N

N

Drug Discovery Targeting Amino Acid Racemases
Paola Conti, Lucia Tamborini, Andrea Pinto, Arnaud Blondel, Paola

Minoprio, Andrea Mozzarelli, Carlo de Micheli

» To cite this version:

Paola Conti, Lucia Tamborini, Andrea Pinto, Arnaud Blondel, Paola Minoprio, et al.. Drug
Discovery Targeting Amino Acid Racemases. Chemical Reviews, 2011, 111 (11), pp.6919-6946.
10.1021/cr2000702 . pasteur-02510858

HAL 1Id: pasteur-02510858
https://pasteur.hal.science/pasteur-02510858
Submitted on 7 Apr 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://pasteur.hal.science/pasteur-02510858
https://hal.archives-ouvertes.fr

Drug Discovery Targeting Amino Acid Racemases

Paola Conti, Lucia Tamborini,© Andrea Pinto,” Arnaud Blondel,” Paola Minoprio,
Andrea Mozzarelli: and Carlo De Micheli~

‘Dipartimento di Scienze Farmaceutiche ‘P. Pratesi’, via Mangiagalli 25, 20133 Milano, Italy;
*Unité de Bioinformatique Structurale, CNRS-URA 2185, Département de Biologie Structurale et
Chimie, 25 rue du Dr. Roux, 75724 Paris, France.

Institut Pasteur, Laboratoire des Processus Infectieux a Trypanosoma; Départment d’Infection
and Epidémiologie; 25 rue du Dr. Roux, 75724 Paris, France
‘Dipartimento di Biochimica e Biologia Molecolare, via G. P. Usberti 23/A, 43100 Parma, Italy
and
Istituto di Biostrutture e Biosistemi, viale Medaglie d’oro, Rome, Italy.

RECEIVED DATE

Corresponding Author: Prof. Carlo De Micheli, Dipartimento di Scienze Farmaceutiche ‘P. Pratesi’,
via Mangiagalli 25, 20133 Milano (Italy); tel. +39 02 50319330; FAX +39 02 50319326; e-mail:

carlo.demicheli@unimi.it



TABLE OF CONTENTS

1. Introduction

2. Classification and Catalytic Mechanisms of Racemases

2.1. PLP-dependent Amino Acid Racemases

2.2. PLP-independent Amino Acid Racemases

3. Amino Acid Racemases as Drug Targets.

3.1 PLP-dependent Racemases

3.1.1 Alanine Racemase

3.1.1.1 Localization, structure and function

3.1.1.2 Inhibitors and Drug perspectives

3.1.2 Serine Racemase

3.1.2.1 Localization, structure and function

3.1.2.2 Inhibitors and Drug perspectives

3.1.3 Arginine Racemase

3.1.3.1 Localization, structure and function

3.1.4 Aspartate Racemase

3.1.4.1 Localization, structure and function

3.2 PLP-independent Racemases

3.2.1 Proline Racemase

3.2.1.1 Localization, structure and function



3.2.1.2 Inhibitors and drug perspectives

3.2.2 Glutamate Racemase

3.2.2.1 Localization, structure and function

3.2.2.2 Inhibitors and drug perspectives

3.2.3 Aspartate Racemase

3.2.3.1 Localization, structure and function.

3.2.4 Diaminopimelate epimerase

3.24.1 Localization, structure and function.

3.2.4.2 Inhibitors and drug perpectives

4. Conclusions and Future Perspectives

Acronyms

D-aspartate: D -Asp; L-aspartate: L-Asp; D-alanine: D-Ala; L-alanine: L-Ala; D-glutamate: D-Glu; L-
glutamate: L-Glu; L-proline: L-Pro; D-proline: D-Pro; D-serine: D-Ser; L —serine: L-Ser; D-phenylalanine:
D-Phe; L-phenylalanine: L-Phe; D-arginine: D-Arg; D-methionine: D-Met; D-tyrosine: D -Tyr

aspartate racemase: AspR; alanine racemase: AlaR; glutamate racemase: GluR; proline racemase: ProR;
serine racemase: SerR; arginine racemase: ArgR; diaminopimelate epimerase: DAPE; aspartate
transcarbamylase: ATC; D-amino acid oxidase: DAAO; Superoxide Dismutase 1: SOD 1; protein kinase
C: PKC; phospholipase C: PLC; protein interacting with C kinase 1: PICK1; glutamate receptor
interacting protein: GRIP; growth hormone: GH; luteinizing hormone: LH; luteinizing hormone-

releasing hormone: LHRH; a-melanocyte-stimulating hormone: a-MSH

(L)-1-aminoethylphosphonic acid: L-Ala-P; (1-aminomethyl)boronic acid: L-Ala-B; (L,L)-2,6-
diaminopimelic acid: DAP; pyrrole-2-carboxylic acid: PYC; N-methyl-D-aspartate: NMDA; 2-amino-3-
(5-methyl-3-oxo0-1,2-0xazol-4-yl)propanoic acid: AMPA; pyridoxal-5’-phosphate: PLP;
phosphatidylinositol-(4,5)-bisphosphate: PIP2; adenosine-5'-triphosphate: ATP; adenosine diphosphate:
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Amino acids are among the most important molecules in nature since they play central roles both as
building blocks of proteins and as intermediates in metabolism. The amino acid sequence dictates
protein folding, the native three dimensional structure, and protein stability. Furthermore, the peculiar
chemical properties of the amino acids forming the active site and their interplay determine protein

function and regulation.

All amino acids found in proteins, except glycine, possess a stereogenic center at the o.-carbon atom.

Millions of years of evolution have resulted in the virtually complete homochirality of such a
stereogenic center, i.e. the L-enantiomer, in mammals.' This selection of the L-amino acids by nature is

generally considered to be a result of chance

Since the cornerstone of the protein-ligand recognition is the multi-point attachment theory, it turns
out that the configuration of the a-carbon atom of amino acids strongly affects the protein-ligand

interaction.

Nevertheless, during the last half of the twentieth century, various studies evidenced the presence of D-
amino acids in some plants and bacteria.* These compounds were either found in a free state or in
peptides and proteins. Most bacteria produce significant amounts of D-alanine (D-Ala) and D-glutamate
(D-Glu), which are incorporated into peptidoglycan.: Peptidoglycan is a strong and elastic polymer of
the bacterial wall, which is capable to counteract the osmotic pressure of the cell, maintaining cell shape
and anchoring components of the cell envelope. The number of D-amino acids present in the structure
of peptidoglycan seems to constitute a measure of protection against peptidase and protease attacks. So
far, no peptidase capable of hydrolyzing a peptide bond characterized by the sequence D-D or D-L
amino acids has been isolated in mammals. In addition, several antibiotics produced by prokaryotes (e.g.
bacitracin, actinomycin D) contain D-amino acids (Figure 1). It has been recently demonstrated that
bacteria synthesize a pool of different D-amino acids, including D-methionine (D-Met) and D-leucine (D-
Leu) in Vibrio cholerae and D-tyrosine (D-Tyr) and D-phenylalanine (D-Phe) in Bacillus subtilis. By
selectively incorporating them in the peptidoglycan cell wall, bacteria cope to different environmental

stresses.’



The first reports on D-amino acids in animal tissues were restricted to amphibians and invertebrates.
As a matter of fact, dermorphin (Figure 1) was the first D-amino acid-containing peptide isolated from
the skin of a frog; it is provided with an analgesic activity a thousand times greater than that of
morphine* Worth noting, the replacement of D-Ala by its mirror image causes a sharp drop in activity
indicating that D-Ala, located at position 2 of the amino acid sequence, is essential for its activity.
Subsequently, D-amino acids have been detected in a variety of peptides synthesized by animal cells;
including opioids (deltorphins) (Figure 1), neuropeptides (achatin and fulicin) (Figure 1) and a family
of antimicrobial peptides named bombinins H. For example, a tetrapeptide, termed achatin I (Figure 1),
containing a D-phenylalanine (D-Phe) at position 2, was isolated from the ganglia and atrium of the
African giant snail Achatina fulica.® Also in this case the excitatory activity on the heart or other

muscles is lost by replacing D-Phe with L-phenylalanine (L-Phe).
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Recent developments of highly sensitive chromatographic techniques allowed the detection of low
concentrations of free D-amino acids in mammals, including humans. The principal free D-amino acids
found in significant amount in animal tissues are D-Ala, D-serine (D-Ser) and D-aspartate (D-Asp). In
particular, D-Ser was detected predominantly in the mammalian brain. The specific biological function
of these D-amino acids remained unknown for long time, in spite of the fact that in 1935 Krebs

discovered the presence of a flavin-containing enzyme in mammals, the D-amino acid oxidase (DAAO),

which catalyzes the oxidative deamination of D-amino acids to the corresponding o.-keto acids with



high enantiospecificity.” DAAO is an ubiquitous enzyme in eukaryotes, with a selective distribution
that, in humans, includes kidney and cerebellum. The biological role of DAAO remained uncertain for a
number of years. Since the presence of D-amino acids in mammalian tissues was initially attributed to
the action of endogenous microbial flora, to ingestion with the diet or to spontaneous racemization of L-
amino acids incorporated in polypeptides during aging,” it was suggested that such an enzyme acts as a
detoxifying agent to remove D-amino acids. The subsequent detection of substantial amounts of D-
amino acids in various human tissues and in the brain suggested the involvement of DAAO in
modulating the level of D-amino acids. Moreover, it has been shown that the human brain contains
endogenous D-Ser and D-Asp, which are likely to act as modulators of neurotransmission."
Consequently, it has been hypothesized that DAAO may play a role in controlling the level of these

neurotransmitters.

At present, the physiological significance of D-amino acids, i.e. D-Ser and D-Asp, is well-established.
As a consequence, it is conceivable to admit the presence in the human body of a pathway, which
involves specific enzymes, for the synthesis of such D-amino acids. These enzymes have been
discovered, structurally characterized and termed racemases. The different racemases, which have been
discovered in mammals and in bacteria, may differ considerably with respect to substrate specificity.
For example, arginine racemase (ArgR) is mostly active with lysine, arginine and ornithine, and merely

weakly active with alanine, whereas alanine racemase (AlaR) acts on alanine only.

In the following chapters we will discuss the classification of racemases, their diffusion, function,
localization, structural features and the state of the art in the discovery of novel drugs targeting such

enzymes for the treatment of different pathologies.

2. Classification and Catalytic Mechanisms of Racemases

The array of racemases can be divided in two classes on the basis of their mode of action: 1) pyridoxal

5’-phosphate-dependent amino acid racemases and 2) pyridoxal 5’-phosphate-independent racemases.

The first group of racemases depends on pyridoxal 5’-phosphate (PLP), the coenzyme representing the
biologically active form of vitamin B6. Its members are exemplified by eukaryotic enzymes such as

serine racemase (SerR), AlaR, and aspartate racemase (DR-), and by bacterial enzymes such as AlaR,
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SerR and ArgR (Table 1). The second group of racemases, which are cofactor-independent, includes
aspartate racemase (AspR), glutamate racemase (GluR), proline racemase (ProR) as well as
diaminopimelate epimerase (DAPE) (Table 2). These enzymes occur in bacteria and archaea, except for

ProR that was found in eukaryotic Trypanosoma spp.

Table 1. PLP-dependent Amino Acid Racemases

Localization/function Substrates

Alanine Bacteria (peptidoglycan | Ala

Racemase | synthesis)

Eukaryotes (biosynthesis of

D-aa containing peptides)

Serine Bacteria (vancomycin | Ser

Racemase | resistance)

Mammalian
(CNS/biosynthesis of the

neuromodulator D-Ser)

Arginine | Bacteria (catabolism of D- | Arg, Lys,

Racemase ornithine,

Arg and D-Lys)
other basic
amino

acids

Aspartate | Ark shell (storage of D-Asp | Asp
Racemase | as an energy source under

anaerobic condition).

