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Glutamate Carboxypeptidase II: An Overview of Structural Studies and Their
Importance for Structure-Based Drug Design and Deciphering the Reaction
Mechanism of the Enzyme
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Abstract: Recent years witnessed rapid expansion of our knowledge about structural features of human glutamate carboxypeptidase II
(GCPII). There are over thirty X-ray structures of human GCPII (and of its close ortholog GCPIII) publicly available at present. They
include structures of ligand-free wild-type enzymes, complexes of wild-type GCPII/GCPIII with structurally diversified inhibitors as well
as complexes of the GCPII(E424A) inactive mutant with several substrates. Combined structural data were instrumental for elucidating
the catalytic mechanism of the enzyme. Furthermore the detailed knowledge of the GCPII architecture and protein-inhibitor interactions
offers mechanistic insight into structure-activity relationship studies and can be exploited for the rational design of novel GCPII-specific
compounds. This review presents a summary of structural information that has been gleaned since 2005, when the first GCPII structures
were solved.
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1. INTRODUCTION
Human glutamate carboxypeptidase II (GCPII; E.C. 3.4.17.21)
is a zinc-dependent exopeptidase with a broad pharmacological
potential [1]. Two major areas of pharmacologic interventions are
closely linked to two prominent sites of GCPII expression [2-5].
The CNS/PNS form of the enzyme, formerly termed N-acetylated-linked acidic dipeptidase (NAALADase), is a therapeutic target
linked to neurologic disorders associated with acute or chronic
glutamate excitotoxicity [6;7]. On the other hand, GCPII
overexpressed in malignant prostatic human tissue, also known as
prostate-specific membrane antigen (PSMA), is used as a marker
for the imaging/therapy of prostate cancer, especially in case of
advanced and metastatic disease [8,9]. In addition to prostate
cancer, GCPII overexpression on the neovasculature of a variety of
solid tumors expands therapeutic/diagnostic utility of the enzyme to
a majority of solid cancers [10-12].
This review summarizes the literature body pertinent to the
elucidation of the 3-dimensional structure of human GCPII (and its
close homolog GCPIII) that has become available within the last 7
years. In addition to the general structural features of GCPII, we
discuss how the detailed knowledge of protein-inhibitor/proteinsubstrate interactions contributes to the rational design of novel
compounds, and, to some extent, helps to elucidate physiological
functions of the enzyme.
2. HISTORY
The gene encoding human GCPII is located on chromosome 11
at the position 11p11.2 and includes 19 exons. The exon-intron
structure of GCPII is associated with the emergence of several
GCPII splice variants [13]. The full-length human GCPII,
belonging to the class II transmembrane glycoproteins, comprises
750 amino acids and at the plasma membrane is present in the form
of a homodimer.
Cloning of the GCPII gene from several species [14-18]
allowed detailed analysis of the sequence and led to the assignment
of GCPII to the MEROPS M28 peptidase family of co-catalytic
metallopeptidases [19]. This rather diverse protein family includes
among others aminopeptidases S (Streptomyces gryseus) and Ap1
(Vibrio proteolytica) as well as transferrin receptors. Based on
sequence homology within the M28 family, Rawlings and Barret
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[20] set out to predict the domain structure of GCPII, to assign the
active-site zinc ligands and to identify substrate-binding residues of
GCPII. These predictions provided invaluable information for
subsequent experimental studies of GCPII.
The assignment of GCPII into the M28 peptidase family
encouraged work on 3D homology models of GCPII based on
Vibrio aminopeptidase and transferrin receptor structures [21,22].
Although inspiring, these models have brought limited
advancements to the field, mainly due to low sequence homology
among the proteins as well as unforseen complexities in the
architecture of the GCPII substrate-binding cavity. The real
breakthrough in GCPII structural studies came only after the
solution of experimental X-ray structures of the GCPII ectodomain
by two independent groups in 2005 [23,24]. The experimental
structures confirmed structural similarity to transferrin receptor,
defined the nature of the dimerization interface, and revealed that
the ectodomain of GCPII is composed of three intertwined
domains. In addition, the series of higher resolution structures of
GCPII complexes with several inhibitors reported by Mesters et al.
[24] detailed the architecture of the GCPII specificity pocket
including enzyme-substrate/inhibitor interactions and its induced-fit
mechanism of substrate recognition. To date, 32 structures of
GCPII complexes and 4 GCPIII complexes have been determined
(Table 1 and Fig. 1), with the highest resolution of 1.29 Å and 1.5
Å for GCPIII and GCPII, respectively. These structures, together
with extensive site-directed mutagenesis and modeling studies
enabled deeper understanding of the enzyme reaction mechanism
and facilitated the rational design of novel inhibitors [7,25-28].
3. OVERALL FOLD, N-LINKED GLYCANS AND INORGANIC IONS
GCPII structural information, as detailed in the subsequent
chapters, is available for the extracellular part of the protein
(ectodomain; amino acids 44 – 750) only (Fig. 2). While the Nterminal intracellular GCPII tail (amino acids 1 – 18) is unlikely to
have any stable structural fold, the transmembrane part anchoring
the protein to the plasma membrane (amino acids 19 – 43) almost
certainly conforms to the -helical topology typical for membranespanning protein segments [20]. However, there are no
experimental data confirming these predictions.
The extracellular portion of GCPII comprises the protease-like
domain (amino acids 57-116 and 352-590), the apical domain
(amino acids 117-351), and the C-terminal domain (amino acids
591-750), and amino acid residues shaping the substrate binding
cavity originate from all three domains [24]. The architecture of the
protease-like domain featuring the seven-stranded mixed -sheet,
© 2012 Bentham Science Publishers
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GCPII/GCPIII Structures Available at the RCSB

