the polymeric support were both acid-labile. While the
benzyl ester requires more rigorous acidic conditions, such as HBr/trifluoroacetic
acid (TFA), for removal, multiple exposures to the milder acidic conditions used
repetitively to remove Boc groups during peptide chain elongation was potentially
problematic in cleaving the growing peptide chain from the polymeric support. In
addition, cleavage of the product from the benzyl ester support and removal of side-
chain protecting groups required rather harsh conditions, incompatible with the
preparation of glycopeptides, for example. The introduction of the base-labile Fmoc
group by Carpino in 1972 had a major impact on multiple applications of solid-phase
peptide synthesis. When combined with a number of much more acid-labile linkages
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to the polymeric support, it became feasible to avoid strong-acid cleavage conditions
such HBr/TFA or HF and prepare side-chain protected peptides for subsequent
fragment condensations. While the benzyl ester linkage was amenable to ammo-
nolysis to generate the peptide C-terminal amide, this precluded use of esters for side-
chain protection of acidic side-chains such as Asp and Glu. As many peptide
hormones such as oxytocin, vasopressin, luteinizing-hormone-releasing hormone,
thyrotropin-releasing hormone, and so on, had C-terminal amide groups, Pietta and
Marshall developed a modified benzyhydrylamine linkage to the resin to generate C-
terminal peptide amides selectively. Methods for preparation of C-terminal amides,
aldehydes, and so on, compatible with other protocols were rapidly adapted from
solution chemistry.

7.8
Solid-Phase Organic Chemistry

It was also clear to Merrifield that filterable, polymeric protecting groups were
generally applicable to synthetic organic chemistry. He stated in a review in 1969, “A
gold mine awaits discovery by organic chemists,” but it was not his objective to
generalize the concept beyond biopolymers. Pioneers in this effort were Professor
Robert L. Letsinger of Northwestern University and Professor Clifford C. Leznoff of
York University in Canada. Letsinger [15] functionalized several different polymers as
potential filterable protecting groups. Leznoff used insoluble polymeric supports to
overcome a number of synthetic organic problems. For example, monoreactions of
symmetrical bifunctional compounds were demonstrated using a functionalized diol
to react with a symmetrical dialdehyde. Leznoff also used this approach to synthesize
insect sex attractants and carotenoids [16, 17]. In his excellent review [17] on “The use
of insoluble polymeric supports in general organic synthesis” published in Accounts
of Chemical Research in 1978, Leznoff quotes Merrifield’s comment on the gold mine
awaiting organic chemists with the comment, “Many gold nuggets have now been
mined. .. and some iron pyrites.” Several other synthetic organic chemists also
realized the potential advantages of SPPS, and their pioneering efforts need to be
recognized considering the cold reception that most of the synthetic chemistry
community gave SPPS. The Patchornik group in Israel developed a number of
insoluble polymeric reagents [18, 19] including coupling reagents and demonstrated
their utility in the synthesis of peptides. Crowley and Rapoport evaluated the
hyperentropic utility of polymeric supports as an alternative to high dilution and
concluded, based on experimental work, that co(polystyrene-2% divinylbenzene) did
not provide adequate site isolation [20]. Depending on the cross-linking and loading
of reactive groups on the polymeric support, intermolecular side-reactions including
aggregation were readily demonstrated.

While Bruce recognized the obvious extension of solid-phase synthesis to other
biologically important heteropolymers (Figure 7.10) such as nucleic acids and
oligosaccharides, the underlying chemistry was less developed and Bruce was loath
to claim any obvious potential for solid-phase synthesis that was not yet realized. As a
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Figure 7.10  Primary structure of pancreatic ribonuclease A — the first enzyme to have its primary
sequence determined (Moore and Stein) and the first enzyme to be synthesized by SPPS (Gutte and
Merrifield) at Rockefeller University.

