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Inhibition of glutamate carboxypeptidase II (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), andL-serineO-sulfate (L-SOS), at 1.72, 1.62, and 2.10
Å 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.1 One recently identified phar-
macologically exploitable target/marker protein is glutamate
carboxypeptidase II (GCPII,a 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.2,3 Within the nervous system,
GCPII is expressed primarily on astrocyte and Schwann cell
membranes with the catalytic ectodomain facing the extracellular
milieu. There, it hydrolyzesN-acetylaspartylglutamate (NAAG),
the most abundant neuropeptide in the mammalian brain, and
liberates free glutamate.4 Excessive (or dysregulated) glutamater-
gic transmission is associated with various pathophysiologies
including traumatic brain injury, stroke, neuropathic and inflam-
matorypain,amyotrophiclateralsclerosis(ALS),andschizophrenia.5-8

NAAG itself is an agonist at the group II metabotropic glutamate
receptors (mGluR3) on glia and neurons.9 Activation of mGluR3

affects a wide spectrum of cellular functions, including the
release of neuroprotective trophic factors or the inhibition of
glutamate release.10,11 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.12 Not surprisingly then, the first
GCPII inhibitors identified were glutamate/NAAG mimetics/
derivatives, such as quisqualic acid (QA) andN-fumaryl
glutamate.13,14Demands for a more specific and potent inhibitor
were met by the synthesis of 2-(phosphonomethyl)pentanedioic
acid (2-PMPA,KI ) 0.3 nM),15 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
zinc-binding group such as phosphonate, phosphinate, hydrox-
amate, urea, phosphoamidate, and thiol.16-20 Additionally,
despite the presumed low tolerance of the GCPII pharmacophore
pocket for the structural changes of an inhibitor, conformation-
ally constrained NAAG mimetics or P1′-carboxylbenzyl-
containing analogues were shown to possess inhibitory activity
toward GCPII.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.23,24 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

⊥ 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), 2OR4 (the complex with quisqualate), and 2PVV (the
complex withL-serineO-sulfate).
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enzyme, but the insight into the S1′ (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 S1′ pocket that
are necessary to accommodate inhibitors with varied moieties
in the P1′ 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[1,2,4]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 µL of 100 mM NaOH (80 mM final concentration). (R,S)-
2-(phosphonomethyl)pentanedioic acid (2-PMPA, a racemic form)
was synthesized as described previously,15 and the inhibitor was
dissolved in distilled water to a final concentration of 50 mM.
L-SerineO-sulfate (L-SOS),L-serineO-phosphate (L-SOP), and (S)-
willardiine were purchased from Sigma (St. Louis, MO).

2.2. rhGCPII Expression and Purification. The extracellular
domain of human glutamate carboxypeptidase II (rhGCPII, amino
acids 44-750) was overexpressed inDrosophilaSchneider S2 cells
and purified to homogeneity as described previously.12 The protein
was dialyzed against 20 mM Tris-HCl, 100 mM NaCl, pH 8.0,
and concentrated to 10 mg/mL using an YM50 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

(resulting in an approximate 50-fold molar excess of the inhibitor),
and the droplets were set up by combining 2µL of the rhGCPII-
inhibitor mixture and 2µL of the reservoir solution containing
33% (v/v) pentaerythritol propoxylate PO/OH 5/4, 1-3% (w/v)
PEG 3350, and 100 mM Tris-HCl, pH 8.0. The orthorhombic
crystals of approximately 0.4 mm× 0.4 mm× 0.2 mm (I222 space
group with one rhGCPII 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 rhGCPII/QA
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 Å,
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 (λCu ) 1.5478 Å)
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.25

2.4. Structure Determination and Refinement. Since the
crystals of rhGCPII/inhibitor complexes were isomorphous with a
previously reported crystal of the ligand-free rhGCPII,26 this
structure (RSCB PDB code 2OOT) served as the initial solution.
The structures were refined and manually rebuilt using the programs
Refmac527 and Xtalview,28 respectively. During the refinement, 5%
of the randomly selected reflections were kept aside for cross-
validation (Rfree). The quality of the final models was evaluated
using the program PROCHECK29 distributed with the CCP4i suite,
version 2.2.30 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.