Mammalian (CNS,
biosynthesis of the

neurotransmitter D-Asp)

Table 2. PLP-independent Amino Acid Racemases



Localization/function Substrates

Proline Bacteria  (proline  and | Pro
Racemase | arginine metabolism)

Eukariotes (T.cruzi/T.
vivax, proline metabolism
and catabolism, B-cell
mitogen, parasite evasion

mechanisms)

Glutamat | Bacteria (peptidoglycan | Glu
e synthesis)

Racemase

Aspartate | Bacteria (peptidoglycan | Asp

Racemase | synthesis)

Diamino- Bacteria and Plants | L,L-DAP
pimelate (biosynthesis of L-Lys)
Epimeras

€

In both cases, the racemases catalyze the abstraction of the Ca-hydrogen of an amino acid as a proton to

form a planar carboanionic transition state, followed by the return of the proton to the same carbon from

either the same or the opposite side (Scheme 1). The stereochemical inversion of an amino acid works

in both directions, i.e. L—>D and D—L.

o H® coo® H® o
O@?C\C——H — 0¥ e H—C/C@?O
N TSNe T R e \LNH
d H® R H® R
Anionic

L-Amino acid D-Amino acid

intermediate

Scheme 1

2.1. PLP-dependent Amino Acid Racemases



Since the pKa value of the amino acidic Co-hydrogen usually spans the range of 21-34, several

enzymes evolved to employ the PLP coenzyme in order to increase the acidity of such a hydrogen.«~All

known PLP-dependent enzymes exist in their native state as an internal aldimine (Schiff base) (Scheme
2) with the e-amino group of a lysine residue present in the catalytic site. The amino moiety of the
amino acidic substrate displaces the lysine from the internal aldimine to form a new aldimine, termed
external aldimine, which 1s characterized by a sizable acidity of the Co-hydrogen of the substrate
(Scheme 2). Typically, the formation of such an external aldimine brings about a sharp drop in the pKa
value of the substrate from 21-34 to 6-17.»> This huge reduction in the pKa value is due to the
delocalization of the negative charge of the anionic intermediate by resonance through the conjugated 7
system extending on the PLP ring. The scissile bond of the external aldimine must be oriented
perpendicularly to the coenzyme planar s-bonding system to maximize the c-m orbital overlap in the
transition state,” as recognized by crystallographic studies carried out on PLP-dependent enzymes.»*
The process of racemization takes place because the a-hydrogen of the external aldimine, due to its

substantial acidity, can be easily abstracted as a proton to form an anionic planar intermediate which,
subsequently, undergoes a re-protonation on either the re- or si-faces of the substrate-cofactor complex.
The mechanism of racemization of the PLP-dependent enzymes as well as the three most significant
resonance forms of the anionic intermediate are depicted in Scheme 2. The quinonoid resonance

structure is commonly considered the major species responsible for the catalytic power of PLP, in

which the electrons from Ca are neutralized by the positively charged pyridine nitrogen.
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The PLP-dependent enzymes have been classified, on the basis of their tertiary structures, into five
groups, namely fold type I-V»*» and they probably evolved from at least three different ancestral

proteins.

The fold type I is the most common and best known structure, and is found in a variety of
aminotransferases and decarboxylases, as well as in enzymes that catalyse an o-, 3- or y-elimination

reaction. The prototype of the fold type I enzyme is aspartate aminotransferase. This family includes
enzymes that are catalytically active as homodimers, but some of them assemble into larger complexes.

Each subunit folds into two domains: a large domain, in which the central feature is a seven stranded
B sheet, and a small domain, which folds into a three- or four-stranded 3 sheet covered with helices on
one side. The active site is located in a cleft between the two domains, at the interface between the two

subunits of the dimer. All enzymes belonging to this fold type show an aspartate interacting with the

pyridine nitrogen. In turn, the enzymes belonging to the fold type I can be divided into eight subtypes.*®
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The fold type II is found mainly in enzymes that catalyse B-replacement and B-elimination reactions.

The prototype of the fold type II enzyme is tryptophan synthase. SerR»* belongs to this fold type. Each
subunit consists of two domains: an N-terminal domain containing a four-stranded sheet surrounded by

helices, and a C-terminal domain built up by a six-stranded sheet with flanking helices. The active site
is located in a cleft between the C-terminal ends of the two P sheets. At variance with fold type I

enzymes, a serine residue interacts with the pyridine nitrogen, rather than an aspartate.

The Fold type III family includes AlaR, ArgR and a subset of amino acid decarboxylases. The subunit is
characterized by an eight-stranded o/ barrel and a domain mainly comprising 3 strands. The side chain

of an arginine residue forms a hydrogen bond with the pyridine nitrogen, indicating that protonation of

the pyridine nitrogen is not crucial for the catalytic activity.

The Fold-type IV subset comprises D-Ala aminotransferase and a few other enzymes. The fold consists
of a two-domain structure with the active site located at the domain interface. Two identical subunits

form a catalytical dimer. However, branched chain aminotransferase further assembles into a hexamer.

The smaller N-terminal domain contains a six-stranded antiparallel 3 sheets with two o helices on one

side. In the larger C-terminal domain, two four-stranded 3 sheets form a pseudo-PB-barrel that is

surrounded by a few helices.

Finally, the fold-type V group includes glycogen and starch phosphorylases. The C-terminal domain has
a dinucleotide-binding fold and binds the cofactor PLP. In these enzymes, the catalytic role of PLP is
via its phosphate moiety, thus diverging from the coenzyme action in the enzymes belonging to the

other four fold types.

In all the five types, a covalent Schiff-base linkage with lysine, present in the active site, is used to

anchor the cofactor to the enzyme in the resting state and the phosphate group is bound to the N
terminus of an a helix. In four of the five folds, the catalytic lysine residue is located in the connection
between a f3 strand and the following a helix. In contrast to the classical binding mode of, for example,
NAD(P)H or thiamine diphosphate to open o/ structures, cross-over connections to adjacent parallel

strands in the sheet are, with the exception of fold type II, not utilized for PLP binding.
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2.2. PLP-independent Amino Acid Racemases

The members of this second class of enzymes, which includes proline, aspartate, and glutamate
racemases as well as diaminopimelate epimerase operates through a “two-base” mechanism in a

cofactor-independent manner, as first proposed by pioneering work on ProR from Abeles’ group»»

(Scheme 3).
@ ® ©
o  NH HN co, HNLS02 ©
_B1 H 'IICOZG) H_Bz_ N §_81_H d@ H_Bz_ - _B1_H %H BZ_
R R R
Scheme 3

All these enzymes are members of the class of proteins that contain both o and 3 secondary structural

elements. In particular, AspR and GluR belong to the aspartate transcarbamylase (ATC)-like fold, while
ProR and DAPE belong to the diaminopimelate epimerase-like fold. The former fold consists of two
similar domains related by a pseudodyad axis, whereas the latter fold consists of mixed beta-sheet folds

into a barrel around the central helix.

ProR has been considered the prototype of PLP-independent racemases, as it interchanges L and D
enantiomers without the aid of any cofactor. A partially purified preparation of ProR from the Gram-
positive bacterium Clostridium sticklandii was first described by Stadtman and Elliot in 1957.# The
Authors also established the sulthydryl nature of the enzyme and they speculated that PLP was not
involved in the racemization of Pro. It was only ten years later that Cardinale and Abeles published, for
the first time, the isolation of ProR in a highly purified form and described a conceivable mechanism of

catalysis.” The reported studies on isotope incorporation and enzyme kinetics in D.O demonstrated a

‘two-base’ mechanism in which one base of the enzyme removes the substrate o.-hydrogen as a proton

while the conjugate acid of the second base delivers a proton to the opposite side of the a.-carbon. The

Authors also observed that deuterium can not be exchanged while the active site is occupied, indicating
that the two bases of the catalytic site are monoprotic. In 1975, the same group hypothesized that the
active site of ProR is located at the interface of two identical, or nearly identical, subunits.” Each of

these two subunits supplies one base, which were then identified as the thiol group of two cysteines.
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Moreover, at saturating substrate levels, the initial rate of the enzyme-catalyzed release of "H from L-[2-
‘H]-proline into the solvent is independent of the initial L-proline (L-Pro) concentration, whereas the
initial rate of the enzyme-catalyzed release of *“H from (+)-[2-‘H]-proline decreases by increasing the
(£)-Pro concentration. On the basis of these observations, the Authors speculated that there are two
forms of the enzyme, one which is able to bind L-Pro while the other recognizes solely the D

enantiomer.

Fundamental studies by Knowles and coworkers on ProR« further clarified the mode of action of this
enzyme deepening the energetics and mechanism of ProR. Subsequently, the same authors extended

their work to GluR,* confirming the same “two-base” catalytic mechanism of racemization, in which
one cysteine residue behave as a base abstracting the C-o proton to generate a carbanion intermediate,

which is then protonated by the second Cys residue, behaving as a conjugated acid. Such a catalytic
mechanism is also shared by AspR” and DAPE.* Although they all operate through a similar acid/base
mechanism, involving two Cys residues, it is possible to separate the PLP-independent racemases into
two subgroups on the basis of sequence and structural similarity: GluR and AspR constitute one

homologous family of enzymes, whereas ProR and DAPE form the other one.

3. Amino Acid Racemases as Drug Targets.

3.1 PLP-dependent Racemases

3.1.1 Alanine Racemase

3.1.1.1 Localization, structure and function

AlaR (EC 5.1.1.1), one of the PLP-dependent racemases, is ubiquitous in bacteria and only a few
similar enzymes have been found in eukaryotes, such as aquatic animals,” fungi,**fission yeast> and
plants.» The enzyme produced by pathogenic fungi such as Tolypocladium niveum and Cochliobolus
carbonum are responsible for the synthesis of D-Ala in cyclosporin A, an immunosuppressant drug
widely used in post-allogeneic organ transplant, as well as in HC-toxin, a cyclic peptide isolated from

varieties of maize (Zea mays L.) infected by C. carbonum.
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Bacterial AlaR is one of the best-studied amino acid racemases. In fact, D-Ala, produced by the action
of AlaR on L-Alanine (L-Ala), is important to both Gram-positive and Gram-negative bacteria, since it
is required for the synthesis of the peptidoglycan in the cell wall. Because peptidoglycan is ubiquitously
distributed in bacteria, but not in mammals, AlaR can be considered a target for new antimicrobial
drugs. Several bacteria, such as Salmonella typhimurium, Escherichia coli and Bacillus subtilis contain
two independent AlaR genes, DadB and Alr,* belonging to the fold-type III. The expression of DadB is
induced when cells are grown in high concentration of L- or D-Ala and is probably responsible for the
catabolism of D-Ala. By contrast, Alr is constitutively expressed and is probably involved in the
synthesis of D-Ala. Moreover, recent studies have indicated that AlaR, which is accessible in the
exosporium, plays a key role in the inhibition of germination in Bacillus spores.» As a matter of fact,
while L-Ala is an effective germination-promoting compound, its mirror image (D-Ala) is a potent
inhibitor of L-Ala-induced germination.” Therefore, a compound capable to inhibit the AlaR activity
could trigger a premature germination leading to the death of Bacillum spores in suboptimal
environments.** Bacillus anthracis, a spore-forming Gram-positive bacterium, is the causative agent of
the zoonotic disease anthrax. Although the disease is most common in wild and domestic mammals, it
can also occur in humans when exposed to infected animals or living spores.© Inhalation of B. anthracis
spores can lead to the most severe form of the disease, historically associated with a very high mortality
rate.» Triggering the premature germination of B. anthracis spores by spraying a solution of an AlaR
inhibitor on affected areas may therefore be a strategy to speed decontamination efforts and reduce the
risk of infection in humans.The crystal structure of AlaR from Bacillus stearothermophilus and the
complexes between AlaR and two inhibitors, namely propionate and 1-aminoethylphosphonic acid,
have been reported (Figure 2).»~ The crystal structure revealed that the enzyme is a homodimer of 388
residues.* Each monomer is composed of two folded domains; 1) a N-terminal domain formed by the

portion 1-240 and ii) a C-terminal domain which involves the remaining portion of the monomer (241—

388). The N-terminal domain is made up of an eight-stranded o/p-barrel while the C-terminal domain

contains mainly [-strands. A water molecule was identified in both active sites of the AlaR

homodimer.” This water molecule plays an important role and should be taken into account for the
design of specific AlaR inhibitors either by utilizing it as a bridging group or by displacing it by a

suitable moiety appended to the inhibitor.
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An interesting feature of AlaR is that the pyridine ring of PLP is not protonated due to the contiguity
with Arg219,* which possesses a pKa value in water of about 13. The X-ray crystal structure evidenced
this structural feature where Arg219 interacts with the PLP pyridine nitrogen through a hydrogen bond,
preventing the formation of the cationic pyridinium ion (Figure 2B).« Therefore, the main catalytic
effect of PLP in AlaR may be ascribed to solvation.»« It has been assumed that in such an enzyme the
non-protonated form generates an intermediate with a limited lifetime which aids the enzyme in
avoiding side reactions.” Quantum mechanical and molecular dynamics simulations were recently
carried out on the wild type and Arg219Glu mutant.»¢ Results suggest that in the wild type the
stabilization of the quinonoid intermediate is due to solvent effects whereas in the mutant also Glu219

contributes to catalysis.
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Figure 2

