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Brief Abstract

The pyridoxal-5’-phosphate-dependent enzyme serazemase (SR) is responsible for the
biosynthesis ofD-serine in the mammalian central nervous syste&sserine acts as a
neurotransmitter and coagonist, together wiblutamate, of ionotropidN-methyl-D-aspartate
receptors (NMDARS). Excitotoxi©-serine levels have been implicated in neuropatieto
including Alzheimer’s disease and amyotrophic ktsclerosis. SR inhibitors offer a novel and
potentially highly specific approach for attenuatioof NMDAR-mediated glutamate
excitotoxicity and for further study of the pathwaWany of the SR inhibitors described to date
are small, naturally occurring compounds, and netaictures capable of influencing SR’s
activity are highly sought after. Moreover, sturel information about this enigmatic enzyme is

lacking, and suitable animal models need to betifieth for inhibitor studies.

This thesis presents the first published biocheimomamparison of mouse and human SR
orthologs, validating, at least in part, the usermfuse models in SR research. Additionally,
hydroxamic acids are introduced as a novel clasSPfinhibitors. While the experimentally
determined structure of a mammalian SR remainsvelusandom and site-directed mutagenesis
experiments in combination with multiple sequendignanent offer insight into structure-

function relationships within the enzyme.
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Chapter 1: Introduction

1.1 A brief history of D-serine and its synthetic enzyme, serine racemase

One of the enigmas of the origin of life is whyadstrial life is based on certain chiral molecules

rather than their enantiomers; that is, aramino acids, for example, rather theramino acids.

[1]

L-Amino acids are indispensible for life as the Bung blocks for ribosomal proteosynthesis and
as metabolic intermediates, while their enantionteerge been considered “unnatural” artifacts
for most of the history of biochemistry and aredseh mentioned in textbooks. The occurrence
of D-amino acids in bacteria, in which they are incoaped into cell wall peptidoglycans, was
recognized early on, but until the mid-twentietimtcey, D-amino acids were not considered to
play a role in higher organisms. In 1935, Sir HEnsbs serendipitously isolated a novel enzyme
from kidney. This enzyme was able to break d@masmino acids but not their-counterparts,
and Krebs termed b-amino acid oxidase (DAAO) [2]. Its discovery wasprising and raised
guestions about how and why such an enzyme hagexl,olOne possibility, of course, was that
DAAO evolved to metabolize-amino acids ingesteda the diet or from intestinal bacteria [3].
It was not until several decades later that modH?hC techniques revealed significant levels of

free, endogenous-amino acids in mammals, specifically in the brain.

High levels ofb-asparate [4]p-alanine [5], and-serine [6] were identified in mammalian brain
about two decades ago-Serine (DS) became the subject of considerabkareb interest when
it was revealed to be involved in excitatory netansmissiorvia interaction withN-methylD-

aspartate receptors (NMDARS) (recently reviewedi/hand [8]).

NMDARs are tetrameric ligand-gated ion channelsnid by a combination of NR1 and NR2
subunits that play a key role in glutamatergic &tory neurotransmission [9]. The NR2 subunit
bears the glutamate binding site. Uniquely, in addito glutamate, NMDARSs require binding
of a coagonist, originally thought to be glycine the NR1 subunit in order to mediate ion influx
[10]. However, the idea that glycine acts as tlagomcoagonist was challenged by findings that
DS distribution mirrors NMDAR distribution [11, 12yhile Gly distribution does not.
Furthermore, DS binds to NMDARs with up to thre&fdigher affinity than Gly [13, 14].



Depletion of DS by addition of DAAO [15] ar-serine deaminase [16, 17] results in markedly
decreased NMDAR-mediated neurotransmission. Totlay,generally accepted that DS is the
primary endogenous coagonist at the strychnineasisee “glycine” site of NMDARSs, while
glycine is an agonist of the inhibitory, strychnisensitive glycine receptors localized mainly in
the spinal cord and brainstem. Recently, howewer hyypothesis that glycine serves as an NR1
subunit agonist at extrasynaptic receptors whileadS through synaptic NMDA receptors was
introduced [18].

Glutamate, homocysteine,

MDA
NI
Glycine/
p-Serine site
<> '

; f
Zn* site Extracellular

TRIBTRTATIRIRIS!
DULLUREY

MK 801,

PCP site I Intracellular
|

MG?’ J

Block site |

Figure 1. Cartoon representation of the NMDAR cation channgh regulatory sites
indicated. This figure was adapted from the origjistaown in [19].
But what is the source of brain DS? One couldkitof several metabolic paths, such as
synthesis fronB-hydroxypyruvate by @-amino acid aminotransferase or formation fr@m
phosphoserine by an enzyme analogou®©{phosphoserine phosphohydrolase. DS could be
produced from glycine by a hypothetical analog eriree hydroxymethyltransferase, or it could
be produced from-serine by a serine racemase. This latter prdpasitas supported by the
results of Dunlop and Neidle, who administered akatieled.-serine into rat brain and observed

passage of the label ineserine [20].

The first eukaryotic serine racemase was isolatetbP8 from pupae of the silkworBombyx
mori. The authors used an HPLC-based assay to cotffainthe isolated enzyme was able to
catalyze the interconversion af and D-serine, and furthermore, they established that the

racemase activity was specific to serine [21]. Tdllowing year, Woloskeet al. isolated the
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first mammalian serine racemase from rat brain.[Ra}ter in 1999, the cloning of mouse serine
racemase (SR) was reported [23]. Mouse SR is ceegbiof 339 amino acids, with a predicted
molecular weight of 36.3 kDa. In 2000, the geneogling human serine racemase was cloned
from a commercially available cDNA library. Thenmgeencompasses 7 exons and localizes to
chromosome 17g13.3. Human SR is 340 amino acidsnigth with a predicted molecular
weight of 36.5 kDa and shares 89% sequence idenitityits mouse ortholog [24]. A few years
later, a group of researchers at Merck indepengeriined the human SR gene from a
teratocarcinoma/neuron lambda cDNA library and ioleté identical results [25].

1.2 The biochemistry of serine racemase
This thesis is primarily concerned with mammalid®, $ particular the human and mouse SR
orthologs (hSR and mSR, respectively), although d8fRologs from other species will be

mentioned where appropriate.

1.2.1 SR acts as both a racemase and a dehydratase

Two types of amino acid racemases exist: thosedteatependent on pyridoxal-5’-phosphate
(PLP), the biologically active form of vitamin Bé&nd PLP-independent racemases. SR purified
from rat brain was shown to be a PLP-dependentrase, as evidenced by its inhibition by
hydroxylamine and aminooxyacetic acid, two reag&ntsvn to react with PLP and result in its
removal from the active site. Furthermore, theodtsnce spectrum of rat SR showed peaks at
340 and 420 nm, which is typical for PLP-dependartymes [22]. Cloning of mammalian SR
genes revealed a consensus sequence for PLP-bimeinghe N-terminus (see Figure 2).

In all PLP-dependent enzymes, the co-factor is ddionthe enzyme by a Schiff base linkage
with a lysine residue (K56 in h/mSR). Somewhapssmngly, PLP seems to be loosely bound to
SR. Uo and coworkers observed that when silkwoRnw&s dialyzed against buffer without
added PLP, the enzyme lost 78% of its activity.e Hativity could be restored by addition of
PLP [21]. The same phenomenon was observed withs8Rted from rat brain [22]. Our

recombinant mSR and hSR behave similarly; uporysimlagainst PLP-free buffer the enzyme

readily loses the cofactor (unpublished observajion

Based on its primary amino acid sequence (see &@)rSR is predicted to be a member of the

fold-type 1l family of PLP-dependent enzymes. Fblde Il enzymes are active as homodimers,
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and indeed, recombinant SR forms homodimers intisoluas our group has shown by gel
filtration [26]. The pH optimum of mammalian SRirsthe alkaline range, from pH 8.0 — 9.0,

and the temperature optimum of the enzyme is 3[22C
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Figure 2. Human SR amino acid sequence. PLP-binding residue highlighted in
blue, and the PLP-binding consensus sequence (Bramicession number PS00165) is
underlined. Putative metal-coordinating residuese @ighlighted in green, and putative
nucleotide-binding residues are in yellow.

The racemization activity of mammalian SR (recorahinor purified from rodent brainsj
vitro is surprisingly low. Even when activity is acoagsn the presence of SR cofactors and
activators (see Section 1.2.3), thg and k. values for the.-serine (LS)-> DS reaction are
approximately 4 mM and 45 minrespectively. For the opposite reaction, Kiyefor DS is 10 —
14 mM, whileke is approximately 100 mih (values are taken from [27] and Paper | of this
thesis). The higiy values indicate that the enzyme activity is likelgtabolically regulated by
local L-(or D-)serine levels. However, thk. values are almost 400-fold lower than the

comparable values for alanine racemases [28]s poisible that SR is more efficiantvivo
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thanin vitro due to interactions with other proteins and/ortjpasslational modifications, and
these possibilities will be discussed in Sectidh4l.

Due to the vast mechanistic versatility of PLP-defmt enzymes and the fact that many
reaction pathways share common intermediates nivisinusual for PLP-dependent enzymes to
catalyze various side-reactions [29]. In fact, ey&aic SR acts not only as a racemase but also
as an eliminase (see Figure 3).

Figure 3. Reactions catalyzed by mammalian SR. LS anak®®Bterconverted, and LS
undergoes beta-elimination to release pyruvate amdhonia. DS undergoes elimination to a far
lesser extent.

The first evidence that SR can act as an eliminvaag reported by Panizzutét al, who
identified the serine analagserine©-sulfate (LSOS) as both a non-competitive inhibaad a
substrate of recombinant SR. LSOS has been shmact s a “suicide substrate” of other PLP-
dependent enzymes. LSOS reacts with the enzynfermo an aminoacrylate intermediate,
which can then remain bound to the active siteieegersibly inhibit the enzyme or be broken
down into pyruvate, sulfate, and ammonia [30].tHa case of SR, most of the LSOS undergoes
elimination.  The LSOS elimination reaction is gbly 500-fold more efficient than the
conversion of LS to DS [31]. In this work, Panittzet al. also reported that SR was unable to
catalyze thep—elimination of its natural substrate LS [31]. 8oafter, however, three
independent reports characterizing the SR-catalyekdination of LS to pyruvate were
published within a few months of each other [26, 38. Working with a mammalian cell line
transfected with a vector encoding mSR, De Miraetlaal. noted that 4 mol of LS were
consumed for every mole of DS produced. Furtheemaddition of LS to cells caused a spike in
pyruvate levels. When de-proteinized cell extrasse added to the purified enzyme, they were

also able to observe formation of pyruvate from LEhey pinpointed ATP and M{as the
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cofactors necessary to increase pyruvate produetave basal levels (see Section 1.2.3) [32].
Dunlop and Neidle, who worked with SR purified fromouse brain, observed that the
elimination of LS to pyruvate proceeds two-foldtéasthan the conversion of LS to DS [33].
SttiSovskyet al.reached similar conclusions, showing that recomiiingSR can both racemize
serine and convert LS to pyruvate, performing #teet reaction more efficiently. The authors
also show that when DS is used as substrate, W#eydyruvate is produced, suggesting that the
B-elimination activity is specific for LS [26]. Haaver, others have suggested that SR can also
accept DS as an elimination substrate as a meatsgodding DS in DAAO-poor brain regions
[34], and it still remains unclear whether or n& 8 able to produce pyruvate directly from DS
or if conversion of DS to pyruvate is a two-stepgass (DS LS—> pyruvate).