Table 1. Data Collection and Refinement Statistics

rhGCPII/2-PMPA rhGCPII/QA rhGCPII/L-SOS

Data Collection Statistics
wavelength (Å) 1.000 1.000 1.5478
space group I222 I222 I222
unit-cell parametersa, b, c(Å) 101.8, 130.8, 159.4 102.0, 130.4, 159.5 101.6, 130.2, 159.0
resolution limits (Å) 30.0-1.72 (1.78-1.72)a 50.0-1.62 (1.68-1.62)a 30.0-2.10 (2.18-2.10)a

no. of unique reflections 111281 (10238) 129603 (9922) 60304 (5928)
redundancy 9.8 (6.0) 11.0 (5.7) 4.8 (4.8)
completeness (%) 98.6 (91.7) 96.7 (74.8) 98.9 (98.4)
I/σ(I) 15.1 (3.5) 28.2 (2.7) 15.4 (3.7)
Rmerge 0.126 (0.495) 0.070 (0.465) 0.097 (0.505)

Refinement Statistics
resolution limits (Å) 15.0-1.72 (1.76-1.72) 30.0-1.62 (1.66-1.62) 30.0-2.10 (2.16-2.10)
total no. of reflections 105604 123053 57236
no. of reflections in working set 100055 (5998) 116532 (6550) 54175 (3972)
no. of reflections in test set 5549 (344) 6521 (360) 3061 (217)
R/Rfree 0.183 (0.232)/0.207 (0.288) 0.185 (0.272)/0.218 (0.337) 0.176 (0.203)/0.212 (0.274)
total no. of non-H atoms 6217 6825 6329
no. of non-H protein atoms 5678 5871 5804
no. of ions 4 4 4
no. of water molecules 521 937 510
averageB factor (Å2)

protein atoms 34.0 25.6 29.2
waters 43.1 39.9 36.3
inhibitor 30.7 23.8 25.1

rmsd
bond length (Å) 0.019 0.019 0.021
bond angle (deg) 1.80 1.79 1.80
planarity (Å) 0.009 0.009 0.009
chiral center (Å3) 0.132 0.124 0.125
gaps in the structure 42-55, 541-543, 654-655 42-55, 152-155, 541-543 42-55, 654-655

a Values in parentheses correspond to the highest resolution shells.
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2.5. Determination of Inhibition Concentration Values (IC50).
The inhibition concentration values of rhGCPII were determined
using the radioenzymatic assay with [3H]NAAG (radiolabeled on
the terminal glutamate). Briefly, rhGCPII (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 20µL of the mixture of 0.95µM
NAAG (Sigma) and 50 nM [3H]NAAG (50 Ci/mmol in Tris buffer,
Perkin-Elmer) to a total reaction volume of 200µL. After 20 min,
the reaction was terminated by adding 200µL 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 IC50 values were calculated from plots of
Vi/V0 (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 µM NAAG and QA concentrations of 0, 26, and
75µM, 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 versus
substrate concentration.

3. Results

3.1. Overall Structure Comparison. The structures of
rhGCPII/2-PMPA, rhGCPII/QA, and rhGCPII/L-SOS were
refined at resolutions of 1.72, 1.62, and 2.10 Å with crystal-
lographicR factors equal to 0.183 (Rfree ) 0.207), 0.185 (Rfree

) 0.218), and 0.176 (Rfree ) 0.212), respectively (Table 1). The
overall fold of rhGCPII in all three structures is nearly identical,
as illustrated by the root-mean-squared deviation of 0.19 Å (for
the 685 equivalent CR pairs), 0.23 Å (for the 690 equivalent
CR pairs), and 0.21 Å (for the 692 equivalent CR pairs) between
the ligand-free rhGCPII structure and rhGCPII/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 theFo - Fc 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