feasibility experiment, I prepared the first nucleotide, dTT, using solid-phase
synthesis in his laboratory in 1965 (Marshall and Merrifield, unpublished), but it
was clear that coupling yields needed to be enhanced for a serious effort in nucleic
acid synthesis, and further developments by Letsinger and Caruthers [6, 7] were
necessary. Certainly, the ability to generate oligonucleotide sequences at will for
probes enabled much of modern molecular biology. Bruce finally yielded to labo-
ratory pressure to discuss the generalization of solid phase peptide chemistry to other
heteropolymers in his review in Science in 1965 [8]. Solid-phase synthesis of
oligosaccharides has finally reached an equivalent state of development [9-14]; the
delay simply being due to the enhanced complexity of carbohydrates and the
necessary developments of appropriate orthogonal protecting groups.

Only later did the majority of the synthetic organic community recognize that the
use of polymeric protecting groups as an obvious improvement for a multiplicity of
synthetic applications.

7.9
Early Applications of SPPS to Small Proteins

The development of the automated synthesizer led to the synthesis of both chains of
insulin (51 residues) and their recombination by Marglin and Merrifield in 1966 [21],
ribonuclease (124 residues) by Gutte and Merrifield in 1969 [22, 23], and to our own
synthesis of the 74-residue acyl carrier protein (ACP) [24] involved in fatty acid
biosynthesis in collaboration with its discoverer, Professor P. Roy Vagelos. It was
exciting to receive an invitation from the program committee of the 11th European
Peptide Society to present our ACP work [24-26] in Vienna in 1971 [27], but I was not
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prepared for the warmth of the reception that I received. The established heads of
many peptide laboratories, whose pioneering work I still venerate, were more than
generous with their criticisms; the only real defense was that the Vagelos group could
not distinguish our synthetic product from the protein isolated from liver using the
biochemical and biophysical techniques available at the time. Fortunately, two giants
of peptide chemistry, Ralph Hirschmann of Merck and Joseph Rudinger of the Czech
Academy of Sciences, both befriended me, and reassured me that my treatment was a
reaction to the threat of SPPS to the status quo of solution peptide chemistry and not
to the experimental science that I had presented. Thus, it was an exceptional pleasure
to have attended the 27th European Peptide Society Symposium in Sorrento some 30
odd years later to confirm that SPPS has become the dominant approach in peptide
synthesis and combinatorial chemistry, even at the most reactionary laboratories.

7.10
Side-Reactions and Sequence-Dependent Problems

Merrifield did an interesting experiment that dramatized the unanticipated
sequence-dependent problems that occasionally plagued SPPS. Since bradykinin
and angiotensin had each been successfully synthesized, he decided to synthesize a
hybrid continuing the sequence of angiotensin appended to the grown bradykinin
sequence on the polymeric support. Figure 7.11 shows the coupling yields for each
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Figure 7.11  Sequence-dependent solvation problems with polymer matrix as peptide chain was
extended in synthesis of angiotensin-bradykinin hybrid. Both peptides had previously been
prepared by SPPS without observing this problem.
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residue. In this case truncation of the growing chain could be overcome by modifying
the divinylbenzene cross-linking and deprotection reagent. From our work on acyl
carrier protein came additional insight into one of the underlying problems of SPPS —
changes in the physical properties of the polymeric support with chain elonga-
tion [28]. We utilized titration of the amine on the polymer with a radioactive isotope
of chlorine **Cl following the method of Dorman [29]. The C-terminus of ACP
showed a dramatic decrease in the growing chain that reappeared leading to a
deletion sequence (deletion and truncation sequences were clearly defined and their
origins discussed by Hancock et al. [28]). The titration showed that all the bound
chloride could not be removed by simple washing with triethylamine in organic
solvent, but additional chloride was rendered accessible only by shrinking the
polymer with tert-butanol and then reswelling in dichloromethane, followed by
washing with additional triethylamine in organic solvent (Figure 7.12). This implied
that part of the polymer had become inaccessible to solvent due to the heterogeneity
of sites and changes in the ratio of peptide to polystyrene; Steve Kent and Bruce
Merrifield later attributed this, based on further experiments, to formation of B-sheet
aggregation of the peptide consistent with the amino acid sequence of the ACP
peptide. What was of some surprise was the ability of different laboratories to
reproduce the difficulties with this ACP sequence despite the variations in support,
linker, and loadings that were used, suggesting that aggregation of the growing
peptide chain was the most likely explanation.

