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Human  glutamate

carboxypeptidase I1

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, guantum 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(Il) 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, Glu425, Asp453, and His553 were
proposed to coordinate the active-site zinc(II) 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 y-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 Sl
site. Mesters et al. [28] suggest that the S1 pocket is
defined by Asn519, Arg534, Arg536, Argd63, and
Serd54.

P. MlI¢ochova et al.

Fig. 1. Overall structure of the GCPII extracellular domain (designed
from the structure of GCPII in complex with glutamate [28] using
pymoL 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 GCPII. 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
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Fig. 2. Active site of GCPII with bound product (L-glutamate) and a natural substrate (NAAG). (A) Amino acid residues in the S1” 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 Tyr552 (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 PymoL 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 Tyr552 (distance 2.64 A). The B-carboxylate group of L-aspartate forms strong salt bridges with two arginines,
Argb34 and Argb36 (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 (DelLano 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 vitro [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 GCPII on a
molecular level, we performed a structure—activ-
ity analysis of the residues participating in substrate/
inhibitor binding in the S1’ 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 I (thGCPII)/glu-
tamate complex [28], as well as the QM/MM model of
the rhGCPII/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.
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Table 1. Sequences of primers used for site-directed mutagenesis.
Mutagenic bases are shown in bold.

Mutation Nucleotide sequence (5" to 3')

R210A GGGAAAGTTTTCGCGGGAAATAAGGTTAAAAATG
CATTTTTAACCTTATTTCCCGCGAAAACTTTCCC

R210K GGGAAAGTTTTCAAGGGAAATAAGGTTAAAAATGC
GCATTTTTAACCTTATTTCCCTTGAAAACTTTCCC

N257D GTCCAGCGTGGAGATATCCTAAATCTGAATGG
CCATTCAGATTTAGGATATCTCCACGCTGGAC

G518P GGATAAGCAAATTGGGATCCCCAAATGATTTTGAGGTG
CACCTCAAAATCATTTGGGGATCCCAATTTGCTTATCC

N519D GCAAATTGGGATCCGGAGACGATTTTGAGG
CCTCAAAATCGTCTCCGGATCCCAATTTGC

N519V GGATAAGCAAATTGGGATCCGGAGTTGATTTTGAGGTGTTC
GAACACCTCAAAATCAACTCCGGATCCCAATTTGCTTATCC

D520N GCAAATTGGGATCTGGAAATAATTTTGAGGTGTTCTTC
GAAGAACACCTCAAAATTATTTCCAGATCCCAATTTGC

R534L GGAATTGCTTCAGGGCTAGCACGGTATACTAAAAATTGG
CCAATTTTTAGTATACCGTGCTAGCCCTGAAGCAATTCC

RB536L GCTTCAGGCAGAGCTCTGTATACTAAARATTGG
CCAATTTTTAGTATACAGAGCTCTGCCTGAAGC

Y5521 CAGCGGCTATCCACTGATTCACAGTGTCTATGAAAC
GTTTCATAGACACTGTGAATCAGTGGATAGCCGCTG

K699S CAAGCAGCCACAACTCATATGCAGGGGAGTC
GACTCCCCTGCATATGAGTTGTGGCTGCTTG

Y700F GCAGCCACAACAAGTTCGCAGGGGAGTCATTCC

GGAATGACTCCCCTGCGAACTTGTTGTGGCTGC

Mutant protein expression and purification

Schneider’s S2 cells were used for heterologous overex-
pression of wild-type rhGCPII (wt rhGCPII) 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 pgmL™") 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, RS536L, and
Y552I) were determined using the conditioned media.
wt thGCPII 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
rhGCPIIl/glutamate complex [28] indicates that the a-
carboxylate of the S1’-bound glutamate interacts with
Arg210, Tyr552, and Tyr700, whereas the y-carboxyl-

P. MlI¢ochova et al.
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Fig. 3. Expression of individual mutant proteins. Recombinant pro-
tein expression was induced with 1 mm CuSQOy, 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), K699S (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 rhGCPIIl. 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.o were determined by quantifica-
tion from a western blot.