PDB code

Major Findings

1Z8L

Overall GCPII fold; domain organization

2C6P
2C6G
2C6C
2OOT

As 1Z8L; definition of specificity pockets; importance of N-glycosylation for dimerization; induced-fit
enzymatic mechanism; identification of Ca2+ and Cl - ions in the structure; interactions with
phospho(i)nate ZBGs

Resol.

Ref.

3.50 Å

[23]

I1

2.39 Å

I3

2.20 Å

I2

2.00 Å

I6

1.71 Å

Novel crystallization conditions; first “high-resolution” structure

2PVW
2PVV

Fig. caption

Detailed architecture of the pharmacophore pocket; binding of glutamate(like) moieties; flexibility of
Asn257

2OR4
2JBK

1.64 Å

I5

2.11 Å

I4

1.62 Å

I4

2.99 Å

I6

2.19 Å

Binding of glutamate(like) moieties in the pharmacophore pocket
2JBJ
3BI0

I7

1.67 Å
1.60 Å

I8

1.50 Å

3D7H

I11

1.55 Å

3D7G

I12

1.75 Å

I13

1.54 Å

Details of the S1 pocket and specificity for P1 acidic moieties; arginine patch flexibility; identification
of the entrance lid

3BI1

GCPII interactions with urea-based inhibitors; identification of the S1 accessory hydrophobic pocket
3D7F
3D7D

[51]

[61]

[60]

I9

3BHX

[24]

[31]

[45]
I10

1.69 Å

3BXM

The first structure with the GCPII physiological substrate; detailed description of reaction mechanism

S1

1.71 Å

[25]

3IWW

Flexibility of the pharmacophore pocket at the Leu259-Asn262 segment

I11

2.3 Å

[54]

2XEJ

I19

1.78 Å

2XEI

I16

1.69 Å

2XEG

I17

1.59 Å

2XEF

I18

1.59 Å

3SJX

S4

1.66 Å

S2

1.65 Å

I14

1.65 Å

S3

1.70 Å

Identification of the arene-binding site

3SJG

GCPII complexes with an inhibitor and substrates with enhanced lipophilicity

3SJF
3SJE
3RBU

N-terminally Avi-tagged GCPII

[41]

I6

3FEC
3FED

1.60 Å

[66]

[72]

1.49 Å
I7

1.29 Å

3FEE

I4

1.56 Å

3FF3

I3

1.37 Å

First structures of GCPIII

surrounded by 10 -helices resembles most closely the fold of
aminopeptidases from Aeromonas proteolytica [29] and
Streptomyces griseus [30]. Within the relatively rigid scaffold of
the protease-like domain a highly flexible segment of amino acids
Trp541-Gly548 forms the so-called “entrance lid”, which can
control communication between the extracellular milieu and the
interior (the substrate binding cavity) of the enzyme [31].
The apical domain is inserted between the first and the second
-sheet of the protease-like domain and consists of the central (3+4)
stranded -sandwich flanked by 4 -helices. Following the 3
strand, of the polyproline type-2 helix made up of four consecutive
proline residues (Pro146-Pro149) has been identified in the
structure (Fig. 2A1; [24]). This motif is generally involved in
protein-protein interactions via its interaction with cognate SH3
(src-homology 3) modules [32]. Even though such interactions
might be important for GCPII functioning as a receptor (ligands
still not identified), it remains to be seen whether or not this motif
really plays any physiological role.
The C-terminal domain (also called the helical domain) is
formed by an Up-Down-Up-Down four helix bundle comprising