An alternative mechanism of action involving two bases, i.e. lysine (Lys39) and tyrosine (Tyr265°), has
also been proposed. The lysine residue, connected to the PLP cofactor, acts as a base for the conversion

of D-Ala into L-Ala, while a nearby tyrosine localized on the other monomer performs as a base to
abstract the Ca-hydrogen from L-Ala.«« The role of Tyr265’ was supported by the theoretical model

published by Ondrechen et al.” Due to the low pKa value, the phenolic group of Tyr265’ is predicted to
be in the anionic form in the pH range (pH 7-9) where the racemase is most active. It was also reported
that a small fraction of Lys39 is non-protonated in the same pH range. Therefore, Lys39 can be

available as a neutral amine and can behave as the catalytic base for the conversion of D-Ala into L-Ala.
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Moreover, AlaR has been shown to be capable to catalyze a transamination reaction.”+ The enzyme
catalyzes one or the other transformation at different pH values. While the racemization process has its

optimum pH in the range 7-10, the rate of the transamination reaches its peak value around pH 6.5

3.1.1.2 Inhibitors and Drug perspectives

Two well known natural inhibitors of AlaR are D-cycloserine and O-carbamoyl- D-serine (Figure 3).
These compounds inhibit AlaR of many bacteria, e.g. S. aureus,” E. coli,and B. subtilis.” D-cycloserine
is transported across the cell wall via the D-Ala/glycine transport system forming a covalent adduct with
the PLP cofactor of the protein.” Both L- and D- enantiomers act as irreversible suicide inhibitors of
AlaR"»and, thus, can be used as antimicrobial agents. Moreover, cycloserine has been shown to inhibit

D-Ala- D-Ala ligase in vitro.®
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D-Cycloserine is an effective second-line drug against Mycobacterium avium and Mycobacterium
tuberculosis and has been commercialized as Seromycin, which is indicated in the treatment of active
pulmonary and extrapulmonary tuberculosis, when the treatment with the primary medications
(streptomycin, isoniazid, rifampin, and ethambutol) proved to be inadequate. Moreover, the drug is used
for treating acute urinary tract infections caused by susceptible strains of Gram-positive and Gram-
negative bacteria, especially Enterobacter spp. and E. coli. Unfortunately, cycloserine can provoke
toxic side effects, in particular on central nervous system (CNS), such as seizures, psychosis, confusion,

tremor, vertigo, hyperreflexia or dysarthria.” The toxicity of Seromycin is closely related to excessive
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blood levels (above 30 pg/mL) due to a high dosage or to an inadequate renal clearance. The cause of

these neuronal disorders is probably connected to the activity of D-cycloserine as partial agonist of the

glycine site of N-methyl-D-aspartate (NMDA) receptors”and as an inhibitor of PLP-dependent enzymes
involved in the biosynthesis and metabolism of the neurotransmitter y-aminobutyric acid (GABA).»

Moreover, resistance has been observed in many clinical situations.” Since cycloserine is not a specific
inhibitor of AlaR but can inhibit several PLP-dependent enzymes,* the existence of more than one
mechanism leading to cycloserine resistance is likely. Cycloserine may enter the bacterial cell by either
diffusion or uptake via a specific transporter.” Mutations in the transporter gene which cause a reduced
cycloserine binding or eliminating the transporter from the cell surface affect the drug uptake and
increase the resistance. Analogously, a mutation in a gene coding for an efflux pump may lead to a
higher affinity for cycloserine increasing the efficiency of the drug expulsion. Alternatively, it is
possible that a mutational change could increase the affinity or the levels of a drug-detoxifying enzyme
which would derivatize or hydrolyze cycloserine. The overproduction of a protein target could lead to
increased resistance due to the sequestration or removal of the drug by the excess target protein. To this
end, it was shown that a natural mechanism of resistance to the drug is the overproduction of the AlaR

due to a promoter-up mutation.”
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Scheme 4

NMR and IR spectra indicate that cycloserine exists in solution primarily in the lactim form. Recent
studies suggest a mechanism of inactivation that results in aromatization of cycloserine (Scheme 4).»
This mechanism requires an initial transamination step to form an external aldimine which subsequently
undergoes a proton shift to yield an exocyclic ketimine. Such an exocyclic ketimine, which is no more
conjugated with the pyridine ring, proceeds through a second prototropic shift to form the stable

covalent adduct hydroxy-isoxazole/PLP.»

Cycloserine can be considered a model compound for the development of similar derivatives capable to
inactivate PLP-dependent enzymes. The goal is focused on the discovery of drug candidates

characterized by a high selectivity for AlaR.

The most successful approach to design inhibitors of PLP-dependent enzymes consists in incorporating
olefinic, acetylenic, or halogen functional groups in the substrates of the target enzymes. In fact, many

D-Ala analogues have shown to exhibit a remarkable inhibitory activity if they bears a halogen in a

position suitable for a nucleophilic attack, i.e. [-chloroalanine, p-fluoroalanines* J3,B,8—

trifluoroalanine,* B-halovinylglycine (Figure 3): The inactivation of AlaR by p-haloalanines and

trifluoroalanine proceeds via two different mechanisms.* In both cases, the first step is invariably the
formation of the cross-conjugated enamino-PLP species through the nucleophilic attack of the nascent

aminoacrylate on the PLP-lysine aldimine (Scheme 5).” Such an intermediate can undergo a bifurcated

route: i) if the B-carbon atom bears a single halogen (f-haloalanines), the electrophilicity at the olefinic
terminus is insufficient to trap the nearby nucleophile, i.e. the e-NH. of the active-site Lys38, and the

nucleophilic attack occurs at the aldimine carbon atom or ii) if the B-carbon atom bears more halogens,

1.e. trifluoroalanine, the amino group of Lys38 acts as a nucleophile and attacks the highly electron

deficient difluoroenamino moiety. In both cases the enzyme is irreversibly inhibited but, whereas in the
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first route the inactivation is caused by the alkylation of the PLP-cofactor, in the second route the

inhibition of the enzyme is due to the formation of a covalent bond between the e-NH.of Lys38 and the

B position of the fluoro-aminoacrylate. An important indicator of potency of irreversible inhibitors is

the number of turnovers per inactivation event, termed partition ratio. This parameter measures the
frequency (for turnover to inactivation) with which an alkylation of the active site occurs causing the
inactivation of the enzyme before the electrophilic species uncovered in turnover can be deactivated
chemically or physically (e.g., product release) at the active site. With a lower partition ratio, the
amount of drug required to fully inhibit a given amount of enzyme is reduced. Consequently, the release

of activated metabolites, which could interact with other cellular constituents, is diminished with an
amelioration of the pharmacological profile. In the case of B-haloalanines, a side reaction that leads to

the formation of pyruvate and ammonia without inactivation of the enzyme can take place (Scheme 5)
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Racemic B-fluoroalanine was the first drug candidate prepared at Merck by Kollonitsch and colleagues;

the D isomer was successfully validated as a potent, wide-spectrum and orally active antibiotic

(partition ratio ~ 800)»*» Unfortunately, safety issues unrelated to its mechanism of action have

hindered its development for clinical applications.

Halovinylglycines represent a class of potent AlaR inhibitors. At variance with haloalanines, in which

the loss of HX leads to the formation of a nucleophile (aminoacrylate), the removal of the halide from

halovinylglycines generates 2-amino-2,3-dienoic acid 1, an allene characterized by a highly
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electrophilic reactivity (Scheme 6). Allene 1 can undergo the following three different transformations:
i) 57% of the reactive intermediate 1 is hydrolyzed to vinylglyoxylate 2, a reactive Michael acceptor; ii)

12% of the same intermediate reacts with the amino group of a lysine to yield paraquinoid 3 or its
tautomer 4, then the lysine-enamine linkage is hydrolyzed to a-aminoacetone S restoring the active

form of the enzyme; iii) the remaining 31% of allene 1 reacts with the same lysine residue to yield
heterodiene 6 which subsequently O-alkylates a tyrosine residue to give 7 and inactivating the enzyme
in an irreversible manner." Fluorovinylglycines are much less reactive than chlorovinylglycines due to
the higher stability of the C-F bond in comparison to the corresponding C-Cl bond. Furthermore,
chlorovinylglycine is much more reactive than D-fluoroalanine, with a partition ratio of 2.2 + 0.2, a

value 450-fold lower than that of the reference compound (partition ratio ~ 800).
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Scheme 6

Unfortunately, their potency as antibiotics in vivo is not commensurate to their efficiency as inactivators
of AlaR in vitro, probably because these inhibitors are not well recognized by the amino acid transport

systems of the bacteria.

An interesting compound that selectively inhibits the biosynthesis of the bacterial cell wall is
Alaphosphin (L-alanyl-L-1-aminoethylphosphonic acid, Figure 4). Alaphosphin is representative of a
series of antibacterial phosphonopeptides which were designed to mimic the terminal dipeptide moiety
(D-Ala- D-Ala) of the bacterial cell wall peptidoglycan. Alaphosphin efficiently crosses the bacterial cell
wall and is hydrolyzed to L-Ala and (L)-1-aminoethylphosphonic acid (L-Ala-P) by intracellular
aminopeptidases. The (L,L) stereochemistry of Alaphosphin is necessary for its recognition by the
transporters and to cross the cell wall. Its bactericidal activity arises from the inhibition activity of AlaR
brought about by L-Ala-P. It is well documented that L-Ala-P is a competitive inhibitor of AlaR present
in crude extracts of Gram-negative bacteria (E. coli and S. typhimurium).** It is also a time-dependent
and irreversible inhibitor of AlaR isolated from Gram-positive bacterial sources (Streptomyces aureus
and Streptococcus faecalis)> L-Ala-P is characterized by a slow binding and a slow release process,
with an extremely slow off rate (7.~ 25 days). The dianionic form of the phosphonate moiety may
mimic a potential transition-state intermediate of the reaction and the two negative charges are crucial
for the observed inhibitory activity of L-Ala-P. In 1998, Stamper et al. published the crystal structure of
the complex of L-Ala-P with AlaR; this was the first report on the X-ray structure of an external

aldimine involving this enzyme .»
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The replacement of the carboxylic group of L-Ala with the boronic moiety leads to (1-

aminomethy1)boronic acid (L-Ala-B, Figure 4), which is a powerful slow binding and time-dependent
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inhibitor of both AlaR from B. stearothermophilus and D-Ala- D-Ala ligase from S. typhimurium.” L-
Ala-B is less potent than L-Ala-P in terms of both K and lifetime of the enzyme-inhibitor complex,

probably, the two bioisosteres differently interacting with the enzyme active site.

In a perspective of developing more specific inhibitors for AlaR via a structure-based drug design,
crystallographic structures from three species (B. stearothermophilus, Pseudomonas aeruginosa and M.
tuberculosis) have been solved and compared in detail.» The identity levels of the amino acid sequence
between M. tuberculosis AlaR (MtbAlaR) and the two other published AlaR structures, i.e.
P.aeruginosa (PaoAlaR)» and G. stearothermophilus (BstAlaR),* are 32 and 34%, respectively. The

secondary structure and overall fold of MtbAlaR are very similar to those observed in PaoAlaR and
BstAlaR, confirming a strong architectural resemblance between prokaryotic AlaRs. The pB—structure of

the C-terminal domain and the geometry of the active site of MtbAlaR closely match that of PaoAlaR
and BstAlaR (Figure 5). At the N-terminal domain, structural differences between MrbAlaR, PaoAlaR

and BstAlaR occur near the N-terminus and in some helices and loops located in the periphery of the
o/B-barrel (Figure 5). Concerning the active site, the levels of sequence identity between the residues of

MtbAlaR and those of PaoAlaR and BstAlaR are 44 and 50%, respectively. From the active site cavity
containing the PLP moiety it is possible to access a second cavity on the opposite side. In BstAlaR, this
accessory cavity contains four water molecules, whereas in PaoAlaR, it contains three solvent
molecules. In MthAlaR, the presence in this cavity of tryptophan (Trp88) reduces the free space, and

only two water molecules can be accommodated. Moreover, it was shown the presence of a constriction,
created by two amino acid residues (Tyr271" and Tyr364), at the entryway corridor nearby the PLP.