Arg210, Asn257, Tyr552, Lys699, and Tyr700. Additional
hydrogen bonds (2.6 and 2.5 Å) are formed by theR- and
γ-carboxylate groups of 2-PMPA and the water molecules. Two
oxygen atoms of the inhibitor phosphonate moiety coordinate
the active-site Zn2+ ions with the Zn‚‚‚O-P distances of 2.0
and 2.1 Å. Furthermore, one of the phosphonate oxygen atoms
forms H-bonds with the hydroxyl group of Tyr552 (2.7 Å) and
Nε2 of His553 (3.1 Å). The second phosphonate oxygen
interacts with the carboxylate groups of Glu424 (2.8 and 3.2
Å), Asp453 (3.1 Å), and Nε2 of His377 (3.3 Å). The third
phosphonate oxygen is stabilized by a weak H-bond with the
side chain amide of Asn519 (3.4 Å). 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 theγ-carboxylate of glutamate is replaced by the 1,2,4-
oxadiazolidine ring (Figure 1). In the rhGCPII/QA complex,
the R-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 Glu424γ-carboxylate,
the main chain carbonyl group of Gly518, and two water
molecules. The oxadiazolidine ring is wedged between Gly427,
Leu428, and Gly518 on one side and the side chain of Phe209
on the opposite side of the pharmacophore pocket. Two H-bonds
formed by theγ-carboxyl group of 2-PMPA with Lys699 and
Asn257 are also present in the QA complex through the ring
nitrogen atom N4 (N4‚‚‚Nε1, 3.2 Å) and the carbonyl oxygen
at position 3 (O3‚‚‚Nδ2, 2.8 Å), respectively. Each of these
atoms is also hydrogen-bonded to a water molecule that is
furthermore stabilized by its interactions with the Leu259
carbonyl oxygen (3.2 Å) 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 Å)
and from the hydroxyl group of Ser517 (3.3 Å, 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 rhGCPII/
2-PMPA complex, the side chain of Asn257 is rotated by 70°
(with a positional difference of 2.2 Å for Nδ2 atoms) and the

Figure 1. Chemical definitions of glutamate analogues: (1)L-Glu; (2) 2-PMPA, (R,S)-2-phosphonomethylpentanedioic acid; (3) quisqualic acid,
2-amino-3-(3,5-dioxo[1,2,4]oxadiazolidin-2-yl)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-serineO-sulfate; (7)L-SOP,L-serineO-phosphate; (8) NAAG,
N-acetylaspartylglutamate. Inhibition concentration values (and theKM value in the case of NAAG) are taken from the published data15,37or determined
in our laboratory (shown in bold).
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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
L-SOS in the S1′ pocket of rhGCPII is analogous to the QA
binding described above. TheR-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 (O2‚
‚‚Nε1, 3.0 Å) and Asn257 (O1‚‚‚Nδ2, 2.9 Å) and are further
hydrogen-bonded to a water molecule (O1‚‚‚O, 3.1 Å; O3‚‚‚O,
3.0 Å). L-SOS features a tetragonal configuration at the sulfur
atom in place of the planar QA oxadiazolidine ring or planar
configuration at the glutamate Cδ. 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.31,32

We determined that QA is a competitive inhibitor of GCPII
with an inhibition concentration of 9.5µM (Figures 1 and 4).

These biochemical findings are in agreement with the structural
data presented here that clearly show the QA binding to the
S1′ pocket of rhGCPII. Furthermore, the results of our kinetic
experiments demonstrate that compared to QA, glutamate,
L-SOS, andL-serineO-phosphate are at least 50 times less potent
inhibitors of rhGCPII with IC50 values 428, 438, and 523µM,
respectively (Figure 1).

Figure 2. Representative electron density maps of the S1′ site in
rhGCPII: S1′-bound 2-(S)-PMPA (A), QA (B), andL-SOS (C). Selected
amino acids of GCPII are shown in ball-and-stick representation, while
Zn2+ ions are depicted as blue spheres. TheFo - Fc omit electron
density map around an inhibitor is contoured at the 2σ level (green)
and the 2Fo - Fc difference electron density map at the 1σ level (blue).
The picture was generated using MOLSCRIPT41 and Bobscript42 and
rendered with PovRay.43