[71]

helices 15, 17, 18-19, 20, and a small helix 16 which is
oriented perpendicularly to the previous ones. Two loops are
inserted between helices 18 and 19: the first loop (amino acids
Leu679-Val690) interacts with the protease-like domain, while the
second, the 15/16-hairpin loop (“glutarate sensor”; amino acids
Tyr692-Ser704) reaches to the active site and engages a
substrate/inhibitor molecule in the pharmacophore (S1’) pocket.
This sensor loop undergoes remarkable changes during the process
of the substrate/inhibitor binding, and its movement is a prime
example of the “induced fit” mechanism of substrate recognition
[24]. (Fig. 3)
The primary sequence of human GCPII harbors 10 potential Nglycosylation sites localized to Asn51, Asn76, Asn121, Asn140,
Asn153, Asn195, Asn336, Asn459, Asn476, and Asn638, and
carbohydrates can make up to 25% of the total molecular weight of
the enzyme [33,34]. It has been shown that N-glycosylation has a
profound effect on several biological/biophysical GCPII
characteristics, including stability, proteolytic activity, apical
sorting, association with lipid rafts, and proteolytic resistance [3538]. As saccharide moieties are quite flexible, they are often not
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Fig. (1). Formulas of inhibitors and substrates in complexes with GCPII and GCPIII (GCPIII marked with #) as listed in Table 1.
Each compound is listed together with the corresponding PDB code(s) and the inhibition (IC50 or Ki) or Michaelis (KM) constant for inhibitors and substrates,
respectively. Data come from references [41,45,52,53,56,61,65].

seen in the electron density maps. In the case of GCPII, only one to
two proximal saccharide units at each glycosylation site are
typically visible in crystal structures, with the noticeable exception
of the oligosaccharide chain attached to Asn638, where four
saccharide units can be modeled in the electron density. Sitedirected mutagenesis suggests that N-glycosylation at this position
is indispensable for GCPII enzymatic activity [39] and structural
data provides mechanistic explanation for this observation. The
Asn638 oligosaccharide chain located at one monomer interacts
with the side chains of Glu276 and Arg354 of the second GCPII
monomer thus contributing to dimer formation (Fig. 2C1). Since
the dimerization is required for proteolytic activity, this rare,

structurally well-defined example of protein-carbohydrate
interaction can be viewed as a stabilization factor in GCPII
dimerization with direct implications to the GCPII proteolytic
activity.
There are four inorganic ions present in the GCPII structure –
two active-site zincs, one chloride anion and one calcium cation
[24]. The active site zincs play both a functional and a structural
role and their importance will be detailed in the following sections.
The calcium ion (at the distance of 20 Å from the active-site) is
coordinated by amino acids Glu433, Glu436, Thr269, and Tyr272
at the interface of the protease-like and apical domains and its role
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Fig. (2). Selected structural features of human GCPII.
GCPII homodimer in the center of the figure with one monomer shown in surface representation and the second as cartoon. Individual domains of the
extracellular part colored cyan (protease-like domain; amino acids 57-116 and 352-590), orange (apical domain; amino acids 117-351), and green (C-terminal;
amino acids 591-750). The cartoon representations of individual isolated domains are also shown within shaded areas with -helices, -strands, and loops
colored red, yellow, and green, respectively. Details of important structural features for the individual domains: C1, the detailed view of protein-carbohydrate
interactions in the GCPII structure. An oligosaccharide chain anchored at the Asn638 side chain (green sticks) of the first monomer (green cartoon) interacts
with the side chains of Glu276 and Arg354 (yellow sticks) of the second GCPII monomer (orange surface) thus contributing to dimer formation. Hydrogen
bonding interactions are shown as dashed lines. A1, the solvent exposed type-II polyproline helix (Pro146–Pro149); a signature motif that is typically
implicated in the intermolecular contacts via its interaction with src-homology 3 modules. A2, the detailed architecture of the calcium-binding site. Residues
from the apical (Tyr272 and Thr269) and the protease-like (Glu433 and Glu436) domains contribute to the Ca2+ (cyan sphere) coordination sphere. This motif
is involved in GCPII dimerization by stabilizing the loop 272–279 at the dimerization interface. P1, the coordination sphere of active site zinc ions (purple
spheres). P2, flexibility of the arginine patch residues. Side chains of the arginine patch (Arg534, Arg536, and Arg463) are shown in stick representation, the
chloride ion as a yellow sphere. While the side chain of Arg534 is virtually immobile, the Arg536 side chain can adopt two conformations depending on the
occupancy of the S1 site – the binding conformation (R536b, green) and stacking conformation (R536s, yellow) with the S1 site empty or occupied,
respectively. P3, the coordination sphere of the chloride anion (yellow sphere). P4, 5, the entrance lid (Trp541-Gly548) in the closed (P4) and open (P5)
conformation. GCPII is shown in surface representation with the entrance lid colored cyan.