This corridor is roughly conical with its base oriented toward the outside of the enzyme. The corridor to
the active site of AlaR can be ideally divided into three layers: outer, middle, and inner, with the inner
layer terminating at the PLP moiety. In the inner and middle layers, all four residues of MtbAlaR,
PaoAlaR and BstAlaR are identical and they are located similarly around the corridor. Residues in the
outer layer near the surface of the enzyme are not conserved. Consequently, the design of novel
inhibitors selective for one of the above mentioned enzymes should be based on an extended
pharmacophore model which takes into account interactions with amino acid residues located in the

outer layer of the corridor.
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Given the key role of AlaR in the formation of the bacterial wall, it is not surprising that activities
aimed at developing efficient enzyme inhibitors are covering more than two decades. In spite of many
unsuccessful strategies, new avenues are opened by the recent determinations of the crystal structures of
AlaR from Bacillus anthracis in the presence and absence of L-Ala-P,» AlaR from Streptococcus
pneumonia.» AlaR from Enterococcus faecalis,” AlaR from Escherichia coli in the absence and in the
presence of cycloserine and four mutants of the active site residues Pro219 and Glu221,~ the
characterization and preliminary crystallographic studies on AlaR from Bacillus pseudofirmus OF4 .o
These recent structural studies indicate that the entryway of the active site is very narrow, conserved
residues are present in the active site as well as a string of water molecules, and dimer formation is a
critical step for AlaR activity Thus, it has been proposed™ that strategies for AlaR inhbitors should be
aimed at a high throughput screening (HTS) and structure-based methods for the identification of
compounds that i) occupy and block the entryway of the active site, ii) interfere with active site
assembly by preventing dimer formation, iii) enter in the active site with a specific conformation and

by interacting with active site residue change conformations, eventually displacing water molecules
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Figure 5

Recently, modified forms of AlaR have been used as catalysts for chemical transformation. In 2003
Hilvert and co-workers showed that AlaR from Geobacillus stearothermophilus can be converted into a
retro-aldolase enzyme by a single point mutation.” As a matter of fact, replacement of Tyr265, one of
the catalytic bases, with alanine (alrY265A) decreased the original epimerase activity by more than

three orders of magnitude.” In a following paper from the same group, the alr'Y265A enzyme was used
for the semi-preparative production of B-hydroxy-o-amino acids. In fact, the mutant racemase promotes

the PLP-dependent aldol condensation of glycine with a range of aromatic aldehydes, working similarly

to natural D-threonine aldolases when substrate specificity and stereoselectivity are taken into account.

3.1.2 Serine Racemase

3.1.2.1 Localization, structure and function

SerR (EC 5.1.1.18), another PLP-dependent racemase, was first discovered in 1998 in pupae of the

silkworm Bombyx mori,»while the first purification of brain mammalian SerR was performed by

Wolosker and co-workers. SerR is the enzyme involved both in the reversible conversion of L- to D-

Ser and serine catabolism by o.,3-elimination of water, thereby regulating D-Ser levels.

In their pioneering work, Wolosker et al.»showed that SerR is abundant in the glial cells of young rats.
Recent immunohistochemical and in situ hybridization studies revealed the localization of the enzyme'
and its mRNA" in neurons and glia. Expression of SerR has also been shown in the peripheral tissues

including retinal ganglion cells, Schwann cells, and chondrocytes.

The existence of free D-Ser in the mammalian brain of both rats and humans was first reported by two
Japanese laboratories.” Sizable amounts of D-Ser are released by astrocytes, a type of glia cells, where
SerR was later detected.” D-Ser behaves as a ‘neuromodulator’ acting as an agonist at the glycine site of
NMDA receptors in the mammalian nervous system.» L-glutamate (L-Glu) is the main excitatory
neurotransmitter in the CNS, where it is involved in the modulation of many physiological processes
such as learning, memory, and synaptic plasticity.” However, a massive influx of L-Glu into the
synapses can lead to acute and chronic neurodegenerative diseases (for example, cerebral ischemia,
traumatic brain injury, stroke, spinal injury, epilepsy, and Parkinson’s, Alzheimer’s and Huntington’s
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diseases).” Memantine, a non competitive antagonist of the NMDA receptors, is the only glutamatergic
drug currently approved for the treatment of moderate to severe Alzheimer’s disease. Due to its low
affinity for the NMDA receptors and capability to block the channel in the open state, memantine does
not substantially accumulate in the channel to interfere with the normal synaptic transmission.” An
alternative approach to reduce glutamatergic hyperactivity is the use of blockers of the glycine site of
the NMDA receptors. Unfortunately, the development of drugs with such a mode of action was
discontinued since clinical trials evidenced the appearance of heavy adverse effects, such as
hallucinations.” These side effects were attributed to an excessive blockage of the NMDA receptors and
alteration of the normal neurotransmission. In this context, inhibition of SerR may provide an
alternative therapeutic approach,>since inhibitors of SerR could offer a more gentle and indirect way to

decrease NMDA receptor function, with less unwanted side effects.

A few years ago, Sasabe et al.” demostrated that elevated levels of D-Ser in the glia may enhance Glu
toxicity in Amyotrophic Lateral Sclerosis (ALS). Although the discovery of mutations in the gene

encoding superoxide dismutase 1 (SOD 1) resulted in a considerable number of studies, the reason of

the selective motoneuronal death is still unclear. An inefficient GluA2 RNA editing has been proposed as a

cause of the death of motoneurons in sporadic ALS patients.'”’” In addition, based on the experimental
evidences that elevated level of Glu remained unchanged during the progression of the disease at
variance with D-Ser whose level increases progressively along with the course of the pathology, Sasabe
et al. speculated that the amount of D-Ser can be used to test the progress of ALS.* Consequently, the
reduction of the concentration of D-Ser could be set forth to slow down or to halt the progression of

ALS.

The increased glial production of D-Ser seems to be caused by pro-inflammatory stimuli that induce
release of D-Ser from microglia by elevating the transcription of SerR.> At the same time, the excessive
amounts of L-Glu in the spinal cord of ALS patients can improve the enzymatic activity of SerR in
astrocytes, determining an increased level of D-Ser. A further cause of increased levels of D-Ser in ALS
patients could be a failure in the D-Ser metabolic pathway, caused by the inactivation of DAAO, the

degradation enzyme, and/or a decrease in the glial uptake. Thus, decreasing the D-Ser levels by
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inhibiting the enzymatic activity of SerR or by stimulating the activity of DAAO may represent a new

therapeutic strategy to treat patients affected by ALS.»

An altered level of D-Ser seems to be involved also in schizophrenia.” In this severely debilitating
psychiatric disorder reduced levels of D-Ser have been observed in the cerebrospinal fluid and serum,
with a corresponding increase in its precursor, L-Ser.» This finding points out the need to deepen the
investigation on the involvement of D-Ser modulation in schizophrenia. Some recent studies indicated
the misfunctioning of enzymes such as SerR, DAAO and G72, a putative activator of DAAOQO, as risk
factors for the appearance of schizophrenia.* SerR knockout mice have been used for determining
the biological role of SerR and D-Ser. A recent review has summarized the phenotypes of the presently
available three SerR-KO mice and discusses the role of SerR and D-Ser in vivo.™

The initial isolation of SerR from mammalian brains™ also allowed the establishment of its molecular
weight (37 kDa), optimum operational pH and K. value. Subsequent studies from the same group*led to
the identification of Lys56 as the residue involved in the formation of the internal Schiff base with the
PLP moiety. The crystal structure of a homolog of mammalian SerR from Schizosaccharomyces pombe
was determined in the absence and presence of serine and in the absence and presence of an adenosine-
S'-triphosphate (ATP) analogue.” More recently, the first crystal structure of mammalian SerR, both in
the presence and absence of the inhibitor malonate, was determined (Figure 6).* A conformational
change affecting the small domain and the active site was detected upon ligand binding with the volume
of the active site significantly decreasing in the transition from the open to the closed state. Moreover,

Ser84 was identified as the residue that plays a critical role in the catalytic racemization of serine,
providing the C-a proton (Figure 6B). The X-ray data show that human and rat SerRs are 90% identical

in sequence and are structurally almost indistinguishable confirming the dimeric structure of the

enzyme.

SerR, like AlaR, is a bifunctional enzyme since, in addition to the racemization of serine, it is able to
catalyze the dehydration of serine to produce pyruvate and ammonia. The physiological relevance of
this dual activity has been investigated.” By generating a SerR mutant (Q155D) with impaired
elimination activity, it was demonstrated that the levels of D-Ser were several fold higher both in vitro

and in vivo. This finding suggests that the irreversible elimination reaction, coupled to the reversible
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racemization controls the physiological level of D-Ser especially in the brain tissues lacking DAAO.
Random mutagenesis studies on human SerR provided further evidence on the role of Ser84 in the

enzyme activity and Cys217 and Lys221 in Mg binding and protein stability.*

A peculiar feature of SerR is the multiple catalytic regulatory mechanisms, involving the interaction

with 1) divalent cations, ii) nucleotides, iii) specific proteins, and iv) NO.

1) Divalent cations, i.e. calcium, magnesium and manganese were shown to bind to the enzyme at a
cation-binding site (Fig. 6) through a hexavalent coordination composed by two carboxylate anions of
amino acid residues, a carbonyl oxygen of the main-chain and three well-ordered water molecules.” In
human SerR, the residues directly involved in the coordination of calcium are: Glu210, Asp216 and
Ala214. Divalent cations at physiological concentrations activate 5 to 10 fold the racemization and
elimination reactions,* with EDTA favouring racemization over elimination. Since the cation binding
site is relatively far from the active site, the cation effect is likely associated to a conformational change
more than a direct involvement in the catalytic reaction. This behaviour resembles the scenario
previously observed in tryptophan synthase where monovalent cations bind to a site distinct from the

active site affecting catalytic rates and intermediate equilibrium distribution.

i1) Nucleotides, such as ATP, adenosine diphosphate (ADP) and guanosine diphosphate (GDP), bind at
a site localized at the subunit interface, although with different affinities (Fig. 6A), increasing 5 to 10
fold the racemase and elimination activity. Since ATP is not hydrolized during the catalytic cycle, ATP

acts as an allosteric effector.
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Figure 6

iii) By means of the yeast two-hybrid approach, three proteins have been shown to interact with brain
SerR: glutamate receptor interacting protein (GRIP),« protein interacting with C kinase 1 (PICK1)
and Golga3.+«Both GRIP and PICK1 bind to the four amino acids of SerR C-terminal (-Ser-Val-Ser-
Val-COOH in the human enzyme and -Thr-Val-Ser-Val-COOH in the mouse enzyme), whereas Golga3
binds to the N-terminal 66 amino acids of brain SerR generating a conformational change of the enzyme
which gives rise to an increased synthesis of D-Ser. PICK1 is known to direct protein kinase C (PKC) to
its targets in cells. It has been recently found that PKC phosphorylating SerR at serine residues,

decreases SerR activity, thus, regulating D-Ser availability in the brain.® The level of SerR is
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dynamically regulated by glutamate. In fact, activation of metabotropic glutamate receptors leads to the
cleavage of phosphatidylinositol (4,5)-bisphosphate (PIP2) by phospholipase C (PLC); the reduced
concentration of PIP2 diminishes its inhibition effect on SerR.« On the other hand, GRIP, which is
normally bound to 2-amino-3-(5-methyl-3-oxo-1,2-0xazol-4-yl)propanoic acid (AMPA) receptors,
dissociates from them upon neuronal depolarization to induce SerR activation as a consequence of its
association with the enzyme.The activation of NMDA receptors by L-Glu (the agonist) and D-Ser (the
co-agonist) leads to the formation of nitric oxide which, by binding to SerR, inactivates the enzyme;
this mechanism is a feedback homeostatic regulation of SerR.»

iv) SerR is selectively nitrosylated at Cys113,» that is localized near the ATP binding site. The Cys-133
nitrosylation inhibits the enzyme activity likely by decreasing the stimulatory effect brought about by
ATP. It was found that such a nitrosylation interferes with ATP binding causing a 40-fold increase in K.
for ATP without affecting V... The S-nitrosylation does not affect K. for L-Ser but causes a 2-fold
decrease in V... Because NMDA receptors stimulate NO synthase, the SerR nitrosylation seems to act

as a negative feedback in regulating the level of D-Ser.

In bacteria, SerR has been implicated in vancomycin resistance.* Vancomycin is a glycopeptide
antibiotic that inhibits peptidoglycan synthesis by formation of a complex with the D-Ala- D-Ala residue
of the peptidoglycan precursors. Resistance to vancomycin is acquired by modification of the D-Ala- D-
Ala residue. Depending on the phenotype, the second D-Ala residue can be mutated in D-lactate or in D-

Ser, in turn produced by the action of SerR (VanT).=

3.1.2.2 Inhibitors and drug perspectives

Very few potent and specific inhibitors of SerR have been identified to date; the two most potent

competitive inhibitors, malonic acid and L-erythro-3-hydroxyaspartic acid,” (Figure 7) possess
inhibitory constants in the micromolar range (K. = 77 pM and 49 uM, respectively). Recently, a series

of hydroxamic and dihydroxamic acids (Figure 7) with potent inhibitory activity was identified by

Hoffman et al.=In this series, succinodihydroxamic acid 9 appears to be the most potent competitive
SerR inhibitor identified to date (K. = 3.6 + 0.6 uM). Unfortunately, although some dihydroxamic acids

are effective SerR inhibitors (e.g compounds 8 and 9), their lack of specificity renders them unattractive
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candidates for further drug development. Their potent inhibition activity was initially attributed to their
capacity to chelate Mg», a potent SerR activator present in the screening assay. Subsequently, this
hypothesis was discarded by the experimental evidence that the hydroxamic acid derivatives maintained
their activity even in the presence of a large molar excess of Mg>, indicating that the capacity of the
substrate to chelate Mg plays a marginal role in SerR inhibition. Probably, the inhibition is due to a
modification of the cofactor, which forms a catalytically inactive aldoxime species. Among the

hydroxamic acid inhibitors, compound 10 (Figure 7) exhibits a moderate selectivity for mouse and

human SerR. Compound 10 (K. = 98 uM) is an L-aspartic acid (L-Asp) analogue and is 20-fold more

potent as an inhibitor of mouse SerR than L-Asp (K = 1900 uM). For these reasons, compound 10 could

serve as a lead compound for the development of the next generation of SerR inhibitors.
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The very recent determination of the structure of SerR in the absence and presence of ligands has
triggered a few studies aimed at the development of SerR inhibitors. In this quest an added difficulty is

represented by the need for such compounds to cross the blood-brain barrier.