The disappearance and reappearance of the growing peptide chain leading to
deletion sequences inspired the Merrifield group and others to explore alternative
polymeric supports. Atherton and Sheppard realized that the growing peptide chain
modified the hydrophobic nature of cross-linked polystyrene, and postulated that
more hydrophobic polymeric supports might minimize deletion sequences. They
and others have generated a plethora of alternative supports, each of which have
advantages depending on the synthetic problem being addressed. Obviously, solid-
phase organic chemistry (SPOC) is very different from assembly of large hetero-
polymers, such as proteins or nucleic acids.

7.1
Rapid Expansion of Usage Leading to the Nobel Prize

This period of the 1970s and 1980s saw a rapid acceptance of solid-phase synthesis by
the molecular biology community for synthesis of both peptides and nucleic acids as
biological probes. The availability of a number of reliable automated synthesizers
with great effort paid to optimization of yields and elimination of side-reactions made
reliability an achievable goal. There were the occasional “difficult sequences,” but
overall chemists were making products in good yield and acceptable purities. The
increasing availability of high-performance liquid chromatography (HPLC) and
mass spectrometers made purification and characterization more routine. The many
chemists who helped optimize solid-phase peptide chemistry are too numerous to
name, but there was a heavy concentration of very talented young scientists
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TapLe IV
REEXPOSURE OF CHLORIDE BINDING SITES AT DIFFERENT
STAGES OF THE SYNTHESIS OF THE PEPTIDE 74672
BOC-Gly™ BOC-Alag; *CL Deprotected

Number Reagent ML dpm in dpm in Alagy 3]
of wash washes washes in washes

12 EiN

13 EtzN

14 Et;N

15 CH,Cl,

16 CH,Cly

17 CH,Cl,

18 -BuOH

19 -BuOH

20 t-BuOH

21 CH,Cl,

22 CH,Cly

23 CH,Cly

24 Ei;N 73 213 630

25 Ei;N 16 75 12

26 CH,(Cl, 20 19

Total dpm in wash 286 778 2,050
11-15

Total dpm in wash 89 308 761
23-25

% of dpm in wash Y| 40 37
23-25 relative to
wash 11-15

@ The resin peptide was treated with pyridine hydrochloride
(7.5 mmol, 1.4 % 104 dpm) and the excess pyridine hydrochloride
was removed by the same washes (1a—11a) as described in Table
I1. All available chloride was then displaced by the washes
12-17 as shown in this table. The resin was then subjected to
washes 18-23 in an attempt to expose buried regions of the resin
that had bound chloride, and in fact the second triethylamine
ireatment washes 24-26 did liberate more chloride. Samples of
the washes were counted for chloride-36 in the manner described
for Table 1.

Figure 7.12  Sequestering of radioactive chloride ions by polymeric support to the extent that they

are inaccessible to triethylamine. Shrinking and swelling of polymeric support allows access to
chloride ions by base.

(DiMarchi, Erickson, Gisin, Hodges, Kent, Mitchell, Tam, Wang, etc.) in Bruce’s
laboratory at Rockefeller University that explored many variations of support,
monitoring methods, deprotection schemes, side-reactions, and so on, to overcome
technical difficulties with SPPS during this period. Finally, on 17 October 1984, the
announcement that R. Bruce Merrifield had won the Nobel Prize in Chemistry came
from Stockholm. The annual October vigil for me for 20 years that began with Sir
Robert Robinson’s comment in 1964 had finally come to fruition.
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7.12
From the Nobel Prize Forward to Combinatorial Chemistry

