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ABSTRACT

The herein presented Ph.D. dissertation descrilmegik and structural characterization of human
glutamate carboxypeptidases Il and Il (GCPII ar@Ra8Il) using a complete panel of their natural
substrates. These enzymes hydrolyze C-terminahmlate from their substrates. They share 67 %

sequence identity and also similar enzymatic &

This thesis quantitatively compares human GCPIl @adPlll in terms of their ability to hydrolyze
the substrates N-acetyl-L-aspartyl-L-glutamate (NHA folyl-poly-y-L-glutamic acids (FolGly)
andp-citryl-L-glutamate (BCG). We demonstrated that GCRydrolyzes its substrates in a metal-
dependent manner, that BCG is a specific substa@CPIlll, and that NAAG and FolGluare
specific substrates of GCPII. We also provide ieclirbiochemical evidence that GCPIII might
feature a heterometallic active-site cluster. Addilly, we characterized the relevance of a serfac
exosite of GCPII, the arene-binding site (ABS), tbe hydrolysis of FolGlusubstrates using
mutagenesis and enzyme kinetics and showed thgmpgbhic His475Tyr variant of GCPII
hydrolyzes FolGlysubstrates with the same kinetic parameters asittiéype enzyme.

Furthermore, this thesis focuses on structural @spaf the substrate specificities of GCPII and
GCPIIl: we present the X-ray structures of inactimatant of GCPII, Glu424Ala, in complex with
its substrates FolGjy and BCG. The FolGlu complexes show how ABS residues of GCPII -
Arg463, Arg511 and Trp 541 - participate in bindihg aromatic pteridine ring of these substrates.
These findings are complemented by high-level quantmechanics/molecular mechanics
(QM/MM) calculations which reveal how BCG probalbiynds to the active site of GCPIII and how

a calcium-zinc heterometallic active-site clusteGE&PIII might look like.

Finally, we also quantified the kinetics of the bBegyl-L-aspartyl-L-glutamyl-L-glutamate
(NAAG2)-hydrolyzing activity of GCPIl and GCPIIl.Ufther, we quantified the tissue distribution
of GCPII and GCPIII (in human tissues) both atitiieNA and the protein level, showing highest
expression of GCPIII in testes and discussing d@ssible role as an iron chelator. The thesis is
rounded off with structural characterizatin of lgbalic inhibitors of GCPII and the discovery of a
moderately specific inhibitor of GCPIII.
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1. INTRODUCTION

1.1.Brief History of Glutamate Carboxypeptidases Il andlll

The discovery of glutamate carboxypeptidase Il (@C&ates back to 1987 when an enzyme
hydrolyzing N-acetyl-L-aspartyl-L-glutamate (NAAG)was isolated from rat forebrain
synaptosomal membranes and called N-acetylatelihked acidic dipeptidase (NAALA
dipeptidasé) First in 1993, the human orthologue of this eneymas sequenced and clohedlt
that time, however, it was only called prostateefpemembrane antigen (PSM/PSMA) (according
to its site of expressidhbecause its NAAG hydrolyzing activity became evitlthree years later
Similarly, GCPII's capacity to hydrolyze pojyt-glutamylated folic acids (FolGly in a
carboxyexopeptidase manner was elucidated 1 %ltough the human protein capable of this

reaction was isolated already in 1886

Glutamate carboxypeptidase Il (GCPIII), a lessi&d paralogue of GCPII, was likely discovered
already 1983in rat testes. Based on its capacity to hydropziryl-L-glutamate (BCG) in a C&
and Mrf*-dependent manner, researchers called it citrgtate hydrolyzing enzyme. Then, it
took another 18 years to reveal that citrylglutaratdrolyzing enzyme is in fact GCPIII

1.2.Human Glutamate Carboxypeptidase Il

Human glutamate carboxypeptidase Il (GCPII) is aksmwn as prostate-specific membrane
antigen (PSMA), N-acetylated-alpha-linked acidipeftidase | (NAALADase | or NAALA
dipeptidase), folyl-poly~glutamate hydrolase | (FOLH1) and folyl-pofyglutamate
carboxypeptidase (FGCP). These names reflect gratiseovery of the individual enzymatic
activities and tissue localizations and the faat tBCPII is a multifunctional protein (see followgin

sections).

The coding sequence of GCPIl (FOLH1 gene) localipethe 11p11.2 locdsand consists of 19
exons spanning approximately 60 kb of genomic BNMterestingly, the enhancer responsible for

androgen-dependent down-regulation of expressi@QRIl is located within the third intréh'2

1.2.1.GCPIl mRNA and Splicing Variants

At the mRNA level, GCPIlI (PSMA) is most abundanhiormal prostate and approximately 10 fold
lower expression is also found in liver, kidney dmdin™. At least five splice variants of GCPII are

12



known*, but there is a number of other splice variantavfitil, V. et al., manuscript in

preparation).

1.2.2.GCPII Protein

At the protein level, GCPII (EC 3.4.17.21) is ansmembrane type Il glycoprotémlt is a zinc-
binuclear metaloprotea€ewhich has to be glycosylated in order to mainté activity'’.
Recombinant protein can be obtained at moderdtegtoyields using the SRrosophila expression
systeni®. Its active form is a dim&tand each monomer consists of 750 amino acitsth active-
site zinc atoms, in contrast to GCPIIl (see sectlo®.3.2), have 100 % occupantyand the
enzyme shows no metal-dependent enzyme Kkineticyvrédhla M., Tykvart. J., unpublished

observatiorf)

1.2.2.1.Enzymatic Activities

GCPII possesses several enzymatic activities. dhgelst known activity is hydrolysis of NAAG
(Figure 1A) to N-acetyl-L-aspartate (NAA) and L-tdmaté. Although less known, GCPII|
catalyzes also hydrolysis of C-terminainked L-glutamic acid units from dietary FolGR(Figure
1B). Very recently, it has also been shown that $80GCPII hydrolyzes N-acetyl-L-aspartyl-L-
glutamyl-L-glutamate (NAAG2, Figure 1C) to NAAG ardglutamaté’. As a result, it is no
surprise that GCPIl has several names (see 1.83eSsCPII was found to be upregulated in
cancerous prostate tisSldefore the discovery of its NAAG and FolGloydrolyzing activity>,
the name prostate-specific membrane antigen (PSMRSM) is the name of choice in medical

literatures®.

AHOQE oot | %[H

FolGlu, NAAG2 ©

Figure 1: Molecular structures of NAAG, FolGlu, and NAAG2. (A) N-acetyl-L-aspartyl-L-glutamate (NAAG). (B)
Folyl-poly-y-L-glutamic acids (FolGly). (C) N-acetyl-L-aspartyl-L-glutamyl-L-glutamatBlAAG?2).

1.2.2.1.1 NAAG-hydrolyzing Acitivity

NAAG-hydrolyzing activity of GCPII is the best sied one (structure of NAAG is shown in the
Figure 1A). TheKy value is reported to be around 0.4 pNl and thek.y value around 0.6 - 1's

17.23 depending on the buffer used for activity asgsstivity of GCPII has been quantified only
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using a*H-labelled NAAG (N-Acetyl-L-aspartyl-L-glutamate®>H) in a sample-by-sampté* or
96-well set-up’. pH optimum has been twice reported to lie arodrfl - 8.0"?° Using X-ray
crystallography and quantum mechanics and molecolachanics (QM/MM), the reaction
mechanism underlying the hydrolysis of NAAG hasrbpeoposetf. According to this study, the
two active-site zinc atoms function to bridge ativated water molecule (likely OH®?9 and the
key residue Glu424 serves as a "proton shuttlebgiract one proton from the active-site catalytic
water molecule and transfer it to the amide nitrogé the C-terminal glutamic acid moiety
whereby the OHnucleophile is then free to attack the amidicarboxylate of the leaving N-acetyl-

L-aspartate.

1.2.2.1.2 FolGlu,-hydrolyzing Acitivity

Although the enzyme from human jejunum catalyzihg tydrolysis of FolGly (called also
pteroyl-polyy-glutamates, see Figure 1B for structure) was isdlalready 1986 the quesion of
full enzymatic characterization of GCPIl's FolGlthydrolyzing activity remains largely
unaddressed: In the above mentioned study, themenzayas called human jejunal brush-border
pteroylpolyglutamate hydrolase and it was foundtbat this enzyme cleaves Fol@l&olGly, and
FolGlus with a Ky value of 0.6uM. The folyl-poly<y-glutamate carboxypeptidase activity has been
attributed to GCPII in 1996 but only the pH optimum curve of FolGlaydrolyzing activity has
been determined. It is claimed to have two maxiataH 5.0 and 80 This is surprising, because
one would expect the reaction mechanism to be icirib NAAG hydrolysi$® and to have the
same pH optimum of 7.5 - 8% Furthermore, there is no follow-up study confingiwhether the

enzyme isolated in 1986 was GCPII.

1.2.2.1.3NAAG2-hydrolyzing Acitivity

While NAAG is known since 196% (see also section 1.1), NAAG2 and its cleavagemioyise
GCPII has only been described 2¢PL(structure of NAAG2 is shown in the Figure 1C)nkiic
parameters of this enzymatic reaction catalysethbyse GCPIl were determined 263.3ut using
only thin-layer chromatography as a quantificatmathod. NAAG2 hydrolyzing activity of human
GCPII has not been investigated so far.

1.2.2.1.4BCG-hydrolyzing Acitivity

The long-known dipeptidf-citryl-L-glutamate (BCG, Figure His cleaved by mouse GCPIIl in a
Cd* and Mrf* dependent manrferlt has also been established that mouse GCPI$ doe
hydrolyze BCG.
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Figure 2: B-citryl-L-glutamate (BCG).

1.2.2.2.Inhibitors

Inhibitors of GCPII feature a noncleavable peptidaetic connected mostly to glutamate in the P1'
position. The peptidomimetic can be a suffhtéydroxamat¥, phosphate, phosphoramid&ter
urea derivativ&®. Although glutamate in the P1' position is a sienphd usually high affinity
choicé?, other quite different moieties are also poséfb(eee below, section 1.2.2.3.2.2). In the
opposite direction, for the P1 position and beyoB@PIl does not require stringent structural
features, although one addtional carboxyl groumii@ntly enhances the inhibitor's bindfig
(likely due to favourable interactions with Arg5a&#hd Arg536 which, for example, bind tife
carboxylate of aspartate moiety of NAAG in the y-structrure of GCPII in complex with NAAG,
PDB entry 3BXM?9).

1.2.2.3.X-ray Structures with Substrates and Inhibitors

For GCPIl, one low-resolutidf two medium-resolutiofi*, and one high-resolution
crystallization conditions are knowh The low-resolution condition was published in030and
since that time, a plethora of GCPII structureshwiirious inhibitors appeared in the scientific

literaturg®18:39-4°

Structure of the extracellular portion of GCPIl eals that the protein is composed of three domains
(Figure 3), the protease domain (amino acid ne- 316 and 352 — 590), the apical domain (amino
acid no. 117 — 351) and the C-terminal domain (diseerization domain, amino acid no. 591 —
750, Figure 3%. There is also a short disordered stretch (amiid mo. 44 - 56) tethering the
protein to the membrane via a single pass transmasrathelix (amino acid no. 20 - 43), and a short

cytoplasmic part (amino acid no. 1 - 19)
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Figure 3: Domain organization of GCPIl and its topdogy. GCPII is a transmembrane type Il glycoproteinhwis

monomers consisting of three domains, from N-teumito C-terminus: The protease domain (pink), dplcanain

(green) and dimerization domain/C-terminal (blugft monomer is shown in surface representatioocfsarides as
gray spheres), right monomer in cartoon representgsaccharides as gray sticks). Active-site zaoms (right
monomer) are shown as purple spheres. Right mon@m#dgpicted with glutamate bound in the active $jtellow

sticks). Please note the short intracellular N-tgrpart. Structural image was created using P§iol

The protein has two larger functional component® called "glutarate sensor” (amino acids 692 —
704¥° and the other one called "entrance lid" (aminds&41 — 548, see Figure 4. The glutarate
sensor acts to firmly "grip" the glutamic acid mgief the substrate in the active site because
ligand-free GCPII (PDB entry 200%)or GCPII with its substrate NAAG (PDB entry 3BXMr
glutamate (PDB entry 2C6&)bound in the active site features the glutaratsaein the closed
conformation (Figure 4A). On the other hand, theRBghosphate complex (likely approximating
how the protein might look like when the substiigtbeing attacked by the active site nucleophile
OH, see also section 1.2.2.1.1) features the opeforrnation of the glutarate sensor (PDB entry
2C6P°, Figure 4A).a-carbons of Tyr692 and Ser704 represent the ,hingfethe glutarate sensor,
i.e. sites where the translational movements of litop are made possible through rotation of
adjacent peptide planes. The entrance lid has ¢teamnred even in three conformations (Figure 4B)
and its hinges are-carbons of Asn540 and Tyr549. The closed confdonat observed when
small substrates/ligands bind, e.g. NAAG (PDB IDX8B*° the open conformation when some

larger molecule is bound, e.g. an unhydrolyzablglayue of FolGly (MPE*, PDB entry 3BI1),
16



and the half-opened conformation when three ursadahibitors are bound (PDB entries 4ANGM,
ANGP and 4NG9%), see Figure 4B. In addition, the entrance lid rabp be disorderd like when
phosphate or glutamate is bound in the active(Bil¥B entries 2C6P or 2C6G, respectivély)

Figure 4: Flexible parts of GCPII - the glutarate £nsor and the entrance lid.Images are rendered in cross-eye
stereo representation. Active-site zinc atoms a&mioted as spheres. Binding distances are indidagegray dashed
lines and a number in A. Images were created uRimdol*°. (A) Comparison of the open (GCPII-phosphate caexpl
colored orange, PDB entry 2C8Pand closed conformation (GCPII-Glu424Ala-NAAG quiex, colored light green,
PDB entry 3BXM?®) of the glutarate sensor. Substrate/phosphata amishown in stick representation, glutarate senso
as mainchain lines. Lys699 and Tyr700 are depietdvhole residues. (B) Overlay of the X-ray struesuof the
GCPII-Glu424Ala-NAAG complex (orange, PDB entry 3BX GCPIll-urea inhibitor complex (pink, PDB entry
ANGM*), and GCPII-MPE (unydrolyzable analog of FolGlgreen, PDB entry 3Bff), showing that the entrance lid
(amino acids 540 - 549) can adopt three conformatinamely closed, half-open, and open, respegtiddte that the
pteridine ring of MPE occupies space in which itudbclash with both closed and half-open conforomatbf the
entrance lid.

The active site is built of substrate-binding amtzhelating amino acids. The two active-site zinc
atoms are coordinated in a tetrahedral fashionis$%3, Asp387, Asp453, His377, Glu428>*at
approximately 2.0 A distances (Figure 5A). In betwehe two zinc atoms, an OHnion/HO is
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bridged (also at 2.0 A distancEs$o that it co-forms the tetrahedral zinc-coordoraframework.
The bridging OHH,O serves to cleave the scissile petide Bdmohd represents thus a centre
surrounded by the S1' and S1 site. The S1' sitedig usually the C-terminal glutamic acid
moiety, is composed of Lys699, Tyr700, Phe209, ABy2Asn257, Gly427, Leu428 and Gly518
(Figure 5B). The S1 site, binding either N-acetygdpartate moiet§ or a glutamate moiety is
composed of Asn519, Arg534, Arg536, Tyr552 and #rigjure 5B).

A HIS-377 HIS-377
GLUR425
2.1 2.0 ¢
)

2.0 ©
2.0 2.0 2.o° !
2. 0'0 "“3'1 2. o" "’3'1
/2 7 ZN1 ZN2 [} ’
y 2.0 " 2.0 ¢
ASP-453 ’ HIS-553 ASP-453 HIS-553
2.0 2.0

ASP-387 ASP-387

X
ASN-257

2.9

ARG-210

i il

3.1
ARG-536

Figure 5: Spatial arrangement of the active site re&dues, rendered in cross-eye stereo representatiofxctive-site
zinc atoms are depicted as purple spheres. Birdisignces are indicated by gray dashed lines amairder in A. Both
panels are derived from the X-ray structure of @@PII-Glu424Ala-NAAG complex (PDB entry 3BXN). Images
were created using PyM8I (A) Zinc-coordinating residues, including actisitee water. Active site water is shown
only as its oxygen atom, in sphere representafiom atoms are coordinated in a nearly perfecagginal manner and
the active site water molecule is one of the ligar{®) S1' (cyan) and S1 (green) sites of GCPIIA@AIs shown in
stick representation. Tyr700 is truncated to prevadclearer view.
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There are also two exosites in the GCPII struct@nee of them is located near the surface of
GCPII, formed by amino acids Arg463, Arg511 and5R{® (see 1.2.2.3.2.4) whereby Trp541 is
part of the entrance Ifl These three amino acids were shown to be abkentb dinitropheny!

moiety, as documented by a series of X-ray strestwwf GCPIl in complex with a classic urea
inhibitor linked to the dinitrophenyl moiet (refer to section 1.2.2.3.2.4 for structural ing)ge

This exosite has thus been called arene-bindieg(8BS)>. The other exosite, called hydrophobic
accessory pocket, is located near the S1 sitesadid¢ussed in connection with X-ray structures of

GCPII in complex with inhibitors (see section 1.3.2.5).

It is also noteworthy that many of the availabkeistiures of GCPII contain electron desity map for

several N-glycosidically linked saccharide moieties

1.2.2.3.1.Complex with the Substrate NAAG

After observing that the activity of GCPIlI can benwpletely abolished by the mutation
Glu424Ald®, it was possible to obtain a high resolution X-saucture of GCPII complexed with
its substrate NAAG (PDB ID 3BXM§. QM/MM calculations based on this structure elatéd
also the probable reaction mecharfi%(see section 1.2.2.1.1). This 3D structure furteeeals that
the whole substrate is fixed by a number of intéoas (Figure 5B) and that both the glutarate
sensor and the entrance lid are in the closed omatiori® (Figure 4A,B).

1.2.2.3.2 Complexes with Inhibitors

Because GCPII is under intensive investigation earalidate drug target (see section 1.2.3.1), tens
of X-ray structures with various inhibitors areealdy available (see following sections 1.2.2.3:2.1
1.2.2.3.2.5).

1.2.2.3.2.1Transition State Analogues and Unhydrolyzable Peptie Bond Analogues

2-(phosphonomethyl)pentanedioic acid (2-PMPA), andition state analogue and first potent
inhbitor of GCPII, was synthesized and characteraleeady 1998. X-ray structure of GCPII with
2-(phosphonomethyl)pentanedioic acid has been dalltegether three times at resolutions 2.2 A
(PDB entry 2JBY), 1.7 A (PDB entry 2PV\W) and 1.6 A (PDB entry 3RBY). Although it might
seem that the phosphoryl moiety could be the mmgtortant unit providing the high-affinity
binding [Ks of Zmng(PQy, is 910°%, it is probably not the case because 2-
(phosphonomethyl)succinic acid, featuring not ataghate but instead an aspartate analogue,
possesses a potency lower by more than three avflenragnitud&’. On the other hand, phosphate

itself inhibits with 1Go of 100uM* to 10uM*” while L-glutamate with 1g, of only 428uM*>°,
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X-ray structures of GCPIl with three unhydrolyzalitansition state analogues of its natural
substrates, 2-[(3-{4-[(2,4-diamino-pteridin-6-ylrhgt)-amino]-benzoylamino}-3-carboxy-propyl)-
hydroxy-phosphinoylmethyl]-pentanedioic acid (abimeed as MPE, analogue of FolGH),
(2S,3S)-{[(3'-amino-3-carboxy-propyl)-hydroxyphosphinoyllmethyl}-pentatieic acid (EPE’,
analogue of a dy-L-glutamate moiety of FolGly substrates), (2S)-2-{[(2-carboxy-ethyl)-hydroxy-
phosphinoyllmethyl}-pentanedioic acid (SBEanalogue of NAAG) reveal that the mode of
binding of the P1' moiety (pentanedioic acid) df tafee inhibitors is virtually identical to the
arrangement seen when NAAG is bound to inactive IGGRI424Ala (PDB entry 3BXM®, Figure
6). Further, the comparison of complexes of GCRthv@8PE and NAAG shows that NAAG and
SPE bind in an almost identical way, and complesie&CPIlI with MPE and EPE show how
FolGlu, might probably bind to GCPII (Figure 6).

Figure 6: Structural overlay of the GCPII-Glu424Ala-NAAG complex with unhydrolysable transition state
analogs of NAAG and FolGly. The image is rendered in cross-eye stereo repeggen Zinc atoms are depicted as
purple spheres. NAAG (PDB entry 3BXfJl is colored orange, and the inhibitors MPE and EPEues of green and
SPE light pink (see the maintext for exact desimipof the inhibitors). MPE and EPE bind in a smitr way that they
are hardly distinguishable. Binding of both the Rbieties (glutamate) and P1 moieties is very simiNote that one
oxygen of the phosphonate replaces the activeasiter molecule. The structural image was creat@uzyMol*.

Unhydrolyzable analogues of peptide bond which thee most frequently seen in structures of
GCPIl include urea. First four structures with ipikors containing the urea moiety were published

2008". In all these structures, urea and glutamic aciéety is positioned always the same way.
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1.2.2.3.2.2Substrate Requirements of the S1' and S1 Sites

Although GCPII, as its name suggests, requiresitglate in the P1' position, this requirement is
not absolute. The S1' site can freely bind als@mtholecular patterns like 1-carboxycyclopropyl
(PDB entry 40C®, Figure 7A), (1S)-1-carboxy-2-[(2S)-oxiran-2-ykgt (PDB entry 40C¥,
Figure 7B), (1S)-1-carboxybut-3-yn-1-yl (PDB entt@CZ"®, Figure 7C), (1S)-1-carboxy-2-(furan-
2-yl)ethyl (PDB entry 40C3, Figure 7D), (1S)-1-carboxy-2-(pyridin-4-yl)ethyPDB entry
40C4®, Figure 7E), (S)-carboxy(4-hydroxyphenyl)methyD@ entry 40C%°, Figure 7F) or 3,5-
dioxo-[1,2,4]oxadiazolidin-2-yl (quisqualate, PDED 12JBK*’, Figure 7G). Most structures,
however, feature a glutamate (PDB entry 2C6C, 2€63BI11°, 2XEl, 2XEG, 2XEF, 2XE¥,
ANGM, 4NGR, 4NGN, 4NGP, 4NGQ, 4NGS, 4NBjlor a glutamate-like moiety (structures with
the inhibitor 2-PMPA, PDB entry 2J8) 2PVW*° and 3RBU?) in the S1' site.
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Figure 7: Structural overlay of GCPIl-inhibitor com plexes featuring non-glutamate P1' moietiesOnly the P1'
moiety is shown, always in overlay with glutamateiety of NAAG (of the GCPII-Glu424Ala-NAAG comple DB
entry 3BXM'). Structural images were created using Pyfl@hown here are the P1' moieties of inhibitorsamplex
with GCPII, deposited as PDB entries 40CO0 (A), 4B}, 40C2 (C), 40C3 (D), 40C4 (E), 40C5 (F), addR (G).

This large variety of structures has been solvexdibge all currently available GCPII inhibitors are
negatively charged and thus not orally avail&biéand unable to cross blood-brain barrier (see also
section 1.2.3.1.3). Hence finding some unchargedketies like the ones mentioned above and
characterizing them structurally was a first stepational drug design (which was a predecessor
approach to the current effort of developing prgdfarms of already available inhibitors, see
section 1.2.3.1.3).
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The S1 site allows for a more substantial varigbdif the P1 moieties than the S1' site ddésee
also section 1.2.2.2). One reason for this is thotg be the flexibility of Arg538. Structures of
GCPII with inhibitors thus contain moieties as daaas 4-iodobenzyl (PDB entry 2CB lysine
(PDB entries 40C0, 40C1, 40C2, 40C3, 40C4, 4BCBNGM, 4NGR, 4NGN, 4NGP, 4NGQ,
ANGS, ANGT* and 40ME®), (1H-1,2,3-triazol-1-yl)-1-carboxypentyl (PDB eies 2XEI, 2XEG,
2XEF, 2XEJ?) or analogue of-linked glutamate (PDB entry 3813.

1.2.2.3.2.3Potential S2 Site

Because of lacking structural data, the S2 sitei@naimino acid side chains cannot be conclusively
defined yet. However, based on the above mentistredtures of GCPII with MPE (analogue of
glutamylmethotrexate, PDB entry 3Bf1 see above for section 1.2.2.3.2.1) and withlaso-
carboran® inhibitor (PDB entry 40ME®), it can be at least speculated that the S2 digatrbe the
space which is occupied by the phenyl ring of MRPEhe carborane moiety, respectively, mainly
because it is located right next to the S1 sites itlistinct from any other pocket (see sections
1.2.2.3.2.4 through 1.2.2.3.2.5) and representzidde” between S1 and arene binding site which
is at the surface. If true, then it would be ddditeel by the side chains of Arg463, Glu457, Tyr700
and Trp541 and the backbone carbonyl of Lys207.

1.2.2.3.2.4Arene-binding Site Moieties

Binding of only one inhibitor moiety, dinitrophefyI(PDB entries 2XEF, 2XEG, 2XEl), to the
arene-binding site (ABS) (see section 1.2.2.3)ldeen characterized at the structural level (Figure
8). Although this distal moiety is attached to trea-based inhibitor via a linker composed of
different number of polyethylene glycol units, ttaitrophenyl moiety is always stacked between
the ABS residues Trp541 and Arg511. Arg463 wasedg to be also part of the ABSbut its
contribution to the overall binding seen in thekBe¢ X-ray structures, as assessed by distances
between the aromatic moiety and this amino acichdéarger than 4.0 A, is probably rather

marginal.

Interestingly, X-ray structure of GCPII in complexth MPE (unhydrolyzable analogue of FolGglu
see also above, 1.2.2.3.2.1, PDB entry 3BlIshows that the inhibitor's aminopterine moiety,
which is another aromatic moiety and would not gagoto be employing the ABS residues as well,
is somewhat disordered, lies outsite the ABS, atber marginally interacts with Trp541 only
(Figure 8).

Non-canonical binding of a moiety into the ABS Hhasen described in structural terms only

recently®. In this X-ray structure (PDB entry 4X3% a moiety composed of linearly connected
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pyridine, piperazine and benzene rings (“rigid dffnbinds to Arg463 and Arg511 in a standard
way, but to Trp541 only in way of T-shape stackinggractiof® (Figure 8). This moiety confers
extraordinarily high selectivity toward GCPII (ov&CPIll), the highest reported so fa(for a

guantitative information, see section 1.3.5).

Figure 8: The arene-binding site (ABS) of GCPII - suctural overlay of three known moieties targetingthe ABS.
The picture is rendered in cross-eye stereo reptatsen. The arene binding site amino acid residuggl63, Arg511
and Trp541 are shown as lines. Overlaid structaresderived from GCPII-inhibitor complexes depasitss PDB
entries 3BI1° (inhibitor is shown as green sticks; its namehibraviated as MPE and its structure is introducethé
section 1.2.2.3.2.1 with a stereo image), 4¥3ghibitor is shown as blue sticks; only one canfation of its
electron-dense part is shown) and 2XE@nhibitor is shown as pink sticks; its name idadviated as ARM-P4 and its
formula is introduced in the section 4.2.3). Arg46B8ns the ABS only marginally. Please note thdy dhe ARM-P4
inhibitor fits perfectly into the arene-bindingesitMPE lies even outsite of it, but at least intésavith the Trp541
residue. The image was created using PyMol

1.2.2.3.2.5Hydrophobic Accessory Pocket

Hydrophobic accessory pocket has been describeary structural studies of GCPUI It is the
space which is reported to become available whey536 transits to the "binding" conformatfon
from flopping between two conformations as seetheiligand-free structure of GCPII (the other
one called “stacking”, Figure 9A, PDB entry 20&7Tdn a concurrent shift of Arg463 from the
"down" to the "up" conformation enforced onlyby &hing of an adequate moiety into the
hydrophobic accessory pocket, as seen e.g. in stmnetures with inhibitof$ (and also PDB entry
ANGQY* (Figure 9B). If, on the other hand, inadequateenale binds, e.g. NAAG (PDB entry
3BXM®), then the hydrophobic accessory pocket does men e it remains half-closed by Arg463

in the "down" position (Figure 9C).
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ARG-463up

ARG-463 up Figure 9: The hydrophobic accessory
pocket of GCPII. All pictures are rendered
in cross-eye stereo representation. The
images were created using PyRol
Active-site zinc atoms are depicted as
FARG:534 purple spheres. Hydrophobic accessory
AnG.s36 pocket is formed by the residues Arg463
(conformations “up” and “down”), Arg534,
and Arg536 (conformations “binding” and
“stacking”). (A) In the ligand-free structure
of GCPIl (PDB entry 200%), the
hydrophobic accessory pocket is filled by
Arg536 itself, as it flips between “binding”
and “stacking” conformations. (B) If a
proper moiety engages the hydrophobic
pocket as seen with the here depicted
inhibitor (PDB entry 4NG{), both
Argh36 and Arg463 adopt the
conformations to maximize the available
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Binging “up”, respectively. (C) The hydrophobic
accessory pocket remains half-closed by

. Arg463 in the “down” conformation if

N some moiety, like here thecarboxylate of

o the N-acetyl aspartate moiety of NAAG

(PDB entry 3BXM®), engages the Arg536
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1.2.3.Physiological

Functions

ZN
ZN

GCPIlI has several enzymatic activities (see sestibr2.2.1.1 — 1.2.2.1.3), which makes it a

multifunctional proteif® having several physiological functions. The alseadown ones include
neuromodulatiott through cleavage of the neuropeptide NAA&nd the participation in the
intestinal absorption of dietary folic acid throudéglutamylation of provitamin forms of folic acid
(vitamin By)®*% GCPII is additionally expressed in normal andcesous prostate and tumour
neovasculature. However, the physiological roleG&PIl in these tissues still remains to be

elucidated (see section 1.2.3.3).

1.2.3.1.Neuromodulatory Function

In the tissues of the central nervous system, G@Péixpressed predominantly on astrocytés
from white matter, presumably on fibrous astroc}te®y hydrolyzing the most abundant

mammalian peptide neurotransmitter, NARGinto N-acetyl-L-aspartate and glutamate, it also
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elicits a neuromodulatory response because NAAGbkas shown to act as a selective agonist at
metabotropic glutamate receptor 3 (MGIURS™ (see also section below). This agonism of
NAAG at mGIuR3 is thought to serve to presynapljcathibit glutamate relea§®®* and thus,
more generally, to down-modulate neuronal actisige section below). Glutamate, if present at a
too high concentration in the extraneuronal spdasages neurons through their overstimul&tion
in a process called excitotoxicity or oxidative tglmate toxicity (see also section 1.2.3.1.3.1).
Expression of GCPIl in the white mafttralso colocalises with the site of maximal NAAG
concentration as quantified by nuclear magnetiorrasce (NMR). According to this approach,
NAAG is 1.5 - 2.7 mM in white matter compared t6 1.5 mM in gray mattéf.

For a certain period of time, it was believed tHAAG is a weak agonist (or even an antagonist) of
the N-methlyl-D-aspartate receptor (NMDAR), but theest view is that it was likely a mistdke

1.2.3.1.1 . Structural and Molecular Basis of the Down-modulatoy Function of
NAAG and the Activating Function of GCPII

To understand the neuromodulatory role of NAAG &B@PII, it is primarily necessary to
understand the role of glutamate. In the neurasali¢, glutamate functions as the main excitatory
neurotransmittéf°® and extracellular glutamate receptors are dividestwo groups, based on the
type of signal they elidi. Namely, the slow metabotropic glutamate recepim@IuRs) belonging

to class C G-protein-coupled receptdr€ (signal transduction through enzymatic activityyiahe
fast glutamate-gated ion channels (ionotropic remspiransducing signals through changing ion-
specific permeability of membran&$)The former group is further subdivided into thasses,
group | (includes mGIuR1/5), group Il (mGluR2/3)dagroup Il (MGIuR4/6/7/8), the latter
constitutes of NMDA (N-methlyl-D-aspartate), AMPA (2F)-2-amino-3-(3,5-dioxo-1,2,4-
oxadiazolidin-2-yl)propanoic acid)] and kainate epmr®. mGIluRs can also form specific
heterodimers which increases the overall compl&Xity

Excitatory pathways are functionally opposed, besid.g. by the inhibitory-aminobutyric acid
(GABA) recptoré®>™> also by the above mentioned agonism of NAAG atluRG® (see also
below). This function correlates well with the ldzation of Group Il mGIuRs (mGIuR2/3) which
are located mostly presynaptically and their fusretis to inhibit neurotransmitter releaS€® and

to induce long-term depression (LTPYf excitatory synaptic transmission (see alsousglo

The effect of NAAG agonism is a generally believehd experimentally supported
phenomenoti®%""""®hat is considered neuroprotective (see sectigr81.3.1). However, there
are two serious conceptual problems: (1) mGIuR8, tdrget receptor of NAAG, is a glutamate
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receptor with reported affinity for NAAG in the g 65uM (ECso) to > 1 mM (K)*""°and affinity
for glutamate in the range 41 AMK,) to 58 nM?° (EGso), whereby the extraneuronal glutamate
concentration is maintained usually in the ran@eﬂumoI/LSI. (2) In rats, agonism of NAAG also
at the mGIUR2 has been reported, witk aalue of 134uM®?, whereby binding at mGIuR2 is 12-

fold weaker than on mGIuR3

Moreover, one study even claims that NAAG is notigonist of human and rat mGIuR3 receftor
and concludes that the agonist effect observed anynstudies is only the effect of glutamate
impurity in the NAAG preparations containing usyaround 0.4 —0.5 % glutamate (which means
that a 68uM NAAG concentration is in fact 0.24M glutamate, a concentration which is several
orders of magnitude above the glutamatéjsvalue and accordingly high enough to elicit an
agonistic effect, see above). This study, howedescribes a weak effect of 1 mM NAAG at
MGIuR3 and does not dissect whether this is trecetif some residual glutamate, which is present
even after a thorough purification, or the effetNAAG itself. Taken together, affinity of NAAG

to mGIuR3 in the millimolar range still cannot beckided and it may be the reason why there is
still no structural information about this interiact

In summary, the physiological role of NAAG's agoniat mGIuR2/3 (group Il) seems to be down-
modulation of synaptic activity, hence GCPII isuaily an activating protein. The idea of such a
function is further supported by the localisatidmuGluRs: mGIuR2/3 (group 1l) are localised on
the preterminal axdn or postsynapticalfy (mGIUR3 presynaptically, mGIuR2’s directly on the
presynaptic membrane of the synaptic &RftmGIuUR1/5 (group 1) perisynaptically on the
postsynaptic membraffe and mGIuUR7/8 (group Ill) synaptically on the pneaptic
membran®.This likely means that this localisation patterh mGIuRs may serve to make a
presynatic neuron terminal to become less excitaialegroup Il and 1l mGluRs and to make the
postsynaptic membrane more excitable via group IUR& (see above). On top of that, NAAG is
synthesized in neurons, astrocytes and microgffafrom NAA and glutamate by recently
identified ATP-dependent enzymes (see section 1.2)3 Moreover, the concentration of NAAG
might reflect the function of mitochondffaat least for three reasons: (1) The rate of sgishof
NAA is tightly coupled with neuronal glucose metism®®, (2) NAAG is present at ~ 10 % of the
NAA>® and (3) the concentration of NAA in neurons is-120 mM>%® (second highest of all
amino acids in CN%). Also, high NAA concentration in Canavan dieseaae hereditary
aspartoacylase deficiency, is connected with NAAGdwia®. As already mentioned above,
NAAG's affinity to mGIuRS3 is rather low (66M - > 1 mM), so its down-modulatory effect might

become noticeable when the neuronal viability igsalhigh (concentrations of NAA and NAAG are
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high) and may simply represent a mechanism of mpt@vg neuronal overactivity.
Correspondingly, the concentration of NAA is difgctrelated to neuronal function and

55,86-90

viability and inhibition of GCPII shows beneficial effectsvarious neurological conditions

(see section 1.2.3.1.3).

mGIuR3 receptors are expressed also on astr§2yted activation of astrocytic group Il mGIuRs
on glial cells increases the release of transfogngrowth factor (TGF{3, cytokine involved in
tissue repaif) which in turn exerts a neuroprotective efféét ¢ Because, throughout the brain,
the concentration of NAAG varies more than thaléfA (which is rather constarif)and increases
caudally proceeding from cerebrum to spinal édfthesides the above mentioned difference in
white versus gray matt€r see 1.2.3.1), the TGFpathway triggered by NAAG likely represents a
functionally related requirement for highly neurofactive conditions for the spinal cord and brain

stem

1.2.3.1.2NAAG is a Neurotransmitter

NAAG is distributed throughout neurons, includingas and synaptic termindfs® It is present
also in synaptic vesicles and released from axonieé following initiation by an AP in a C&

dependent mann&®® Transport of NAAG into synaptic vesicles is medihby sialifi’. NAAG is

synthesized by NAAG synthetase | (NAAGS®f}® and NAAG synthetase II (NAAGS ff} and
synthesis is performed primarily by neurdhéut also by oligodendrocytes and microgfia

After its release into the synaptic cleft, NAAG foems its neuromodulatory function (see sections
1.2.3.1and 1.2.3.1.1) and is degraded by GCPII.

1.2.3.1.3Inhibition of GCPII in Various Neurological Conditi ons

In the CNS, NAAG probably serves to down-moduldite heuronal activity (see sections 1.2.3.1
and 1.2.3.1.1), and this is why inhibition of GCBHows beneficial effects in several acute and
chronic conditions, e.g. traumatic brain injthryschizophrenia, addictive disorders, depression,
epilepsy and paffi. Until recently, testing of GCPII inhibitors waisnited to unpractical methods
of administration (parenterd) because there were no orally available onesekample, 2-PMPA

is a 0.275 nM inhibitd¥*° but is not orally availabfé However, esterification of polar groups of a
drug may increase its oral availabifity’* and diesterification of the GCPII inhibitor ZJ*43
warrants effective oral availabil{t}’. For now, the focus is thus to synthesize somiyaamailable
prodrugs of already known and potent GCPII inhitsitevhich would enable testing and possibly

the use even in humans.
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1.2.3.1.3.1Traumatic Brain Injury

In accordance with the down-modulatory functionNAAG and the up-modulatory function of
GCPIl, inhibition of GCPII by 2-PMPA, ZJ-43 or pmgs of ZJ-43 robustly protects against

ischemic brain injur§"8103-108

The mechanism of action, by which neuroprotectiontfaumatic brain injury) is achieved by
inhibiting GCPII, is believed to be mediated by gwal mGIuR$**'%’ although tests in group II
mMGIuRs knockout animals have not been done yet. ilbeased NAAG concentration then
decreases glutamate release via mGIfR8ounteracting the glutamate excitotoxicity sean i

traumatic brain injur}f®*°

1.2.3.1.3.2Schizophrenia

Preliminary experiments with a non-genetic modelsofiizophrenia in mice came up with the

evidence that inhibition of GCPII might be beneficlso in schizophrenid.

Genes related to schizophrenia have been knowalfwst a decad€? and they encompass, inter

alia, glutamergy-related genes, including the gading for mGluR% 14113

1.2.3.1.3.3Drug Addiction

It has been convincingly shown that NAAG and 2-PMimhibits intravenous cocaine self-
administration in rat*. However, drug addiction seems to be a more comutenomenon linked

to a variety of receptors including not only mGluB® also mGIuR2®. For example, an earlier
study shows that mGIuR2 knockout mice enhancedspaed to cocaifé Finally, NAAG's
affinity to mGIuR2 has been quantified only in rés®e 1.2.3.1.1), and also other mGIluRs are
involved in drug seeking behaviStir

1.2.3.1.3.4Depression

One NMR study reports that in patients with treattwresistant depression, an increase in NAA
was detected in the left amygdalar region aftercessful treatment with electroconvulsive
monotherap¥. This conclusion means that depression might beuryether neurological condition
in which production or concentration of brain NAAXNG is decreased (see section 1.2.3.1.1) and

that GCPIl might be a drug target for this condfitas well.
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1.2.3.1.3.5Epilepsy

At the genetic level, epilepsy has been linked do thannefd® and excitatory amino-acid
transporter 1 (EAACT}. Epilepsy can also occur after traumatic brainurylf*®, during
ageind*®*®or as a consequence of a brain tumor or alcolbbang abuse. Additionally, oxidative
stress is increasingly accepted as an importanorfac epilepsy?* and knockout of EAACL in
rats'’ produces epileptic phenotype which highlights ih®ortance of maintaining proper
glutamate level in the extracellular compartmenbiain. In agreement with the down-modulatory
function of NAAG, inhibition of GCPII protects micagainst cocaine kindled seizuf@sEpilepsy

is therefore another neurological condition whidlgimh be ameliorated by inhibition of GCPII.

1.2.3.1.3.6Pain and Peripheral Neuropathy

123 which s,

Inhibitors of GCPII have also been successfullyeésn animal models of pdl
moreover, in agreement with the observations tgahists at group Il mGluRs can also be used to
manage paftl. Inhibition of GCPII has already shown promisimgults also in treating peripheral

neuropathy in animal modéfs?41%

1.2.3.1.3.7 Anxiety

Because group Il mGIuRs (mGIuR2/3) are involvedaitiety®'?® inhibition of GCPII might

become therapeutically significant also for thiadition.

1.2.3.1.4ANAAG Seems to be Important for Intelligence

Although the relationshiop of NAAG and intelligenbas not been thouroughly studied yet, there
might be some because it has been shown using NidRthere is a connection between NAA
(precursor to NAAG) concentration in the brain antelligencé®*?"'?8and that both lower and
higher concentration of NAA in specific brain reggocan predict higher intelligerféesee also
section 1.2.3.1.1). Furthermore, patients with ipldtsclerosis exhibit lower level of NAAG in the
hippocampus and cognitive impairment whereby tiébition of GCPII is being investigated as a

possible treatment for cognitive impairment>

1.2.3.1.5Concerns about the Inhibiton of GCPII

Inhibition of NAAG has been considered a potentiahdidate for becoming one of the general
procedures for the treatment of acute brain injisge sections 1.2.3.1.3 and 1.2.3.1.3.1). As
mentioned above (sections 1.2.3.1.3.2, 1.2.3.88B1.2.3.1.3.6), inhibition of GCPII might also

be relevant for treating schizophrenia, drug adusiicor pain.
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However, the way of GCPII inhibitors to clinicalgatice may be longer than initially thought. For
example, in individuals with genetically disruptedpartoacylase (enzyme hydrolyzing NAA to
aspartate and acetate, see section 1.2.3.1.1¢ themn increase in NAA®® (and likely also in
NAAG® as evidenced by NAAG acidurfa and a decrease in oligodendrocyte-mediated axon
myelinatiorr>®* which indicates that inhibition of GCPIl might rezk neuronal myelination.
Similar indications arise from two cases of an wwn severe CNS disorder accompanied by
increased NAAG concentration in cerebrospinal flvath intact GCPII) and by almost complete
absence of cerebral myelinatidh On the other hand, GCPIl knockout mice showedd mil
phenotypes of decreased anxiety and increased ifutale and increased mean arterial blood
pressure arld However, they exhibited reduced myelin sheathsdiameters of axons of periferal
nerved’ (whereby myelination of CNS was not investigated).

Should long-term administration of GCPII inhibitor®t be possible for the above mentioned
reasons, the desirable down-modulatory effect atuR®& (or perhaps on the whole group Il

MGIuRs, see sections 1.2.3.1.1 and 1.2.3.1.3.3)trbig better achieved by direct group 1l selective
agonist&’, although differentiating between mGIluR2 and 3hhige difficult or not possibté®

1.2.3.2.Absorption of Provitamin Forms of Vitamin B4 (Folic Acid)

Through its folyl-polyy-glutamate carboxypeptidase activity, GCPII releagee folic acid®
which is then ready to be absorbed in the smadkinte.

1.2.3.3.Unknown Function in Prostate Cancer, Tumor Neovasdature and

Other Tissues

Many proteins have multiple functions and GCPlhésexceptiorf. Besides its known funtions as
NAAG and FolGly hydrolase, there are likely two more functionsbt elucidated - in prostate
(2.2.3.3.1) and in tumour neovasculature (1.2.3.82function in other tissues remains unresolved
(1.2.3.3.3).

1.2.3.3.1 Prostate Cancer

MRNA level of GCPII (PSMA) shows the highest relatiexpression in normal prostate (with
approximately 10-fold lower expression also in tiiddney and brairtf*2 Its expression increases
manyfold in prostate canc¢éand is down-regulated by dihydrotestostefoferther, its expression
increase$'***3during antiandrogen therapy, which is used foattrent of prostate can¢&l and

is the highest in androgen deprived stat@is led to the idea that GCPII could be a siitab
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clinical marker for high-grade prostate carcinomasd a target for therapeutic molecular
addressintf. Furthermore, prostate tumors, as they progress, to lose its tissue-specific antigens
called prostate specific antigen (PSA) and prastatidic phosphatase (PAP), while GCPII is
usually still expresséd so this allows for GCPII to be currently explo@sia target for molecular

probes exploiting a very recent technological adeancombined positron emission tomografy and
magnetic resonance imaging scanners (PET/MRIFor example, it was easier to distinguish a
prostate cancer metastase to bone using PET/M&imparison to the combined positron emission
tomografy and computer tomography imaging (PET/&TImaging using probes for PET/CT is

also being testédf*”

Finally, it has been reported that GCPII increadesadhesion of prostate cells on bone marrow
matrix>®. This was the first evidence providing a possiglanation why prostate cancer cells

metastasise to bone.

1.2.3.3.2Tumor Neovasculature

Using the 7E11-C5.3 antibody (which binds the icetlular epitope MWNLLH®), it has been
shown that GCPII is expressed also in tumor-asttiaeovasculature but not in normal tissue
capillarie3®®. In accord with this finding, GCPIlI knockout micghow severely impaired
angiogenesfé’. The exact biochemical role of GCPII in tumor neswlature and angiogenesis

remains, however, elusive.

1.2.3.3.30ther Tissues

At the mRNA level, GCPII shows relatively high egpsion, besides the prostate, also in liver and

kidney'®. The function in these tissues has yet to be @dtied, too.

1.2.3.4.Controversial Physiological Effects of the GCPII Hs475Tyr
Polymorphism

His475Tyr is a naturally occuring human polymorphi&. Originally, it was believed that this
polymorphism is associated with impaired intestiaorption of dietary folat&8, but a plethora

of follow-up studies brought only contradictory a@aFor example, some studies were claiming that
His475Tyr polymorphism is linked neither to folater to homocysteine concentration in bl&d

145 (600-1900 subjects per study), while another s{@¥p0 subjects) concluded that His475Tyr is
associated with higher folate and lower homocystéiood level§’. Furthermore, one recent study

claims that the His475Tyr polymorphism is assodatith depressive symptort
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1.2.4.Paralogs of GCPII - GCPIIl, NAALADase L, PSMA-L

In humans, there are twelve paralogs of GEPAmong the most known are GCPIII, prostate
specific membrane antigen like protein (PSMAL), ¢etylateda-linked acidic dipeptidase-like
protein (NAALADase L), N-acetylated-linked acidic dipeptidase-like protein 2 (NAALAD&as
L2), plasma glutamate carboxypeptidase (PGCP),sfieaiin receptor protein 1 (TfR1) and

transferrin receptor protein 2 (TfR3)

Interestingly, structure and function of NAALADasehas been elucidated very recently. This
dizinc metallopeptidase serves in the human ilesnara aminopeptida§8 NAALADase L2, in
contrast to GCPII, is expressed not apically, buha basal surface, where it enhances attachement

to the extracellular matrt®. PGCP was recently shown not to cleave NAKG

1.2.5.0rthologs of GCPII

Orthologs of GCPII are present in most of animadcsps, for example in mouse, rat and pig, but
not in plants or yeakt In these animals, GCPII shares >90 % sequend&stywith the human

variant*,

1.3.Glutamate Carboxypeptidase Il

Glutamate carboxypeptidase Il (GCPIII), similartyGCPII, is also known under several names.
These other names include N-acetylatdohked acidic dipeptidase Il (NAALADase ll),
citrylglutamate hydrolase arfdcitrylglutamate hydrolase. However, the lattethis most relevant
becausg-citryl-L-glutamate (BCG) is the primary substréoe GCPIIF.

1.3.1.GCPIIl Gene

The coding DNA sequence of GCPIII is localisedhe 11q14.3-g21 locts

1.3.2.GCPIIIl mRNA

MRNA in different tissues has been quantified byerse transcription polymerase chain reaction
(RT-PCR) only in mouse, showing highest expressiorestes, uterus, bladder and IEingn
earlier study based on northern blot analysis amePRR found the highest level or mRNA in
mouse testes and ovaty In mouse brain, the level of mMRNA of GCPIII irabr is approximately
two fold higher in neurons than astrocytegwhich stands in contrast to GCPII found primadly

astrocytes, see section 1.2.3.1).
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Northern blot analysis of human tissue samples sdomighest expression in testes as We#nd

low expression also in ovary, spleen, prostatertiza placenta?

1.3.3.GCPIIl Protein

GCPIIl shares 67 % sequence identity and 81 % segusimilarity to GCP1f? and, as it is the
case for GCPII, N-glycosylation is important fos ienzymatic activiyf. In analogy to GCPII,
GCPIll is predicted to be a type Il transmembrarsggin. Amino acids 9-31 are predicted to be the
transmembrane part, so the most of its part is likely exposed to éx¢racellular environment.
Because enzymatic activities (see section 1.3I&a¥¢ only recently been characterized, there is no
enzyme commision number assigned to it yet. Becafiie similarity to GCPII, both at sequerfite
and structuraP® level, GCPIIl might be also active only as a dirf&e section 1.2.2). The main
characteristics of GCPIIl, making it quite diffeteflom GCPII, is its loose binding of ZI2.
While GCPII binds both its zinc atoms so tightlytlheir occupancies are 100%occupancy of
the co-catalytic Zn2 in GCPII is in the range 0:4580"° and it is speculated that this is the reason
why GCPII cleaves its substrates independently efaim, while GCPIIl in a metal-dependent
mannef® (see also section 1.3.3.1).

1.3.3.1.Enzymatic Activities

GCPIIl was first shown to hydrolyze N-acetyl-L-agykL-glutamate (NAAG]>? to N-acetyl-L-
aspartate (NAA) and L-glutamate, and lafecitryl-L-glutamate (BCG)® to citrate and L-
glutamate, whereby, somewhat paradoxically, BCGHeen known since 1978 Initially, it was
incorrectly believed that GCPIII possesses alsemtifylpeptidase IV-like activify? but this idea
has been disproven several years fatg8CPIIl hydrolyzes its substrates in a metal-delpan
mannef® and the proposed reason for this is a lower ocupaf the Zn2 atom of GCPIII (see
1.3.3f. The proposed reason for this is the only diffeeerof the active site of GCPIIl in
comparison to GCPII - GCPIII has a serine in theifmm 509, while GCPII has an asparagine at
the corresponding position (5£9Asn519 is able to stabilize the Zn2-binding Asp4% a chelating
distance, while Ser509 cannot, leaving the cormediog Asp443 in two conformations (PDB entry
3FF3)*. The translational freedom of Asp443 results alsoa lower occupancy of the
neighbouring chlorine ion (70 98). This represents a difference to GCPII where tiierme atom

and the dizinc cluster have a 100 % occupatity
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1.3.3.1.1 BCG-hydrolyzing Activity

As mentioned in the section 1.B;citryl-L-glutamate (BCG) hydrolyzing enzyme hasehe
discovered already three decades ago, but it dmlascribed to a particular protein sequence only
recently. What is interesting and unique about the BCG tiyding activity is the fact that it is
metal-dependent (as shown using mouse GCBIII) contrast to NAAG hydrolyzing activity (see
below, section 1.3.3.1.2), BCG hydrolysis is md&ative when GCPIIl is saturated with calcium
and it is also approximately two fold lower when R is saturated with manganese(ll) iBigsee

previous section 1.3.3.1).

The calcium-dependent hydrolysis could be physichity relevant , because GCPII likely acts at
the cell surface (see section 1.3.3) or inside sorganelle, where calcium concentration is around
2.5 mM, and also because this activity the highestvalu€. However, it is only a working
hypothesis as it is still not known where GCPIllpiesent at the protein level (see also section
1.3.4).

1.3.3.1.2NAAG-hydrolyzing Activity

GCPIIl hydrolyzes N-acetyl-L-aspartyl-L-glutamatéXAG)?**>2 This activity might compensate
for the missing activity of GCPII and account fbetmild phenotype of GCPII knockout mié&™*
because the overall catalytic efficiency is appmedely three fold lowéP (these mice have only
significantly increased blood pressure, see secti@3.1.5). pH optimum of this activity lies
around 8.5°.

Similarly to BCG-hydrolyzing activity, also NAAG ldyolysis is metal-dependent. There is,
however, a difference in the preferred metklg.of NAAG hydrolysis is enhanced in the presence
of manganese(ll) cations so that it reaches a \afl@@proximately 0.8°52, while, in contrast, it is
reported to reach an approximately hundred timegeidovalue in the presence of calcfunin
comparison to BCG, NAAG-dependent preference fdciwan is thus the opposite (see above,
section 1.3.3.1.1).

1.3.3.1.3FolGlu,-hydrolyzing Activity

So far, nothing has been found out about a posBiilBlu, hydrolyzing activity of GCPIII.
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1.3.3.1.4NAAG2-hydrolyzing Activity

NAAG?2 hydrolyzing activity has been investigatedyofor mouse GCPII and lll. It has been only
found out that mouse GCPIIl may be able to hyd®IWAAGZ2®, but no kinetic parameters are

available yet.

1.3.3.2.X-ray Structure

There are only four X-ray structures of GCPYil The structures of GCPII and IIl are very similar.
Importantly, the active site residues and zinc atimey amino acids His367, Asp377, Glu41s5,
Asp443 and His543 of GCPIII correspond to GCPllatlyaboth in terms of identity and structure
(for GCPII, the zinc chelating amino acids are Hig3Asp387, Glu425, Asp453 and His553). The
main functionally related structural differenceveeén GCPIIl and Il (mentioned already in the
section 1.3.3.1) is GCPIII's flexible Asp443 andhsequentially lower occupancy of the active-site
zinc atom Zn2 (approx. 0.45-0.80 instead of 1.Ghse GCPIIJ>. GCPII, in contrast, features a
rigid Asp453 firmly chelating Zn?2. The flexibility of GCPIII's Asp443 is made poskibby a
Ser509 instead of GCPII's Asn519 which abolishégydrogen bond between Asp453 and Asn519
and makes the Asp443 free to adopt two conformstfeee 1.3.3.1). This view is also supported by
site-directed mutagenesis transforming GCPIII it&LCPII” (Ser509Asn) and vice versa GCPII
into "GCPIII” (Asn519Se#.

As opposed to GCPII for which the X-ray structuffetiie complex with its substrate NAAG is

available, such a structural information about GOBRInot available yet.

1.3.4.Physiological Function

Physiological function of GCPIII is not known. Litad information is available also on the tissue
distribution of the protein. This is given by GCRIlhigh sequence identity and similarity to
GCPI*>? which complicates the production of any GCPIIl<sfie antibody. The only method how
to detect GCPIIlI at the protein level is to invgate tissues lacking GCPII using an antibody
against GCPII which is cross-reactive to GCPII Other approaches include investigating the
tissue distribution of GCPIII using a GCPII antilyodd a GCPIl knockout animal (see below) or
determining the BCG-hydrolyzing activitysee below, 1.3.4.1).

1.3.4.1.Tissue Distribution of GCPIIl in Animal Models

Before it became generally known that BCG is theciiz substrate of GCPfil the tissue
distribution of GCPIII at the protein level coulé mvestigated only in GCPII knockout mice using
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NAAG hydrolyzing activity assay. This pioneeringoapach revealed that the expression of GCPIII
was the highest in brain, spinal cord, kidney aiveért>* (other tissues were not examined).
Although GCPII knockout in mouse does not alter é&xpression level of GCPIII in brain as
measured by mRNA', the above mentioned tissue distribution of GCRIIIGCPII knockout

mouse might be of limited relevance because thekod itself might change the expression

profile of GCPIII in all other tissues (wherebyglguestion has not been rigorously addressed yet).

Using the specific substrate of GCPIB:citrylglutamate hydrolyzing (BCG,), it has been
discovered that the distribution of BCG-hydrolyziactivity in lysates of mouse tisslesverlaps
with the previously published tissue distributiorasured by Northern blot analysisand also
with the mRNA profile of GCPIfi, showing the highest expression/activity in testeerus and
bladde?.

In 1982, the tissue distribution of a citrylglutamaydrolyzing enzyme in rats has been publiéhed
According to this study, the expression of theyfgiutamate hydrolyzing enzyme was highest in
tested. However, it is has not been published until nolether this enzyme was the rat orthologue
of GCPIII.

1.3.5.Inhibitors

Specific inhibitors of GCPIII are not available hese GCPII and 11l differ so slightly (see section
1.3.3.1) that they show a very similar inhibitompfile’*%**"*? However, there are already GCPII-
selective inhibitor§. The selectivity of one of them (6600 times maekestive to GCPff) makes

it possible to inhibit GCPII while preserving thetative activity of GCPIII.
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2. AIMS OF THE STUDY

Design and analyse novel inhibitors of GCPII patiyt crossing blood-brain barrier.

Structurally and biochemically characterize theylfgloly-y-L-glutamate carboxypeptidase
activity of GCPII.

Compare folyl-polyy-L-glutamate carboxypeptidase activity of GCPII &GPlIIl.

Find and characterize a specific substrate of GGRIdl analyze its distribution in human

tissues.

Find structural explanation for the distinct spedés of GCPIl and GCPIIl and for the
metal-dependent hydrolytic activity of GCPIII (ludt GCPII).
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3. MATERIALS AND METHODS

3.1.Chemicals, Other Materials, Instrumentation and Sofware

3.1.1.Chemicals

Affymetrix

octaethylene glycol monododecyl ether

Bio-Rad

AG 1-X8 resin, Protein Assay Kit cat # 5000006, d&ien Plus Protein™ All Blue Prestained
Protein Standards

Biotica

Ampicillin

Biotium Inc.

nucleic acid gel stain GelRed™

Chemapol

potassium chloride

Combi-Blocks

D-biotin

Duchefa Biochemie
4-morpholinopropanesulfonic acid

Exbio

antibody GCPII 04

Finnzymes

Phusion High-Fidelty DNA Polymerase

Fisher Chemical

Acetonitrile

Fluka

N,N’-Methylenebisacrylamide

Generi Biotech

oligonucleotides

Hampton Research

Izit Dye, 50 % v/v Pentaerythritol propoxylate
Invitrogen

agarose, Hygromycin B

Laboratory of Radioisotopes at IOCB

[*H] B-citryl-L-glutamate, TH]N-acetyl-L-aspartyl-L-glutamic acid
Lab-Scan

Methanol

Lachner

silver nitrate, sodium phosphate dibasic, sucrose
New England Biolabs

restriction endonucleases, T4 ligase

Penta

acetic acid, chloroform, ethanol, formaldehyde,nfior acid, glucose, isopropanol, hydrochloric
acid, phosphoric acid, potassium hydroxide, potmssphosphate monobasic, sodium acetate,
sodium chloride, sodium hydroxide

Pharmacia
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0.20 M sodium borate buffer pH 10.0

Promega

Pfu DNA polymerase, Tris Base

Roche

Protease Inhibitor Cocktail Tablets cOmplete EDTéef

Roth

scintillator Rotiszint® eco plus

Schircks Laboratories

pteroyldiv-L-glutamic acid, pteroylheptgl-glutamic acid (ammonium salt), pteroylhexd-
glutamic acid (ammonium salt), pteroylpenta-glutamic acid, pteroyltetra-L-glutamic acid,
pteroyltri-y-L-glutamic acid

SDT

Cassein Buffer

Serva

agarose, ammonium persulfate

Sigma-Aldrich

acetonitrile, ammonium iron(ll) sulfate, ammoniumrgulfate, L-aspartic acid, BIS-TRIS propane,
bovine serum albumin, calcium chloride, citric acbbalt(ll) chloride, copper(ll) chloride,
copper(ll) sulfate, dimethyl sulfoxide, ethylenadiaetetraacetic acid, folic acid, L-glutamic acid,
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfoacid), Kit for Molecular Weights 14,000-
500,000 Non-denaturing, LB Agar, lithium chloridanagnesium chloride hexahydrate,
manganese(ll) chloride, 2-mercaptoethanol, methaBamnercaptopropionic acid, N-acetyl-L-
aspartyl-L-glutamic acid, oligonucleotides, orthtgdaldehyde, PEG 3350, PEG 8000, phenol
solution cat # P4557, potassium acetate, potasshdonide, pteroic acid, RNAse A, sodium azide,
sodium carbonate, sodium dodecyl sulfate, Syprax@rdrotein Gel Stain, trisodium citrate, Triton
X-100, Trizma® base, Trypan Blue, zinc chloride

Thermo Scientific

Albumine Standard cat # 23210, anti mouse antiltumgeradish peroxidase conjugate cat # 31436,
Casein Blocker cat # 37532, SuperSignal® West [BExi@nded Duration Substrate cat # 34076,
NeutrAvidin-HRP conjugate

Top Bio

dNTP

usB

Tween 20

VWR

Acetonitrile

3.1.2.0ther Materials

0.22um column pre-filter, 2.1 mm (Waters)

0.22um nitrocellulose and PVDF membranes for filteriMgetck Millipore)
12-channel pipette 2 - 20 neo (Gilson)

12-channel pipette 20 - 2@ C200-12 (Capp)

12-channel pipette 20 - 2@d neo (Gilson)

15-Well Plates EasyXtal (Qiagen)

35 mm culture dishes (Nunc)

96 U-shape well plates (P-lab)

96 well crystallization plate for sitting drop vapadiffusion MRC 2 Well Swissci UVP (Hampton
Research)

affinity tag AviTag™ (Avidity)
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Amicon® Ultra 0.5 mL (Merck Millipore)

Calcium Phoshpate Trasfection Kit (Invitrogen)

chromatography paper (Whatman)

column Acquity UPLC HSS T3 1.8 um, 2.1 x 100 mm {#va Corporation)
column HiLoad™ Superdex™ 200 10/300 GL (GE Healtara
column HiLoad™ Superdex™ 200 16/600 prep grade f@Blthcare)
competent cells E. coli DH5(Novagen)

competent cells E. coli TOP 10 (Invitrogen)

cryogenic vials 1 ml (Corning)

CrystalSupports EasyXtal (Qiagen)

crystallization plates EasyXtal 15-Well (Qiagen)

crystallization screens JCSG+ Suite, PACT Suitagemn)

dialysis devices Slide-A-Lyzer™ MINI (Thermo Scidia)

disposable gravity-flow columns (Thermo Scientific)

DNA electrophoresis Owl™ EasyCast™ B2 Mini Gel Etephoresis System (Thermo Scientific)
Drosophila Schneider’s S2 cells (Invitrogen)

eppendorf tubes 1.5/2.0 ml (Sarstedt)

falcon tubes 15/50 ml (Sarstedt)

fetal calf serum (Sigma-Aldrich)

hemacytometer Bright-Line® (Reichert)

Human MTC Panel | and Il (Takara Bio)

LabScale TFF (Merck Millipore)

LightCycler® 480 Sealing Foil (Roche)

medium Sf-900 Il (Gibco)

MilliQ deionized water (Merck Millipore)

motorized repetitive dispenser Repetman® (Gilson)

nitrocellulose membrane (Merck Millipore)

pCoHYGRO vector (Invitrogen)

PCR 12-strips (BlIOplastics BV)

PCR tubes Axygen® (Corning)

pH indicator paper strips (Lachner)

pMT/BiP/V5-HisA vectors (Invitrogen)

QIAprep® Spin Miniprep Kit (Qiagen)

QIAquick Gel Extraction Kit (Qiagen)

Repetman® tips (Gilson)

scintillation vials Macro 20 mL (Karell)

sealing tape HDCLEAR (Shur Tech Brands, LLC)

spinner flasks (Corning or Bellco Glass Inc.)

Stratagene QuickChange™ Site-Directed Mutagenesisak#200518
Streptavidin Mutein Matrix (Roche)

ultrafiltration module Pellicon XL Biomax 100 (MdtdMillipore)
VanGuard™ HSS T3 1.8 um pre-column for Acquity URtdlumns, 2.1 x 50 mm (Waters)
western blotting detection reagent Luminata™ Cnedoe Western HRP Substrate (Merck
Millipore)

3.1.3.Instrumentation

adjustable angle rotating shaker LD79250112 (Kigketech)
centrifuge Beckman Allegra X-15R (Beckman Coulter)
centrifuge Eppendorf 5415 R (Eppendorf)
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centrifuge Heraeus Biofuge Pico (Heraeus Instrusm&mbH)
centrifuge Heraeus Megafuge 2.0R 8106H (Heraeusumgnts GmbH)
centrifuge Heraeus Multifuge 3SR (Heraeus Instrusi@mbH)
centrifuge IEC CL10 (Thermo Scientific)

ChemiDoc-It™ Imaging System (UVP)

CQO; incubator MCO-17Al (Sanyo)

crystallization robot Model 620-1000-10 (Art Robbimstruments)
electrophoresis unit for polyacrylamide gels MigBiyalll 1l (GE Healthcare)
Environmental Shaker Model 10X 400 (Sanyo Gallenk&hC)
HPLC Akta Purifier™ 10 (GE Healthcare)

incubator IPP400 (Memmert)

Labo Autoclave (Sanyo)

LAS-3000 Imaging System (Fuiji)

LightCycler®480 Il (Roche)

liquid chromatograph Agilent 1200 and Agilent 138@ilent Technologies)
magnetic stirrer KMO 2 basic (IKA)

magnetic stirrer RCT basic (IKA)

magnetic stirrer RCT standard (IKA)

mass spectrometer Agilent 6224 TOF LC/MS (Agileatfnologies)
microscope Eclipse TS100 (Nikon)

mixing block MB-102 (Bioer)

mixing block Thermomixer Comfort (Eppendorf)

orbital shaker Innova44 (New Brunswick)

orbital shaker KS 260 basic (IKA)

pH meter pH 50 (XS instruments)

plate reader Infinite M1000 (Tecan)

rocker Sky Line DRS-12 (Elmi)

sonication bath Kraintek 12 (Kraintek)

sonication bath S 30 Elmasonic (Elma)

spectrophotometer NanoDrop ND-1000 ( Thermo Sdiehti
spectrophotometer UNICAM UV 500 (Thermo Electrorr@wation)
thermal cycler TGradient (Biometra)

tissue lyser TissueLyser Il (Qiagen)

Tri-Carb 2900TR (Perkin Elmer)

vacuum freeze dryer Labconco catalog number 77585dconco Instruments)
vacuum freeze dryer LD plus (Christ)

vortex LTM2 (Vyvojové dilnyCSAV)

vortex MX-S (Dragonlab)

water bath (Grant Instruments)

water bath TW8 (Julabo)

wet blotting unit Mini PROTEAN® Tetra Cell (Bio-Rad

3.1.4.Software

AMBER 8.0

CASTDp online tool for analysis of protein cavitigstp://cast.engr.uic.edtr®
Caver plugin for Pymdf’

CCP458—160

ChemDraw 13 (Perkin Elmer)

ComQunt®*
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Corel Draw (Corel Corporation)

GraFit 5 (Erithacus Software Ltd)

Image J (National Institute of Health, USA)
ImageQuant TL 2003.02 (Amersham Biosciences)
Mapmask®

Microsoft Office 2003/2010 (Microsoft)

Molrep158,159,162

Phaser’®

Phenix®

PyMol*®

Refmac®°:1®

TurboMole 6.6 suite’
Vector NTI 11 (Invitrogen)
Wincoot®®

XDSlGQ,l?O

3.2. Methods

This section describes common methods and modd@dmom methods in brief and methods

developed in our laboratory, being a basis forfitdings introduced in this thesis, in detalil.

3.2.1.Preparation of Recombinant DNA

Agarose Gel Electrophoresis

For analytical and preparative purposes, DNA oénest was subjected to common Tris-Acetate-
EDTA buffered (TAE) 1 % agarose gels pre-mixed wikelIRed according to manufacturer’s

instructions. The electrophoresed DNA gel was thisunalized using ultraviolet light.
Treatment of DNA with Restriction Endonucleases

For verfying whether a specific mutation was introeld into a vector, acquiring a specific stretch
of DNA coding for a protein (,insert”) or demethtilan of DNA, restriction endonucleases were

used. DNA was treated with them according to mastufar's instructions.
Gel Extraction

To purify an insert for re-ligation into a vector ioterest, a vector or a PCR product, the vector
cleaved by two restriction endonucleases was DN&tadphoresed and the corresponding band cut
out under UV light. Afterwards, the gel or the P@Rduct was treated using the QIAquick Gel
Extraction Kit according to manufacturer's instioos to obtain the pure insert or vector or PCR

product. Its concentration was assessed using ngmsg@ectrophotometer.

Ligation
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Purified inserts were ligated into the vector afenest using the T4 ligase overnight at 16.0 °C.

Typical volume was 2Ql and the ratio insert to vector varied from 0.64Lt6.
Transformation of Competent Cells

The competent cellg. coli DH5a or TOP 10 (5Qul) were mixed with the purified or unpurified
vector (0.10 - 1Qul), kept 30 min on ice, subjected to a 90-secon@ 42 heat shock, incubated in
LB medium for 60 minutes and plated on ampicili®@ ug/ml) LB agar plates for an overnight
incubation at 37.0 °C. A single colony was pickdthva plastic pipetting tip.

Small Scale Preparation of Plasmid DNA

Small scale preparation of plasmid DNA (on ajZfscale) was carried out using the QIlAprep®
Spin Miniprep Kit. Starting material was always @tare of E. coli cells grown in 12 ml of LB
medium supplemented with ampicillin (106/ml), shaken overnight at 220 RPM at 37.0 °C.

Site-directed Mutagenesis

For introducing an engineered amino acid mutatioto IGCPIl or GCPIIl, we proceeded as
instructed by the QuickChange™ Site-Directed Mutages Kit

Large Scale Preparation of Plasmid DNA

Large scale preparation of plasmid DNA (on a 0.5tmg8.0 mg scale) were done using the classic

phenol chloroform extractidf.
DNA Sequencing

Protein coding sequences of all engineered veeters checked by dideoxynucletide-terminated

sequenciny?

3.2.2.Sodium Dodecylsulfate Polyacrylamide Gel Electroph@sis
(SDS-PAGE)

Protein mixtures were separated for the purposanafysis using the SDS-PAGE pioneered by
Laemml”®, GCPII or GCPIII, as a complex mixture or as affird sample, were analyzed using a
11 % acrylamide gel. Visualization was achievedbyodified silver staining protocol (see below).

Silver Staining of Protein Polyacrylamide Gels

The separation patterns of protein mixtures ongmlylamide gels (see above, section 0) were
visualized by the common silver staining procedwi# only slightly modified times of incubation

in the individual solutions. Specifically, incubatiin 12 % (v/v) acetic acid, 50 % (v/v) methanol
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and 0.05 % 100% formalin (v/v) was 7 minutes, waghiy 50 % (v/v) methanol 3 x 3 minutes,
washing by deionised water 3 x 5 seconds, soakitigAgNOs; (2 g/l) 7 minutes, and washing with
12 % (v/v) acetic acid and 50 % (v/v) methanol ptdscanning 4 minutes.

3.2.3.Work with S2 Cell Cultures

Stable Transfection of S2 Cells Using Calcium Phobkpte

Stable transfection of S2 cells using calcium phasp was performed essentially the same as

described previoust,
Trypan Blue Exclusion Assay

Viable cells in a conditioned S2 cell culture mediuvere counted using a microscope,

hemacytometer and the Trypan Blue exclusion assaymmarized elsewhére

3.2.4.Protein Production

Large Scale Production of AviTag™-GCPIl and GCPIII

Production of AviTag™-GCPIl and GCPIII at liter $&s using S2 cells was achieved the same

way as reported earlirand was extended also to all mutants of GCPIIGG®III.
Affinity Purification of AviTag™-GCPIlI and GCPIII

This study employed the previously published procef purifying AviTag™-GCP#f using
Streptavidin Mutein Matrix.

Gel Permeation Chromatography

Following the affinity purification of AviTag™-GCPhand GCPIII, a gel permeation
chromatography step was included to maximize thigypwsual procedure made use of a 30 cm
long Superdex 200 column (1 cm in diameter), w@iM Tris, 0.15 M NaCl pH 7.4 as a mobile
phase. Typical flow rate was 0.50 ml/min. The safan process was monitored online by

measuring the absorbance at 280 nm post-column.

3.2.5.gPCR Estimation of Tissue Distribution of GCPII and GCPIII

The distribution of mMRNA in human tissues was eatad using gPCR and the Human MTC Panel
| and Il. The employed protocol was a standard gulace described elsewhere (manuscript under

revision).
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3.2.6.Hanging Drop Vapor Diffusion Method of Protein

Crystallization

Herein reported crystal structures were obtainethfprotein crystals which were grown using the
hanging drop vapor diffusion method in an identigedy reported previousi, with minor
modifications’. The 1.0Qul of protein were mixed not with 1.Q0 of precipitant, but with 1.0Ql
of precipitant diluted 9:1 (v/v) with 10 mM wateolstion of FolGly substrates. FolGlu, were

dissolved in their acid form, FolGJg as their ammonium salts..

3.2.7.96 Well Plate Bio-Rad Protein Assay

For quantifying total protein in a sample, the Blad Protein Assay Kit was employed, with minor
modifications 16Qul 97 mM HEPES and 0.15 M NaCl pH 7.5 (NaOH) wasduae a buffer. As a
calibrant, 2 mg/ml BSA standard was used. Sampiefyding the calibrant, were typically added
in 0.500 - 1.90Qul volumes, whereby their volume was neglected. Iind0 ul of the protein
assay reagent was added. Content of each well wesdrby taking 10Qul in and out by a 12-
channel pipette. Absorbance was then recorded asptgte reader at the 595 nm wavelength.

3.2.8.Western Blotting as an Analytical and QuantitativeTool

To assess the quantity of GCPII or GCPIII in comptaxtures, such as conditioned S2 cell culture
medium, standard Western blotting procedure usimgetablotting apparatus was employed. The
final blots were developed using a common chemihestent HRP detection reagent. If
guantification was needed, the bands of a caltmaturve and samples were processed using the
software Image J.

3.2.9.Radiometric Assay of NAAG- and BCG-hydrolyzing Actvity

NAAG-hydrolyzing activity of GCPIlI and GCPIIl wasugntified, in selected cases, using the
established radiometric as$asdditionaly, BCG-hydrolyzing activity could besmsyed in the same
way whereby glutamate of BCG was labeled the saime ag described for NAAG. Only minor
modifications to this radiometric method were inlmoed (for both NAAG and BCG). For example:
(1) The elution volume was reoptimized to find thdt 2.4 ml elution volume of 1.0 M formic acid
gave better results than originally published 210(&) Bed volume could be reduced from 1.0 ml
of AG 1-X8 resin to 0.50 ml (elution volume becamamordingly two times lower). (3) 0.20 M
potassium phosphate pH 7.4 as a stopping bufferey@daced by a buffer of the same composition

except for addition of 2.0 mM 2-mercaptoethana@cduse, in our hands, 2-mercaptoethanol
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exchibited superior efficiency in terminating thezgmatic activity of GCPII. (4) The amount of
scintillator for each reaction was reduced to jasor 3 ml (for 1.0 or 0.50 ml bed volumes,
respectively). (5)The enzymatic reactions themselvere adapted to a 96-well-plate format.

3.2.10.Preparation of Human Tissue Lysates

Tissue lysates were prepared using a tissue Igs&ument in a lysis buffer composed of 50 mM
Tris-HCI and 0.15 M NaCl pH 7.4 supplemented wittotpase inhibitors without EDTA.
Approximately 30 mg of a human tissue sample wasouwdry ice in a flow box and transfered into
a 2 ml eppendorf tube. 4@ of the lysis buffer per 1 mg of tissue, a cormsing volume of
protease inhibitors, and a 5 mm steel ball was é&ddsing a pre-chilled block (-20 °C), samples
were lysed for 180 seconds at maximum speed. Lysatee then spined down at maximum speed
for 1 minute at 4 °C, diluted if necessary, andptaimented with Tween 20 to a final 1 %
concentration. Finally, samples were sonicated isomication water bath with ice for 4 x 15
seconds and centrifuged at maximum speed for 1bitesnat 4 °C. The supernatants were flash-

frozen in liquid nitrogen and stored at -80°C ufuither use.

3.2.11.Differential Scanning Fluorimetry

To assess thermal stability of GCPIlI and GCPI#,various mutants and the influence of various
metals on stability of GCPIII, standard protocot thfferential scanning fluorimetry using Sypro
Orange dy&>*"®was employed, with only minor modifications - miot amount per well was 3.9
ug, total volume was 5@l, and Sypro Orange was diluted only 3125 x (indted 5000 x

recommended by the manufacturer).

3.2.12.Novel UHPLC Assay for Non-radioactive Quantification of
Glutamate

Enzymatic reactions were performed in a buffer autha primary amine or in a buffer with25
mM of it. Reactions in 25 mM Bis-Tris Propane pl3 @r in 25 mM Tris pH 7.5 were quenched by
the addtition of 10.Qul of 0.37 M phosphoric acid with 22M 2-(phosphonomethyl)-pentanedioic
acid or 2.99ul of 0.41 M phosphoric acid, 7gM 2-(phosphonomethyl)-pentanedioic acid and
7.2uM 2-mercaptoethanol, respectively. 28Mf reactions in 25 mM Tris pH 7.5 were lyophilise
and re-dissolved in 25,0 of ultrapure water to provide a 10-fold pre-comication. Then, a fully
automatic procedure of derivatization by an orthaefadehyde (OPA) solution was done on a
liquid chromatograph, mounted with the Acquity UPHSS T3 1.8 pm column (2.1 x 100 mm) in
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line posterior a 0.2@m pre-filter (2.1 mm) and the VanGuard™ HSS T3im8 pre-column (2.1 x
50 mm), and with its column tepmerature conditignset to 40.0 (25 mM Bis-Tris Propane pH 7.5)
or 70.0 °C (25 mM Tris-HCI pH 7.5). Sample temperatwas kept at 4.0 °C. Autosampler of the
liquid chromatograph derivatized primary aminesaloging 11.0 or 99.0l of OPA solution (0.94

M Bis-Tris Propane pH 9.6, 0.10 M OPA, 0.30 M 3-oagtopropionic acid and 4.0 % acetonitrile
for 25 mM Bis-Tris Propane pH 7.5 or 40.6 mM 2-nagtopropionic acid and 33.0 mM OPA in
200 mM sodium borate pH 10.0 for 0.25 M Tris pH,7t&spectively). This procedure took
approximately 7 minutes and injection volumes weseally 100.Qul. The analyses themselves
consisted of 13.80 min at 0.7% B, 0.05 min chamg8.0% B, 1.00 min at 80.0% B, 0.05 min
change back to 0.70% B, 0.60 min at 0.7% B, inpectof 20.0 ul of 16-fold diluted 85%
phosphoric acid pH 2.5 (NaOH) to dissolve prectpitaf metalhydroxides, and 10.50 min re-
equilibration at 0.7% B (25 mM Bis-Tris Propane pi3) or 2.70 min at 4.0% B, 0.10 min change
to 80.0% B, 4.70 min at 80.0% B, 0.10 min changeklia 4.0% B and 8.40 min of re-equilibration
(25 mM Tris-HCI pH 7.5). The analytes were deteatisthg fluorescence (excitation at 340 nm,
emission at 450 nm). The limit of quantificationsagstimated as average of the blank measurement
plus 10 x SD of the blank. For both methods, mopliase A was 25 mM sodium phosphate pH 6.0

supplemented with 0.02 % Naldnd mobile phase B was acetonitrile.

3.2.13.Novel UHPLC Assay for Quantifying FolGlu, Substrates (Non-

radioactive)

Enzymatic reactions were performed in 25 mM BissTRropane pH 7.5 or in 25 mM Tris pH 7.5
and were quenched by the addtition of 1000of 0.37 M phosphoric acid with 2gM 2-
(phosphonomethyl)-pentanedioic acid or 2.980 of 0.41 M phosphoric acid, 721M 2-
(phosphonomethyl)-pentanedioic acid and pM2 2-metcaptoethanol, respectively. Injection
volumes could, again, be up to 10QI0Column temperature was 50.0 °C, flow rate 0.400nin.
Elution was performed in the isocratic fashion. Melphases were the same as for the glutamate
guantification method (see above, 3.2.12). Anafjtrcins consisted of 1.80 minutes at 2.1 or 2.0
/1.5/1.1/0.4/0.2 % B, 0.10 minute change to 20.0%.B0 minutes at 20.0% B, 0.10 minute change
back to 2.1 or 2.0 /1.5/1.1/0.4/0.2 % B and 7.40wte re-equilibration when cleavage of the
FolGluw 231455 SUbstrates was analyzed. For FolGthe analytical run consisted of 2.10 minutes at
0.0 % B, 0.05 minute change to 20.0% B, 0.85 mmuaite20.0% B, 0.10 minute change back to
0.0 % B and 7.40 minute re-equilibration. FolGhydrolyzis was also analyzed by a re-optimized

method featuring column temperature of 40.0 °C. @halytical runs consisted of 2.50 minutes at
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2.7 % B, 0.10 minute change to 50.0% B, 1.10 mmates0.0% B, 0.10 minute change back to 2.7
and 10.20 minute re-equilibration.
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4. RESULTS

4.1.Cloning GCPII and GCPIII and Various Mutants into
AviTag™ Vectors for the Expression inDrosophila S2 Cells

After introducing the facile protein purificationethod for AviTag™-proteins by Tykvaet al.*®

all studied proteins were succesfully cloned inhe tAviTag™ vectof and produced using
Drosophila S2 cells. GCPIl and GCPIII was produced typicaflyaround 20 and 4 mg per liter of
medium, respectively. The purifications yields waseially around 20 %. Purity of the AviTag™-

proteins was around 90 % and could be further as=@d by gel permeation chromatography.

4.2.Biochemical Characterization of Distinct Substrate
Specificities of Human GCPII and GCPIII and Various Mutants

In this section, the discovery of a novel specifibysiologically relevant, substrate of GCPIII will
be covered, revealing thus distinct substrate fipgigis of GCPIl and GCPIIl. Further, we also
provide thorough biochemical and computational ena@® on the molecular basis of the different

substrate specificities of these two paralogougrees.

4.2.1.Novel UHPLC Assays of NAAG- and Folyl-polyy-L-glutamate-
hydrolyzing Activity

The traditional radiometric method of assaying NAA@Irolyzing activity, based on the
chromatographic separation of radiolabeled prodo€t8IAAG, is very tedious and expenstye

which was a good motivation for an attempt to inverd.

Initially, as published in 2014* by us, the assay was similar to classic amino anlysis, i.e.
derivatization of secondary amines by orthophtalajdle. However, this variant required laborious
and precision-limiting lyophilization a re-dissalut of the samples, so it was superseded by a
much more convenient method, employing a noveldgration formulation and a technologically

advanced T3 stationary phase which is;ggbase tolerating even 100 % water (see sectioh23.2

Using the same instrumentation, column and molhiksps (see section 3.2.13), we also developed
a new method for quantifying FolGluThis was very practical because all enzymatiwitiess of
GCPIlI and GCPIII could be assessed in a singleesemy which could be 2 x 96 samples using

standard autosampler. The only major difference thasabsence of the need for derivatizing the
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analyte, since the FolGjsubstrates possess an intrinsic fluorophore (d®iol acid). The FolGlu

substrates were hydrolysed by GCPI/III in an appaie buffer and the products separated by
reversed-phase UHPLC C18 column. The products afdhysis were detected and quantified using
absorbance at 281 and 357 nm and the analytic uietlvere around 16 minutes long overall. The
absorbance at 281 nm provided a comfortable mehgaamntification, whereas the absorbance at
357 nm was rather weak but specific, so it coulcekgloited for deciding whether there is some

interfering compound.

4.2.1.1. NAAG-hydrolyzing Activity

Our novel UHPLC assay is suitable for quantifyirsglav as 20 - 30 nM glutamate. Together with
transferring the assay to a 96-well-plate forntalbeicame a higher-throughput and fully automated
method. Each analysis run featured peaks of aspaatad glutamate separated by around 7.5

minutes (Figure 10).

Lu
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Figure 10: A typical glutamate quantification chromatogram of our UHPLC method. The product of hydrosis of
NAAG, BCG or NAAG2 (glutamate) is analyzed on a @bBumn (2.1 x 100 mm) in 25 mM Tris or bistrispame, pH
7.5. The peaks are orthophtalaldehyde derivatizpartate (left) or glutamate (right). Elution ocedirisocratically at
99.3 % A (25 mM phosphate, pH 6.0; see sectionl3.for more details) and 0.7 % B (acetonitrile)thalow rate
0.400 ml/min at around 500 bar. One run took appmately 34 minutes. Analytes were monitored onket50 nm
(emission, excitation was done with 340 nm vawetlencixes are described on the bottom right (xgtim minutes) or
upper left (y, fluorescence units).
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4.2.1.2 Folyl-poly-y-L-glutamate-hydrolyzing Activity

Besides our novel NAAG-hydrolyzing assay, we sudeéen developing a cheap and fast method
for quantifying folyl-polyy-L-glutamic acids, which enabled us to charactetiwefolyl-poly+y-L-
glutamate hydrolyzing activity of human GCPIl an@EII (see below, section 4.2.2).

Peaks of FolGly and FolGly.; were sufficiently separated by a time window obuard two
minutes (Figure 11) and their shape resulted idithie of quantification being usually in the range
3 nM - 0.03uM, which was enough for mo¥(,, values to be measured with an acceptable

precision.

mAll -
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Figure 11: A typical FolGlu,/FolGlu,.; quantification chromatogram of our UHPLC method. The products of
hydrosis of FolGly (FolGly, and FolGly) are analyzed on a C18 column (2.1 x 100 mm) inn®4 Tris or
bistrispropane pH 7.5, with or without sodium cideror detergent. The peak on the left is FolGthe peak on the
right is FolGly. Elution occured isocratically at 100.0 - 97.3 %25 mM phosphate, pH 6.0; see section 3.2.13 for
more details) and 0.0 - 2.7 % B (acetonitrile), witow rate 0.400 ml/min at around 500 bar. One taok
approximately 17 minutes. Analytes were monitoratine at 281 nm. Axes are described on the botight (x, time

in minutes) or upper left (y, absorbance units).
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4.2.2.Characterization of Folyl-poly-y-L-glutamate-hydrolyzing
Activity of GCPII, GCPII His475Tyr and GCPIII

Using our novel UHPLC method for quantifying folyply-y-L-glutamate hydrolyzing activity, we
showed that human GCPII cleaves Fol(3ubstrates at the efficiency comparable to thatwm
for NAAG (Figure 12A).

As discussed in the Introduction, one of the imgairpolymorphisms previously associated with
altered folate metabolism is His475Tyr. Therefareyas of interest to analyze the ability of this
mutant protein to hydrolyse FolGlwsubstrates. To this end, we prepared recombin&®IG

mutant bearing the corresponding mutation by esiwasin Drosophila Schneider’'s cells (see
Materials and Methods, sections 3.2.3 and 3.2.d)aaralyzed its enzymatic activities using novel

assays described above.

We found that the mutation likely cannot influeriolate levels through altered enzymatic activity,
because, in our hands, both mutated and wild-typsyrees hydrolyzed FolGlusubstrates with
almost identical effectivity (Figure 12A,B,C). Suigingly, GCPIl His475Tyr showed slightly
different kinetic parameters for the the hydrolysfsNAAG whereby it was &4 effect (Figure
12B,C) (see Discussion).

Finally, we determined the kinetic parameters far tiydrolysis of FolGlysubstrates by GCPIII to
find out that this enzyme cleaves NAAG and FolGhith comparable catalytic efficiencies as
GCPII does, while the remaining FolGliare cleaved approximately by one order of mageitud
less efficiently (Figure 12A). This difference wasinly a consequence Kf, being approximately
one order of magnitude higher for Fol@ku(Figure 12B,C), althoughk., values were lower as
well. In further investigations, the reason for &Ky values has been attributed to modifications
of the arene-binding site in GCPIII (see 1.2.28a&hd 4.2.3). The hydrolysis of NAAG by GCPIII
was the opposite - in comparison to GCPII, it wasver due to a lowek.,; (Figure 12A,B,C).

| BGCPII mHis475Tyr @ GCPIIl| B | GGCPIl mHisd75Tyr mGCPIIl | C | BGCPIl mHis475Tyr mGCPII |
1.0E+08 = 3.0

— 1200
2 1000 25 1
T, 1.0E407 | _ — 20
2 % 800 - _&
£ = 600 5 157
2 1,0E+06 x =
g 1 400 | 1.0 -
2 200 | P 0.5 4
s
S 1.0E+05 0 0.0
3 © s 8§38 3 8 8

g 3 3 3 3 3 3

AA
FolGlu1
FolGlu2
FolGlu3
FolGlu4
FolGlu5
FolGlu6

53



Figure 12: Comparison of folyl-poly«-L-glutamate hydrolyzing activities of recombinanthuman GCPII, GCPII
His475Tyr and GCPIIl. Graphical representation of the kinetic constantsolGlu, hydrolysis by GCPII, GCPIII and
His475Tyr mutant of GCPII. Error bars represenhdsad deviation. The reaction buffer was 25 mM Tii$ 7.5. *
indicates thaky, value was lower than the lowest substrate conatotr. (A) Catalytic efficiencies. (By values. (C)
keat Values.

4.2.3.Arene-Binding Site and its Relevance to Folyl-poly-L-
glutamate-hydrolyzing Activity of GCPII

After the arene-binding site (ABS) was describe@iid® (see 1.2.2.3.2.4), we were able to show
that it is this exosite which interacts with thenoic acid moiety of FolGlusubstrates, both at the
structural (see 4.3.1) and the biochemical leve (@elow).

In order to assess the significance of the AB®atiochemical level, two approaches were taken -
mutagenesis of the ABS of GCPIl combined eithewkinetic studies using natural FolGlu

substrates or with inhibition studies.

To find out how significant is the near-surface @t@ the ABS, for the hydrolysis of FolGlu
substrates, we performed site-directed mutagerdsibe putative ABS. The single mutations
Trp541Ala, Arg5llLeu and Arg463Leu had almost néeaf on the hydrolysis of FolGlu
substrates, while they imposed quite a substadeérioration of NAAG-hydrolyzing activity
(Figure 13).

| wild type W wild type

H Arg463Leu M Arg463Leu
Arg511Leu Arg511Leu

m Trp541Ala B Trp541Ala

Figure 13: Kinetic parameters for the hydrolysis of FolGlu, substrates and NAAG by GCPII and its arene-

binding site (ABS) mutants. This figure shows that the mild single mutationp541Ala, Arg511Leu, Arg463Leu of
GCPIl do not alter the FolGlthydrolyzing activity, and that these mutations ray only the NAAG-hydrolyzing
activity. The reaction buffer was 25 mM Tris pH 7MNbD., not determined. Error bars represent stahdaviation. 1

indicates that th&,, value was lower than the lowest substrate conaoitr. (A)Ky, values. (BX.4 values.
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The rather marginal importance of the ABS for tlyerblysis of FolGly substrates [evident also
from a comparison of the kinetic data containedrigure 12 (wild-type GCPIIl) and Figure 13
(wild-type GCPIl and ABS mutants)] is in agreementh the marginal difference between the
ABS residues of GCPII and its counterparts in GCHlhey are the same except for Trp541 of
GCPII, which is a lysine residue in GCPIII (Lys53ahd this subtle difference confers only higher
Kwm values of individual FolGlys substrates for GCPIII (in comparison to GCPII,Ufegy12). This
increase irkKy values is thus likely not a consequence of a tgison” of the ABS of GCPIII but
instead a consequence of infavourable interactiohye531 with the aromatic pteridine ring of

FolGlu, substrates.

To further analyze the ABS, we determined how d$me@CPII inhibitors, ARM-P2,4,8 (shown to
interact with this exositéJ (Figure 14A), inhibit the hydrolysis of FolGliby GCPII wild type and
Trp541Ald™ (Figure 14B). In agreement with previously pubtidrdaté®, the ARM-P2 compound
inhibited wild-type GCPII with the loweds, value (Figure 14B) and there was the most notable
difference between wild type and Trp541Ala for tA&M-P4/8 inhibitors’® (Figure 14B).
Therefore, we investigated the inhibitory potendy ARM-P4 also toward other mutants -
Arg5l1lLeu and Arg463Leu (Figure 14B). A trend otmsed binding affinitiy was observed,
although, somewhat unexpectedly, the mutant Argglilbound the ARM-P4 inhibitor with the
same affinity as wild-type, and the mutation Argdé@B lead to a decreased binding affinity in
comparison to Arg511Leu.

A HO.__O
HO.__O g
X
H o)
CrenEr ey
\=
O:N NO, ARM-P2/4/8

| mGcPilwid type

BGCPIl Trp541Ala
OGCPIl Arg511Leu
BGCPII Arg463Leu

Figure 14: ABS-targeted inhibitors and ABS mutantsof GCPII. (A) Structure of ARM-P2,4;8 inhibitors and the
control compound MeO-P4. (B) Comparison of Trp54lAfireen) mutant to wild-type GCPII (blue) in terol
affinity for ARM-P2,4,8 and MeO-P4 inhibitors, detd@ned ask, values. The inhibitor ARM-P4 was additionally
tested also with mutants Arg463Leu (red) and Arg®li(yellow).
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4.2.4.The First Specific Substrate of GCPIII -B-citryl-L-glutamate

Independently of the pioneering work by Collatdl 2, we were able to identify the decades-long
known non-standard dipeptidecitryl-L-glutamate (BCG) as a hot candidate fosubstrate of
GCPIl or GCPIIl. BCG was successfully synthesizgdlisi Schimer at our institute (manuscript

under revision).

4.2.4.1 Metal-dependent Hydrolysis of BCG by GCPIIl and itsSuperior
Specificity over GCPII

In contrast to the pioneering work by Colladal 2, which studied the mouse homolog of GCPIII,
we studied recombinant human GCPIIl expressedrimsophila S2 cells as a fusion protein with
the AviTag™ (see 4.1). Additionally, we also testdicconceivable, physiologically relevant metals
- cd’, Mn*, zr®*, Fé*, CU*, Cd* and Md", which lead us to the observation that the NAAGH a
BCG-hydrolyzing activity of GCPIII is dependent @lsn cobalt(ll) ions, while B& Cu* and
Mg** ions had no effect. We also found out that even hidrolysis of FolGluis activated by
Mn**, Zr** and CG8" ions.

All other biochemical parameters were similar tost published for recombinant mouse GCPIII
For example, the hydrolysis of BCG is performed@@PIIl with ake value of 14.00$ + 0.50
and 4.26 + 0.22'5in the presence of 2.5 mM €and 0.25 mM Mf', respectively (compare to the
values 6 and 3’sfor the recombinant mouse GCB)lIZn** activated the hydrolysis of FolGlso
that thek.. value increased by more than one order of magmitadd.846 3§, wherebyKy value
remained comparable. A comprehensive compariso@abf, Mn?’" and Zr¥* dependent kinetic
parameters for the hydrolysis of BCG, NAAG and Halds shown in the Figure 15. Overall, we
can conclude that metals cations tend to increalsekgy values (Figure 15B), up to by 4 orders of
magnitude in case of the hydrolysis of BCG by GCPdind thatKy values remain largely
unchanged or change only up to by 1 order of magdai{Figure 15C).
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Figure 15: BCG is a highly selective substrate of GPIlIl. This comparison highlights the ability of GCPIb t
hydrolyze BCG in a Cd and Mrf* dependent manner and NAAG and Fol@hua Mrf* and Z* dependent manner.
The reaction buffer was 25 mM bistrispropane, pbl(prepared from ultrapure water). Error bars sfandhe standard
deviation. * indicates, that th€, values were lower than the lowest substrate cdraténs. (A) Catalytic efficiencies.
(B) Ky values. (Ck.4 values.

As shown in the Figure 15, human GCPII is capalflénarolyzing BCG as well, although,
compared to GCPIIl, with a several-orders-of-magiet lower catalytic efficiency ankly value
and a higheKy, value (Figure 15A,B,C).

4.2.4.2.0ccupancy of the Zinc Atoms in GCPIII

As reported previously by our grotif the occupancy of Znl and Zn2 atoms in the adctitee of
GCPIIl X-ray structures varies in the range 0.8860and 0.45-0.80, respectively. To further
confirm these findings, we conducted an AAS analg$ the zinc content of GCPII and GCPIII

(manuscript under revision).

We found out that the ratio of zinc to protein nooile is 1.40 for GCPIl and 1.13 for GCPIIL.
Together with the structural dat this was the second clue that the Zn2 atom ntightound so
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loosely that it might be replaced by some otheraies proposed by Collastial.’. We addressed
this issue experimentally and computationally (selew for section 4.2.4.3).

4.2.4.3.Indirect Evidence That GCPIII Might Feature an Acti ve-site

Heterometallic Cluster

To provide more reliable data than published QM/MM data (see 4.3.2.2, manuscript in
submisstion), we performed several experimentsigimoy indirect evidence, that the metals like
c&* or Mr** might indeed bind to the active site. These inetlidetermining th&; of C&* (see
below, 4.2.4.3.1), inhibition studies with BCG adittate in the presence of various metals (see
4.2.4.3.2) and differential scanning fluorimetrytlwiGCPIII and GCPIII Glu414Ala in the presence
of BCG and various metals (see 4.2.4.3.3).

4.2.4.3.1 Dissociation Constant of C&"

To analyze the hypothesis that Zn2 could be redlbgeanother metal (see 4.2.4.1 and 4.2.4.2), we
studied the inhibition of FolGluhydrolyzing acitivity of GCPIII by increasing amuts of C&" in

the presence of moderate concentration 6f Z0.10 mM). C&' confers a roughly 15 times lower
keat Value for the hydrolysis of FolGjuhan that confered by Zh(see Figure 15). Adding €zinto

a FolGluy hydrolysis reaction was thus almost the same dm@a&n inhibitor and this data could be
fitted with a sigmoid to yield an Kgvalue of 20.3 1.3 mM and ultimately &, value of 17.% 2.3
mM.

4.2.4.3.2Inhibition Studies Suggesting that BCG Could Partigpate in Binding
the Metal 2 Atom in the Active Site of GCPIII

We analyzed competitive inhibition of FolGlhydrolyzing activity by BCG, citrate and glutamate
in the presence of selected metal ions (Figure \M&).found that while inhibition by glutamate is
identical regardless the metal cation used, thibitidn by citrate or BCG is slightly improved in
the presence of Gaor M** (Figure 16), suggesting that BCG might participatéinding these
metals to possibly replace Zn2.
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Figure 16: Inhibition assay of GCPIIl with BCG, citrate and glutamate in combination with various divdent
metals. BCG and Citrate (violet and red, respectively)itithslightly more effectively in the presence o&Cand
Mn?*, while glutamate (pink) inhibits the same no nmattéich divalent metal is present. As a controhiiition by
NAAG (purple) is also shown. The reaction buffersw@b mM bistrispropane, pH 7.5, 0.15 M NaCl, 0.004C12E8
(* indicates, that the buffer was by mistake slighlifferent - 25 mM bistrispropane, pH 7.5, 0.14NACI, 0.00090 %
C12E8). Substrate was 0.40/1 FolGlu,. As a source of Fé cations, Fe(NB),(SO,),6H,0 (Mohr's salt) has been
used. Error bars represent standard deviations@leate that BCG and NAAG are cleavable.

4.2.4.3.3 Differential Scanning Fluorimetry

Using differential scanning fluorimetry, we werel@ko show that Ga ions confer an increase in
thermal stability of GCPIII, as assessed by theptnature midpoint for the unfolding transition,
Tm, by approximately 3.5 °C (5.0 mM, pH 7.5),Zrby 11 °C (0.10 mM, pH 7.4) and Kfthby
15 °C (5.0 mM, pH 7.5). For Ghions, this effect was pH dependefit,rwas lower in the absence
of 5.0 mM C&" from 3 °C (pH 7.5) through 13 °C (pH 8.4) to 18 {1 9.4), whereby the absolute
value ofT, in the presence of 5.0 mM €aemained either constant or was lower by 2.9 1Gfo
9.4. A similar trend was observed also for the tivacmutant of GCPIII, Glu414Ala, for which,
was lower in the absence of 5.0 mM*Cfrom 6.8 °C (pH 7.5) through 17 °C (pH 8.4) to °I®
(pH 9.4). BCG increased,, of GCPIIl Glu414Ala only by 1.9°C (pH 7.5), whése the
inactivating mutation itself incresed thg by 3.1 °C (pH 7.5) (for GCPII, the mutation Glu424
incresedTy, by 2.9 °C at pH 7.5). On the other hand,’M@.0 mM, pH 8.4) or Cti and Fé&" (0.10
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mM, pH 8.4) failed to show any stabilization. Takegether, these results are yet another piece of

indirect evidence that metals like CaMn** or Zrf* bind specifically to GCPIII.

4.2.4.4. pH Optimum of BCG-hydrolyzing Activity of GCPIII

Because GCPIIl cleaves NAAG in a pH-dependent manmé&h pH optimum shifted by
approximately 0.5 to basic conditions in compari$onGCPIf® (to 8.5 in absolute value), we
naturally determined the pH optimum also for thedrdoyysis of BCG in the presence of
physiologically relevant 2.5 mM Gaions (using substrate concentration ofyd), buffering the
whole pH range by 25 mM bistrispropane (Figure 1A9.a result, the pH optimum has been
determined to lie around the value 8.4 (Figure 1&%).the pH optimum, thek. value is

approximately 2.6 times higher than at pH 7.4.
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Figure 17: The pH optimum of the hydrolysis of BCGby GCPIII in the presence of 2.5 mM C&" ions for near-
saturation condtions (10uM substrate). The reaction buffer was 25 mM bistrispropane. &hdte was assayed using
our novel UHPLC assay (for more information, s&21®). Error bars represent the standard deviatiopM substrate
means that it was present at the saturation level.

4.3. Structural Characterization of Distinct Substrate Soecificities
of GCPIl and GCPIII

We were succesful at obtaining X-ray structure&6PIl Glu424Ala in complex with substrates as
diverse as FolGlu; or BCG. Additionaly, we also computed a QM/MM mbdéhow BCG might
bind into GCPIII. All these results let us makeekelnt conclusion (see below) about what might be
the structural basis for the distinct substrateisiogies of GCPIl and GCPIII.
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4.3.1.Folyl-poly-y-L-glutamic Acids and the Discovery of the S2 Site

Although the ability of GCPII to cleave folyl-polyL-glutamic acids has been decribed decades
ago, there was no structural data describing tlagree-substrate binding mode. Therefore, we set
to analyze the structure of the complex using ttaetive mutant GCPII Glu424Ala and Fol@h
substrates. Using the crystallization condition &EPII previously published by Haka et al.®,
we also tried setting up hanging drops of GCPII43#Ala with FolGly. substrates. The crystals
diffracted to resolutions 1.70 A (FolG) 1.65 A (FolGly), 2.00 A (FolGly), 1.65 A (FolGly),

1.54 A (FolGlu) 1.61 A (FolGlg) and 1.71 A (FolGly).

We only published the FolGly complexe$™, because these substrates were well defined by the
electron density map (except for Folglromplex, where the benzoic acid and one N-termyial
glutamic acid moiety is less electron-dense). Takski, complex had a good electron density for
C-terminal triy-L-glutamic acid moiety and a weak one between Zip&nd Arg511 (indicating
that the pteroic acid of FolGjumight be bound here in a similar manner as FglGlae Figure
18A). The FolGly and FolGlg.s complexes were rather a puzzle, because in d@herh, only the
C-terminal triy-L-glutamic acid moiety bound to the active sitalmost the same way as in other
FolGlu.; complexes - could be unambiguously identified @ee Discussion).

The exact mode of binding of FolGlyglis depicted in the Figure 18. The panel A, shovwaigp
electron density maps contoured atcl.takes it obvious that the residue Trp541 is iahty
flexible and serves to interact with aromatic me®bf FolGly.; substrates in a-p (FolGlu;-3) or
T-shape stacking (FolGlg) manner.

We also found out that the interactions describeglipusly in the GCPII Glu424Ala-NAAG
complex® for the S1' and S1 site are very similar in theecaf FolGly.; complexes. Moreover, as
illustrated by the structural overlay of Fol@hshown in the Figure 18B, the spatial arrangemént o
the substrate moieties occupying S1' and S1 s#tealmost invariant, whereas more distally,
substrate moieties sneak with more positional waedhrough GCPII in a tightly limited space.
More specifically, our results newly define an 32 ¢data not shown) with the residues Tyr700,
Asn698, Arg463, backbone carbonyl of Lys207, Gluf®arginally), and also Ser547 (this residue
only for FolGlu) which is likely the reason why all FolGle complexes feature, in structural
terms, a practically invariant C-terminal $rk-glutamic acid moiety. Futhermore, it is inteiagt

to note that Asn698 is part of the glutarate sefsee 1.2.2.3), so catching the substrate does not
occur only at the S1' site as initially thoughtt blso here. Furthermore, our another structuhe - t
GCPIlI Glu424Ala BCG complex (see below, 4.3.2.1¢aptured the glutarate sensor in two

conformations (4.3.2.1), whereby the sidechain &f@98 was defined by the electron density map
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only for the closed conformation (data not showdyr result is also the conclusion, that there is
nothing like S3 site, because it is not defined@lhtand the glutamic acid moiety occupying this
space in the FolGhcomplex has almost no electron density map.

Further, our results additionaly show that the atieninteractions seen in the ABS take place at
distances favorable for a relativly significant diimg - 3.2 to 3.7 A (Figure 18C). For example,
Tyr700 or Arg463 and Trp541 bind the para-aminobenacid of FolGlu or FolGlw, respectively,
and the pteridine ring of FolGly is wedged between Arg511 and Trp 541 (Figure 18@gse
interactions are likely responsible for a very $amimode of binding into the ABS seen with
FolGlw, and FolGly, namely that the P3 moiety (glutamic acid) of Halnly slightly bulges out

of GCPII in comparison to FolGlyFigure 18A).

When we compare the mode of binding of FolGlsubstrates and the complex of GCPII with the
best ABS-binding inhibitor ARM-P4 (structure shown in Figure 14A), and if the fa@ctron
density between Trp541 and Arg511 in the FolGtomplex is taken into account (mentioned
above), we can conclude that from the structurahtpaf view, the strongest binding of aromatic
moieties is conferred by Trp541 and Arg511. Thislgsion is also in a good agreement with
kinetic data obtained for the hydrolysis of FoliRubstrates by wild-type GCPII (see 4.2.2 and
Figure 12), according to which FolGlgbeing too short to reach between these two residas
shown by our structures - see Figure 18A) has dlmis-order-of-magnitude high&, than the
other FolGly.¢ substrates, which are long enough to engage TrabdArg511 (Figure 18A).
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FolGlu2

ARENE-BINDING
SITE

Figure 18: The mode of binding of FolGlys into human GCPIl and its arene-binding site (ABS),and a
comparison to the first ABS-binding inhibitor, ARM- P4*. Substrates are depicted in stick representatiolGIg;
(PDB entry 4MCP) is shown in magenta, Foli{BDB entry 4MCQ) in cyan, FolGIJUPDB entry 4MCR) in green
and ARM-P4 (PDB entry 2XE®) in pink. Active-site zinc atoms are colored perpind shown as spheres. Binding
interactions are indicated by gray dashed linesandmber in A. The structural images were creatidg PyMof®.
(A) Detailed view of the ABS, with its residues B4d, Arg511 and Arg463 shown in stick representatielectron
density maps (2:-F;) are contoured at 150 ABS is oriented the same way as in the FigurgBj. Schematic
representation of residues forming the S1', Slaaade-binding sites, with FolGly shown in superposition. Indicated
distances highlight how the peptide bond or ¢hearboxylate of the P1 glutamate is bound by HisS58552, Znl
(upper shpere) and Gly518 or Arg534 and Arg536peesvely. (C) Superposition of the FolGland FolGly
structures showing the hydrophobic interactionshim ABS and also between the para-aminobenzoic raciéty of
FolGlu; and Tyr700.

Another important finding derived from the compleXelGlw.s is that the entrance lid, defined by
the residues 541 - 548, takes up the open confamméee 1.2.2.3), which has typically been seen
with bulkier molecules bound to GCPII.

Further, it has been previously reported that i@ tlydrophobic pocket of GCPY Arg536 is
present either in one or two conformations, withg4#83 present only in one of its two
conformations. This holds true also for the GCPIMz4Ala-FolGlw.; complexes. However, for

the unpublished structures FolGh) the opposite is true - Arg536 is always presentone
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conformation (the binding conformation; for morefoimmation, see Figure 9 in the section

1.2.2.3.2.5), while Arg463 takes up both of its fmassible conformations simultaneously.

4.3.2.The X-ray Structure of GCPII in Complex with BCG and the
QM/MM Model of GCPIII in Complex with BCG

The following two sections, 4.3.2.1 and 4.3.2.2salbe the structural basis for the differences
between GCPII and GCPIII.

4.3.2.1.X-ray Structure of the GCPII Glu424Ala B-citryl-L-glutamate

complex

Because we were unable to obtain an X-ray struafi@CPIIl Glu414Ala (the inactive mutant of
GCPIII) in complex with3-citryl-L-glutamate (BCG), we set out to obtain asulve the structure of
the complex of GCPII Glu424Ala with BCG. HowevelCRBII did not crystallize in the presence of
BCG. Nonetheless, we were successfull in crystafiifree GCPIl Glu424Ala and then soaking the
crystals with BCG. The result is depicted in Figi8(diffraction data for 1.85 A resolution, PDB
entry 4F09, manuscript under revision). The occapari BCG was refined to only 70 %, which is
likely the result of BCG’s low affinity for GCPIIKj value of 4.2uM, manuscript under revision).
This lower occupancy gave rise to a relatively welgctron density map (Figure 19A). The overall
mode of binding of BCG to GCPII is nearly the saasein the structure of GCPII Glu424Ala in
complex with NAAG (Figure 19B, PDB entry 3BX{{). The GCPIl Glu424Ala BCG complex,
when compared to GCPII Glu424Ala in complex with A& (Figure 19B), is unique by the
absence of the 4.0 A hydrophobic interaction betwtbey-methylene of glutamic acid moiety and
the Phe209 and the 2.7 A bond between Arg536 amd\thcetyl moiety of NAAG and by the
presence of the 3.5 A bond between Asn519 andyithekyl moiety of BCG.
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Figure 19: X-ray structure of GCPII Glu424Ala in complex with BCG (GCPII-Glu424Ala-BCG), rendered in
cross-eye stereo representationZinc atoms are shown as spheres. BCG and NAAG daicted in stick
representation. The GCPII-Glu424Ala-BCG complex BRehtry 5F09, manuscript under revision) is coldight gray
and GCPII-Glu424Ala-NAAG (PDB entry 3BXM) green. Binding interactions are indicated by gtaghed lines and
a number in A. Please note that Tyr700 is trimnegrovide a better view. The images were creat@uyudyMol®.
(A) Electron density map of BCG Fg-F.), contoured at 148 (B) Overlay of the BCG structure with that of N&A
Only side chains of substrate-binding residuesshoavn. The two interactions between Phe209 ang-thethylene of
glutamate moiety of NAAG (4.0 A) and Arg536 and trazbonyl oxygen of the N-acetyl moiety of NAAG {2) are
found only in the GCPII-Glu424Ala-NAAG complex.

One striking feature of the GCPIl Glu424Ala BCG qiex was the presence of the glutarate
sensor (see 1.2.2.3) in two equally populated comdtions (Figure 20). This might be the
consequence of the low affinity of BCG for GCPKy\( value of 4.2uM, manuscript under
revision). The previously reported structure of GGR complex with phosphate, which binds to
GCPII with a similar affinity (IG, 10 uM*"), features the glutarate sensor in the open corston,
almost identically as reported herein. However,dleetron density map for the glutarate sensor of
our structure of GCPII in complex with BCG was weakd Lys699 and Tyr700 of the open

conformation could be modeled only as stubs.
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Figure 20: The glutarate sensor of the GCPII-Glu42Ala-BCG X-ray structure, rendered in cross-eye stezo
representation. The open conformation is colored pink, the clobght gray. The glutarate sensor is shown only as
mainchain, with the exception of Lys699 and Tyr7@bere these two residues are shown with their teteside
chains (closed) or as stubs (open). Zinc atomslasen as spheres. BCG is depicted in stick reptaen and colored
the same as the closed conformation. The imagereased using PyM&1

4.3.2.2.The QM/MM Model of GCPIII in Complex with BCG, Feat uring
either a Homometallic Zinc-Zinc or a HeterometallicCalcium-Zinc Cluster

in the Active Site

The availability of the X-ray structure of GCPIl @3dR4Ala in complex with BCG enabled us to
attempt to model the structure of the homologousP0n complex with the same compound
using QM/MM approach (in collaboration with the gpoof Dr. RuliSek at the IOCB). As a result,
we obtained a QM/MM model of the GCPIIl BCG complés comparison to the X-ray structure
of the GCPII Glu424Ala BCG complex suggests thamnight well represent the most probable
conformation of BCG bound to GCPIII (Figure 21).
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Figure 21: Structural overlay of the X-ray structure of the GCPII Glu424Ala BCG complex and the QM/MM
model of GCPIII BCG complex, rendered in cross-eystereo representation.The GCPII Glu424Ala BCG complex
is colored light gray, the GCPIlII BCG complex lightue. BCG is shown in stick representation. Resithbels
correspond to that of GCPIII (their numbers aredotyy 10 in comparison to GCPII). The acitve siekls very similar
and the most notable difference is the orientatibtihe citrate moiety of BCG in the GCPIII BCG coew (rotated by
approximately 90°). The image was created using ¢t§M

This comparison additionaly shows that the mosabletdifference in binding of BCG into GCPIII
(in comparison to GCPII) is the orientation of ¢itrate moiety (Figure 21). To be more specific,
the citrate moiety of BCG is oriented in GCPII iach a way that its only interaction with the
protein is hydrogen bonding to the Arg534 and Aéh@digure 22A). In GCPIII, on the other hand,
it is rotated by approximately 90° (Figure 22B),i@thopens up the possibility of more interactions
with the residues present in the active site - bgdn bonding with Arg526 (the structural
equivalent of Arg536 of GCPII) and Ser444 (Serdb4GCPII), and also marginally with Ser509 in
place of Asn519 in GCPII. Most importantly, the avdurable orientation of the citrate moiety in
the GCPIl Glu424Ala BCG complex is likely stabilizdy the presence of Asn519, which, in
contrast to Ser509 of GCPIII, sterically hampetstion of the citrate moiety into the more bonded
conformation predicted by QM/MM for the GCPIII BG®Bmplex (Figure 22).
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Figure 22: Comparison of the interactome of BCG wh active-site residues of GCPIl and GCPIIl, demonstated

in cross-eye stereo representatiorZinc atoms are shown as spheres. BCG is depictesfidk representation and
colored the same as the protein (see below). Bintiiteractions are represented by gray dashed éindsa number in
A. The images were created using PyfMo[A) The GCPII-Glu424Ala-BCG X-ray structure (PDé&htry 5F09,
manuscript under revision), colored light gray. Titeate moiety interacts only with Arg534 and A$85(B) QM/MM
model of the GCPIII BCG complex, colored light hidéne citrate moiety interacts with Arg524, Arg53&r444 and
Ser509 (which substitutes Asn519 of GCPII). Pleaste that the citrate moiety is rotated in suchag which would
not sterically be possible in GCPII because oftessence of Asn519.

The information on the metal dependence of GCRilivdy lead to to explore whether divalent
cations could be directly responsible for the madra of catalysis of BCG by GCPIII. Therefore,
our collaborators analyzed a whole panel of twédM/MM geometry optimizations: four groups
of GCPII or GCPIII with NAAG or BCG, with the presee of Zn1-Zn2, Cal-Zn2 and Znl1-Ca2
bimetallic clusters in the active site. It turnad that the QM/MM model of the GCPIIl Ca2 BCG
complex (further GCPIII-Ca2-BCG) not only featutbe BCG in a plausible conformation, but it
also features the Ca2 atom coordinated in a typatalost perfect, pentagonal bipyramidal manner,
whereby the the axial ligands are His367 and tlird®yl group of BCG, which is partially ionized
by a nearby carboxylate of the BCG citrate moidiigre 23A,B). This partial ionization likely
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contributes to the ability of BCG and the residu¢is367, Asp377, Glu4l4 and Asp443 to
coordinate the Ca2 atom. Moreover, a comparisoB©PIII-Ca2-BCG and the X-ray structure of
the GCPII Glu424Ala BCG complex (further GCPII-BC@igure 23C,D) show, that the citrate
moiety of BCG in the GCPIII-Ca2-BCG complex is teth by approximately 90° in the same
direction as in the QM/MM model of GCPIII-BCG coregl (compare with Figure 22 and Figure
21). Further, the Zn1-Ca2 heterometallic clusteslightly rotated in comparison to the Zn1-Zn2
cluster of GCPII-BCG (Figure 23C,D). It is interiegt to note, that the active site water molecule is

a part of the pentagonal plane formed by Asp37d4G1 and Asp443 (Figure 23).
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Figure 23: QM/MM model of the
GCPIIl BCG complex, where active-site
Zn2 is replaced by Ca2 (GCPIII-Ca2-
BCG) and its comparison to the X-eay
structure of the GCPIl Glu424Ala BCG
complex (GCPII-BCG, PDB entry 5F09
manuscript under revision). All images
are rendered in cross-eye stereo
representation. Amino acid numbers refer
to GCPIII (for GCPII, the numbers would
be higher by 10). GCPIII-Ca2-BCG is
colored steel gray, GCPII-BCG light gray.
Metal atoms are shown as spheres, BCG in
stick representation. Coordination
distances of Ca2 are indicated by gray
dashed lines and a number in A. The
images were created using PyKfol (A,B)
OM/MM model of GCPIII-Ca2-BCG
detailing how the Ca2 atom of the
proposed Znl-Ca2 cluster might be
coordinated. Please note that the hydroxyl
group of BCG citrate moiety is likely
partially ionized by the nearby carboxylate,
which makes the almost perfect pentagonal
bipyramidal coordination pattern
characteristic for calcium possible. The
hydrogen atom of the hydroxyl is shown
bridged to the carboxylate. It is also
interesting to note that the water molecule,
forming one ligand in the pentagonal plane
coordinating Ca2, is concurrently the
activated nuclephile attacking the peptide
bond. (B) differs from (A) by 180° rotation
along the y axis. (C,D) GCPIII-Ca2-BCG
is shown in overlay with GCPII-BCG. This
superposition makes it obvious that the
Zn1-Caz2 is slightly rotated in comparison
to the Zn1-Zn2 cluster of GCPII-BCG. The
activated water molecule, bridged between
Znl and Zn2, is not depicted here, because
it occupies almost the same space as that of
the Znl-Ca2 cluster. Another important
feature of the GCPIII-Ca-BCG model is
the orientation of the citrate moiety, which
is, similarly to the GCPIII-BCG QM/MM
model, rotated by approximately 90° in
comparison to the citrate moiety of the
GCPII-BCG structure. (D) differs from (C)
by 180° rotation along the y axis.
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Finally, we tried to assess computationally, whethe replacement of Ca2 is energetically favored
in GCPIIl. However. we were merely able to showt th& cluster Zn1-Ca2 should be, in all cases,

energetically more favored by a difference of agpmately 10-15 kcal-mdiin comparison to the
Cal-Zn2 cluster (manuscript under revision).

4.4.Tissue Distribution of Human GCPIII

We investigated the tissue distribution of GCPillnuman tissues both at the protein and mRNA
level.

4.4.1.Tissue Distribution of Human GCPIII Determined by
Enzymatic Assay

Because we identified a significant differenceubstrate specificities of human GCPII and GCPIII
(Figure 15 in the section 4.2.4.1), we could useAi®fand BCG to quantify them in human tissue
lysates, respectively. In our reaction buffer, danconcentration of GCPIIlI 60 times higher than
that of GCPII caused only a 50 % interference, @adP1l did not interfer with the quantification of
GCPIIl at all even if it was 180 times more concatad (Figure 24).
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Figure 24: Typical calibration curves for quantification of human GCPII and GCPIIl in tissue lysates.The
reaction buffer was 20 mM Tris, 0.15 M NacCl, 2.5 n@4C}, 0.1 % (v/v) Tween 20, pH 7.4. Final concentragiaf
BCG and NAAG in the analytical reactions are shamwthe lower right part of each plot.

Our activity assay yielded a distribution pattefnGELCPII similar to previously published mRNA
datd® (Figure 25), which was also similar to our own mRNata (Figure 26, section 4.4.2). For
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GCPIl, three highest levels were found in braimlnlely and prostate, while for GCPIII, these were

found in testes, prostate and ovary (Figure 25).
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Figure 25: Content of GCPII and GCPIII protein in human tissue lysates as assessed by the radiomeaigsay.
The reaction buffer was 20 mM Tris, 0.15 M NaCh &aM CacC}, 0.1 % (v/v) Tween 20, pH 7.4. Error bars représen
standard deviation from experiments carried ouwtuplicate. Please note that tissues are ordereshtie as in Figure
26.

4.4.2.Tissue Distribution of Human GCPIIl Determined by gPCR

We complemented the activity data by our own indéeat analysis of GCPII/GCPIII in human

tissues on the mRNA level. For this aim, we useghdmu Clontech tissue cDNA libraries (Human
MTC Panel | and Il, see 3.1.2 in Materials and Met). The results were similar, except for that
the GCPII prostate content was only two times higihat in the liver (tissue with the second
highest content) (Figure 26). The third highesttenhwas found in kidney. For GCPIII, the tissues

with three highest levels were testes, ovary aadeguita (Figure 26).
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Figure 26: mRNA levels of GCPIl and GCPIIl in human Clontech tissue cDNA libraries, as determined by
gPCR. The “No. of transcripts” refers to number of tramgts found in 1.0 pl of 10-fold diluted cDNA liaary. Error
bars represent standard deviation from experimeantsed out in triplicate. Tissues are ordered fioigher to lower
content of GCPIIl mRNA, whereby the tissues, forichhwe do not have enzymatic data, are tetherdioeagnd (colon
to leukocytes). Please note that the first 10 éissare ordered the same as in Figure 25.

4.5.X-ray Structure of GCPII His475Tyr

Because we wanted to shed light on the controvaeyt the influence of GCPII His475Tyr on the
folate levels (see 1.2.3.4), we also crystallized protein (besides the biochemical characteonati

of its FolGly-hydrolyzing activity, see 4.2.2).

The structure revealed no significant differencesnveen the wild-type and mutated enzymes -
residue Tyr475 occupies the same space as His4VBamno apparent influence on the active site

or any exosite of the enzyme.

4.6.More Lipohilic Inhibitors of GCPII

GCPIl is active and physiologically relevant in t8&lS and its inhibitors are neuroprotective as
discussed in the Introduction (see 1.2.3.1.1, 11233l). Therefore, it is important to search for
potent lipophilic compound capable of crossing bieod-brain barrier. For this task, we first
searched for more lipophilic substrates that cseltve as a basis for inhibitor design. We found out
that the S1' site can bind even moieties as sumgrias methionine and aminooctanoic or
aminononanoic actd’. Structures of GCPII Glu424Ala with N-acetyl-L-astyl-L-methionine
(PDB entry 3SJX), N-acetyl-L-aspartyl-L-2-aminoaubéc acid (PDB entry 3SJG), N-acetyl-L-
aspartyl-L-2-aminononanonic acid (PDB entry 3S3aq with (S)-2-(3-((L)-methionyl)ureido)-6-
(4-iodobenzamido)hexanoic acid (PDB entry 3%JF$how a structural overlap with the P1'
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glutamate seen in the structure of GCPII with NAMFDB entry 3BXM®). For the two moieties
longer than glutamate or methionine (PDB entry 3S3&JE), the extra atoms protrude into a
nearby small pocket formed by residues Leu261, &y2Gly265, Gly427, Leud428, Ser431,
Thr432, Asp520, Glu522, Val523, GIn526 und Arg58.4( PDB entry 3SJE).

4.7.Selective Inhibitor of GCPIII

Because the main difference between GCPIl and GG@Rllkely its wobble Zn2 that might be
potentially replaced by other physiologically redev cations like C&, Mn** or zrf*, we
hypothesized that a transition state analogue,whiguld have low affinity to zinc, but a high one
to calcium, could perhaps be the basis for a G&flictive inhibitor. To analyze this idea, we
designed BCG analogs glutamyl sulfamide and urewvateres (Figure 27) as potential specific
inhibitors of GCPIII. In order to test them, we dseur inhibition assay employing FolGlas a
substrate in the presence of 0.10 mM'Zand 20 mM C&. We found out that the activity of
glutamyl sulfamide [2-(sulfamoylamino)pentanediaaid] is rather weak (l§ value of 7.3% 0.67
uM), but it is 3.8 times tighter than that for GC2B.2+ 6.3 uM). Design of the urea analogs of
BCG (Figure 27B,C) lead to weak inhibitors with selectivity to GCPIII.
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Figure 27: Glutamyl sulfamide and urea inhibitors & a starting compounds for designing a GCPIll-seldive
inhibitor. (A) Glutamyl sulfamide [2-(sulfamoylamino)pentai@d acid]. (B) (S)-2-(3-(1,3-dicarboxypropan-2-
yl)ureido)pentanedioic acid, the urea analog of BQG (2S,2'S)-2,2'-(carbonylbis(azanediyl))dipemtdioic acid, a
control inhibitor.

4.8.Biochemical Characterization of N-acetyl-L-aspartyiL-
glutamyl-L-glutamate-hydrolyzing Activity of Human GCPII and
GCPIII

Since N-acetyl-L-aspartyl-L-glutamyl-L-glutamate ANG2) was shown to be hydrolyzed by
mouse GCP# and GCPIIf® (for structure of NAAG2, see Figure 1), we set tmtinvestigate

whether also human GCPIl and GCPIIl hydrolyze NAAG@aking into the metal-dependent
hydrolysis by GCPIII (see section 4.2.4.1), we dateed the NAAG2- and NAAG-hydrolyzing

activities of GCPIII in the presence of 0.10 mM?ZnAs shown in the Figure 28, NAAG2 is a a
74



more favourable substrate for GCPIIlI than GCPImaly by one order of magnitude in terms of
catalytic efficiency (Figure 28A), and also in ternof both Ky and k. (Figure 28B,C).
Furthermore, the largest difference consists in dbservation that NAAG2 is a much less
favourable substrate than NAAG for both GCPII ar@Ra8I (Figure 28A,B,C).

It is also worth mentioning that the kinetic paraeng for hydrolysis of NAAG2 by GCPII were
almost the same both in the presence and absefic&élomM Zi* (data not shown).
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Figure 28: NAAG2- and NAAG- hydrolyzing acitivty of human GCPIl and GCPIIl. NAAG2- and NAAG-
hydrolyzing activities of GCPIII have been assairethe presence of 0.10 mM ZnThe reaction buffer was 25 mM
bisrispropane pH 7.5. Error bars represent standigwihtion. (A) Catalytic efficiencies. (By values. (Ckcq values.
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5. DISCUSSION

Our first main achievement was the characterizadiomow GCPII binds FolGlusubstrates
(provitamins B) by X-ray crystallography. We complemented thesdifigs also with kinetic data,
which were previously unknown. This structural istigation was the second study to characterize
the arene-binding site (ABS), and the first to elctarize the hydrolysis of FolGlsubstrates by
human GCPII. Additionaly, we also characterized 8 site and showed that GCPII does not

contain any S3 site.

Our second main achievement was the identificadfdhe decades-long known dipeptigle
citryl-L-glutamate (BCG) as the most specific sudst of GCPIII (independently to the work by
Collard et a.?). In addition, we also found the probable struatusasis of the fundamental
difference in substrate specificities of GCPII aa@PIll, which possess active sites differing only

by one amino acid (see 1.3.3.2).

There are, however, still issues, which requirdeast attention. For example, as it is
obvious from the Figure 13 and Figure 15, our kinatsays were sometimes near or even beyond
the limit of quantification. This caused th&, value to be sometimes extrapolated. A further
consequence is a higher experimental error. Thisoggh was derived from the intital effort to
keep the protein concentratin as low as possildeatlse it was not known, how much protein
would the reversed-phase column tolerate. We catildourse, e.g. have affected tig to achieve
higher values by using a buffer containing somesphate, but we decided not to go in this
direction. However, for routine testing, where thee Ky is not needed, such a change of reaction

conditions by phosphate would be acceptable.

During processing of large amounts of FolGhydrolysis data, we noticed that Folglu
substrates are likely hydrolyzed in a distributimeanner, because there were always only
proportional peaks of FolGly or FolGly,, - for example, we never observed a peak of FgIGlu
and FolGly.3, while FolGly.1 and FolGly., would be missing. This conclusion is in agreement
with the obtained FolGJLKy values (which in the specific case of GCPII roygtirrespond to its
affinity to the substrates): the last link in the!Glu, processing chain, FolGluhas the highed{y
(lowest affinity), so no accumulation of any intertnate is conceivable. Moreover, the affinity of
GCPII for folic acit itself (FolGly, vitamin B) is around 0.1 mM (unpublished observation), so

even FolGly cannot accumulate (and, in practice, it did not).

For our FolGly assay, we used oxidized forms of FolGhubstrates, because they are

stable and readily available. Moreover, the affiit GCPII for reduced forms of folates, which are
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the forms found in living organisms, might be comaie, because the contribuition of the ABS to

binding aromatic moieties is not that high as owell expect (see Figure 13 and Figure 14).

As shown in the Results section, we performeddiiected mutagenesis of the ABS exosite
(Figure 14 in section 4.2.3). The ABS mutants apmtaot to influence the FolGhinydrolyzing
activity significantly (Figure 13 in section 4.2.3f we analyze whether there are some other
surface residues that could be responsible foditierence between GCPII and GCPIII, we find,
for example, that near the ABS, there is a positivarge groove delineated by Lys610, Lys606,
Arg605, Val602 and Arg598 (enumareted in increasiistance from the entrance channel), which
could, hypothetically, serve as point of a firspitaeie of the negatively charged FolgRubstrates.
The residues of this groove are replaced by Ser@@n596, Lys605, Glu592 and GIn588,
respectively, in GCPIIl, which are substitutiongher disrupting the positive charge or even
introducing a negative one. This stands in conti@ashe differences in the flexible entrance lid of
these two enzymes, namely Trp541 (GCPII) versu$3ygGCPIIl), Glu542 v. Lys532, Phe546 v.
Tyr536 and Gly548 v. Ser538, which represent ratieeritral changes or introduce a weak positive
charge. A possible thorough dissection of the bfiees between GCPII and GCPIIl should thus
investigate these above mentioned differencesamptsitive charge groove.

Nonetheless, the relevance of the ABS for the §ipi#gi of GCPIl should not be

1.4° who

underestimated. A good example is the recent observ by Tykvart and Schimer et al
showed that a proper ABS-targeting moiety can exeethe selectivity to GCPII over GCPIII by
more than three orders of magnitude. Moreover,fthding is also suported by an X-ray structure

of this inhibitor in complex with GCPII (PDB entdX3R)*.

GCPII differed in the FolGhshydrolyzing activity from GCPIII both iy andk.a (Figure
12). However, FolGlughydrolyzing activity by GCPIIl could be activatdry 0.10 mM ZA* to
reach the activity of GCPII (in terms &f,, Figure 15). We chose this particular concentratd
zinc, first, because pancreas releases zinc igeitsetions at the amount of approximately 1 - 2
mg/day’® Second, GCPIII is expressed in jejunum at a Isirellar to GCPII (less by one order of
magnitude, see Figure 25). Third, zinc concentaiiothe CNS is proposed to represent a signal
(similarly to calcium) (see below). Fourth, the*Zactivated hydrolysis of FolGlus half-saturated
at approximately &M Zn?* (unpublished observation, but preliminarily indi by Collardet
al.?), so its FolGly activity might well be relevant in GCPII knockooitganisms and account for
their relatively mild phenotype (see 1.2.3.1.5)might be interesting to find out whether GCPII
knockout mice are hypersensitive to zinc deficietttypugh decreased absorbtion of folic acid,

whether they are more or less prone to carcinogeraesl whether some less glutamylated folates
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can rescue their mild phenotype like increaseddloessure (see 1.2.3.1.5). However, it should be
noted that the normal extracellular concentratibriree zinc is very lo#/°, in contrast to total
plasma concentration, whis is at the order ofi 3

The analysis of the structure-activity relationsbigsCPIl has important clinical
implications. As described earlier in the thesispmmmon polymorphism in GCPII gene leads to
GCPII His475Tyr mutation that has been connectetdteved folate levels (see 1.2.3.4). To analyze
the hypothetical possiblity of altered FolGhydrolyzing activity, we decided to solve the
molecular structure of this particular mutant ahdlg its enzymologic activity. We found that its
structure is identical to to the wild-type GCPIdaaiso experimentally proved the intuitive notion
that it possesses unaltered FolEhydrolyzing activity. We also found out that evtie mutant’s
thermal stability is unaltered when compared toviiid-type enzyme - temperature midpoint for
the unfolding transitionT,) was only 2.0 °C highé&f*. Somewhat surprisingly, the His475Tyr
mutation conferred less efficient hydrolysis of NGAWe thus conclude that this mutation does not
influence the proteolytic activity of the enzymet@mms of the hydrolysis of FolGluits influence
on the folate metabolism in polymorphis organisnany, must have other, more complex
reasons’”.

To clarify the structural basis of how GCPII birfedGlu, substrates, we crystallized GCPII
in complex with FolGlye (section 4.3.1) and solved their structures bya)Xarystallography. Out
of these seven structures, only three - Fol@hyielded electron density maps complete enough fo
the models to be published. In the case of ther dthue GCPII Glu424Ala-FolGlyls 5 scomplexes,
only C-terminal triy-L-glutamic acid moiety could be modeled into tloti\ae site of GCPII,
whereby for FolGly, there was additionally a faint electron densigpnndicating that its pteridine
ring might be still partially wedged between Arg5drid Trp541. This could mean, that the
FolGlu s gsubstrates might be simply too long to engage tB8.A-or FolGly, which binds with
approximately 0.1 mM affinity (16, see above), the surprising density of g4i-glutamic acid
moiety might be the result of a possibility thag ttultivation medium might contain some higher
FolGlu., molecules which might have remained bound througtiee purification of GCPII.

Very important feature of the substrate specifioit GCPIII is its ability to cleave the newly
identified substrate, BCG. One of the aims of fingject was to analyze the specificity of GCPIII
for this substrate by structural analysis. All afforts to obtain directly the structure of the
complex of inactive mutant of GCPIII (Glu414Ala)tiithis substrate were unsuccessfull. The co-
crystallization trials with GCPIII and calcium yildd either no, small or poorly diffracting crystals
(2.7 A at the best). In order to obatain a stradtbase for the later computational models of how

BCG binds to both homologous enzymes, we decided-arystallize the inactive mutant of GCPII
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(Glu424Ala) with BCG This was challenging as wélfe were unable to get the crystals of the
complex. Fortunately, it was possible to soak ardyfree crystal of GCPII Glu424Ala with BCG
and obtain a 1.85 A resolution structure. We cdluéh use this structure as a basis for the QM/MM
models of GCPIIl in complex with BCG (prepared iallaboration with Dr. RuliSek and his
collaborators at the IOCB in Prague). The resuftshs structural and computational study, in
combination with our enzymological data (see Figlse section 4.2.4.1), could be summarized as
follows: First, we corrected the wrong notion susjge by Collardet al.® that GCPII does not
cleave BCG (see Figure 15, section 4.2.4.1). Secamedrevealed the selectivity ratios for the
GCPII- and GCPIllI-catalyzed hydrolyses of NAAG aB@G, respectively (see Figure 24, section
4.4.1), and quantified GCPIl and GCPIII in humasstie lysates. Third, we also determined the pH
optimum of the BCG-hydrolyzing activity (see Figuk@ in section 4.2.4.4). Fourth, we quantified
the influence of all physiologically relevant metglC&*, Mn**, Zr?") on the hydrolysis of all
natural substrates and additionally discovered @it enhances FolGluhydrolysis. Fifth, we
showed GCPIIl mRNA distribution in human tissueartker, our structural, kinetic, biochemical,
physico-chemical and computational data on GCRHidate, that the wobble Zn2 atom might be
replaced e.g. by Ghor M?*, and that this susbstitution can increasektheralue to up to a tenfold

of what is thek.s: of GCPII. This suggests that the second zinc anf, is not really essential for
the formation of the active-site nucleophile. Wa eaen speculate that the second zinc atom may
serve as a certain ,moderator* which decreasesaheation speed of catalysis. This idea can, for
example, be substantiated by drawing a comparsgfutaminyl cyclase, which has identical zinc-
binding active site residues but only has one atom whereby thi&.,; value is approximately 10 s

! (see 1.3.3.1). However, this hypothesis need toiftleer analyzed and experimentally verified.

We complemented the enzymologic data on GCPIIl Iy tescription of the tissue
distribution of GCPIIl, using both quantificationf cmRNA and B-citrylglutamate hydrolyzing
activity. This is the first report on the human fein level in the literature. Due to the limited
number of human postmortem samples available, wayad only one tissue in all cases, so the
interindividual variance is not included. Furtheven though we used specific substrates for each
homolog, the values are still influenced by inhémemor coming from overlapping specificities of
both enzymes to NAAG.

Regarding the physiological function of GCPIIl, wan speculate that GCPIII might be
somehow related to iron managent&nt®? We have the following reasons for such a hypdashes
(1) at pH 7.0, only 18 % of BCG-iron complex is dissociat&d (2) free iron causes cellular

damage through Fenton chemid¥y®® and (3) BCG is able to prevent iron-dependentatiaion
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of plasmid DNA by RO$™. Additionally, (1) the highest levels of both GARINd BCG are found

in adult rat testés® whereby the concentration of BCG is 0.7 mM B&%3(2) BCG is around 0.4

- 0.5 mM in newborn rat braiff§'®> and approximately ten times less concentrateddinta
braing® %> and (3) the concentration of BCG is the highestéwborn rat organs and is markedly
decreased in adult anim&fSwith the exception of testes where it is low ud#il days after birth
and then increases to reach the adult level afteroximately 30 day§*. We can thus suggest that
BCG might have evolved to enable cells to chelatehetal and prevent ROS mediated damage in
rapidly dividing cells. The idea that BCG servesasron chelator is also supported by considering
its structural similarity to already known natuyalbccuring iron chelators, e.g. rhizoferrin or
staphylopherrin A*®*%7 Furthermore, the highest levels of BCG are fotlmete where the BCG
synthesizing enzyme NAAGS-| (gene RIMKLB) is exmed (CNS and test&y so we can
speculate that BCG in tandem with GCPIII (expregzesumably at cells’ surface) might serve to
establish a directed flow of residual iron out £ddl/ being cleaved by GCPIIl. For such a purpose,
a tight binding chelator like BCG is a prerequisBeich a proposed iron-pumping function would
be very similar to what is observed e.gEstherichia coli which employs the iron binding chelator

enterobactitf® to extract iron from its environment.

In the CNS, there are "gluzincergic" neurons whare speculated to use zinc as an
orthograde, transcellular messenf&r Because GCPIII is probably present rather onaoreifsee
1.3.2), and because it hydrolyzes BCG in a zineddpnt manner, it should be found out whether
zincergy in CNS can inhibit GCPIII (the same wayFa$Glu, hydrolysis is inhibited by G4, see

4.2.4.3.1) and whether it could have some physicddunction or consequences.

Our work also reveals kinetic parameters of thérblysis of N-acetyl-L-aspartyl-L-
glutamyl-L-glutamate (NAAG2) by both human GCPIda@CPIIl. Because the activity of GCPIII
was relatively low, and because GCPIIl is likelyffsaturated by very low concentrations of zinc
(around 6uM, discussed above) we measured the NAAG2- and NA&@olyzing activity of
GCPIIl only in 0.10 mM ZA". To complement our enzymologic data on the hydislpf NAAG2
with structural data, we attempted to analyze théeibg of this novel substrate to GCPII by X-ray
crystallography. We used the inactive mutant of GQBlu424Ala) and obtained a 1.9 A
resolution structure. However, the low electrongiigmof the substrate, which was probably present
in two different conformations in the active sigid not allow us to appropriately refine the
structure (data not shown).

After finding out what is the probable structurakis of the difference between specificities
of GCPIl and GCPIIl (see 4.3.2), we designed arstett a GCPIlI-selective inhibitor. The
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compound, based on the structure of BCG, is indesgecific inhibitor of GCPIII: however, its
activity is in low micromolar values and the selaty ratio just 3.8 (see 4.7). One way of utiligin
this compound could be the exploitation of the ayidffect of multiple inhibitor moieties attached
to a macromolecular scaffold (an approach demaestta work bySacha et al*®°. earlier this year,
using GCPIlI-specific inhibitors). If successfuljsthapproach might lead to the development of
specific anti-GCPIIl macromolecules that could Bedifor the visualisation and imaging of GCPIII

in animal tissues.

Taken together, we present a very detailed strakcmmd enzymologic comparison of an
important diagnostic and therapeutic target (GCRith its cosest human homolog (GCPIIl). By
the identification and analysis of a specific stdist for GCPIIl we developer a tool for the further
analysis of the distribution and activity of thisigmatic enzyme and thus for the elucidation of its

physiologic role.
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. SUMMARY

The mode of binding of FolGlusubstrates ang-citryl-L-glutamate to GCPIl has been
characterized by X-ray crystallography.

We grew the biochemical and structural body of kieolge about the arene-binding site of
GCPII.

A highly specific substrate of human GCPIII hasrbekentified.
All substrates of GCPII and GCPIII have been chiaraaed from the kinetic point of view.

The plausible structural reason for the distindisstate specificities of GCPII and GCPIII has
been proposed, based on QM/MM and other biocherdatal.

FolGlu,-hydrolyzing activity of wild-type GCPII and the lymorphic variant His475Tyr has
been quantified and found to be virtually the same.

Structure of GCPII His475Tyr has been found to dpaivealent to the wild type.
Tissue distribution of human GCPIII has been deieehat the protein and mRNA level.
NAAG2-hydrolyzing activity of human GCPIl and GCPtlas been characterized.

More lipophilic inhibitors of GCPII have been idéd and biochemically and structurally

characterized.

The first GCPIlI-selective inhibitor has been idéad.
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/. FUTURE PERSPECTIVES

Much of the future perspectives are already imfienentioned in the Discussion. However, a list

of urgent issues, which require attention, is belowhis section. These future perspectives include

Finding out whether GCPIIl is expressed on the salface and whether it serves there to

cleave BCG, thus establishing an efflux of iron ethit is proposed to chelate.

Finding out whether GCPIIl knockout mice are moreng to brain or testicular cancers in
adulthood or prenatal brain tumors. If they would it would be straightforward to test how

this phenotype is influenced by iron overload, hod well they absorb dietary iron.

Finding out whether the relatively high expressbiGCPIIl in lungs serves also to chelate and

remove excessive iron and to possibly protect them higher exposition to oxygen.
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