The comparison of the structures of SerR in the absence and presence of malonate *indicates that the
enzyme undergoes an open to closed transition upon inhibitor binding. A similar conformational change
is likely to occur upon L-Ser binding. Ligand-induced open-closed transitions are common in PLP-

dependent enzymes and usually involve the reorientation of the small and large domains that form a
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subunit. As a result the volume of the active site is significantly reduced and active site residues are
relocated. This molecular event might hamper or make more difficult the identification of high affinity
ligands. In fact, if a virtual screening is carried using the open conformation, less specific compounds
might be identified, whereas if the screening is carried out using the closed conformation, the reduced
space may lead to the identification of ligands with reduced size and affinity. In an effort to overcome
these limitations and to include SerR conformational flexibility in virtual screening investigations,
targeted molecular dynamics of SerR was combined with conformational sampling and docking
studies.= Results suggest that a virtual screenings of SerR carried out sampling a defined number of
protein conformations along the open-to-closed state pathway might lead to the identification of

selective and high affinity enzyme inhibibitors.

An ongoing investigation is carrying out an in silico screening exploiting the the open structure of
human SerR and the searching engine FLAP.* Selected hits were docked in the active site using
GOLD and the free energy of binding was evaluated by HINT .»** Compounds that exhibit dissociation
constants in the low micromolar range were identified.» A similar approach was applied to the
identification of PLP-dependent enzyme inhibitors of O-acetylserine sulfhydrylase.«

Finally, SerR activation by ATP and inhibition by Cys133 nitrosylation suggest an alternative route for
the modulation of the D-Ser level in the brain. Compounds that target the ATP allosteric site displacing

ATP or capable to cause selective nitrosylation of Cys 133 are predicted to inhibit SerR activity.

3.1.3 Arginine Racemase

3.1.3.1 Localization, structure and function

ArgR (EC 5.1.1.9) is an example of a PLP-dependent racemase with broad substrate specificity because
it catalyzes the racemization of arginine, lysine, ornithine and various other amino acids, including
ethionine and citrulline. However, ArgR is unable to recognize and transform hydrophobic, acidic or
aromatic amino acids.. The enzyme was first isolated from Pseudomonas graveolens as early as 1971 .

It was shown that four moles of the cofactor are bound to one mole of ArgR. In 2009, Matsui et al.
established that in both Pseudomonas taetrolens and Escherichia coli, ArgR resided almost exclusively

in the periplasm, a feature so far unknown for any other amino acid racemase. The experiments
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performed with P. taetrolens on the utilization of D- and L- amino acids as a carbon source

demonstrated that ArgR is a catabolic enzyme necessary for the efficient utilization of the two basic

amino acids D-Lys, and D-arginine (D-Arg). ArgR from P. taetrolens was found to contain a disulfide
bridge. However, enzyme activity and stability were unaffected by either removal of the disulfide bond

through a reduction process or by mutating the involved cysteines.

The existence of an ArgR in Pseudomonas aeruginosa, an opportunistic human pathogen with an
enormous catabolic capability, was suggested by Jann et al in 1988.« Generalized inflammation and
sepsis are the symptoms of infections by P. aeruginosa. If colonization occurs in organs such as lungs,
urinary tract, and kidneys, the result can be fatal. P. aeruginosa is capable of growing on D-Arg as the

sole source of carbon and nitrogen.«

3.1.3.2 Inhibitors and drug perspectives

The observed broad substrate specificity of ArgR suggests the presence in the active site of only a few
well defined anchor points. This feature and the lack of three-dimensional structure of ArgR has so far
prevented studies aimed at the identification of enzyme inhibitors. Towards this goal, protein
expression, careful biochemical investigations and crystallization trials are the pre-requisites. A
possible short-cut might be a homology modelling study using as a parent structure the PLP-dependent

enzyme that more closely matches ArgR sequence.

3.1.4 Aspartate Racemase

3.1.4.1 Localization, structure and function

D-Asp has been detected in the brain and neuroendocrine tissues.«=This finding triggered a genomic
sequence analysis that led to the identification and cloning of a PLP-dependent enzyme.: The
recombinant enzyme exhibits a K. value for L-Asp of 3.1 mM and a V... of 0.46 mmol/mg/min at the
optimum pH and temperature of 7.5 and 37°C, respectively. Based on in vivo experiments in which the
enzyme was depleted, it was proposed that D-Asp may function as a modulator of adult neurogenesis."
Furthermore, biochemical investigations, coupled to tissue immunostaining, suggest that D-Asp is a
novel endogenous neurotransmitter,” thus indicating that AspR is a potential target for

neuropathological disorders.
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D-Asp is an agonist of the NMDA receptors, equipotent with L-Glu and NMDA itself.=~ It has been
demonstrated that in human brain very high levels of D-Asp occur transiently during the last stage of
embryonic life or in the early postnatal life.” In human fetal cortex, the concentration of D-Asp
exceeded that of L-Asp, but diminished rapidly to trace levels after birth. D-Asp is crucial for
neurotransmission and neurosecretion in the CNS, as well as for the biosynthesis and/or secretion of
hormones in endocrine glands.” D-Asp is present in some neuronal populations of the brain and of
neuroendocrine tissues, such as the catecholaminergic cells of the adrenal medulla, the anterior and
posterior lobes of pituitary gland, the pineal gland, and the testes.>* D-Asp is highly concentrated in the
supraoptic and paraventricular hypothalamic nuclei, whose axons terminate in the posterior pituitary.™
D-Asp occurs also in a high concentration in the pineal gland,” where it modulates melatonin synthesis
in rat pinealocytes.™ Its localization in different areas of the hypothalamic—pituitary axis suggested that
D-Asp might have a role in neuroendocrine modulation. In fact, D-Asp has been shown to increase
serum growth hormone (GH), luteinizing hormone (LH) and prolactin levels, through modulation of the

release of some of the neuropeptides and neurotransmitters involved in their regulation, such as
luteinizing hormone-releasing hormone (LHRH), a.-melanocyte-stimulating hormone (a-MSH), GABA

and dopamine.™” The high concentrations of D-Asp in the cortical plate, subventricular zone, and
discrete portions of the hippocampal formation, during early neonatal stages, imply an important role
during the developmental phase.” In adult hippocampus, D-Asp persists in dentate gyrus where new
neurons are generated*and integrated into existing neural circuitries which are involved in process of
learning and memory formation. If D-Asp is physiologically formed by AspR, the enzyme should have
similar localizations.«==It was demonstrated that AspR plays an important role in neuronal

development, consistent with the high levels of D-Asp in early neonatal stages."

Although many studies on the physiological relevance of D-Asp have been published, at present, there
are no reports dealing with the connection of altered levels of D-Asp with any pathological state.
Yamada and his co-workers also reported the occurrence of a PLP-dependent AspR in an ark shell,
Scapharca broughtonii.* A peculiar characteristic of AspR from S. broughtonii, is that it 1s markedly
affected by AMP, which maximally enhances its activity up to seven-fold. By contrast, ATP lowers the

activity to less than 7%.
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3.1.4.2 Inhibitors and drug perspectives

The interest in AspR as a potential drug target for neurological disorders is very recent.” So far, no high
yield expression system for AspR has been reported, thus preventing detailed enzyme characterization,
biochemical assays and extensive crystallization campaign for the determination of enzyme structure.
Given the AspR role in modulating NMDA-associated signals, intensive activities should be first

focussed on a deep understanding of enzyme structure-function relationships.

3.2 PLP-independent Racemases

3.2.1 Proline Racemase

3.2.1.1 Localization, structure and function

A partially purified preparation of ProR from the Gram-positive bacterium Clostridium sticklandii (Cs)
was first described by Stadtman and Elliot in 1957 The first eukaryotic ProR was identified in 2000 by
Minoprio et al. in the human parasite Trypanosoma cruzi (Tc),” the etiological agent of Chagas
disease.” Investigating the in vitro-induced differentiated metacyclic trypomastigotes of 7c, Reina San
Martin et al.* were able to isolate a 45 kDa protein (7c45) which is involved in the non-specific
polyclonal activation of B lymphocytes. Subsequently, it was hypothesized the existence of two
homologous of the Tc45 genes (Tc45-A and Tc45-B),* where the Tc45-A gene copy shares a high
sequence homology with CsProR, the only ProR then described in the literature. Worthnoting, since the
active site of CsProR# is fully conserved in the Tc45 protein, both proteins catalyze the racemization
of L- and D-proline (D-Pro) without the aid of any cofactor while leaving unaffected the stereochemistry
of the other amino acids. Furthermore, specific or non-specific inhibitors, such as pyrrole-2-carboxylate
(PYC), iodoacetamide, and iodoacetate, abolish or severely compromise both the mitogenic activity of
TcProR45 and its enzymatic activity.* Through a site-directed mutagenesis investigation, the Cys330
residue was identified as the key amino acid, since its replacement completely abolished the ProR
activity;™ the catalytic mechanism was further deepened in 2006.~ The crystal structure of the TcProR-

A was obtained with its competitive inhibitor PYC and showed that the enzyme is in fact a homo-dimer,

with each monomer folded in two equally sized o/ domains separated by a deep crevice. The refined
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model revealed the presence of two molecules of the inhibitor, each one occupying the central
hydrophobic cavity of the monomer (see Figure 8). Each of the active site cavities found in the inter-
domain crevices, includes two cysteines (Cys130 and Cys300 in TcProR-B; Cys160 and Cys330 in
TcProR-A) which are suitably located to perform the acid-base catalysis of L/D-Pro (Scheme 7),

according to the general mechanism proposed for PLP-independent racemases.

Figure 8

Since the pKa value of the Cys sulfhydryl group in aqueous solution is 8.4, it should be almost
completely protonated at physiological pH and therefore unable to remove the o-proton of Pro.

However, it has been suggested that the electrostatic field inside the enzyme could highly perturb its

aqueous pKa value, generating the anionic species needed for the catalytic process.
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In the crystal structure of the complex of ProR with PYC, an inhibitor representing a transition state

analogue, the C2 atom of PYC is in close contact with the two sulthydryl groups of residues Cys130
and Cys300 from equivalent a-helices in each structural domain (Figure 9).» This experimental

evidence strongly supports the ‘two-base’ mechanism. PYC is firmly fixed in place through H-bonding
interactions of its carboxylate group with five amino acidic residues of the enzyme; additionally, the Pro
quaternary amine group is involved in hydrogen bonding interactions with His132 and Asp296. The
pKa of proline inside the ProR active side may be estimated to be about 23 4, reflecting a reduction of

more than 7 pKa units when compared to the calculated value of 30.9 in aqueous solution. This
relatively high pKa of Pro in the active site raises the question of why Cao-deprotonation occurs and not

deprotonation of the ammonium group of the zwitterionic Pro (pKa = 9.6). Probably the answer is the
tight interactions with His132 and Asp296, which prevent Pro from reorienting in a position enabling

ammonium deprotonation.”
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As in other PLP independent amino acid racemases, the two domains of each monomer in the dimeric
TcProR-A are structurally equivalent. The symmetric properties correlating both subunit domains stand
on a dyad axis crossing the reaction center granting to the enzyme the ability to react with both
enantiomeric forms of proline. A complete thermodynamic characterization of 7cProR-A association
with its inhibitor was obtained by isothermal titration calorimetry (ITC) using temperatures between 15
°C and 35 °C. The binding isotherm was best fitted to a model with two interacting sites with the
enzyme expressed in terms of protein-dimer concentration. This data confirmed that TcProR-A binds
with high affinity (K1 =4.6 x 100 M+, K2 = 3.0 x 10° M) two molecules of PYC as a dimer in solution.
The ITC also supported the negative cooperativity and a differential packing constraint among the
subunits. Thus, the binding of the first ligand molecule triggers conformational changes of one of the
monomers resulting in a ca. 15 times lower affinity to bind the second inhibitor molecule. This property
may explain the initial conclusions of Rudnick and Abeles on one active site per dimer by quantifying

the binding stoichiometry of the inhibitor at equilibrium.»