The substrate specificity for the elimination aityivof SR is much broader than for its
racemization activity, which is specific to serinBesides LSOS, LS, and possibly DS, SR also
catalyzes the conversion of-threonine [27, 34], p-chloroi-alanine, and L-threo-3-
hydroxyaspartate (LTHA) [27] to the correspondin@acids. In fact, the conversion of LTHA
to oxaloacetate is the most efficient reaction afmmalian SR characterized to datg/Kv two
orders of magnitude higher than for serine racetozp [27]. See Section 1.4.4.1 for an
overview of SR’s sequence similarity to LTHA dehgtdrses from bacteria and yeast. LTHA has
been shown to act as a blocker of glutamatergicateunsmission in experimental settings and
has been shown to use the aspartic and glutandcregptake transporters [35, 36], although its

precise physiological role remains unknown.

1.2.2 Proposed mechanism of action

In all PLP-dependent enzymes, the PLP cofactor $aanschiff base with an active site lysine
residue (Figure 43) The putative reaction mechanisms of most PLP-uggat enzymes,
regardless of reaction specificity, begin with tbendensation of PLP and the amino acid
substrate to form a Schiff base referred to ae#ternal aldimine4). Next, the alpha hydrogen
is abstracted and the resulting carbanion is redeto as the quinoid intermedia&) (for review,
see [29]). At this point in the catalytic cycle ®R, there are two possibilities for the fate @& th
quinoid intermediate. The first is that the alghalrogen is replaced from the opposite side,
resulting in an inversion of stereochemistry at (6), and the newly formed Ser enantiomer is

released from the active site. In the second a¢hseguinoid undergoes dehydration to form an

13



aminoacrylate aldimine intermediaté).( The aminoacrylate is then released from PLP and

hydrated to form pyruvate, with concomitant releasammonia.

H
: _COO~
Lys57 HO :
H N% H N
=~ "H L-Ser ~ H
(5 i —cd O~
204P0 = | 204P0 = |
\S N\
N N
3 4

H i
0 B ’ O/\.|/COO
+ NH HO —3
3 H_.N
H,Cc” ~COO0— Ho Nt -
- i OH
(o > 20,;P0O =
2- PE——— 3
T H,O O3P0 Z | H* > l
\S
. N
NH, 8
H,C* ~CO0

Figure 4. Proposed SR reaction scheme, taken from [37]. 5Ly(. pombe SR
numbering) corresponds to Lys56 of hSR.

In their 2008 review of amino acid racemases aei tiecently published study & pombe&R
crystal structures, Yoshimura and Goto proposegloaltase mechanism for SR [28, 38]. In this
proposal, the PLP-binding lysine (K56, hSR numbgricatalyzes abstraction of the alpha
hydrogen of LS while a serine residue (S84) catdyaddition of hydrogen to form DS. In the
opposite reaction, S84 removes hydrogen from thesfStrate while K56 catalyzes addition of
hydrogen to form LS. The authors provide three dired support for their proposal: 1)
biochemical data on mammalian SR show that raceioizan the LS to DS direction is slightly

different than in the opposite direction and tha elimination reactions are specific fior
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isomers, 2) modeling of the DS external aldiminethe crystal structure o6. pombeSR
revealed S82 (which corresponds to S84 of hSReta bandidate proton shuttle on tiedace
side of PLP, and 3) site-directed mutagenesis @xpats withS. pombeSR; the S82A mutant
lacked racemase and DS dehydratase activity baineet substantial LS dehydratase activity
[38].

However, while it is convenient and aligns well vihe available biochemical data, the current
proposed mechanism is limited. Based on mutagstidies, other residues are also directly
involved in the reaction specificity of SR. The 33D mutant of mSR exhibited no elimination
activity but was more efficient than wild-type SR @nversion of LS to DS. Mutations in
proximal residues, such as H152S, P153S, and N1&tFa similar effect [34].

1.2.3 Key effectors and cofactors

1.2.3.1 Divalent cations

Serine racemase is strongly activated by divalatibwes, in particular Mg, Mn?*, and C&".
Fe* and Nf* have negligible effects, and €uCd**, and ZA* markedly decrease the activity of
the enzyme [26, 39]. There is some debate abouthwdation is the physiologically relevant
regulator. The intracellular Mg concentration in the brain is about 0.6 mM [32], 40eaning
that SR activity would always be upregulated. Tdlease of DS has been shown to be directly
related to the cytosolic Gaconcentration [41], which some researchers seevience that
Ccd" is the endogenous activator. However, it is irgourto note that G concentration is

correlated to DS release and not necessarily teyDesis.

Addition of EDTA to recombinant SR abolishes theanatic activity; however, it does not
alter the secondary or quarternary structure of @heyme, according to circular dichroism
measurements and gel filtration experiments, rasmdg [39]. On the other hand, there is
evidence that binding of calcium (or another dimaleation) influences SR’s tertiary folding.
Changes in the fluorescence spectrum of calciunrat@id SR upon addition of EDTA indicate
conformational changes. Furthermore, the therreahturation profile of SR is influenced by

the presence/absence of calcium [39].
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Based on homology models, SR is predicted to coatdiits cation in an octahedral manner,
with 3 water molecules, E210, D216, and the carbampup of A214 (hSR numbering)
participating [42].

1.2.3.2 Nucleotides

Nucleotides were identified as allosteric effectoffSR by Dunlop and Neidle [33]. SR purified
from mouse brain was activated by Mgor Mr?* or C&") and DTT. Addition of yeast extract
resulted in further upregulation. Nucleotides wkrend to be the source of this upregulation,
with ATP, ADP, and GTP being the most effective. TFA significantly stimulates SR at
concentrations as low as 0.1 mM, and maximal attimaoccurs at 1 mM. Both the serine
racemization and elimination activities are uprated by ATP [33]. The effect is mostly on the
Kwm, which is reduced 10-fold in the presence of 1 mAVIP, while k.x changes very little,
suggesting that ATP activates SR allosterically.TPAis not needed to satisfy an energy
requirement; ADP and the non-hydrolyzable ATP agadenosine 50-(3-thiotriphosphate)
are equally effective [33], and no hydrolysis gf*fP]-ATP was observed [32]. Human
embryonic kidney cells expressing mSR were treatld apyrase, which is known to remove
the y and B phosphates from ATP. As expected, DS and pyruyateuction were
downregulated [32].

The existence of an allosteric ATP binding site e®lSR unique among PLP-dependent
enzymes. De Mirandat al. observed a synergy between the effects of Mgd ATP. Both
Mg®* and ATP alone are able to increase the basalitgadif’'SR; however, maximal activation is

achieved in the presence of both cofactors [32].

1.2.3.3 Reducing agents

Mammalian SR contains a large number of cysteisgues, 7 in mSR and 8 in hSR. During
the initial isolation of SR from rat brain, it wadserved that oxidized glutathione reduces the
enzymatic activity, suggesting that sulfhydryl gpeumay play a role in SR activity [22].
Additionally, SR is inhibited by thiol-modifying egents [39] [43]. SR is believed to be
localized primarily in the cytosol (see Section.4)3a reducing environment, and it displays the

highest activityin vitro in the presence of reducing agents.
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1.2.4 Posttranslational modifications

Posttranslational modifications do not seem to Ilssemtial for serine racemase activity.
NumerousE. colibased systems for expression of recombinant SRydimg our own (Paper 1),
have successfully yielded active protein [27, 33, 44]. However, in comparison to related
enzymes, for example rat liverserine dehydratase (EC number 4.3.1.17),rihatro specific
activity of SR is about 2-3 orders of magnitude éow This might imply that SR is upregulated

in vivo by posttranslational modifications, though nothoogiclusive has yet been shown.

1.2.4.1S-nitrosylation

As mentioned in Section 1.2.3.3, serine racemasstb@a multitude of Cys residues, many of
which are predicted to occur at the surface ofaiieyme based on homology models. Thus, it
seems plausible th&nitrosylation of one or more of these residuedaonodulate the activity

of SR. Coolet al.tested the racemization activity of recombinanRnisthe presence of (2)-1-
[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazentim-1,2-diolate, a nitric oxide releasing
compound; they observed &nitrosylation or influence on enzymatic activi89]. In contrast,
Mustafa and coworkers report that mSR is nitrogglah vitro by the NO donorSnitroso-
glutathione (GSNO) at C113. They claim that CliBosylation reduces SR activity by
hindering the binding of ATP, and they show thaivéy can be restored by the addition of
DTT, which reverses nitrosylation [45]. Howevas, a recent review of SR biochemistry points
out, GSNO is also used for glutathionylation of tpies, and this could be the real effect.
Experiments with milder reagents lacking glutatleievould be necessary to remove ambiguities
and firmly establish that SR can be nitrosylate@Hh13 [46].

1.2.4.2 Phosphorylation

The demonstrated interaction of SR and PICK1 (ssetiéh 1.2.5.2) may indicate that SR is
brought into the proximity of protein kinase C, wheit could potentially undergo
phosphorylation. The NetPhos 2.0 server (http:#ucks.dtu.dk/services/NetPhos/) predicts
that hSR has 11 potential phosphorylation siteS€§ 3 Thr, 2 Tyr). However, no phospho-SR
was observed until very recently, when LC-MS analysvealed that Thr227 of membrane-

associated SR can be phosphorylated [47].
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1.2.4.3 Acylation

A certain fraction of neuronal SR is bound tighttythe plasma membrane, and acylation may
play a key role in translocation of SR [47]. SReslmot possess the amino acid motifs needed
for prenylation, isoprenylation, or myristoylationHowever, its high number of Cys residues
makes it attractive to speculate that SR underg®palmitoylation. Indeed, SR undergoes
palimitoylation in neuroblastoma cells when ovemessed in the presence &fiJpalmitic acid.
However, the acylation is not abolished by hydraryine, which specifically cleaves thioesters,
but it is sensitive to NaOH, which suggests thatiSpalmitoylated at a Ser or Thr residue [47].
While O-acylation of mammalian proteins is not unheard ibfis quite rare and has been
described for just two proteins (Wnt and ghrelifijH]octanoic acid was also incorporated into
SR, so it is possible that SRGsacylatedn vivo by fatty acids of varying lengths [47].