All the effort focused on transforming the idea of SPPS into a prototype and finally,
into the method of choice, was finally vindicated. The recognition signified by the
Nobel Prize was certainly gratifying to all those who had worked on SPPS. However,
there were always new horizons and opportunities for expanding the scope of
application areas and the advent of combinatorial chemistry was just such an
opportunity. The impetus for combinatorial chemistry was the development of
high-throughput in vitro binding assays and tissue-culture screens that allowed
testing of large numbers of compounds in the pharmaceutical industry. The
traditional approach of medicinal chemistry to sequentially synthesize a logically
designed set of analogs based on a pharmacological lead was surpassed by the ability
to screen whole compound libraries accumulated over years by large pharmaceutical
companies.

The groundwork for combinatorial chemistry had already been set in peptide
chemistry by Geysen with his pin approach [30-32] and Houghten with his “teabag”
approach to epitope mapping [33] of antigens. Both approaches used physical
separation by polymers to control reaction sequences and thus peptide products.
Lam [34] and Furka [35] conceived independently of the “one bead, one product”
split-and-mix approach that has been so powerful. Houghten has shown that
synthesis of large mixtures followed by screening and deconvolution to identify
the active components is a viable and efficient technique [36—-40]. In many ways, itis
analogous to isolation of active natural products from fermentation broths.
Nevertheless, the pressure from the medicinal chemistry community in the
pharmaceutical industry has focused on combinatorial synthesis of single com-
pounds, partially due to perceived problems with false positives in the deconvolu-
tion process.

Enhanced recognition by the medicinal chemistry community of the advantages of
filterable, polymeric protecting groups (advocated in 1971 in a review by Marshall and
Merrifield [41] and demonstrated so convincingly by Leznoff [16, 17]) was catalyzed
by a paper in 1992 by Bunin and Ellman [42] on synthesis of a combinatorial library of
benzodiazepines — a privileged class of structure thought to mimic B-turns. The
generation of a compound library of direct interest to the pharmaceutical industry
because of the many biological activities found with benzodiazepines was a turning
point in acceptance of the overall approach. It has become difficult to find a chemical
reaction, or class of compound, that has not been adapted to solid-phase chemistry. As
examples of the pervasiveness of the approach in synthetic organic chemistry, two
reviews, one on multiple approaches to traceless supports [43] for solid-phase
synthesis and the other on heterocyclic chemistry [44], have appeared. Synthesis of
complex natural products as diverse as sarcodictylins, chalcones, and epothilones [45]
utilizing SPOC are becoming more commonplace as the advantages of a filterable,
polymeric protecting group become more widely recognized. The paradigm shift has
even extended to the search for metal-binding ligands, catalysts, and new materi-
als [46, 47]. See Figure 7.13.
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Figure 7.13 Rapid adoption of combinatorial  studies and optimization. Shown are Marshall
chemistry, often based on SPOC, by the and Merrifield at the inaugural symposium
pharmaceutical industry led to generation of celebrating new automated SPOC facility at
multiple organic scaffolds for structure—activity ~ SmithKlineBeckman.

7.13
Protein Synthesis and Peptide Ligation

While a number of small proteins have been successfully assembled by SPPS,
practical limitations regarding the ability to purify and characterize the mixtures
that inevitably result from less than complete reactions and side-reactions during
deprotection limit most efforts to below 100 residues. The advent of chemical
ligation where purified fragments without side-chain protection can be stitched
together has provided a viable hybrid strategy for synthesis of larger proteins. This
approach evolved from the thiol-capture approach of Dan Kemp [48], and has been
actively developed in the laboratories of Steve Kent [49, 50] and James Tam [51].
This is another example of the power of convergent synthesis rather than a brute
force approach. A paradigm shift has come from the laboratory of Tom Muir
where expressed protein fragments are ligated to synthetic peptides to generate
hybrids [52, 53]. A student in my group, Lori Anderson, used expressed protein
ligation to specifically label the C-terminal segment of the a-subunit of a G-
protein for both magic angle spinning nuclear magnetic resonance (NMR) and
electron spin resonance studies aimed at mapping the interface between the
o-subunit and the activated G-protein-coupled receptor rhodopsin. The blend of
synthetic chemistry with molecular biology has enormous potential as we attempt
to understand the dynamics of the large complex multiprotein systems found in
biology.