Recently, the corresponding 7vProR gene and functional enzyme have been found also in Tripanosoma
vivax (Tv), a livestock trypanosome cyclically and mechanically transmitted between domestic and wild

ruminants by tsetse flies, tabanids and other varieties of biting flies.”

The human parasite Tc as well as the livestock-infective 7v take advance of the presence of ProR in
their genome as a way to escape the host immune responses. It has been hypothesised that 7cProR is
also involved in the machinery of the parasite differentiation by regulating intracellular proline
metabolic pathways through the conversion of free L-Pro, internalised from the vector digestive tract,

into D-Pro, that would be integrated into expressed peptides or stocked in reservosomes.” The
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replacement of the L-Pro moiety with its mirror image, i.e. D-Pro, into a peptide sequence increases its
half-life, stability and resistance to host proteases. Furthermore, the presence of D-Pro would make the

peptide less immunogenic than the corresponding one made up exclusively by L-amino acids.

In addition to the above mentioned enzymatic properties, ProR of both 7c¢ and 7v possesses a T-cell-
independent B-cell mitogenic activity.

Attempts to better explore the direct or indirect association between TcProR mitogenic and enzymatic
activities have demonstrated that they are dissociated It is believed that the structure of TcProR
active site may expose protein conformational motifs that bind to B-cell expressed molecules, thus
triggering lymphocyte activation. Indeed, modification of key catalytic site residues of the enzyme
aiming at abolishing catalysis without altering TcProR conformational structure, produced TcProR
mutants in which the mitogenic activity was preserved. On the other hand, B cell proliferation assays
showed that TcProR inactivated by PYC was unable to trigger B-cell proliferative activity. These data
confirmed that conformational changes of TcProR takes place upon inhibitor binding preventing its
direct interaction with B-cell expressed ligand(s) and that polyclonal B-cell activation observed with

TcProR 1s unambigously dependent on conformational epitopes displayed by the active protein.

3.2.1.2 Inhibitors and drug perspectives

In the previous section we have discussed how the first eukaryotic ProR was identified in 7c. This
intracellular protozoan causes Chagas disease, one of the most neglected diseases. Endemic in several
regions of Latin America, this disease persists as the major infectious heart disease in the world.»It is
estimated that 13 million people are currently infected in Central and South America and that the global
incidence of the disease is 300,000 new cases per year.” Natural transmission of the disease occurs
through faeces of the vector (a haematophagous bug belonging to the subfamily Triatominae, family
Reduviidae) deposited near a skin lesion or mucosa (80-90%) or via organ transplantation/blood
transfusion (5-20%) or congenital transmission (0.5-8%). The majority of infections occur during early
childhood, and around 30% infected people develop chronic cardiac involvement, usually after decades

of asymptomatic infection.
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The available therapeutic options for Chagas disease are very limited. At the moment, there are only
two drugs, nifurtimox and benznidazole (Figure 10), which may be helpful in the acute stages of the
infection. Both of these drugs cure around 80% of the acute form of the disease and 20% of the chronic
one. Patients require 60 days of treatment, with 2-3 doses per day. The drugs are of difficult access for
patients in non endemic areas, and the distribution of benznidazole is restricted to specialised clinics
that require medical monitoring during the course of treatment. Moreover, both medications have
serious side effects limiting their use. Benznidazole is contraindicated to treat pregnant women and,
more generally triggers liver and kidney failure. Nifurtimox has been gradually discontinued and
particularly contraindicated to patients previously diagnosed with psychiatric and neurological
disorders. Furthermore, some strains of Tc¢ are resistant to the treatment.* Therefore, it is clear that it is
of utmost importance to find out new therapeutic targets and novel drugs for the treatment of Chagas

disease, particularly for late stages of the disease.

ProR is an essential enzyme in the parasite metabolism and in the interactions of the parasite with the
host immune defences. Chamond and colleagues constructed transgenic parasites for 7cProR genes and
analyzed the ability of mutants to pursue differentiation into infective forms and to interact with host
cells.» The data determined that over expression, but not reduction, of 7cProR in non-infective forms
leads to an increase in parasite differentiation to metacyclic infective forms and enhance parasite
infectivity to host cells. The existence of proline transport systems in 7c¢ has added importance to the
role of TcProR to parasite bioenergetics,” since L-Pro is known as the most important carbon source in
trypanosomatids.” Consequently, inhibitors of ProR could represent a new therapeutic approach for the
treatment of Chagas disease. Unfortunately, at the moment only few molecules capable to inhibit ProR
have been reported.

ProR of Clostridium sticklanclii and of Tc is inhibited by PYC (Figure 10). Modifications of the
heterocyclic ring lead to a reduction of the inhibitory activity. In fact, the thiophene analogue is less
effective while the furan analogue is almost inactive. The high affinity for the enzyme of PYC could be
due to the planar arrangement of its key substituents, which mimic the transition state of the proline
racemization process represented by 4,5-dihydro-3H-pyrrole-2-carboxylic acid, which turned out to be a

good inhibitor of ProR.
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Crystallographic data have shown that incubation of 7cProR in the presence of PYC promotes
considerable alteration of the enzyme structure, thus interfering with its binding to B-cell expressed
ligands.” Furthermore, studies of 7TcProR localization showed that the enzyme localizes in the
cytoplasm of intracellular dividing parasites (tissue amastigotes) and nearby the flagellar pocket, the
principal site of excretion/secretion of trypanosomes. Interestingly, the addition of PYC to Tc-infected
cultures results in a dose-dependent decrease of the conversion of amastigotes to circulating
trypomastigotes, suggesting that the enzyme, which is up-regulated in actively multiplying parasites,
may be related to the parasite differentiation triggering steps.» The addition of PYC during the initial
steps of the parasite-host cell interaction led to a significant initial reduction of 7c invasion in vitro. The
inhibition of the enzyme has a direct or an indirect influence on the parasite metabolism, differentiation
and virulence. Unfortunately, PYC has a very poor solubility in water and this problem limits its further
development as a drug. Minoprio’s and Blondel’s groups and collaborators had dedicated lots of efforts
to produce by medicinal chemistry more soluble PYC variants and to design pharmocophoric models
based on the catalytic site of 7cProR to be further used in virtual screening of compound libraries.
However, at present, those attempts have not yet yielded better inhibitors with a higher affinity for the
enzyme than PYC.» The active site of TcProR in its complexed form defines a small pocket of 100 A:
presenting a very specific set of oriented functional groups. Hence, the design of active inhibitors for
this enzyme by the classical strategies of drug design represents a particular challenge. Therefore, a
more aggressive and less traditional approach has been conceived. It takes advantage of the
conformational changes observed in the TcProR upon ligand binding. In effect, ongoing innovative

approaches and modeling technologies making use of Molecular dynamics and transition path
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calculations™ can be used to build new docking models for enzymes, either in the catalytic site or by
identifying previously unknown allosteric sites. This approach, based on a new powerful transition Path
Optimization and Exploration method (POE), has proved to allow a drastic expansion of virtual
screening strategies and, thus, of the chemical space accessible through computational aided drug

design, as successfully validated in other systems.

A different approach was first reported by Minoprio’s group, which tried to use 7cProR45 as a
‘vaccine’ * The aim was to induce specific responses against 7cProR45 and neutralise its mitogenic
activity. They developed two protocols. In the first one, intramuscular DNA ‘vaccination’ containing
the TcProR45 gene was used. It turned out that ‘immunoprotection’ is possible, since an 85% decrease
in the levels of parasitaemia, after a challenge with infective forms of the parasite, was obtained.
Moreover, even higher levels of parasitaemia control have been observed when sub-mitogenic doses of
the protein were injected. In the second protocol, an i.p. injection of low doses of recombinant protein
(rTcProR45) was used. The outcome was a decrease up to 95% of the mice parasitaemia, after challenge
with a lethal inoculum of 7c. Therefore, both protocols of immunization were able to trigger specific B

cells and consequently high levels of antibodies anti-r7cProR45 were detected in sera.

In 2010, Bryan et al showed that 7cProR may contribute to delay host immune effector mechanisms by
non-specifically activating B cells, especially marginal zone B cells, causing hypergammaglobulinemia
and inducing production of interleukin-10, a cytokine known to increase host susceptibility to 7c¢.
While TcProR45 is apparently non-antigenic during experimental 7. cruzi infection, it can be delivered
as a potent antigen via genetic immunization. Genetic immunization with 7cProR did not lead to
detectable systemic B-cell expansion and did not interfere with the immune response to a different test
of immunogenity. Moreover, genetic vaccination with 7cProR induces the triggering of memory B cells,
underlying the usefulness of 7TcProR as a target to the development of new therapies against

trypanosomiasis.

Finally, it is also possible to suppose that the parasite uses the racemization process to synthesise and/or
express new peptides containing D-Pro to avoid or reduce the host-induced proteolysis. The identities of

the parasite proteins bearing D-Pro should be discovered and investigated since they may become
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attractive targets involved in parasite evasion.” These last studies offer the basis for further

development of novel strategies to treat Chagas and other infectious diseases.

3.2.2 Glutamate Racemase

3.2.2.1 Localization, structure and function

GluR (EC 5.1.1.3) is another PLP-independent racemase that occurs in prokaryotes. The first evidence
of GluR from Lactobacillus arabinosus dates back to 1952, but its biochemical function was not
clarified.» In early nineties, it was demonstrated that, like ProR, GluR uses a ‘two-base’ mechanism in
which the sulfhydryl groups of two cysteines serve as the general base/acid catalysts.* The involvement
of the two Cys residues was demonstrated with the enzyme from Lactobacillus fermenti, since their
replacement, one at a time, with an alanine completely abolished the racemase activity . Similar results
were obtained by replacing the Cys residues with Thr/Ala in the enzyme from E. coli>*>' It was also
suggested that Cys73 is responsible for the deprotonation of D-Glu, while Cys184 is responsible for the
deprotonation of L-Glu. Moreover, it was shown that neighboring residues, i.e. AsplO for the
conversion of D into L and His186 for the reverse conversion, assist the catalytic thiol groups in acting

as bases -

The structure determination of GluR from Aquifex pyrophilus in the absence and presence of D-
glutamine, a weak inhibitor, provided the first structural elucidation of the architecture of the active
site.* However, no strong interactions between D-glutamine and the amino acid residues present in the
active site were noticed. In 2005 it was reported the crystal structure of the GluR from L. fermenti,
which shares approximately 32% sequence identity with A. pyrophilus GluR. It represents the first three

dimensional structure of a cofactor-independent racemase from a Gram-positive bacterium.

NMR studies carried out on B. anthracis GluR*» and on monomeric H. pylori GluR,* allowed the
establishment that the enzyme is quite flexible, adopting multiple conformations. The enzyme active site

is rather small, therefore substrate and product can access it exploiting the enzyme flexibility.

GluR is essential to the bacterial cell wall biosynthesis pathway, since the incorporation of D-Glu as the
second residue of the pentapeptide is strictly conserved across the bacterial kingdom. GluR has been

implicated in the production and maintenance of sufficient D-Glu pool levels required for growth.
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Peptidoglycan biosynthesis is classified into three distinct phases based on the cellular location of the
synthetic pathway. Most of the active drugs act through inhibition of the Phase III segment, which
involves the extracellular cross-linking and final maturation of the cellular envelope. Even if the
discovery of improved agents that target this phase remains a dominant area of research and
development, the onset of resistance limits the therapeutic utility of this class of compounds. Moreover,
the emergence of multi-drug-resistant (MDR) bacteria, such as methicillin-resistant Staphylococcus
aureus, MDR-Pseudomonas aeruginosa and MDR-Acinetobacter baumannii, has resulted in
significantly increased mortality rates with limited or no options for therapeutic intervention.” This
crisis has resulted in a call for the discovery of drugs that have a novel mode of action.* Therefore,
targeting GluR, which is involved in phase I of peptidoglycan biosynthesis, represents a novel strategy

in the search for new antibacterial agents.