seems to be the stabilization of the Tyr272-Tyr279 loop, which is
involved in dimerization of the enzyme (Fig. 2A2). The negatively
charged chloride ion is located in the vicinity of the arginine patch
and its coordination sphere includes Arg534, Arg536, Asn451, and
Asp453. It is believed to be implicated in the positioning of
positively charged residues, namely Arg534, that are intimately
involved in substrate/inhibitor interactions and contribute to GCPII
substrate specificity and/or inhibitor affinity (Fig. 2P3).

4. SUBSTRATE BINDING CAVITY AND ADJACENT
STRUCTURAL MOTIFS
The internal cavity (or substrate/inhibitor binding cavity) of
GCPII resembles an irregularly shaped funnel terminated at the
bottom by a bulging pharmacophore pocket (Fig. 3). The funnel
opening at the surface of the protein with an approximate diameter
of 20 Å is shaped by residues stemming from all three extracellular
domains, as is the wall of the 20 Å deep funnel that leads into the

1304 Current Medicinal Chemistry, 2012 Vol. 19, No. 9

Pavlíek et al.

transition between the two is enabled by flipping of the peptide
bond between Asn540 and Trp541 at one hinge and flexibility of
Gly548 at the other [40]. In closed conformation the entrance lid
forms a single turn -helix precluding communication between the
enzyme interior and the external space. On the other hand, the open
conformation is observed in GCPII complexes with inhibitors
featuring extended P1 moieties (e.g. a transition state analog of
folyl--glutamate, antibody recruiting molecules), where the closed
conformation would be sterically prohibited due to the interference
of bulky inhibitor moieties [40,41]. As GCPII is able to process
“long” substrates, such as folyl-poly-- glutamates, [42,43] it can be