7.14 Conclusions

7.14
Conclusions

Often, itis the outsider who brings a fresh perspective to a problem that generates the
insight necessary for a paradigm shift. Certainly, the invention by Merrifield of SPPS
with its following automation is a classic example of scientific revolution as discussed
by Thomas Kuhn [1]. Traditional synthetic organic chemistry required isolation and
characterization of intermediates as concrete evidence supporting the chemical
structure of the product. By substituting the use of excess reagents to force chemical
reactions to completion (or as close as possible), solid-phase chemistry was anathema
to traditional synthetic practice of the time. Resistance to change by synthetic
chemists in general, and peptide chemists in particular, was both vehement and
vitriolic. In addition, solid-phase chemistry required careful purification and char-
acterization of its product that did not depend on the history of the synthetic process.
Inreality, this was only possible with a concomitant improvement in both purification
techniques and analytical methods of structural characterization. Without modern
HPLC, capillary electrophoresis, NMR, mass spectrometry, and so on, solid-phase
chemistry would not have been so feasible. The practical advantages in handling and
automation offered by a filterable, polymeric protecting group in automation of
chemical synthesis far outweigh the increased needs for more effort in purification
and characterization.

I presume that Emil Fischer would be both amused and impressed with the
progress made in the last century since his synthesis of the first amide bond. The
ability to synthesize peptides, small proteins and nucleic acids by solid-phase
synthesis has enabled much of modern molecular biology. In turn modern molecular
biology has provided us with the plethora of therapeutic targets through cloning and
expression that has driven both combinatorial chemistry and structural biology.
Technology enables us to ask relevant questions; there is little doubt that expression
ligation combined with SPPS of labeled peptides will enable dissection of the
molecular mechanisms of many significant biological systems.
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8
Linkers for Solid-Phase Peptide Synthesis

Miroslav Soural, Jan Hlavac, and Viktor Krchiak

8.1
Introduction

Linkers, infrequently also referred to as handles, facilitate temporary immobilization
of the first synthetic component — an amino acid in the case of peptide synthesis —to a
solid support (Figure 8.1). From the onset of solid-phase peptide synthesis (SPPS),
protecting groups have served as linkers for immobilization of amino acids.

A vast majority of solid-phase peptide syntheses use the original Merrifield
support — polystyrene cross-linked with 1-2% divinylbenzene [1]. Figure 8.2 shows
the structure of a section of aminomethyl-derivatized copolymer and its abbreviated
representation in schemes and figures in this manuscript. Use of the TentaGel resin
isindicated by a “TG” symbol typed inside the schematic ball. Figure 8.2 also depicts a
representation of a generic peptide. In numerous schemes, we always represent a
generic peptide with the N-terminus on the left-hand side.

Traditional synthesis of a dipeptide requires protection of the carboxyl group of the
C-terminal amino acid and the amino group of the N-terminal amino acid. For this
first solid-phase synthesis of peptides, Merrifield protected the C-terminal amino
acid by a resin-bound benzyl ester. The ester served two simultaneous functions:
(i) immobilization of the amino acid and (ii) protection of the carboxylate function
from undesirable participation in subsequent reactions. Resin-bound protecting
groups soon became useful intermediates for protection of different functional
groups, such as alcohols [2-7], aldehydes [8-10], carboxylic acids [11, 12], and
amines [13]. Contemporary solid-phase organic chemistry offers a variety of linkers
for different functional groups [14-16].

Generally, alinker needs to fulfill several requirements. The most relevant features
include the following:

i) Straightforward and high yielding attachment of the first synthetic component
(an amino acid).
ii) Stability to all chemical transformations during solid-phase synthesis.
iii) High yielding cleavage of the target compound without significant side-
reactions.
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Figure 8.1 Attachment of the target compound to a solid support via a linker.
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Figure 8.2 Representation of polystyrene cross-linked with divinylbenzene.