kcar/Km
Mutation Km (M) Keat (s71) (mmol~"s ")
Wild-type *° 1.15 + 0.57 1.1 £0.2 957
Residues in the S1’ substrate binding site
R210A%P 294 + 15 0.023 + 0.001 0.08
R210K>P 801 = 124 0.130 + 0.020 0.16
N257D?® 68.10 + 19.7 0.320 + 0.080 4.70
Y552(¢d 0.15 £ 0.036  0.014 + 0.001 93.3
K6995*P 40.50 + 22.9 0.270 + 0.060 6.67
Y700FP 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 2.83
N519V*© 0.67 £ 0.066  0.036 + 0.001 53.7
D520N*¢ 2.30 £ 0.180  0.007 + 0.001 3.04
R534L%¢ 0.14 £ 0.072  0.100 £ 0.040 714
R536L°¢ 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 40.9

@ Kinetic parameters were measured using purified protein.
b 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 11e552), 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 R2I10K 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 k. value,
again with the exception of Y5521, which exhibited
the largest decrease (approximately 80-fold) in ke
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).

A 800
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Fig. 4. Relative K, and k.a 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.4 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 of 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 rhGCPIl/glutamate complex, with all principal
(polar) interactions preserved. In the S1 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(II) 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 rhGCPII/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, N519V, RS534L,
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 Asn519 was mutated to aspartate, the
N519D mutant exhibited a 24-fold increase in K, com-
pared to the wt thGCPII. 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
keac values were approximately 14-fold (for N519D)
and 30-fold (for N5I9V) 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 Tyr552. 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 (Kj) 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 rhGCPII, 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
K699S 32.7 £ 5.40
Y700F 49.7 £ 2.60
Residues in the predicted S1 substrate binding site
N519D 5.6 +0.4
N519Vv? 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 Kj value compared to the wt thGCPII
(30-fold, 11-fold, and 2.5-fold, respectively).

Discussion

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 k., 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
Arg210 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 Tyr552
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 a-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 a-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 k., 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 GCPIII 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. Rovenska, K. Hlouchova, P. Sacha,
P. Mlcochova, V. Horak, J. Zameénik, C. Bafinka &
J. Konvalinka, unpublished results). On the other
hand, the GCPII homolog N-acetylated-a-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 S1 pocket

Active site of glutamate carboxypeptidase I

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 S1
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 SI
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, K500E). 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 k., in general

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

human GCPII, are depicted in bold.

ST’ 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 \" \' S D D A
Mouse GCPII R N Y K Y N D R R
Rat GCPII R N Y K Y N D R R
FEBS Journal 274 (2007) 4731-4741 © 2007 The Authors Journal compilation © 2007 FEBS 4737
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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 S1” 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 N519D and N519V 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 SI 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

SF900II 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, IL, USA). AccQ Fluor reagent was
obtained from Waters (Milford, MA, USA). Cupric sulfate
(CuSQ,), 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 CuSOQy).

Purification of mutant forms of rhGCPII

Mutant forms of rhGCPII 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 mgmL™"; 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 mM Mops, 20 mm 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 Michaelis—-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 uL. 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 puM 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 C18 column (250 X 4.6 mm, 5 pum, Phenomenex,
Torrance, CA, USA) mounted to a Waters Aliance 2795
system equipped with a Waters 2475 fluorescence detector.
Fluorescence was monitored at Agx/Apym = 250/395 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 nMm for N257D, 150 nMm for R210A,
38 nm for Y700F, 67 nm for N519D, 20 nMm for N519V,
1 nMm for R534L, and 32 nMm for wt thGCPII. 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 uM (for mutant N519D), 100 um (for
mutants K699S, N257D, and Y700F), 600 um (for mutant
R210A) or 100 nMm (for mutants N519V, and R534L).
N-acetyl-L-aspartyl-L-methionine (50 uM) was used as a
substrate for wt rhGCPII. Following a 2040 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. Kj values for mutants
N519V 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 [Kyupp)] 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, ICsq values were determined. Inhibition constant (K7)
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
2C6C).

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 No! atom; Hisl112, 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,O/OH™ 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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