active site marked by the presence of two zinc ions. The following
paragraphs offer a more detailed picture of individual parts of the
GCPII internal cavity together with their importance for GCPII
functioning and inhibitor design.
4.1. Entrance Lid and Arene-Binding Site
The GCPII internal pocket can be shielded from the external
space by the entrance lid – a flexible loop comprising amino acids
Trp541-Gly548 (Fig. 2P4,5). Crystallographic studies revealed two
major conformations of the lid – open and closed – and the
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Fig. (3). The internal cavity of human GCPII.
The schematic representation of GCPII in the center of the figure. Flexible segments (the entrance lid, the arginine patch and the glutarate sensor) are depicted
in two conformations by solid and dashed lines, respectively. Selected residues lining the internal cavity are shown in one-letter code and the approximate
positions for associated representations of structural details (Panels A through F) are color-coded. Zinc atoms are depicted as circles. Clockwise: A; the
position of the glutarate sensor, when the pharmacophore pocket is empty (yellow) or occupied by an inhibitor/substrate (red). Note the positional difference of
4.7 Å (for C- atoms of Y700) between the two conformations of the glutarate sensor. The dissected internal GCPII cavity is shown in surface representation,
S1’-bound inhibitor (2-PMPA) in sticks (PDB code 2PVW). B; the details of the arene-binding site occupied by the dinitrophenyl group of ARM-P2 (PDB
code 2XEI). The arene-binding site is shown in surface representation and colored in orange. C; the surface representation of the arginine patch (cyan) in the
“stacking conformation”. The existence of the arginine patch is responsible for the enzyme preference for acidic groups at the P1 position of
substrates/inhibitors (pdb code 3BI1). D; the S1 accessory hydrophobic pocket (approximate dimensions of 8.5 Å x 7 Å x 9 Å) is opened by simultaneous
repositioning of the side chains of Arg463 and Arg536. The pocket can accommodate suitable distal parts of inhibitors contributing thus to the tighter inhibitor
binding. GCPII shown in surface representation, the DCIBzL inhibitor as sticks (PDB code 3D7H). E; hydrogen-bonding interactions between the S1’
(pharmacophore) pocket-bound substrate and interacting GCPII residues. The selectivity of GCPII towards glutamate and glutamate-like compounds is
achieved via an intricate network of both polar and non-polar interactions. F; interactions in the vicinity of the active-site zinc ions. Phosphinate (top) and urea
(middle) zinc-binding groups contribute markedly to the affinity of inhibitors towards GCPII. The peptide bond of NAAG (bottom) shown for comparison.
Zinc ions and water molecules are shown as purple and red spheres, respectively. Inhibitors/substrates bound are in stick representation with carbon atoms
colored green, while GCPII residues are shown as lines with carbon atoms colored gray (panels E and F). Remaining atoms are colored blue (nitrogen), red
(oxygen), and orange (phosphorus). Hydrogen-bonding interactions are shown as dashed lines.
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inferred that the ability of the enzyme to hydrolyze its substrate
does not depend on the position of the entrance lid throughout the
catalytic cycle.
In relation to the inhibitor design, it is interesting to note that in
its open conformation the entrance lid can be exploited for the
design of ultra-high affinity GCPII inhibitors [41]. While mapping
interactions between GCPII and antibody-recruiting molecules
targeting prostate cancer (ARM-Ps), we recently identified and
characterized a simple structural motif termed the arene-binding
site comprising amino acids Arg463, Arg511, and Trp541. ARM-Ps
consist of a glutamate-urea docking module linked to a
dinitrophenyl group (DNP) via an oxyethylene linker, and the
presence of the DNP increases the total inhibitory potency of ARMPs up to 60-fold. An increase of inhibitor affinity for GCPII is due
to avidity effect as the DNP engages residues forming the arenebinding site, with the most important being stacking interactions
with the side chain of Trp541, a residue of the entrance lid [41]
(Fig. 3B).
4.2. Non-Pharmacophore Site and the Arginine Patch
The term “non-pharmacophore site” of GCPII as used herein is
defined quite loosely and encompasses basically the whole funnel
from its narrow (approximately 8 Å) base at the active-site zincs to
the funnel rim or entrance lid residues in closed conformation.
Given variable physicochemical characteristics of residues lining
the non-pharmacophore site together with its sizeable dimensions it
is not surprising that this part of the internal GCPII cavity is viewed
as much less restrictive (compared to the pharmacophore pocket;
see below) and more amenable to modifications of the distal
functionalities (D-moieties) of GCPII-specific inhibitors [7,41,4450].
The most conspicuous feature of the non-pharmacophore site is
an extended, positively charged surface area termed the arginine
patch that is defined by the apposition of guanidinium groups of
Arg534, Arg536, and Arg463 (all located within antiparallel strands 13 and 14) [24,51] (Fig. 3C). The existence of this patch
provides a mechanistic explanation for the preference of GCPII for
acidic residues at the P1 position of a substrate [52,53]. In addition,
interactions between the patch of arginines and negatively charged
functionalities of inhibitors contribute substantially to the inhibitor
affinity towards GCPII. Not surprisingly, the majority of GCPII
small-molecule ligands feature a negatively charged group at the P1
position to take the advantage of this fact.
The arginine patch architecture is supported by the presence of
a chloride ion that stabilizes the side chain of Arg534 in an
invariant (though energetically unfavorable) ‘all-gauche’
conformation. On the other hand, structural studies document
positional variability of the two remaining arginine side chains
(Arg536 and Arg463) and their importance for inhibitor design. In
the ligand-free form of the enzyme, the three arginines are ‘stacked’
on top of each other [51], but the situation looks different when a
ligand (inhibitor or substrate) is bound. Here, Arg536 typically
adopts ‘binding’ conformation by repositioning its guanidinium
group by 4.5 Å [31] (Fig. 2P2). Together with the simultaneous
relocation of the Arg463 side chain, a new (previously cryptic)
hydrophobic pocket of dimensions 7 Å x 8.5 Å x 9 Å is formed
(Fig. 3C,D). The iodo-benzyl group of DCIBzL, a urea-based
imaging compound, closely fits into the pocket, substantially
decreasing the inhibition constant of DCIBzL for GCPII [45]. The