Furthermore, linkers have been incorporated onto solid support by three different
routes:

i) Introduction of a linker onto existing solid support.
ii) Synthesis of solid support by copolymerization using one monomer suitably
derivatized to serve as a future linker.
iii) The first synthetic component is coupled to a linker in solution and then the
linker-compound moiety is attached to the resin.

The last two methods required time-consuming work prior to peptide synthesis
and potentially included the preparation of numerous intermediates in solution.
Irrespective of the preparation method, it is essential to carry out quantitative analysis
of resin loading before the synthesis. Therefore, commercially available solid
supports with linkers already attached are typically used for SPPS. It is important
to point out that the quality of the same type of resin with linker can vary substantially
even among different resin lots from the same source [17]. In the case of the most
commonly used linkers, an amino acid loaded to the resin can be purchased as well.



8.1 Introduction

8.1.1
Immobilization Strategies

Linkers and the type of linkage used to attach the first synthetic component to the
support can be classified in a variety of ways, such as the type of functionality
produced when the compound is detached from the resin, the conditions required
(acidic, basic, photolytic, etc.) to remove the compound from the support, or by the
type of moiety used to attach the molecule of interest to the support. In this chapter,
linkers are classified according to the type of group that is used to anchor the first
building block, the amino acid, to the support. This classification allows various
cleavage techniques to be used for a particular type of linkage.

i) Immobilization via carboxyl group.

ii) Immobilization via amino group.

iii) Backbone immobilization.

iv) Immobilization via amino acid side-chain:

a) A typical SPPS is carried out stepwise from the C- to N-termini by immobili-
zation of the N-protected C-terminal amino acid. The amino group is usually
protected as an ester or amide, but also less frequently as a hydrazide, O-
substituted oxime, or thioester. This route is the most common linking strategy
and it was used in the first Merrifield peptide synthesis [1]. It provides the widest
selection of linkers, Lc, and has been used for the synthesis of peptide acids
(X=0), amides (X =NH), or N-alkylamides (X = NR). The N-terminus of the
target peptide can be derivatized (alkylation, acylation, sulfonylation, etc.) while
still attached to the resin. Additionally, numerous linkers are commercially
available. See Scheme 8.1.

Rn

Hof 9 H
PG.NW)J\X,LC y L N
( ) —_— Y XY ) Y
R’ RN
n

X: O, NH, NR Y: H,R, CO-R, SO,-R

Scheme 8.1 Immobilization via carboxyl group.

b) Immobilization of the O-protected N-terminal amino acid and carrying out the
synthesis from N- to C-terminus (referred to as inverse or reverse peptide
synthesis), reported for the first time by Letsinger [18, 19], is considerably less
common. Amino acid esters are immobilized via a carbamate-type amino-
protecting group (Ly). The carboxylate of the C-terminal amino acid
is amenable to subsequent on-resin chemical transformations. See
Scheme 8.2.
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Scheme 8.2 Immobilization via amino group.

¢) Backbone immobilization enables extension of the peptide chain in both
directions and it is the strategy of choice for synthesis of peptides with modified
termini, cyclic peptides, and peptides that include a non-peptidic component at
either terminus of the peptide. A typical linker, Lg, for the backbone immobi-
lization is an electron-rich benzyl group. See Scheme 8.3.

L‘B 0O R" LB (0]
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n
X: OH, NHp, NHR Y: H, R, CO-R, SO,R

Scheme 8.3 Backbone immobilization of amino acid.

d) Immobilization via a side-chain of an amino acid represents a special category.
This immobilization has been used for the synthesis of classes of compounds
similar to those prepared using the backbone linker; however, it requires an
amino acid with a side-chain suitable for immobilization. The selection of a
linker, Lg, depends on the side-chain c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>