Figure 3. Inhibitor binding to the S1′ pocket of rhGCPII: schematic
representation of the S1′ pocket of rhGCPII complexed with 2-(S)-
PMPA (A), QA (B), andL-SOS (C). The N, O, and P atoms are colored
in blue, red, and orange, respectively. The carbon atoms are shown in
green (rhGCPII) or magenta (the S1′-bound QA/2-PMPA/L-SOS). The
Zn2+ ions and water molecules are represented by the blue and red
spheres, respectively. Hydrogen-bonding interactions between the S1′-
bound inhibitor(s) and the rhGCPII residues are shown as dashed lines.
The H-bonding distances are summarized in Supporting Information
Tables T1-T3. The superposition of the rhGCPII S1′ sites observed
in complex with 2-PMPA, QA, andL-SOS is shown in panel D. The
residues in the rhGCPII/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.44

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 µM, in the absence (O) or in the presence of 26µM
QA (B) or 75 µM QA (0), employing the radioenzymatic assay
described in the Experimental Section.
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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
a review, see ref 4). The superposition of the rhGCPII/2-PMPA
structure with the rhGCPII/glutamate and rhGCPII/GPI18431
complexes published recently24 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
KI values of 0.3 nM,∼100 nM, and 428µM 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 alkyl/aryl functionality increases inhibition
constants of such derivatives more than 100-fold.18 In the
rhGCPII/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 Asn519. 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 pKa1 ≈ 1.8 and pKa2 ≈ 8.5. It is
plausible that under physiological conditions both oxygen atoms
of phosphonate will be deprotonated in the vicinity of the active-
site zinc ions. As a result, the doubly negatively charged
phosphonate group (R-PO3

2-) could interact with the positively
charged zinc ions with greater avidity than the phosphinate group
(R1,2 ) PO2

1-), thus contributing to the observed increased
potency of phosphonate versus phosphinate compounds.

Results reported by Vitharana et al.33 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 toL-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
rhGCPII/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 CR (glutamate) atom in 2-(R)-PMPA prevents
interaction between the CR-carboxylate of the ligand and the
Arg210 of the enzyme. Furthermore, the same carboxylate group
becomes closely positioned to the negatively charged Glu425
γ-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 theKI

value.
In the structure of the rhGCPII/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 chain34-36 (Figure 3D). Since theR-amino acid
fragments of the ligands structurally overlap, the increased
potency of QA versus glutamate can be attributed to the distal

portions of the inhibitors. Compared to the glutamateγ-car-
boxylate, the oxadiazolidine ring in QA forms four additional
hydrogen bonds with rhGCPII (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 (IC50 )
9.5 µM), other glutamate bioisosteres, such as AMPA and
willardiine, bind GCPII with lower affinity [IC50 >10 mM for
AMPA37,38and IC50 ) 67 µM for (S)-willardiine (Figure 1)]. It
is noted that the acidity of the heterocyclic ring in QA is very
close to that of the glutamateγ-carboxyl group (pKa(QA) )
4.2; pKa(Glu) ) 4.4).35 The heterocyclic moieties of the other
bioisosteres are substantially more basic with pKa values of 9.3
and 10.1 for willardiine and AMPA, respectively.39,40 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 Gly518 or repositioning of the Asn257 side chain, is
evident from the rhGCPII/QA structure. Similarly, slight varia-
tions could be observed in the positions of the Phe209 and
Tyr700 side chains (up to∼0.5 Å) in the rhGCPII/L-SOS
complex when compared to the 2-PMPA structure. At the same
time, flexibility of the S1′ 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 helicesR5 (residues
210-219) andR9 (residues 429-445), respectively. These two
side chains define a narrow channel with a diameter of
approximately 8.0 Å (Figure 5), thus imposing limits on the

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, Glu424, Gly427, Leu428, Gly518, Lys699, and
Tyr700, has dimensions of approximately 8 Å× 8 Å × 8 Å. 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 rhGCPII 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.
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size and placement of a potential inhibitor molecule in the S1′
site.

In summary, the work presented here analyzes structural
features of the pharmacophore pocket of human GCPII. 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., S1′) pocket18 on one hand but at the same
time led to discovery of P1′-modified compounds with potent
inhibitory activities toward GCPII.21,22 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 theγ-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 GCPII.

Note Added in Proof. During the editorial review of the
manuscript, two of the GCPII complexes presented here were
concurrently reported by Mesters and colleagues.45
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