“S1-accessory hydrophobic pocket” (together with the arenebinding site) is the prime example of GCPII structural plasticity.
The existence and importance of similar “cryptic sites” should not
be underestimated during the structure-activity relationship studies
[45,54].
It is likely that given the substantial variability of D-moieties of
GCPII-specific inhibitors, future studies are going to uncover the
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importance of the hitherto unnoticed structural features of the nonpharmacophore pocket that can be used for the design of novel
GCPII inhibitors. Taking into account the size and variability, the
non-pharmacophore pocket is therefore well suited for the
development of future GCPII-specific ligands.
4.3. The Active Site, Enzymatic Mechanism and Zinc-Binding
Groups
The active site of GCPII, which separates non-pharmacophore
and pharmacophore pockets, is centered around two zinc ions: the
catalytic Zn2+ is coordinated by His553 and Glu425, while the cocatalytic Zn2+ is engaged by the side chains His377 and Asp453
(the only zinc binding residue shared with the transferrin receptor).
The Asp387 side chain bridges both zincs in a bidentate fashion
(Fig. 2P1). Crucial for the GCPII enzymatic properties is also the
presence of the bridging hydroxide anion (at the distance of 1.79 Å
and 2.26 Å from the co-catalytic and catalytic zinc, respectively)
and the Glu424 proton shuttle [25].
Crystallographic studies provided snapshots (ligand-free
structure, complexes with the intact substrate, the tetrahedral
intermediate, and the reaction product) of the GCPII active-site
(re)arrangement during the hydrolytic cycle of the enzyme, and
these data, together with quantum mechanics/molecular mechanics
calculations allowed us to reconstruct the catalytic mechanism of
the enzyme [25]. In a simplified view, the carbonyl group of the
scissile peptide bond of N-acetyl-L-aspartyl-L-glutamate (NAAG)
is polarized via its interaction with the catalytic zinc and the
carbonyl carbon atom attacked by the bridging hydroxide anion.
The resulting tetrahedral intermediate is stabilized by interactions
with both zinc ions (now 0.5 Å farther apart than in the ligand-free
structure) as well as residues surrounding the active site. At the
same time, the proton extracted from the bridging water molecule is
shuttled through the Glu424 side chain to the amide nitrogen of the
scissile peptide bond resulting in its breakdown and release of the
reaction products. The reaction cycle is completed by the influx of a
water molecule to the bridging position. The bridging water
immediately loses one of its protons (to the Glu424 side chain) and
the enzyme is prepared for the subsequent hydrolytic cycle (Fig. 4).
The active-site zincs are not only crucial for the enzymatic
properties of GCPII, but are also instrumental for the design of
high-affinity GCPII inhibitors. In fact, every high-affinity GCPII
inhibitor features a zinc-binding group (ZBG) in the structure and
the attachment of a ZBG to a common structural motif (such as
glutarate moiety) increases its affinity many folds. The prime
examples can be 2-MPPA [2-(3-mercaptopropyl)pentanedioic acid]
and 2-PMPA (2-phosphonomethylpentanedioic acid), thiol and
phosphonate containing analogs of glutamate, with an increase in
potency of approximately 104-fold and 106-fold, respectively
[55,56]. In addition to thiols and phosphonates, several other ZBGs
are employed in the inhibitor design, including hydroxamates,
phosphinates, phosphoamidates, ureas, and sulfonamides [47,49,5759]. At present, structural information is available only for three
ZBGs and their interactions with GCPII – phosphonates,
phosphinates, and ureas [24,40,41,45,60,61] (Fig. 3F).
The binding mode at the GCPII active site is virtually identical
for both phosphorus-containing groups. They mimic a tetrahedral
reaction intermediate and structures of GCPII/phosphinate
complexes were instrumental for the elucidation of the GCPII
reaction mechanism. Two oxygen atoms of the phosphinate
surrogate coordinate the active-site Zn2+ ions with the Zn…O
distances of approximately 2.1 Å. One of the oxygens, replacing the
bridging water molecule, further interacts with side chains of
Glu424, Asp453, and His377, while the second is engaged by the
side chains of Tyr552 and His553. The extensive network of
GCPII/phospho(i)nate interactions contributes prominently to the
high affinity of phosphorus-containing ligands for GCPII [61].
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The urea-based inhibitors were introduced by Kozikowski
group in 2004 [48] and the ureido group mimics a planar peptide
bond of a GCPII substrate. The ureido carbonyl oxygen is engaged
by the side chains of Tyr552 and His553 and further interacts with
the bridging water molecule and the catalytic Zn2+. One of the
ureido nitrogens is H-bonded to Glu424, Gly518, and the bridging
water molecule, while the second ureido nitrogen donates a
hydrogen bond to the Gly518 main-chain carbonyl. Several ureabased inhibitors are being tested in clinical trials for prostate cancer
imaging at present [62,63].
Although the ZBGs are known to be indispensable constituents
of high-affinity GCPII inhibitors, their chemical diversity as well as
the amount of structural information is surprisingly quite limited. In
this respect, it might be advantageous to partly focus future studies
on the identification and validation of alternative ZBGs with
superior pharmacological properties.
4.4. The Pharmacophore (S1’) Pocket
Concerning the development of GCPII-specific inhibitors, the
pharmacophore (S1’) pocket is undisputedly the most important
portion of the GCPII internal cavity and as such it is reasonably
well characterized by different experimental approaches including
site-directed mutagenesis, X-ray crystallography, quantum
mechanics/molecular mechanics calculations, and structure-activity
relationship studies. The pocket of approximate dimensions 8 x 8 x
8 Å is located at the bottom of the internal GCPII cavity and is
shaped by Phe209, Arg210, Asn257, Glu424, Glu425, Gly427,
Leu428, Gly518, Lys699, and Tyr700. The plasticity of this
pharmacophore pocket is somewhat limited, with the notable
exception of the glutarate sensor (amino acids Tyr692-Ser704)
which can withdraw from the S1’ pocket by more than 4 Å,
increasing its dimensions substantially [24,61].
The amphipathic pharmacophore pocket shows a strong
preference for glutamate and glutamate-like moieties and to a large
extent determines selectivity, specificity and affinity of GCPII
towards small-molecule ligands/substrates. It is therefore not
surprising that physiological GCPII substrates feature the glutamate