3.2.2.2 Inhibitors and drug perspectives

Although the officially recognized importance of GluR as a target for antibacterial drugs, until 1997
only two GluR inhibitors have been reported, L-serine-O-sulfate (L-SOS) and aziridino glutamate
(Figure 11).» Both drugs are irreversible inhibitors and, in addition, suffer either from an inefficiency

of the process or an instability.
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Figure 11

In the subsequent years, an increased number of GluR inhibitors have been published. Most of the first
generation inhibitors are characterized by the presence of an amino acidic chain in their structure. D-N-
hydroxyglutamate (Figure 11) belongs to this class; it is a good competitive inhibitor (K. = 56 ~ uM) of

GluR from Lactobacillus fermenti N-hydroxyglutamate undergoes an enzyme-catalyzed elimination
reaction, that leads to the formation of an imine intermediate (Scheme 8) which is responsible for the
strong inhibition. Such an imine could mimic the normal carbanionic intermediate and thus be strongly

bound by the racemase. Moreover, hydration of the imine and subsequent elimination of ammonia

produces a-ketoglutarate as depicted in Scheme 8.
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In 2002, the discovery of a new class of (2R4S)-4-substituted D-Glu analogues (Figure 11, general
structure 11) was reported by Lilly researchers;> this class of compounds showed a promising activity
against S. pneumoniae, one of the most frequent cause of bacterial respiratory infection and meningitis.
One of the most potent compound of this series is the 2-naphthyl derivative (Figure 11, compound 12),
with a K of 16 nM. A further increasing in activity was achieved by replacing the naphthyl moiety with
a heteroaromatic bicyclic groups, i.e. 2-benzothienyl, 2-(3-Cl-benzothienyl) and 3-(2’-furyl) groups;

these new derivatives exhibited inhibition of bacterial infection in an in vivo murine model.
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In the last few years, the research was focused mostly on non amino acidic scaffolds. In this contest,
high-throughput screening of the AstraZeneca collection compounds identified a number of hits
including 9-benzyl purines that showed good activity against Enterococcus faecalis and Enterococcus
faecium GluR. Despite a number of efforts to improve the pharmacological profile of the lead
compound through strategies based on an iterative structure-based drug design, only modest
improvements in potency was observed for the Enterococcus spp and no activity was detected against
the S. aureus enzyme. Furthermore, many members of the series exhibited relatively poor solubility and
only moderate antibacterial activity. In 2008, researchers from the same company reported a successful
‘scaffold-hopping’ endeavor from the 9-benzyl purines to the 8-benzyl pteridinediones and a hit-to-lead
work on this series (Figure 12). Among the tested compounds, 2-benzylthio 8-benzyl pteridinedione
showed activity against the S. aureus enzyme as well as E. faecalis and E. faecium.» Moreover, by
decorating the scaffold with different substituents at the 2-, 4- and 8-positions emerged some derivatives
provided with a relevant inhibition potency and improved physical properties. The broad spectrum of
action exhibited by some derivatives of this series represents a breakthrough in the development of
small molecule inhibitors. Unfortunately, this series of compounds generally exhibits a poor solubility.
Attempts to improve their physical properties by incorporating polar substituents gave a moderate

SucCcCess.
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Figure 12

Recently, a very interesting research plan focused on the design and synthesis of selective H. Pylori
GluR inhibitors has been published. H. pylori erodes the stomach mucosa and causes gastritis and
peptic ulcers.» Moreover, a relationship between infection by such a bacterium and an increased
incidence of a gastric cancer has been proposed.=» Current therapies, based on the combined
administration of two antibiotics with a proton pump inhibitor (Triple Therapy), gave rise to numerous
drawbacks, such as stomach upset, diarrhea, headache, a metallic taste and sensitivity to the sun, that
consequently involve a poor patient compliance.” Additionally, the appearance of H. pylori strains
resistant to the drugs diminished the effectiveness of the multiple therapies. In this contest, researchers
at AstraZeneca focused their attention on the design of new H. pylori GluR inhibitors. An initial high-
throughput screening of the AstraZeneca compound collection and a subsequent lead optimization
process allowed the identification of pyrazolopyrimidinedione 13 (Figure 13). Such a compound
possesses a low nanomolar inhibitory activity at GluR (IC, = 26 nM) but, due to its low aqueous
solubility and bioavailability, it is not suitable for oral administration. With the aim to improve its
bioavailability, a series of analogues bearing polar functionalities onto the fused pyrimidinedione

scaffold were prepared and tested.
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Figure 13

In Figure 13 are reported the structures of some derivatives characterized by a high inhibitory activity
against H. pylori GluR. These inhibitors are time-independent, fully reversible and insensitive to
changes in enzyme or detergent concentration. Remarkably, studies of kinetic inhibition on compound
14 indicated that it does not compete with glutamate and, quite interesting, glutamate binding was
required for inhibition. H. pylori GluR was co-crystallized with both a substrate (D-Glu) (Figure 14A,
B) and an inhibitor (compound 14) (Figure 14C) and the structure of the complexes were solved at
high-resolution.” The major feature of the crystalline structure is the presence of a cryptic pocket,

formed by a dislocation of the C-terminal helix, capable to accommodate the inhibitor and located ~9 A
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away from the catalytic centre. The inhibitor binding pocket is formed by displacement and rotation of

the Trp252 side-chain with the pyrazolopyrimidinedione core of derivative 14, as well as the other
members of the cluster, forming a m-stacking interaction which involves its naphthyl moiety and the

indole ring of Trp252 (Figure 14C). Worth of note, the structure of the active site did not change on

binding of the inhibitor.
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The pyrazolopyrimidinedione series of compounds represents the first xample of non-competitive
inhibitors of a single-substrate enzyme which fit a cryptic allosteric site. This outcome further highlights
the power of a high-throughput screening to search enzyme inhibitors with a novel mode of action.
Once again, physico-chemical properties need to be optimized to achieve values of solubility and
membrane permeability suitable for oral administration.” Potent analogues, characterized by good in
vivo clearance, oral bioavailability and low susceptibility to bacterial efflux pump transport, i.e.
derivatives 15, 16, were identified; unfortunately, an improved microbial potency is paralleled by an
increase in lipophilicity which enhances the protein binding and lowers the solubility (Figure 13). As a
result, the lack of efficacy of the above reported optimized compounds in a murine mouse model of H.

pylori colonization was attributed to an insufficient plasma concentration of the free drug. Anyway, the
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high degree of selectivity for H. pylori GluR showed by these compounds makes them attractive

candidates for a novel H. pylori-selective therapy.

A second series of allosteric inhibitors targeting the H. pylori GluR enzyme has been reported. In this
series, a novel scaffold represented by the benzodiazepine amine 17 (Figure 15) was discovered by a
high-throughput campaign of the former Zeneca compound collection. Also these compounds show
selectivity for the H. pylori GluR. X-ray crystallographic studies demonstrated that these inhibitors bind
at a site that is clearly distinct from the one that accommodates the pyrazolopyrimidinedione
derivatives. This binding site is located along the symmetry axis of the dimer interface. In contrast to
the pyrazolopyrimidinedione series, the optimized benzodiazepine analogues generally exhibited
improved physico-chemical properties. Physico-chemical parameters such as protein binding, solubility,
lipophilicity and molecular weight suitable for oral administration were the hallmarks of the series (e.g.
compounds 18 and 19). Despite such an excellent profile, attempts to demonstrate efficacy in a murine
H. pylori colonization model turned out to be unsuccessful; the lack of activity was attributed to
insufficient concentration levels of the free drug in the plasma of mice caused by a high intrinsic
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A recent paper by Whalen et al.» reports a virtual screening using a transition-state conformation of the

B. subtilis GluR enzyme. This study resulted in the discovery of several competitive inhibitors, i.e. 20

53



and 21 (Figure 15), provided with IC, values in the micromolar range (K= 42 uM for 20 and 59 uM for

21). Since the structures of these novel inhibitors are dissimilar from those of current amino acid like

inhibitors, they could represent novel scaffolds to be used in the drug discovery process.

Besides these classes of small molecules that inhibit GIuR, two reports on large-molecule inhibitors
(molecular weight > 650) have been published. The first report identified haemin as a moderately potent

inhibitor of the P. pentosaceus GluR enzyme.* Haemin was found to be a non-competitive inhibitor (K.
= 3.7 uM), hypothesized to bind either to the orthosteric site, or to a distal site inducing a
conformational change. The second report, published in 2000, showed a series of peptides* provided

with a weak inhibitory potency (IC, = 160 uM) for the E. coli GIuR enzyme.

3.2.3 Aspartate Racemase
3.2.3.1 Localization, structure and function.

The PLP-independent AspR (EC 5.1.1.13) shares with the other members of the AspR group the same
‘two-base’ mode of action. AspR was discovered in Streptococcus faecalis and partially purified in
19722 In 1991, Yohda et al. found that AspR occurs exclusively in lactic acid bacteria, such as
Streptococcus species and Lactobacillus species, and succeeded to purify the enzyme to homogeneity
from Streptococcus thermophilus . Lactic acid bacteria are characterized by the presence of a D-Asp
residue in the peptidoglycan crossbridge, which is produced from L-Asp by the action of AspR. The
same Authors were able to clone the AspR gene of S. thermophilus and to determine the nucleotide

sequence of the gene.”

The crystal structure of the Pyrococcus horikoshii OT3 AspR (PhAspR), disclosed in 2002, exhibits a
dimeric assembly (Figure 16A).» As expected for a PLP-independent racemase, it showed two strictly
conserved Cys residues (Cys82 and Cys194) in its catalytic site (Figure 16B). These two cysteine
residues as well as other surrounding amino acid residues, i.e. Asn83, Thr84, Gly193, and Thr195, are

highly conserved among all AspR isoforms and some other PLP-independent racemases (Figure 16B).
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Figure 16

Furthermore, the active site of all known AspRs contains two basic amino acids, i.e. Arg48 and Lys164

(Figure 16B), which are essential to the functionality of the enzyme since they seem to play an
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important role in the substrate recognition and binding.» In particular, the X-ray structure of an inactive
mutant of PhAspR complexed with citric acid suggested that Arg48 is responsible for recognizing the
carboxylate moieties of the substrate and to stabilize the reaction intermediate, while Lys164 is

responsible for stabilizing the closed state structure.

The AspR shows approximately 26% sequence identity with the GIuR from A. pyrophilus. Worth
noting, the two enzymes show major differences in the structure of their catalytic site despite the
marginal difference among the structure of their natural substrates, namely Asp and Glu, and the similar
sequence homology in the core centre. This reflects into a restricted substrate specificity: in fact GluR
exclusively acts on D- and L -Glu,* while both enantiomers of Asp are inactive as substrates, and do not
affect Glu racemization. In analogy, AspR is highly specific for Asp. In the crystal structure of both the
enzymes, the position of the two regions Cys82-Asn83-Thr84 and Gly193-Cys194-Thr195, as well as
of two other threonine residues are highly conserved. These features allow the interaction between two
moieties of the enzyme (the sites of Cys, Thr and Asn) with the amino acidic portion of both
enantiomers of the substrate. As mentioned above, also the residues Arg48 and Lys164 are strictly
conserved in all AspR. Their positively charged guanidinium or ammonium group can form an ion-ion
interaction with the negatively charged L-/ D-Asp carboxylate moiety. In addition, Thr84/Thr124 can
interact with the amino or the positively charged ammonium group of L-/ D-Asp through a hydrogen

bonding.

The Arg and Lys residues of the active site are not conserved in the GluR of A. pyrophilus, which
means that the interaction between these residues and the side-chain carboxylate group of glutamate
enantiomers may be pointless for their recognition by GluR. The distance between the y-sulfur atoms of

the two Cys residues present in the active-site of A. pyrophilus GluR is 7.6A, a value definitely lower

than that (about 9.6 A) found in PhAspR >
3.2.4 Diaminopimelate epimerase
3.24.1 Localization, structure and function.

DAPE (EC 5.1.1.7) is a member of the PLP-independent amino-acid racemases. It catalyzes the

stereoinversion of (L,L)-2,6-diaminopimelate to meso-2,6-diaminopimelate in the lysine-biosynthetic
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pathway in plants and bacteria (Scheme 9). Since lysine biosynthesis does not occur in animals, the
members of such a pathway, such as DAPEs, are attractive targets for the rational design of

antibiotics =2+

HOZC\V/A\V/A\T/COZH HOZC\T/A\V/~\T/C02H

NH, NH, DAP NH, NH,
epimerase
(D,L)-DAP
(L,L)-DAP (meso-DAP)
Scheme 9

DAPE is a unique member of this family of racemases, because its substrates [(L,L)-DAP and (D,L)-
DAP)] contain two stereocenters but the enzyme recognizes the sole two stereoisomers with the L
configuration at the distal site. The DAP epimerase was detected over 50 years ago in E. coli,“but its
purification and characterization was made roughly 30 years ago. Similarly to the other PLP-
independent racemases, the catalytic mechanism of DAPE involves two cysteine residues, in a ‘two-
base’ mechanism.* This mechanism was later elucidated by Stenta et al. through QM/MM studies.» The
structure of DAPE isoforms from many bacteria*»» and from a plant have been determined recently
Particular attention has to be paid to the crystal structure of DAPE from Mycobacterium tuberculosis,
since it represents a new potential target to overcome the problem of drug resistance in the treatment of
tuberculosis.» Differently from Asp and Glu racemases, in which the cysteine residues are assisted in
the racemization by a hystidine (His132) and an aspartate (Asp296), it was proposed that the active site
of DAPE exists as a thiol-thiolate pair at neutral pH and does not use any neighboring active-site base

to assist the deprotonation process .