1.2.4.4 Ubiquitination

Addition of the proteasome inhibitors MG132 or &wmtstin to primary astrocyte cultures
resulted in significantly increased SR levels, gimg that SR degradation is mediated by the
ubiquitin-proteasome system [48]. Amvitro ubiquitinylation assay showed that SR undergoes

poly-ubiquitinylation in an ATP-dependent manneg][4
1.2.5 Interaction partners

1.2.5.1 Glutamate receptor interacting protein (GRI

Glutamate receptor interacting protein (GRIP) idasge protein consisting of seven PSD-
95/discs large/Z0O-1 (PDZ) domains and two domainanknown function termed GAP1 and
GAP2. GRIP associates withamino-3-hydroxy-5-methylisoxazole-4-propionic a¢AMPA)
receptorsvia its PDZ4 and PDZ5 domains. GRIP binding may ta&fe to the Cd-permeable
AMPA channel. The proposed model involves actoratof AMPA receptors by glutamate,
leading to receptor phosphorylation and dissoamatibbound GRIP. The released GRIP binds
to and activates SR, stimulating release of DS chljoins glutamate in stimulating NMDA
receptors [49]. AMPA treatment of primary glialltcwes elicits a 3-fold increase in the release
of DS into the medium [49].

Binding of recombinant GRIP domains PDZ4-PDZ5-PDZAP2-PDZ7 to recombinant SR
causes a very modest increase in SR activity; 4 m®lar ratio of GRIP:SR results in a 2.8-fold

increase in specific activity. Both th§, andkg, for conversion of LS to DS increase in the
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presence of GRIP, suggesting that GRIP binding R r8sults in structural changes [42].
Interestingly, GRIP binds to mSR and h#R interaction of the PDZ6 domain of GRIP with the
four carboxy terminal amino acids of SR (SVSV ilRiFVSV in mSR) [49]. However, other

mammalian SRs, such as rat SR, are truncated atatfv®xy terminus (see Section 1.4) and

therefore do not possess the GRIP binding motif.

1.2.5.2 Protein interacting with kinase C (PICK1)

Yeast two-hybrid screening revealed that SR intsradgth protein interacting with kinase C
(PICK1) [50]. Like GRIP, PICK1 is believed to in#&et with the carboxy terminus of Ska a
PDZ domain. The coiled-coil domain of PICK1 algipaars to be necessary for binding [50].
Hikida et al. observed decreased levels of DS in the forebrainseonatal PICK1-knockout
mice, while adult mice did not have altered DS Igvand neither adult nor neonatal knockout
mice showed altered SR expression compared toatorfiurthermore, based on co-transfection
experiments in HEK293 cells, the authors suggestt HCK1 binding upregulates SR activity
[51]. A physiological role for the PICK1-SR intetem has not yet been ascertained, though

studies suggest there may be some relevance twoptihenia (see Section 1.5.1).

1.2.5.3 Golgin subfamily A member 3 (Golga?3)

An interaction between SR and Golgin subfamily Anmber 3 (Golga3) was revealed by yeast
two-hybrid screens. Unlike PICK1 and GRIP, Goldads to the first 66 N-terminal amino
acids of SR. The role of the Golga3-SR interacts@@ms to be to modulate proteosome-
mediated SR degradation. In co-transfection erpamis in HEK293 cells, Golga3 was
associated with an increase in steady-state SRsleral concomitant increase in DS levels.
Golga3 inhibits the polyubiquitination of SR botn ¢ell culture, and pulse-chase experiments

show that the presence of Golga3 elicits a thré&kifwrease in SR half-life [48].
1.3 Distribution of serine racemase

1.3.1 Tissue distribution of serine racemase in huam

As of January 2010, the EST profile of hSR (NCB$.461954) suggests that SR is present in
adrenal gland, blood, bone, brain, eye, heartsime, kidney, liver, lung, mammary gland,
muscle, pharynx, prostate, stomach, testis, thymmesys, and vascular tissue. The presence of

SR on the protein level has been experimentallyficoad in human brain, liver, heart, and
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kidney. Additionally, SR has been observed in mglén the peripheral nervous system [52] and

in sensory organs such as retina [53, 54] ande¢hipheral vestibular system [55].

1.3.2 SR in brain

Northern blot analysis of human brain samples byMi@andaet al. revealed a single transcript
of 2.7 kb, which agrees with the results of oth@ugs working with human [25] or rodent [23]
[56] brains. SR is widely distributed througholue torain. The highest levels of serine racemase
RNA in human brain were found in the hippocampud eorpus callosum, intermediate levels
were found in substantia nigra and caudate, ang v levels were found in amygdala,

thalamus, and subthalamic nuclei [24].

On the protein level, Steffe&t al. observed the presence of SR in all the brain @estthey
studied by Western blotting — the hippocampus, aateral prefrontal cortex (DPFC), anterior
cingulate cortex, superior temporal gyrus, and parym visual cortex [57].
Immunohistochemistry revealed the presence of SlRarDPFC and hippocampus; in both, SR
is prevalent in white matter [58]. AdditionallyRSvas observed in all layers of the cerebellum.
In the Purkinje cell layer, SR was found princigalh Bergmann glia, with some staining of
Purkinje cells. In the white matter, SR was com@ad in “small round cells” presumed to be
glia [58].

1.3.3 SR in other tissues

Researchers at Merck identified three SR mRNA tapts of 1.6, 2.6, and 4.5 kb in heart,
skeletal muscle, kidney, and liver, and they pedad three possible splice variants by EST
clustering and genome/gene structure analysesy fbiued no signal in colon, small intestine,

spleen, thymus, leukocyte, or lung [25].

Immunohistochemistry was used to further investigaixpression in heart and kidney.
Expression of SR in kidney was restricted to duntgshe medullary ray, and double label
immunohistochemistry experiments with cytokeratugaled that these were converted tubules.
In heart, SR was homogenously expressed in vefdriooyocytes and co-expressed with muscle
actin. SR was only located on smooth muscle; ielfifiers and components of atrial wall and

veins showed no immunoreactivity. The role of $Rkidney and heart has not yet been
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determined, but DS may interact with NMDA receptorghese organs. Since DS is nephrotoxic

[59], the true role of SR in kidney may be relatedS breakdown rather than synthesis.

1.3.4 Cellular localization of SR

Due to the localization of DS in glia, SR was anggly hypothesized to be an astrocytic enzyme
[12]. This was initially confirmed by the pioneeginvork of Woloskeret al.,who observed the
selective enrichment of SR in astrocytes by immistobhemistry as well as by comparison of
SR expression in astrocyte-enrichesi neuronal cultures [23]. Stevens and coworkerdguio
the distribution of DS and SR in rodent retinasitayunohistochemistry and found that both
were present in Muller glial cells and astrocyt®88]] Wu et al. also found SR in glial cells,

specifically in Schwann cells and fibroblasts ie freripheral nervous system of rats [52].

The proposal that astrocytes are the sole sour@Sois rather incompatible with the classical
definition of a neurotransmitter, which should equced in and released from neurons. In fact,
just two years after mammalian SR was discoverdxutied report describing the presence of DS
in neurons as well as glial cells of rat brain wablished [60]. In 2006, Kartvelishvilgt al.
conducted a detailed analysis of SR protein exfedsoth in neuron and glial cultures and in
brain slices and found that SR is expressed inamsuas well as glia. They further show that
activation of glutamate receptors induces neur@falrelease [16]. Around the same time, a
Japanese group reported that primary neuron csltmatain SR mRNA and protein and that
both mRNA and protein levels are higher in neurtvas in astrocytes [61] [62]. A follow-up

situ hybridization study indicated that SR mRNA is @msin neurons and glia of rat retina,
optic nerve head, and lamina cribrosa [63]. In 200&a et al. conducted immunohistochemical
experiments using novel SR knock out mice as ctmtind found that SR is predomininantly
localized in pyramidal neurons in the cerebral @orand hippocampal CA1 region but not in

glial cells [64].

The assumption that SR was solely glial may bé&kasvelishvily et al. suggest, attributable to
differences in antibodies and experimental techesdd6] or due to the fact that the proximity of
glial processes with neuronal processes compliéatespretation of immunohistochemical data
[54]. Today, however, we can be reasonably confitleat SR is expressed in both neurons and

glia.
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SR lacks a transmembrane domain and is believbd pyimarily located in the cytosol, which is
supported by subcellular fractionation of brainragts [16, 23], immunofluorescence imaging of
cultured Schwann cells [52], and immunocytochemistf SR-containing neurons, which
suggested that SR was confined primarily to thebmady [54]. However, there is evidence that
some fraction of cellular SR is membrane boundm®&mes and colleagues observed intense SR
immunoreactivity along the membranes of rat ve&ibepithelial cells [55]. A recent report
indicates that a small fraction of neuronal SR ugdesO-acylation and translocation to the
membrane [47].

1.3.5 Developmental regulation of SR expression

SR expression levels in cortex and hippocampusosfratal mice increased gradually from P7 to P56,
indicating some sort of developmental regulatiof],[6hough few detailed studies in this area hasenb
conducted. Dumet al studied SR expression in mouse retinas by RT-RC8itu hybridization, Western
blotting, immunohistochemistry, and immunocytoch&myi They found that SR levels are
developmentally regulated with high levels durihg post-natal period and diminished levels in nsatur
retina (18 week old mice) [54].

In a short communication, human SR was identifigdMIALDI MS and MS/MS from a single spot on a
two-dimensional gel of perireticular nucleus progei The perireticular nucleus is a transient stingc
present in developing human brain. The presen&Rah this structure may indicate that SR playsla

in the correct formation of corticothalamic andlémaocortical connections [65].

1.4 Human serine racemase orthologs and homologs

Although this thesis is primarily concerned witte thiochemistry of recombinant human and
mouse serine racemase, several other eukaryotit®Rsbeen identified and characterized, and
these merit brief mention. It is important to nét@t eukaryotic SRs are quite distinct from

prokaryotic alanine and serine racemases, which nait be discussed in detail. Recently,

however, a serine/threonine racemase with 26% sequilentity to human SR was isolated

from Pyrobaculum islandicuiran anaerobic hyperthermophilic archaeon [66].
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Figure 5. Phylogenetic tree relating the SR orthologs démdiin Section 1.4 produced
with the TreeTop webservdittp://www.genebee.msu.su/services/phtree reduceil.hThe “cluster
algorithm,” in which the notion of distance betwegnoups of sequences is used for setting the biagch
order, was employed.

1.4.1 SR fromRattus norvegicus

Rat brain SR was the first mammalian SR to be isdl§22], and its gene was subsequently
cloned [56]. Rat SR is 96% identical to mSR an&o9®@entical to hSR based on primary
sequence alignments. However, rat SR is truncatéieacarboxy terminus and consists of only
333 residues due to a nonsense mutation at tHe &R#bn. If the nucleotide sequence beyond
the 334" codon would be translated, rat SR would have bhooarterminus similar to the mouse
and human enzymes. This deletion may be reletamtever, since the C-terminal residues of

mouse and human SR have been implicated in prptetein interactions (see Section 1.2.5).

1.4.2 Other mammalian serine racemases
The gene sequences of several other putative maam#Rs have been deposited in databases.