moiety at the C-terminus and that the majority of GCPII-specific
inhibitors are glutamate derivatives. Glutamate selectivity of the
pharmacophore pocket is secured by an intricate network of polar
(hydrogen bonding and ionic) interactions with the enzyme
residues. The glutamate -carboxylate group directly interacts with
the guanidinium group of Arg210 and the hydroxyl groups of
Tyr552 and Tyr700. Furthermore, it is engaged in water-mediated
contacts with Asn257 and Arg210. The site-directed mutagenesis
revealed a prominent role of Arg210 (and its interactions with carboxylate of a substrate/inhibitor) in substrate/inhibitor binding as
mutations targeting this residue decreased GCPII affinity towards
2-PMPA by more than five orders of magnitude [26]. The carboxylate group of S1’-bound glutamate accepts a hydrogen bond
from the amide group of Asn257, forms salt bridge with the N
group of Lys699, and also engages both these residues via a water
molecule bridge [24,60,61] (Fig. 3E).
Even though polar interactions between GCPII and
pharmacophore pocket-bound ligands seem to be pivotal, non-polar
(hydrophobic, van der Waals) interactions are an additional and a
very important factor helping to accommodate and stabilize the P1‘
functionality of a substrate/inhibitor in the pharmacophore pocket.
Here, side chains of Phe209 and Leu428 play the most prominent
role with a lesser contribution by Lys699, Asn257, Gly427, and
Gly518 [61]. The importance of non-polar interactions can be
prominent in the cases in which the ultimate goal is to develop
compounds that are able to penetrate into CNS/PNS compartments.
Such inhibitors would be instrumental for the therapy of neurologic
disorders. Several groups attempted to develop compounds with
increased lipophilicity by substituting the S1’-targeted glutarate
functionality with more hydrophobic moieties [28,65-66]. Despite
partial successes, however, no GCPII-specific inhibitors with
sufficient blood-brain barrier penetration have been reported so far.
The pharmacophore pocket is quite unyielding and does not
readily accommodate substitutions for glutamate at the P1’
functionalities of inhibitors, as typically placing a non-glutamate
functionality at the P1’ position of an inhibitor markedly decreases
its potency (as compared to its glutamate-containing counterpart).
At the same time, however, the observed positional flexibility of the
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individual side chains shaping the pocket (Asn257, Lys699) as well
as conformational changes of entire segments of the protein (the
glutarate sensor; Leu259-Asn262) offer the enzyme “a breathing
space” indispensable for accepting structurally diverse compounds.
Consequently, the pharmacophore pocket of GCPII still has an
untapped potential for future SAR studies.

GCPIII structure. We believe, however, that pursuing isoform
specific inhibitors warrants further studies, as such compounds
would be instrumental in dissecting the physiological roles of the
two isoforms.

5. GCPII POLYMORPHISM AND ORTHOLOGS

Our understanding of GCPII structure-function relationship
increased considerably during recent years, but many outstanding
issues remain to be resolved. These include physiological aspects of
GCPII (non-enzymatic role in healthy tissues and receptor-like
properties,
the
existence
of
additional
physiological
ligands/substrates, signaling pathways, distinct role(s) of splice
variants) as well as more basic structure-function questions (the
exact role of dimerization and carbohydrates on enzymatic activity,
effects of GCPII natural polymorphism, the plasticity of (non)pharmacophore pockets of the enzyme in inhibitor design).
Structural/modeling studies are an important part of such
undertakings and can help in finding answers for both basic
research-oriented problems as well as in rationalizing the
development of drugs for clinical applications. The major
challenges lay probably in the development of GCPII-specific
blood-brain barrier permeable compounds that could be used for the
treatment of neurological disorders associated with acute or chronic
glutamate excitotoxicity. Hopefully, probing the enzyme with more
diverse compounds will lead to the identification of novel structural
features and therefore contribute to the rational design of drugs
targeting GCPII.

The best studied single nucleotide GCPII polymorphism is the
1561 CT variant that corresponds to the His475Tyr mutation at
the protein level. Lower folate and higher homocysteine levels were
detected in plasma samples of subjects carrying this mutation,
pointing towards the connection of this polymorphism with
hyperhomocysteinemia [67]. These findings were, however,
questioned by other studies using bigger population samples
[68,69]. Interestingly, the H475Y mutation was reported to decrease
folylpoly--carboxypeptidase activity of GCPII by approximately
50% in vitro [67]. As His475 is located approximately 17 Å and 25
Å from the arginine patch and the active-site, respectively, its
influence on GCPII enzymatic activity is not obvious. Additionally,
our unpublished structure of the H475Y variant does not reveal any
structural perturbations that could be implicated in folate hydrolysis
by GCPII. Further studies are required to detail and clarify the
influence of GCPII polymorphism on folate metabolism/processing.
GCPII belongs to the transferrin receptor/glutamate
carboxypeptidase II (TfR/GCPII) family, which encompasses both
receptors and proteases; besides transferrin receptors TfR1 and
TfR2 and GCPII homologs, it includes several GCPII orthologs:
NAALADase L, NAALADase L2, GCPIII and PSMAL [71]. All
members of this group seem to be evolutionary products of several
gene duplication events. NAALADase L and NAALADase L2 are
the most distant GCPII orthologs with sequence identities of 35%
and 25% at the amino acid level, respectively. Neither of these
enzymes is able to hydrolyze NAAG, the natural GCPII substrate,
and their physiological role(s) is not known at present [70]. No
structural information is available for either of the two proteins, but
at least NAALADase L2 is unlikely to have an enzymatic activity
similar to GCPII, since it lacks amino acids corresponding to
residues forming the active site of GCPII, including the crucial
zinc-binding residues.
PSMAL expression has been reported in kidney and liver and it
shares 97% sequence identity with GCPII at the amino acid level.
PSMAL lacks the first 306 residues of the full-length GCPII that
encompass both intracellular and transmembrane GCPII parts,
together with substantial portions of the extracellular protease and
apical domains. Consequently, despite the high level of sequence
identity between the two proteins, PSMAL (clearly) lacks the
substrate specificity of GCPII and likely hydrolytic activity
altogether [70].
GCPIII (also known as NAALADase 2) is the second best
studied member of this family with 67% sequence identity to GCPII
at the amino acid level. Both enzymes have similar substrate
specificities as well as virtually identical pharmacologic profiles
[53]. Crystal structures of several GCPIII complexes were reported
by Hlouchova et al. in 2009 [71]. Given the high sequence
similarity between human GCPII and GCPIII it is not surprising
that the overall structure of both enzymes is nearly identical with
root mean square deviation < 1 Å for equivalent C- atoms.
Likewise, the architecture of non-pharmacophore and
pharmacophore pockets as well as identities of the surrounding
amino acids (with the exception of Ser509 that is equivalent to
Asn519 in human GCPII) are very similar, making a structurallyaided design of isoform specific inhibitors extremely challenging.
One of the potential avenues to explore for the design of isoform
specific compounds can be engaging the remote-binding sites in
GCPII, such as the arene-binding pocket that is absent from the
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