DAPE catalyses the interconversion of (L,L)-2,6-diaminopimelic acid (DAP) into meso-DAP. The
meso-DAP, a precursor of L-Lys, is a key component of the pentapeptide linker in bacterial
peptidoglycan . Interestingly, mycobacteria incorporate two distinct interpeptide linkages, the common
D-Ala/meso-DAP linkage during exponential growth and a meso-DAP/meso-DAP linkage, a penicillin-

resistant mode of ligation, upon entering the stationary phase.» This unique structural feature could be

the cause of the B-lactam resistance of M. tuberculosis» Tuberculosis is a common and often deadly
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infectious disease among the world’s poor and latent infections are estimated to affect one third of the

world population .
3.2.4.2 Inhibitors and drug perpectives

In 1986, Girodeau et al. published the synthesis and the biological evaluation of didehydro-DAP
analogues as potential inhibitors of DAPE (Figure 17).> Only one compound of the series, y-methylene-

DAP 22 (Figure 17), in all its isomeric forms, showed good antibacterial properties against a wide

number of bacteria strains.

R NH2 R INH, NH, NH,
HOzCWCOZH HO,C CO,H

R =H, Cl, CH, 22
R'=H, CHs

Figure 17

In 1988, it was reported that 3-chloro-DAP (Scheme 10), as a mixture of four possible isomers, is a
potent inhibitor of E. coli DAP epimerase in vitro* In analogy with inhibitors of ProR, which are
transition state analogues and bear a sp’ hybrid at C-2, it was proposed that the active form of 3-CI-DAP
is the corresponding enamine 25, resulting from the elimination of HCl. Moreover, it was speculated
that compound 25 binds tightly to DAPE and is slowly released from the enzyme; in this respect, 3-Cl-
DAP is a mechanism-based inactivator. It is an innocuous compound by itself but is transformed at the
active site of DAPE, becoming a potent competitive inhibitor of the enzyme. After release from the
enzyme, 25 could tautomerize to the corresponding imine, which then undergoes a cyclization process
to yield tetrahydrodipicolinate (26). It can not be excluded that the predominant epimerase-bound

intermediate is the imine tautomer since it has the same planar geometry as enamine 25.

The 3-fluoro-DAP analogues 23 and 24 present the same mechanism of activation, namely the

formation of planar enamine 25 by elimination of HF (Scheme 10). All the four stereoisomers are good
DAPE inhibitors, with K values in the range 4-25 uM. On the contrary, the 3-hydroxy-DAP analogues

lack any inhibitory activity since they do not undergo the enzyme-catalyzed elimination of water.
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In the same years, Lam et al. reported a series of DAP analogues that showed inhibitory activity on
DAPE isolated from E. coli>* To this group of compounds belong the meso-lanthionine 27a,b (Figure
18) and its (L,L)-isomer 27c¢, which are mixed-competitive (allosteric) and competitive inhibitors,
respectively (K = 0.18 mM and 042 mM, respectively), while the (D,D)-isomer 27d is about 20 times
less effective, in accord with the stereochemical requirements of the enzyme for its natural substrates.
Oxidation of the sulphur of compounds 27 to the corresponding sulfoxide or sulfone derivatives

drastically lowers the affinity for the epimerase active site.

HOzC%Sﬁ/C%H HOZCM002H

NH; NH> Ho-NH NH,
27 28

HOZCMCOZH
_NH NH,
HoN
29

a: 2R,6S b: 25,6R ¢:2S,6S d:2R,6R
Figure 18
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The most active compound of this series is the N-hydroxy analogue 28 (K = 5.6 uM). The reason could
be the possibility to eliminate water from stereoisomers 28a or 28c (Figure 18) to generate the
corresponding o.-imine as a planar transition state analogue (for details see Scheme 8). This reactive
species could be attacked by a nucleophile, such as the Cys thiol group present in the active site, at the
o—carbon in a reversible fashion. Interestingly, the N-amino analogue 29 is about 500 times less

effective than compound 28 as a competitive inhibitor. This may reflect the inability of the hydrazino

group to release ammonia through elimination.

In 1990, the irreversible inactivation of DAPE was reported>»» using a crude mixture of all possible
diastereomers of 2-(4-amino-4-carboxybutyl)aziridine-2-carboxylic acid (azi-DAP, Figure 19).
Enzymatic digestion studies established that Cys73 is alkylated by the aziridino moiety, thereby
demonstrating its presence in the active site. The K values could not be determined due to the extremely
fast conversion of the enzyme-inhibitor complex to the inactivated enzyme. Further studies determined
that (L,L)-azi-DAP was bound exclusively to Cys73, while (D,L)-azi-DAP was linked solely to

Cys217; this result was confirmed by the crystal structure reported by the same group in 2009

HN NH, HN- NH,

Azi-DAP L,L-Azi-DAP
HN E NH NH
2 30 NH,
D,L-Azi-DAP

HO,C CO,H 31a: (25,35,6S)
<Y 31b: (25.3S 6R)
HoN NH, 31c: (2R,3R,6S)

Figure 19

It was also reported that unlike azi-DAP, which rapidly and irreversibly inactivates DAPE, aziridine
derivative 30 (Figure 19) is a weak reversible inhibitor of DAPE, with an IC, value of 2.88 mM.> This
different behaviour could be explained by taking into account the different arrangement of the aziridino

moiety in the two structures. While azi-DAP can undergo a nucleophilic attack by the thiol group of a
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cysteine at its unhindered methylene position of the aziridine ring, the same reaction occurs on

derivative 30 with the involvement of a tertiary carbon atom which, by definition, is more crowded.

Another class of compounds that have been designed as inhibitors of DAPE is represented by 2,3-
methano-2,6-diaminopimelic acids (31a-c¢, Figure 19). These compounds did not exhibit any
antibacterial properties; probably they mimic DAP and act as substrates for the enzyme; as a matter of

fact, they are incorporated into the cell wall.»

4. Conclusions and Future Perspectives

L-amino acids are the common building blocks of proteins and are also deeply involved in metabolism
to produce energy. They are currently termed “natural amino acids” in contrast to their mirror images,
1.e. D-amino acids, which could be tagged as “unnatural amino acids” and, according to a long-standing
belief, have been considered inactive substances. Along the years there have been compelling evidences
of the presence of D-amino acids in bacterial cell wall, in antibiotics as well as in peptides produced by
molluscs and amphibians. These peptides are provided with an array of biological properties spanning
from antimicrobial to analgesic activity. Worth noting, the biological activity of the peptides is strictly
dependent, not only on the presence of D-amino acids, but also upon the position of such building
blocks along the amino acid sequence. Furthermore, free D-amino acids have been detected in
mammals, including humans, where they play physiological roles of utmost importance. For example,
substantial amounts of D-Asp and D-Ser have been found in the brain of newborn rats and humans,

where they perform as neurotransmitter. Their concentration decreases gradually with the development.

The present review deals with the enzymes, termed amino acid racemases, involved in the production
of D-amino acids through a racemization process of the L counterparts. We took into account solely the
amino acid racemases which are specific for a single amino acid or recognize as a substrate a selected
number of amino acids. These enzymes have been classified into two groups according to the
mechanism used to interconvert the stereocenter of the amino acids: 1) PLP-dependent racemases and

i1) PLP-independent racemases.

Among the PLP-dependent racemases, bacterial AlaR is one of the best-studied amino acid racemases.

The crystal structure of AlaR from Bacillus stearothermophilus as well as its complexes with two
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inhibitors have been reported and allowed the definition of the active site features. This information is
of utmost importance to design new antimicrobial drugs since AlaR, ubiquitously distributed in bacteria
and not in mammals, produces D-Ala, which is an essential component of peptidoglycan. D-Cycloserine,
an irreversible suicide inhibitor of AlaR, is clinically used as a second-line drug against Mycobacterium
avium and Mycobacterium tuberculosis. The major drawbacks associated to the administration of this
drug is related to its capacity to cross the blood brain barrier causing side effects probably due to an
interaction with the NMDA receptors as well as to its low specificity for AlaR; it is able to inhibit
several PLP-dependent enzymes. Novel structural information has opened new avenues for the design
of specific and potent AlaR inhibitors. In the future we expect antimicrobial drugs characterized by a
higher selectivity for AlaR and with reduced side effects. In this set of enzymes, SerR and AspR will be
the targets of novel drugs capable to treat neuropathological disorders. Sizable amount of D-Ser and D-
Asp have been detected in the mammalian brain of both rats and humans where they perform as

neuromodulators of the NMDA receptors.

Within the set of PLP-independent racemases in depth investigations have been carried out both in
academia and in industry with the goal to find out new antiparasitic, antibiotic, and antibacterial agents.
Most of the antibacterial drugs present in the market act through inhibition of the Phase III segment of
the peptidoglycan biosynthetic route. Even if this phase remains the dominant area of research and drug

development, the onset of resistance limits the therapeutic utility of this class of compounds. Therefore,

targeting GluR, which is involved in phase I, represents a novel strategy in the search for new

antibacterial agents. The major problem associated to the development of drugs targeting the cofactor-

independent family is the need to find out potent inhibitors selective for a single species of racemases.
In the field of GluR, selective inhibitors of the H. Pylori GluR have been discovered through a high-
throughput screening of a large collection of compounds. Quite interesting, the drug candidates are non-
competitive inhibitors, since they fit a cryptic allosteric site. This outcome further highlights the power
of a high-throughput screening to search enzyme inhibitors with a novel mode of action. In addition,
investigations carried out with the aim to uncover allosteric inhibitors of racemases could be a fruitful

way to obtain compounds provided with a selective profile.
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LIST OF CAPTIONS

Scheme 1. Racemization of an amino acid.

Scheme 2. Role of PLP in the racemization of amino acids.

Scheme 3. Two-base mechanism for PLP-independent racemases.

Scheme 7. Mechanism of action of ProR.

Figure 2. A) Three-dimensional structure of the dimeric AlaR from B. stearothermophilus complexed
with propionate (PDB code 2sfp”). B) Close up of the binding pocket. The PLP is coloured in yellow
and the propionate in black. The residues involved in PLP and ligand binding, and participating to the
catalytic processes are represented in capped sticks. The water molecule located in the binding pocket
and likely involved in the stabilization of the complex is also highlighted.

Figure 5. Least-squares superposition, reported by LeMagueres et al* of MrbAlaR (blue), PaoAlaR
(green), and BstAlaR (red) of (a) the N-terminal domain and (b) the C-terminal domain. Reprinted with

permission from ref 98, Copyright 2005 American Chemical Society.

Figure 6. A) Three-dimensional structure of human SerR complexed with malonate (PDB code 316b).
B) Close up view of the binding pocket. The PLP is coloured in yellow, the malonate in black, and the
manganese ion 1s represented as a red sphere. The nucleotide analogue phosphomethylphosphonic acid
adenylate ester (AMP-PCP) molecules located at the dimer interface were extracted from the
crystallographic structure of mammalian SerR from Schizosaccharomyces pombe (PDB code 1wtc™)
and superposed to the human structure.* The residues involved in the ligand binding and in the catalytic

processes are highlighted in capped sticks.

Figure 8. Ribbon diagram of the ProR (PDB: 1W61) in complex with two PYC molecules, displayed as

sticks. (a) a global view of the enzyme, (b) a close view of the catalytic site. The catalytic Cys 300 and

Cys 130, are displayed below and above, respectively. A broken line shows the distances (in A)

between the two catalytic sulfur atoms and the Pro a carbon.

Figure 9. Active-site interactions of ProR with proline in the transition state (see Scheme 7).
Figure 14. A) Three-dimensional structure of GluR from H. pylori complexed with D-Glu (PDB code

2jfy). B) Close up view of the enzyme active site in the presence of the substrate and C) in the
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presence of the substrate and an inhibitor (PDB code 2jfz). The catalytic cysteines are coloured in
yellow, D-Glu in black and the pyrazolopyrimidinedione-based inhibitor in magenta. The residues lining
the binding pocket are represented in capped sticks. The pocket vacated by the indole ring movement of
Trp252 is filled with the naphthyl moiety of the inhibitor and further stabilized by interactions with
Vall0, Glyll (not shown), His183, Leul86, and Trp244 (not shown). Additional interactions are
formed between the isobutyl moiety and the Phel3, Ser14 (not shown), Lys17, Leu253 (not shown)
residues, while the pyridyl ring substituent makes contacts with the main-chain atoms of residues
Glul50 and Ser152.

Figure 16. A) Three-dimensional structure of AspR from P. horikoshii OT3 (PDB code 1jfl**). B) Close
up view of the binding pocket. The catalytic cysteines are coloured in yellow, the residues lining the

binding pocket are represented in capped sticks.
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