SR from cow Bos taurusGenBank accession number AAI26701) is 334 amind esidues in
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length and 85% identical to hSR. Like rat SRsitruncated at the C-terminus. Two mRNA
isoforms resulting from transcription of the SR geim dog Canis familiarig have been
described. The protein product resulting fromasof 1 (NCBI accession number XP_548320)

consists of 339 amino acids and is 88% identicalSR.

Multiple mRNA isoforms have also been identified £Rs from chimpanze®#én troglodytes
and rhesus monkeyacaca mulatta The protein products resulting from translatesrchimp
isoform 3 (NCBI accession number XP_001156186) ahésus monkey isoform 2
(XP_001087203) boast 99% and 96% identity to h8Rpectively. The other isoforms result in
protein products (XP_001156128, XP_001156080, XP0B®W081) that are significantly shorter
at the C-terminus (by approximately 35-65 aminals)cthan the putative full-length SRs. Very
little biochemical work has been done with these @fRologs, although in one study rhesus

monkey brain rather than human brain was used p®Raexpression patterns [25].

1.4.3 SR from plants

The role of DS in plants has not yet been deterdjibet plant growth is inhibited by 0.5 mM
DS, leading to speculation that plant SR may bmarily involved in DS breakdown rather than
synthesis. Notably, all of the plant SRs describetbw exhibit an elimination activity that is
roughly 20-fold higher than the racemization atyivi Preferential expression of SR in the
meristem ofArabidopsis thalianasuggests that the enzyme may play a role in sugpbnergy

via pyruvate production [67].

1.4.3.1 SR from the dicdkrabidopsis thaliana

A gene encoding SR was isolated from the plarabidopsis thaliangaand the enzyme was
recombinantly expressed i coli. SR fromA. thalianais a PLP-dependent SR with 46% and
45% sequence identity with hSR and mSR, respegtivelke the mammalian SR4.. thaliana
SR catalyzes both racemization and dehydrationticeecand is activated by divalent cations,

particularly Mg*, Mn?*, and C&". In contrast to mammalian SR, it is not activaigdATP [68].

1.4.3.2 SR from monocot plants: barley and rice
SR from barleyHordeum vulgard.., is a 337 kDa enzyme that shares 46% and 45% segue
identity with hSR and mSR, respectively. SR frdoerOryza sativais similar to the barley

enzyme. SRs from barley and rice catalyze conwersf LS to both DS and pyruvate and are
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activated by divalent cations such as?¥dvin®*, and C4&" [69]. Since rice SR contains four
tryptophan residues, fluorescence quenching withlamide was performed in the presence and
absence of M. Changes in the fluorescence profile suggest thatenzyme undergoes
conformational change upon magnesium binding [1@jlike mammalian SR and like SR from
A. thaliang barley SR is not activated by ATP [69]. Howewble racemase activity of rice SR
decreased with addition of ATP, while the dehydsateactivity was up-regulated [70].
Phylogenetic analysis shows that these SR orth@ogslistinct from mammalian SRs as well as
from A. thalianaSR [69].

1.4.4 SR from yeast

1.4.4.1Saccharomyces cerevisae

A putative serine racemase gene was cloned fronyghstSaccharomyces cerevisa®verall,
the primary amino acid sequence was 40% identicamBR, and the N-terminus showed
significant similarity to Lthreo-3-hydroxyaspartate (LTHA) dehydratase fr&@®eudomonasp.
T62. Like mammalian SR, the enzyme is activatedlivglent cations and is PLP-dependent.
However, the yeast serine racemase displayed ombgak racemase activity, about 10% the
activity of purified rat brain SR, and an efficiedehydratase activity that was specific toward L-
threo-3-hydroxyaspartate. Thus, this putative serineemsase ortholog might be better
characterized as a 3-hydroxyaspartate dehydrafdge [

In fact, the gene encoding LTHA dehydratase wagnty cloned from the soil bacterium
Pseudomonasp. T62, and the enzyme was recombinantly expilessé&. coli [72]. The
enzyme shares high levels of sequence identity ya#st SRs, particularly SR from fission yeast
(64%). However, the recombinant enzyme did nopldis any detectable serine or aspartate
racemase activity, and its dehydratase activity syecific for LTHA. The enzymatic activity
was inhibited by EDTA and activated by #MgMn**, and C4". AMP and ADP modestly
increased the activity, while ATP and GDP actednagbitors. L-erythro-3-hydroxyaspartate
was identified as a potent competitive inhibitlr € 0.20 mM), while DS inhibited the enzyme
non-competitively.
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1.4.4.2Schizosaccharomyces pombe

SR from the fission yeaSichizosaccharoymces pombgerhaps the most important ortholog to
mention, since it is the only eukaryotic serineeraase to date whose structure has been solved
experimentally by X-ray crystallography, as was tieered in Section 1.2.2. Two structures
(PDB accession codes 1v71 and 1lwtc, unligandedcantplexed with the non-hydrolyzable
ATP analog AMPPCP, respectively) were depositeithénPDB by Goto and coworkers in 2005.
However, no publication was released until 2008enviyoshimura and Goto mentioned the
structures in their review on amino acid racem$38F The following year, Yoshimura, Goto,
and associates published a third structur8.gbombeSR (PDB code 2zpu, modified SR with a
catalytic lysinoalanyl residue) and a partial biectical analysis of recombinaBt pombeSR
[37]. Most recently, the same group published emarison of the various structures and
introduced a new structure — modifidpombeR in complex with serine (2zr8) [38. pombe
SR is a member of the fold-type Il family of PLPpd@dent enzymes, also known as the
tryptophan synthase family, and all other eukaty&@Rs are predicted to be members of this
family based on primary sequence alignments. Ty&ta structures 0B. pombeSR have been
used as templates for homology models of mammelBnby numerous groups, including

ourselves (unpublished data).

RecombinantS. pombeSR exhibits racemization and dehydration actigitirat are slightly
enhanced by addition of Mgand ATP. The absorbance spectrum of the enzywealepeaks
at 280 nm and 410 nm; the latter peak is charatiemf a Schiff base with PLP. However,
when the enzyme was incubated with LS for a pratongeriod of time, the peak at 410 nm
decreased and a new peak appeared at 315 nm. Mianof sodium-borohydride reduced
enzyme suggested th& pombeSR was modified with dehydroalanine derived froeniree.
About 97% of the enzyme was modified, while thec#pe activities for racemization and
elimination were 54% and 68%, respectively, of thad the unmodified enzyme. X-ray
crystallography (PDB structure 2zpu) supportedrnibigon that the PLP-binding lysine had been
converted to a lysine-alanyl residue forming a Schiff base with PLP.eTdipha amino group
of theD-alanyl moiety can probably serve as a catalytgedike thes-amino group of Lys57 of
unmodifiedS. pombeSR (see Section 1.2.2). The authors claim th& m8y undergo a similar
modification [28, 37].
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Potential active-site modifications notwithstandingmparison of th&. pombéR structures
offers valuable insight into structure-functionatgbnships within SR. Comparison of structures
with and without bound serine reveals that, likeaatate aminotransferases, SR has an “open”
and “closed” formS. pombéR consists of two domains: a large domain cangistf an open
twisted beta sheet flanked by nine alpha helicesaasmall domain consisting of a three-
stranded parallel beta sheet surrounded by folnadtelices. Upon ligand binding, the small
domain shifts approximately 20° in order to encltieeligand in the active site, which is formed
along the domain interface [38]. The crystal suites also allow identification of PLP, Kfg

and ATP binding sites. The majority of the PLP Mugf* binding residues are conserved or
similar in hSR, and eleven of the 14 identified AGiRding residues are conserved (see Figure
2) [38]. Lastly, theS. pombéSR crystal structures provide valuable insight tfie SR reaction
mechanism, as discussed Section 1.2.2.

1.5 Serine racemase in neuropathological conditions

1.5.1 SR and DS in schizophrenia: the NMDAR hypofustion hypothesis

Clinical observations that phencyclidine and ketarlock the NMDAR ion channel and lead
to schizophrenic-like symptoms eventually led te tNMDAR hypofunction hypothesis” of
schizophrenia, which has been reviewed by Marircb@onn [73] and more recently by Krivoy
and colleagues [74]. Since DS, which is produce®R, is a co-agonist of NMDARSs, it stands
to reason that DS and/or SR may be aberrantly aggpiin schizophrenia. Indeed, non-clozapine
treated schizophrenic patients who were adminidt&8 showed significant improvement in
positive, negative, and cognitive symptoms. In w@stt administration of glycine or D-
cycloserine, another NMDA receptor agonist, impbwegative and some cognitive symptoms

but did not improve the positive symptoms [75].

In fact, several research groups agree that sdhieap patients lack DS. Hashimoto and
coworkers observed that schizophrenics have highem levels of LS and lower levels of DS
relative to age and sex-matched controls [76]. ddev et al.reported lower concentrations of
DS in the cerebrospinal fluid of schizophrenicsyadl as a decreased DS/LS ratio [77]. These
results suggest that SR may be involved, althoughalso possible that the observed decreases
are due to DAAO overexpression or overactivationfact, many studies have been conducted

on DAAQO, its putative activator G72, and their putal relevance to schizophrenia. However,
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these studies have not yet led to a conclusive letween DAAO upregulation and

schizophrenia, and a detailed review of this afeasearch is beyond the scope of this thesis.

To date, many research groups have attempted tdycthe relationship between SR and
schizophrenia, if indeed any such relationshiptexiglowever, the data gleaned from their work
remains inconclusive, and in some cases contragljcichich can perhaps be explained in part

by the many different schizophrenic subtypes, diffié diagnostic criteriagtc.

1.5.1.1 Altered SR expression in schizophrenia

Steffek and coworkers conducted a Western blotyarsabf normal and schizophrenic brains,
and they found that SR levels remained unchang&PiRC, anterior cingulated cortex, superior
temporal gyrus, and primary visual cortex, while 8&s slightly overexpressed in schizophrenic
hippocampus relative to the control [57]. Using game commercially available antibody, a
second group observed an increase in SR expresssmhizophrenia in the DPFC but not in the
cerebellum [58]. A third group observed that SBt@n levels in both the frontal cortex and the
hippocampus of post-mortem schizophrenic brainsewearginally but significantly lower than
in control samples. Furthermore, they observededugtion in the SR/DAAO ratio in

schizophrenic hippocampus [77].

1.5.1.2 Polymorphism in the 5’ promoter region ¢fet SR gene

The SR gene is localized to chromosome 17, whichrfw been linked to or associated with
schizophrenia [78]. However, SR interacts with R1IqQSection 1.2.5.2). The PICK1 gene is
localized to chromosome 22q13.1, within a regiothwiell-documented links to schizophrenia.

PICK1 SNPs have been shown to be associated vattisorganized schizophrenia type [50].

The SR gene has four 5 untranslated exons, gitisggto four SR mRNA isoforms (GenBank
accession numbers AY743705, AY743706, AY743707, #&¥743708) [78]. Mutation
screening of these isoforms revealed four singtdemtide polymorphisms (SNPs), two of which
(IVSla + 465G>C and IVS1lb + 15G>A) were consideai@de genetically informative with
minor allele frequencies 0.1. The authors analyzed serum serine levelsgandtypes in the
same individuals. However, they failed to detatt aignificant correlation between SNPs and
DS levels. The authors conclude that polymorphisnike 5’ region of the SR gene do not play

a significant role in susceptibility to schizophieem Japanese populations, although they cannot
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rule out the possibility that a subset of schizepics are biologically affected by the SR gene
[78]. These conclusions were supported by the wbrk second group, who found that the 5'-
G/C SNP is not a major risk factor for schizophaem a Russian population [79]. A German

group found no association between the SR gensamgdophrenia [80].

However, a more recent report suggests that theladV® 465C allele is prevalent in
schizophrenics of the paranoid subtype. In a tepassay, the IVSla +465C allele showed
reduced promoter activity compared to the 1IVS1a6%5@ allele, suggesting that the IVSla +
465C allele may be a risk factor for paranoid scpizenia [81].

1.5.2 Alzheimer’s disease

In 2003, Hashimoto and coworkers reported that éilzier's disease patients have higher LS
and lower DS levels than age-matched controls, thag suggest that this is a result of low
expression or inactivation of SR [82]. However, renaecent efforts have indicated that
overactivation, not underactivation, of SR expmssiand/or activity contributes to the

physiopathology of Alzheimer’s disease.

Amyloid B-peptide (A) is the major constituent of so-called amyloidquies in the brains of
Alzheimer’s disease patients, and it is capableligfting a release of Glu from microglia. Wu
et al. investigated whether or notfas a similar effect on the NMDA coagonist DS, &mely
found that A8 indeed causes an increase in DS levels but noinglyevels in primary microglial
cultures. Furthermore, they observed an increassRi mRNA after activation with A and a
promoter-reporter assay suggests that SR is tiptisoally induced by A. Finally, they
probed several human brain samples and found sedekevels of SR mMRNA in Alzheimer’s

disease patients relative to age-matched con@8ls [

Recently, Inoueet al. showed that B induced neurotoxicity is significantly reduced $R
knock-out mice, providing the most compelling evide so far for utilizing SR inhibition as a

novel strategy for treatment of Alzheimer’s disefizy.

1.5.3 Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS, Lou Gehrig'ssdase) is characterized by massive
motoneuronal death, a principal cause of whichlusaghate-mediated excitotoxicity. D-serine

levels in the spinal cords of ALS mice increasehwdisease progression, and this increase is
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associated with glial activation. Accordingly, SRpression is upregulated as the disease
progresses, but DAAO levels remain unchanged. thaidiof phenazine methosulfate, an SR
inhibitor, to primary cultured spinal cord cellofn ALS mice significantly alleviated NMDA
toxicity [85].

1.5.4 Knock out mouse studies

In addition to the results of Inowet al. [84] mentioned in Section 1.5.2, a second grdsp a
recently published generation of a SR knockout redB8€]. In the brains of both knock outs,
DS could be observed at levels around 10% of the-type, suggesting that there are additional
sources of DS other than SR. Nevertheless, thekkoat mice showed altered glutamatergic
neurotransmission as well as subtle behavioral rbaldies such as hyperactivity and impaired

spatial memory in knock out males and elevatedeayxin the female knock outs [86].

1.6 Inhibitors of serine racemase

Treatment of patients with high-affinity NMDAR blkers often results in undesirable side
effects such as hallucinations. In recent ye&erethas been a movement toward development
of low-affinity NMDAR blockers that are both theegically effective and better tolerated by
patients [87, 88]. In a similar manner, SR inlakst might offer a more “gentle” approach to

decrease NMDAR overactivation.

Despite SR’s promise as a target for treatmentaabus neuropathies (outlined in Section 1.5),
very few potent and specific inhibitors have bedamiified. In general, PLP-dependent enzymes
are less than ideal candidates for drug discov&th very few exceptions all PLP-dependent
enzymes share a common transition state, the &mdcakternal aldimine (see Section 1.2.2),
rendering the identification of specific inhibitoes particular challenge. As a result of this
common transition state, many PLP-dependent enzameesapable of catalyzing side-reactions.
As discussed in Section 1.2.1, SR catalyzes bagmmazation and deamination of serine, as well
as slow deamination of threonine and other amina amalogues such as threo-3-
hydroxyaspartate and L-seriesulfate. The architecture of the SR active sitékedy related to
those of the serine and threonine dehydratasesr &y enzymes in the human body, further
complicating identification of SR-specific inhibi® However, important successes have been
realized in the field of PLP enzymes as therapdatigets, as recently reviewed in [89], and the

discovery of a potent, specific SR inhibitor willetapeutic potential remains a realistic dream.
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1.6.1 Amino and carboxylic acid inhibitors

The majority of SR inhibitor development has focis® analogs of-serine and other amino
acids. One of the earliest reports on the effecmino acids on SR activity stated thdlysine
andL- andD-cysteine act as potent SR inhibitors [31]. Howegewneral groups have since noted
that lysine is not inhibitory [27, 39, 90], and teés some disagreement about the inhibition of
SR by cysteine. Coodt al. found that, out of a panel of LS analogs, ani@ys, L-cycloserine,
and LSOS showed inhibition [39]. They used absmbaspectroscopy to confirm thatCys
andL-cycloserine act by reacting with the PLP-cofactbr.contrast, our group has found that
Cys does not inhibit SR [27] and that inhibition b¢ycloserine is very modest (unpublished
results). However, we measured the effect of tkesgpounds under highly reducing conditions
(5 mM DTT), which activate the enzyme accordin@tw results, while Cookt al. did not; this

might account for the observed differences.

In 2005, Dunlop and Neidle studied the effect afimas amino acids analogs on the activity of
SR purified from mouse brain. According to theulesof their screening (1 mM LS, 2 mM test
compound), they identified several criteria thatimbitor or non-natural substrate must meet:
L-configuration at thex-carbon, a three carbon chain, a free amino grang,a free carboxyl
group. Additionally, an electron withdrawing suhstnt on C3 seems to be required, as neither
L- or D-alanine,B-alanine, nor L-serine amide have a significant effect on racenzaswity.
Furthermore, a substituent on GngethylD,L-serine) or on the hydroxyl group of serir@- (
methylD,L-serine) also prevents competition with LS. Addiatly, Dunlop and Neidle
identified a few key exceptions to this set ofemd. Glycine proved to be a competitive SR
inhibitor with K; of 0.15 mM. L-Aspartic acid also competitively inhibits SR wihK; of 1.9
mM, close to the intracellular concentration l6Asp in brain. The related compounds
homocysteic acid,-Asn, and oxaloacetic acid also inhibited SR [90].

Dunlop and Neidle’s results are in agreement whi tesults of our group, which were also
published in 2005. Working with purified recombmamSR, StiSovsky and colleagues
screened a panel of compounds derived from LS a8@3 for SR inhibition. Their
experimental set-up (5 mM LS and 5 mM test compduveks designed to reveal ligands whose
affinity for SR is comparable to or greater thamttlof LS. They identified several low
millimolar or sub-millimolar competitive inhibitorsf SR, including GlyL-cysteineS-sulfate,L-

Asn, L-erythro-3-hydroxyaspartate (LEHA), meso-tartrate, dihygfaxarate, maleate, and

31



malonate. In fact, LEHA and malonate are two @& thost potent competitive SR inhibitors
identified to date, with<; values for mSR of 49 uM and 7M, respectively. $tSovskyet al
concluded that the most effective SR inhibitorsehtavo carboxylate moieties separated by 2.6 —
3.2 A. The presence of aramino group and a suitable leaving group at C3eimses the
affinity of the ligand for mSR [27].

1.6.2 Peptidic inhibitors

In 2006, Dixonet al. described a unique one-bead one-compound combedaapproach for
identification of short (~3 amino acids) peptidisRi inhibitors. One exciting aspect of the study
is that the inhibitors are not structurally relatedserine. A less exciting aspect of the study is
the fact that the majority of the positive “hitsere insoluble [43]. Of the 25 inhibitory peptides
identified, only 10 proved to be sufficiently solefor further analysis. Dixost al. claim that
the inhibitors are competitive, but the kinetic aléhey show is not very convincing in this
regard. Furthermore, the peptides identified atevery potent inhibitors; the two most effective
haveK; values of 320 + 70 uM and 610 + 120 puM.

Future SR inhibitor development will likely focu: @mall molecules, particularly amino and
carboxylic acids and their analogs (such as thepoomds described in Paper Il). An
experimentally determined 3D structure of mammafsdh would be a helpful resource for the
rational design of a specific, high affinity SR ibitor. Identification of novel structures capable
of inhibiting SR is especially relevant, since mosthe small molecule inhibitors identified to

date are naturally abundant compounds presenvamiety of cell types.
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Compound name Structure Ki for mSR
Glycine o 1.64 £ 0.03 mM [27]
Hk OH 0.15 mM [90]
NH,
L-aspartic acid O 1.9 mM [90]
OH
O NH,
L-asparagine o 1.13 £ 0.03 mM [27]
OH
O NH,
L-homocysteic acid ﬂ 0o n.d.
HO_S\/\HJ\
I OH
o)
NH,
L-cysteineS-sulfate o o 0.64 £0.14 mM [27]
I
o sy o
0 NH,
L-erythro-3-hydroxyaspartate OH O 43 £ 7 uM [27]
HO
OH
O NH,
Mesotartrate OH O 0.66 £ 0.1 mM [27]
HO
OH
O OH
dihydroxyfumarate 0 ) 0.69 £ 0.05 mM [27]
HON
OH
O OH
Oxalacetic acid o n.d.
HO
Yo
O O
Maleate HO.__O o 0.55 +0.12 mM [27]
@
OH
Malonate 71+£16 pM [27]

o o
HOMOH

Table 1. Selected small molecule SR inhibitors and thegoaiated inhibitory constants

corresponding to a competitive mode of action. a.dot determined
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Chapter 2. Results

2.1 Aims of the project

There were three major aims for this project. Titet was to establish a system for recombinant
expression and purification of human serine racenaa®l to compare recombinant human and
mouse SR in terms of their kinetic parameters aibitor-sensitivity (Paper 1). The second
aim was to identify potent, specific SR inhibitdos use in tissue culture and animal model
experiments, and we introduce aliphatic hydroxaaeids as SR inhibitors in Paper Il. The third
aim for the project was the experimental deternmmadf the 3D structure of human SR. This
goal has yet to be realized; however, in Papewdldescribe a method for the generation and
screening of random hSR mutants, which allowedugdan some important information about

the structure-function relationships within the @ne.

2.2 Publications included in the thesis
l. Hoffman, H.E.; Jiraskov4, J.; Ingr, M.; Zviele M.; Konvalinka, J., Recombinant
human serine racemase: enzymologic characterizatidrcomparison with its mouse
ortholog.Protein Expr Purif.2009, 63(1), 62-67.

Il. Hoffman, H.E.; Jiraskova, JCigler, P.; Sanda, M.; Schraml, J.; Konvalinka, J.,
Hydroxamic acids as a novel family of serine racgnanhibitors: mechanistic
analysis reveals different modes of interactionhwihe pyridoxal-5’-phosphate
cofactor.J Med Chen2009. 52(19), 6032-6041.

Il Hoffman, H.E.; Jiraskova, Zyelebil, M.; Konvalinka, J., Random mutagenesis of
human serine racemase reveals residues importatitef@nzymatic activity Collect

Czech Chem Commu2010. In press.
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2.3Paper |: Background and comments

The aim of this work was twofold: 1) to establistsygstem for recombinant expression and
purification of human SR in our lab and 2) to congpthe activity and inhibitor-sensitivity of
hSR and its mouse ortholog. Human and mouse Sk 8886 primary sequence identity (see
Figure 1 of the paper), and both orthologs are li@ad often interchangeably used in SR
research. Paper | includes the synthesis of ande®iR variant, the expression and purification
of recombinant hSR, and the first published biodeahhcomparison of the human and mouse

SR orthologs.

2.3.1 Synthesis of the hSR gene

Gene synthesis can offer several advantages fomigoant protein expressioa.g.overcoming
the limitations of codon usage bias, adjustmer®Gfcontent to control the transcription rate or
the function of a gene, insertion of protease @dgavsites, and removal or addition of restriction
enzyme recognition sites. Based on the previook wf our lab with mSR [27] and on the
work of other groups with hSR [43, 44], we ch&seherichia colias the expression host. Due
to the challenges inherent in expressing humanejm®tin a bacterial host, we decided to
synthesize a variant of the hSR gene with codogeusatimized for heterologous expression in
E. coli. The synthesis of the hSR gene was performedrbyBrek Ingr at the Department of
Biochemistry, Faculty of Natural Sciences, Charésiversity. Dr. Ingr used polymerase
cycling assembly (PCA) in order to assemble twocgseof the hSR gene variant, called
synthons. PCA uses the same technology as nor@RJ] But in PCA, multiple oligonucleotides
are designed with overlaps between adjacent segqsenduring the thermal cycles, the
oligonucleotides anneal to complementary fragmantsare then filled in by the polymerase. Of
course, this produces a number of short, incomgtaggnents as well as the desired synthetic
gene fragment. Therefore, a second PCR cyclerferpged using outside primers in order to

amplify the fragment of interest.

2.3.2 Recombinant expression of hSR i&. coli

The protocol developed by our group for purificatiof mSR [27] is effective but somewhat
laborious, and yields are modest (~2mg/L of cultur&€herefore, | cloned the hSR gene into a
variety of vectors and analyzed its expression wilnious purification tags and solubility-

enhancing partners as summarized in Table 2.
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Tag or fusion partner | Vector Promoter | notes

none pET41la T7 hSR in inclusion bodit

none pMPMA4 araBAD Most hSR in the soluble fracti
C-terminal GST pKS78 T7 hSR in inclusion bodit
N-terminal GST pET41a T7 Most hSR in inclusion bodi
N-terminal MBP pPET22b T7 Most hSR in inclusion bodi
N-terminal MBP pMPMA4 araBAD Most hSR in inclusion bodi
C-terminal pol-His pMPMA4 araBAD hSR somewhat soluble, eas-step purificatiol
N-terminal pol-His pETM-series | T7 Most hSR in inclusion bodi
N-terminal thoredoxir | pETM-serie: | T7 Most hSR in inclusion bodi
N-terminal GB: pPpETM-serie: | T7 Most hSR in inclusion bodi

Table 2. List of fusion partners and purification tags used hSR solubility and
purification screens. Constructs used in downstreapiications are highlighted in blue.

GlutathioneStransferase (GST) [91], maltose binding proteirB@J [92], and the B1 domain
of Streptococcalprotein G (GB1) [93] have been reported to enhathee solubility of the
proteins to which they are fused, and thioredoxs been reported to enhance both the solubility
and “crystallizability” of its fusion partner [94]However, the GST, MBP, GB1, and thioredoxin
hSR fusions were all less soluble than untagged. hNSR with a C-terminal His-tag worked
rather well; solubility was decreased but not cally compromised and purification could be

accomplished in just one chromatographic step.

For this work, however, we chose to express unthggBR from the arabinose-inducible
pMPMAA4 vector, which our group previously used &pression of mSR, and to conduct a
similar purification [27]. The key advantage ofrquurification scheme is the ATP-agarose step.
As described in Section 1.2.3.2, ATP is an allestactivator of SR, and this step therefore

ensures that only correctly folded, biologicallyiae SR is isolated (see alg2r]).

2.3.3 Activity assay

Once purified recombinant hSR had been obtainetlyitgcmeasurements were performed.
Both the racemization and elimination activitieslod enzyme were accessed with HPLC-based
activity assays, according to protocols previowestablished in our lab [26, 27]. LS and DS in
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the reaction mixtures were derivatized with Marteyeageni(1-fluoro-2-4-dinitrophenyl-5--
alanine amide). The resulting diastereomers weselved on a Zorbax Extend;dJeversed
phase HPLC column (4.6x250 mm, particle sizaer Agilent Technologies, USA) mounted on
an Alliance 2795 HPLC system (Waters Co., MilfoktiA, USA). An isocratic solvent system
composed of 50 mM sodium acetate pH 4.4 and metl{@b85) was used, and the derivatives
were detected by absorption at 340 nm.  Our groap also developed a capillary zonal
electrophoresis (CZE) method for resolution of sl &S [95]. Similar to the HPLC method,
the CZE method involves a derivatization stephis tase wittO-phthaldialdehyde. The CZE
method and HPLC method suffer from the same digadga, namely a high error rate due to
pipetting errors and the imperfect reproducibiliythe derivatization reactions. Thus, in both
cases, multiple replicates of each reaction mugidreormed in order to obtain reasonable data.
There were several reasons for our choice of thdHPnethod for the hSR activity
measurements. Most importantly, our activity anldibition assays for mSR were conducted
using this method, facilitating the comparisonad®cal reasons were also a consideration — the
HPLC is freely available, whereas there is oftelorger wait to run CZE samples, and the

capillary becomes obstructed and needs to be chaaftgy 200-300 runs.

For the elimination reactions, we determined thevate content in the reaction mixtures using
an HPLC based assay. The column and instrumentased was the same as above; however, a
different derivatization procedure and mobile phasee employed for resolution and detection
of pyruvate. Reaction mixtures were derivatizedhw2,4-dinitrophenylhydrazine in 50 %
methanol/water. The derivatives were resolvedgusirgradient of 40 — 85 % methanol in 50
mM tetrabutylammonium hydroxide, pH 4.3, and detdcit 366 nm.[27]

2.3.4 Determination of catalytic constants and infitor-sensitivity

The first task of this paper was to compare thalgét activities of mouse and human SR. As
noted in Section 1.2.1, SR catalyzes not only titerconversion of LS and DS, but also their
elimination. Thus, using the activity assays diéscr above, we measured the initial velocity of
five SR-catalyzed reactions (LS DS, DS—> LS, LS > pyruvate, DS> pyruvate, LSOS>
pyruvate) at a variety of substrate concentratid®R. follows Michaelis Menten kinetics, and we
therefore employed the nonlinear fit template @&tein the GraFit software package [96] to

determine the catalytic constars, the substrate concentration at which the reactaia
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reaches half its maximal value, akgy the “turnover number,” or the number of reactions
catalyzed per time unit. In almost all cases, ¢bastants were very similar for mouse and
human serine racemase. The only noteworthy differavas th&y, values for DS elimination.
One might expect that the obseriégd valuesfor DS racemization and elimination would be
similar, since both reactions are thought to o@tuthe same active site. Indeed, this is the case
for hSR. However, in the case of mSR, the obseKigdor DS elimination is significantly
lower than the observddl, for DS racemization. In fact, the obserdggfor DS elimination is
similar to theKy for LS racemization and elimination. From thessutes, we concluded that
hSR and its mouse ortholog behave similanlyvitro in general, though there may be minor

differences in their manner of DS processing.

We next investigated whether or not the orthologsensimilarly sensitive to a selection of SR
inhibitors. For the reasons outlined in Sectioh, ISR inhibitors could be useful tools for
investigation and treatment of a variety of neutbpkgies. However, most of the inhibitor
studies performed to date have been carried olit thi2 mouse ortholog. We selected three
well-characterized competitive mouse SR inhibif@SHA, malonate, glycine) and tested them
for inhibition of hSR. All three compounds inh#dit hSR with a competitive mechanism of
action. In all cases, the; values for hSR were slightly lower than for mSR{ the order of
inhibition potency was the same (LEHA was most pptillowed by malonate, then glycine).
Thus, we concluded that mouse and human SR sharkrsinhibitor-sensitivity, providing a

partial rationale for the use of mouse models ini@fbitor development.

During the course of this work, Dr. Marketa Zvelgirepared homology models of both human
and mouse SR. Though we did not describe this wordetail here, the models support the

experimental data. The majority of residue differes seem to occur at the surface of the
enzyme, while all the putative substrate and inbibbinding residues are conserved in both
orthologs. Based on these models, we noted orferefice between the orthologs — in the
channel leading up to the active site residue 234 His in mSR and a Tyr in hSR. We

generated the Y231H hSR mutant in order to sekisf¢dhange had any effect on the inhibitor

potency. We found that it did not have an apprdeialiect.
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My contribution: | subcloned the hSR gene from pUC19 hSR into thé?ldMexpression
plasmid, expressed and purified recombinant hSRoimeed all the hSR activity and inhibition

assays, and wrote the paper.
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2.4 Paper Il: Background and comments

Paper Il evolved as a result of our efforts to tdgrER inhibitors more potent than malonate and
LEHA. In particular, we hoped to identify a compdunith sub-micromolar potency that could
be applied to study SR in animal models or tissutues. Toward this end, we screened a wide
variety of malonate analogs. The first seriesavhpounds was a commercially available set of
compounds of the form HOOC-R-COOH. We screenedctirapounds in the same manner
described in Paper Il — monitoring of the racemaateaction in the presence of 5 mM substrate

(L-serine) and 5 mM test compound.

Parent Compound: Malonic acid
Q (0]

HOMOH

Compound | V,,/V, Compound | V_/V,
HO

o 0 9 o
0.52 0.77
HO OH HO
0 0

HO o)
0.8 7|
HO OH HOJ‘\O
o O OHO\.&O

0.9 1.1
HO OH HO
o 0 o o
HoJJ: ;lLOH 1.01 HOMOH 0.11

0" 1.05 J%ONa 0.23
A NaO
HO OH

Table 3 Malonate analogs of the form HOOC-R-COOH scrédioe inhibition of mSR.
The compounds were evaluated in terms of the imélcity of the inhibited reaction compared
to the initial velocity of the uninhibited reactiofihe most successful inhibitor from this series,
tartronic acid, is highlighted pink.

=8

Most of the compounds tested did not inhibit or everodest inhibitors. The most promising
compound from this series was tartronic acid (Tableighlighted), which inhibited mouse SR
in a competitive manner with l§ of 24 + 6 uM. This does not represent a very significant
improvement over malonic acid, which inhibits mSRwaK; of 70puM and hSR with & of 33
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uM. We therefore abandoned the idea of introduailighatic modifications at C2 and focused

instead on screening malonate analogs of the fo@¥CK,-CX.

Parent Compound: Malonic acid

0o 0
HOMOH
Compound V,i/V,
U 1.1£03
H,N NH,
O (0]
N MNINHZ 0.60 +0.12
H H
O
j\)]\ 0.01 £0.001
HOHN NHOH
(0] 0
DR 0.87+ 0.06
HNT N7 NH,
ol Dow | 0742008
/P\/P\
HO OH

Table 4.Malonate analogs of the form XC-g&X screened for inhibition of mSR. The
compounds were evaluated in terms of the initisdbarsy of the inhibited reaction compared to
the initial velocity of the uninhibited reactionhd most successful inhibitor from this series,
malonodihydroxamic acid, is highlighted pink.

This strategy led us to consider hydroxamic acidsaanovel class of SR inhibitors —
racemization activity was almost completely abashin the presence of 5 mM
malonodihydroxamic acid (highlightedDue to the reputation of hydroxamic acids as poteetal
chelators, we first checked that the mechanisnctibra was not chelation of the functionally impatta
Mg? ion. However, the inhibition of SR by these commpds was not diminished even with a large
molar excess of Mggbver the test compound.

2.4.1 Inhibition screens and enzyme kinetics analigs
We therefore expanded the test set of hydroxamidsamcluding a variety of aliphatic dihydroxamic
acids as well as hydroxamic acid analogs of amamsa Figure 1 of the paper). The inhibition sciag

data revealed that some hydroxamic acids were p8terinhibitors, while structurally related moleesil
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had a negligible effect on SR activity. Hydroxamaicid analogs of the known SR inhibitors malonic
acid, succinic acid, and L-aspartic acid were paldirly effective inhibitors. Determination of the
mechanism of inhibition showed that succinodihy@mic acid and L-aspartic acgdhydroxamate acted
as competitive inhibitors with low micromol&s values. In fact, succinodihydroxamic acid appedoe
be the most potent competitive SR inhibitor chamazeéd to date, with K; value of 3.6uM. Surprisingly,
unlike its dicarboxylic acid analog malonic acidalonodihydroxamic acid acted in a non-competitive

manner.

2.4.2 Specificity study

In order to determine the specificity of the hydxmic acids for SR, we tested selected compounds for
inhibition of a small panel of structurally and @tionally diverse PLP-dependent enzymes. Bothef t
dihydroxamic acids we chose (malono- and succihaé) an inhibitory effect on all the enzymes tested,;
in contrast, malonic acid was specific for SR. sThlid us to hypothesize that dihydroxamic acids are
somehow reactive with PLP. Indeed, follow-up ekpents confirmed this notion. When the reaction

buffer was supplemented with increasing amounLéf, we observed quenching of the inhibition.

Unlike malono- and succinodihydroxamic acidaspartic acig3-hydroxmate showed some specificity,
acting as an effective inhibitor of SR and its eld®molog serine dehydratatase but not of the more
distantly related alanine racemase. The compoutatias a weak substrate of transaminase, theahatur

substrate of which is-aspartic acid.

The specificity screening indicated that, due tEirtiyeneral reactivity with PLP-dependent enzynties,
dihydroxamic acids are not ideal for tissue cultorén vivo applications. Howevet,-aspartic acigB-
hydroxamate, with SR selectivity and low micromofatency, could be a useful lead molecule for
further inhibitor development.

2.4.3 Solution stability and reactivity studies

We decided to investigate the apparent PLP-reactdfi hydroxamic acids in detail, as this propesfy
hydroxamic acids had not been previously reporteiice PLP contains a chromophore, we first focused
on analysis of buffered agueous solutions of PLEh@absence and presence of hydroxamic acids by
UV/vis spectrophotometry. This analysis showed ¢heeaction indeed takes place in the presentieeof
inhibitory dihydroxamic acids. The spectral shifat occurs in the presence of these compounds is
identical to the spectral shift that occurs whedrbyylamine (NHOH) is added to PLP. The reaction of
hydroxylamine and PLP is well-known and resultfoirmation of a PLP-aldoxime. The similar spectral

shifts observed in the reaction of PLP and dihynoikaacids may indicate that similar or identical
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products are formed. Addition afaspartic acidi-hydroxamate to PLP resulted in a unique spectrum,

with a shift that we hypothesized might corresptind PLP-amino-acid aldimine.

In order to support the results of the UV/vis assag employed ESI-MS and NMR analysis of the
reaction mixtures. In the case of the dihydroxaats, application of these methods allowed us to
unambiguously identify the reaction products assfjnie andanti-aldoxime shown in Scheme 1 of the
paper. In the case afaspartic acig3-hydroxamate, we were not able to reach clear-oatlasions.
However, we did collect strong support in favortled aldimine hypothesis from both the MS and NMR

data.

The final question that remained was why some ditwaimic acids react with PLP to form aldoximes,
while structurally related compounds do not. Hyghkizs of some dihydroxamic acids to release
hydroxylamine, which can then react with PLP torfoaldoxime species, was an attractive hypothesis,
especially since it has been shown that oxalo-pnw| and succinodihydroxamic acid exhibit strikjng
different hydrolytic stabilities in acid [97]. Wéndrefore conducted hydrolysis experiments in batter
agueous solutions (pH 8.0 or 7.4), and we fount] thdeed, the inhibitory dihydroxamic acids unaerg
hydrolysis to release hydroxylamine. Based onatveilable data, intramolecular condensation resyilti
in hydroxylamine release is an attractive hypothesi The non-inhibitory oxalo-, adipo-, and
suberodihydroxamic acids would form sterically wufged 3-, 7- and 9-membered rings, respectively.
On the other hand, the inhibitory compounds succamal glutarodihydroxamic acid would form 5- and
6-membered rings, respectively, which are favoredfarmations. Intramolecular condensation of
malonodihydroxamic acid would result in formatiohab4-membered ring, which is not an especially
favored conformation, so it is possible that thismpound undergoes hydrolysisa a different
mechanism. The hydrolysis experiments were supgobty MS analysis of 1-2 day old inhibitor
solutions. In the case of the inhibitory compoyrgignificant signals corresponding to the respecti
monohydroxamic acids were visible, as well as dgrnthat might correspond to cyclic species
(monohydroxamic acids minus a water molecule; h@rethese signals could also be an artifact of
ionization). In the case of non-inhibitory compdsanthe only significant signal observed was that

corresponding to the dihydroxamic acid.

My contribution: | participated in the initial screening, and Indocted the specificity study, UV/vis

spectrophotometry, and hydrolysis experiments.
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2.5 Paper lll: Background and Comments

A decade after the discovery of mammalian serinemese, a three-dimensional structure of the
enzyme remains elusive. The 3D structure of mamamabR would be a valuable tool for
increasing understanding of SR catalysis, strudumetion relationships within the enzyme, and
possible regulatory mechanisms as well as for #mgd of active-site-directed ligands. Our
group has been involved in attempts to crystatlimemouse and human SR orthologs for several
years without any great success (see Chapter Zndd¥n mutagenesis in combination with
multiple sequence alignment offers an attractivairlyf straightforward way to identify

structurally and catalytically important residues.

2.5.1 Random mutagenesis and screening

A large-scale random mutagenesis experiment regjare easy method for purification and
analysis of mutants. The three-step purificativategy outlined in Paper | is less than ideal for
this purpose, so we chose to work with the C-teafhyrHis-tagged hSR construct (see Table 2),
which allows for easy, 1-step purification. We aihm®r a mutation rate of 1-4 amino acid
changes per construct. Based on a recent reviewutdgenesis strategies [98], we elected to
use error-prone PCR (EP PCR) to introduce randorations into the SR gene; and we used
two different EP PCR protocols to ensure a higlelle¥ diversity. The mutated hSR genes were

ligated into the pMPM expression vector in ordeptoduce a plasmid library.

The plasmid library was transformed into an expogsstrain, and the resulting colonies were
screened by dot blot (see Figure 1 of the papehjclwallowed us to select soluble, well-
expressing hSR variants. The corresponding batteolonies were picked and used to
inoculate small quantities of auto-inducing mediufiime use of auto-inducing medium [99]
offered two advantages. First, the cultures cd@dnoculated in the evening and harvested the
next morning, saving time and allowing for quickogessing of the samples. Second, the
cultures grew to a very high density (gbof 10 — 15 at the time of harvest). Thus, desgpite
rather low expression yield of His-tagged hSR,ralsi culture grown in a 50 mL falcon tube
was generally sufficient to obtain enough proteindctivity trials. SR was partially purified by
immobilized metal affinity chromatography. Sucdaly purified mutants were evaluated for

their ability to racemize and eliminate LS. Wheljuated to account for the quantity and purity
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of the mutant in question, the activity results ggaxs a rough estimate of how the mutant’s
ability to process LS compared to that of the wylpe (see Table 1 of the paper).

The results obtained from the first twenty-sevestidct mutants characterized showed us that in
some cases SR is tolerant of multiple mutationgrthermore, most of the sites of mutation were
predicted to occur at the enzyme surface, whiclgessigd to us that we might be able to use
random mutagenesis to identify “crystallizable” 8&iants. For the present study, we chose to
carefully characterize three of the randomly geteeramutants — C217S, K221E, and
S84G/P111L.

2.5.2 Biochemical characterization of the mutants

The C217S and K221E mutants were both essentrahtive, and C217 and K221 are located in
proximity to the Mg* binding site. Since SR is activated by the presenf Md*, we
hypothesized that C217 and K221 may participatectly or indirectly in metal binding.
Interestingly, C217 and K221 are not widely conedramong eukaryotic SRs. In contrast, both
S84 and P111 are strongly conserved, and furthermecent work ois. pombeSR implicates
S84 in catalysis [38]. These three mutants wergesged and purified on a large scale, and
characterized in terms of thermal stability andvitgt Under the conditions used, wild-type
hSR was mildly thermally stabilized by MgGind ATP and was greatly destabilized by addition
of the metal chelator EDTA. The wild-type enzymeswiamatically stabilized by DTT, and
both its racemization and elimination activitiesravstrongly activated in the presence of DTT.
S84G/P111L exhibited a thermal stability profileakgous to that of wild-type but showed very
low activity. LS elimination activity could be pelly recovered by addition of DTT, but
racemization activity could not. In contrast, tiermal stability data showed that C217S and
K221E hSR were deficient in Mgbinding. These variants also showed extremelydotivity

levels and low sensitivity to DTT.

To complement the biochemical data, we constru@dednultiple sequence alignment of
eukaryotic serine racemases. While S84 and Pld tarserved throughout the family, C217
and K221 are conserved only in mammalian serinemases, while the corresponding residues
in plant and yeast SRs vary greatly. Our ongdiogology modeling studies are briefly
referred to in the paper, and these studies suppkety catalytic role for S84 and an important

structural role for P111. A structural reason uhyieg the impact of the mutations at C217 and
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K221 is less clear but is probably related to elfentramolecular interactions in the vicinity of

the metal-binding site.

My contribution: | performed the error-prone PCR and cloning andeligped the screening
assay. | did most of the screening, large-scalgression, and purification work, and |
participated in gel filtration analysis of the mutts | did all of the thermal stability and actyvi

measurements.
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Chapter 3: Discussion

SR is an intriguing enzyme, with potential involvemh in a variety of neuropathological
processes. Since the discovery of eukaryotic SRguer a decade ago, substantial progress has
been made toward understanding the enzymatic ggtiigsue distribution, and physiological
role of this enigmatic enzyme. However, reseagheterested in exploiting the therapeutic
potential of SR still have a long road ahead ofrthen Paper | of this thesis, we showed that
recombinant forms of mouse and human SR exhibitpawable catalytic parametensy( and
keap and inhibitor-sensitivity, validating, at least part, the use of mouse models for discovery
and characterization of human SR inhibitors. Ipd?dl, we identified a class of hydroxamic
acids as novel inhibitors of PLP-dependent enzymesarticular, one of these compounds, L-
aspartic acidp-hydroxamate, was selective for SR and its homaegne dehydratase and
showed a competitive mechanism of inhibition witloa micromolarK;. This compound could
serve as a lead molecule for further SR inhibitevedlopment. In Paper Ill, we used random
mutagenesis as a tool to gain insight into stratyirand functionally significant residues.
Additionally, we constructed a homology model ohfan SR, which can be a useful tool for

increasing our understanding of SR and its reguiadind for the design of novel ligands.

Still, though, the SR field is missing a few keysabveries. Specific inhibitors with sub-
micromolar potency are needed in order to condygeementsn vivo and in tissue culture. In
order to design these specific and potent actiteedggands, it would be useful to have an
experimentally determined three-dimensional stmgctof mammalian SR. However, such a
structure remains stubbornly elusive, despite tbekvof multiple groups. Our group has been
engaged in attempts to crystallize recombinant m@ums human SR orthologs for several years.
Since attempts to crystallize the wild-type enzymegseatedly failed, we generated several series

of hSR mutants in hopes of finding an enzyme vandth an enhanced ability to crystallize.
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Figure 6. Primary sequence of hSR with mutation sites atdt. Series 1 mutations are
highlighted yellow, series 2 are highlighted blaad series 3 truncations are indicated in green.
Mutations based on random mutagenesis experiments@juence comparison are highlighted
red.

In the first series of mutants, we individually Baaged six of the eight Cys residues in hSR to
Ser or Ala. The soluble expression levels of theamts were checked, and where appropriate,
the racemization activity of partially purified splas (after ammonium sulfate precipitation)
was accessed. The C46S mutant had a soluble siprésvel about 3-fold lower than the wild-

type, and furthermore, several degradation prodwete visible on a Western blot of the lysate.
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C113S and C113A hSR expressed well, but were rgustibld less active than wild-type hSR.
C128S hSR showed wild-type-like expression andviigtlevels. This mutant was scaled up
and purified (ammonium sulfate precipitation, Q{smse, ATP-agarose). 1.5 mg of purified
protein were obtained, and these were screenedrystal formation with Sigma Kit #1. No
crystals were obtained. The C217S mutant hadubkokxpression level comparable to that of
the wild-type and was essentially inactive; thistation was revisited in Paper Ill. C269S hSR
showedWT-like expression levels and activity. | did mabrk with it further for crystallization
purposes since C269 is not conserved in mSR; hawé#vs mutation could be interesting in
combination with other mutations. The C309S mutad extremely low expression levels — at
least5-fold lower than WT, and | did not work with itiiher due to low expression level.

The second series of mutants consisted of threantathat were rationally designed according
to the results of submitting the hSR sequence ® Smrface Entropy Reduction Server
(http://www.doe-mbi.ucla.edu/Services/SER100]. The SER server suggests mutation

candidates that are likely to enhance a proteirystallizability based on the approach described
by Derewenda [101]. Derewenda argues that sonteipsocontain “entropic shields” composed
of long, flexible polar side chains that impede themolecule’s ability to form intermolecular

contacts and render the proteins recalcitrant ystallization. The SER approach involves
replacing high entropy amino acids predicted touocat the surface of a molecule, usually

lysines or glutamates, with low entropy residueshsas alanine.

The E73A/K75A/K77A triple mutant showed expressievels near wild-type, but a significant
amount of SR in the lysate was degraded. Accortirmur homology model, these residues are
located in a flexible, unstructured loop, which makthem good candidates for mutation.
However, due to the degradation problem | did natrkwfurther with this mutant. The
E114A/E145A/E147A mutant also expressed well and aaive. According to the homology
model, these residues are located in an alpha, hvetiich does not make them ideal candidates
for SER, since ideal candidates should be in ariructsred, surface-exposed loop region.
Nevertheless, | attempted to purify the mutant; éasv, purification of the untagged construct
was unsuccessful, as the protein precipitated endh-exchange column at a variety of pHs.
However, purification of E144A/E145A/E147A hSR with C-terminal polyhistidine tag was

successful, and crystal screening of the His-taggegme was conducted at the National Cancer
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Institute (Frederick, Maryland, USA) in autumn 2000nfortunately, no promising conditions
were identified as a result of the screening. fhrel SER-inspired mutant was also interesting.
K327A/Q328A/E330A expressed well, but almost altleé protein was degraded — on Western
blot, only a tiny band was visible at the expeateglecular weight, while most was truncated (to
around 33-35 kDa). The partially purified prepematdid exhibit SR activity. The truncated
portion was subject to N-terminal sequencing and the same N-terminus as the wild-type,
suggesting that the C-terminus is truncated. \Vifsrgited to characterize the truncated species
by mass spectrometry, but reliable data could eotlitained after several attempts. However,

the idea of obtaining a soluble, active truncatedhfof hSR led us to mutant series 3.

Since the N- and C-termini of SR are predicted edlbxible, they might negatively influence
the protein’s solubility/crystallizability. So, foseries 3, several truncated constructs were
prepared. Using pMPM_hSR or pMPM_hSR6His as a l&@pthe appropriate sequence was
amplified with primers includindNdd and Xhd sites and then cloned into pMPM. Plasmids
were transformed int&. coli MC1061 cells and induced with 1 mM arabinose, aallible

expression levels were evaluated by Western blot.

Construct9-327 (F9K) which starts at residue 9 of hSR, ends at res@re and contains the
FOK mutation, was designed based on predictionsthigafirst secondary structural element of
SR (putatively an alpha helix) begins somewhera/éen residues 9 - 11. The ninth residue of
hSR is Phe. Since proteins starting with Phe asdyedegraded if. coli (according to the N-
end rule), residue 9 was mutated to Lys. An AAAl@o immediately following the initiation
codon ATG has been correlated with high expreskuvals of recombinant proteins B coli
[102]. K327 is predicted to be the last residu¢heflast secondary structural element, an alpha
helix. Asp318 is the last residue that is homolegwith theS. pombeenzyme; the rest of hSR
shares no homology with the yeast ortholog. Theesalso attempted to expre3s318 (FI9K)
hSR. Leu312 is predicted to be the last residubeofast beta-sheet of hSR, and const@:@12
(FOK), which lacks the terminal alpha helix, was alsoesned for SR expression. Since
different methods of secondary structure predictrahicated that the first secondary structural
element of hSR may start at either residue 9, 1@1pwe also screened construt®327, 10-
318 10-312 11-327 11-318 and11-312. Unfortunately, all of these double-truncated (Ne a
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C-terminus) mutants were either insoluble or exkibicompromised solubility. Therefore, we

did not attempt large-scale expression or purificadf any of these constructs.

Rather, we cloned a series of constructs with &tions at the N- or C-terminus (series 4). The
following constructs based on series 3 were te€&&#0 (F9K), 10-340, 11-340, 1-327-318
and1-312 Additionally, hSR8-340was generated; the first 7 amino acid residues weleted
based on the fact that the corresponding residoesotl appear in the crystal structure Sf
pombeSR and are therefore probably quite unstructureldwever, like the double-truncated
mutants of series 3, the single-truncated mutahseges 4 all exhibited extremely low soluble

expression levels compared to the wild-type.

In addition to expressing hSR mutantsEincoli, we also attempted expression of the wild-type
enzyme in Schneider's S2 cells. While some SR pvasent in the growth media, expression
levels were extremely low — so low, in fact, that trial expression did not even yield enough

SR for activity trials.

In Paper Ill, we describe the generation of randh@R mutants, with most mutations occurring
at the enzyme surface, and we suggest that sucantsutight have an enhanced ability to
crystallize in comparison to the wild-type. Basedcomparison of our hSR homology model
with the crystal structure d. pombeSR, the only eukaryotic SR that has been cryséllito
date, we chose the random mutat4M/N172D/M227L for crystallization at the NCI in
Frederick in late 2009. However, the screening dal result in any crystals. Further
comparative analysis of the hSR model and the Sp$&al structure led us to add two more
mutations to the K14M/N172D/M227L mutant. The hunzadS. pombeSR sequences differ
greatly in a large, flexible loop region that peigiates in crystal contacts in tt& pombe
structure. We attempted to make this region of n&fRe similar to that of SpSR by adding two
new mutations — K225S and N229A - to the K14M/NUMPR7L background. The
K14M/N171D/K225S/M227L/N229A mutant was also scresgeat NCI, and it formed crystals in
10 different conditions. Unfortunately, 9 of theasened out to be salt crystals. However, one
condition seemed promising; 0.1 M HEPES pH 7.5 Wi@86 (v/v) Jeffamine M-600 yielded
thin, rod-like protein crystals. These crystald diot diffract to an appreciable extent, and

attempts to optimize these conditions are currantfyrogress.
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The three-dimensional structure of a mammalian SRildvundeniably be a useful tool for
furthering our understanding of the SR reaction eodtrol mechanisms and for the design of
specific ligands foin vivo applications. Experimental structure determimatioll undoubtedly
be a major future focus in the SR field. It's imfamt to remember, though, that a biochemical
understanding of SR function is only one small mdrthe puzzle surrounding the role of D-
serine in the human body. D-serine is degrade®4{aynino acid oxidase, and the expression
and activity levels of this enzyme are thought trkvin concert with SR to regulate D-serine
levels in the body. Furthermore, the respectivatrdoutions of D-serine and glycine to
NMDAR signaling have yet to be unraveled, a taskt is complicated by the multitude of
NMDAR subtypes and their diverse trafficking, phacualogy, and developmental expression
patterns. Additionally, the role of D-serine, SRRd DAAO outside of the CNS remains an open
area of investigation. Investigation of D-serimelats synthetic and degradatory enzymes in
healthy and diseased individuals will pave the way greater insight into how we view
glutamatergic signaling pathways and will perhapsrothe door for new methods of therapeutic
intervention.
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