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Membrane-bound glutamate carboxypeptidase II (GCPII)

is a zinc metalloenzyme that catalyzes the hydrolysis of the

neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG) to

N-acetyl-L-aspartate and L-glutamate (which is itself a neu-

rotransmitter). Potent and selective GCPII inhibitors have

been shown to decrease brain glutamate and provide neu-

roprotection in preclinical models of stroke, amyotrophic

lateral sclerosis, and neuropathic pain. Here, we report

crystal structures of the extracellular part of GCPII in

complex with both potent and weak inhibitors and with

glutamate, the product of the enzyme’s hydrolysis reaction,

at 2.0, 2.4, and 2.2 Å resolution, respectively. GCPII folds

into three domains: protease-like, apical, and C-terminal.

All three participate in substrate binding, with two of them

directly involved in C-terminal glutamate recognition. One

of the carbohydrate moieties of the enzyme is essential for

homodimer formation of GCPII. The three-dimensional

structures presented here reveal an induced-fit substrate-

binding mode of this key enzyme and provide essential

information for the design of GCPII inhibitors useful in the

treatment of neuronal diseases and prostate cancer.
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Introduction

Excessive activation of ionotropic glutamate receptors has

been implicated in acute as well as chronic neurodegenera-

tive disorders including stroke (Benveniste et al, 1984; Fagg

et al, 1986; Butcher et al, 1990) and amyotrophic lateral

sclerosis (ALS; Shaw and Ince, 1997). Conventional therapies

have focused on blockade of postsynaptic glutamate recep-

tors with small molecules. N-methyl-D-aspartate (NMDA)

receptors have received the most attention culminating in

several antagonists, which, however, tend to negatively affect

learning and memory (Doble, 1999).

An alternative to the blocking of glutamate receptors is to

reduce the levels of presynaptic glutamate. One important

source of presynaptic glutamate is N-acetyl-L-aspartyl-L-

glutamate (NAAG; Figure 1A). This neurotransmitter is found

in millimolar concentrations in the brain (Coyle, 1997), where

it can undergo hydrolysis to N-acetyl-L-aspartate (NAA) and

L-glutamate. Synaptic hydrolysis of NAAG is catalyzed by

glutamate carboxypeptidase II (GCPII, E.C. 3.4.17.21), a

membrane-bound enzyme initially known as NAALADase

(N-acetylated a-linked acidic dipeptidase; Robinson et al,

1987; Slusher et al, 1990; Berger et al, 1995; Carter et al,

1996). Interfering with glutamate production through GCPII

inhibition has been substantiated as a promising approach for

the treatment of stroke (Slusher et al, 1999), ALS (Ghadge

et al, 2003), chronic pain (Yamamoto et al, 2001a, b; Chen

et al, 2002; Carpenter et al, 2003; Majer et al, 2003;

Kozikowski et al, 2004), diabetic neuropathy (Zhang et al,

2002), and other neurological disorders associated with glu-

tamate excitotoxicity (Jackson and Slusher, 2001). GCPII

inhibition results in increased NAAG levels and reduced

glutamate levels. NAAG has been shown to be a partial

NMDA receptor antagonist (Sekiguchi et al, 1989;

Puttfarcken et al, 1993) as well as an agonist for the metabo-

tropic (i.e., G-protein-coupled) glutamate receptor-3

(mGluR3, Wroblewska et al, 1997). As NMDA antagonists

(Rogawski, 1993) and mGluR3 agonists (Bruno et al, 1995)

have been found to be neuroprotective, GCPII inhibition can

provide neuroprotection by both elevation of NAAG and

reduction of glutamate levels. Hydrolysis of NAAG also

occurs upon electrical hyperstimulation through increased

GCPII activity (Urazaev et al, 2001), suggesting that GCPII is

overactivated in pathological states.

GCPII is identical to prostate-specific membrane antigen

(PSMA; Carter et al, 1996; Tiffany et al, 1999), a tumor

marker in prostate cancer (Su et al, 1995). GCPII is also

found in the membrane brush border of the small intestine

where it acts as a folate hydrolase (Pinto et al, 1996; Heston,

1997). This reaction expedites intestinal uptake of folate

through hydrolysis of folylpoly-g-glutamates (Figure 1B;

Tasch et al, 2001; