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Glutamate carboxypeptidase Il (GCPII) is a typérdhsmembrane glycoprotein. Its
expression was independently discovered in brawstate and also in small intestine. In the
brain it is known as a N-acetylatedhinked acidic dipeptidase (NAALADase), in the piate
as a Prostate-Specific Membrane Antigen (PSMA)hésmall intestine as a folate hydrolase
(FOLH1). Although NAALADase, PSMA and FOLH1 wereeittified as a single protein at
the end and the name of the protein was standardizeglutamate carboxypeptidase I
(GCPII), the researchers from different disciplingg all four known names.

GCPIl is a metallopeptidase from the M28 family. & homologous to
aminopeptidases (froeromonas proteolytica and Streptomyces griseus), which also belong
to this family. The first model of domain repressiin was constructed based on this
homology. The first X-ray structure was determiadtiost one decade later. The structure of
extracellular part of GCPII reveals a symmetric bdimer with each monomer containing
three domains (analogous to three domains of wamsfreceptor): a protease domain, an
apical domain, and a helical domain. Amino acidsrfrall three domains are involved in
substrate binding. Even though GCPII protein waso atrystallized with inhibitors and
product of hydrolysis (glutamate), the structureahwa natural substrate has not yet been
determined.

GCPIl is expressed in high concentration in humanb It hydrolyzes a substrate N-
acetyl-aspartyl-glutamate (NAAG), which is cleavatb N-acetyl-aspartate and glutamate.
NAAG is an abundant neurotransmitter in central’oes system and together with glutamate
plays a role in excitotic neurotransmission. Intidsi of NAAG hydrolysis by specific and
potent inhibitor 2-(phosphonomethyl)pentanedioic idac(2-PMPA) showed to be
neuroprotective in animal models of stroke and oeathic pain.

Interestingly enough, experiments with GCPII knatk-mice showed that GCPII is
not the only protein with NAAG-hydrolyzing activity the brain. It was shown that at least
two homologous enzymes can be detected in mice:liGEE GCPIIl. They have similar
pharmacological properties and affinity for NAAG.

GCPIll is also overexpressed in prostate cancelitasdised as a new prostate cancer
marker. Moreover, it is intensively studied as asgiole therapeutic target because it is
anchored in the membrane and it is expressed inpalbtate cancers and also in
neovasculature of several non-prostatic solid temdn the benign prostate, a truncated form
(PSM’) of GCPII is prevalent. The ratio GCPII/PSNticreases with the prostate cancer

progression and can be used for prostate cancgn@ses (tumor index).



The study of GCPII is such a broad field that dkss thesis is not focused on only one
aspect of this interesting protein. Published papethis thesis are reflection of this fact.

Beginning of this thesis deals with the structofésCPIl protein, to the architecture
of its active site and protein folding. Moreover,also addresses the structural features of
several inhibitors of GCPILI.

Second part deals with GCPII as a biological targés aimed at expression of GCPII
in human brain and at the direct comparison betwe€rIl and its close homolog GCPIILl.
Moreover, it also concerns the study of GCPII asd/Ptrafficking in cells and the origin of
PSM'.

The thesis is written as an introduction and amoge® of the published papers and
manuscript, which are included in the thesis. Thetidds and Material part is omitted
because it is described in details in the enclgsagers. In the Results and Discussion

background information and summary of individugh@a are presented.
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3.1 GCPII AS AN INTERESTING MOLECULE (a general inf ormation)

3.1.1 GCPII: from DNA to protein

DNA

GCPIl gene (FOLH1) spans 62 035 base pairs, camgief 18 exons and 19 introns.
All intron-exon boundaries conform to the GT-AG eyll], thus there is space for rich
alternative splicing. Using FISHanalysis, the location of GCPIl was found in choswme
11, at p11.2 arm [2, 3].

GCPII promoter lies upstream of GCPIl encoding gée@&H1. It contains number of
potential sites for transcription factor bindingne of which by itself is responsible for such a
high expression of GCPII in prostate [1, 4].

GCPII enhancer is in the third intron. It contaif¥s bp direct repeat within a 331 bp
core region and activates transcription from it;maand heterologous promoters in prostate

cell lines. The enhancer is repressed in the peesehandrogen [5, 6].

MRNA

GCPIl mRNA offers various sites for alternative isjplg. Until recently, three
alternatively spliced forms were discovered andgheged as PSM’ [7, 8], PSM-C and PSM-
D (Fig. 1) [7] and also variants PSMA [9] and PSMA18, in which complete exon 6 or 18
are excluded, respectively [10]. Recently, anotiwer new forms of alternative splicing were
found: PSM-E [11] and PSM-F in the database (onweé sites of National Center for
Biotechnology Informationh{tp://www.ncbi.nlm.nih.goyin Protein: sequence database).

! Glossary item
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A (mMRNA) B (protein)

IN TM EXT

GCPIl | [ — ]
1 114 380 2652 1 20 4a 750

¥
| ] [ ]
PSM J_— 35 &0 750
- I ] [ ]
PSM-C 1 114 247 2520 &0 750
= | | I I
PSM D 1 114 216 2488 1 770

Fig. 1: cDNA sequences of GCPII and three alternately spliced variants (PSM’, PSM-C and PSM-D).
Panel A In PSM’ bases 114-380 (pale blue box in GCPIl)gehomic GCPIl sequence are removed by
alternative splicing. PSM-C has the same spliceodsite as PSM’ (nucleotide 114) but alternativeegdor site

is located in intron one of GCPIl; mRNA containgdidnal 133 nucleotides (green box). PSM-D hassiiime
splice donor site as PSM’ and an unique acceptervgithin intron one. It includes a novel exon faya box)
[7]. Panel B Translation of GCPIl mRNA yeilds a 750 amino a&cidng protein consisting of intracellular
domain (N), transmembrane domaifll ) and large extracellular domaiBXT). PSM’ protein lacks 59 amino
acids from N-terminus compared to GCPII (full ldmdgorm). PSM-C protein is predicted to be identital
PSM'. PSM-D protein is predicted to be a proteithwiovel 21 amino acids on the N-terminus (red box)

PSM'’ is the most often described alternativelycgal variant. It lacks 266 nucleotides
near 5’ end and the translated protein has nocelltdar and transmembrane domain. It was
detected only in the prostate and in no other ¢&ig8l Its importance in normal prostate and
prostate cancer will be discussed elsewhere (sgs@h 3.3.1.2.3.4.2).

Translation of PSM-C mRNA variant would yeild peot identical to PSM'.
Translation of PSM-D mRNA would yield a protein 87kDa, without transmembrane

domain and with different amino acids at N-termiofishe protein compared to GCPII [7].

PROTEIN
Glutamate carboxypeptidase 1l (EC 3.4.17.21) bedong the M28 family of
metallopeptidases on the basis of sequence homtdgg aminopeptidases of this family.
GCPIl is a membrane type Il glycoprotein with ghimtracellular N-terminus and
large extracellular domain containing active sitd possessing hydrolytic activity [12]. It is a
750 amino acids long protein with molecular weighttlOOkDa. The structure of GCPII will

be discussed later (see chapter 3.1.5).
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3.1.2 GCPII hydrolytic activities

3.1.2.1 N-acetylated-alpha-linked acidic dipeptidasactivity

GCPIl is able to cleave N-acetyl-aspartyl-glutam@@AAG), a neurotransmitter (see
chapter 3.2.1.2) (Fig. 2) [13]. It cleaves off tBderminal glutamate and thus releases it into
the synapse. Biological significance of this clegvas discussed in detail elsewhere (see
chapter 3.2 GCPII as a neuropeptidase).

o]
i CO,H )L CO,H
NH GCP I H
H02G\/\H/N HOECVA‘C{'JzH + HEN
O COH COH
N-Acetyl-Asp-Glu (NAAG) N-Acetyl-Asp Glu

Fig. 2: Hydrolysis of the substrate N-acetyl-aspartyl-glutanate (NAAG) by GCPII to yield N-acetyl-aspartyl
(NAA) and neurotransmitter glutamate (Glu).

3.1.2.2 Folylpoly-gamma-glutamate carboxypeptidasactivity

This activity was characterized in the brush bomfeintestinal mucosa and converts
folylpoly-gamma-glutamate into the folate (Fig. Bt is ready for intestinal uptake [14].
This activity is responsible for cleavage of metbgatepolyglutamate and thus it is important
for its uptake and metabolism [15]. Due to thisiaigt, GCPIl can also be a target for
activation of peptide prodrug in prostate canceethdtrexate-based peptide analogs were
analysed to identify new GCPII-specific substratewever, the longey-linked analogs of
methotrexate were not significantly hydrolysed imethotrexate. Moreover, these analogs
were transported into cell via folate transport haagsm independent of GCPII hydrolysis

and thus might not be preferred agents for targga@PIl activity [16].
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0 CO,H

2 9  coH
H N N
NSNS ’Q)L . CO,H :
N | N 2 GCPII COH
)Qs. - H Nlu — N"'
H,N™ "N” "N o (H

o |H
OH
Folylpoly-y-Glutamate o-n d n?1H

Fig. 3: Cleavage of folylpoly-gamma-glutamate by Gell .

3.1.3 GCPII substrate specificity

Generally, dipeptides are much better substraims those with longer chain, alpha-
linked peptides are better than gamma-linked anmdigess containing C-terminal glutamate
are the best substrates of all [13]. Using libsaoéall possible dipeptides, new substrates for
GCPII were discovered [17]. They were indentifiesd Ac-Glu-Met, Ac-Asp-Met, Ac-Ala-
Glu, and Ac-Ala-Met, yet dipeptides containing Met a C-terminal amino acid showed two
order of magnitude loss in binding to GCPII (Tab)d17].

Substrate K [uM] Keat [S]  KeaKu [s/mmol ]
Ac-Asp-Glu  0.43+0.1  0.59+0.16 1372
Ac-Glu-Glu <5.0 0.78 + 0.08 ND
Ac-Ala-Glu ND ND ND
Ac-Glu-Met 53.0+59  0.29+0.01 5.5
Ac-Asp-Met 24.8+3.9  0.07 + 0.002 2.8
Ac-Ala-Met 303 +41  0.01 +0.001 0.03

Table 1: Example of kinetic parameters of GCPII for different dipeptides from peptide libraries. ND, not
determined. Modified from [17].

3.1.4 GCPIl inhibitors

GCPIl is inhibited by polyvalent anions such asgphate, sulphate [13], and by
compounds chelating divalent cations (like EGTA)hieth is a common feature of
metallopeptidases. Interestingly enough, GCPIlvagtiwas also inhibited by bestatin and
puromycin (aminopeptidase inhibitors) [13].

Studying derivates of NAAG and glutamate and thaibition efficiency on GCPII
revealed effective inhibitors N-succinyl-Glu-OH, fidmaryl-Glu-OH (K 0.9 and 0.4uM,
respectively) (Fig. 4) [18], noncompetetive inhdlsijuisqualic acid and competitive inhibitor
beta-NAAG (N-acetyl-aspartyl-beta-linked-glutamatey. 4) [19].
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In the panel of hydroxyphosphinyl derivates [20flamea-based inhibitiors of GCPII
[21], the most potent inhibitor of GCPIl 2-(phosplmethyl)pentanedioic acid (2-PMPA)
(K, of 300pM) (Fig. 4) was discovered [20]. Furtheralgmis showed that for a good
inhibition potency the inhibitior should containidic moiety in propionic acid portion. None
of the new designed inhibitiors was so effecier2-&MPA [22].

Practical application of GCPII inhibition as ardgeutical tool (see chapter 3.2 GCPII
as a neuropeptidase), requires eficient orally @dable inhibitor and because 2-PMPA
meets only one of these criteria (eficiency), 2e@tkyl)pentanedioic acids were synthetised.
The inhibition by these compounds was dependetth@mumber of methylene units between
the thiol group and pentanedioic acid. Althoughenoih these compounds are as efficient as
2-PMPA, very potent inhibitor 2-(3-mercaptopropgipanedioic acid (2-MPPA, K 90nM)
(Fig. 4) was found to be orally bioavailable insraind showed efficancy in an animal model
of neuropathic pain following oral administratioB3]. These thiol based inhibitors were
further modified to contain at the P11 position bgn moiety. 3-(2-carboxy-5-
mercaptopentyl)-benzoic acid g&€15nM) (Fig. 4) was more potent than 2-MPPA. Howeve
the replacement of 2-carboxyethyl group with 3-castibenzyl group in 2-PMPA resulted in
significant loss of inhibitor potency [24].

15



CO,H

o CO,H O

PN ’ NH—/< HO,C NH
QH 02\ /Nl iNH o) CO,H
HO,C __A__NH ) \ﬂ/ 2
H,NY COzH
\/\[c]: CO,H 2 )
NAAG Quisqualic acid B-NAAG
(Ky 427nM) (ICs0 480nM) (K, 800nM)
CO,H CO,H
HO,C NH HO,C._~ NH
\/\g CO,H \/\g COH
N-succinyl-Glu-OH N-fumaryl-Glu-OH
(IC59 900nM) (IC50 400nM)
CO,H CO,H
CO,H
(“) HS 2
HO—P.
o COH CO,H COzH

2-PMPA 2-MPPA 3-(2-carboxy-5-mercaptopentyl)-

(K, 300pM) (IC50 90nM) -benzoic acid
(ICsq 15nM)

Fig. 4. Examples of the most potent inhibitiors of GCPII.Inhibition constants are expressed ag & K|
values in nmolar (picomolar) concentration. For shibstrate N-acetyl-aspartyl-glutamatAAG) Ky value is
shown. The most potent inhibitor 2-(phosphonomggi@gritanedioic acid2(PMPA) is depicted in blue2-
MPPA: 2-(3-mercaptopropyl)pentanedioic adNAAG : (N-acetyl-aspartyl-beta-linked-glutamate).

3.1.5 GCPII structure

3.1.5.1 Overall structure of GCPII

The structure of extracellular part of GCPII regealsymmetric homodimer with each
monomer containing three domains (analogous tcetki@mains of transferrin receptor): a
(residues 57-116 and 352-590), &n (residues 117-351), and a

helical domain(residues 591-750) [25, 26]. Amino acids fromthtee domains are involved

in substrate binding. The dimer interface of GG®large (total of 2457 A [26], suggesting
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thus that monomer would dissociate from GCPII arpgnpartial unfolding and perhaps that
Is why the only active species of GCRilvitro seems to be a dimer [27] (Fig. 5).
The protease domainis most closely related to the domain of aminoplgste from

Aeromonas proteolytica [25, 26]. The domain contains a central seven-dedmixed3-sheet

surrounded by tea-helices [26].

p Apical domain n

,f{ {\ 0 Helical domain

f I' -- ' -.-. .I
t Protease domain
N

membrane

Fig. 5: Three-dimensional representation of GCPII dmer. One monomer is shown in wheat colour, the other
is coloured according to domain organisation. k& dlative site there are zinc ions (blue spheredgjum ions
(yellow spheres), and also chloride ions (orandeesgs). Seven carbohydrate side chains locatdtkirlectron
density map are shown in line representation. N-@#nerminus of this extracellular domain is laldedesN and

C, respectively.

Inserted between first and second strand of theadiisheet of the protease domain
is the . It covers the active site and creates a subdtiatBng funnel between
the domains [26] (Fig. 5).

The helical (or C-terminal)domain has a main feature consisting of up-down-up-
down four-helices bundle. There are also two lodpst one (residues 676-690) creates
contact with protease domain through hydrogen bohde second loop (residues 692-704),
which also makes a several hydrogen bonds to m®tdamain, is a part of the ,glutarate
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sensor”. ,Glutarate sensor” is a hairpin containregidues Lys699 and Tyr700, which are
directly involved in the specific substrate bindinbhis second loop is flexible and its
conformation changes in the crystal structures wiéipg on ligand bound in the S1’ position
of the active site [26, 28] (Fig. 6, panel A, B)elidal domain also forms a dimer interface,
which comprise mostly of helical domain of one mm@o and protease and apical domains of
the other. There are also two intermolecular safiges formed between Arg662 of one

monomer in helical domain and Asp666 of helical domof other monomer [26].

Fig. 6: ,Glutarate sensor” in the GCPII structure. Amino acid residues 692-704 create a flexible It is
involved in substrate bindinganel A The GCPII structures available from the RSCB RiiBe superimposed.
The Qx-traces are shown in ribbon representation. Cotogling used for ,glutarate sensor” is depictedyiarc
for GCPII/GPI-18431 (GCPII inhibitor) structure, jrellow for GCPIl/glutamate structure and in magefdr
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GCPIl/phosphate structure. Residues Lys699 andODycreate a part of this loop. They directly birgduhds in
S1’ site. If the S1’ site is not occupied by a lida(structure GCPIll/phosphate; magenta), the Idemge its
position in the active sitePanel B Detailed picture of ,glutarate sensor“. Differepbsition of the loop
highlights the movement of Lys699 and Tyr700 (imelirepresentation) in the structure of GCPIl/phasph
Colour-coding is the same as in panel A.

In the GCPII structure a calcium ion is also ledatTwo domains (protease and
apical) co-operate in its binding. The*Cés too distant from active site to be involved in
enzyme catalysis. Its role is more likely to holdtpase and apical domain together through
coordinative interaction. Possibly, it is involveddimerization by stabilizing the loop 272-
279 which has three tyrosins (272, 277, 279) (Fig. These tyrosins form hydrophobic
pocket, which is entered by side chain of Tyr733hef other monomer in the dimer (Fig. 7).
Moreover, Tyr277 forms an intermolecular hydropleabteraction with N-acetyl group of N-
acetyl-glucosamine of the sugar chain attached $0688. This contact of sugar chain and
protease domain is one of the few structurally wlefined cases of a protein—carbohydrate

contact involved in homodimerization of a protefig( 5) [26].

Fig. 7: Function of C&" ion is still not understood lon C&" is coordinated by two glutamates and threonine.
Three tyrosins (in gray colour) in one monomer farhydrophobic pocket, which is entered by sidarcbé
Tyr733 of the other monomer in the dimer (depidtedrange). This interaction can play a role in @irpation.
Monomers of GCPII dimer are coloured in green ahdat.

Another ion in the GCPII structure is"@n. It seems that it has stabilizing role and
holds Arg534 in favorable conformation for subsrainding [26].
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3.1.5.2 Active site of GCPII

Approximately 20A long funnel leads from the GCBlirface to the active site that
contains two zinc ions. One zinc ion (Znl) is te&drally coordinated by Glu425, His553
and by a bridging ligand Asp387. This aspartate et®rdinates other zinc ion (Zn2) together
with Asp453 and His377. The catalytic zinc centefree state has a single water molecule
bridging two zinc ions (Fig. 8). Interestingly, tdestance between zinc ions is changing from
3.30A, in the free state, to 3.65 and 3.78A, resyaly, in the complexes with phosphate and
GPI-18431 [26].

Asp387 in the active site forms a peptide bondcia conformation with its

neighbouring Pro388, which is common in binucleac peptidases [26].

Asp387

—

Glu425

His377

Glu424

Fig. 8: Active site of GCPII. Zinc ions are depicted in blue. Each metal iotetsahedrally coordinated by
histidine, acidic amino acid and by a bridging figaAsp387. Glu424, a possible catalytic acid/bd¥8@PlII, is
also depicted.

In the catalytic mechanism Glu424 plays a promirrelg. It is a probable catalytic
acid/base of GCPII. As a proton shuttle it absgr@acproton from the water between zinc ions
and transfers the proton to the amino group ofaghate, possibly during substrate cleavage.
The activated water molecule then attacs carbomygof aspartate in the substrate (Fig. 9)
[26]. This catalytic mechanism is similar to thakgcovered in other carboxypeptidases [29].

20



a S 0. -Glugy,

M ‘ Zn Zn O\W GIU424 Tyrssz “",,,'x\‘ Zn ,/Zn B
~~ OH H‘O/Hr—"'"O v /‘ OH /\OH i
L H
(o] o 0/\\7 HN- :0
. HN- —_— o HN . CHy
N CHs o~ { o
o | ; o o T
(0]
N-Ac-Asp-Glu l
= N\ Tyrssz. O —Glugy,
T Zn Zn | °
OH W o GIU424 OI-\I Z\n /‘Zn
HOH™ 4 ey,
S HN _/,/0
OH" Glud24 O J . C H
S OJI?I o _—~_HN ‘ 3
z 197 o
(¢) \
e B ( s o
_ N-Ac-Asp l
\ Tyrasz O\ —Glugag  Tyrssp. (oN) Glugag
O oH o
“ HN-
0 o 4 B o
: HN CH3 3
° : 70 o
-0 o
o

Fig. 9: The catalytic mechanism of GCPII.Catalytic pathway was suggested on the basisagfqsed catalytic
mechanism of aminopeptidases fr@wromonas proteolytica [29] and Streptomyces griseus [30]. Tyr552 can
play an important role in stabilizing the trangiticstate during catalysis (Tyr246 plays similar rate
aminopeptidase frortreptomyces griseus [30]). Dashed lines indicate stabilizing interaotiand/or hydrogen
bond in the catalysis. Insert@dnel A: a product of hydrolysis L-glutamate (green) isdt@d in the active site
together with Glu424 (green), Tyr552 (orange), avater molecule between two zinc ions (blue spheres)
Insertedpanel B: a catalytic acid/base Glu424 (in green) of GCRIkhown together with activated water
molecule between two zinc ions (blue spheres).
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3.2 GCPII AS ANEUROPEPTIDASE

The expression of GCPII is not as tissue-restrietedvas expected a few years ago
[31-37]. Yet there are still several tissues withhlier GCPIl expression. One of these tissues
is the brain. The function of this enzyme is knaivere, contrary to other tissues. Moreover,
GCPIl seems to play a role in neuropathologies wlecessive amount of glutamate was

detected.

3.2.1 Glutamate, NAAG, GCPII and nervous system

3.2.1.1 Glutamate-excitatory neurotransmitter

Glutamate is primary excitatory neurotransmittetha human nervous system and it
plays role in neurodevelopment and, unfortunatellgo in neurodegeneration. It acts
postsynaptically on three ionotropic receptors (&ab), named after their preferentially
agonists$ [38]. These receptors have incorporated ion cHarpegmeable for cations.

Glutamate also binds to metabotropic receptordlér2), which are linked to G-
proteins and operate by releasing second messenger intaytbplasm or influence ion
channels through releasing G-protein subunits withe membrane [39].

There are also other ligands, except glutamaté&haibind to the glutamate receptors
[40-42]. Among them an endogenous dipeptidlacetyl-aspartyl-glutamate (NAAG) can

be found.
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Name Type Group Function

oA | enoron | e e e deaca
APMA ionotropic mediate fast synaptic transmission in the CNS

kainate ionotropic synaptic plasticity

mGlul | metabotropic I activates adenylate cyclase; increases activity of phospholipase C;
mGlu5 | metabotropic | inhibits K channels

mGlu2 | metabotropic Il inhibits adenylate cyclase; inhibits voltage-gated Ca** channels; activates
mGlu3 | metabotropic I | K channels

mGlu4 | metabotropic Il

mGlu6 metabotropic i inhibits adenylate cyclase; inhibits voltage-gated ca”* channels

mGlu7 | metabotropic Il

mGlu8 | metabotropic Il

Table 2 Glutamate receptors. The classification of mGlu receptors is determirmgd their similarities in
coupling mechanism, molecular structure, sequenaglogy and the pharmacology of the receptors.

3.2.1.2 N-acetyl-aspartyl-glutamate (NAAG)

NAAG is the most prevalent and widely distributegppde neurotransmitter in the
mammalian nervous system [43-45].

Specific antibodies against NAAG showed wide disifion of the peptide through the
mammalian brain, spinal cord, sensory neurons BJ6-4nd mammaliarretina [50-53].
NAAG seems to be strictly located in neurons canitgy a variety of amine neurotransmitters
including glutamate, GABA [44], although, in gligells cultures moderate micromolar
concentrations of NAAG were also found [54]. Itcsncentrated into synaptic vesicles [55,
56] and released by depolarization-induced, calaiemendent manner [57, 58]. NAAG is
hydrolyzed (enzymaticaly inactivated) by glutameseboxypeptidase Il in the synaptic cleft
[59]. However, it is also directly taken back tairens [60].

NAAG novel receptor was identified by receptor ding studies, which showed
binding of NAAG at NMDA receptor binding sites @g&values: glutamate, 0.4 mM; NAAG,
8.8 mM) in rat forebrain membranes [61]. NAAG islav-potency agonistof NMDA
receptors, but not kainate or AMPA receptors [62-6#terestingly enough, NAAG also acts
as an antagonisof NMDA receptors at low concentration (below®0) [65-67].

NAAG was also detected as a selective agonist ofuR& receptors with a potency

that rivaled glutamate [68, 69]. One role of NAAG the nervous system is to activate
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presynaptic mGIuR3 receptors and thus suppresspsgyneelease of itself and mainly
glutamate [70]. It also activates postsynaptic fik3uand decreases the cAMP levels via
inhibitory G protein in neuron and astrocytes (EaB). The downstream conquences of this
process are not well established [71, 72].

The NAAG neurotransmission action is sumarizedign EO.

Astrocyte

Pre-synaptic
neuron

. NAA
. Glu

(. NAAG

m NMDAR
KW mGIuR3

Fig. 10: lllustration of the NAAG neurotransmition. After release, at the post-synaptic membrane, NAAG
attenuates excitability by competing with glutamfatebinding at NMDA receptors or by the activatiohpost-
synaptic mGIuR3. At the pre-synaptic membraneciivates inhibitory mGIuR3 to attenuate furthereesde of
neurotransmitter, including glutamate and NAAG. NAAs removed from the synaptic cleft by hydrolyisi®
glutamate and NAA catalysed by GCPIl (at astroaytembrane). The reaction products are taken up by
astrocytes. Glutamate and NAAG can be also takek tmapre-synaptic neuron.

Post-synaptic
neuron

3.2.1.3 NAAG peptidase (= glutamate carboxypeptidad! = GCPII)

GCPIl cleaves N-acetyl-aspartyl-glutamate in theagyic cleft into glutamate and N-
acetyl-aspartate (NAA) (Fig. 10) and the reactiosadpcts can act in neurotransmission or

can be taken back to pre-synaptic neurons or g$t®c
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The peptidase activity of GCPII is widely distribdtthroughout the nervous system,
consistent with the distribution of NAAG [66, 734]7 NAAG peptidase activity has been
located to extracellular space of plasma membramolated retinal cells, cultures containing
mouse brain neurons and glianouse brain glia cultured alone, and nonmyelwaSchwann
cells’ [54, 75-77]. GCPII is concentrated in glia, namesjrocyte3[78].

If NAAG is cleaved, glutamate is released and tkoscentration of excitotoxic
neurotransmitter is increasing. On the other ha@n@&CPIl is inhibited and NAAG is not
cleaved, it binds to NMDA receptors [62, 64] ansloatio pre-synaptic metabotropic glutamate
receptors, where it negatively influences releasihgiutamate into synapse [70].

Inhibitors of GCPII can be valuable therapeutid tooneurological diseases, because
they indirectly decrease excitotoxic glutamate. &mer, they influence and enhance a
natural regulatory process (decreasing glutamatelantrast to other strategies, which
chronically activate or inhibit receptors in a mannwhich is unrelated to ongoing

neurotransmissions and which is almost always apeoied by side effects.

3.2.2 Acute neurological disorders and GCPII

3.2.2.1 Stroke

Ischemic injury is the cause of excitotoxic nere#-death which occures in the area
of insult and also in nervous tissues in surrougslinExcessive levels of glutamate,
overstimulation of NMDA receptors and influx of €anto the cell are the major factor of
nerve-cell death [79].

In 1999 Slusheet al. proposed a new strategy for the treatment of sthkinhibition
of GCPII. Use of selective inhibitor 2-(phosphondinydpentanedioic acid (2-PMPA) (Fig.
4) showed to be neuroprotective in neuronal cultnoglel of stroke and in rats after transient
middle cerebral artery occlusiofgo].

Neuroprotection during ischemia is caused by inimbiof GCPII hydrolyzing activity
(2-PMPA), increase of NAAG and decrease of glutanthirough the action of NAAG on the
metabotropic glutamate receptors [80-82].

Moreover 2-PMPA does not induce the learning andharg deficit and neurotoxic
properties of NMDA receptor antagonists and haseffect on glutamate levels in normal
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non-ischemic rats [80]. The neuroprotective effeats2-PMPA were also confirmed in
peripheral neuropathies [83], retinal gangliorell death caused by excessive glutamate
receptors activation [84] and in spinal cord inj{8%].

Another interesting discovery was that the neurtgmtoon mediated through GCPII
inhibition appears to be dependent on the presehgéal cells in the neuronal/glial culture
[86, 87]. Interestingly, increasing concentratidnNAAG (caused by GCPII inhibition) can
activate mGIuR3 receptors, expressed by astrocyibgh control release of transforming
growth factor beta (TGPB) that have a neuroprotective effect in neurodegeiver disorders
(Fig. 11) [88]. Neuroprotection was reversed byagohist of mGIuR3 receptor and also by
use of neutralizing antibodies against T@&F-Taken together, these results suggest
involvement of glial mGlu receptors in NAAG and BAPA mediated neuroprotection [86,
87].

Astrocyte PAI1 Neuron

Fig. 11: The neuroprotective effect of transforming growth fctor-B (TGF-B). Activation of glial mGlu3
receptors causes the release of T8Earough the activation of mitogen-activated pimtdnase (MAPK) and
PI-3-K pathways. TGR released from astrocytes may exert its neuroptigéeeffect in glial cells by inducing
an expression of the serpin PAI-1 (plasminogenvattdr inhibitor type 1), which is then releasednfrehe
astrocyte (left panel), and by acting in neuromsubgh a set of high affinity serine-threonine kiea¢TGFBRI
and TGFBRII), which signal to the nucleus through the eaation of transcriptional factors (SMAD2/3,
SMADA4) or through the activation of transformingpgth factor kinase 1 (TAK1). Downstream events udel
the induction of cell cycle proteins (pl5, p21, ap@7) or the inhibition of cyclooxygenase-2 (COX-2)
expression. Other factors, still unknown, might tedwute to TGFB-induced neuroprotection (right panel).
Modified from [39].
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3.2.2.2 Head injury

Traumatic brain injury is folowed by secondary injury associated with essive
elevation of extracellular glutamate and followiogjl death occurs [89]. Neuromsd glial
cells in the hippocampus, a brain area associaiddearning and memory, are exceptionally
sensitive to trauma-induced excitotoxic cell dgafy.

In an animal model of fluid percussigrthe inhibition of GCPII reduced glutamate
concentration and the loss of degenerating neugmts astrocytes. Use of metabotropic
glutamate receptor antagonists LY-341495 complaiblylished the neuroprotecting activity
of GCPII inhibition and probably effect of NAAG amGlu3 receptors [91, 92]. The data
support the hypothesis that GCPII inhibition migldgcrease magnitude and duration of
excitotoxic events associated with brain injury aegresent thus new therapeutic target in

brain injury.

3.2.2.3 Neuropathic and inflammantory pain

Increased glutamate concentration in the spinall @rd primary afferent nervés
plays an important role in acute and chronic paitopic dischargesfrom afferent nerves in
the site of nerve injury are responsible for theellgpment of hypersensitivity, hyperalgéesia
and allodyni&® (abnormal pain sensation) in patients with painuiropathies [93].

Mechanical allodynia induced in inflammatory modfdrmalin test or carrageenan
injection”) is mediated by spinal NMDA receptors-dependenthaaism [94]. Using low
levels of selective GCPII inhibitor 2-PMPA (1-10§) caused accumulation of small amount
of NAAG, which acts as an antagonist on NMDA reoeptand has an anti-allodynic effect
(attenuating the level of mechanical allodynia).dgher doses (3Q@) this effect disappears
because of accumulation of larger amount of NAAGicl acts now as an agonist on NMDA
receptors [95, 96, 97].

Even though there are two controversial studiesualamalgetic effect of GCPII
inhibition through the NAAG effect on pre-synaptionGlu receptors [98, 99], orally
bioavailable GCPII inhibitor (2-(3-mercaptopropy)ganedioic acid (IC50 90nM); see Fig.
4) exhibited efficiency in an animal model of neguaithic pain [23].
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3.2.3 Chronic neurological disorders and GCPII

3.2.3.1 Schizophrenia

Schizophrenia is a chronic brain disorder whereradtions in dopaminergic and
glutamatergic transmission seem to play an importate [100-102]. One theory of
schizophrenia is the glutamate theory, which ingslvhypofunction of the glutamate
neurotransmitter system where also NMDA and mGluRedeptors belong. [103-105]. Even
though NAAG acts on both these receptors and G@Ribiton seemes to be interesting

therapeutical approach, all studies published te dee inconclusive [102, 106, 107].

3.2.3.2 Diabetic neuropathy

Diabetic neuropatHy is a common complication of diabetes. It damagesrirves
that allow to feel sensations such as pain [108].18lutamate excitotoxicity is believed to
be a prominent mechanism involved in diabetic neatioy [110].

GCPIl inhibitor (2-PMPA) in model of diabetic nepathy showed that the
prevention of glucose-induced programmed cell deattl positive effect on neuropathic
hyperalgesia, nerve dysfunction of both myelinatad unmyelinated fibers, was specific and
was mediated by NAAG agonist activity on mGluR3agor [111, 112].

3.2.3.3 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressand fatal degeneration of motor
neurons in the spinal cord and cerebral cortex JJ1G3utamate excitotoxicity has been
implicated as a mechanism of motor neuron deathisndisease [114].

In ALS patient, NAAG levels are elevated [114] amdaddition GCPII activity is
upregulated [115]. The inhibition of GCPIl by 2-PKRand 2-MPPA decreased death of
motor neurons and glia in the animal model of AIL8is neuroprotective effect is mediated
through the limiting glutamate levels (originatifgm NAAG) when glutamate uptake is
abnormal [116].
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3.3 GCPIl AS A DIAGNOSTIC MARKER AND THERAPEUTIC TA RGET
IN THE PROSTATE CANCER

GCPIl is overexpressed in prostate cancer and used as a new prostate cancer
marker with its pros and cons. Moreover, it is ggddas a possible therapeutic marker of the
prostate because it is ancored in the membranét aexpressed in all prostate cancers and

also in neovasculature of several non-prostaticl $omors.

3.3.1 GCPIl as a marker of prostate cancer

3.3.1.1 Prostate cancer in numbers

Prostate cancer is the second most prevalent cantee Czech Republic. At least in
15% of men over age 50 oncogenic changes in peosittdue were detected. Worldwide
occurrence of this cancer is increasing by about8éty year.

Czech Republic takes #oplace in the incidence of prostate cancer (sofime
Epidemiology of malignant tumors in the Czech Rejeulvww.svod.cz[117]).

C61 - Halignant neoplasm of prostate
Time trend

—#- [hcidence
—#- Mortality

Wumber of cases per 100 000 persons

il
“ Source of datar OZIS CR

oo ﬁ.@@é‘;‘é&@@@%ﬁ’@@;@&@fn SLE é’féﬁﬁe&é‘e&é’e&

Graph 1: Time trend of crude incidence(number of new cases per 100 000 persans) crude mortality
(number of deaths on a diagnosis per 100 000 pgks(ource frontttp://www.svod.c}.

It can be seen that the incidence and mortaligfillsincreasing (Graph 1). Individuals
with prostate cancer lose 8-9 years of their lif@rs and although this type of cancer is
sometimes called an indolent and incidental carardy, 70% of prostate cancer patients have

10-year survival compared to general populatior8]11
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With the aging population the incidence of thegpaite cancer increases. However, the
increased incidence can be partially attributedaeel methods in earlier detections.

The tumors of epithelial cells belong to the mashmon type of prostate cancer. The
leading two tumors are: carcinoMaof the prostate and benign hyperplasiémalignant
tumor of epithelial cells and benign adenoma, retypaly).

The majority of prostate carcinoma represents acfomoma¥ from prostatic
epithelial cells (over 95%) [119].

3.3.1.2 Markers of the prostate cancer

Some tumor markers have diagnostic values and Wetheam diagnostic markers.
They distinguish cancerous disease from other abaldres in the prostate. Some markers
have prognostic values: they are calpedgnostic markers; they should independently predict

the biological behavior and outcome of prostateceafil18].

3.3.1.2.1 Prostatic Acid Phosphatase (PAP)

It is a non-specific phosphomonoesterase secaiedeminal plasma under androgen
control [120]. PAP represents only a small pordithe total acid phosphatases in the serum
of normal men, thus cross reactivity during scregnis observed with serum acid
phosphatases. It is also not a prostate specifikenait is synthesized by granulocytes,
spleen and pancreas [121]. Limited ability to detsrly prostate cancer, high false negative
results and elevation of PAP in already advancedadie, lead to current replacement of PAP
by prostate specific antigen.

3.3.1.2.2 Prostate specific antigen (PSA)

It is a serine protease secreted by prostateadiaiticells and it is a normal component
of the ejaculate [122-124]. PSA was detected imreeof men with benign and malignant
prostatic diseases and it is widely used as a tunasker. Even though it was believed to be
prostate specific, it was also detected in othelylissues [125-129], cancers of non-prostatic
origin [130, 131] and also in serum of normal worfit80-132].
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PSA testing is used normally in hospitals as adstechtest [133] for prostate cancer
patients and detects pathologically organ-confipexbtate cancer in large number of cases.
Nevertheless, it is not disease-specific, eleviteels can be find in a small portion of normal
males and in 25-85% of patients with benign prasthyperplasia (BPH) and prostatitis
[134]. Moreover, PSA serum levels are downregulabyd the absence of testosteron
(stimulates cancer cell growth) during androgenrgagon therapy, which is normally used

for reducing the male hormons [135]. Thus it makesdiagnosis more difficult.

3.3.1.2.3 GCPII disguised as Prostate specific membrane antigen

An ideal diagnostic tumor marker SHOULD [118]:
« Meet general tumor marker criteria but also bergam-specific and cancer-specific
* Have high sensitivity
* Have high specificity and reproducibility
» Be practical; simple, cost-efficient test

* Predict the prognosis

AN IDEAL PROSTATE CANCER MARKER HAS NOT YET BEEN DI SCOVERED.

3.3.1.2.3.1 GCPII organ-specificity

Although GCPIl is mostly expressed in brain, prtestaidney and small intestine [31,
33, 35, 136, 137], it was also detected in othgawos [32, 36].

It is very disturbing that different studies verffem show different results of tissue
localization of the enzyme (Table 3). In many exb®sp/E11l antibody, which recognizes
cytosolic N-terminus of GCPIl, was used [31-33,3%- Only in half of these studies new
antibodies against extracellular part of GCPIl wapplied [33, 34, 37, 138, 139]. Also the
methods of protein detection are different and @¢dadve an influence on final results (Table
3).

GCPIl does not seem to be located strictly intoghastate tissue, it can be found in
many other normal tissues through the human body.tlBere are only three tissues (kidney
proximal tubules, prostate and duodenum) in whikthstaidies showed consistent results

(Table 3). It is not surprising since these tisseigeress high concentration of GCPIl and thus
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even antibodies with low sensitivity can detect pnetein. Interestingly, three studies did not
observe expression in human brain [35, 36, 138hoabh there are several other studies,
which agree with each other in positive expressib@CPII protein in human brain [33, 137,
139, 140]. Moreover, the brain localization wasoatonfirmed by activity measurement
[141].

Even though the results of tissue localization reoe consistent (because of different
antibodies and detection methods used), it carobeladed that GCPII is not strictly prostate

specific (Table 3).

Fig. 12: GCPII staining in different human tissues.A. Benign prostate tissue, weak to moderate GCPII
staining, apical to cytoplasmic pattern. B. Tegtigpplasmic staining. C. Urothelium of the urindtgdder;
cytoplasmic staining. D. Brain tissue; cytoplassti&ining. Adopted from [139].
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Table 3: GCPII expression in different human tissues., protein expression detecte@l. no expression detectet]. western blot? immunohistochemistry?, dual-
monoclonal sendwich assdy;tissue microarray. Inserted pictures: immunolsisémnistry ofA, prostatic tissue, adopted frofi39] andB, urothelium, adopted from [32].
Different studies used different antibodig4€11-C5.3 (widely used as 7E11) applied: [31-33, 35-37, 1B38]. J591 [34, 138].J415 [138]. PEQ226.5 [37, 138].
PM2J004.5[138]. 24.4E8 [33]. Y-PSMA-1: [139].




3.3.1.2.3.2 GCPII cancer-specificity

Results from GCPII expression in malignant tissaressummarized in Table 4.

New study concerning detection in normal (TableaB)l malignant (Table 4) tissues
was published recently [139]. This study analysé613benign and malignant tumors for
GCPII presence. GCPIl was expressed in 154 (5.466) 2174 malignant tumors. The only
brain tumor positive tissue for GCPII was gliobtasa multiforme in 3/148 of brain cases
overall. And finally all 846 benign tumors were ag&ge for GCPII [139].

Fig. 13: GCPIl expression in prostate adenocarcinom A. Apical pattern. B. Apical/cytoplasmic. C.
Cytoplasmic with membranous accentuation. D. Cysipiic only. Adopted from [139].
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Table 4: Expression of GCPII in different malignanttissue.Y, protein expression detectdl.no expression detected. Methods used for GCRérahkination are the same
as in protein detection from normal tissués.Changet al. [142] used immunohistochemistry, and antibodieslI7EJ591, J4152 Changet al. [138] used
immunohistochemistry, and antibodies 7ER12J004.5, PEQ226.5, J591, J415.



Moreover, the neovasculature of several solid temeas also GCPIl positive, as
shown in Table 5. For these studies different aoliks detecting N-terminus [31, 36] or
extracellular part of GCPIl [139] or combination dibth [34, 138, 142] were used.
Interestingly, no GCPII positivity was detected benign tissue [138, 142] except benign
kidney [142] and also only small number of prostedé@cer neovasculature showed GCPII
staining (only 2 from 12) [138].
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Fig. 14: Example of GCPII expression in neovasculate in clear cell carcinoma of kidney .Note that the
tumor cells are negative for GCPIIl. Adopted frorB91
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Y Mhawech-Fauceglia et al. [139]

Table 5: GCPII expression in carcinoma neovasculate. *, benign kidney was the only benign tissue that was
GCPII positive. Different antibodies were useddetection.
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The last published study detected only small sasnptd GCPIl positive
neovasculature. Tissue microarrdyased in this study (described in [143]), whereitkah
stroma is usually seen, makes the evaluation oflG&Bression in neovasculature difficult.

The expression of GCPIlI in neovasculature is a Jetgresting issue, because
antibodies against GCPIl can be used for delivéry wariety of agents aimed at destroying

tumor neovasculature.

3.3.1.2.3.3 GCPII specificity and sensitivity

Sensitivity refers to the test's ability to idegtippeople who have the disease.
Specificity refers to the test’s ability to idegtipeople who do not have the disease. Most
tumor markers are not sensitive or specific endodbe used for cancer screening.

The sensitivity and specificity of GCPII to distungh adenocarcinoma of prostate
from all other tumor types was 66% and 95%, respalgt However, in the differential
diagnosis between prostate carcinoma and urothelrainoma of the bladder, the specificity
is lower (83%) but the sensitivity is the same (§6¥39].

EVEN THOUGH GCPIl IS EXPRESSED IN SEVERAL OTHER TYP ES OF
MALIGNANCIES, IT REMAINS A SENSITIVE AND SPECIFIC M ARKER FOR
PROSTATE CARCINOMA.

3.3.1.2.3.4 Simple and cost-efficient test for GCPand cancer prognosis

3.3.1.2.3.4.1 Serum screening

Testing the cancer markers directly from serume(tiar PSA) would be easier way
and also less expensive, but there are controVedsiea concerning the presence and
diagnostic relevance of GCPII in human serum [144}1Thus GCPII is neither used as a

serum diagnostic nor serum-screening marker.

19 Glossary item
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3.3.1.2.3.4.2 Detection of GCPIl mRNA

GCPII mRNA expression is not prostate specific [B26, 142, 148-150]. Interestingly
enough, it was not detected in normal (non-tumasculature [142].

The reverse transcriptase-polymerase chain rea¢R3-PCR) can be an important
molecular tool for its sensitivity and specificfis51-155]. Even though the GCPIl as a PCR
marker has some advantage over the PSA during mameprivation therapy [156], GCPII
RT-PCR (compared with RT-PCR of serum PSA) is stidequate for detection of all
patients with prostate carcinoma and metastadis3, 157].

A strategy using GCPIl and PSA RT-PCR assays inboaation showed correlation
with pathologic stage, sensitivity 67% in predigticirculating prostatic cells and specificity
91% [158-161].

RNAse protection assay showed higher expressi@CRIl mMRNA in prostate cancer
compared to normal or benign prostate [8, 153, .1820 in situ hybridization studies
showed trend in increasing GCPII expression withaBbn scofe [163]. But none of these
studies did take into account existence of allra#Bvely spliced variants: GCPIl (PSMA),
PSM’, PSM-C, PSM-D and PSM-E [4, 11], which cansmtalse positive results.

The most relevant splice variant PSM’ (see chaPterl), lacking 266 nucleotides at
the 5 end [8], represents together with GCPIl endu index GCPII/PSM’. This index
increases from normal to cancerous prostate. The i® also higher in the metastasis

compared to normal prostate but did not changedmivtumor and benign tissues [7, 8.

3.3.1.2.3.4.3 Detection of GCPII protein: Prostagscan

GCPII protein levels are approximately 50-foldhegin normal and diseased prostate
than in non-prostatic studied tissues [37]. Itsregpion increases from benign hyperplasia of
the prostate to high-grade intraepithelial neopfasir adenocarcinoma of the prostate [164,
165-167]. GCPII expression is higher in poorly eliintiated and metastatic tumors [166] and
its increase correlates with tumor grade (Gleaswmne, biochemical recurence, pathological

stage, and in primary tumors predicts disease mgdd 66-168].

2022 Glossary item
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In 1999 a radiographic test that uses murine ad§ib7E11 linked to'‘indium
(*"indium-capromab pendetide = ProstaScint) was amgtoly US Food and Drug
Administration.

ProstaScint is noninvasive scan and can diffeatpatients with organ localized
disease from those with metastatic prostate cdhé€r; 170]. Its cost is approximately $2 000
[169]. In high-risk metastatic prostate cancer ggan have demonstrated a specificity and
sensitivity of 70-90% and 60-80%, respectively, athis in true better than the accurancy of
current CT scans (Computerized Axial Tomographyd aiRlI (Magnetic Resonance
Imaging) [168, 169].

An important study in 2003 showed that the PragtéSscan does not predict

biochemical control after radiation therapy [171].

3.3.2 Therapeutic target in the prostate cancer - GPIl again

3.3.2.1 Radioimmunotherapy

In the terms of amn vivo targeting by radioimmunotherapy and cell killi@CPIl can
be a nearly ideal molecule, because it is anchoregtle membrane and is expressed in all
prostate cancers [36, 156, 165]. The most usedoobomal antibody (mAb) for
radioimmunotherapy is J591 stably bound to alphétiem radioisotop&™Bi [172-174] or to
beta-emitting particle§™in, 4, °%y, and*""Lu [175, 176, 177-179].

Alpha-emitting and also beta-emitting mAb constrapecifically targeted LNCaP
cells and also prostate canoerivo [172, 174, 177] and showed no side effect [173].

Phase | radioimmunotherapy trials were startedaitiepts with progressing hormone
independent prostate cancer and J591 (labeled ‘With) targeted bone and/or soft tissue

lession in 98% of patients [176, 179]. Selectiwvge#ing of antibody to tumor was seen [175].

3.3.2.2 Immunotherapeutic approach

Active non-specific immunotherapy, which uses tesponses of immune system, is
mostly used in cancer immunotherapy.
Dendritic cell based immunotherapy is a promissapproach to increase tumor

antigen-specific T-cell responses in cancer paiehhis approach uses peptides from GCPII

40



and evokes responses of cell-mediated immunity-fll80. T-cells were also stimulated by
recombinant and native GCPII [188, 189]. In allsthestudies T-cells were stimulated and
immune response was observed.

Since the tumor is trying to escape the immuneesydty down-regulation of target
antigen, it seems better to generate T-cell respbyseveral prostate-specific antigens in the
same time. A study using PSCA, PAP, PSA and G@Rlllted in significant cytotoxic T-cell
responses against all prostate-specific antigexstedg190].

Another interesting approach is generation offiaidi T-cell receptors [191-194] or
DNA vaccinations with plasmid coding for GCPII [19D6].

Interestingly enough, prostate cancer patients imeeal with plasmid coding for
GCPII [197], or extracellular portion of GCPII [18998], or only with a part of extracellular
domain [199] induced anti-GCPII humoral immune esge and also produced specific
antibodies which could not be detected in healtgnmwomen and patients before the
vaccination [200].

3.3.2.3 Immunotoxins

Using antibodies specific to tumors conjugated witkins is a very elegant method.
Use of monoclonal antibodies to GCPIlI showed tcspecific and effective. J591 linked to
maytansine derivate (DM1, from ethiopian shrug Mawss serrata) showed to be effectively
delivered to GCPII positive celis vitro andin vivo [201] and to xenograft tumor tissue. It
blocked tumor growth and elaboration of osteobtdsions [202].

Another toxin, ricine A-chain [203] and its deglgstated form [204] were cross-
linked to different monoclonal antibodies of GCPIhe toxic effect on LNCaP cells and
spheroids was observed [203]. They also inhibiteowth of LNCaP tumor xenografts
without toxicity in mice [204]. One of the recertteanpts used recombinant immunotoxin
containing single-chain antibody fragment again€PB8 conjugated to truncated form of
Pseudomonas exotoxin A, which binds to GCPII pesitells and reduces the viability by

50% at concentration of 20pM, while the GCPII negatells remain unaffected [205].
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3.3.2.4 Gene therapy and enhancer/promoter of GCPII

Transcription activity of GCPII enhancer/promotsrgrostate specific [206]. When
GCPIlI enhancer/promoter is combined with a cytosieaminase gene for suicide-driven
gene therapy, GCPIl enhancer/promoter drives thesme deaminase toxicity in GCPII
expressing cells and non-prostatic cells are mgifstantly affected [207]. Elimination of
tumors when expressing cytosine deaminase under reégelatory control of GCPII
enhancer/promoter was detected in mice bearingtaiiroscell line transfected with
enhancer/promoter of GCPII [208]. Cytosine deangngene suicide therapy is based on
conversion of nontoxic prodrug 5-fluorocytosineoirgytotoxic 5-fluorouracil. Also another
suicide gene thymidine kinase, when coupled to G€Rhancer/promoter, showed strong

inhibitory effect on tumor growth in mice [209].
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4 DISSERTATION RESEARCH AIMS

The principal aims of the studies presented inttiesis were:

» Analysis of possible domain representation of GCia# significance of these
domains in protein folding and enzyme activity

» Analysis of the substrate specificity of GCPII g irected mutagenesis; molecular
modeling; kinetic characterization

» Localization and trafficking of GCPII and its triated form PSM’ in cells and tissues
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6.1 Importance of amino acid residues inside the @ige site of GCPII

6.1.1 Background information

GCPIl is a metallopeptidase from the peptidaseljam28. Based on the alignment
of GCPII sequence to aminopeptidagesomonas proteolytica and Streptomyces griseus,
five putative amino acids coordinating the zincgan the active site were identified. It has
been shown that mutation in these residues (HisB%@387, Glu425, Asp453 and His553)
abolished the GCPIl activity. The mutation in thetgtive substrate-binding residues
influenced but did not abolish the GCPII activiBdp]. Reliability of assignment of zinc
binding residues was confirmed by the crystal stmaés of GCPIl published in 2005 and
2006 [25, 26]. Nevertheless, the identity of sudistibinding residues is still not confirmed,
because crystal structure of GCPIl in complex wilte naturally occurring substrate, N-
acetyl-aspartyl-glutamate (NAAG), has not yet bpehlished.

We created a computational model of GCPII/NAAG cterpon the basis of crystal
structure of GCPIl with inhibitor GPI-18431 (Fig5)1[26]. We found several important
amino acid residues in the active site, which hirelsubstrate and performed the mutagenesis
study to confirm this model.

Asn257

Tyr700°

Arg210

[

Fig. 15: Active site of GCPII with bound inhibitor GPI-18431.
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6.1.2 Summary

We performed detailed analysis of amino acid ressduoside the active site of
glutamate carboxypeptidase Il using site-directedagenesis.

Firstly, we designed QM/MM model of GCPII/NAAG coieg (GCPIl in complex
with N-acetyl-aspartyl-glutamate) based on knowstal structure of GCPII in complex with
the inhibitor. The structural arrangement and titeractions between enzyme and substrate in
S1’ pocket of GCPII/NAAG model is highly similar twystal structure of GCPII/glutamate.

In the S1 pocket, Arg534, Arg536, and Asn519 inderaith the aspartate side chain
of NAAG. Mutation in these residues caused a deerea turnover number and thus they
seem to be much more important for substrate tunthan for substrate binding.

On the other hand, mutation in residues of S1’ sltewed dramatic increase in
Michaelis-Menten constant value (compared to wyok). These amino acids binding

glutamate of NAAG are thus critical for substrathibitor recognition and binding.
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Human  glutamate

carboxypeptidase 11

Human glutamate carboxypeptidase II [GCPII (EC 3.4.17.21)] is recog-
nized as a promising pharmacological target for the treatment and imaging
of various pathologies, including neurological disorders and prostate can-
cer. Recently reported crystal structures of GCPII provide structural
insight into the organization of the substrate binding cavity and highlight
residues implicated in substrate/inhibitor binding in the S1” site of the
enzyme. To complement and extend the structural studies, we constructed
a model of GCPII in complex with its substrate, N-acetyl-L-aspartyl-L-glu-
tamate, which enabled us to predict additional amino acid residues inter-
acting with the bound substrate, and used site-directed mutagenesis to
assess the contribution of individual residues for substrate/inhibitor bind-
ing and enzymatic activity of GCPII. We prepared and characterized 12
GCPII mutants targeting the amino acids in the vicinity of substrate/inhib-
itor binding pockets. The experimental results, together with the molecular
modeling, suggest that the amino acid residues delineating the S1” pocket
of the enzyme (namely Arg210) contribute primarily to the high affinity
binding of GCPII substrates/inhibitors, whereas the residues forming
the S1 pocket might be more important for the ‘fine-tuning’ of GCPII
substrate specificity.

[GCPII tate cancer [6-8]; hence, GCPII is a putative target for

(EC 3.4.17.21)] is a membrane-bound metallopeptidase
expressed in several tissues, including the prostate,
brain, small intestine, and kidney [1-5]. Although the
function of GCPII in prostate remains unclear, it is
well known that this protein is overexpressed in pros-

Abbreviations

prostate cancer diagnosis and treatment [9-11].

In the brain, GCPII is expressed in astrocytes and
cleaves N-acetyl-L-aspartyl-L-glutamate (NAAG), a
neuropeptide, releasing N-acetyl-L-aspartate and
free glutamate [12], the most potent excitatory

AccQ, 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate; NAAG, N-acetyl-L-aspartyl-L.-glutamate; NAALADase, N-acetylated-o-linked-acidic
dipeptidase; 2-PMPA, 2-(phosphonomethyl)pentanedioic acid; QM/MM, quantum mechanics/molecular mechanics; rhGCPII, recombinant
human glutamate carboxypeptidase Il (extracellular part, amino acids 44-750).
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Active site of glutamate carboxypeptidase Il

neurotransmitter in the central nervous system. Several
potent inhibitors of GCPII act in a neuroprotective
fashion in animal models of neurological disorders
associated with high levels of glutamate, such as stroke
and neuropathic pain [13-17]. GCPII also acts as a
folate hydrolase and cleaves y-linked glutamates from
folyl-poly y-glutamates, thus participating in the
absorption of dietary folates in the small intestine [18].

For both activities of GCPII, the presence of oligo-
saccharides on the protein surface [19,20] and two
zinc(l1l) ions complexed in the active site is essential.
Based on the homology of GCPII with aminopeptidas-
es from Streptomyces griseus and Vibrio proteolytica
His377, Asp387, Glud25, Asp453, and His553 were
proposed to coordinate the active-site zinc(Il) ions and
these predictions were later confirmed by mutational
analysis experiments [21]. In the same study, Speno
et al. [21] also targeted putative substrate binding resi-
dues (as predicted from the sequence alignment with
the Vibrio aminopeptidase). The change in these resi-
dues negatively influenced but did not abolish GCPII
activity.

Until recently, the only available structural data on
GCPII consisted of models based on its homology
with the transferrin receptor and members of M28
family [22-24]. However, structure-activity analysis
using deletion mutants of the GCPII ectodomain
showed that the putative protease domain itself sup-
ports neither proteolytic activity, nor the correct fold-
ing of the enzyme [25]. These biochemical observations
were later rationalized by X-ray structures of the unli-
ganded ectodomain of GCPII revealing that all three
extracellular domains of GCPII cooperate to form the
active site and substrate binding cavity of GCPII
[26,27].

A more detailed insight into the active site was
obtained by an analysis of crystal structures of the
extracellular part of GCPII complexed with small
molecules [28]. The structure with bound glutamate
(Fig. 1) reveals that the previous predictions of its
binding in the GCPII active site [21,23,26] were inaccu-
rate. By contrast to the available models, L-glutamate
is bound in the S1” site via its a-carboxylate group,
which forms a salt bridge with Arg210 and hydrogen
bonds with the hydroxyl groups of Tyr552 and
Tyr700. Furthermore, the vy-carboxylate of glutamate
forms a strong salt bridge with Lys699 and the hydro-
gen bond with Asn257 [28] (Fig. 2A). Although the
information about the S1” pocket is rather detailed,
very little is known about the architecture of the SI
site. Mesters ef al. [28] suggest that the S1 pocket is
defined by Asn519, Arg534, Arg536, Argd63, and
Ser454.

P. Mi¢ochové et al.

Fig. 1. Overall structure of the GCPII extracellular domain (designed
from the structure of GCPII in complex with glutamate [28] using
pymMoL molecular graphics system, version 0.97 (DelLano Scientific,
San Carlos, CA, USA). (A) Ectodomain of GCPII in ribbon represen-
tation. Glutamate (the product of cleavage of the substrate NAAG)
resides in the S1” pocket of GCPIl. The predicted S1 site is delin-
eated by a blue oval near two zinc ions (blue spheres) and a chlo-
ride ion (yellow sphere). (B) A detailed look inside the active site of
GCPIl. The blue oval outlines the predicted GCPIl S1 site. Amino
acid residues defining the S1” site are colored in orange, predicted
S1 site residues are in green, and Gly518, which binds the free
amino group of glutamate, is in slate color. Zinc ions (blue) and
chloride ion (yellow) are depicted as spheres.

2-(Phosphonomethyl)pentanedioic acid (2-PMPA),
the one of the most potent and specific inhibitors of
GCPII published so far [29], includes a phosphonate

4732 FEBS Journal 274 (2007) 4731-4741 © 2007 The Authors Journal compilation © 2007 FEBS
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Tyr552
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-

Fig. 2. Active site of GCPIl with bound product (L-glutamate) and a natural substrate (NAAG). (A} Amino acid residues in the S17 substrate
binding pocket. L-glutamate (depicted here in green) is held in the active site via interactions with several amino acid residues (shown in
orange). The a-carboxylate group of glutamate accepts hydrogen bonds from the hydroxyl groups of Tyr6562 (distance of 3.17 A) and Tyr700
(2.62 A) and forms a salt bridge with Arg210 (2.81 A). The y-carboxylate group is recognized through an ionic interaction with Lys699
(2.58 A) and through a hydrogen bond with the side-chain amide of Asn257 (3.00 A). This picture was designed from the structure of GCPII
in complex with glutamate [28] using PvmoL molecular graphics system, version 0.97 (Delano Scientific). (B} The optimized QM/MM struc-
ture of NAAG bound in the active site of GCPII.The carbonyl group of L-aspartate from NAAG (depicted in green) accepts a hydrogen bond
from the hydroxyl group of Tyr562 (distance 2.64 A). The P-carboxylate group of L-aspartate forms strong salt bridges with two arginines,
Arg534 and Arg536 (2.78 A and 2.80 A, respectively), and a hydrogen bond with Asn519 (2.99 A). The structural arrangement of the gluta-
mate part of NAAG within the S1° pocket closely resembles the arrangement observed in the crystal structure of the rhGCPIl/glutamate
complex, with all principal interactions conserved. Zinc ions (blue} and the hydroxyl between them are also depicted. This picture was

designed from the model of GCPII in complex with NAAG using pymoL molecular graphics system, version 0.97 (DeLano Scientific).

group chelating the active site zinc ions and a glutarate
moiety (pentanedioic acid) that binds to the glutamate
recognition site of GCPII (the S1” site) [28]. The
majority of GCPII inhibitors have a glutarate moiety
as a common denominator and differ only in their
zinc-binding groups. Attempts to substitute the gluta-
rate residue of the inhibitor led to significant decrease
of inhibition potency in vitre [14,29-31]. The first suc-
cessful improvement in efficiency by modifying the
glutarate moiety of GCPII inhibitors was achieved by
introducing the 3-carboxybenzyl group to the P1” side
chain of the inhibitor together with the sulfhydryl
zinc-binding moiety [32].

To analyze the binding mode of the sub-
strate/inhibitor to the active site of GCPIl on a
molecular level, we performed a structure-activ-
ity analysis of the residues participating in substrate/
inhibitor binding in the SI” pocket, as identified by
X-ray structure analysis, and the residues predicted to
participate in binding in the S1 pocket of the enzyme.
The latter residues were identified both from the
available crystal structures and the quantum mechan-
ics/molecular mechanics (QM/MM) calculations of
the substrate bound in the GCPII active site as

reported here. Finally, the results of QM/MM calcu-
lations are used a posteriori to qualitatively elucidate
the observed changes in k., and K, values and pro-
vide some insight into the reaction mechanism of this
prime pharmaceutical target.

Results

Site-directed mutagenesis

Based on the crystal structure of the recombinant
human glutamate carboxypeptidase 11 (rhGCPII)/glu-
tamate complex [28], as well as the QM/MM model of
the ThGCPII/NAAG complex (see below), 12 muta-
tions of amino acids delineating the substrate binding
cavity of GCPII were designed and introduced into the
GCPII ectodomain (rhGCPII; amino acids 44-750)
using site-directed mutagenesis. Individual amino acid
changes were created by modifying the rhGCPII
sequence using two complementary oligonucleotide
primers harboring the desired mutation (Table 1). The
presence of individual mutations and the accuracy of
the whole rhGCPII sequence were verified by dide-
oxynucleotide-terminated sequencing.

FEBS Journal 274 (2007) 4731-4741 ® 2007 The Authors Journal compilation @ 2007 FEBS 4733
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Active site of glutamate carboxypeptidase Il

Table 1. Sequences of primers used for site-directed mutagenesis.
Mutagenic bases are shown in bold.

Mutation Nucleotide sequence (5™ to 3

R210A GGGAAAGTTTTCGCGGGAAATAAGGTTAAARATG
CATTTTTAACCTTATTTCCCGCGAARACTTTCCC

R210K GGGAAAGTTTTCARGGGAAATAAGGTTAAARATGC
GCATTTTTAACCTTATTTCCCTTGAARACTTTCCC

N2570 GTCCAGCGTGGAGATATCCTARATCTGAATGG
CCATTCAGATTTAGGATATCTCCACGCTGGAC

G518P GGATAAGCARATTGGGATCCCCAAATGATTTTGAGGTG
CACCTCAAAATCATTTGGGGATCCCAATTTGCTTATCC

N519D GCAAATTGGGATCCGGAGACGATTTTGAGG
CCTCAAAATCGTCTCCGGATCCCAATTTGC

NB19V GGATAAGCAAATTGGGATCCGGAGTTGATTTTGAGGTGTTC
GAACACCTCAAAATCAACTCCGGATCCCAATTTGCTTATCC

D520N GCAAATTGGGATCTGGAAATAATTTTGAGGTGTTCTTC
GAAGAACACCTCAARAATTATTTCCAGATCCCAATTTGC

R534L GGAATTGCTTCAGGGCTAGCACGGTATACTAARAATTGG
CCAATTTTTAGTATACCGTGCTAGCCCTGARGCAATTCC

R536L GCTTCAGGCAGAGCTCTGTATACTAARAATTGE
CCAATTTTTAGTATACAGAGCTCTGCCTGAAGC

Y6621 CAGCGGCTATCCACTGATTCACAGTGTCTATGARAC
GTTTCATAGACACTGTGAATCAGTGGATAGCCGCTG

KB99S CAAGCAGCCACAACTCATATGCAGGGGAGTC
GACTCCCCTGCATATGAGTTGTGGCTGCTTG

Y700F GCAGCCACAACAAGTTCGCAGGGGAGTCATTCC

GGAATGACTCCCCTGCGAACTTGTTGTGGCTGC

Mutant protein expression and purification

Schneider’s 82 cells were used for heterologous overex-
pression of wild-type rhGCPII (wt thGCPII) as well as
for the expression of rhGCPII mutants. Immunoblot
analysis confirmed that all rhGCPII mutants were effi-
ciently secreted into culture media (Fig. 3), suggesting
correct protein folding. The expression levels of the
individual rhGCPII mutants were comparable (in the
range 0.8-1.7 pg'mL™") and were approximately four-
to eight-fold lower than wt rhGCPII expression
(6 pgmL™"; data not shown). In subsequent experi-
ments, kinetic/inhibition parameters for the mutants
with high specific activities (R534L, R3536L, and
Y552I) were determined using the conditioned media.
wt rhGCPIIl and the remaining nine mutants, which
exhibited lower specific activities, were expressed on a
large scale and purified as described in the Experimen-
tal procedures.

Mutational analysis of the S1’ site

The previously reported crystal structure of the
rhGCPIl/glutamate complex [28] indicates that the o-
carboxylate of the S1-bound glutamate interacts with
Arg210, Tyr552, and Tyr700, whereas the y-carboxyl-
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Fig. 3. Expression of individual mutant proteins. Recombinant pro-
tein expression was induced with 1 mm CuSQ, in stably transfect-
ed S2 cell lines. Culture medium containing the expressed protein
was harvested on the third day after induction. Proteins were
resolved on a 10% SDS/PAGE gel, electroblotted onto a nitrocellu-
lose membrane, and immunostained as described in Experimental
procedures. The band intensities were recorded using a charge-
coupled device camera. Amount of proteins applied: R210A (11 ng),
R210K (11.9 ng), N257D(9 ng), Y5521 (11 ng), KG99S (8.4 ng),
Y700F (8.2 ng), N519D (8.7 ng), N519V (9 ng), D520N(12 ng),
R534L (8 ng), R536L (12 ng), G518P {13 ng). Purified wt rhGCPII
(12.5 ng) is shown for comparison.

Table 2. Kinetic parameters of NAAG hydrolysis for wt and mutant
forms of rhGCPII. Michaelis-Menten values (K,) for NAAG hydroly-
sis were determined by a nonlinear least squares fit of the initial
velocity versus concentration of the substrate and compared with
wild-type enzyme. The concentrations of mutant proteins used for
calculation of turnover number (k..,) were determined by quantifica-
tion from a western blot.

kcat/Km
Mutation Ko tta) Keat (1) (mmol™"s ")
Wild-type ¢ 1.15 + 0.57 11£02 957
Residues in the S$1” substrate binding site
R210A%° 294 + 15 0.023 = 0.001 0.08
R210K3® 801 + 124 0.130 + 0.020 0.16
N257D%0 68.10 £ 19.7 0.320 + 0.080 4.70
Y552°d 0.15+ 0.036  0.014 £ 0.001 93.3
K6995*" 40.50 + 22.9 0.270 + 0.060 6.67
Y700F™® 4570+ 6.6 0.075 + 0.003 1.64

Residues in the predicted S1 substrate binding site

N519D*® 27.60 £ 0.300 0.078 + 0.005 283

N519v** 0.67 £ 0.066  0.036 = 0.001 53.7

D520N™* 230+ 0180 0.007 + 0.001 3.04

R534L%¢ 0.14+ 0072 0.100 + 0.040 714

R536L%7 0.18 £ 0.005 0.010 + 0.005 55.6
Residue binding free amino group of L-glutamate

G518P*¢ 2.20 + 0.028 0.090 + 0.020 409

# Kinetic parameters were measured using purified protein.
® Kinetic parameters were determined by an HPLC assay. © Kinetic
parameters were determined by a radioenzymatic assay. ¢ Kinetic
parameters were determined using the culture medium of the
protein expressing cells.

ate group is hydrogen bonded by the side chains of
Asn257 and Lys699 (Fig. 2A). In the present study,
the glutarate-binding residues of GCPII were mutated
as follows: Arg210 (to Ala210 or Lys210), Asn257 (to
Asp257). Tyr552 (to Ile552), Lys699 (to Ser699) and
Tyr700 (to Phe700) (Tables 1 and 2).
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The mutations of the glutarate-binding residues led
to a dramatic increase in the Michaelis—-Menten con-
stant value (compared to wild-type), ranging from
approximately 35-fold (for the K699S mutant) to an
almost 700-fold increase for the R2I0K mutation
(Table 2). The only exception was the Y5521 mutant,
which exhibited an eight-fold decrease in the K, value.
On the other hand, in most cases the mutations
resulted in a relatively minor decrease in kg, value,
again with the exception of Y552I, which exhibited
the largest decrease (approximately 80-fold) in kg,
detected in this series. The catalytic efficiencies of all
the mutated proteins studied decreased by one to four
orders of magnitude, which can be attributed mainly
to the significant decrease in substrate binding (K, val-
ues) (Table 2 and Fig. 4A).
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Fig. 4. Relative K, and k., values for individual mutant proteins.
Relative values of kinetic parameters of NAAG hydrolysis for
mutant proteins with a substitution in the S1” site are shown as
red columns, whereas blue columns are used for proteins with a
mutation in the predicted S1 pocket. (A Relative K, values. (B) Rel-
ative k., values.
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A model of the rhGCPII/NAAG complex:
identification of residues delineating the S1
pocket

QM/MM calculations of the rhGCPII/NAAG com-
plex yielded the equilibrium structure corresponding to
the NAAG moiety bound in the active site ol GCPII
prior to its hydrolytic cleavage. All the details of the
model structure, including the partial charges in all
atoms used in the MM part, can be found in the PDB
file deposited in the Supplementary material. A
detailed structure of the GCPII active site with NAAG
bound is depicted in Fig. 2B.

The structural arrangement and the enzyme-sub-
strate interactions within the S1” pocket closely resem-
ble the arrangement observed in the crystal structure of
the rhGCPII/glutamate complex. with all principal
(polar) interactions preserved. In the SI pocket,
Arg534, Arg536, and Asn519 interact with the aspartate
side chain from NAAG, whereas Tyr552 forms a hydro-
gen bond with the peptide bond oxygen (Fig. 2B).

It can be observed that the NAAG molecule geo-
metry differs from that of a free dipeptide and resem-
bles the activated species. For example, the peptide
bond hydrogen deviates from planarity by 25°. This is
not quite surprising because the OH  moiety coordi-
nated between two zinc(Il) ions is expected to initiate
the hydrolytic cleavage of the NAAG peptide bond
and the formation of the tetrahedral intermediate
results in the nonplanarity of a peptide bond.

The structural aspects of the NAAG binding mode
enable us to discuss the possible changes in the values
of K, caused by the amino acid substitutions. It is
more difficult to utilize the model structure for discus-
sions of k., values because these are directly related to
the transition state structures and the corresponding
free energy barriers, which are not yet available.

Mutational analysis of the S1 site

The model of the thGCPII/NAAG complex suggests
that GCPII most likely interacts with the N-terminal
part of the substrate via the side chains of Asp453,
Asn519, Arg534, and Arg536 (Fig. 2B). To verify this
model experimentally, the N519D, NS519V, R534L,
and R536L. mutants were constructed and kinetically
characterized and the results are summarized in
Table 2 and Fig. 4.

In general, mutations of the S1 residues interacting
with the substrate led to a significant decrease in k.,
values (Fig. 4B). whereas the changes in K, values
were rather modest. Not surprisingly, the changes
observed in the kinetic parameters were largely depen-
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dent on the nature of the amino acid newly intro-
duced. When AsnS19 was mutated to aspartate, the
N519D mutant exhibited a 24-fold increase in K, com-
pared to the wt rhGCPIL. On the other hand, the Asn
to Val mutation at the same position did not lead to a
significant change in the K, value. The corresponding
kea values were approximately 14-fold (for N519D)
and 30-fold (for N519V) lower than that of the
wild-type enzyme. Both Arg534 and Arg536 were indi-
vidually mutated to leucine. These mutations were
unexpectedly associated with a moderate decrease in
the K, values as well as a pronounced decrease in the
turnover number for both mutants.

Amino acid residues binding free amino group of
L-glutamate

The free amino group of glutamate is bound through
carbonyl oxygen of Gly518 and with a water molecule
that is hydrogen-bonded to Tyr352. As discussed
above, the mutation Y5521 leads to the decrease of
both the K, and k., values. The mutation of Gly518
to Pro led to a slight increase of the K, value and one
order of magnitude decrease of the k., value
(Table 2).

Analysis of inhibitor binding to the mutated
proteins

Inhibition constants (K;) for 2-PMPA [33], were deter-
mined for seven mutant proteins, and the data are
summarized in Table 3. Compared with those of the
wild-type enzyme. the K; values for the rhGCPII
mutants with S1° amino acid substitutions were

Table 3. K, values for 2-PMPA. Inhibition constants for 2-PMPA
were measured using HPLC and radioenzymatic assays as
described in Experimental procedures. N-acetyl-L-aspartyl-L-methio-
nine was used as the substrate for wt rhGCPIl, whereas NAAG
was used for all the mutant proteins.

Mutation K (nm)
Wild-type 0.18 + 0.03
Residues in the S1’ substrate binding site
R210A 22 000 + 1,000
N257D 626 + 46
K6995 32.7 + 5.40
Y700F 49.7 + 2.60
Residues in the predicted S1 substrate binding site
N519D 56 +04
N519V® 1.8+ 0.3
R534L° 0.5+ 0.1

K values were determined by a radioenzymatic assay.
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increased by two- to five orders of magnitude. The high-
est increase was observed for the R210A mutant
protein, which showed a K| value five orders of magni-
tude higher. Of the mutations outside the S1” pocket,
the N519D, N519V, and R534L mutations resulted in
an increase in the K value compared to the wt rhGCPII
(30-fold, 11-fold, and 2.5-fold, respectively).

The present study aimed to analyze the binding pocket
of human GCPII using molecular modeling and site-
directed mutagenesis analysis. Guided by the previ-
ously determined crystal structure of GCPII, we set
out to complement the available structural data by a
functional analysis of the GCPII mutants. Addition-
ally, the QM/MM calculations of the NAAG binding
mode in the GCPII active site enabled us to predict
the structure and enzyme-substrate interactions in the
S1 binding site. Such a detailed information cannot be
obtained from the crystal structure;: however, the
complete description of the reaction mechanism by
QM/MM modeling is beyond the scope of the present
study, and the structural insights obtained are used in
the qualitative way.

The biochemical data clearly indicate that interac-
tions in S1° pocket are indispensable for high affinity
substrate or inhibitor binding. In this respect, Arg210
is the most important residue. Somewhat surprisingly,
the mutation R210K leads to dramatic increase of K,
and decrease of kg,. Arg210 apparently fulfills a dual
role in the architecture of the S1” site. First, it interacts
directly with an a-carboxylate of the C-terminal sub-
strate residue, assuring GCPII selectivity as a carboxy-
peptidase. Second, it is important for maintaining
productive architecture of the S1” site of GCPII,
including the positioning of the Tyr552 side chain.
Despite similarities between lysine and arginine resi-
dues, the lysine side chain could not fully substitute
Arg2l0 as the N-g group, contrary to the arginine
guanidinium group, can not simultaneously engage
both the a-carboxylate of NAAG and the Tyr552
hydroxyl group. Consequently, it is likely that the
R210K mutation leads to rearrangement of TyrS552
and/or active-site bound NAAG, resulting in observed
changes in kinetic parameters of GCPII.

The importance of the S1” subsite for the ligand
binding is also documented by previously published
structure-activity data on GCPII inhibitors showing
that the glutarate part of various inhibitors, which pre-
sumably targets in the S1” pocket [28], is very sensitive
to any structural change [29.30.34]. Moreover, a
change in the a-carboxylate group is more disruptive
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than a change in the y-carboxylate group [32.34,35].
The glutarate moiety is also present in 2-PMPA. one
of the most potent inhibitors of GCPII published to
date (K; = 0.3 nM) [29], and the o-carboxylate group,
which has been shown to interact with Arg210, renders
this structural feature indispensable for potent inhibi-
tor binding.

The only residue in the S1’ site which does not seem
to be critical for substrate binding is Tyr552. The OH
group of Tyr552 forms a weak hydrogen bond with
the z-carboxylate group of C-terminal glutamate and
with the carbonyl group of the Asp-Glu peptide bond
(in the QM/MM model). Tyr552 could play a more
important role in transition state stabilization, which
might explain why the mutagenesis of this residue
leads to such a dramatic decrease in kg, value.

It should be noted that, in addition to polar interac-
tions, there are also nonpolar interactions that might
contribute to the substrate/inhibitor binding (Phe209,
Leud28, C. Barinka, unpublished results)., which are
not analyzed in this study.

The important role of the S1” residues is also sup-
ported by the fact that all of them are conserved in the
GCPII homolog GCPIIl and in the mammalian
GCPII orthologs (Table 4) and that the ability of these
enzymes to bind NAAG is highly similar to that of
GCPII [36] (M. Rovenskd, K. Hlouchova, P. Sicha,
P. Ml¢ochova, V. Horak, J. Zameénik, C. Bafinka &
J. Konvalinka, unpublished results). On the other
hand, the GCPII homolog N-acetylated-z-linked-acidic
dipeptidase L (NAALADase L), which does not cleave
NAAG [37). has only two (out of five) of these
residues conserved (Arg210 and Tyr552). It can be
postulated that NAALADase L cannot bind NAAG
with enough affinity for cleavage due to the absence of
certain important residues in the S1” site.

To identify the residues delineating the S1 binding
pocket, a QM/MM analysis of the interaction between
the enzyme and its natural substrate was performed.
Previous inhibition studies revealed that the SI pocket

Active site of glutamate carboxypeptidase Il

appears to be large, and a wide variety of substituents
are tolerated at the N-terminus of a phosphonate or
phosphinate analogue without a significant loss in inhib-
itor potency [34,38]. We have recently shown that the S
pocket is critical for GCPII specificity (only Glu and
Asp are tolerated in the P1 position of the N-acetylated
substrate) [19]. In agreement with structure-activity
relationship analysis, our findings confirm that the S1
pocket tolerates more variability and does not contrib-
ute substantially to affinity of the substrate binding.

Interestingly, the mutations of Arg534 and Arg536
lead to decreases in K. It can be speculated that the
enzyme is able to compensate for the lost interaction
of one arginine. The side chain of Arg536 adopts two
different conformations in the crystal structure of
ligand-free GCPII [27]. Additionally, when the crystal
structures of GCPII complexes with glutamate, inhibi-
tor GPI-18431, and phosphate are superimposed, both
Arg534 and Arg536 appear to adopt different confor-
mations depending on the bound ligand [28]. suggest-
ing that the enzyme might compensate for the lost
ionic interaction in the S1 pocket by a rearrangement
of the side chains of these amino acids.

Observed changes in GCPII kinetic parameters
might not result only from disruption of the predicted
direct interactions between enzyme and substrate:
indeed, the amino acid substitutions might elicit unpre-
dicted long-range rearrangements, possibly leading to
major changes in the tertiary structure of the enzyme.
These more complex effects could be documented by
the unpredicted decrease in turnover number caused
by the D520N mutation or by the different effects of
substituting Asn519 with either Asp or Val. Speno
et al. [21] reported mutations in amino acid residues
located far from the active site of the enzyme, which
nonetheless caused dramatic effects on the proteolytic
activity (K499E., KS500E). Furthermore, it should be
noted that amino acid substitutions in the vicinity of
the Zn ions (Arg210, Tyr552. Asn519. Asp520, and
Arg536) have a more profound effect on &, in general

Table 4. The sequence alignment of human GCPIl with its homologs and mouse and rat orthologs. GCPIl was aligned with its homologs
GCPIIl, NAALADase L, and with orthalogs, mouse and rat GCPIl. Amino acid residues in the active site, which are changed compared to

human GCPII, are depicted in bold.

s S1
Residues R210 N257 Y552 K699 Y700 N519 D520 R534 R536
Human GCPII R N Y K Y N D R R
Human GCPIII R N Y K Y s D R R
Human NAALADase L R s Y v v S D D A
Mouse GCPII R N X K Y N D R R
Rat GCPII R N Y K ¥ N D R R
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than do substitutions farther away (Lys699. Asn257),
most likely due to distortion of the coordination
sphere of the active-site zincs.

Our results indicate that the binding of the glutarate
part of the inhibitor in the SI” pocket contributes to
the inhibition effect of the specific inhibitor 2-PMPA
[29]. This notion can be supported by the fact that the
R210A mutant has the least ability to bind substrate
and also exhibits the largest effect on inhibition by
2-PMPA. The decreased binding affinity of 2-PMPA is
also observed for the NS5I9D and N5I9V mutants.
Although Asn519 does not directly interact with the
glutarate moiety of the inhibitors, its side-chain amide
forms a weak H-bond with one of the phosphonate
oxygen atoms of 2-PMPA [39] contributing to the
inhibitor binding.

Conclusions

In conclusion, we report a detailed analysis of the
active site of glutamate carboxypeptidase II using site-
directed mutagenesis as a tool. Amino acid residues
important for substrate/inhibitor binding were deter-
mined from the crystal structures of GCPII with inhib-
itors and glutamate, and from a QM/MM model of
the rhGCPII/NAAG complex. The results suggest that
residues in the S1” site are critical for substrate/inhibi-
tor binding. It appears that amino acids in the Sl site
are relevant for substrate turnover and may play a role
in the enzyme’s mechanism of action. The data pre-
sented here show that the glutarate part of inhibitor is
essential for the affinity to the GCPII, whereas the
S1 pocket of the enzyme allows for higher sub-
strate/inhibitor diversity.

Experimental procedures

Reagents

SF900IT medium, fetal bovine serum, pCoHygro plasmid,
Hygromycin-B. Defined Lipid Concentrate, and Yeastolate
Ultrafiltrate were purchased from Invitrogen (San Diego,
CA. USA). Horseradish peroxidase conjugated goat second-
ary serum against mouse antibody, and SuperSignal West
Dura Chemiluminiscence Substrate were obtained from
Pierce (Rockford, 1L. USA). AccQ Fluor reagent was
obtained from Waters (Milford, MA, USA). Cupric sulfate
(CuSOy4), EDTA, potassium phosphate, sodium chloride,
sodium  borate, L-glutamine, L-arginine, L-glutamate,
NAAG. and D-glucose were purchased from Sigma (St
Louis, MO, USA). Formic acid was obtained from Lachema
(Brno, Czech Republic). 2-Amino-2-(hydroxymethyl)-1,3-
propanediol was purchased from USB (Cleveland, OH,
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USA). Lentil lectin Sepharose was obtained from Amersham
Biosciences (Uppsala, Sweeden) and *H-NAAG substrate
was obtained from Perkin-Elmer (Boston, MA, USA).

Site-directed mutagenesis

Site-directed mutagenesis was carried out using the Quik-
Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA, USA). The pMTNAEXST plasmid [19] was used as a
template, and each mutation was introduced by two com-
plementary oligonucleotide primers harboring the desired
mutation. The presence of individual mutations was verified
by dideoxynucleotide-terminated sequencing. Nucleotide
sequences of the primers used for individual amino acid
changes are shown in Table 1.

Stable transfection of Drosophila S2 cells and
large scale expression of mutant forms of
rhGCPII

Transfection, stable cell line generation and expression of
all mutant forms of rhGCPII were performed essentially as
previously described [19] only the induction conditions were
altered (to 1 mm CuSQy).

Purification of mutant forms of rhGCPII

Mutant forms of rhGCPIl were purified as previously
described for wt rhGCPII [19] with minor modification for
individual mutants described in the Supplementary material.

Western blotting and protein quantification

Proteins were resolved by SDS/PAGE. electroblotted onto
a nitrocellulose membrane. probed with an GCPII mouse
antibody (GCP-04, 1 mg'mL™"; 1 : 5000) overnight at room
temperature, and visualized and quantified using Super-
Signal West Dura Chemiluminiscence Substrate [25].

Radioenzymatic assay

Radioenzymatic assay using “H-NAAG substrate (radio-
labeled on the terminal glutamate) was performed as
described previously [19]. with minor modifications, using
20 mmM Mops, 20 mMm NaCl, pH 7.4 as a reaction buffer and
the kinetic constants determined as previously described [19].

Kinetic constant determination by HPLC assay

To determine Michaclis-Menten kinetics, the NAAG
concentration was varied to cover the range 0.3- 6 K, Typi-
cally, the substrate was mixed with 20 mm Mops, 20 mm
NaCl, pH 7.4 and the reaction was started by the addition of
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enzyme to a final volume of 120 pL. After a 15-30 min
incubation at 37 °C, the reaction was stopped with 60 pL of
stopping buffer (67 mm sodium borate. 33 mm EDTA,
pH 9.2. containing 16 uM L-arginine as an internal standard).
Released glutamate was derivatized by the addition of 20 pL
of 2.5 mM AccQ Fluor reagent dissolved in acetonitrile.
Thirty microlitres of the sample were then injected onto a
Luna CI18 column (250 x 4.6 mm, S pm, Phenomenex,
Torrance, CA. USA) mounted to a Waters Aliance 2795
system equipped with a Waters 2475 fluorescence detector.
Fluorescence was monitored at Apx/heym = 2507395 nm.

Determination of inhibition constants

Measurements of inhibition constants for 2-PMPA were
carried out with varying concentrations of the inhibitor
while keeping the enzyme concentration fixed. The final
enzyme concentrations used for individual mutants were:
12 nM for K699S, 10 nm for N257D. 150 nm for R210A,
38 nm for Y700F, 67 nm for N519D, 20 nm for N5SI9V,
1 nm for R534L, and 32 nm for wt rhGCPII. Enzyme was
preincubated with the inhibitor in reaction buffer (20 mm
Mops. 20 mm NaCl, pH 7.4) for 10 min at 37 °C, and the
reaction was started by the addition of NAAG to a final
concentration of 60 pum (for mutant N519D), 100 pum (for
mutants K699S, N257D, and Y700F), 600 pum (for mutant
R210A) or 100 nm (for mutants N519V., and R334L).
N-acetyl-L-aspartyl-L-methionine (50 pM) was used as a
substrate for wt rhGCPII. Following a 20-40 min incuba-
tion at 37 °C, the reaction mixture was derivatized with
AccQ Fluor reagent and product formation was quantified
by HPLC with fluorimetric detection. K; values for mutants
NSI9V and R534L were obtained by using the radio-
enzymatic assay. The ratio of reaction rates of the inhibited
reaction to the uninhibited reaction (v/vy) was plotted
against inhibitor concentration, and the apparent inhibition
constant (K] was determined from a nonlinear fit to
Morrison’s equation for tight-binding inhibitors [40] using
GRAFIT software (Erithacus Software Ltd, Horley, UK).
For mutant proteins N257D and R210A, tight-binding inhi-
bition was not observed under the conditions used: there-
fore. 1Cs, values were determined. Inhibition constant (Kj)
values were calculated using the Cheng and Prusoff rela-
tionship, which assumes a competitive inhibition mecha-
nism. However, the mode of inhibition was not determined
for either of the mutant proteins because it was assumed
that the inhibition mechanism would not be changed by the
mutations introduced.

Molecular modelling

QM/MM calculations were based on the 2.0 A structure of
GCPII in complex with inhibitor (S)-2-(4-iodobenzylpho-
sphonomethyl)-pentanediodic acid (GPI-18431. PDB code
2C60).

Active site of glutamate carboxypeptidase Il

Prior to QM/MM modeling, three missing loops
(12 amino acids in total, Thr334-Phe337, Trp541-Phe546,
Lys655-Ser656) were added using the GCPII structure at
3.5 A resolution (protein databank code 1Z8L) as a
template [26]. Then, a total of approximately 100 atoms not
resolved in side chains (i.e. missing from the crystal struc-
ture) were added using standard libraries. Finally, hydrogen
atoms were added to the crystal structure, and the model,
including hydrogen atoms, was solvated in a truncated
octahedral box. The positions of all the hydrogen atoms, all
nonhydrogen atoms added as described above, and solvent
water molecules were then optimized by a 180-ps simulated
annealing (i.e. molecular dynamics simulation, using con-
stant volume and periodic boundary conditions) followed by
a conjugate gradient energy minimization of their positions.
We assumed the normal protonation state at pH 7 for all
amino acids. For the His residues, the protonation status
was decided from a detailed study of the hydrogen-bond
network around the residue and the solvent accessibility.
Thus, His82, 347, 377, 553, and 573 were assumed to be
protonated on the N®' atom: His112, 124, 295, 396, 475,
689, and 697 on the N** atom; and His345 and 618 were
considered to be protonated on both nitrogens.

The initial model for the QM/MM calculations of the
rhGCPII/NAAG complex was obtained by replacement of
the inhibitor with NAAG, such that the orientation and
binding of the glutamate residue is identical to the crystal
structure of the rhGCPIL/glutamate complex., and the
N-acetyl-L-aspartate part of the substrate is positioned in
the cavity originally filled with the iodobenzyl part of inhib-
itor in the rhGCPII/GPI-18431 crystal structure. This
structure has been subjected to QM/MM minimization.
The quantum region consisted of side chains of Arg210,
Asn257, His377, Asp387, Glud24, Glud25, Asp453, Asn519,
Tyr552, His553. Lys699, Tyr700. two zinc(Il) ions including
the bridging H;O0/0H ™ moiety and the molecule of NAAG.
The details of QM and MM parts of QM/MM protocol
are provided in the Supplementary material.
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Supplementary material

The following supplementary material is available
online;
Doc S1. QM/MM procedure and quantum chemical
calculation, purification of GCPII mutants.
Model S1. QM/MM model of thGCPII/NAAG (.pdb
format).

This material is available as part of the online article
from http://www.blackwell-synergy.com

Please note: Blackwell Publishing is not responsible
for the content or functionality of any supplementary
materials supplied by the authors. Any queries (other
than missing material) should be directed to the corre-
sponding author for the article.
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Supplementary Material

Purification of Mutant Forms of rhGCPI|

The purification protocol consisted of initial tisis and three chromatographic steps: QAE-
Sephadex A50 (Pharmacia, Fine Chemicals AB, Upp&eden) batch chromatography,
chromatography on a Source 15S column (HR10/10, réimaen Pharmacia Biotech AB,
Uppsala, Sweden), and affinity chromatography usimmtil Lectin Sepharose. Minor
changes in the composition of buffers used duringdfipation were made for some of the
mutant proteins. MOPS buffer, instead of Tris byffeas used throughout the purification of
mutant proteins R210A, R210K, and Y700F. For m@d210A and Y700F, a different pH
(pH 7.0 and 6.5, respectively) was used during il two chromatographic steps.
Purification of mutants K699S and N257D was congaldiy gel permeation chromatography
using a Superdex HR200 column (16/60; Pharmacia,U$A) preequilibrated with 20mM
MOPS, 300mM NaCl, pH 7.4 (for N257D) or with 20mMQW®S, pH 7.4 (for K699S).
Proteins were separated at a flow rate of 1 ml/amd absorbance was monitored at 220 and
280 nm. For all mutants, the fractions containing tecombinant GCPIl were concentrated,

aliquoted, and stored at —80°C until further use.

QM/MM procedure

All QM/MM calculations were carried out with theo®@Qum program [1, 2]. In the current
version, it uses Turbomole 5.7 [3] for the QM pamtd AMBER 8 [4] with the Cornell force
field [5] for the MM part. In this approach, theopein and solvent are split into three
subsystems; the QM region (system 1) contains th&t mteresting atoms and is relaxed by
QM/MM forces. System 2 consists of all the residwéthin 8A of any atom in system 1 and
is relaxed by a full MM minimization at each steptioe QM/MM geometry optimization.

Finally, system 3 contains the remaining part oé grotein and surrounding solvent
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molecules and is kept fixed at the original (crijstaaphic) coordinates. In the quantum
chemical calculations, the QM system is represebyea wave function, whereas all the other
atoms are represented by an array of partial pdiarges, one for each atom, taken from
Amber libraries. In this way, the polarization dfet quantum chemical system by the
surroundings is included in a self-consistent maninethe MM calculations for the QM/MM
forces and energies, all atoms are representeldebfxmber force field. When there is a bond
between systems 1 and 2 (a junction), the quanagnom is truncated by hydrogen atoms, the
positions of which are linearly related to the egponding carbon atoms in the full system
(the hydrogen link approach) [1, 6]. In order t@i@voverpolarization of the quantum system,
point charges on atoms in the MM region bound tacjion atoms are zeroed, and the
remaining charges on the truncated amino acid djtessi@d to keep the fragment neutral. The
actual charges used for all atoms can be fountlersample PDB file in the supplementary
material (last column).

The total energy is calculated as:

Etot = Eom + Evmi2z — Emmi

Here,Eqm is the QM energy of the quantum system truncatetyblrogen atoms, excluding
the self-energy of the surrounding point chardégq: is the MM energy of the quantum
system, still truncated by hydrogen atoms, but exithany electrostatic interactions. Finally,
Ewvmizs is the MM energy of all atoms in the system witle briginal atoms at the junctions
and with the charges of the quantum system seeto @o avoid double-counting of the
electrostatic interactions). By using this approaehich is similar to the one used in the
ONIOM method [7], errors caused by the truncatibthe quantum system should cancel out.
The calculated forces are the gradient of thisg@ndvut owing to the differing junctions in
the various calculations, they have to be correas#ag the chain rule.

Quantum chemical calculations
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All quantum chemical calculations were performedhwiensity functional theory

(DFT). Geometry optimizations were carried outhet Becke—Perdew86 (BP86) level [8, 9].

These calculations were sped up by expanding thio@tb interactions in an auxiliary basis

set, the resolution-of-identity (RI) approximatifk0, 11]. They employed the 6—-31G* basis

set on all atoms except Zn, for which we used td® Dasis set of Schafetral. [12, 13].

10.

11.

12.

13.
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6.2 Extracellular domain of GCPIIl: identification of putative proteolytic

domain

6.2.1 Background information

In 2004, there was still no 3D-structure of GCRilhen Rawlings and Barrett
proposed their structural model of GCPII. Theiresolatic model was composed of several
domains:intracellular domain (amino acids 1-19)transmembrane domain (20-43) and
extracellular domain further divided intadomains C (amino acids 44-149) arid (150-273)
with unknown function; hugelomain E (274-586) possessing catalytic center of GCPII
(relative to other metallopeptidases); alodnain F (587-750) with an unknown function (Fig.
16). Amino acid sequences (145-175 and 249-278)ingroline and glycine were found in
the polypeptide chain and were believed to be hisketween two domains [12].

FOOH

extracellular
space

membrane

cytoplasm
7/
NH:

Fig. 16: Schematic diagram of GCPII structure.Propossed by Rawlings and Barett [12].

In 2002, Barinkaet al. proved that the recombinant extracellular domsiadtive and
determined kinetic parameters of this ,truncateztombinant protein [17]. However, little if
anything was known about the role of individual dong, their role in activity and proper
folding.
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6.2.2 Summary

Insect cells were transfected with a plasmids apdor full length, truncated, and
tagged GCPII constructs and corresponding protegre expressed into the culture medium
(except for full length form of GCPII which is menaime bound).

We monitored the expression using immunodetectianwestern blot, but this
particular step required design of a new monoclamébody, which would allow us to study
also the smallest protein construct — catalytic dion{amino acids 274-586). This catalytic
domain expressed iBscherichia coli was used to select clones immunoreactive agaimst a
epitope within this sequence. Importantly, all lo¢ tvariants used in this study comprise the
putative catalytic domain.

Moreover, we measured hydrolytic activity of atinstructs (by their ability to cleave
N-acetyl-aspartyl-glutamate).

Any change at C-terminus (truncation or tag) cdusignificant decrease in activity
and removal of more than 15 amino acids from it @mpletely abolished the activity. Also
the secretion to the media was negatively infludnghich suggests incorrect protein folding
in the cells.

The N-terminus of GCPII is also required for enaym activity and correct folding.
Deletion of more than 60 amino acids resulted atiive protein.

All data show that almost the whole extracellulartpof GCPII is required for the
proteolytic activity and thus the proposed homolagpdel of GCPII with independent
domains may be incorrect and should be interpnetédcircumspection (see postscript).

My contribution to this study was the expressiompuaitein constructs in insect cells,

immunodetection, and activity measurement.
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6.2.3 Publication Il
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Amino acids at the N- and C-termini of human glutamate
carboxypeptidase Il are required for enzymatic activity and

proper folding

Cyril Bafinka', Petra MI¢ochova™?, Pavel $acha’? Ivan Hilgert®, Pavel Majer?, Barbara S. Slusher®,

Vaclav Hofejsi® and Jan Konvalinka™?
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Genetics, Academy of Sciences of the Czech Republic, Prague, the Czech Republic; 4Gui{/am‘ Pharmaceuticals Inc., Baltimore,

MD, US4

Human glutamate carboxypeptidase II (GCPII) is a
co-catalytic metallopeptidase and its putative catalytic
domain is homologous to the aminopeptidases from Vibrio
proteolyticus and Streptomyees griseus. In humans, the
enzyme is expressed predominantly in the nervous system
and the prostate. The prostate form, termed prostate-specific
membrane antigen, is overexpressed in prostate cancer and is
used as a diagnostic marker of the disease. Inhibition of the
form of GCPII expressed in the central nervous system has
been shown to protect against ischemic injury in experi-
mental animal models. Human GCPII consists of 750 amino
acids, and six individual domains were predicted to consti-
tute the protein structure. Here, we report the analysis of the
contribution of these putative domains to the structure/
function of recombinant human GCPII. We cloned 13
mutants of human GCPII that are truncated or extended at
one or both the N- and C-termini of the GCPII sequence.

The clones were used to generate stably transfected Dro-
sophila Schneider’s cells, and the expression and carboxy-
peptidase activities of the individual protein products were
determined. The extreme C-terminal region of human
GCPII was found to be critical for the hydrolytic activity of
the enzyme. The deletion of as few as 15 amino acids from
the C-terminus was shown to completely abolish the enzy-
matic activity of GCPIIL. Furthermore, the GCPII carb-
oxypeptidase activity was abrogated upon removal of more
than 60 amino acid residues from the N-terminus of the
protein. Overall, these results clearly show that amino acid
segments at the N- and C-termini of the ectodomain of
GCPII are essential for its carboxypeptidase activity and/or
proper folding.

Keywords: NAALADase; PSMA; metallopeptidase; pros-
tate cancer; mutagenesis.

Human glutamate carboxypeptidase II (GCPII; EC
34.17.21) is a 750 amino acid type II transmembrane
glycoprotein. Its expression is restricted mainly to the
nervous system, prostate, small intestine, and kidney [1-3].
The GCPII form expressed in the brain, termed
N-acetylated-a-linked acidic dipeptidase, plays an import-
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Biochemistry, Academy of Sciences of the Czech Republic,
Flemingovo n. 2, 166 10 Praha 6, the Czech Republic.

Fax: + 420 2 20183 257, Tel.: + 420 2 20183 218,

E-mail: konval@uochb.cas.cz

Abbreviations: ERAD, endoplasmic reticulum-associated degrada-
tion; GCPIL human glutamate carboxypeptidase II; NAAG,
N-acetyl-L-aspartyl-L-glutamate; ThGCPIL recombinant human
glutamate carboxypeptidase 11; Z-Leu-Leu-Leucinal (Z-LLnL,
MG132), N-benzyloxycarbonyl-1-leucinyl-L-leucinyl-L-leucinal;
Z-Leu-Leu-Norvalinal (Z-LLnV, MG115), ¥-benzyloxycarbonyl-
L-leucinyl-L-leucinyl-L-norvalinal.

Enzyme: human glutamate carboxypeptidase I1 (EC 3.4.17.21).
(Received 26 March 2004, revised 3 May 2004,

accepted 7 May 2004)
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ant role in neurotransmission, as it cleaves N-acetyl-L-
aspartyl-L-glutamate (NAAG). the most abundant peptidic
transmitter within the human central nervous system [4],
and terminates its activity [5]. Inhibition of the brain form of
GCPII has been shown to be neuroprotective in animal
models of stroke, neuropathic pain, or amyotrophic lateral
sclerosis [6-8]. The physiological role of GCPII in the
prostate is unknown [9). Expression of this protein is
upregulated in prostate cancer (where it is termed prostate
specific membrane antigen, PSMA) and is exploited both as
a diagnostic modality of, and a therapeutic target for,
carcinomas of prostatic origin [10-12]. The enzyme repre-
sents a promising target of therapeutic intervention under
various pathological conditions.

GCPII belongs to the M28 peptidase family, which
encompasses co-catalytic metallopeptidases requiring two
zinc ions for catalytic activity, such as aminopeptidases
from Streptomyces griseus and Vibrio proteolyticus [13).
Additionally, the homology of human GCPII with the
transferrin  receptor has been reported, with sequence
identities of 30.3%, 30.2% and 24.0% for the protease-
like, apical, and helical domains of the transferrin
receptor, respectively [14]. Rawlings & Barrett made
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predictions about the domain structure and the putative
catalytic site of GCPII [16]. Similarly to the transferrin
receptor, GCPII probably exists as a homodimer under
physiological conditions and the dimerization seems to be
essential for its hydrolytic activity [15]. The protein is
proposed to consist of six domains: the N-terminal
cytoplasmic tail (amino acids 1-18), the helical transmem-
brane region (amino acids 19-43), and four extracellular
domains spanning amino acids 44-150 (domain C), 151
274 (domain D), 275-586 (domain E), and 587-750
(domain F). While the domain spanning amino acids 275-
586 is believed to be the catalytic domain, the importance/
function of the three remaining extracellular domains is
unknown [16]. The putative catalytic domain of GCPII is
homologous to aminopeptidases from S. griseus and
V. proteolyticus whose crystal structures have been solved
at 1.75 A and 1.8 A resolution, respectively [17,18]. By
analogy with the Vibrio aminopeptidase and the alignment
of partial amino acid sequences [rom human GCPII,
human transferrin receptor, yeast aminopeptidase Y,
S. griseus aminopeptidase, and Caenorhabditis elegans
mGCP fragment, His377. Asp387, Glu425, Aspd453 and
His553 were proposed to be the zinc ligands of GCPII
[16]. To experimentally verify these amino acid assign-
ments, Speno ef al. [19] mutated the putative zinc ligands,
putative substrate-binding residues and other amino acids
situated in the wvicinity of these residues. The results
confirmed the importance of the amino acid residues, all
located at the putative catalytic domain, for the GCPII
hydrolytic activity and substrate binding.

Recently, a 3D model of the extracellular region of rat
GCPII has been published [20]. In addition to the model of
the ligand-free protein, the authors docked several GCPII
inhibitors into the GCPII-binding pocket and proposed/
analyzed the amino acid residues involved in the ligand-
protein interactions. All of the residues identified are
situated within the segment spanning Arg212 to Arg538,
i.e. the putative catalytic domain (domain E) and the D
domain of rat GCPII. The contribution of domains C and F
to the GCPII hydrolytic activity/inhibitor binding remains
to be established.

The 3D structure of GCPII has not yet been solved
and virtually nothing is known about the significance of
the individual putative GCPIT domains for the carb-
oxypeptidase activity and/or proper folding of the
protein. In this work we report cloning and expression
of GCPII mutants truncated or extended at both N- and
C-termini. We analyzed the expression of individual
mutants in  Drosophila Schneider’s 82 cells and their
corresponding  hydrolytic activities, and identified the
minimal catalytically competent fragment. We show that
the C-terminal end is necessary for GCPII enzymatic
activity and that any polypeptide truncated beyond
LysS9 (from the N-terminus) is inactive and probably
misfolded.

Materials and methods

Expression plasmids

All of the GCPII variants used in this study are schemat-
ically depicted in Fig. 1.
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Fig. 1. Schematic diagram of the human gl carboxypeptidase 11
(GCPII) domain structure and GCPII variants used in this study, The
figure shows wild-type human GCPII and its truncated or tagged
variants. Individual domains are as described previously [16]: A,
mtracellular segment:; B, transmembrane domain; E. putative catalytic
domain; polypeptides spanning amino acids 44-150 (domain C), 151
274 (domain D). and 587-750 (domain F) represent domains of
unknown function; His, histidine tag; V3, V3 epitope; Xp, Xpress
epitope. Numbers before or after a slash correspond to the first or the
last amino acid of the truncated variant, respectively, as compared 10
the full-length wild-type protein.

Truncated constructs. The pMTNAEXST plasmid, des-
cribed previously [21], was used as the template for
generating truncated GCPII constructs. Corresponding
primer pairs (20 pmol each), together with 3 U of Pfu
polymerase (Promega) and 1 ng of the template plasmid,
were employed in amplification reactions according to the
manufacturer’s protocol. The primer sequences, together
with thermal cycling parameters, are described in Table I.
Generally, 30 PCR cycles were used for the sequence
amplification.

The individual PCR fragments were purified by gel
electrophoresis, digested with Bg/ll/Xhol and cloned into
pMT/BiP/V3-His A (Invitrogen), in-frame with the BiP
leader peptide.

Full-length construct. Sequences of primers and cycling
conditions used for generation of the full-length construct
(transmembrane, spanning amino acids 1-750) are des-
cribed in Table 1. The pcDNA3.1/GCPII plasmid [21] was
used as a template. The PCR product was digested with
Kpnl{Xhol endonucleases and cloned into a pMT/V5-His A
plasmid (Invitrogen).

C-terminally tagged construct. The C-terminally tagged
construct was generated similarly to the 44,750 variant. The
only exception was usage of the reverse primer (comple-
mentary to the C-terminal part of GCPII) that was devoid
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Table 1. Primer sequences and thermal cycling parameters.

Variant Primer pairs (5" —3') Cycling conditions

1-750 AMAGGTACCAAAGATGTGGAATCTCCTTCACG 30 5/94 °C: 1 min/57 °C; 5 min/72 °C
ATTCTCGAGTCATTAGGCTACTTCACTCAAAG

44/750 AAACTCGAGAGATCTAAATCCTCCAATGAAGC 1 min/94 °C; I min/54 °C; 4 min/72 *C
ATTCTCGAGTCATTAGGCTACTTCACTCAAAG

44/735 AAACTCGAGAGATCTAAATCCTCCAATGAAGC 30 5/94 °C; 1 min/54 °C; 4 min/72 °C
ATTCTCGAGTCATTATGCAACATAAATCTGTCTCTT

44/716 AAACTCGAGAGATCTAAATCCTCCAATGAAGC 30 8/94 °C; I min/56 °C; 4 min/72 °C
AAACTCGAGTTATTATTCAATATCAAACAGAG

59/750 AAAAGATCTAAAGCATTTTTGGATGAATTG 1 min/94 °C; 1 min/54 °C; 4 min/72 °C
ATTCTCGAGTCATTAGGCTACTTCACTCAAAG

90/750 AAAAGATCTTTTCAGCTTGCAAAGCAA 1 min/94 °C; 1 min/57 °C; 4 min/72 °C
ATTCTCGAGTCATTAGGCTACTTCACTCAAAG

122/750 AAAAGATCTAAGACTCATCCCAACTAC 1 min/94 °C; 1 min/54 °C; 4 min/72 °C
ATTCTCGAGTCATTAGGCTACTTCACTCAAAG

150/730 AAMAAGATCTGGATATGAAAATGTTTCGG 30 /94 °C: I min/56 °C; 4 min/72 °C
ATTCTCGAGTCATTAGGCTACTTCACTCAAAG

274/750 ACACTCGAGAGATCTGCAAATGAATATG 30 5/94 °C; 1 min/57 °C; 4 mun/72 °C
ATTCTCGAGTCATTAGGCTACTTCACTCAAAG

274/587 AAACTCGAGAGATCTAAATCCTCCAATGAAGC 30 5/94 °C; I min/56 °C; 3 min/72 °C
CACCTCGAGTTATTATAGCTCAAACACCATCC

44/587 AAACTCGAGAGATCTAAATCCTCCAATGAAGC 30 5/94 °C; 1 min/56 °C; 3 min/72 °C
CACCTCGAGTTATTATAGCTCAAACACCATCC

44/750_V5-His AAACTCGAGAGATCTAAATCCTCCAATGAAGC 1 min/94 °C; 1 min/57 °C; 4 min/72 °C

AAACTCGAGGGCTACTTCACTCAAAG

of a stop codon, and consequently, the PCR product could
be cloned into the pMT/BiP/V5-His A in-frame with the
C-terminal V5-His epitope.

N-terminaily tagged construct. The DNA sequence enco-
ding the GCPII variant (amino acids 44-750) in the
pPMTNAEXST plasmid was excised by digestion with Bg/ll
and Xhol restriction enzymes and ligated into BanmHI/Xhol
sites in a pcDNA4/HisA vector (Invitrogen). The resulting
plasmid was digested with Neol/ Xhol endonucleases and the
GCPIlI-coding sequence, N-terminally flanked with His-tag
and Xpress epitope, was cloned into the Neol/Xhol-digested
pMTBIP/V5-His A vector in-frame with the BiP leader
peptide. The resulting plasmid was designated pMTHis-
NA44/750.

The identities of all sequences were verified by dideoxy-
nucleotide-terminal sequencing using an ABI Prism BigDye
Terminator Cycle Sequencing Ready Reaction Kit v2.0
(Perkin-Elmer) and an ABI Prism 310 Genetic Analyzer (PE
Corporation).

Transfection of insect cells and generation
of stable cell lines

Schneider’s S2 cells (Invitrogen) were maintained in SFO00TT
medium (Gibeo) supplemented with 10% (v/v) fetal bovine
serum (complete medium: Gibco) at 22-24 °C. Stable cell
lines expressing individual mutants were generated by
cotransfection with 19 pg of the expression plasmid and
1 pg of a pCoHYGRO selection vector (Invitrogen), using a
kit for calcium phosphate-mediated transfection (Invitro-
gen). Stable transfectants were selected by culture of the cells
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in complete medium [SF900IT + 10% (v/v) fetal bovine
serum] supplemented with 400 pgmL™" Hygromycin B
(Invitrogen).

Expression of GCPII variants

Stably transfected S2 cells were transferred into six-well
plates and grown in serum-free SF900II medium to a
density of 8 x 10° cellsmL™". At this point, protein expres-
sion was induced with 0.5 mm CuSOy (final concentration)
(Sigma). Three days later, conditioned media and cells were
harvested by centrifugation and stored at —70 °C until
further use.

Cell lysates

The cell pellets were resuspended in 50 mm Tris/HCI,
pH 7.4, containing 100 mm NaCl and a protease inhibitor
cocktail (MiniEDTAfree; Roche), to a concentration of
40 x 10° cells per mL, sonicated three times (20 s each,
10 pm amplitude) on ice (Soniprep 150; Sanyo), and
subjected to centrifugation at 15000 g for 10 min. The
supernatant fraction is referred to as the cell lysate.

Total RNA isolation

Total RNA from stably transfected S2 cells (with protein
expression induced by addition of 0.5 mm CuSOy) was
isolated using Trizol Reagent (Gibco), according to the
manufacturer’s protocol, with 5 x 10° cells as the starting
material. Isolated total RNA was dissolved in RNAse-free
water to a concentration of 1 pguL™".
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RT-PCR

To eliminate contaminating chromosomal DNA, | pg of
total RNA was incubated with DNAse I (1 U; Gibco) for
30 min at room temperature in a total volume of 10 pL.
One microlitre of EDTA (25 mm, pH 8.0) was then added
and DNAse I inactivated at 65 °C for 10 min. The RNA
was [urther amplified using a pair of sequence-specific
primers (forward primer, 5~“ATTCAAGACTCCTTCAA
GAGCGTGGCGTGGC-3; reverse primer, 5-GCTCA
AACACCATCCCTCCTCGAACCTGGG-3) with cye-
ling conditions comprising 30 min at 55 °C followed by
25 cycles of 30 s at 94 °C, 30 s at 55 °C. and 60 s at 72 °C.
The reaction products were analyzed on a 1% (w/v) agarose
gel, and a positive signal identified as a 549 bp band.

Proteasome inhibition

Stably transfected S2 cells were cultured in SF900IT medium
supplemented with 10% (v/v) fetal bovine serum, and
protein expression was induced with 0.5 mm CuSQy at a
density of 8 x 10° cells mL.™". Twelve hours postinduction,
lactacystine (10 um final concentration), N-benzyloxycar-
bonyl-L-leucinyl-L-leucinyl-L-norvalinal ~ (Z-Leu-Leu-Nor-
valinal, Z-LLnV, MGII15; 50 pm final concentration),
or N-benzyloxycarbonyl-L-leucinyl-L-leucinyl-L-leucinal
(Z-Leu-Leu-Leucinal, Z-LLnL, MG132; 50 pm final con-
centration) was added to the medium and incubation
continued for additional 0, 4, 8 or 12 h. The cells were
counted, harvested by centrifugation at 500 g for 5 min, and
frozen at —70 °C until further use.

Antibodies

Hybridomas secreting mAbs (clones GCP-01, GCP-02 and
GCP-04, all 1gG1) were prepared by standard methods
from mice (F1 hybrids of BALB/c and BI0.A strains)
immunized with recombinant human GCPII (thGCPII, a
major fragment corresponding to the extracellular domain,
re. amino acid residues 44-750), prepared as described
previously [21].

SDS/PAGE and Western blotting

Proteins were resolved by SDS/PAGE [0.1% SDS, 13%
polyacrylamide (w/w/v)] and electroblotted onto a nitrocel-
lulose membrane. The membrane was probed with the
GCP-02 anti-rhGCPII mouse monoclonal antibody
(1 mg-mL"'] ata 1 : 5000 dilution, followed by incubation
with a 1 : 20 000 dilution of horseradish peroxidase-conju-
gated goat anti-mouse immunoglobulin (Pierce) for 2 h,
then developed using a West Dura™ chemiluminescence
substrate (Pierce).

NAAG-hydrolyzing activities

Radioenzymatic assays using “H-labelled NAAG (radio-
labeled at the terminal glutamate) were performed as
described previously [5]. with minor modifications. Briefly,
50 mm Tris/HCL pH 7.4 (at 37 °C), containing 20 mm
NaCl and 20 pL of the GCPII sample, were preincubated
for 15 min at 37 °C in a final volume of 225 pL. A 25 pL
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mixture of 950 nm ‘cold” NAAG (Sigma) and 50 nm
*H-labelled NAAG (51.9 Cirmmol™'; New England Nuc-
lear) was added to each tube and incubation continued for
20 min. The reaction was stopped with 250 pL of ice-cold
200 mm sodium phosphate, pH 7.4, after which the released
glutamate was separated from the substrate by ion exchange
chromatography and quantified by liquid scintillation.

Determination of kinetic parameters

Michaelis—-Menten (saturation) kinetics were measured in a
reaction setup similar to that used for the activity measure-
ments (see above) with substrate concentrations ranging
from 0.025 to 50 pm NAAG. Initial velocity measurements
for each concentration point were carried out in triplicate.
Typical turnover of the substrate did not exceed 25%. K,
and k., values were determined by a nonlinear least-squares
fit of the initial velocity vs. substrate concentration using a
GRAFIT software package (Erithacus Software Limited).

Large scale expression and purification

The 44/750 variant was expressed in large quantities in
spinner flasks and purified by a combination of ion-
exchange chromatography, Lentil-Lectin Sepharose chro-
matography and chromatofocusing, as described previously
[21].

Results

Expression and secretion of truncated variants of GCPII

To analyze the contribution of individual domains of
human GCPII (as proposed by Rawlings & Barrett [16]) to
its carboxypeptidase activity and/or folding, 13 variants
encoding the polypeptide chains truncated or extended at
one or both N- or C-termini were constructed (Fig. 1) and
the resulting plasmids were used for transfection of
Drosophila Schneider’s S2 cells. The expression and carb-
oxypeptidase activities of the individual constructs were
analyzed both in cell lysates and conditioned media, and the
results are summarized in Fig. 2 and Table 2. respectively.

Of the 13 variants, only 274/587 (the putative catalytic
domain) and 274/750 (the polypeptide spanning the putative
catalytic domain and the C-terminal-most domain) were not
detected in Western blots of the cell lysates, even though the
mADb used in the experiment targets an epitope within these
sequences (data not shown). The remainder of the con-
structs were expressed and immunoreactive bands of
expected relative molecular weights observed. Analysis ol
conditioned media revealed that the majority of the
constructs detectable in the cell lysates were secreted into
the medium. The only exception was the 150/750 variant,
which was retained intracellularly. Additionally, and not
surprisingly, neither of the variants absent from the cell
lysates (274/587 and 274/750) were detected in the condi-
tioned media.

To quantify the amount of the individual GCPII variants,
the signal intensities of the blots were recorded with a CCD
camera and analyzed using the AmDA image-analyzing
software, version 3.28.001 (Raytest Isotopenmessgerate,
Straubenhardt, Germany). Subsequently, calculations of the
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Fig. 2. Western blot analysis of the expression of human glutamate
carhoxypeptidase Il (GCPII) variants in S2 cells. Stably transfected 52
cells were grown in serum-free SF90011 medium. Protein expression
was induced with 500 pm CuSQ, and conditioned media and cells were
harvested 3 days later. Some of the conditioned media, marked with an
asterisk (*), were concentrated x20 using a Microcon ultracentrifuga-
tion device (Millipore) prior to Western blot analysis. The proteins
were resolved by SDS/PAGE (13% gel). electroblotted onto a nitro-
cellulose membrane, and immunostained as described in the Materials
and methods. Relative band intensities were recorded using a CCD
camera, and the concentrations of individual variants was calculated
from a calibration curve of known 44/750 concentrations. Carboxy-
peptidase activities of individual GCPII variants were determined
using 100 nm N-acetyl-v-aspartyl-t-glutamate (NAAG) as a substrate.
(A) Expression of GCPII variants in S2 cells. The cell lysates were
mixed with an equal volume of the denaturing SDS buffer and loaded
onto a single lane. Activity levels are indicated as follows: (+).
measurable NAAG-hydrolyzing activity; (+ /), extremely low activ-
ity: (-), no activity: ND, not determined, Conc®, expression levels of
the individual variants in stably transfected induced cells (pg per 10°
cells). *To visualize and quantify the individual variants in one blot,
different numbers of cells were loaded for each mutant. (B) Expression
of GCPII variants in conditioned media. Conditioned media were
mixed with an equal volume of the denaturing SDS buffer and 10 pL
of the mixture was loaded onto a single lane. Activity levels are indi-
cated as follows: ( +), measurable NAAG-hydrolyzing activity; (+ /).
extremely low activity; (), no activity; ND, not determined. Conc*,
amount of the individual variant in the conditioned medium prior to
concentration (ug-mL™").

protein quantities from the standard calibration curve of
known GCPII (the purified 44,750 variant) concentrations
were performed.

Marked differences in the expression levels of the
individual variants were observed in both cell lysates and
conditioned media. The highest expression levels in the
conditioned media were ~ 10 pgmL™' for the 44/750 and
1/750 variants. A decrease of more than 80-fold in the
secretion of recombinant protein was associated with the
deletion of the C-terminal part(s) of the protein, even
though the intracellular expression levels remained fairly
constant. Likewise, deletions within the N-terminal part of
the polypeptide resulted in a noticeable decrease in secretion
efficiency, as the amounts of the 59/750, 90/750., and
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Table 2, Specific activities of the human glutamate carboxypeptidase 11
(GCPII) variants and wild-type recombinant human glutamate carb-
oxypeptidase 11 (thGCPLI). Stably transfected S2 cells were grown in
serum-free SF900I1 medium and protein expression was induced with
500 pwm CuSOy. Three days later, the cells and conditioned media were
harvested and processed as described in the Materials and methods.
Conditioned media were dialyzed and concentrated, if desired. Carb-
oxypeptidase activities of the idividual varants were determined
using 100 nm N-acetyl-L-aspartyl-t-glutamate (NAAG) as a substrate
and related to the amounts of the immunoreactive proteins, as deter-
mined by Western blot densitometry, using purified rhGCPII as a
standard. ND, not detected.

Conditioned medium
(mno]‘s"'mg'ly

Cell lysates

Construet (nmols™mg™")

1/750 1.5 54
His_44/750 ND 41
44/750 6.7 277
44/750_V5-His <0.001 0.002
44/735 <0.001 <0.001
44/716 <0.001 <0.001
44/587 <0.001 <0.001
59/730 0.003 4.0
90,750 <0.001 <0.001
122/750 <0.001 <0.001
150/750 <0,001 ND
274/750 ND ND
274/587 ND ND

122/750 variants in the medium were =2 14-, 600-, and 250-
times lower as compared to the 44/750 variant. Moreover,
the 150/750 variant was not secreted at all (Fig. 2).

Analysis of the DNA transcription of mutants 274/587
and 274/750

Regarding the 274/587 and 274/750 variants, no protein
products of the expected relative molecular masses were
observed in Western blots of either cell lysates or the
conditioned media. To analyze whether the cells were really
transfected with the plasmids encoding the corresponding
GCPII variants and that the DNA was transcribed, we
isolated genomic DNA and total RNA from the induced
cells and performed PCR or RT-PCR assays. respectively.
The experiments using GCPII-specific primers confirmed
plasmid integration into the genome of Schneider S2 cells
and functional transcription of GCPIl-coding sequences
(data not shown).

Inhibition of proteasome degradation

As the mRNAs encoding the 274/587 and 274/750 variants,
but no corresponding protein products, were detected in
the induced, stably transfected S2 cells, we attempted to
distinguish between two possible alternatives: either the
protein was not translated at all, or it was aberrantly folded
and consequently degraded by the endoplasmic reticulum-
associated degradation system (ERAD), a ubiquitin-
proteasome dependent pathway [22]. To investigate this
further. we used three different proteasome inhibitors to
block the degradation activity of the cells. The proteasome
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was inhibited 12 h postinduction by addition of the
commercially available inhibitors lactacystine, Z-Leu-Leu-
Norvalinal or Z-Leu-Leu-Leucinal to the S2 cells stably
transfected with 274/587 and 274/750. The presence of
recombinant proteins in cell lysates was analyzed at 0, 4, 8
and 12 h following the addition of inhibitors. No immu-
noreactive bands of expected molecular mass were
observed in the cell lysates at any of the time-points (data
not shown).

Analysis of carboxypeptidase activities of the individual
truncated mutants of GCPII

The carboxypeptidase activities against NAAG, a naturally
occurring substrate of GCPII, were analyzed both in
conditioned media and the cell lysates. The results are
summarized in Fig. 2 and Table 2. Out of the 11 variants
with detectable levels of expression, only five GCPII
constructs were found to be enzymatically active. These
were the 1/750 (the transmembrane full-length protein), the
44/750 (the whole ectodomain of GCPII, rhGCPII), the
59/750 and the His_44/750 variants. An extremely low level
of NAAG-hydrolyzing activity, < 0.01% of the 44/750
variant, was associated with the 44/750_V5-His variant, and
no proteolytic activity could be detected with variants
N-terminally truncated beyond Lys39 or truncated at the
C-terminus, These results clearly show that polypeptide
stretches situated both N- and C-terminally of the putative
catalytic domain are indispensable for GCPII carboxypep-
tidase activity.

To further characterize the hydrolytical activities of the
GCPII variants, we determined the kinetic parameters (K,
and k) of the mutants towards NAAG. The data are
summarized in Table 3. The kinetic constants for the 44/
750_V5-His protein construct could not be determined
owing to a very low specific activity of the truncated
enzyme. The Michaelis constants of all the constructs tested
were comparable, ranging from 81 nm to 472 nm for the 59/
750 and 1/750 variants, respectively. In terms of both k.,
and Ky, the full-length 1/750 variant showed values similar
to the ectodomain-spanning 44,750 mutant. confirming that
the ectodomain is a fully active form of the enzyme. Further
truncation at the N-terminus, or addition of the V5-His tag
at the C-terminus, significantly compromises the proteolytic
activity of the variants, by affecting the turnover number
rather than substrate binding (Table 3).

Table 3. Kinetic characterization of the human glutamate carboxy-
peptidase 11 (GCPII) variants and wild-type recombinant human glu-
tamate carboxypeptidase I1 (rhGCPII). The kinetic parameters against
N-acetyl-L-aspartyl-L-glutamate (NAAG) were determined by satura-
tion kinetics for the mutated variants, and wild-type rhGCPIL k.,
values were caleulated from known concentrations of the individual
proteins, as determined by Western blot densitometry.

Construct ko (s71) Ku () kK (ua7's71)
44/750 (rhGCPII) 54 £ 03 160 £ 44 337 £ 154
1/750 85 4+ 04 472 + 88 18.1 £+ 5.1
His_44/750 0.80 £ 0.05 127 £ 47 6.6 £ 4.0
59/750 100 £ 0.04 81 £ 11 12.7 £ 22
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Discussion

Within the last decade, GCPII has been recognized as a
promising pharmacological target, and much effort has been
invested in developing compounds and strategies targeting
or manipulating this enzyme under various pathological
conditions. Surprisingly. the ‘basic’ biochemical character-
ization of GCPII at the protein level, which might simplify
and rationalize the development of modalities useful in
clinical practice, is lagging behind the drug discovery
activities. Here, we report mapping of the individual
predicted domains of human GCPIT with regard to their
contributions to the GCPII enzymatic activity and folding.

The first critical, important step for analyzing all the
GCPII variants used in this study was the development of
specific antibodies against human GCPIL. As polyclonal
rabbit anti-GCPII immunoglobulin cross-reacted slightly
with Schneider’s autologous S2 cell proteins, and because
this cross-reactivity might have interfered with the detection
of GCPII variants (especially when the expression level of
the variant was very low), several clones of mouse mAbs,
specifically recognizing human GCPII, were produced. A
polypeptide spanning the putative catalytic domain of
human GCPII (amino acids 274-587) expressed in Escheri-
chia coli was used to select clones immunoreactive against
an epitope within this sequence (data not shown), as all of
the variants used in this study comprise the putative
catalytic domain.

Carboxypeptidase activities of each of the GCPII
constructs that were modified at the C-terminus (either
truncated or modified with the V5-His epitope) were either
absent or extremely low. An intact C-terminus is therefore
indispensable for GCPII enzymatic activity, as the removal
of as few as 15 amino acids from the C-terminus completely
abolished NAAG-hydrolyzing activity (the 44/736 variant),
and the C-terminal extension (addition of the V5-His tag in
the case of the 44/750_V5-His variant) reduced the activity
by a factor of > 10", Furthermore, C-terminal modifica-
tions also negatively influenced secretion of the truncated
variants into the culture medium, suggesting the importance
of the C-terminus for the correct folding and procession of
GCPII throughout the secretory pathway. These data imply
that the putative F domain of GCPII (amino acids 587-750)
(Fig. 1), as predicted by Rawlings & Barret [16]. might
represent an integral part of the GCPII fold, and cannot be
deleted without adverse effects on the structure/function of
GCPIIL.

Recently, it has been shown that human GCPII exists in
the form of a dimer and that the dimerization is critical for
its carboxypeptidase activity [15]. Interestingly, the dimeri-
zation of the human transferrin receptor is mediated via
contacts of the amino acids forming a helical segment near
the C-terminus. As the human transferrin dimerization
domain has been reported to be homologous with the
C-terminal end of human GCPII [14], it is conceivable that
manipulation of the GCPII C-terminus could disrupt the
structure of this potential dimerization interface, thus
abolishing the enzymatic activity of the protein. Unfortu-
nately, as a result of extremely low yields of the mutants
modified at the C-terminus, we were not able to identify an
oligomeric status of the variants and confirm these
assumptions experimentally.
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In contrast to our results, Meighan er /. [23] reported
expression of the hydrolytically active full-length GCPII
flanked with the FLAG-tag at the C-terminus in an
HEK?293 human embryonic kidney cell line. The authors
concluded that this C-terminally modified protein retains
hydrolytic activity similar to the wild-type enzyme isolated
from LNCaP cells, the cell line naturally expressing GCPILI.
This discrepancy is difficult to explain. It could be hypo-
thesized that the observed inhibition might be sequence
specific, i.e. that either the presence of the 6-His tag
compromises carboxypeptidase activity of the 1/750_V5-His
construct in an unidentified specific manner or that the
inhibition might depend on the length of an epitope
attached.

The sequence at the N-terminus of the protein was also
shown Lo be required for the activity and/or secretion of the
GCPII carboxypeptidase. As for the N-terminally modified
variants, the absence of the intracellular and transmem-
brane domains does not influence carboxypeptidase activity
of GCPIl and neither does the attachment of the His-
Xpress epitope at the N-terminus of the 44/750 variant.
However, the protein was rendered inactive [ollowing the
deletion of more than 60 amino acids from the N-terminus.
Moreover, the amounts of recombinant protein secreted
into the media were substantially lower for the variants
truncated further at the N-terminus (as compared to the
44/750 variant), and the 150/750 construct was not secreted
at all.

The specific activities of the mutants secreted into the
medium were generally higher that those retained intracell-
ularly (Table 2). These differences could be attributed to the
presence of incorrectly or partially folded protein species in
the intracellular fraction, while the extracellular protein
consists exclusively of a properly folded enzyme. However,
the cause for three orders of magnitude specific activity
difference in the case of mutant 59/750 is not clear at
present.

The ER is responsible for the quality control of newly
synthesized polypeptide chains. Nascent proteins with only
a partial fold are cycled via the calnexin-calreticulin-
glucosidase T and IT system within the ER lumen, providing
space and time for the unfolded/partially folded proteins to
acquire the correct 3D conformation. The proteins that fail
to attain their native conformation are subsequently degra-
ded by the ERAD system [24-26]. As the 150/750 variant
was clearly detectable in the cell lysate, but absent from the
conditioned medium, it is plausible that the 150/750 variant
was not able to fold correctly and consequently was retained
in the ER and not allowed to proceed further along the
secretory pathway.

Two of the GCPII variants studied, namely the 274/750
and 274/587 constructs, were detected neither in the cell
lysales nor in the conditioned media. although the corres-
ponding mRNAs were detected by RT-PCR. Our failure to
detect expression of these GCPIl variants, even after
proteasome inhibition, cannot be explained unequivocally,
but may be a result of the fact that mRNAs encoding the
respective proteins are not, for an unknown reason,
translated in 52 cells. Another possibility could be that the
proteasome inhibition was not complete. Similar phenom-
ena were described for the EL4 mouse cell line that was
formerly reported to be adapted to conditions of total
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proteasome inhibition [27]. Additionally, an increase in the
proteolytic activity of different cell degradation systems, for
example tripeptidyl peptidase I1. might compensate for the
inhibited proteasome activity [28,29]. Yet another explan-
ation might be that proteasome inhibitors exercise more
general effects on the overall metabolism of S2 cells,
resulting in an overall decrease of protein synthesis or
increase in protein degradation. This interpretation 1s
supported by our control experiment with proteasome
inhibition of the S2 cells expressing the 44/587 variant,
which lowered, rather than increased, the expression levels
of the recombinant protein (data not shown). Similar,
negative effects of proteasome inhibitors on recombinant
protein expression (reduction of luciferase and beta-galac-
tosidase activity in tissue culture cells treated with protea-
some inhibitors) were recently reported by Deroo & Archer
[30].

Unexpectedly. the 1/750 variant of GCPII, i.e. full-length
transmembrane protein. was detected in the conditioned
medium. This observation contradicts the analysis of
conditioned media of LNCaP cells or HEK cells stably
transfected with [ull-length human GCPIIL, in which
‘shedding” of GCPII was not detected (data not shown).
We attempted to identify the cleavage site recognized by an
unknown ‘sheddase’ by the N-terminal sequencing, but no
sequence was recovered, apparently as a result of the
blocking of the N-terminal amino acid. Subsequent West-
ern blot analysis, exploiting the 7E11 mAb recognizing the
first six amino acids of the full-length GCPII [31], revealed
the absence of the immunoreactive epitope (ie. the
N-terminal end of GCPII) in the species ‘shed’ into the
medium, but not in the species expressed on the cell surface
(data not shown). Taken together, S2 cells probably express
an unidentified peptidase capable of specific cleavage of the
1/750 variant, releasing soluble protein into the culture
medium.

Kinetic parameter comparison of the individual enzy-
matically active GCPII variants did not reveal any signifi-
cant differences in either the binding or the turnover of the
substrate. The submicromolar values of the Michaelis
constants are in good agreement with the data reported
previously for both rat and human enzymes [5,32-35].

In conclusion, we analyzed the contribution of the N- and
C-terminal regions of GCPII to its enzymatic properties and
structure/folding. The results clearly show that the amino
acids at the extreme C-terminus of GCPII are crucial for the
hydrolytic activity of the enzyme and, furthermore, that
no more than 60 amino acids can be deleted from the
N-terminus without compromising the carboxypeptidase
activity of GCPIIL. These data thus indicate that current
GCPII homology models should be interpreted with some
caution, as they might lack elements indispensable for the
enzymatic activity of GCPIL
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6.2.4 Postscript

X-ray structures provide evidence these days that extracellular part of GCPII
composes of three domains. These domains cooperébem an active site and all of them
are essential for the GCPII hydrolytic activity séig. 5) [25, 26], which explains why both
N- and C-terminus truncation of GCPII have suclegadtating effect on protein stability and

activity.
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6.3 Structural analysis of the binding specificityof GCPII: rational drug design

6.3.1 Background information

It was shown that inhibitors of GCPIl are neuropotitve during ischemia in animal
models [80] and so they appear to be a promisirgyrpacological tool. The most potent
inhibitor of GCPII, 2-(phosphonomethyl)pentanediaad (2-PMPA) was discovered already
in 1996 [20]. Unfortunatelly, phosphonate (and gibosphinate) functional group is poorly
orally bioavailable and thus new functional grodps GCPII inhibition were searched for.
Interestingly, the glutarate moiety of potent GCiRHibitors seems to be the most important
in inhibitor’s affinity towards GCPIl and any changn the moiety leads to a decrease in
inhibitor potency [22, 23, 212].

Until recently, consecutive changes of differembdtional groups of known potent
inhibitors were the only way how to identify newfegftive bioavailable inhibitor of GCPII
[23, 24]. The crystal structure of GCPII becameilabée only in 2005 [25]. Since the
published structure showed free enzyme without legand inside the active site, it was of
limited use for inhibitor design.

In 2006, further GCPII structures with bound glutdae) phosphate and GPI-18431
inhibitor (Fig. 17) were published [26]. It was thest available tool for rational design of

new inhibitors.

CO,H
o)
1l
P
I CO,H
OH

Fig. 17: Chemical formula of (S)-2-(4-iodobenzyl-phosphonomethyl)-pentanedéxid (GPI-18431).

It was just a first step in a long journey; there a lot of GCPII inhibitors displaying
different inhibition constants and affinity to teidied enzyme.
In our study, we combined the biochemical data wetystal structures of several

inhibitors and analyzed the structural featurethefpharmacophore pocket of human GCPII.
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6.3.2 Summary

Even though 2-PMPA, GPI-18431 inhibitor and glutééenbind in S1' pocket in a
similar way, their inhibition constants are veryfelient: 0.3nM, 100nM, and 4p8 for 2-
PMPA, GPI-18431, and glutamate, respectively. &nse that higer affinity of 2-PMPA is
mediated more strongly through the interaction wzitihc ions and phosphonate moiety than
through interaction of enzyme with the glutarataeto

In the GCPII/2-PMPA complex, phosphonate oxygeepléaced by a methylene group
in phosphinate compounds) form a hydrogen bond witte chain of Asn519, but this
interaction contributes only partially to the higfiinity of this inhibitor. It is very likely that
under physiological conditions oxygen atom of plmsmate can be deprotonated in the
vicinity of the zinc ions, resulting in the doulsiegatively charged phosphonate group, which
interacts with positively charged zinc ions witlegter avidity than e.g. phosphinate group.

In GCPII/QA (quisqualic acid) complex, the inhdoitmimics glutamate binding, but
shows greater potency than glutamate. It seemsatditional hydrogen bonds participate in
binding of QA oxadiazolidine ring to GCPII. Thisng is engaged in more van der Waals
interactions with side chains of Phe209 and Leud2® these hydrophobic interactions are
decreasing Kvalue.

Interestingly, practically constant spacing betvsile chains of Phe209 and Leu428
(in all available structures) define a narrow clenmwhich limits the size and placement of
potential inhibitors in the S1’ site.

Moreover, oxadiazolidine ring in QA is negativetyharged at physiological pH
whereas the heterocyclic rings of other studiedbitdrs (willardiine, AMPA) are neutral.
From the IGy values it seems highly probable that elecrostataractions between inhibitor
and enzyme are also important for effective bindil@, 9.5uM for quisqualic acid, §IM
for willardiine and more than 10mM for AMPA).

The presented data can be used for the developoher@w GCPII inhibitors, which
might be orally bioavailable with preserved highgmxy.

My contribution to this work was a measurement loé tinhibition constant of

quisqualic acid and willardiine and determinatiohtie inhibition mode in the case of

quisqualic acid.
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6.3.3 Publication Il
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Inhibition of glutamate carboxypeptidase Il (GCPII) has been shown to be neuroprotective in multiple
preclinical models in which dysregulated glutamatergic transmission is implicated. Herein, we report crystal
structures of the human GCPII complexed with three glutamate mimetics/derivatives, 2-(phosphonomethyl)-
pentanedioic acid (2-PMPA), quisqualic acid (QA), and L-serine O-sulfate (L-SOS), at 1.72, 1.62, and 2.10
A resolution, respectively. Despite the structural differences between the distal parts of the inhibitors, all
three compounds share similar binding modes in the pharmacophore (i.e., S1°) pocket of GCPII, where they
are stabilized by a combination of polar and van der Waals interactions. The structural diversity of the
distal parts of the inhibitors leads to rearrangements of the S1” site that are necessary for efficient interactions
between the enzyme and an inhibitor. The set of structures presented here, in conjunction with the available
biochemical data, illustrates a flexibility of the GCPII pharmacophore pocket and highlights the structural
features required for potent GCPII inhibition. These findings could facilitate the rational structure-based

drug design of new GCPII inhibitors in the future.

1. Introduction

The development of novel neuroprotective agents attracts
considerable interest because the existing therapies often lack
desired efficacy and selectivity.! One recently identified phar-
macologically exploitable target/marker protein is glutamate
carboxypeptidase 11 (GCPIL? EC 3.4.17.21), a membrane-bound
metallopeptidase expressed predominantly in the human nervous
system, the brush border of the small intestine, proximal renal
tubules, and prostate parenchyma.®* Within the nervous system,
GCPII is expressed primarily on astrocyte and Schwann cell
membranes with the catalytic ectodomain facing the extracellular
milieu. There, it hydrolyzes N-acetylaspartylglutamate (NAAG),
the most abundant neuropeptide in the mammalian brain, and
liberates free glutamate.* Excessive (or dysregulated) glutamater-
gic transmission is associated with various pathophysiologies
including traumatic brain injury, stroke, neuropathic and inflam-
matory pain,amyotrophiclateral sclerosis(ALS), and schizophrenia
NAAG itself is an agonist at the group 11 metabotropic glutamate
receptors (mGIluR3) on glia and neurons.” Activation of mGIluR3

L Accession numbers: Atomic coordinates of the present structures
together with the experimental diffraction amplitudes have been deposited
at the RCSB Protein Data Bank with accession numbers 2PVW (the complex
with 2-PMPA), 20R4 (the complex with quisqualate), and 2PVV (the
complex with L-serine O-sulfate).

* To whom correspondence should be addressed. Address: Macromo-
lecular Crystallography Laboratory, 539 Boyles Street, National Cancer
Institute at Frederick, Frederick, Maryland 21702, Phone: 301-846-5494,
Fax: 301-846-7517. E-mail: jaceki@nciferf.gov.

* National Cancer Institute at Frederick.

i Academy of Sciences of the Czech Republic.

¥ Charles University.

#*MGI Pharma.

@ Abbreviations; GCPII, glutamate carboxypeptidase 11; NAAG, N-acetyl-
L-aspartyl-L-glutamate: 2-PMPA, (R.5)-2-(phosphonomethyl)pentanedioic
acid; QA, quisqualic acid, 2-amino-3-(3,5-dioxo[ 1,2 4|oxadiazolidin-2-yl}-
propionic acid; thGCPIL, recombinant human glutamate carboxypeptidase
1L; PEG. polyethylene glycol; AMPA, 2-amino-3-(3-hydroxy-35-methyl-4-
isoxazolyl)propionic acid; Glu, glutamic acid; SAR, structure—activity
relationship; PSMA., prostate-specific membrane antigen; 1-SO8, L-serine
O-sulfate; L-SOP, L-serine O-phosphate; K. inhibition constant.

10.1021/jm070133w CCC: $37.00

affects a wide spectrum of cellular functions, including the
release of neuroprotective trophic factors or the inhibition of
glutamate release.'®!! Consequently, the inhibition of GCPII
provides protection in the animal models presumably because
of decreasing levels of free glutamate and increasing NAAG
concentrations.

GCPII has a strong preference for substrates with glutamate
at the C-terminal position.'? Not surprisingly then, the first
GCPII inhibitors identified were glutamate/NAAG mimetics/
derivatives, such as quisqualic acid (QA) and N-fumaryl
glutamate.'*'* Demands for a more specific and potent inhibitor
were met by the synthesis of 2-(phosphonomethyl)pentanedioic
acid (2-PMPA, K, = 0.3 nM),‘i which is currently one of the
most extensively studied GCPII inhibitors. Subsequently, many
novel GCPII-specific compounds of different chemistries have
been designed and synthesized. At present, most of the substrate-
based GCPII inhibitors include a glutarate moiety linked to a
zine-binding group such as phosphonate, phosphinate, hydrox-
amate, urea, phosphoamidate, and thiol.'""2" Additionally,
despite the presumed low tolerance of the GCPII pharmacophore
pocket for the structural changes of an inhibitor, conformation-
ally constrained NAAG mimetics or Pl’-carboxylbenzyl-
containing analogues were shown to possess inhibitory activity
toward GCP[].21-22

Recently reported crystal structures of GCPII revealed that
the extracellular part of the enzyme is organized into the three
domains spanning amino acids 57—116 and 352—-590 (the
protease-like domain), 117—351 (the apical domain), and 591—
750 (the C-terminal domain) and that amino acid residues from
all the three domains are required for high-affinity substrate/
inhibitor binding,**** These structural findings, in conjunction
with SAR analysis reported previously, provided useful infor-
mation for the rational structure-based design of new GCPII
inhibitors.

Available crystallographic data on GCPII represent a major
step toward our understanding of structural features of the

© 2007 American Chemical Society
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Table 1. Data Collection and Refinement Statistics

Barinka et al.

rhGCPIL/2-PMPA rhGCPII/QA rhGCPI/L-SOS
Data Collection Statistics
wavelength (A) 1.000 1.000 1.5478
space group 1222 1222 222

101.8, 130.8, 159.4
30.0—1.72 (L.78—1.72)

unit-cell parameters @, b, ¢ (A)
resolution limits (A)

no. of unique reflections 111281 (10238)
redundancy 9.8 (6.0)
completeness (%) 98.6 (91.7)
lio(l) 15.1 (3.5)
Ruserge 0.126 (0.495)

102.0, 130.4, 159.5
50.0—1.62 (1.68—1.62)

101.6, 130.2, 159.0
30.0—2.10 (2.18=2.10)

129603 (9922) 60304 (5928)
11.0(57) 4.8(4.8)
6.7 (74.8) 98.9 (98.4)
282(2.7) 154 (3.7)

0,070 (0.465) 0.097 (0.505)

Refinement Statistics

resolution limits (A) 15.0-1.72(1.76—1.72)
total no. of reflections 105604
no. of reflections in working set 100055 (5998)

no. of reflections in test set 5549 (344)

RiR e 0.183 (0.232)/0.207 (0.288)

total no. of non-H atoms 6217

no. of non-H protein atoms 5678

no. of ions 4

no. of water molecules 521

average B factor (A2)
protein atoms 34.0
waters 431
mhibitor 30.7

rmse
bond length (A) 0.019
bond angle (deg) 1.80
planarity (A) 0.009
chiral center (A%) 0.132

gaps in the structure 42=755, 541—=3543, 654—655

30.0-1.62 (1.66—1.62) 30.0-2.10 (2.16—2.10)
123053 57236

116532 (6550) 54175 (3972)

63521 (360) 3061 (217)

0.185 (0.272)/0.218 (0.337) 0.176 (0.203)/0.212 (0.274)

6825 6329
5871 5804
4 4
937 510
25.6 292
39.9 36.3
238 25.1
0.019 0.021
1.79 1.80
0.009 0.009
0.124 0.125

42-55, 152—155, 541-543 42-55, 654—655

@ Values i parentheses correspond to the highest resolution shells.

enzyme, but the insight into the S17 (i.e., pharmacophore) pocket
of GCPII is still quite limited. This is due to the fact that all
available X-ray structures of GCPII have the S1’ site either
empty or occupied by a glutarate moiety. To obtain deeper
understanding of the flexibility of the S1” pocket and to define
the structural features required for potent GCPII inhibition more
precisely, we determined crystal structures of human GCPII in
complex with three glutamate analogues/mimetics harboring
distinct S1” binding moieties. The set of structures presented
here characterizes structural adjustments of the $1° pocket that
are necessary to accommodate inhibitors with varied moicties
in the P17 position. The availability of the crystallographic data
on GCPII complexed structurally diversified inhibitors could
thus facilitate development of novel GCPII specific inhibitors
with enhanced activity in the future.

2. Experimental Section

2.1. Inhibitors. QA (2-amino-3-(3,5-dioxo[ |,2,4]oxadiazolidin-
2-yl)propionic acid) was obtained from Fluka (Fluka, 99% TLC).
The stock solution was prepared by dissolving 1 mg of the inhibitor
in 66 uL of 100 mM NaOH (80 mM final concentration). (R,5)-
2-(phosphonomethyl)pentanedioic acid (2-PMPA, a racemic form)
was synthesized as described previously,' and the inhibitor was
dissolved in distilled water to a final concentration of 50 mM.
1-Serine O-sulfate (1-SOS), L-serine O-phosphate (1.-SOP), and (S)-
willardiine were purchased from Sigma (St. Louis, MO).

2.2. rhGCPII Expression and Purification. The extracellular
domain of human glutamate carboxypeptidase 11 (rhGCPIL, amino
acids 44—750) was overexpressed in Drosophila Schneider S2 cells
and purified to homogeneity as described previously.!? The protein
was dialyzed against 20 mM Tris-HCI, 100 mM NaCl, pH 8.0,
and concentrated to 10 mg/mL using an YM30 Centricon ultrafil-
tration device (Millipore). The protein concentration was determined
with the Bio-Rad protein assay kit, using the bovine serum albumin
as a standard.

2.3. Crystallization and Data Collection. The protein solution
was mixed with the inhibitor stock solutions at 10:1 ratio

79

(resulting in an approximate 50-fold molar excess of the inhibitor),
and the droplets were set up by combining 2 uL of the thGCPII-
inhibitor mixture and 2 uL. of the reservoir solution containing
33% (v/v) pentaerythritol propoxylate PO/OH 5/4, 1—-3% (w/v)
PEG 3350, and 100 mM Tris-HC1, pH 8.0. The orthorhombic
crystals of approximately 0.4 mm > (.4 mm x 0.2 mm (/222 space
group with one rhGCPIl molecule per asymmetric unit) were
grown using the hanging drop vapor diffusion method at 293 K,
typically within 1 week., For the X-ray experiments, crystals
were frozen in a stream of liquid nitrogen directly from hanging
drops. The diffraction data for rhGCPII/2-PMPA and rhGCPIIVQA
were collected at 100 K using synchrotron radiation at the SER-
CAT beamlines (sectors 22BM and 22ID) at the Advanced
Photon Source (Argonne, IL) with the X-ray wavelength of 1.0 A,
and the images were recorded on MAR charge-coupled device
detectors. The diffraction data for the rhGCPII/L-SOS complex were
collected in-house at 100 K using X-radiation (A, = 1.5478 A)
generated by the rotating anode operating at 100 kV and 50 mA
(Rigaku-Ru200), and reflection intensities were recorded on the
MAR345 image plate detector (MAR Research, Hamburg, Ger-
many). In all cases, the diffraction intensities were collected
from single crystals and processed using the HKL2000 software
package.”

2.4. Structure Determination and Refinement. Since the
crystals of thGCPIV/inhibitor complexes were isomorphous with a
previously reported crystal of the ligand-free thGCPIL* this
structure (RSCB PDB code 200T) served as the initial solution.
The structures were refined and manually rebuilt using the programs
Refmac5” and Xtalview,™ respectively. During the refinement, 5%
of the randomly selected reflections were kept aside for cross-
validation (Kp.). The quality of the final models was evaluated
using the program PROCHECK? distributed with the CCP4i suite,
version 2.2.°° Ramachandran analysis of the final models classified
all residues but one, Lys207, as having either the most favorable
or allowed conformations. Despite supposedly unfavorable con-
formations, all atoms of Lys207 are well defined in the electron
density peaks. The final statistics for the data collection and the
structure refinement are summarized in Table 1.
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Figure 1. Chemical definitions of glutamate analogues: (1} L-Glu; (2) 2-PMPA, (R.5)-2-phosphonomethylpentanedioic acid; (3) quisqualic acid,
2-amino-3-(3.5-dioxo[ 1,2 4]oxadiazolidin-2-y)propionic acid; (4) willardiine, 2-amino-3-(2,4-dioxo-3,4-dihydro-2H/-pyrimidin- 1 -yl )propionic acid;
(5) AMPA, 2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid; (6) L-SOS, L-serine O-sulfate; (7) L-SOP, L-serine O-phosphate; (8) NAAG,
N-acetylaspartylglutamate. Inhibition concentration values (and the Ky value in the case of NAAG) are taken from the published data'~7 or determined

in our laboratory (shown in bold).

2.5. Determination of Inhibition Concentration Values (1Cs).
The inhibition concentration values of rhGCPIT were determined
using the radicenzymatic assay with [JH]NAAG (radiolabeled on
the terminal glutamate). Briefly, thGCPII (30 ng/mL) was prein-
cubated in the presence of increasing concentrations of inhibitors
in 50 mM MOPS, 20 mM NaCl, pH 7.4, for 15 min at 37 °C. The
reaction was initiated by adding 20 L of the mixture of 0.95 uM
NAAG (Sigma) and 30 nM [*H]NAAG (50 Ci/mmol in Tris buffer,
Perkin-Elmer) to a total reaction volume of 200 L. After 20 min,
the reaction was terminated by adding 200 gL of 200 mM potassium
phosphate solution, pH 7.4. The glutamate was separated from the
reaction mixture by ion-exchange chromatography and quantified
by liquid scintillation. Duplicate reactions were carried out for each
experimental point. The 1Cs; values were calculated from plots of
vi/vy (ratio of individual reaction rates to the rate of an uninhibited
reaction) versus inhibitor concentration using the GraFit program
(version 5.0.4, Erithacus Software Limited).

2.6. Mode of rhGCPII Inhibition by Quisqualate (QA). By
use of 0.16—40 uM NAAG and QA concentrations of 0, 26, and
75 uM, the mode of inhibition was determined in the reaction setup
described above. Initial inhibition velocities for each concentration
point were measured in duplicate, and the mode of inhibition was
determined from the double-reciprocal plot of velocity wversus
substrate concentration.

3. Results

3.1. Overall Structure Comparison. The structures of
rhGCPII/2-PMPA, thGCPI/QA, and rhGCPII/L-SOS were
refined at resolutions of 1.72, 1.62, and 2.10 A with crystal-
lographic R factors equal to 0.183 (Rpe. = 0.207), 0.185 (Rfree
=0.218), and 0.176 (Rgee = 0.212), respectively (Table 1). The
overall fold of thGCPII in all three structures is nearly identical,
as illustrated by the root-mean-squared deviation of 0.19 A (for
the 685 equivalent Cax pairs), 0.23 A (for the 690 equivalent
Copairs), and 0.21 A (for the 692 equivalent Cat pairs) between
the ligand-free thGCPII structure and thGCPI/2-PMPA, rhGCPII/
QA, and rhGCPII/L-SOS complexes, respectively.

3.2. Inhibitor Interactions in the S1” Pocket. As glutamate
mimetics/derivatives, L-SOS, QA, and 2-PMPA each bind to
the S1” pocket of GCPII in a mode similar to that of glutamate.
In all complexes, the positive peaks in the £, — I, maps clearly
showed the location of the inhibitor molecules as well as the
surrounding residues from the enzyme (Figure 2).

3.2.1. rhGCPII/2-PMPA Complex. The glutarate fragment
of 2-PMPA forms six hydrogen bonds with the side chains of
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Arg210, Asn257, Tyr552, Lys699, and Tyr700. Additional
hydrogen bonds (2.6 and 2.5 A) arc formed by the a- and
y-carboxylate groups of 2-PMPA and the water molecules. Two
oxygen atoms of the inhibitor phosphonate moiety coordinate
the active-site Zn>* jons with the Zn---O—P distances of 2.0
and 2.1 A. Furthermore, one of the phosphonate oxygen atoms
forms H-bonds with the hydroxyl group of Tyr552 (2.7 A) and
Ne2 of His553 (3.1 A). The second phosphonate oxygen
interacts with the carboxylate groups of Glu424 (2.8 and 3.2
A), Asp453 (3.1 A), and Ne2 of His377 (3.3 A). The third
phosphonate oxygen is stabilized by a weak H-bond with the
side chain amide of Asn519 (3.4 A). The intermolecular contacts
between 2-PMPA and rhGCPII are schematically depicted in
Figure 3A (and Figure S1 of Supporting Information), and the
inhibitor—protein distances are listed in Table T1 in Supporting
Information.

3.2.2. rhGCPII/QA Complex. QA is a mimetic of glutamate
in which the y-carboxylate of glutamate is replaced by the 1,2,4-
oxadiazolidine ring (Figure 1). In the rhGCPII/QA complex,
the a-carboxylate group of QA interacts with the side chains
of Arg210, Tyr552, and Tyr700 in a fashion similar to that
described for the rhGCPII/2-PMPA complex. The free amino
group of quisqualate interacts with the Glu424 y-carboxylate,
the main chain carbonyl group of Gly518, and two water
molecules. The oxadiazolidine ring is wedged between Gly427,
Leud28, and Gly518 on one side and the side chain of Phe209
on the opposite side of the pharmacophore pocket. Two H-bonds
formed by the y-carboxyl group of 2-PMPA with Lys699 and
Asn257 are also present in the QA complex through the ring
nitrogen atom N4 (N4:+-Nel, 3.2 A) and the carbonyl oxygen
at position 3 (03:+:N32, 2.8 A), respectively. Each of these
atoms is also hydrogen-bonded to a water molecule that is
furthermore stabilized by its interactions with the Leu239
carbonyl oxygen (3.2 A) and the side chains of Asn257 and
Lys699. Additionally, the exocyclic oxygen bound to C5 accepts
hydrogen bonds from the main-chain amide of Gly518 (2.9 A)
and from the hydroxyl group of Ser517 (3.3 A, Figure 3B and
Supporting Information Figure S2 and Table T2). To accom-
modate the bulky oxadiazolidine ring, the S1” pocket of GCPII
undergoes a subtle rearrangement. Compared to the thGCPIl/
2-PMPA complex, the side chain of Asn257 is rotated by 70°
(with a positional difference of 2.2 A for N2 atoms) and the
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el ZN1
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Figure 2. Representative electron density maps of the S1° site in
thGCPIL: S1-bound 2-(5)}-PMPA (A), QA (B), and L-S08 (C). Selected
amino acids of GCPII are shown in ball-and-stick representation, while
Zn’" ions are depicted as blue spheres. The F, — F. omit electron
density map around an inhibitor is contoured at the 2o level (green)
and the 2F, — F, difference electron density map at the 1o level (blue).
The picture was generated using MOLSCRIPT* and Bobscript™ and
rendered with PovRay.*?

loop containing Gly518 is displaced from its native conformation
in the S1” site (Figure 3D).

3.2.3. rhGCPII/L-SOS Complex. The binding mode of
1-SOS in the S1” pocket of thGCPII is analogous to the QA
binding described above. The a-amino acid fragments of both
ligands structurally overlap and are stabilized by a similar set
of interactions with the enzyme (Figure 3C and Supporting
Information Figure S3 and Table T3). The distal sulfate group
could be superimposed onto the QA oxadiazolidine ring; its
oxygen atoms interact with the amino groups of Lys699 (02-
=Nel, 3.0 A) and Asn257 (Q1=+=No2, 2.9 A) and are further
hydrogen-bonded to a water molecule (O1:+:0, 3.1 A; 03++0,
3.0 A). L-SOS features a tetragonal configuration at the sulfur
atom in place of the planar QA oxadiazolidine ring or planar
configuration at the glutamate Co. This spatial arrangement
elicits slight movement of the Phe209 side chain to avoid
possible steric clashes (Figure 3D).

3.3. Inhibition Concentration Values of Glutamate Mi-
metics. Inconsistent results have been reported regarding the
inhibition mode and potency of QA as an inhibitor of GCPII.?132
We determined that QA is a competitive inhibitor of GCPII
with an inhibition concentration of 9.5 4uM (Figures | and 4).
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Figure 3. Inhibitor binding to the S1” pocket of thGCPII: schematic
representation of the S1” pocket of rthGCPII complexed with 2-(S)-
PMPA (A), QA (B), and L-SO8 (C). The N, O, and P atoms are colored
in blue, red, and orange, respectively. The carbon atoms are shown in
green (thGCPIT) or magenta (the S1°-bound QA/2-PMPA/L-SOS). The
Zn?" jons and water molecules are represented by the blue and red
spheres, respectively. Hydrogen-bonding interactions between the S17-
bound inhibitor(s) and the rthGCPII residues are shown as dashed lines.
The H-bonding distances are summarized in Supporting Information
Tables T1—T3. The superposition of the thGCPII S1” sites observed
in complex with 2-PMPA, QA. and L-SOS is shown in panel D. The
residues in the rthGCPII/2-PMPA, rhGCPII/QA, and rhGCPII/L-SOS
complexes are shown in green, red, and blue, respectively. Note the
rotation of the Asn257 side chain and slight shift of Phe209, Gly518,
Lys699, and Tyr700. The picture was generated using PyMOL*
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Figure 4. Double-reciprocal plot depicting inhibition mechanism of’
rhGCPII by quisqualate (QA). The mode of inhibition was determined
by measuring rhGCPII hydrolyzing activity at a NAAG concentration
range of 0.16—40 M, in the absence (O) or in the presence of 26 uM
QA (@) or 75 uM QA (0O), employing the radicenzymatic assay
described in the Experimental Section.

These biochemical findings are in agreement with the structural
data presented here that clearly show the QA binding to the
S1” pocket of rhGCPIIL. Furthermore, the results of our kinetic
experiments demonstrate that compared to QA, glutamate,
L-SOS, and L-serine O-phosphate are at least 50 times less potent
inhibitors of rhGCPII with 1Csy values 428, 438, and 523 uM,
respectively (Figure 1).
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4. Discussion

At present, 2-PMPA is the most extensively studied inhibitor
of GCPII, with proven efficacy in models of ischemic brain
injury, neuropathic pain, and amyotrophic lateral sclerosis (for
areview, see ref 4). The superposition of the thGCPII/2-PMPA
structure with the thGCPLI/glutamate and rhGCPLI/GPI18431
complexes published recently® reveals that the binding modes
of the glutarate fragments of these compounds within the S1’
pocket are virtually identical. Yet the inhibitory potencies of
the three compounds span more than 6 orders of magnitude with
K values of 0.3 nM, ~100 nM, and 428 uM for 2-PMPA,
GPI18431, and glutamate, respectively. Consequently, the higher
affinity of 2-PMPA against GCPII can only be attributed to the
strong interactions between the active site zinc ions and the
phosphonate moiety as well as a set of supplementary interac-
tions between the phosphonate and the enzyme.

In general. the replacement of a phosphonate oxygen of
2-PMPA by an alkylaryl functionality increases inhibition
constants of such derivatives more than 100-fold.'"® In the
rthGCPII/2-PMPA complex, the “extra” phosphonate oxygen/
hydroxyl group (replaced by a methylene group in phosphinate
compounds) forms a weak hydrogen bond with the side chain
amide of Asn319. Although this interaction might partially
contribute to a higher affinity of 2-PMPA, it is more likely that
other factors play an even more prominent role. It should be
noted that the phosphonate group of 2-PMPA could release two
protons in aqueous solutions (reaching a formal charge of —2),
with the calculated values pK, ~ 1.8 and pKy = 8.5, It is
plausible that under physiological conditions both oxygen atoms
of phosphonate will be deprotonated in the vicinity of the active-
site zine ions. As a result, the doubly negatively charged
phosphonate group (R-PO5*) could interact with the positively
charged zinc ions with greater avidity than the phosphinate group
(Ry> = PO,'7), thus contributing to the observed increased
potency of phosphonate versus phosphinate compounds.

Results reported by Vitharana et al.** indicate that the potent
inhibition of GCPII is attributable only to the (S)-form of the
two 2-PMPA enantiomers, whose absolute configuration is
analogous to L-glutamate and is =300 times more active than
the (R)-enantiomer. Consistent with this report, only 2-(S)-
PMPA was detected in the structure of rhGCPII/2-PMPA
described here, even though the protein was cocrystallized with
the racemic form of 2-PMPA. To explain the different activities
of the two 2-PMPA enantiomers, we constructed a model of
the rhGCPII/2-(R)-PMPA complex based on the structure of
rhGCPI/2-(S)-PMPA complex (data not shown). Assuming that
the binding mode of the phosphonate group in the GCPII active
site is the same for both enantiomers, the inversion of groups
around the Co (glutamate) atom in 2-(R)-PMPA prevents
interaction between the Co-carboxylate of the ligand and the
Arg210 of the enzyme. Furthermore, the same carboxylate group
becomes closely positioned to the negatively charged Glu425
y-carboxylate, resulting in steric clashes and charge repulsions.
According to our model, a more complex rearrangement of the
GCPII active site would be needed to accommodate the (R)-
enantiomer, which would likely lead to an increase of the K,
value.

In the structure of the thGCPII/QA complex, the inhibitor
mimics a glutamate-like binding mode and the nearly isosteric
positioning of both molecules is aided by the atypical pyramidal
geometry of the heterocyclic nitrogen atom carrying the amino
acid side chain® % (Figure 3D). Since the c-amino acid
fragments of the ligands structurally overlap, the increased
potency of QA versus glutamate can be attributed to the distal
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Figure 5. Schematic representation of a narrow channel contributing
to the S1” pocket, with the size restricted by the side chains of Phe209
and Leu428. The S1” pocket of GCPII, defined by the residues Phe209,
Arg210, Asn257, Glud24, Gly427, Leud28, Gly518, Lys699, and
Tyr700, has dimensions of approximately 8 A x 8 A x 8 A, The
invariant positions of the Phe209 and Leu428 side chains (red) restrict
the width of the pocket and, consequently, the size and placement of
an S1°-bound inhibitor. The thGCPII residues forming the S1° pocket
are represented by their solvent accessible surfaces. The S1"-bound QA
molecule is shown in stick representation. The residues “capping™ the
S1" pocket were omitted for clarity,

portions of the inhibitors. Compared to the glutamate y-car-
boxylate, the oxadiazolidine ring in QA forms four additional
hydrogen bonds with rhGCPIl (Figure 3 and Supporting
Information Table S1). Also, when compared to the side chain
of glutamate, the oxadiazolidine ring is engaged in more
extensive van der Waals interactions with the side chains of
Phe209 and Leu428. Thus, both the polar and hydrophobic
interactions contribute to the observed decrease of the quisqualate
inhibition concentration value.

In contrast to the potent inhibitory properties of QA (ICsy =
9.5 uM), other glutamate bioisosteres, such as AMPA and
willardiine, bind GCPII with lower affinity [ICsy =10 mM for
AMPAY 3 and [Csg = 67 uM for (S)-willardiine (Figure 1)]. It
is noted that the acidity of the heterocyclic ring in QA is very
close to that of the glutamate y-carboxyl group (pAL(QA) =
4.2; pKy(Glu) = 4.4).3 The heterocyclic moieties of the other
bioisosteres are substantially more basic with pK, values of 9.3
and 10.1 for willardiine and AMPA, respectively.*>4" Conse-
quently, the oxadiazolidine ring in QA is negatively charged at
physiological pH whereas the heterocyclic rings of the other
bioisosteres are neutral. Weaker GCPII inhibition by the latter
compounds indicates the importance of electrostatic interactions
between an inhibitor and the enzyme.

Our data suggest that the S1” site is capable of the subtle-
to-pronounced structural adjustments necessary to accommodate
structurally different ligands. For example, the rearrangement
of the S1” site, represented by the displacement of a loop
harboring GlyS18 or repositioning of the Asn257 side chain, is
evident from the thGCPII/QA structure. Similarly. slight varia-
tions could be observed in the positions of the Phe209 and
Tyr700 side chains (up to ~0.5 A) in the rthGCPII/-SOS
complex when compared to the 2-PMPA structure. At the same
time, flexibility of the S17 site is limited by the overall fold of
the enzyme, as all three GCPII extracellular subdomains
contribute to substrate recognition. Particularly interesting is the
virtually constant spacing between the side chains of the Phe209
and Leu428 located at the beginning of helices a5 (residues
210—219) and a9 (residues 429—445), respectively. These two
side chains define a narrow channel with a diameter of
approximately 8.0 A (Figure 5), thus imposing limits on the
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size and placement of a potential inhibitor molecule in the S17
site.

In summary, the work presented here analyzes structural
features of the pharmacophore pocket of human GCPIL. A
limited plasticity of the S1” pocket, observed in the described
structures, supports conclusions drawn from the previous SAR
studies that pointed toward structural rigidity of the GCPII
pharmacophore (i.e., $1°) pocket'® on one hand but at the same
time led to discovery of P1™-modified compounds with potent
inhibitory activities toward GCPIL.>'22 In addition, the data
presented here could be exploited for the development of the
novel GCPII inhibitors using the rational structure-based drug
design approach. As an example, it might be feasible to
substitute the y-carboxylate group of a glutarate-containing
inhibitor with a heterocyclic ring derived from a glutamate
bioisoster, such as quisqualic acid or willardiine. Such modifica-
tions could improve the pharmacokinetic profile of a resulting
compound (because of increased lipophilicity) as well as
enhance its potency toward GCPIIL.

Note Added in Proof. During the editorial review of the
manuscript, two of the GCPIl complexes presented here were
concurrently reported by Mesters and colleagues.*
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6.4 GCPIll, a human homolog of GCPII

6.4.1 Background information

Genomic mapping of the human GCPIl gene revealed ldicalization into
chromosome 11 but from the beginning the localratvas not properly defined and the gene
was located using FISH method in both q and p aihebiromosome 11 [1, 213]. In the end it
was shown that GCPIl is located in the p arm, awindiogs of GCPII: glutamate
carboxypeptidase Il (GCPIIl) and NAALADase ,likefeptidase (NAALADase L) were
shown to reside in the g arm [3, 214].

GCPIl sequence has a 67% identity and 81% siryiléwi GCPIIl; and 35% identity
and 54% similarity to NAALADase L. Phylogenetic &ss showed that GCPIl and GCPIII
are the most related proteins from this group. GC&bko possesses the hydrophobic
transmembrane domain and it is also type || menpaatein [3].

It is well established that GCPIl is important meurotransmission and neuronal
damage connected with excessive glutamate release ¢hapter 3.2 “GCPIl as a
neuropeptidase”), therefore Bacieh al. generated mice with disrupted gene for GCPII
(Folh1-/- mice; knock-out mice) to study the morjggical changes in their brain. These
knock-out mice were behaviorally similar to thedwiype, although less susceptible to stroke
and peripheral neuropathies [83]. Activity measuerta in tissues from brain revealed
residual NAAG-hydrolyzing peptidase activity, atigh GCPII expression was not detected
immunohistochemically. A new peptidase was postdlab be responsible for this residual
cleavage. It was suggested that it could be a hmgnot GCPII, because this new peptidase
was sensitive to GCPII inhibitors [215]. Bzdegaal. showed at least two homologous
enzymes with similar pharmacological properties afiohity for NAAG in mice: GCPIl and
GCPIIl. Mouse GCPIl and GCPIIl showed similag; Kand Vnax values (1.4uM and 54
pmol/min/mg; 3.5uM and 71 pmol/min/mg, respectively) [216, 217]. &rthese two mouse
homologs are very similar it is likely that alsonman GCPIl and GCPIII will show high
sequence similarity.

Nevertheless, since GCPIl is such an importantrrpheological target in the
neurotransmission and neurological damage, detaitedacterisation of human GCPIII, a
very close homolog of GCPII, is very important.
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We asked several questions: 1) Can GCPIIl complefeerGCPII activity in knock-
out mice or human cells? 2) Are GCPII targetedhitbrs also active against GCPIII? 3) Can

GCPIIl have a distinct biological role?

6.4.2 Summary

We prepared recombinant glutamate carboxypeptidlasensect cells and purified
it to near homogenity.

We compared the substrate specificity of GCPIlI &@PIIl using peptide
substrates of general formula Ac-X-Glu-OH and A@A6OH (where X stands for any of 20
standard amino acids). GCPII shows strong preferémcAc-Asp-Glu-OH and Ac-Glu-Glu-
OH, however, this is not true for GCPIIl. Otherdstnates in the Ac-X-Glu-OH library are
cleaved with approximately equal rates by both isticenzymes. In the Ac-Asp-X-OH
library, GCPIII does not significantly hydrolyze yasubstrate except for Ac-Asp-Glu-OH
(NAAG). In contrast, GCPII cleaves Ac-Asp-Ala-OHdbAc-Asp-Met-OH.

Comparison of kinetic constants of both homoldgsnged that GCPIII less efficiently
cleaves Ac-Asp-Glu-OH (NAAG), Ac-Glu-Glu-OH arfgtNAAG. The pH dependences are
also different; GCPIII has pH optimum in the neltegion, while GCPII optimum is shifted
to basic pH. Moreover, the difference in activitietween GCPII and GCPIIl increases with
pH value.

Different substrate specificities and more acidld pptimum for GCPIIl can be
caused by the structure of binding cavity. We @eéa structural model that suggested that
the surface of the binding cavity of GCPIII is lgesitively charged in comparison to GCPII.

Inhibition studies showed that inhibitors of GCRHe also effective for GCPIII; K
value for 2-PMPA is identical (0.9nM for GCPII aBBnM for GCPIIl). Nevertheless, there
are some modest differences in inhibitor potendywben GCPIl and GCPIII, which can be
explained again by structural model, by the chaimgeolarity and also by the change in
geometry of the binding cavity (which is smallerdpgproximately 30% in GCPIII).

We show that GCPIII hydrolyzing activity is sigicéint enough to compensate for the
GCPII activity in GCPII knock-out mice. Even thoutite substrate specificities are distinct,
the inhibition and pharmacological profiles of GCRInd GCPIIl are similar. These
observations can help in search for biologicalifiggmce of GCPIII, which is still unknown.

| partially participated in expression of GCPIllidakinetic measurement.

86



6.4.3 Publication IV

Journal of Neurochemistry, 2007, 101, 682-696

doi:10.1111/].1471-4159.2006.04341 x

Biochemical characterization of human glutamate

carboxypeptidase 111

Klara Hlouchova,*+ Cyril Bafinka,*' Vojtéch Klusék,* Pavel Sacha,*+ Petra Ml¢ochové, *+
Pavel Majer,{ Lubomir RuliSek* and Jan Konvalinka*f

*Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Prague, Czech Republic

TDepartment of Biochemistry, Faculty of Natural Science, Charles University, Prague, Czech Republic

FMGI Pharma Inc., Baltimore, Maryland, USA

Abstract

Human glutamate carboxypeptidase Il (GCPII) is a trans-
membrane metallopeptidase found mainly in the brain, small
intestine, and prostate. In the brain, it cleaves N-acetyl-L-as-
partyl-glutamate, liberating free glutamate. Inhibition of GCPII
has been shown to be neuroprotective in models of stroke and
other neurodegenerations. In prostate, it is known as prostate-
specific membrane antigen, a cancer marker. Recently,
human glutamate carboxypeptidase Il (GCPIIl), a GCPII
homolog with 7% amino acid identity, was cloned. While
GCPI| is recognized as an important pharmaceutical target,
no biochemical study of human GCPIIl is available at present.
Here, we report the cloning, expression, and characterization
of recombinant human GCPIIl. We show that GCPIIl lacks
dipeptidylpeptidase IV-like activity, its activity is dependent on

N-glycosylation, and it is effectively inhibited by several known
inhibitors of GCPIL. In comparison to GCPII, GCPIII has lower
N-acetyl-L-aspartyl-glutamate-hydrolyzing activity, different
pH and salt concentration dependence, and distinct substrate
specificity, indicating that these homologs might play different
biological roles. Based on a molecular model, we provide
interpretation of the distinct substrate specificity of both en-
zymes, and examine the amino acid residues responsible for
the differences by site-directed mutagenesis. These results
may help to design potent and selective inhibitors of both
enzymes.

Keywords: folate hydrolase, metallopeptidase, molecular
modeling, N-acetylated-alpha-linked-acidic dipeptidase I,
neurodegeneration, prostate-specific membrane antigen.

J. Neurochem. (2007) 101, 682-696.

Glutamate carboxypeptidase I (GCPII, EC 3.4.17.21), also
known as N-acetylated-alpha-linked-acidic  dipeptidase
(NAALADase), is a type-lI transmembrane metallopeptidase
found in a variety of human tissues, primarily in the central
nervous system, small intestine, and prostate (Israeli ef al.
1994; Troyer et al. 1995; Silver et al. 1997; Chang et al.
1999; Renneberg er al. 1999; Sokoloff e al. 2000). In the
brain, it hydrolyzes the peptide neurotransmitter N-acetyl-L-
aspartyl-glutamate (NAAG), thus liberating free glutamate
(Robinson ef al. 1987). Inhibition of GCPII has been shown
to be neuroprotective in animal models of stroke, neuropathic
pain and other neurodegenerative states (Slusher et al. 1999;
Harada et al. 2000; Zhang et al. 2002; Ghadge et al. 2003),
and thus it is being considered and tested as a potential
therapeutic target (Subasinghe et al. 1990; Jackson et al.
1996; Nan ef al. 2000, Whelan 2000; Neale ef al. 2005;
Tsukamoto ef al. 2005; Zhou et al. 2005). In the small
intestine, GCPII has been shown to facilitate the absorption
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of folates by cleaving off the terminal glutamate from poly-
gamma-glutamated folates (Pinto ef al. 1996). In prostate,
the physiological role of GCPII is unknown. However, as its
expression increases significantly in prostate cancer, it is used
as a prostate cancer diagnostic marker (prostate-specific
membrane antigen) (Murphy er al. 1995; Gregorakis ef al.
1998; Xiao et al. 2001; Schmidt et al. 2003).

The notion that GCPII hydrolyzes NAAG in vivo was
based entirely on cellular response following the application
of GCPII inhibitors. To test whether or not GCPII is the only
protein with NAAG-hydrolyzing activity, two different
groups constructed GCPII knock-out (KO) mice (Bacich
et al. 2002; Tsai et al. 2003). While Tsai et al. reported that
the deletion of GCPII gene in mice is lethal with embryos
failing to develop past mid-term, Bacich et al. showed that
GCPII KO mice develop normally to adulthood and exhibit a
normal range of neurological responses and behaviors.

The results of Bacich e al. (2002) suggest that another
NAAG-hydrolyzing enzyme might compensate for the
missing activity of GCPII. Furthermore, Bacich ef al. report
that two potent inhibitors of GCPII inhibited the NAAG
peptidase activity in the brains of GCPII KO mice, in which
no GCPIl was detected immunochemically. Therefore, the
existence of a not-yet-identified GCPII homolog, which
would compensate for the missing activity, was suggested.

In 1999, Pangalos et al. cloned two novel human peptid-
ases, which are closely related to GCPIl — NAALADase II
[glutamate carboxypeptidase I1I (GCPIII)] and NAALADase
L (Pangalos et al. 1999). While NAALADase L was unable
to hydrolyze NAAG in transient transfection experiments,
transient transfection of GCPIII ¢cDNA confers NAAG-
hydrolyzing activity to COS cells, just as had been shown for
GCPII. The amino acid sequence of GCPIII was calculated to
be 67% identical and 81% similar to that of GCPII (Pangalos
et al. 1999) (see Fig. 1). The physiological role of this
enzyme is unknown. Expression studies using RT-PCR and
northern blot hybridization show that GCPIII mRNA is
highly expressed in ovary and testes as well as within
discrete brain areas (Pangalos er al. 1999). As there is no
antibody specific to GCPIII available, the expression of the
enzyme in various tissues is not known.

Glutamate carboxypeptidase 1l is increasingly recognized
as an important potential pharmaceutical target. However, a
detailed biochemical study of its closely related homolog
GCPIII is still missing. So far, only mouse GCPIII has been
cloned and partially characterized (Bzdega er al. 2004). It
was reported that Chinese hamster ovary cells transfected
with rat GCPIl or mouse GCPIII expressed NAAG-hydro-
lyzing activity with similar V., and K, values (although
Vinax COmparison is not very significant, as levels of protein
expression by the transfected cells were not known). GCPIII
mRNA levels were similar in brains obtained from wild-
type mice and GCPII KO mice. Two potent inhibitors of
GCPII, 2-phosphonomethyl-pentanedioic acid (2-PMPA, see

© 2007 The Authors

Table 3) and FNG6 (4,4"-phosphinicobis-butane-1,3 dicarb-
oxylic acid), inhibit the NAAG peptidase activity in the
brains of GCPIl KO mice. Furthermore, it was shown that
they are similarly potent inhibitors of rat GCPII and mouse
GCPIIL The authors concluded that the nervous system cells
express at least two homologous enzymes with similar
pharmacological properties and affinity for NAAG (Bzdega
et al. 2004). However, careful enzymatic characterization of
GCPIII and its direct comparison with GCPII have not been
provided.

In this article, we set out to analyze a human GCPII
homolog on a molecular level to establish whether or not it
could contribute to the NAAG-hydrolyzing activity and
whether or not current GCPII inhibitors are able to block this
activity completely. To this end, we present the expression,
purification, and enzymologic characterization of human
GCPIIL, analysis of its substrate specificity, pH and ionic
strength dependence and homology modeling followed by
molecular dynamic simulations of its 3D structure, based on
the recently solved 3D structure of human GCPII (Davis
et al. 2005; Mesters et al. 2006).

Experimental procedures

Cloning of recombinant human glutamate carboxypeptidase 111
Three different clones (EHS 1001-6454448, 1HS 1382-8426921,
MHS 1010-7508719), containing either partial or full-length GCPIII
cDNA were purchased from Open Biosystems (Huntsville, AL,
USA) and plasmid DNA was isolated from individual bacterial
cultures. Subsequent sequencing revealed that the THS1382 clone
contained full-length GCPIIl ¢cDNA with no mutations and
frameshifis, in contrast to the information found in the Open
Biosystems database (http://www.openbiosystems.com). This clone
was therefore used as a template for PCR reactions.

To clone the extracellular part of GCPIII (amino acids 36-740), the
c¢DNA isolated from the [HS1382 clone was PCR-amplified using the
primer pair FNAIIEXST (5-AAAGGATCCGAAACGACCACTT-
CTGTGCGCTATCATC-3") and RNAII (5"-TTTCTCGAGCTATAA-
TACTTCTTTCAGAGTTCCTGCTG-3"), with 30 cycles of: 94°C,
30 s: 63°C, 30 s; and 72°C, 4 min. The resulting PCR product was
cloned into Bglll/Xhol sites in the pMT/BiP/V5-HisA plasmid
(Invitrogen, San Diego, CA, USA) in frame with the BiP signal
sequence for extracellular secretion, and the expression plasmid was
designated pMTBiP_NAllexst, The sequence of the recombinant
construct was subsequently verified by DNA sequencing.

Construction of rhGCPII(N519S) and rhGCPIII(S519N)
mutants

Mutations N5195 and 5509N were introduced into pMTNAEXST
(Barinka er al. 2002) and pMTBiP NAllexst, respectively, using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene,La Jolla,
CA, USA). Primers of the following nucleotide sequence were
used for the mutagenesis: FNAINS19S (5-GCAAATTGGGATCT-
GGAAGTGATTTTGAGGTGTTCTTCC-3") and RNAIN519S (5'-
GGAAGAACACCTCAAAATCACTTCCAGATCCCAATTTGC-3)
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Fig. 1 Alignment of the human GCPIl (E.C. 3.4.17.21) and GCPIII
protein sequences (using clustal method with PAM250 residue weight
table; gap penalty 3). Green ball: proposed residues interacting with
the glutamate residue of the substrate in the S1 pocket; red ball:

for construction of recombinant human GCPII (thGCPII) (N5098);
FNAIIS509N  (5-CAATAAGCTGGGATCTGGAAATGACTTTG-
AAGCTTATTTTC-3") and RNAIIS519N (5-GAAAATAAGCTT-
CAAAGTCATTTCCAGATCCCAGCTTATTG-3) for construction
of thGCPIII (S509N). The sequences of the recombinant constructs
were subsequently verified by DNA sequencing.

The mutant recombinant proteins, designated thGCPII(N5198)
and rhGCPIII (S509N), were expressed in Drosophila Schneider’s
S2 cells and partially purified analogically to thGCPIII as described
below.

© 2007 The Authors
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proposed residues interacting with the glutamate residue of the sub-
strate in the S1° pocket; purple ball: proposed proton shuttle catalytic
base; blue residue symbol: zinc ligands; Y: potential N-glycosylation
sites (Mesters et al. 2006).

RMMNDQL

Stable transfection of Drosephila S2 cells

The Drosophila Schneider’s S2 cells were grown in SF900I1
medium {Gibco, Rockville, MD, USA) until they reached a density
of 2-4 x 10° cells/mL. The transfection was performed using the
calcium phosphate transfection kit (Invitrogen) using 1 pg of
pCoHYGRO DNA and 19 pg of pMTBiP_NAllexst. The calcium
phosphate solution was removed 16 h post-transfection and fresh
SF900I medium supplemented with 10% fetal bovine serum was
added (a complete medium). The cells were grown for one
additional day and then the medium was replaced with the complete
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medium containing 300 pg/mL Hygromycin B (Invitrogen). The
selection medium was changed every 4-5 days. Extensive cell death
of non-transfected cells was evident afler about 1 week, and cells
resistant to Hygromycin B started to grow out 3—4 weeks post-
transfection.

Recombinant human GCPIII expression and purification
Large-scale expression of thGCPIII m SF900II medium was
carried out essentially as previously described for the rhGCPII
construct (Barinka ef ol 2002). Following cell harvest by
centrifugation (500 g for 10 min), the conditioned medium was
dialyzed 3x for 12 h at 4°C against 10 vols of 20 mmol/L 3-[N-
morpholinojpropanesulfonic acid (MOPS), 20 mmol/L NaCl, pH
6.5. The dialyzed medium was mixed with QAE-Sephadex AS50
(6 g/l media, Pharmacia, New York, NY, USA) pre-equilibrated
in 20 mmol/L MOPS, pH 6.5 (buffer A). The resulting slurry was
stirred for 40 min at 24°C and filtered through a sintered glass
filter. The retained QAE-Sephadex was washed with 100 mL
buffer A. The pooled flow-through fractions were centrifuged at
15 000 g for 10 min at 4°C, filtered through a 0.22 um filter, and
applied onto a Source 155 column (HR10/10, Pharmacia) pre-
equilibrated with buffer A at 24 °C. The rhGCPII was eluted
with a linear 0-0.5 mol/L NaCl gradient in buffer A. The
fractions containing rhGCPIII were pooled, mixed with an equal
volume of 100 mmol/L Tris—-HCI, 0.8 mol/L. NaCl, 2 mmol/L
CaCly, 2 mmol/LL MnCls, pH 74, and loaded onto a Lentil
Lectin-Sepharose  (Amersham Biosciences, Uppsala, Sweden)
column (C10/10, Pharmacia) equilibrated with 20 mmol/L Tris—
HCI, 0.5 mol/L. NaCl, 1 mmol/L CaCly, 1 mmol/LL. MnCl,, pH
7.4 at 4°C. The column was washed extensively, and rhGCPIII
was eluted with 20 mmol/L Tris-HCI, 0.5 mol/L. NaCl, 0.3 mol/L
s-methyl-p-mannoside (Sigma, Praha, Czech Republic), pll 7.4.
Fractions containing rhGCPI were concentrated to a final
volume of 2-3 mL using Centriprep YM-50 filters (Millipore,
Billerica, MA, USA) and loaded onto a Superdex HR200 column
(16/60; Pharmacia) pre-equilibrated with 20 mmol/L MOPS,
100 mmol/L NaCl, pH 7.4. The column was operated by
AKTAExplorer FPLC system (AP Biotech, Little Chalfont,
UK). Proteins were separated at a flow-rate of 0.5 mL/min and
absorbance was monitored at 280 nm. The final protein prepar-
ation was concentrated to approximately 200 pg/mL and stored at
=70°C until further use.

During purification, thGCPIII was tracked by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, western blot and radi-
oenzymatic activity assay (see below).

Recombinant human GCPII expression and purification

The extracellular part of human GCPII, which spans amino acids
44-750, was cloned into the pMT/BiP/V3-Ilis A plasmid (Invitro-
gen), and the recombinant protein (designated rhGCPIL) was
expressed in Drosophila Schneider’s S2 cells and purified as
described previously (Barinka er al, 2002).

Recombinant human GCPII and GCPIII carboxypeptidase
activity determination

Radioenzymatic assay
Radioenzymatic assays using *H-NAAG (radiolabeled on the
terminal glutamate) were performed as described previously
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(Robinson et al. 1987), with minor modifications (Barinka er al
2002). Briefly, 20 mmol/L MOPS, 20 mmol/L NaCl, pH 7.4 (if not
stated otherwise) and 10 puL of enzyme solution were pre-incubated
for 5 min at 37°C in a final volume of 180 pL. About 20 pL mixture
of 0.95 umol/L ‘cold® NAAG (Sigma) and 50 nmol/L *H-NAAG
(50 Cifmmol in Tris buffer, Perkin—Elmer, Wellesley, MA, USA)
were added to each tube and incubation continued for 20 min, The
reaction was stopped with 200 pL ice-cold 200 mmol/L sodium
phosphate, pH 7.4; free glutamate was separated from the unreacted
substrate by ion exchange chromatography, and quantified by liquid
scintillation. If not stated otherwise, two duplicate reactions were
performed for each measurement,

HPLC assay

Enzymatic reactions were performed in 20 mmol/L MOPS,
20 mmol/L NaCl, pH 7.4 (if not stated otherwise) in a total reaction
volume of 120 pL. After incubation for 20 min at 37°C, the reaction
was stopped by 60 pL 33 mmol/l. EDTA, 66 mmol/LL sodium
borate, pH 9.2; and the released amino acids were derivatized using
20y of  6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AccQ)-Fluor reagent (Waters, Milford, NH, USA) dissolved in
acetonitrile. An amount of 50 puL of the resulting mixture was
applied to a Luna C18(2)-column (250 x 4.6 mm, 5 pm, Phenom-
enex, Torrance, CA, USA) mounted to a Waters Aliance 2795
system equipped with a Waters 2475 fluorescence detector and the
products were separated using a 20-100% gradient of buffer B (60%
acetonitrile, 40% buffer A) in buffer A (140 mmol/L sodium
acetate, 17 mmol/L triethanolamine pH 5.05). The run time was
10 min.

Detection of reaction products by o-phthaldialdehyde modification
80mg o-phthaldialdehyde (OPA) (Sigma) was dissolved in 500 pL
methanol and transferred into 40 mL of 0.8 mol/L sodium borate,
pH 10.0, containing 90 mg N-acetyl cysteine (Sigma). This OPA
solution (100 pL) was added to an equal volume of the reaction
mixtures, vortexed, and left at 24 °C for 10 min. Fluorescence was
measured on a Perkin-Elmer LS-3B fluorimeter (excitation at
330 nm, emission at 450 nm). If not stated otherwise, two duplicate
reactions were performed for each measurement.

Screening of potential substrates

The substrates of general formulae Ac-X-Glu-OH or Ac-Asp-X-OH
were prepared by solid phase peptide synthesis on a 2-chlorotrityl-
chloride resin (Novabiochem, Darmstadt, Germany) as described
previously (Barinka er al. 2002).

The individual compounds from the above-mentioned libraries
were dissolved in 10% aqueous dimethylsulfoxide (Sigma). An
amount of 10 uL of the enzyme (final concentration approximately
4.5 pg/mL, for thGCPII reaction with Ac-Asp-Glu-Oll and Ac-Glu-
Glu-OH 0.45 pg/mL) was added to the buffered substrate solutions
in a total volume of 100 pL (100 pmol/L individual compound,
20 mmol/L. MOPS, 20 mmol/L. NaCl pH 7.4). The reactions were
allowed to proceed for | h at 37°C (the substrate conversion did not
exceed 20%), stopped by the addition of 100 pL. OPA solution and
analyzed spectrofluorimetrically as described above.

The hydrolysis of all substrates from the libraries containing
Pro or Lys was inspected by amino acid analysis on Biochrom 20
(Pharmacia Biotech, Uppsala, Sweden). About 100 pL reactions in
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20 mmol/L. MOPS, 20 mmol/L NaCl, pH 7.4 with | mmol/L
substrate and 63 pug/mL enzyme concentrations were allowed to
react for 1 h at 37°C, Hydrolysis of Ac-Pro-Glu-OH and Ac-Lys-
Glu-OH was also determined by high-performanee liquid chroma-
tography (HPLC) as described above. A final enzyme concentration
of approximately 3.4 pg/mL in 20 mmol/L. MOPS, 20 mmol/L
NaCl, pH 7.4 was reacted with 100 pmol/L substrate for 20 min at
37°C in a final volume of 120 pL (the substrate conversion did not
exceed 5%).

Determination of kinetic parameters for NAAG, p-NAAG, and
Ac-Glu-Glu-OH

The kinetics of substrate hydrolysis were determined by HPLC
assay [NAAG, N-acetyl-v-aspartyl-B-linked -glutamate (B-NAAG),
and Ac-Glu-Glu-OH] andfor radiometric assay (NAAG), as des-
cribed above. Typically, nanomolar enzyme concentrations were
used to hydrolyze 0.4-400 pmol/L substrate in 20 mmol/L. MOPS,
20 mmol/L. NaCl, pH 7.4 (if not stated otherwise) for 20 min at
37°C. The substrate conversion did not exceed 20% and a total of §
12 substrate concentration points were used for each determination.

pH Dependence of rhGCPII and rhGCPIII NAAG-hydrolyzing
activity

To measure the pH dependence profile, the following selection of
20 mmol/L. buffer, 10 mmol/L. NaCl was used: citrate pH 4.0-5.0,
2-morpholinoethanesulfonic acid pH 5.0-6.5, MOPS 6.5-8.5, N-
cyclohexyl-2-aminoethanesulfonic acid 8.5-10, N-cyclohexyl-3-
aminopropanesulfonic acid 10-11. The profile was measured by
fluorescence of products medified by OPA and by radiometric assay
as described above.

For the fluorimetric assay, 100 pmol/L NAAG was reacted with
approximately 0.5 pg/mL thGCPII or 5 pg/mL rhGCPIII in a toial
volume of 100 pL for 1 h at 37°C. For the radiometric assay,
reactions contained approximately 30 ng/mL of thGCPII or 200 ng/
mL of thGCPIII and 100 nmol/L NAAG and proceeded for 20 min
at 37°C.

Dependence of rhGCPII and rhGCPIII NAAG-hydrolyzing
activity on NaCl concentration

The effect of NaCl concentration on thGCPII and rhGCPIII enzyme
kinetics of NAAG-hydrolysis was measured at 20, 50, 100, and
150 mmol/L. NaCl concentrations in 20 mmol/L MOPS, pH 7.4.
The radiometric assay described above was used with nanomolar
enzyme concentrations so that the substrate conversion did not
exceed 20%.

Determination of inhibition constants

Recombinant human glutamate carboxypeptidase 111 (80 ng/mL) or
rhGCPIl (20 ng/'mL) was pre-incubated with differing inhibitor
concentrations in 20 mmol/L MOPS, 20 mmol/L NaCl, pH 7.4, for
15 min at 37°C in a final volume of 180 pL. The radiometric assay
described above was then used to measure the activities. The 1Csq
values were determined from the plots of vi/w, (the ratio of
individual reaction rates to rate of uninhibited reaction) against the
inhibitor concentration using GraFit (version 5.0.4; Erithacus
Software Ltd, Horley, UK) and used for the calculation of K
values by the Morrison’s formula for competitive inhibitors
(Morrison 1969).
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Dipeptidylpeptidase IV-like activity

Dipeptidyl peptidase IV (DPP IV) activity of thGCPIII and rhGCPII
was determined by fluorescent analysis of the Gly-Pro-AMC
hydrolysis on a GENios TECAN reader (excitation at 360 nm,
emission at 465 nm). Assays were initiated by the addition of enzyme
(final concentration of 50 pg/mL) to the buffered substrate solutions
(100 pmol/L Gly-Pro-AMC, 150 mmol/L glycine. pH 8.5) in a total
reaction volume of 100 pL and monitored for 22 h at 37°C. C6 rat
glial cells (cell lysate, final protein concentration of 100 pg/mlL.) were
used as a positive control (Kato et al. 1978; Sedo ef al. 1998).

In parallel, DPP IV activity was analyzed on HPLC using a
similar assay as for carboxypeptidase activity (described above).
Reactions were initiated by addition of 10 pmol/L Gly-Pro-AMC to
the enzyme solution (final enzyme concentration approximately
5 pg/mL} in 20 mmol/L MOPS, 20 mmol/L NaCl, pH 7.4 in a total
reaction volume of 60 pL. After incubation for 20 min at 37°C, the
reaction was stopped by 30 pL 33 mmol/L EDTA, 66 mmol/L
sodium borate, pH 9.2. The fluorescence of AMC was inspected by
excitation at 335 nm, emission at 450 nm.

Recombinant human GCPIII and GCPII deglycosylation

An amount of 1 pL of PNGase F (NEB, 1000 U/uL) was used to
deglycosylate 6 pg of native thGCPIII and thGCPII in 20 mmol/L
MOPS, 20 mmol/L NaCl, pH 7.4. The deglycosylation took place at
37°C for 15 h in total volume of 100 pL.

Mass spectrometry

Matrix-assisted laser desorption/ionization (MALDI) mass spectra
of rhGCPIIl and rhGCPIl were inspected by MALDI-TOF
spectrometer Reflex4 (Bruker Daltonics, Bremen, Germany) using
sinapic acid (Sigma) as the matrix.

Molecular modeling of GCPIIL

* Protein(s) setup. All molecular dynamics (MD) simulations were
based on the 2.0-A structure of GCP 1l complexed with the inhibitor,
2-(4-iodobenzylphosphonomethyl)-pentanedioic acid (RCSB Pro-
tein Data Bank accession number 2C6C) (Mesters er al. 2006), Prior
to MD simulations, three missing loops (consisting of 12 amino
acids in total, Thr334-Phe337, Trp541-Phe546, Lys655-Ser656)
were added using the GCP 11 structure at 3.5 A resolution as a
template (Davis et al. 2005). Then, a total number of ~100 atoms
not resolved in side chains (i.e., missing in the structure coordinate
file) were added by leap module of amBer 8 (Case ef al. 2004),
using standard libraries. Finally, hydrogen atoms were added to the
crystal structure and the system was solvated in a truncated
octahedral box. The positions of (i) all the hydrogen atoms, (ii) all
non-hydrogen atoms added to the original crystal structure as
described above and (iii) all atoms of solvent water molecules were
then optimized by a 300-ps simulated annealing (i.e., MD
simulation at wvarying temperature under constant volume and
periodic boundary conditions: for a detailed protocol, see below)
followed by a conjugate gradient energy minimization of their
positions, We assumed the normal protonation state at pH 7 for all
amino acids (i.e., Glu, Asp in their deprotonated — anionic — form,
and Lys, Arg in the protonated — cationic — form). For the His
residues, the protonation status was decided from a detailed study of
the hydrogen-bond network around the residue and the solvent
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accessibility. Thus, in GCP 11, His 82, 347, 377, 553, and 573 were
assumed to be protonated on the N atom, His 112, 124, 295, 396,
475, 689, and 697 on the N2 atom, whereas His 345 and 618 were
considered to be protonated on both nitrogens.

* The initial GCPIII structure was then obtained by a replace-
ment of the respective amino acid residues, preserving the GCPII
geometry of main chain atoms, and using the side chain templates
from standard Amber library (leap module). The protonation states
of histidines were assumed as follows: His 82, 377, 553, and 731
were assumed to be protonated on the N°! atom, His 112, 134, 295,
625, 647, 689, and 697 on the N** atom, whereas His 345 and 618
were considered to be protonated on both nitrogens. Finally, to
improve a poor description of electrostatics in the local environment
of binuclear zinc(l1) site, the default Amber charges were replaced
by the ESP-fitted ones for ~60 atoms comprising the active site —
Zny(His)o(Asp)a(Glu)(OH) system.

® Molecular dynamics simulations. All MD simulations have
been carried out with amsrr 8 (Case er /. 2004) program, using the
Comell force field (all_amino03.in) (Cornell ef al. 1995). For a
solvation model, explicit TIP3P water molecules were used with the

boundaries of the truncated octahedron 9.0 A outside any atom of

the protein (resulting in the 105 % 105 % 105 A box size, total
number of ~73 000 atoms in the simulation). The simulated
annealing protocol consisted of 45 ps of heating the system up to
370 K, 150 ps of constant temperature simulation at 370 K, and
105 ps cooling the system to 0 K (with the time step of 1.5 fs). A
cut-off for the non-bond interactions of 8.0 A was employed. The
bonds involving hydrogens were kept fixed at their equilibrium
values by the SHAKE algorithm and dielectric constant of 1.0 was
used in all simulations. Each MD simulation was then followed by
the minimization of the resulting structure with the solvent
molecules removed, except for 10 A solvation shell of the protein,
yielding the final structures that we refer to in this work. During the
minimization, no cut-off has been used for non-bond interactions.
* Structure analysis. The final equilibrium structures of the two
proteins obtained from the MD simulations were compared with
respect to the overall fold, root mean square deviation (RMSD),
cavity volume and cavity polarity. The disposable volume around the
ligand was estimated by the program SURFNET (Laskowski 1995)
with the following parameters: calculating the gaps between protein
and inhibitor with grid separation 1 A, minimum and maximum
radius for gap spheres being 1.2 and 20 A, respectively. The cavity
surface was visualized using Pymol (DeLano 2002) and colored
according to the vacuum electrostatic potential. Change in polarity
of the cavity surface was estimated by comparing the solvent
accessible surfaces of the charged functional groups (Arg, Lys, Glu,
Asp) in the cavity using vind program suite (Humphrey ef al. 1996).

Results

Cloning, expression, and purification of human GCPIII
Three clones containing the human GCPIII sequence were
identified by search in the Open Biosystems database, and
the clone IHS 1382-8426921, spanning the tull-length cDNA
for GCPIII, was used for subsequent cloning, The sequence
coding for the predicted extracellular part of GCPIII
(rhGCPIII, amino acids 36-740) was PCR-amplified and
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cloned into pMTBiP/V5-His A Drosophila expression vec-
tor, in frame with the BiP signal sequence that directs
secretion of the protein into the medium. rhGCPIIl was
efficiently secreted by the stably transfected S2 cells, and the
enzyme was purified from the conditioned medium using
ion-exchange chromatography on QAE-Sephadex AS0, ion-
exchange chromatography on a Source 158 column, and
affinity chromatography on Lentil Lectin-Sepharose, exploit-
ing the predicted N-glycosylation of GCPIII for the purifi-
cation (Barinka ef al. 2004b). Finally, the protein was
purified by gel filtration on a Superdex HR200 column.
The final purity of the protein was higher than 70% with a
yield of approximately 1 mg of thGCPIII per liter of media
(Fig. 2. panel d). The protein was recognized by monoclonal
antibody GCP-04 (Fig. 2, panel c). which was raised against
rhGCPII (Barinka er al. 2004a).

Activity and substrate specificity of rhGCPIII when
compared with thGCPIIL

The availability of pure, active thGCPIII enabled detailed
analysis of its substrate specificity in direct comparison with
its homolog thGCPIl. A panel of dipeptides of general
formulae Ac-X-Glu-OH and Ac-Asp-X-OH (X stands for
any naturally occurring L amino acid) was used for the
analysis of the specificity of thGCPIII in the S1 and S1*
subsites (Barinka er al. 2002). Identical amounts of rhGCPII
and rhGCPIII were used in the cleavage reaction (with the
exception of Ac-Asp-Glu-OH and Ac-Glu-Glu-OH hydroly-
sis by rhGCPII, in which the enzyme was 10 times more
diluted). The cleavage of the C-terminal amino acid was
analyzed fluorimetrically using OPA derivatization, except
for the substrates containing proline or lysine (those were
analyzed by amino acid analysis and/or HPLC assay
following product derivatization by an AccQ-Fluor reagent;
hydrolysis of these substrates was normalized to the cleavage
of NAAG, which was used as a control). The products of the
dipeptide hydrolysis were detected as an increase in fluor-
escence at MEX)/A(EM) = 330/450 nm. The results of the
assays are summarized in Figs 2a and b.

In agreement with earlier studies reported by our labor-
atory, rhGCPII was found to cleave Ac-Asp-Glu-OH
(NAAG) and Ac-Glu-Glu-OH more efficiently by at least
one order of magnitude than other compounds in the tested
peptide libraries. However, this was not the case for
thGCPIIIL. The hydrolysis of Ac-Asp-Glu-OH and Ac-Glu-
Glu-OH seems to be significantly less efficient than for
rthGCPIL. Other substrates in the Ac-X-Glu-OH library are
hydrolyzed with approximately equal rates by rhGCPII and
thGCPIIL In the Ac-Asp-X-OH library, thGCPIII does not
significantly hydrolyze any substrate except for NAAG under
the conditions selected. In contrast, ThGCPIl effectively
hydrolyzes Ac-Asp-Ala-OH and Ac-Asp-Met-OH as well.
To verify that the enzyme responsible for the hydrolysis
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Fig. 2 Comparison of substrate specificities of rhGCPIl and rhGCPIII
in the P1 (panel a) and P1' (panel b) positions. Substrates of the
general formula Ac-X-Glu-OH and Ac-Asp-X-OH (X standing for any
naturally occurring amino acid except for Lys or Pro) were reacted with
an enzyme (final concentration approximately 4.5 pg/mL, for rhGCPII
reaction with Ac-Asp-Glu-OH and Ac-Glu-Glu-OH 0.45 pg/mL) and the
products were detected spectrofluorimetrically after derivatization with
o-phthaldialdehyde. Cleavage of the substrates containing Lys or Pro
was analyzed by amino acid analysis and/or HPLC assay following
product derivatization by an AccQ-Fluor reagent. Hydrolysis of these
substrates was recalculated relative to NAAG, which was used as a
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control. On the right-hand side of both panels, the lower range (below
5 relative units) is expanded to allow for a better comparison between
GCPIl and GCPIIl enzymatic activities against the less favored sub-
strates. Panel c: western blot of purified rhGCPII and rhGCPIIl with
monoclonal antibody GCP-04. Indicated amounts of protein were re-
solved by 10% SDS-PAGE, electroblotted onto a nitrocellulose
membrane, probed with the antibody GCP-04 and visualized by HRP-
labeled anti-mouse antibody. Panel d: purity of rhGCPII and rhGCPIIL.
Indicated amounts of protein were resolved by 11% SDS-PAGE and
visualized by silver staining.
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Table 1 Direct comparison of NAAG, B-NAAG and Ac-Glu-Glu-OH hydrolysis by rhGCPII and rhGCPIII

GCPII GCPII
Substrate Ku (nmoliL) keat (per second) Kea/ K [10%/s/(mal/L)] Kia (nmoliL) Keat (per second) Kea/ K [10%/s (mol/L)]
NAAG 1200 + 500 1.1+£0.2 9.3 + 4.9%° 370+ 70 0.11 = 0.01 3.0 + 0.6°
Ac-Glu-Glu-OH 2600 + 800 3.7+04 141 + 45° 3640 + 1080  0.29 + 0.02 0.8+0.2%
B-NAAG 1400 + 200 0.30 £ 0.01 21+03" 5200 + 1000 0.15+ 0.01 0.3x0.1°

Nanomolar enzyme concentrations were used to hydrolyze 0.4—400 pmol/L concentration of the analyzed substrate in 20 mmol/lL MOPS,
20 mmol/L NaCl, pH 7.4. Enzyme kinetics of substrate hydrolysis was determined by HPLC assay *(NAAG, [-NAAG and Ac-Glu-Glu-OH) and/or

radiometric assay ®(NAAG).

reactions was thGCPII/thGCPIII rather than a host factor
copurified with the enzyme (e.g., traces of Drosophila beta
galactosidase protein, EC 3.2.1.23, were identified in the
final rhGCPII preparation by N-terminal sequencing),
control reactions in the presence of the GCPll-specific
inhibitor 2-PMPA (Jackson et al. 1996; Bzdega ef al. 2004)
were performed. No substrate hydrolysis was detected (data
not shown).

Direct comparison of the enzymatic activity on cognate
substrates was performed using NAAG, Ac-Glu-Glu-OH,
and -NAAG (refer to Pharmacological profile of rhGCPIII
section). The substrates were cleaved by purified, titrated
thGCPIl and rhGCPIII in 20 mmol/L. MOPS, 20 mmol/L
NaCl, pH 7.4 (see Experimental procedures section). The
results are summarized in Table 1. The cleavage of the
identified substrates by both enzymes follows Michaclis—
Menten kinetics. The rhGCPIIl Ky; and k., constants for
NAAG hydrolysis are 370 nmol/L and 0.11/s, respectively,
suggesting that the catalytic efficiency of rhGCPIII for
NAAG-hydrolysis is about threefold lower than that of
rhGCPIl in this particular set of conditions. The catalytic
efficiency of thGCPIII for Ac-Glu-Glu-OH is about 18-fold
lower than that of thGCPIL

DPP-1V-like activity of rhGCPII and rhGCPIII
Pangalos et al. (1999) reported a DPP-IV-like activity of
COS cells transfected by GCPII and GCPIII cDNAs. We
have previously shown (Barinka ef al. 2002) that purified
rthGCPII reveals no measurable hydrolysis of a typical
fluorogenic substrate of DPP-IV, Gly-Pro-AMC (Kato et al.
1978; Sedo ef al. 1998). Similarly, under the conditions
described in the Experimental procedures section, we
detected negligible DPP-IV-like activity (turnover lower
than 0.01/s) using purified thGCPIII.

Site-directed mutagenesis around the active site:
NAAG-hydrolyzing activity of thGCPII(N519S) and
rhGCPIILI(S509N)

In an effort to explain the differences in the proteolytic
activities of thGCPII and rhGCPIIl, the amino acid residues
of GCPII involved in the recognition of substrate/inhibitors
[(Mesters ef al. 2006) and Mlcochova ef al., unpublished
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data] were compared with the corresponding residues in the
GCPIII protein sequence (see Fig. 1). The only noticeable
difference between the two enzymes was the residue at
position 519 (509 for GCP III), which is asparagine in GCPII
and serine in GCPIIL. As Asn319 has been proposed to bind
the N-acetyl-aspartate part of NAAG (Mesters et al. 2006),
recombinant proteins introducing the corresponding amino
acid exchange in GCPII (N519S) and GCPIII (S509N) were
cloned, expressed, and partially purified, and their NAAG-
hydrolyzing activities were characterized. Results are sum-
marized in Table 2. While mutation N519S of rhGCPII
caused an approximately 10-fold decrease in Ky, the
mutation S509N of thGCPIII did not significantly change
the value of Ky;. Both mutations brought about a decrease in
Keqe values in comparison with the wild-type proteins.

pH Dependence of rhGCPII and rhGCPIII

The pH dependence of NAAG hydrolysis by rhGCPII and
thGCPIII was measured in the pH range 4.0-11.0 at a
saturating substrate concentration (100 pmol/L, by both the
radiometric assay and fluorescence measurement using
OPA derivatization, see Experimental procedures section
for details) as well as at sub-K,; substrate concentration
(100 nmol/L., the radiometric assay). The corresponding
curves could thus be approximated as the pH dependence
of key/Kyy (Fig. 3, panel a) and k., (panel b) for individual
enzymes. thGCPII shows a significant decrease in Ky

Table 2 Kinetic parameters for thGCFII, rthGCPIII, rhGCPII(N5195)
and rhGCPIII(S509N) NAAG hydrolysis

Recombinant K Kea Kear/ Kan

protein (nmol/L) (per second) [10%s/ (mol/L)]
rhGCPII 1200 + 500 1102 9.3+49
rhGCPIII 370 + 70 0.11 £+ 0.01 3.0+ 06
rhGCPII(N509S) 100 + 30 0.42 + 0.02 41 =12
rhGCPIII{S509N) 410+ 110 0.026 + 0.002 0.6 0.2

NAAG hydrolysis was measured using the radiometric assay (see
Experimental procedures section). Nanomolar enzyme concentrations
were used to hydrolyze 0.4—-400 pmol/L concentration of the analyzed
substrate in 20 mmol/L MOPS, 20 mmol/L NaCl, pH 7.4.
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Fig. 3 pH dependence of rhGCPII and rhGCPIII NAAG-hydrolyzing
activity. The pH dependence of NAAG hydrolysis by rhGCPII and
rhGCPIIl was measured using the following selection of 20 mmol/L
buffer, 20 mmol/L NaCl: citrate pH 4.0-5.0, MES pH 5.0-6.5, MOPS
6.5-8.5, CHES 8.5-10, CAPS 10-11. Panels a and b: pH dependence
curve for hGCPII (blue) and rhGCPIII (red) measured with 100 nmol/L
(panel a) and 100 ymol/L (panel b) substrate concentration. For the
fluorimetric assay, 100 ymol/L NAAG was reacted with approximately
0.5 ng/mL rhGCPIl or 5 pg/mL rhGCPIII. For the radiometric assay,
reactions of less than 0.5 pg/mL enzyme with 100 nmol/L NAAG were
used. The dependency curves were derived statistically from two

from pH 6.8 to 9.0, while the k., value over the pH
region is almost constant. On the contrary, pH dependence
values for rhGCPIII suggest a more acidic pH optimum for
Ky (around 7.4; Fig. 3, panel ¢) and an apparent increase
in k. value between pH 6.0 and 9.0 (Fig. 3, panels b and
d). At selected pH values, the kinetic constants for NAAG-
hydrolysis by the enzymes were determined. The overall
catalytic efficiency optimum of rhGCPII is shifted to basic
pH, compared with the optimum of rhGCPIIL, which is
around pH 7.4 (Fig. 3, panel a). Taken together, rhGCPIII
shows a more pronounced pH dependence than rhGCPII
and the difference in activities between rhGCPIl and
thGCPIII increases with pH value.

Dependence of rhGCPII and rhGCPIIL
NAAG-hydrolyzing activity on salt concentration

The effect of NaCl on thGCPII and rhGCPII NAAG-
hydrolyzing activity was assayed at concentrations of 20, 50,
100, and 150 mmol/L NaCl (Fig. 4). Interestingly, rhGCPII
and rhGCPIII show opposite dependence of Ky on the NaCl
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independent measurements, each comprising of duplicate reactions.
Panels ¢ and d: kinetic constants (Ky, panel ¢; k... panel d) of NAAG
hydrolysis in pH values of 6.8, 7.4, 8.0 and 9.0. Enzyme kinetics of
NAAG hydrolysis was determined by HPLC assay and/or radiometric
assay. Nanomolar enzyme concentrations were used to hydrolyze
0.4-400 pmol/L concentration of the analyzed substrate. The sub-
strate conversion did not exceed 20% and a total of 8-12 substrate
concentration points measured in duplicates were used for single
determination. Typically, two independent measurements were per-
formed to determine an average value.

concentration; while thGCPII binds its substrate better in
higher salt concentrations (a few fold decrease in the Ky,
value between 20 and 50 mmol/L. NaCl), rhGCPIII has a
higher affinity for NAAG at 20 mmol/L than at 50 mmol/L
NaCl (Fig. 4a). The value of k., changes significantly only
for thGCPIII at the concentrations of NaCl tested (Fig. 4b),
while the kg, for GCPII remains nearly constant. The overall
catalytic efficiency (expressed as k../Ky) of NAAG hydro-
lysis is not significantly affected by NaCl concentration for
rhGCPIII, while for thGCPII it increases significantly from
20 to 150 mmol/L NaCl concentrations.

Pharmacological profile of rhGCPIII

As GCPII activity was suggested to be a compensatory
NAAG-hydrolyzing activity in GCPII KO mice (Bacich
el al. 2002) and only limited data exists whether or not this
homolog is inhibited by compounds targeting GCPII, we set
out to directly compare the inhibition pattern of thGCPIII
and GCPIL To this end, we analyzed rhGCPIII inhibition by
general metallopeptidase inhibitors (EDTA, 1,10-phenanthr-
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Fig. 4 Dependence of rhGCPIl and rhGCPIll NAAG-hydrolyzing
activity on NaCl concentration. Panels a and b: the effect of NaCl
concentration on rhGCPIl and rhGCPIIl NAAG-hydrolyzing activity
was measured in 20, 50, 100, and 150 mmol/L NaCl concentration in
20 mmol/L MOPS, pH 7.4, The radiometric assay described above
was used with nanomolar enzyme concentrations so that the con-
version of substrate did not exceed 20%.

oline), substrate analogs (B-NAAG), and phophonate, phos-
phinate- or thiol-based compounds designed as GCPII
imhibitors (Jackson ef al. 1996; Tsukamoto er al. 2002,
2005; Majer et al. 2003, 2006).

Consistent with the notion that GCPIII is a cocatalytic
metallopeptidase and that its hydrolytic activity is metal-ion-
dependent, all of the chelating agents tested completely
abolished its proteolytic activity (data not shown). Surpris-
ingly, f-NAAG, a conformational analog of NAAG that is
reported to be a competitive inhibitor of GCPII with a K
value of 0.7 umol/L (Serval et al. 1990), turned out to be
hydrolyzed by both thGCPIII and rhGCPII quite efficiently.
The cleavage of this ‘substrate-inhibitor” by both enzymes
follows Michaelis—-Menten kinetics with kinetic constants
Ky = L4 pmolll, ke, =03/ and Ky = 5.2 pmol/L,
kear = 0.15/s for thGCPII and thGCPIII, respectively (see
Table 1).

To extend these inhibition studies, 1Cs, values for seven
different inhibitors, originally designed as GCPIl-specific
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inhibitors, were assessed using rhGCPII and III and the
radioenzymatic assay. First, we determined that 2-PMPA is a
competitive inhibitor of hGCPIII with a K, of 0.9 nmol/L. and
this compound was subsequently used for the active-site
titration of rthGCPIII (data not shown). The ICs, values for
other inhibitors were then utilized for calculation of K| values
using Morrison’s formula for competitive inhibitors (Morrison
1969), and the results are summarized in Table 3. Reflecting
the sequence and likely structural (see below) similarity
between rhGCPII and thGCPIII, the potencies (i.e., K, values)
of all the compounds against the two peptidases are compar-
able. The only noticeable differences were observed for
inhibition constants of inhibitors I-2 (RS), (S), and (R), which
show several fold lower K values for thGCPIII than rhGCPII.
Additionally, it is interesting to note that the (S)-enantiomer of
1-2, which has a stereochemical configuration analogous to 1-
glutamate of NAAG, is more potent in terms of rhGCPII/
thGCPIII inhibition than the corresponding (R)-form. This
finding is consistent with GCPII (and supposedly GCPIII)
preferences for 1.-amino acid-containing substrates as well as
data for the inhibition constants of (R,S)-enantiomers of 2-
PMPA (Robinson et al. 1987; Vitharana et al. 2002). Taken
together, the pharmacological profiles for both NAAG-
peptidases are quite similar and inhibitors designed against
GCPII also effectively inhibit tThGCPIII activity. It could
therefore be hypothesized that in vive administration of GCPII/
GCPIII inhibitors would completely abolish total NAAG-
peptidase activity in the targeted area.

Mass spectrometry

The mass of the polypeptide backbone of both thGCPII and
thGCPIII calculated from the known amino acid sequence is
79.8 kDa. Mass spectrometry analysis showed that the
molecular weight of the recombinant glycosylated proteins
rthGCPII and rhGCPIII is approximately 89.1 kDa in both
cases. For both proteins, post-translational modifications
represent approximately 9.3 kDa, while the number of
potential N-glycosylation sites in GCPII and GCPIII is 10
and 7. respectively (Fig. 1).

Role of N-glycosylation

It has been shown for GCPII that its N-glycosylations are
vital for the carboxypeptidase activity (Barinka ef al. 2002,
2004b; Ghosh and Heston 2003). To determine the role of N-
glycosylation on GCPIII activity, thGCPII was deglycosyl-
ated using PNGase F. Similarly to GCPII, deglycosylation of
the native protein completely abolished its carboxypeptidase
activity (data not shown).

Molecular modeling of GCPIII structure

As shown in Fig. 1, the amino acid sequence of GCPIII is
67% identical and 81% similar to that of GCPIL Such a high
level of sequence similarity implies a high level of structural
similarity, To analyze and interpret the differences in
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Table 3 Comparative analysis of rhGCPII and rhGCPIII inhibition by specific inhibitors

Molecular K, for rhGCPII K, for rhGCPIII
Inhibitor formula (nmol/L) (nmal/L)
-1 COOH 0902 0.8 =0.1
0
Ho—p COOH
HO
12 (RS) F COOH 27+9 8.1£3.2
12 (S) F F 17 £ 4 20£16
12 (R) Cl)H 480 + 140 120 = 53
P
F [l COOH
(o]
F
-3 7429 153
COOH
HS
COOH
1-4 COOH 14 £6 58 25
HS
COOH
I-5 NH, 0.12 2 0.03 0.35 = 0.28
N
NS on, COOH
PN
HNT N7 N OH
H |
N P
[l COOCH
(o]
o] COOH

ICs values were used for the calculation of K, values using the Morrison’s formula for competitive inhibitors (Morrison 1969). I-1 is a racemate form
of 2-PMPA (Jackson et al. 1996), I-2(RS) is the racemate of 2-(hydroxy-pentafluorophenylmethyl-phosphinoylmethyl) pentanedioic acid, while |-
2(S) and I-2(R) are its individual enantiomers [compounds RS-2, §-2 and R-2 from (Tsukamoto et al. 2005)]. Inhibitor |-3 is 3-(2-carboxy-5-
mercapto-pentyl)-benzoic acid [compound 6¢ in (Majer et al. 2006)]. I-4 is 2-(3-mercaptopropyl)pentanedioic acid [compound 4d in (Majer et al.
2003)] and I-5 is a phosphinate analog of N-acylated y-glutamylglutamate [compound 4 in (Tsukamoto et al. 2002)]. The radiometric assay was

used (see Experimental procedures section).

enzymatic activities between GCPII and GCPIII, we con-
structed a model of the 3D structure of GCPIII as described
in the Experimental procedures section.

The final equilibrium structures of the two proteins
obtained from the MD simulations were compared with
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respect to the overall fold, RMSD, cavity volume and cavity
polarity. The direct comparison of the GCPII and GCPIII
structures is provided in Fig. 5, panel a. The figure shows a
high structural similarity between the two homologous
enzymes with an identical overall fold. The backbone RMSD
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Fig. 5 Molecular model of GCPIII struc-
ture. Panel a; structural model of GCPIII
(red) superimposed on the 3D structure of
GCPIl (gray) in complex with specific
inhibitor (Mesters et al. 2006) as obtained
from MD simulation (see Experimental
procedures section for details). Catalytic
zinc atoms depicted as yellow spheres.
Panels b and ¢: comparison of active-site
clefts of GCPIl and GCPIIl as seen from
molecular modeling. Binding site cavities of
GCPI| (panel b) and GCPIIl (panel c) as
compared using program surrneT. Yellow
shows the inhibitor, 2-(4-iodobenzylphos-
phonomethyl)-pentanedioic acid, bound in
the cavity; purple represents the remaining
volume of the active-site cavity. The cata-
Iytic zinc atoms depicted as light blue
spheres, 51 proposed residues in green,
S1" residues in blue. The volume of the
cavity in GCPIII is smaller by roughly 30%
in comparison with GCPII. Panels d and e:
A cut through the surface of the GCPII
(panel d) and GCPIlIl (panel &), colored
according to the wvacuum electrostatics
potential in Pymol (DelLano 2002). The
surfaces of the binding site cavities of
GCPIl and GCPIII are shown with charged
residues depicted in blue (positive) and red
(negative). Inhibitor 2-(4-iodobenzylphos-
phonomethyl)-pentanedioic acid bound in
the cavity.

is 2.17 A. While the overall fold is preserved in both
enzymes, the structure of the substrate/inhibitor binding
cavities of GCPII and 111 significantly differs. The differences
are mainly in the size and shape of the cavities as well as in
their surface charge. The change of cavity polarity is
important as the native substrate of the enzymes, Ac-Asp-
Glu, is negatively charged (formal charge -3). The effective
charge could be quantified by measuring the solvent
accessible surface area (SASA) of the charged groups
exposed on the cavity surface. We have identified 15 charged
residues on the cavity surface. All of them are preserved in
the sequence of GCPIII and are mostly present in the cavity.

© 2007 The Authors
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The prevailing charge on the surface of the cavity of
GCPII is positive. The positive/negative surface ratio is 3.6
(151/42). In case of GCPIII, the positive charge also prevails
but the ratio is only 1.7 (114/66) because of decrease in the
positive SASA and, at the same time, increase in the negative
SASA. Although the charged residues in the PR binding
cavity are conserved, the conformation change leads to a
considerable decrease in the positively charged surface and
minor increase in the negatively charged surface (Fig. S,
panels d and e).

Our model also reveals a change in the shape of the
substrate-binding pocket. The accessible volume between the
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ligand and the protein is significantly smaller in the case of
GCPIII in comparison to GCPII, representing a mere 68% of
that in GCPIIL. (Fig. 5, panels b and c).

Discussion

Glutamate carboxypeptidase Il is now becoming widely
recognized as an important pharmaceutical target and a
diagnostic tool for a number of pathologies ranging from
neuropathy to prostate cancer. Therefore, its homologs with
the potential to compensate for GCPII enzymatic activity or
other potential functions represent a very relevant target of
enzymologic research. In this report we analyze GCPIII, a
homolog of human GCPII, and address the following
questions: (i) what is the substrate specificity of GCPII?
(i) how do the activities of the two enzymes relate? (iii)
could GCPIII compensate for the activity of GCPII and could
it be inhibited by the existing inhibitors designed against
GCPII?

To answer the first question, a panel of dipeptides of
general formulae Ac-X-Glu-OH and Ac-Asp-X-OH was used
for direct comparison of the specificity of these two enzymes
in the S1 and S1” binding pockets (Barinka ez al. 2002). As
we reported earlier, thGCPII shows a strong preference for
Ac-Asp-Glu-OH (NAAG) and Ac-Glu-Glu-OH, and all other
tested substrates (including Ac-Asp-Met-OH) are cleaved at
least one order of magnitude less efficiently. In contrast, the
substrate specificity of rhGCPIII seems to be less pro-
nounced. While the other substrates in the lbraries are
cleaved with similar efficiencies by both enzymes, the
cognate substrate, Ac-Asp-Glu-OH, is cleaved less effect-
ively by rthGCPIIL. Furthermore, in contrast to rthGCPIL,
rhGCPIII does not cleave Ac-Asp-Ala-OH and Ac-Asp-Met-
OH.

To directly compare the catalytic efficiencies of the two
enzymes, we determined the kinetic constants of the cleavage
of the cognate substrate of GCPII, Ac-Asp-Glu-OH
(NAAG), and of two other substrates, Ac-Glu-Glu-OH and
B-NAAG. rthGCPIIl hydrolyzed all three substrates less
efficiently, but only in case of Ac-Glu-Glu-OH did this
difference exceed one order of magnitude, suggesting thus
different structural preferences for the amino acid occupying
the P1 position of the substrate.

This measurement was performed at pH 7.4, which is
arguably close to the environment of a neuronal synapse.
However, for a meaningful activity comparison, optimal
conditions for both enzymes (namely the pH and salt
coneentration optima) should also be considered, especially
when the physiological activity and localization of GCPIII
are not known.

An earlier study by Bzdega et al. (2004) shows that the pH
dependencies of rat GCPIl and mouse GCPII NAAG-
hydrolyzing activities are very similar. Nevertheless, the
activity measurements were performed at only one substrate
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concentration, and the kinetic constants were not determined
in their study. Moreover, the quantification of GCPII and
GCPIII levels was difficult, as membranes from transfected
cells were used in the assay. On the contrary, our measure-
ments with purified thGCPII and rhGCPIII reveal that the pH
dependencies of these two closely homologous enzymes are
strikingly different. The pH dependence of thGCPII forms a
typical bell-shaped curve with k., stable over the neutral and
slightly basic region and Ky sharply decreasing with pH. In
contrast, the pH optimum of thGCPIIT is shifted to the
neutral region, it has a narrower maximum, and the Ky
actually increases with pH in the pH range of 6.8-9.0. An
interpretation of this dissimilarity can be derived from a
structural model of GCPIII, which we constructed on the
basis of a recently determined 3D structure of GCPII
(Mesters et al. 2006). As the native substrates of GCPII are
negatively charged, it is not surprising that the prevailing
charge on the surface of GCPII's binding cavity is positive.
Although the charged residues in the GCPIII binding cavity
are conserved, the amino acid exchanges in the vicinity of the
binding cavity lead to a considerable decrease in a positively
charged surface area and a minor increase of the negatively
charged surface in comparison to GCPIl. As a result, the
prevailing charge on the surface of the GCPIII binding cavity
is less positive, which could account for the more acidic pH
optimum for rhGCPIII than for rhGCPIL. Similarly, this
difference in positively charged surface area could have an
impact on the substrate specificities of the two homologs.
The GCPII activity determinations reported in the litera-
ture have typically been performed in 50 mmol/L Tris buffer
pH 7.4 with or without various salt concentrations, We
demonstrate that for both enzymes, the kinetic parameters of
NAAG hydrolysis can be significantly altered by salt
concentration. While the Ky of rhGCPIl reaches its
minimum at 50 mmol/L NaCl and does not change signifi-
cantly with increasing salt concentration up to 150 mmol/L
NaCl, rhGCPIII has the highest affinity for NAAG at
20 mmol/LL. NaCl concentration. The k., value changes
significantly only for thGCPIII and increases with the NaCl
concentration. These data are very important when the
activities of GCPII and GCPIII are directly compared. For
instance, in 20 mmol/L MOPS, 150 mmol/L NaCl, pH 7.4,
the catalytic efficiency of rhGCPII is more than 10x higher
than that of thGCPIII, while in the same buffer with lower
salt concentration (20 mmol/L NaCl, more relevant for
intracellular compartments) this efficiency is only 3 higher.
The GCPII inhibitors analyzed in this article effectively
block the peptidase activity of rhGCPII. The prototype
phosphonate-based inhibitor I-1 exhibits the same K, against
both enzymes, while the inhibitor I-2 with pentafluoro benzyl
group in the P1 position is roughly three to eight times more
potent against thGCPIIL The potency increase seems to be
slightly higher in the case of the more active enantiomer (I-
2(S)). The pentafluoro benzyl group, which is situated at the
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edge of the binding pocket and does not make any obvious
contacts with the enzyme (Mesters ef al. 2006) is better
tolerated by GCPIII in comparison with thGCPII. This is
likely because of the lower overall positive charge of the
surface of GCPIII, which repels the hydrophobic group less
than the highly charged surface of GCPIL. The situation is
reversed in the case of thiol containing inhibitors I-3 and -4
and the methotrexate-based inhibitor I-5, but here the
differences in the values of K| are not so significant. In
addition to the change in polarity of the binding cavities, the
structural model of GCPIII also reveals that the binding
cavity of GCPIII is smaller than that of GCPII by approxi-
mately 30%. Implications of this difference on the geometry
of the GCPIII binding cavity with respect to GCPII might
also help to explain these differences in inhibitor binding.

Overall, the presented series of inhibitors, which were
originally designed for GCPII, showed very similar activities
against thGCPIII regardless of their size and different zinc-
binding groups. This finding is relevant in particular with
respect to the potential use of GCPII inhibitors for treatment
of disorders associated with glutamate excitotoxicity, as
potent compounds should effectively block pathological
release of glutamate caused by either of the two proteases.

In conclusion, the physiological substrate of GCPII, Ac-
Asp-Glu-OH (NAAG), is also hydrolyzed by rthGCPIII but
less efficiently and with significantly different pH and salt
concentration optima. We believe that this GCPIII activity is
significant enough to account for the NAAG-hydrolyzing
activity observed in the tissues of GCPIl KO mice (Bacich
ef al. 2002) and that GCPIII might thus represent a valid
pharmaceutical target. We show on a panel of GCPII
inhibitors that the pharmacologic profiles of the two homo-
logs are quite similar. However, as the substrate specificities
are distinct and the biological significance of GCPIII is not
yet known, our findings might be used for the design of
compounds selectively targeting either GCPII or GCPIIL
Such inhibitors would be instrumental to evaluate and dissect
biological roles of the two individual enzymes.
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6.5 GCPIl in human brain

6.5.1 Background information

Even though it is generally accepted that GCPéxgressed in human brain, it is not
as well defined as one would expect. Many studiesewdone on a rat model and GCPII
expression and activity was observed in many cdse %6, 73, 141, 218, 219]. The situation
in human brain seems to be a little bit troublesameomparison to rat brain, because the
studies on GCPII expression in human brain arenisistent. Several of them detected GCPII
expression in human brain [33, 220, 137, 139-14tl|several did not [35, 36, 138, 145].

It is surprising that the expression of such anartgnt protein involved in brain
disorders (see chapter 3.2) is not well definedtarglwas also the reason why we decided to
analyze expression of GCPII in human brain in dleltais the first systematic study of GCPII

expression in different parts of human brain.

6.5.2 Summary

We quantified GCPII expression in different brégsue sections using immunoblot
and monoclonal antibody GCP-04. This antibody wagpared using recombinant
extracellular part of GCPII purified from insectllseconditioned media. GCPII protein was
quantified in various brain compartments (50-30@@PIl/mg of total protein) and it was the
first quantitative analysis of GCPII in human brain

GCP-04 antibody recognizes epitop comprising ofnamacids 100-104 in GCPII
sequence. Unfortunately, this epitop is also preseGCPIIl (close homolog of GCPII, see
chapter 6.4). Even though GCP-04 antibody is 106@$i more sensitive to GCPII than to
GCPIIll, potential interference of GCPIII in immureidction of GCPIl remains plausible.

Data from immunoblot are consistent with enzymatalysis. The measured activity
in brain tissue samples ranged from 1 to 12pohaleaved NAAG /min/mg of total protein.

Immunohistochemistry showed that GCPIl is mostipressed in white matter,
namely in astrocytes. Nevertheless, not all astescgxpress GCPIl and we speculate that
GCPIl is mostly located in fibrillary astrocytesyge 1l, present in higher numbers in the
white matter).

This paper represents the first systematic studgxpression of GCPII in human

brain.
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| participated in the determination of specificilyd selectivity of monoclonal
antibody GCP-04.
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6.5.3 Publication V
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Abstract—Glutamate carboxypeptidase Il (GCPII) is a trans-
membrane glycoprotein expressed in various tissues. When
expressed in the brain it cleaves the neurotransmitter N-
acetylaspartylglutamate (NAAG), yielding free glutamate. In
jejunum it hydrolyzes folylpoly-gamma-glutamate, thus facil-
itating folate absorption. The prostate form of GCPII, known
as prostate specific membrane antigen (PSMA), is an estab-
lished cancer marker. The NAAG-hydrolyzing activity of
GCPII has been implicated in a number of pathological condi-
tions in which glutamate is neurotoxic (e.g. amyotrophic lat-
eral sclerosis, Huntington’'s disease, Alzheimer’s disease,
epilepsy, schizophrenia, and stroke). Inhibition of GCPIl was
shown to be neuroprotective in tissue culture and in animal
models. GCPIl is therefore an interesting putative therapeutic
target. However, only very limited and controversial data on
the expression and localization of GCPIl in human brain are
available. Therefore, we set out to analyze the activity and
expression of GCPII in various compartments of the human
brain using a radiolabeled substrate of the enzyme and the
novel monoclonal antibody GCP-04, which recognizes an
epitope on the extracellular portion of the enzyme and is
more sensitive to GCPII than to the homologous GCPIIl. We
show that this antibody is more sensitive in immunoblots

*Correspondence to: J. Konvalinka, Department of Biochemistry, In-
stitute of Organic Chemistry and Biochemistry, Academy of Science of
the Czech Republic, Flemingovo n.2, Prague 6, 166 10 Czech Repub-
lic. Tel: +42-0220183218.

E-mail address: konval@uochb.cas.cz (J. Konvalinka).
Abbreviations: BSA, bovine serum albumin; EDTA, ethylenediami-
netetraacetic acid; GCPIII, human glutamate carboxypeptidase 11/1I;
GFAP, glial fibrillary acidic protein; mAb, monoclonal antibody; NAAG,
N-acetyl-L-aspartyl-.-glutamate; NAALADase L, N-acetylated-alpha-
linked-acidic dipeptidase L; PSMA, prostate specific membrane anti-
gen; PSM’, N-terminally truncated intracellular form of prostate spe-
cific membrane antigen; rhGCPII/IIl, recombinant human glutamate
carboxypeptidase |I/lll; SDS-PAGE, sodium dodecyl sulfate polyacryl-
amide gel electrophoresis; TBS, Tris-buffered saline; TBST, Tris buff-
ered saline containing 0.1% Triton X-100; 2-PMPA, 2-(phosphonom-
ethyl)pentanedioic acid.

than the widely used antibody 7E11. By Western blot, we
show that there are approximately 50-300 ng of GCPIlimg of
total protein in human brain, depending on the specific area.
Immunohistochemical analysis revealed that astrocytes spe-
cifically express GCPII in all parts of the brain. GCPIl is
enzymatically active and the level of activity follows the ex-
pression pattern. Using pure recombinant GCPIl and homol-
ogous GCPIIl, we conclude that GCPII is responsible for the
majority of overall NAAG-hydrolyzing activity in the human
brain. ©® 2006 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: NAALADase, PSMA, metallopeptidase, prostate
cancer, immunchistochemistry, epitope mapping.

Glutamate carboxypeptidase Il (GCPII, EC 3.4.17.21), also
known as prostate specific membrane antigen (PSMA) or
folate hydrolase | (FOLH1), is a type Il transmembrane
glycoprotein, the human form of which has a molecular
weight of approximately 100 kDa and consists of 750
amino acids. Glycosylation of the enzyme is critical for its
proteolytic activity (Barinka et al., 2002, 2004b). GCPllis a
dizinc metallopeptidase. Recently, its crystal structure has
been solved by two groups independently (Davis et al.,
2005; Mesters et al., 2006).

In the brain, GCPII cleaves N-acetylaspartylglutamate
(N-acetyl-L-aspartyl-L-glutamate, NAAG) to N-acetylaspar-
tate and glutamate. NAAG is a highly abundant peptide
neurotransmitter and an agonist of metabotropic glutamate
receptor 3 (Wroblewska et al., 1997; Neale et al., 2000).
The inhibition of the brain form of GCPII has been dem-
onstrated to be neuroprotective in animal models of isch-
emic brain injury (Slusher et al., 1999; Lu et al., 2000), to
attenuate neuropathic pain (Jackson et al, 2001;
Yamamoto et al., 2004), and to prolong survival of the
experimental animals in the mouse model of amyotrophic
lateral sclerosis (Ghadge et al., 2003; for review, see
Neale et al., 2005).

In the jejunum, GCPI| cleaves pteroylpoly-gamma-glu-
tamate to folate and glutamate, thus enabling the absorp-
tion of dietary folates (Halsted et al., 1998). The physio-
logical function of GCPII in prostate is not known. A GCPII
variant called PSM’' (N-terminally truncated intracellular
form of prostate specific membrane antigen) is transcribed
in the prostate. PSM’, which lacks the coding sequence for
the intracellular and transmembrane domains due to alter-
native splicing, is a 693 amino acid protein (Su et al.,
1995). The PSMA/PSM’ mRNA ratio is elevated in pros-
tate cancer (Su et al., 1995), and PSMA could serve as a
prostate cancer marker (Murphy, 1995). Furthermore, the
mRNA in the rat brain is transcribed in six variants of 3900,

0306-4522/07$30.00+0.00 © 20086 IBRO. Published by Elsevier Lid. All rights reserved.
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3000, 2800, 2100, 750, and 500 nucleotides. However, the
function of those variants is not known (Carter et al., 1996).

There are also reports on expression of GCPII in rat
kidney studied by immunohistochemistry (Slusher et al.,
1992) or by activity determination (Robinson et al., 1987),
but the function of the enzyme in that organ remains un-
known.

A human homolog labeled GCPIIl which shares 81%
similarity with GCPII has been described (Pangalos et al.,
1999), and its mouse ortholog has been partially charac-
terized (Bzdega et al., 2004). Little is known about its
expression level and activity, and no specific antibodies for
GCPIIl have been described so far. A report on the phe-
notype of GCPII knock-out mice suggests that GCPIII ac-
tivity might compensate for the absent GCPII activity (Bac-
ich et al., 2002). Apart from GCPIII, two other variants of
GCPIlI have been described: N-acetylated-alpha-linked-
acidic dipeptidase L (NAALADase L) and PSMA-like en-
zyme (Pangalos et al., 1999; O'Keefe et al., 2004). Neither
of these gene products seems to exhibit any proteolytic
activity, and their physiological role (if any) remains elu-
sive.

Most of the information about the distribution of GCPII
in the brain is derived from studies in rats and mice.
Considering the wealth of direct and indirect observation
suggesting the important role of GCPII in the pathology of
various neurological disorders, little is known about its
expression and localization in human brain. In the rat brain,
NAAG-hydrolyzing activity was reported (Fuhrman et al.,
1994), and GCPIl was detected immunochemically
(Berger et al., 1999). The reports on the immunochemical
detection of GCPII in the human brain are more controver-
sial. In their early analysis of 122 human specimens using
the antibody 7E11 Horoszewicz et al. (1987) did not ob-
serve any GCPII expression in human samples except for
prostate and kidney. Similarly, Lopes et al. (1990) and
Silver et al. (1997) could not detect any GCPII expression
in human brain by using 7E11 antibody. Chang et al.
(1999) could not detect GCPII in human brain by immuno-
histochemistry, although they employed five different
monoclonal antibodies.

On the other hand, Troyer et al. (1995) detected low
GCPII expression levels by Western blot analysis of mem-
brane preparations of human cerebral cortex using 7E11
antibody. O'Keefe et al. (2004} reported low mRNA and
protein expression in human hippocampus and amygdala
using monoclonal antibodies. Furthermore, Berger et al.
(1995) described localization of GCPIl on neuromuscular
junctions in rats using immunohistochemical methods. An-
other report showed strong cytoplasmic staining in the
neurons in the hippocampal region of mouse and human
brain (Huang et al., 2004). A low level of mMRNA was found
in human brain by Israeli et al. (1994), Luthi-Carter et al.
(1998b), and Renneberg et al. (1999). However, none of
these reports analyzed the expression in various segments
of human brain systematically. The expression of GCPII in
human brain thus remains controversial and poorly char-
acterized. Therefore, we set out to perform a systematic
analysis of GCPII expression, enzymatic activity, and lo-
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calization in individual segments of human brain using a
novel, sensitive monoclonal antibody (mAb).

EXPERIMENTAL PROCEDURES
Tissue samples: dissection and preparation

Samples for the study were obtained from five brains (four males
aged 48, 71, 76, and 81 years and one female aged 68 years)
during autopsy. The brains were free of metastatic spread of
cancer. The autopsies were performed 4-8 h (in one case, 27 h)
postmortem. After 2 h at room temperature, the corpses were
stored at 5 °C. From one patient (a 48-year-old man who died due
to generalized lung cancer and severe bronchopneumonia) sam-
ples were taken systematically from different brain compartments
as listed in Table 1. Two sets of samples were dissected from
each brain location. The first set was fixed in 10% buffered for-
malin for 24 h at room temperature for the immunohistochemical
study. A second set of samples for the quantitative studies was
immediately frozen on dry ice and later used for the immuno-
chemical detection by Western blot. In order to analyze the vari-
ability in GCPII activity among individuals, additional samples from
selected CNS compartments (frontal cerebral cortex, temporal
gray matter, temporal white matter, nucleus caudatus, spinal cord
and brainstem, see Table 2) were taken from the brains of further
four patients and frozen on dry ice. For the activity testing, these
frozen samples were thawed, homogenized, and sonicated in the
reaction buffer (50 mM Tris—HCI, 5 mM NaCl, pH 7.4) with addition
of 1% Triton X-100 and protease inhibitors cocktail (Complete
Mini, EDTA-free, Roche, Mannheim, Germany), dialyzed against
reaction buffer for 3 days with six exchanges at 4 °C, and centri-

Table 1. Identification of samples taken from various CNS regions

Sample number CNS compartment

S1 Olfactory bulb

S2 Frontal cerebral cortex

S3 Somatomotoric cerebral cortex
sS4 Temporal gray matter

S5 Occipital gray matter

S6 Temporal white matter

S7 Anteroventral thalamic nuclei
S8 Corpus geniculatum lateralis
S9 Ventroposterior thalamic nuclei
S10 Corpus geniculatum mediale
S11 Nucleus caudatus

512 Globus pallidum

813 Cerebellum, folia of hemispheres
S14 Nucleus dentatus

815 Hippocampus

S16 Corpus callosum

S17 Amygdala

518 Substantia nigra

3819 Pontine nuclei

520 Cochlear nuclei

S21 Inferior olive

822 Locus coeruleus

S§23 Ventrolateral medulla oblongata
824 Spinal cord

825 Supraoptic nucleus

S26 Lateral hypothalamic area

sa27 Periventricular nuclei

528 Nucleus ruber

529 Superior colliculus

830 Brainstem regions




P. Sacha et al. / Neuroscience 144 (2007) 1361-1372 1363

Table 2. Specific NAAG-hydrolyzing activity and protein content of individual brain samples

Sample CNS compartment N GCPII content Activity Specific activity
number (ng GCPIl/mg total protein) (pmol/min/mg total protein) (nmolfmin/mg)
S2 Frontal cerebral cortex 5 11850 2.9+1.0 27+=11

84 Temporal gray matter 4 49+30 1.5+04 37+13

S6 Temporal white matter 5 282+75 11.8£2.3 43+5

S11 Nucleus caudatus 4 6429 29+07 467

824 Spinal cord 5 15694 6.4+3.1 47+16

S30 Brainstem regions 5 17661 6.7£1.5 40+8

The sample identification corresponds to the lines in Fig. 3A and B. N represents the number of brains from which the samples were taken. Total
protein content was determined by Bio-Rad Protein Assay, “GCPII content” represents data from densitometry quantification of the immunoblot
intensity of the corresponding sample with ECL detection using a CCD-camera. Pure recombinant GCPIl was used as a standard. The activities were
measured in duplicates; data represent average values with standard deviation. *Specific activity” represents activity in nanomoles of substrate
hydrolyzed per minute divided by GCPII content in mg determined by densitometry as described above

fuged for 10 min at 16,000 g at 4 "C. The supernatants were
used for further analysis. Determination of protein concentration in
the supernatant was performed by BioRad protein assay (BioRad,
Munich, Germany) according to the manufacturer's manual.

Preparation of the monoclonal antibodies GCP-04,
GCP-02, and TE11

Hybridomas secreting monoclonal antibodies GCP-04 and GCP-02
(both 1gG1) were prepared by standard methods from mice (F1
hybrids of BALB/c and B10.A strains) immunized with recombi-
nant human glutamate carboxypeptidase Il (rhGCPII, extracellular
portion, i.e. amino acid residues 44—750), as described previously
(Barinka et al., 2002). A hybridoma secreting 7E11 antibody was
obtained from the American Tissue Culture Collection. Hybridoma
cell supernatants were purified by Protein A (Amersham, Pharma-
cia Biotech, Uppsala, Sweden) affinity chromatography, and the
resulting 1gG preparation (stock concentration 1 mg/ml of antibody
7E11 and GCP-02, 7 mg/ml in case of GCP-04) was stored at 5 °C
until usage.

Phage display

The epitope mapping of the GCP-04 mAb was carried out using
Ph.D.-7 Phage Display Peptide Library Kit (NEB, Beverly, MA,
USA) according to the manufacturer’s protocol. Polysorp tubes
(NUNC, Rochester, NY, USA) were coated with 1 ml of purified
mAb GCP-04 (100 ug/ml in Tris-buffered saline (TBS)) overnight
at 4 °C. The coating solution was discarded and the tubes were
blocked with 1.5 ml of bovine serum albumin (BSA, Fluka Chemie,
Buchs, Switzerland) solution (5 mg/ml in 0.1 M NaHCO; (La-
chema, Brno, Czech Republic), 0.02% NaN, (Penta, Prague,
Czech Republic), pH 8.6) for one hour at 4 °C. The blocking
solution was poured off and tubes were washed 6x1 ml with Tris
buffered saline containing 0.1% Triton X-100 (TBST). Phages
(2x10™) (10 pl of the original library) in 1 ml of TBST were
pipetted into the coated tube and rocked gently for 60 min at room
temperature. The solution with non-bound phages was discarded
and tubes were washed 101 ml with TBST. Bound phages were
eluted with 1 ml of 200 mM glycine (ICN Biomedicals, Irvine, CA,
USA), 1 mg/ml BSA, pH 2.2. The elution proceeded for 10 min at
room temperature, and the eluate was then immediately neutral-
ized by addition of 150 pl 1 M Tris—=HCI (USB, Cleveland, OH,
USA), pH 9.1. The phages were titrated and amplified and the
panning procedure was repeated three more times. Following the
fourth round of panning, the individual binding clones were ampli-
fied and the phage DNA was isolated and sequenced.

Activity assay

One microliter of the supernatant prepared from tissue samples
as described above was diluted by reaction buffer (50 mM
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Tris—HCI, 5 mM NaCl, pH 7.4) with or without the presence of
100 nM inhibitor 2-(phosphonomethyl)pentanedicic acid (2-
PMPA) (Slusher et al., 1999) to a final volume of 180 ul and
preincubated at 37 °C for 3 min. The reaction was started by
addition of 20 ul of radioactive NAAG (1 pM, 1850 Bg/20 wl, tritium
label on the glutamate, PerkinElmer, Boston, MA, USA). After 1-7
h (to achieve conversion between 5% and 30%), the reaction was
stopped by the addition of 200 pl chilled 200 mM sodium phos-
phate (pH 7.4, Lachema). Two hundred microliters of the mixture
was separated in a glass column on AG 1-X8 Resin (BioRad), the
cleaved glutamate was eluted with 2 ml of 1 M formic acid, mixed
with scintillation cocktail (Rotiszint ECO Plus, Roth, Karlsruhe,
Germany) and measured in a liquid scintillator (LS 6500, Beck-
man, Fullerton, CA, USA).

A similar reaction setup was used for a direct comparison of
pure recombinant GCPI| (extracellular part 44—750, Barinka et al.,
2002) and GCPIIl (extracellular part 36-740, Hlouchova et al.,
manuscript in preparation) activities. In the assay, 0.37 ng of
rhGCPIl and 12.5 ng of rhGCPIIl (as determined by active site
titration) were used in a total reaction volume of 200 pl, so that
after a 20 min reaction the substrate conversion was approxi-
mately 20% in both cases.

Active site titrations

Approximately 1.5 uM GCPII was preincubated with differing con-
centrations of the tight binding inhibitor 2-(phosphonomethyl)-
pentanedioic acid (10-1000 nM) in 20 mM MOPS, 20 mM NacCl,
pH 7.4, for 15 min at 37 °C and reacted with 100puM Ac-Asp-Met
(Barinka et al., 2002) in the total final volume of 110 pl. The
reaction products were derivatized by 6-aminoquinolyl-N-hydroxy-
succinimidyl carbamate (AccQ)-Fluor reagent (Waters) dissolved
in acetonitrile and resolved on a HPLC Luna C18(2)-column
(250x4.6 mm, 5 um, Phenomenex). For the active-site titration of
GCPIIl, approximately 200 nM enzyme was preincubated with
differing concentrations of the tight binding inhibitor 2-(phospho-
nomethyl)-pentanedioic acid (10-3000 nM) in 20 mM MOPS,
20 mM NaCl, pH 7.4, for 15 min at 37 °C, and reacted with 6 M
Ac-Asp-Glu in the total volume of 180 ul. The radioactive assay
(see above) was used for product detection. The active-site con-
centrations of the enzymes were determined from the plots of v/v,
(the ratio of individual reaction rates to rate of uninhibited reaction)
against the inhibitor concentration Grafit 5.0 Il (Erithacus Software
Ltd.), Active Site Titration module.

Western blotting

A defined amount of protein from each sample was resolved on
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), electroblotted onto a nitrocellulose membrane, and
immunostained with an appropriate mouse mAb (GCP-02, 1 mg/
ml, diluted 1:5000, GCP-04, 7 mg/ml, diluted 1:35,000 or 7E11, 1
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mg/ml, diluted 1:250), followed by incubation with 1:25,000 horse-
radish peroxidase-conjugated goat anti-mouse antibody (Pierce,
Rockford, IL, USA) for 1 h and developed using West Femto
mixture (Pierce). The relative intensities of immunoblot bands
were quantified by recording the image with a CCD-camera (LAS-
1000, Fujifilm, Stamford, CT, USA) followed by analysis using
ImageQuant software (version v2003, Amersham Biosciences,
Uppsala, Sweden). Alternatively blots were visualized using X-ray
film MEDIX XBU (Foma Bohemia, Hradec Kralové, Czech Repub-
lic) developed by film developer M35-M X-OMAT Processor
(Kodak, Hemel Hempstead, UK) by standard procedures.

Deglycosylation

Twenty micrograms of total protein in a total volume of 20 pul of
glycoprotein denaturing buffer (NEB, Boston, MA, USA) was
boiled in a water bath for 3 min. Samples were cooled to room
temperature. Afterward, 3 pl of 10% NP-40 (NEB), 3 ul G7 Re-
action Buffer (NEB), and 0.4 ul peptide N-glycosidase F (500 U/pul,
EC 3.5.1.52, NEB) were added and the mixture was incubated
overnight at 37 °C.

Morphology and immunohistochemistry

Tissues were fixed in 10% buffered formalin (Lachema) for 24 h
and embedded in paraffin. To determine the morphological fea-
tures of the tissue, routine hematoxylin and eosin staining was
carried out. All unstained tissue sections were stored at 4 °C until
used to minimize antigen deterioration. Thereafter, 4 um thick
tissue sections aimed for immunohistochemical staining were
deparaffinized in xylene and rehydrated through decreasing con-
centrations of ethanol to water. After blocking of endogenous
peroxidase activity, heat-induced epitope retrieval was performed
in 10 mM sodium citrate buffer solution {(pH 6.0) by warming to
96 °C in a water bath for 40 min. The sections were incubated
overnight at 4 °C with anti-GCPIl monoclonal mouse antibody
GCP-04 (stock concentration 7 mg/ml, diluted 1:1000) or with
monoclonal mouse antibody against glial fibrillary acidic protein
(GFAP, clone 6F2, DakoCytomation Co., Glostrup, Denmark, di-
luted 1:1000). The antigen—antibody complexes were visualized
by a biotin—streptavidin detection system (ChemMate Detection
kit, DakoCytomation Co.) with 3,3'-diaminaobenzidine (DAB, Fluka
Chemie) as a chromogen. The specificity of staining was con-
firmed by processing sections cut from the same paraffin block
with omission of the primary antibody (data not shown). As a
positive control, reactions with the sections of prostate adenocar-
cinoma were used.

All sections were counterstained with Harris' hematoxylin
(Fluka Chemie, Seelze, Germany).

Immunofluorescence

Double immunofluorescence staining was performed using fluo-
rescence-conjugated secondary antibodies. The 5 um cryosec-
tions were incubated for 1 h at room temperature with antibody to
GCP-04 (stock concentration 7 mg/ml, diluted 1:1000) and anti-
body to GFAP (polyclonal, Dako, Denmark, rabbit 1gG, diluted
1:1000). Antibcdies were diluted by Antibody Diluent (Dako).
Thereafter, the slides were washed in TBS for 5 min and subse-
quently reacted in the dark for 30 min using a mixture of fluoro-
phore-linked secondary bodies (FITC-conjugated anti-mouse IgG,
diluted 1:100 and Cy3-conjugated anti-rabbit 1gG, diluted 1:100;
Jackson ImmunoResearch, Inc., West Grove, PA, USA). The
slides were then washed in TBS for 5 min. The nuclei were
visualized by staining with DAPI (1 pg/ml) for 10 min and washed
in TBS. To reduce the autofluorescence of lipofuscin, the sections
were then treated with a solution of Sudan Black B (Sigma) in 70%
methanol for 5 min. The slides were mounted using mounting
medium Mowiol (Calbiochem, La Jolla, CA, USA) containing n-
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propylgallate (Sigma-Aldrich, Germany) as an antifading agent.
Fluorescence microscopy was then performed sequentially for
each field using the Olympus BX51 fluorescent microscope fitted
with appropriate filters for FITC, Cy3 and DAPI. The images were
captured by Olympus C-5050 in monochrome mode and super-
imposed using imaging program Analysis D 5.0.

Positive and negative immunohistochemical controls run with
each assay; as a positive control, reactions with the sections of
prostate adenocarcinoma were used. The specificity of staining
was confirmed by processing sections cut from the same block
with omission of both primary antibodies. The specificity of the
antibodies was further confirmed by preabsorbtion test. Briefly:
antibody GCP-04 (stock concentration 7 mg/ml, diluted 1:1000) or
antibody to GFAP (polyclonal, Dako, rabbit 1gG, diluted 1:1000)
was incubated with excess of recombinant protein GCPII (50
pg/ml) for 2 h at 37 °C and centrifuged 13,000 g/30 min. Sub-
sequently, the sections were incubated with the supernatant
showing no positive staining by GCP-04 antibody.

RESULTS

Human brain samples for GCPIll immunochemical
detection and specific activity

In order to analyze the expression and enzymatic activity
of GCPII in individual compartments of the human brain,
30 samples from various loci of the brain were obtained
from a 48-year-old male. From each brain region, two sets
of samples were prepared: formaldehyde-fixed samples
for immunohistochemistry and samples frozen on dry ice
for subsequent protein extraction and Western blotting (for
sample description, see Table 1). In order to make quan-
titative comparisons between individual brain regions and
to assess the variability of GCPIl expression among hu-
mans, six samples of selected brain regions from an ad-
ditional four individuals (three males and one female, aged
68-81) were obtained and used for the parallel determi-
nation of protein content, GCPII expression, and NAAG-
hydrolyzing activity. For the activity determination, sam-
ples were homogenized and thoroughly dialyzed against
reaction buffer. The supernatants were then used for fur-
ther analysis of the total protein concentration, for the
activity testing, and for Western blot analysis using a spe-
cific mAb raised against GCPIl (antibody GCP-04; see
Tables 1 and 2 and Fig. 3). The specificity of the NAAG
hydrolysis was confirmed by the fact that all the NAAG-
hydrolyzing activity of the supernatants was completely
blocked by 2-PMPA, a selective inhibitor of GCPII (data not
shown).

Characterization of GCP-04 antibody

The antibody was obtained by immunization of mice with
the extracellular part of GCPII prepared by recombinant
expression in insect cells (Barinka et al., 2004a). The
epitope mapping of the GCP-04 mAb was performed using
a library of phage-displayed random heptapetides (see
Experimental Procedures) and revealed that the antibody
recognizes the “®+—¥G” linear sequence pattern (where
@ is a hydrophobic amino acid, mainly Trp; + is a positively
charged amino acid, Lys or Arg; — is a negatively charged
amino acid, Glu or Asp; ¥ is a hydrophobic amino acid,
Leu or Phe; G is glycine) that corresponds to amino acids
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clone 5 EWRSLGRG
clone 6 TSAWENYG
clone 7 NTLNKELG
clone 8 LSNPKEFG
clone 9 HLPWKDTG
GCPII 94-109 KQIQSQWKEEGLDSVE

C Alignment of the homologs of GCPII
GCPII 94-109
GCPIII 84-99
Naaladasel 81-98
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Antibody GCP-04
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MWNLLH INTRACELLULAR
—
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Fig. 1. Epitope mapping of GCP-04 antibady. (A) Western blot analysis comparing immunoreactivity of truncated variants of GCPIl and recombinant
ectodomain of GCPII (amino acids 44-750, Std), using monoclonal antibodies GCP-04 and GCP-02. Purified recombinant proteins comprised of
amino acids 44750 (Std), 90-750, and 122-750 were separated on SDS PAGE, blotted onto nitrocellulose membrane and visualized using the
carresponding mAb. (B) Alignment of sequenced phage clones obtained after four rounds of panning to immobilized GCP-04 (for details see the
Experimental Procedures). (C) Alignment of the sequences of known GCPIl homologs in the position corresponding to the GCP-04 epitope in GCPII.
(D) Graphic representation of the localization of epitopes recognized by monoclonal antibodies 7E11 and GCP-04 in the 3D structure of GCPII

(Mesters et al., 2006).

100-104 of human GCPII (see Fig. 1, panel B). A homal-
ogous sequence was identified in human GCPIII, suggest-
ing that GCP-04 also recognizes this homologous protein
(Fig. 1, panel C). The epitope location is further corrobo-
rated by the fact that in the Western blots, GCP-04 gives a
positive signal with mutants truncated up to amino acid 90
of GCPII, but fails to recognize GCPIl mutants missing the
first 121 amino acids. On the other hand, mAb GCP-02
recognizes all of the truncated variants of GCPII tested and
could therefore be used as a control for the expression of
both variants (see Fig. 1, panel A).

Interestingly, the GCP-04 interacting amino acid seg-
ment is a part of an alpha-helix in the native human GCPII
(Mesters et al., 2008, Fig. 1, panel D), and due to this
spatial arrangement it is inaccessible to antibody binding.
Indeed, the GCP-04 mAb interacts with GCPII only under
denaturing conditions. In direct comparison to 7E11, anti-
body GCP-04 was at least 10 times more sensitive for

108

immunochemical detection of the GCPIl antigen. There-
fore, SDS PAGE analysis of the brain cell lysates probed
with 7E11 vielded only a weak, specific signal (Fig. 2A).

Enzymatic and immunochemical detection of GCPII
in the brain

Fig. 3A demonstrates that GCPII expression was observed
in all 30 samples from individual brain regions. Panel B of
the same figure provides additional immunochemical de-
tection of GCPII in selected brain regions in a total of five
human brains: frontal cerebral cortex (lanes S2/1 to $2/4),
temporal gray matter (lanes S4/2-S4/4), temporal white
matter (lanes S6/1 to S6/4), nucleus caudatus (lanes
S11/1, $11/2 and $11/4), spinal cord (lanes S24/1 to S24/
4), and the brainstem region (lanes S30/1 to S30/4). In
order to provide direct comparison of the GCPII expression
in these brain regions in a single brain, samples from
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Fig. 2. (A) Comparison of the specificity and selectivity of monoclonal
antibodies GCP-04 and 7E11. S2 cells stable transfected by a plasmid
encoding the full length (1-750) GCPII (Barinka et al., 2004a) and
human brain samples S2 (frontal cerebral cortex) and $12 (globus
pallidum; see Table 1) were analyzed on SDS-PAGE, blotted onto
nitrocellulose membrane, and visualized either by GCP-04 or 7E11.
Std, 400 pg of pure recombinant GCPIl (amino acids 44—-750) was
loaded as a control. (B} Glycosylation of GCPIl in human brain. A
sample of frontal cerebral cortex was deglycosylated in vitro and
resolved on 10% SDS PAGE, blotted onto nitrocellulose membrane,
and visualized using the mAb GCP-04. Std, 400 pg of pure recombi-
nant GCPIl (amino acids 44—-750) was loaded as a control. For exper-
imental details see Experimental Procedures.

individual regions of brain five are displayed in the last six
lanes (S2/5 to S30/5). The temporal white matter (samples
S6 from both panels), the brainstem (S30) and, to a lesser
extent, the frontal cerebral cortex, seem to express the
highest amounts of GCPII.

For the quantification of the expression level of GCPII
in individual samples, we used purified recembinant hu-
man GCPIl as a standard, loaded six defined concentra-
tions of the protein on each gel, and analyzed the resulting
Western blots by densitometry (see the first two lanes in

panel A and the first lane in panel B). Using this approach,
we were able to identify as little as 40 pg of GCPIl in a
sample (data not shown). In several samples, small varia-
tions in the apparent mobilities of immunoreactive species
were observed (e.g. lanes S5 and S6, Fig. 3A). Moreover,
additional immunoreactive bands were observed in several
samples containing higher amounts of GCPII. While some
additional bands could be explained by the cross-reactivity
of the mAb with other cellular proteins, we hypothesized
that other bands might mirror different glycosylation pat-
terns in individual human brain cell types. Therefore,
we subjected the samples to in vitro deglycosylation by the
peptide N-glycosidase F. The results of the experiment are
depicted in Fig. 2B. Upon deglycosylation in vitro, the
relative mobility of the immunoreactive band from the fron-
tal cerebral cortex sample decreases by approximately 15
kDa. However, the lower-molecular weight components
seen in the original samples are still present in the degly-
cosylated one, with a corresponding shift in the relative
mobility. Thus, the heterogeneity observed in the Western
blot analysis cannot be accounted for by different glyco-
sylation patterns alone.

In order to compare the specific NAAG-hydrolyzing
aclivities that we attribute to the enzymatic activities of
GCPII expressed in selected parts of the brain, the cleared
cell lysates were tested for their NAAG-hydrolyzing activity
using a radiolabeled substrate. The product of the enzy-
matic hydrolysis, *H-labeled free glutamate, was sepa-
rated and quantified by liquid scintillator. Since the sub-
strate turnover was kept below 30% in all reactions, the
product concentrations are directly proportional to the spe-
cific enzymatic activities of the individual samples. The
results of this analysis are summarized in Table 2. Much
higher NAAG-hydrolyzing activities (per mg of total protein)
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Fig. 3. Western blot analysis of GCPI| expression in individual sections of human brain using GCP-04 antibody. (A) Thirty samples from various loci
of a single male brain. For sample identification see Table 1. (B) immunodetection of GCPIl expression in six brain regions of five human brains: frontal
cerebral cortex (lines S2/1 to S2/4), temporal gray matter (lines 54/2—-S4/4), temporal white matter (lines S6/1 to S6/4), nucleus caudatus (lines S11/1,
S511/2 and S11/4), spinal cord (lines S24/1 to S24/4), and the brainstem region (lines S30/1 to S30/4). For a clear, direct comparison of GCPI|
expression within a single brain, samples from all six regions of brain five are displayed in the last six lanes (S2/5 to S30/5). For sample identification
see Table 1. Std, different amounts of purified recombinant GCPII {amino acids 44—-750) for quantitative comparison.
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are seen in the astrocyte-rich white matter of the brain. The
specific activities (per mg of GCPIl) were obtained by
quantification of the relative intensities of corresponding
immunoblot bands in Fig. 3 photographed by a CCD-
camera and analyzed by ImageQuant software. Pure re-
combinant extracellular GCPII (250 pg to 4 ng) was used
as a standard for quantification. The results suggest that
the specific activity of GCPII is between 27 and 47 nmol/
min/mg GCPII.

GCPIl and llI: antibody specificity and activity
comparison

In order to determine the selectivity of the GCP-04 antibody
against individual homologs of the enzyme (namely GCPIII),
we probed recombinant GCPIl and GCPIIl proteins, ex-
pressed and purified from insect cells (Barinka et al., 2002;
Hlouchova et al., manuscript in preparation), with GCP-04.
These results are shown in Fig. 4A. GCP-04, the mAb that we
use for histochemical and immunochemical detection
throughout this manuscript, is approximately two orders of
magnitude less sensitive toward the recombinant human
GCPIII than toward recombinant GCPII. The reason for this
difference might be a single amino acid substitution in the
sequence of GCPIIl (Lys92—Glu102; compare Fig. 1C).

In order to quantify the possible contribution of GCPII|
activity to the overall NAAG-hydrolyzing activity observed
in the assay, we directly compared the NAAG-hydrolyzing
activities of pure recombinant GCPIl under the assay con-
ditions used for the analysis of the NAAG-hydrolyzing ac-
tivities of the samples from the human brain. GCPII is
approx. 30 times more active than GCPIII under identical
conditions (the specific activity of GCPII is 646123 nmol
of hydrolyzed NAAG/min/mg of GCPIl while GCPIIl con-
verts 19+0.1 nmol of NAAG/min/mg, see Fig. 4B).

A B

Std GCPIl 4ng
Std GCPIIl 950ng
Std GCPIIl 95ng

M

97.4kDa

67kDa

45kDa

activity
(nmol NAAG/min/mg GCPII/IlN)
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Immunohistochemistry of GCPIl in human brain

Since only scarce and controversial data have been avail-
able on the expression of GCPII in various structures of the
human brain and on its subcellular localization, we set out
to analyze GCPII expression by immunohistochemistry us-
ing the novel mAb described above. Figs. 5 and 6 exem-
plify the results that we obtained on both male and female
brain slices.

GCPIl was reported to be expressed predominantly in
astrocytes in a rat model (Berger et al., 1999). Consistent
with these observations, we noticed intense immunoreac-
tivity of the astrocyte-containing white matter when com-
pared with that of the gray matter. The expression of GCPII
was not observed in any other cell type of the CNS. This
observation could be best documented on the inferior tem-
poral gyrus (Fig. 5, panel A), medulla oblongata (Fig. 5,
panel B) and basal ganglia (Fig. 5, panel C) where the
white matter is closely intermixed with gray matter islands.
In all three panels, immunopositive astrocytes in the white
matter form clearly distinguishable darker areas around or
within the surrounding gray matter that seems to express
GCPII very slightly or not at all. In the astrocytes, the
expression of GCPIl was localized to the cytoplasm of the
cell bodies near the cellular membrane; pure membranous
positivity was observed only rarely. Focal paositivity of as-
trocytic processes was present in the form of small puncta
dispersed in the surrounding white matter. Such an obser-
vation was made in each sample analyzed by immunohis-
tochemistry (data not shown).

To find out whether all astrocytes express GCPII, we
performed immunohistochemical reactions with the anti-
GFAP antibody. Although not quantified, the GFAP posi-
tive astrocytes clearly outnumbered the GCPIl positive

Comparison of recombinant

GCPIl and GCPIIl activities
800
600
400
200

0

GCPII GCPIlI

Fig. 4. Comparison of pure recombinant GCPIl and GCPIIl by Western blot and by activity measurements. (A) Western blot of GCPIl and GCPIII: Std
GCPII, purified recombinant ectodomain of GCPII (amino acids 44 -750), Std GCPIII, different amounts of purified recombinant ectodomain of GCPIII
(amino acids 36—740), M, molecular weight marker. Antibody GCP-04 was used for immunodetection. (B) Direct comparison of GCPIl and GCPIII
NAAG-hydrolyzing activities. For experimental details see Experimental Procedures.
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|

Fig. 5. Localization of GCPIl expression in selected regions of the human brain. Immunoperoxidase method, counterstained slightly with hematoxylin.
For experimental details see Experimental Procedures. (A) Inferior temporal gyrus. Note the intense immunoreactivity of the white matter (indicated
by asterisk *) when compared with that of the cortex. Original magnification 25x. (B) Medulla oblongata. The low reactivity of the inferior olivary
nucleus (%), in which GCPIlI-positive astrocytes are scarce, forms the serpentine pale area in the surrounding white matter. Original magnification 40x<.
(C) Basal ganglia-the increased reactivity of the white matter bands (*) inside the gray matter of the basal ganglia. Original magnification 40x.

cells in each studied region of the gray matter, indicating
that not all astrocytes express GCPI| (Fig. 6, panel F). The
colocalization of GCPIlI and GFAP was confirmed by dou-
ble-labeling immunofluorescence staining using anti-GC-
PIl and anti-GFAP antibodies (Fig. 6, panels C—F). GFAP-
positive cells not expressing GCPI| are indicated by an
asterisk in Fig. 6, panel F.

DISCUSSION

GCPIl is a well-established tumor cell marker and a ther-
apeutic target for prostate cancer. It is also a very attractive
target for therapeutic intervention in pathological pro-
cesses in which excessive glutamate is neurotoxic.
Therefore, it is surprising that only limited information on
the expression of the enzyme in the human CNS is
available. Most of the literature reports analyze only the
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NAAG-hydrolyzing activity in human brain or determine
expression of the enzyme detected immunochemically
in rodent tissues. Several authors failed to detect the
expression of GCPII in the human CNS by immuno-
chemical or immunohistochemical methods using vari-
ous monoclonal antibodies.

The outcome of the immunochemical protein determi-
nation obviously depends on the antibody available. The
mAb GCP-04 used throughout this study was prepared
using the extracellular part of GCPII, obtained by heterol-
ogous expression in a Drosophila cell line. Recombinant
proteins expressed by insect cells might differ from the
authentic, native proteins. Namely, they may show differ-
ent glycosylation patterns in comparison to their human
counterparts. However, analyses of the glycosylation of
recombinant GCPII revealed the N-glycosylation sites are
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Fig. 6. Localization of GCPI| expression in frontal cortex in comparison with GFAP expression. Immunoperoxidase method, counterstained slightly
with hematoxylin. Original magnification 400<. (A) Frontal cortex: the immunopositive astrocytes (detected by GCP-04 antibody) are scarce in the gray
matter. (B) White matter, stained with GCP-04 antibody. The number of GCPIl immunoreactive cells is higher in the white matter than in the cortex
(A). (C—F) The double-labeling GCP-04/GFAP immunofluorescence in the human frontal cortex. (C, D) The GCPII (visualized by FITC-labeled GCP-04
antibody, green) is localized to the cytoplasm of a portion of GFAP- positive astrocytes (Cy3, red). (E) The nuclei of the cells are visualized by DAPI
staining. (F) The cytoplasmic co-localization of GCPII and GFAP in the superimposed image is indicated by a cross (x}); the GFAP positive but GCP-04
negative astrocytes are indicated by asterisks (*). Original magnification 600X
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identical to those of human GCPII and that both proteins
show equivalent activity (Ghosh and Heston, 2003; Bar-
inka et al., 2004b).

In an attempt to quantify GCPIl expression in individual
tissue sections, we performed Western blot analysis using
GCP-04. The semi-quantitative analysis of the signal in-
tensities in the blots using a standard calibration curve of
known concentrations of rhGCPII yielded concentrations of
GCPIl in various sections of the CNS ranging from approx-
imately 50-300 ng per mg of total protein. No other quan-
titative value is available for GCPIl expression in human
brain; however, this value is slightly lower than the num-
bers published by Murphy et al. (2000) for GCPIl expres-
sion in normal human prostate and than values reported by
Sokoloff et al. (2000), who reported 519-4254 ng/mg pro-
tein in the normal prostate and 1.8-51 ng/mg protein in
other tissues.

At least two other homologs of GCPII, GCPIII (formerly
referred to as NAALADase Il) and NAALADase L (Panga-
los et al., 1999), have been described. Since these ho-
mologs differ in the N-terminal parts of their amino acid
sequence, they lack the epitope recognized by the 7E11
antibody and thus should not cross-react with GCPII in
immunochemical determination using this antibody. Epitope
mapping using a phage display approach revealed that
GCP-04 interacts with the linear epitope comprising amino
acids 100—104 of human GCPII. In human NAALADase L, a
close homolog of GCPII with 54% sequence similarity, this
linear epitope is disrupted by the insertion of two amino
acids (see Fig. 1 panel C), and consequently, GCP-04
might not be able to recognize the protein. Another GCPII-
like protein described in the literature is PSMA-like protein.
Its sequence starts at amino acid 309 (GCPII numbering)
(Pangalos et al., 1999; O'Keefe et al., 2004); it thus lacks
the epitope recognized by GCP-04. Furthermore, since
it also lacks the active-site domain of GCPII, as deter-
mined by X-ray crystallography (Mesters et al., 2006), it
is highly improbable that it shows any peptidase activity
whatsoever.

The closest homolog of GCPII in human is GCPIII. In
order to dissect the contributions of GCPIlI and GCPIII to
the overall NAAG-hydrolyzing activity in the human brain,
we cloned and expressed human GCPIIl in insect cells
(Hlouchova et al., manuscript in preparation). As shown in
Fig. 4A, antibody GCP-04 is at least 100 times more sen-
sitive to recombinant purified GCPIl than to purified
GCPIIl. A single amino acid substitution in the epitope
sequence of GCPIII (Lys92—Glu102) seems to be respon-
sible for a profound decrease in the affinity of GCP-04 mAb
toward GCPIIl. As the NAAG-hydrolyzing activity is con-
cerned, in the assay conditions used in this paper, GCPIl is
approx. 30 times more active than GCPIII. A more detailed
analysis of the enzymatic activity of GCPIII will be given
elsewhere (Hlouchova et al., manuscript in preparation).

It should be noted that these results do not suggest
that GCPIII expression and/or activity in human brain is
irrelevant. Enzymatic activities of metalloenzymes are
highly dependent on the exact assay conditions. Fur-
thermore, no direct comparison has been reported for
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the antibodies used in previous studies, and it remains
questionable as to what extent the GCPIll-homologs
have interfered with the immunologic detection of GCPII
in human tissues in the studies published by other au-
thors previously.

Western blots of brain sections (Fig. 3) show one major
and two minor immunoreactive bands. The electrophoretic
mobility of the major band corresponds to the expected
molecular weight of GCPII. Lower bands are much weaker
in intensity and might thus represent a degradation prod-
uct, cross-reactive human protein, or a truncated GCPII
variant (Bzdega et al., 1997). In order to analyze whether
or not these two bands represent alternatively glycosylated
GCPIl species, we deglycosylated the corresponding sam-
ples by PNGase F in vitro (Fig. 2B). Equivalent heteroge-
neity of the samples was shown after the deglycosylation,
suggesting that the immunoreactive bands do not differ
solely in glycosylation state.

The specific expression of GCPIl in studied tissues
was further confirmed by its enzymatic activity, analyzed
as the ability to hydrolyze radioclabeled NAAG. The values
summarized in Table 2 range from 1 to 12 pmol/min/mg of
total protein. These values are higher than those reported
by Tsai et al. (1991) in several sections of CNS (ranging
from 0.3 pmol/h/mg in spinal cord to 8.5 pmol/h/mg in the
motor cortex). On the other hand, the values reported for
the NAAG-hydrolyzing activities in the rat CNS are approx-
imately 10 times higher than the activities reported in this
paper (Fuhrman et al., 1994; Blakely et al., 1988; Robinson
et al., 1987). These discrepancies could be explained by
the fact that these authors analyzed the activity of an
isolated membrane fraction of rat CNS (and obtained thus
much higher specific activities per milligram of the protein.
Furthermore, sample preparation, storage, and assay con-
ditions (especially buffer and salt concentration) strongly
influence the activities of GCPII.

It should be noted that the NAAG-hydrolyzing activities
of the cleared samples steadily increased with prolonged
dialysis in our hands (data not shown). It could be argued
that an endogenous inhibitor, slowly dissociating from the
enzyme upon dialysis, might be present in the crude sam-
ple preparation. The exact method of sample preparation
might thus considerably influence the cutcome of the anal-
ysis and make direct comparison of the enzymatic activi-
ties reported by different groups very difficult.

In general, our data support the observations made by
Slusher et al. (1992) and Berger et al. (1999) in a rodent
model, suggesting that GCPII is mostly expressed in the
white matter, specifically in the astrocytes. However, not all
of the GFAP-positive astrocytes were immunopositive in
our samples, as suggested by Berger et al. (1999) in the
rat model. Based on our observations, we can speculate
that GCPII is expressed mostly in fibrillary astrocytes (i.e.
type Il astrocytes), which are known to be present in higher
numbers in the white matter when compared with the type
| protoplasmic astrocytes of the gray matter. Accordingly,
we did not observe a tight link between the expression of
GFAP and GCPII, as was proposed by Luthi-Carter et al.
(1998a).
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CONCLUSION

In conclusion, in this study we report the first systematic
analysis of the expression of GCPII in human brain using
immunochemical detection. Using the specific mAb GCP-
04, we have detected GCPII expression in all parts of the
human brain. GCPIl seems to be expressed exclusively in
astrocytes, especially in those localized in the white mat-
ter. The presented immunochemical and histochemical
data are generally in agreement with the enzymatic anal-
yses of the corresponding brain samples.
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6.6 Full length form of GCPIl — PSMA and the originof its truncated form

6.6.1 Background information

In the human prostate full length form of GCPII &¥A) and other three spliced
variants were identified [7] (see chapter 3.1.1).

PSM’ is the most intensively studied spliced fadmGCPII. It lacks 266 nucleotides
from the 5 end [8] and thus it does not have atgacellular nor transmembrane domain.
The expressed protein was observed as a 95kDaotigt@sotein [221]. Moreover, NAAG
hydrolyzing activity was detected in cytosolic fiaa from GCPIl expressing cells and
prostate tissues [221-223].

All studies on PSM’ protein assumed that this sgtm protein arises from
alternatively spliced mRNA. We found that N-glyctadion is indispensable for GCPII
enzyme activity [17, 224, 225]. Since cytosolic tpips are not supposed to be N-
glycosylated, we hypothesize that PSM’ might int feepresent a product of posttranslation
cleavage of GCPII.

6.6.2 Summary

The expression of PSM’ was investigated in différeell lines. Surprisingly, it was
detected in HEK293 (Human Embryonal Kidney) ceatlsfected with a plasmid coding only
for full length GCPII, thus no alternative splicinguld occur.

We confirmed that PSM’ is located into cytosolspesses hydrolytic activity and it is
N-glycosylated. Interestingly, it does not contany signal peptide to be guided into
glycosylation pathways into endoplasmatic reticuldfrom that we conclude that PSM’ is
not a product of translation from an open readirgme of GCPII, nor the product of
alternative splicing.

GCPIl contains an internalization signal and inédizes into the cell. It is possible
that after internalization the protein undergoedogmoteolytic cleavage. To investigate this
hypothesis we biotinylated cell surface proteimel(iding GCPII), allowed internalization to
proceed and investigated cytosol for biotinylat&MP. We observed PSM’ in the cytosol but
it was not biotinylated.

116



Our data suggest that PSM’ might not arise froterahtive splicing. We have not
found evidence suggesting that it could arise fpyoteolytic cleavage during internalization.
We can only speculate that this truncated protermfof GCPII might be produced by a

proteolytic processing on its way through traffigigipathway into the cytoplasm.
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INTRODUCTION

Prostate specific membrane antigen (PSMA) is a D@Okype Il membrane
glycoprotein expressed in all types of prostatgsues, including normal epithelial cells,
benign prostatic hyperplasia, prostatic intraepidh@eoplasia, and cancerous tissue [1,2]. In
the prostate tissues, several alternatively splicadants of PSMA have been identified,
namely PSM’, PSM-C, PSM-D, and PSM-E [3-5].

In PSM’ bases 114-379 of the genomic PSMA sequaneabsent due to alternative
splicing [3,4]. PSM-C has the same splice donoe sis$ PSM’ (nucleotide 114) but an
alternative acceptor site is located in intron oh®SMA; the mRNA contains an additional
133 nucleotides. PSM-D has the same splice doterasi PSM’ and a unique acceptor site
within intron one. It includes a novel exon [3]. & MRNA contains a unique exon (97
nucleotides), which is inserted between nucleoti®@® and 380 of PSMA cDNA.
Furthermore, PSM-E lacks a 93-nucleotide regioc|eatides 2232-2324 of PSMA [5].

It has been shown that PSM’ mRNA is predominantigressed in normal prostate.
The ratio of PSMA/PSM’ mRNA levels can be used &smaor index, which increases during
prostate cancer (with increasing Gleason score)candtherefore be a useful indicator for
diagnosis of prostate cancer and tumor progresfdph]. PSM-C expression remains
unchanged in normal prostate, primary prostate turand metastasis; PSM-D is mainly
expressed in metastasis [3]; and PSM-E mRNA exjes$svels vary significantly in normal
prostate, benign prostatic hyperplasia, and presttcer [5].

PSM’ is the most frequently described alternativepliced variant of PSMA. Its
cDNA lacks nucleotides at the 5' end [3,4], whicitede the intracellular and transmembrane
domain in PSMA. PSM’ was identified in LNCaP cealls a 95kDa cytosolic protein with the

amino acid sequence starting at alanine in posé@of the full length PSMA sequence [6,7].
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The cytosolic fractions of LNCaP cells and prost#gsues have been analyzed, and PSM’
shows equivalent enzymatic activity to PSMA [7-9].

All studies performed on PSM’ have assumed thaptbéein arises from alternatively
spliced mRNA. However, at the same time, data hasen presented that PSMA is N-
glycosylated [10-12] and that glycosylation is smBnsable for its enzymatic activity. This
seems contradictory in the case of PSM’, since sojio proteins are generally not N-
glycosylated. Therefore, in this report we set mutinalyze the glycosylation, intracellular

localization, and possible origin of PSM’.

120



MATERIALS AND METHODS

Western Blotting

Proteins were resolved by SDS-PAGE and electra@aainhto a nitrocellulose membrane. The
membrane was probed with an anti-GCPIl mouse adyib@CP-04, 1mg/ml, 1:5,000
dilution;[11]) overnight at room temperature, falled by incubation with a goat anti-mouse
horseradish peroxidase conjugated secondary amtifdo@5,000; Pierce, Rockford, IL, USA)
for 1 hour. The blot was developed using Super$ighiast Dura Chemiluminiscence

Substrate (Pierce).

Immunoprecipitation

Cells were lysed in RIPA buffer (50mM Tris, 150mM@l, 2% NP-40, 0.5% NaDOC, 0.1%
SDS, pH 8.0) with protease inhibitor cocktail (Cdetp Mini, EDTA-free; Roche,
Indianapolis, IN, USA) added, for 30min at 4°C. Tdwl lysate was pre-cleared with Protein
G Sepharose (GE Healthcare Bio-Science, Uppsalad&vw and incubated with anti-GCPII
mouse antibody 7E11 (3g) for 2 hrs. The antibody(7E11)-GCPIl complex wiasubated
with Protein G Sepharose (GE Healthcare Bio-Sciefmel hr at 4°C. The flow-through
fraction was mixed with the anti-GCPIl mouse antipp&CP-05 (31g) overnight at 4°C. The
antibody(GCP-05)-GCPII complex was further incudateith Protein G Sepharose (GE
Healthcare Bio-Science) for 4 hrs. Both resins weashed with RIPA buffer, and proteins
were eluted with 8M guanidinium hydrochloride. Tékited proteins were precipitated by
addition of 5% trichloroacetic acid and centrifugdthe pellet was dissolved in 1x SDS

PAGE sample buffer.

Endoglycosidase digestion
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Immunoprecipitated proteins and cell lysates weeatéd with 100U of PNGase F (New
England Biolabs, Mississauga, ON, Canada) or 400Ermlo H (New England Biolabs)

overnight at 37°C in a total volume of 20

Differential centrifugation

LNCaP and HEK 1-750 cells were harvested in 20mN$, Tt30mM NaCl, pH 7.4, with
added protease inhibitor cocktail (Roche, IndiatiapdN, USA), frozen and thawed three
times, and homogenized with 50 up and down strakes glass homogenizer. The
homogenate was centrifuged at 600xg for 5min (glkepcontained whole cells, large debris,
and nuclei). The supernatant was then centrifuge®,@00xg for 20min to spin down
mitochondria. Another centrifugation was performatl 10,000xg for 20min (pelleting
lysosomes, peroxisomes), followed by centrifugatidril00,000xg for 1 hour (pelleting the
microsomal fraction) and a final centrifugation &00,000xg for 3 hrs (pelleting
macromolecules). The remaining supernatant cowlsadtthe soluble cytoplasmatic fraction.
Radioenzymatic Assay

The radioenzymatic assay usiff-NAAG as a substrate (radiolabeled on the terminal
glutamate) was performed as previously describéf [1

Monoclonal antibody GCP-05

Hybridomas secreting monoclonal antibodies werg@amexd by standard methods from mice
(F1 hybrids of BALB/c and B10.A strains) immunizedth recombinant human PSMA as
described previously [10].

Cell surface biotinylation

LNCaP cells were grown to 90% confluency, the medwas removed, and the cells were
washed with precooled PBS. Cells were treated &bimg water-soluble Sulfo-NHS-SS-
Biotin (Pierce, Rockford, IL, USA) dissolved in PB® 30min at 4°C and then washed with

PBS. Biotinylation was stopped by 10mM glycine RBS), and cells were transferred back to
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IMDM complete medium and incubated at 37°C for Lihto allow internalization of
membrane proteins. The incubation was stoppeddogterring the dishes to 4°C, biotins on
cell surface proteins were stripped in a reducoigten (50mM glutathione, 75mM NacCl,
75mM NaOH in PBS) for 30min at 4°C. Cells were wasthrice in PBS. PSMA/PSM’
proteins were immunoprecipitated and analyzed bgté/e blot using GCP-04 antibody
(1:5,000) and Neutravidin-horseradish peroxidasgugated antibody (1:2,500; Pierce,

Rockford, IL, USA), specific for biotin.
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RESULTS

N-glycosylation of PSM’

The expression of PSM’ was studied in LNCaP cellsich endogenously express
PSMA, as well as in HEK 293 cells transfected vatplasmid encoding full-lenght PSMA
(amino acids 1-750; HEK1-750). Two protein spea@éspproximately 100kDa and 96kDa
were detected in the lysates of both cell linebeialin different ratios, using Western blot
analysis. The lower molecular weight protein was thinor form in both cell lines studied
(Fig.1A).

The lower molecular weight protein (approx. 96kDags identified as a N-terminally
truncated PSMA (most likely PSM’) using two speciéintibodies, 7E11 and GCP-05, which
recognize epitopes at the N-terminus and in theaegllular region of PMSA, respectively
(Fig. 1B). The identification of PSM’ was confirmég mass spectroscopy (data not shown).

The nature and the extent of N-glycosylation oMAEPSM’ in LNCaP and HEK1-
750 cells was studied using PNGase F and endogiiases H (Endo H), two N-glycosidases
with differing specificities, (Figure 2). While PN(Se F removes N-linked oligosaccharides
indiscriminately, Endo H cleaves within the chitod® core of high-mannose and some
hybrid-oligosaccharides from N-linked glycoproteif@ur data show that both PSMA and
PSM’ are sensitive to the PNGase F treatment aeckfibre both forms are N-glycosylated
(Fig. 2: panel A, lines 1,3; panel B, lines 4,6 &ig. 2: panel C,D). Endo H treatment also
results in a partial shift of sample mobility, segting that the proteins are posttranslationally
modified by a mixture of high-mannose or hybrid aadnplex type oligosaccharides (Fig. 2;

panel A, B, lines 2 and 5) and are therefore tkéfd beyond theis-Golgi.

Subcellular localization of PSM’
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Differential centrifugation analysis revealed ti8M’ is localized predominantly in
cytoplasm of both LNCaP and HEK 1-750 cells (Figp&nel A,B). The fractions containing
the highest amounts of PSM’ were treated with PNGas yield a lower molecular weight
protein product corresponding to deglycosylated P@&\g. 3, panel B). Individual fractions
obtained by differential centrifugation were suhsagly analyzed for proteolytic activity
using N-acetyl-aspartyl-glutamate, a natural substrat¢hefbrain form of PSMA [9]. The
activity measurements confirmed that PSM’ possebgdrolytic activity comparable to that

of PSMA (Fig. 3, panel C, D).

PSMA trafficking

To test the hypothesis that PSM’ is a product aitjpanslational processing of PSMA,
cell surface biotinylation experiments were perfednThe biotinylated cell surface PSMA
protein was internalized into the cells, and lysgteepared from these cells were inspected
for the presence of PSMA/PSM’ proteins by immunojmigation and Western blotting (Fig.
4). Detection with GCP-04 (specific for PSMA/PSMFig. 4A) showed the presence of
PSMA (immunoprecipitated with 7E11 antibody) andWw?$mmunoprecipitated with GCP-
05). On the other hand, detection with NA-HRP (#jetor any biotinylated protein present;
Fig. 4B) did not reveal a biotinylated PSM’ formhig observation challenges the hypothesis
that the truncated form PSM’ arises from processhBSMA during endosomal trafficking.
A band of higher molecular weight was observechasé experiments (Fig. 4). Cross-linking
experiments revealed that this band is a homodoahBSMA and PSM’ (data not shown).

To complement the cell surface biotinylation expennt, we analyzed the
internalization of a PSMA variant with a mutationthe internalization signal. Internalization
Is regulated by the internalization signal LL(4,8hd a mutation in this signal resulted in

impaired internalization of PSMA into the cell [13)e therefore transfected HEK 293 cells
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with plasmid 1-750 containing a specific mutationthe internalization signal (LL(4,5)AA).
Cells expressing this mutant protein showed thees®8M’ content as HEK 293 cells

transfected with the wild type plasmid 1-750 (dab&ashown).
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DISCUSSION

In this study we investigated the N-terminally trated form of PSMA known as
PSM’ at the protein level. PSM’ expression was olesg in LNCaP cells, which is in
agreement with previously reported observations f]rprisingly, it was also detected in
HEK293 cells transfected with a plasmid encoding full length form, PSMA. This
observation suggests that PSM’ could be generatead hechanism that is distinct from the
generally accepted notion of an alternative spljchthe PSMA gene. We hypothesized that
the truncated form might be generatad post-translational endoproteolytic cleavage of
PSMA. A similar hypothesis was made for adaptotgmFEG5, which is now known to be
converted into an N-terminally truncated fragmémotgh endoproteolysis [14].

The hypothetical PSM’ protein arising from altemattranslation (or from alternative
splicing) would not contain the cytosolic and traesnbrane domain and would therefore
lack the signal sequence necessary to drive thelynsynthesized protein into the
endoplasmic reticulum and through the glycosylapoocess. Previous reports on PSM’ did
not include analysis of glycosylation [6]. Our expeents using endoglycosidases with
different specificities showed that PSM’ is N-glggtated and contains a mixture of high
mannose or hybrid and complex types of oligosaddbar Even though O-glycosylation of
PSMA has been reported [15] it was not analyzethis study. We aimed our effort only to
N-glycosylation, which is known to be indispensaioleenzymatic activity of PSMA [10].

The observation of N-glycosylation in PSM’ indieatthat this truncated protein is
trafficked not only into the ER but also to the @apparatus. This trafficking is difficult to
imagine without a signal sequence. Indeed, we harexiously shown that insect cells
transfected with cDNA encoding PSM’expressed asoiio protein that was not glycosylated
and which showed no NAAG-hydrolysing activity [1Ofurthermore, mammalian cells

transfected with cDNA ecoding PSM’ also expresswattive, deglycosylated protein (data
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not shown). The above mentioned results are difficureconcile with the notion of PSM’
being a product of alternative translation or al#ive splicing of the PSMA gene and our
data suggest that the PSM’ protein more likely ioates from the endoproteolytic cleavage
of the full-length PSMA.

The localization of PSM’ to the cytosol as well its NAAG-hydrolyzing activity
were reported several times [6-9]. However, sinbe N-glycosylation of PSMA is
indispensable for the hydrolytic activity of thezgme [10], it is difficult to imagine that a
cytosolic protein not secretadla the ER would be proteolytically active. In thigpoet we
confirm that PSM’ is indeed localized in the cytbaad possesses hydrolytic activity. It is
very rare to find N-linked glycoproteins existing cytosol, yet there are some exceptions,
such as a Napump alpha subunit with N-linked carbohydratesirfgcthe cytoplasm.
Furthermore, studies have identified 14 glycopraeiontaining high mannose and/or hybrid
type N-glycans in the cytosolic fraction during ragiin the brain [16,17]PSM’ could be
another such exception.

Even if we accept that PSM’ arises from the paatgtational endoproteolytic
cleavage of full length PSMA, the question of whimis process takes place remains. Even
though PSMA possesses a known internalization k[@8hand can undergo constitutive and
antibody-induced internalization into the cell [18lr study of biotinylated PSMA processing
during endocytosis and internalization does novide evidence that PSM’ originates from
PSMA degradation during such a procesloreover, cells expressing recombinant PSMA
with a mutation in the internalization signal agpressed PSM’, just as cells transfected
with the wild type PSMA.

In conclusion, our experiments suggest that PSM’aisproteolytically active
glycoprotein that is neither a product of altermaly spliced mMRNA nor a product of

proteolytic processing of the full length PSMA uponternalization and endosomal
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trafficking. We can only speculate that this specmight be produced by a proteolytic
processing event inside the Golgi apparatus andttia@slocated by an unknown mechanism
into the cytosol.

Insights into PSMA processing and the origin otiitsacated form PSM’ will heighten
our understanding of the behavior of PSMA, a theudip target for prostate cancer, as well

as our general understanding of N-glycosylation thedrafficking of cytosolic proteins.
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Figure 1.: Expression of PSMA/PSM’ proteins in two cell linesPanel A Lysates from LNCaP and
HEK1-750 cells (untreated or deglycosylated usifgGBse F) were subjected to SDS-PAGE,
electroblotted on a nitrocellulose membrane, prolieidg the GCP-04 antibody (1:5,00Banel B:
Sequential immunoprecipitation of PSMA from LNCakll€ with 7E11 (against N-terminus),
followed by immunoprecipitation with GCP-05 antilyod(against extracellular domain).
Immunoprecipitated proteins were separated on SBSEPand electroblotted onto a nitrocellulose

membrane, then probed with GCP-04 antibody.

Figure 2. Effect of endoglycosidases on PSMA/PSM’ proteind.ysates from LNCaPRanel A
and HEK1-750 cellsRanel B) were either untreated or deglycosylated using &G or Endo H.
Protein samples were resolved by SDS-PAGE, eldctteld on a nitrocellulose membrane, and the
membrane was probed with the GCP-04 antibody Q0d, Panels C, D:PSMA/PSM’ from LNCaP
(Panel © and HEK1-750Ranel D lysates were sequentially immunoprecipitated gisnonoclonal
antibodies 7E11 and GCP-05, and proteins were gqubsdly deglycosylated with PNGase F or Endo
H. Samples were resolved by SDS-PAGE, electrollotie a nitrocellulose membrane, and the
membrane was probed with the GCP-04 antibody D,

Figure 3.: PSM’ localization to cytosol.Lysates from LNCaP and HEK1-750 cells were subytd
differential centrifugation and individual fractierwere inspected for the presence of PSMA/PSM’
proteins (Western blotting using the GCP-04 antjpdeanels A, B and the NAAG-hydrolyzing
activity (Panels C, D. Panel A Immunodetection of PSMA/PSM’ in different cellul&actions.
Panel B Immunodetection of untreated or PNGase F treaigcromolecule (Ma) and cytosolic (Cyt)
fractions.Panels C, D Individual fractions from the differential ceritrgation of LNCaP Ranel O
and HEK1-750 Panel D lysates were assayed for the NAAG-hydrolyzingivagt using the

radioenzymatic assay.

Figure 4.: Cell surface biotinylation. Cell surface proteins were biotinylated with SUNBIS-SS-
Biotin and then incubated 1h at 37°C to allow intdization of plasma membrane molecules. Biotin
labels were stripped from proteins remaining at ¢b# surface, cells were lysed and cell lysates
subjected to sequential immunoprecipitation usiranoclonal antibodies 7E11 (recognizing the N-
terminus) and GCP-05 (to the extracellular domairpteins were resolved by SDS-PAGE and
electroblotted on a nitrocellulose membraRanel A The immunoblot probed with the GCP-04
antibody (1: 5,000)Panel B The immunoblot probed with NeutrAvidin conjugatedhorseradish
peroxidase (1:2,500) specific for biotin.
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7 CONCLUSIONS AND PERSPECTIVES
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Recently reported crystal structures of GCPIl pdevistructural insight into the
organization of the substrate binding cavity anghhght residues implicated in substrate /
inhibitor binding in the S1’ site of the enzyme. Tomplement and extend the structural
studies, we constructed a QMMM model of GCPII eamplex with its substrate, N-acetyl-
aspartyl-glutamate, which enabled us to predictiteail amino acid residues interacting
with the bound substrate, and used site-directethgeunesis to assess the contribution of
individual residues for substrate / inhibitor bingliand enzymatic activity of GCPIIl. We
prepared and characterized 12 GCPII mutants tagyehie amino acids in the vicinity of
substrate / inhibitor binding pockets. The expentakresults suggest that residues (especially
Arg210) in the S1’ site are critical for substrdtenhibitor binding, whereas the residues
forming the S1 pocket might be more important foe tfine-tuning’ of GCPII substrate
specificity and appear to be relevant for substtat@over and may play a role in the
enzyme’s mechanism of action.

Even though the QMMM calculations of the NAAG himgl mode in the GCPII
active site enabled us to predict the structure emyme—substrate interactions in the S1
binding site, the complete description of reactisechanism of GCPII is beyond the scope of
our study. We would like to look more closely irttee catalytic mechanism of glutamate
carboxypeptidase Il. An interesting approach iguaysof a putative proton shuttle Glu424,
located near zinc ions in the active site of GCPtie mutation of this residue might show us
its role in enzyme catalysis; moreover, we mightaoba crystal structure of GCPIl with

bound unsplit substrate N-acetyl-aspartyl-glutamate

Human GCPII consists of 750 amino acids, and siwidual domains were predicted
to constitute the protein structure. We reportee éimalysis of the contribution of these
putative domains to the structure and functionemiormbinant human GCPIl. We cloned 13
mutants of human GCPII that are truncated or exdérad one or both the N- and C-termini of
the GCPIl sequence. The clones were used to genatably transfected Drosophila
Schneider’s cells, and the expression and carbgtigizese activities of the individual protein
products were determined. The results clearly stitaw the amino acids at the extreme C-
terminus of GCPII are crucial for the hydrolytidiatty of the enzyme and, furthermore, that
no more than 60 amino acids can be deleted fronNtherminus without compromising the
carboxypeptidase activity of GCPII.

We undertook this study before the first crystalcure of GCPIl was determined. X-
ray structures provided evidence that the ectodomf&GCPII is composed of three domains.
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All these domains form active site of the enzymel ame indispensable for the GCPII
enzymatic activity, which explains why changes oothbN- and C- terminus are so

detrimental to protein stability and activity.

We report crystal structures of the human GCPIl glewed with three glutamate
mimetics/derivatives, 2-(phosphonomethyl)pentanedarid, quisqualic acid, and L-serine
O-sulfate. Despite the structural differences betwtbe distal parts of the inhibitors, all three
compounds share similar binding modes in the S#' @harmacophore pocket) of GCPII,
where they are stabilized by a combination of palad van der Waals interactions. The
structural variety of the distal parts of the iritobs leads to rearrangements of the St
that are necessary for efficient interactions betwiae enzyme and an inhibitor.

The set of structures presented here, in connewiitbnthe available biochemical data,
illustrates a flexibility of the GCPII pharmacopkopocket and underlines the structural
features required for potent GCPII inhibition.

Our data could be used for the development of #e GCPIl inhibitors using the
rational structure-based drug design approach aalli draw attention to the modification in
the inhibitor structure, which can improve the phacokinetic profile and potency towards
GCPIL

Experiments with GCPII knock-out mice showed B&tPIl is not the only one
NAAG-hydrolyzing enzyme in the brain. We presumieat iglutamate carboxypeptidase Il
(GCPIIIN), a close homolog of GCPII, might complermtar GCPII activity in these knock-
out mice.

While human GCPII is an important pharmacologieagét in the neurotransmission
and degenerative diseases, no biochemical studyro&n GCPIII is available at present. We
cloned, expressed and characterized a recombinamai GCPIII.

We show that GCPIII lacks dipeptidylpeptidase Ikeliactivity, its activity is
dependent on N-glycosylation, and is sensitiveet@gal known inhibitors of GCPII
effectively inhibit it. In comparison to GCPII, G@Fhas lower N-acetyl-aspartyl-glutamate-
hydrolyzing activity, different pH and salt concetion dependence, and distinct substrate
specificity.

We created a molecular model of GCPIIl and providedrpretation of the distinct
substrate specificity of both enzymes, and exantiaeamino acid residues responsible for the

differences by site-directed mutagenesis. Thesealtsesnay help to design potent and
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selective inhibitors of both enzymes. Such inhiisitevould be helpful to evaluate and
distinguish biological roles of the two individuathzymes.

We believe that GCPIIl activity is significant emguto account for the NAAG-
hydrolyzing activity observed in the tissues of Giddock-out mice and that GCPIII might
thus represent a valid pharmaceutical target.

Why would brain harbour two similar enzymes witle #ame enzymatic activity? The
honest answer is: we do not know. The possibleaggtion might be that GCPIl and GCPIII
possess different biological roles in the braine@ our goals is to find GCPIII molecular

partner and to clarify the function of GCPIII.

Only very limited and controversial data on the resgion and localization of GCPII
in human brain are available. Therefore, we set thet first systematic analysis of the
expression of GCPIl in human brain using immunodcamdetection. We used a novel
monoclonal antibody GCP-04, which recognizes amoppi on the extracellular part of the
enzyme and is more sensitive to GCPII than to thadiogous protein GCPIIl. We also
showed that this antibody is more sensitive in imohlots than the widely used antibody
7E11. Immunohistochemical analysis revealed GCRpression in all parts of the human
brain. GCPIlI seems to be expressed exclusivelygtioeytes, especially in those localized in
the white matter. Our published results are ordytistg point in further studies on the role of
GCPIl in the human brain.

It is generally known that GCPII is expressed iogpate and overexpressed during the
prostate cancer. Analogically, we showed GCPII eggion in astrocytes and we would like

to investigate further the GCPII expression inftamors, especially in the astrocytomas.

In the benign prostate PSM’ mRNA is overexpressedr cGCPII. Interestingly
enough, in the case of prostate cancer this expregsattern is reversed. Very few
information is known about protein designated PSKI’truncated form of GCPIl. We
investigated the origin of PSM’ and its traffickingthe cells.

Our experiments revealed that PSM’ is a proteaitifcactive N-linked glycoprotein.
Surprisingly, it is not a product of alternativedpliced GCPII mRNA, which is generally
accepted fact. We hypothesize that it might beaoalyet of proteolytic processing of the full
length GCPII upon internalization and endosomdfitiang, but our data suggest it is also

not the case. We can only speculate that thisiepenight be produced by a proteolytic
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processing event inside the Golgi apparatus andtta@slocated by an unknown mechanism
into the cytosol.

Insights into GCPII processing and the origin o ituncated form PSM’ might
improve our understanding of the behavior of GC®liherapeutic target for prostate cancer,
as well as our general understanding of N-glycasylaand the trafficking of cytosolic
proteins.
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1 FISH

Fluorescentin situ hybridization is a cytogenetic technique, which used for detection and
localization of presence or absence of specific Ddé§uences on chromosomes. It uses fluorescent
probes, which bind only to those parts of the clasome with which they show a high degree of
sequence similarity. Fluorescence microscopy camdael to find out where the fluorescent probe
bound to the chromosome.

2 agonist

In pharmacology it is a substance that binds tpe&ific receptor and triggers a response in thieitel
mimics the action of an endogenous ligand (suchagsione or neurotransmitter) that binds to the
same receptor.

3 G-proteins

Guanine nucleotide binding proteins are a familpifteins involved in second messenger cascades.
They are so called, because of their signaling mgsin, which uses the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (Gd$?a general molecular "switch" function to
regulate cell processes.

4 antagonist
A molecule that blocks the ability of a given cheatito bind to its receptor, it prevents a bioladic
response.

5 glia (glial cells)
Non-neuronal cells that provide support and nwinitimaintain homeostasis, form myelin, and
participate in signal transmission in the nervogstem.

Types of glia:

Microglia
Specialized macrophages capable of phagocytodiptbigct neurons of the central nervous system.

Astrocytes
Characteristic star-shaped glial cells in the brdihey perform many functions, including the
formation of the blood-brain barrier, the provisioh nutrients to the nervous tissue, and play a
principal role in the repair and scarring procesthe brain.

Oligodendrocytes
Cells that coat axons in the central nervous systgmtheir cell membrane, called myelin, producing
the so-called myelin sheath.

Ependymal cells
Cell which line the cavities of the CNS and makehgwalls of the ventricles. These cells creatk an
secrete cerebrospinal fluid.

Schwann cells
They are similar in function to oligodendrocytesd garovide myelination to axons in the peripheral
nervous system. They also have phagocytotic agtivit

6 transient middle cerebral artery occlusion

It is an animal model of ischemic stroke where tiddle cerebral artery is surgically dissected and
subsequently transiently occluded. After definedqueof time the middle cerebral artery is being
reperfused again.
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7 ganglion
Type of neuron located in the retina of the eyd thaeives visual information from photoreceptors
via various intermediate cells such as bipolarsg@macrine cells, and horizontal cells.

8 traumatic brain injury

Traumatic injuries to the brain occur when a sudttanma causes brain damage. Symptoms of a
traumatic brain injury can be mild, moderate, orese, depending on the extent of the damage to the
brain. Outcome can be anything from complete regoteepermanent disability or death.

9 lateral fluid percussion
A model of mild-moderate concussion, which leadsthie temporary loss of the capacity for
experience-dependent plasticity in developing oisyan

10 afferent nerves

Nerve fibers (usually sensory) that carry impulses an organ or tissue toward the brain and spinal
cord, or the information processing centers ofahteric nervous system, which is located within the
walls of the digestive tract.

11 ectopic discharges

The ectopic afferent activity is largely responsibbrthe development of hypersensitivity of dorsal
horn neurons angkeuropathic pain. Afferent ectopic discharges fthmsite of nerve injurgonstitute

a source of abnormal sensory input to the spinedadioorn.

12 hyperalgesia

An extreme sensitivity to pain, which in one forsndaused by damage to nociceptors in the body's
soft tissues.

A nociceptor is a sensory receptor that sends sighat cause the perception of pain in response to
potentially damaging stimulus.

13 allodynia

An exaggerated response to otherwise non-noxiamsiistand can be either static or mechanical. For
example, a person with allodynia may perceive Igessure or the movement of clothes over the skin
as painful, whereas a healthy individual will neeff pain.

14 carrageenan injection
In this method carrageenan is injected subcutamgous the plantar surface of the hind paw.

15 diabetic neuropathy

Disorders associated with diabetes mellitus, wiéshult from diabetic microvascular injury involving
small blood vessels that supply nerves. The fiegh@ogical change in the microvasculature is
vasoconstriction. As the disease progresses, nalurdysfunction correlates closely with the
development of vascular abnormalities, which conitie to diminished oxygen tension and hypoxia.
Microvascular dysfunction occurs early in diabefgarallels the progression of neural dysfunction,
and may be sufficient to support the severity nictural, functional, and clinical changes obsernved
diabetic neuropathy.

16 carcinoma
Any cancer that arises from epithelial cells. It riglignant by definition: carcinomas invade
surrounding tissues and organs, and may spregdmhlnodes and distal sites (metastasis).

17 benign prostatic hyperplasia (BPH)

Increase in size of the prostate in middle-agededddrly men. It is characterized by hyperplasia of
prostatic stromal and epithelial cells, resultinghie formation of large, fairly discrete noduleglie
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periurethral region of the prostate. Although patstspecific antigen levels may be elevated inghes
patients, because of increased organ volume afarinfation due to urinary tract infections, BPH is
not considered to be a premalignant lesion.

18 adenocarcinoma

Form of carcinoma that originates in glandularuessTo be classified as adenocarcinoma, the cells d
not necessarily need to be part of a gland, as &they have secretory properties. This form of
carcinoma can occur in some higher mammals, inctudumans.

19 tissue microarrays

A paraffin blocks in which up to 1000 separateugssores are assembled in array fashion to allow
simultaneous histological analysis. The major latdns in molecular clinical analysis of tissues
include the cumbersome nature of procedures, lihatailability of diagnostic reagents and limited
patient sample size. The technique of tissue micagavas developed to address these issues.

20 metastasis
Spread of a disease from one organ or part to anokbn-contiguous organ or part. Only malignant
tumor cells and infections have the capacity toastassize.

21 Gleason score
A Gleason score is given to prostate cancer based itls microscopic appearance. The Gleason score
Is important because higher Gleason scores areciag=wh with worse prognosis. This is because
higher Gleason scores are given to cancer, whichoie aggressive. To assign a Gleason score, a
piece of prostatic tissue must be obtained (a BlopEhis is done either by removing the gland
(prostatectomy) or by sampling the gland with adteentroduced through the rectum.
Grade 1 The cancerous prostate closely resembles normalgteotissue. The glands are
small, well formed, and closely packed
Grade 2 The tissue still has well-formed glands, but they karger and have more tissue
between them.
Grade 3 The tissue still has recognizable glands, but ¢ke#s are darker. At high
magnification, some of these cells have left thends and are beginning to invade the
surrounding tissue.
Grade 4 The tissue has few recognizable glands. Many ee#sinvading the surrounding
tissue
Grade 5 The tissue does not have recognizable glands. &rereften just sheets of cells th
roughout the surrounding tissue.

22 prostatic intraepithelial neoplasia (PIN)

A non-invasive lesion in the prostate gland thathisugh to be a precursor to prostate cancer. PIN
does not require specific therapy, but close follggwvith additional biopsies is warranted. PIN may
disappear, remain unchanged, or progress to peosaacer, often over as many as ten years.
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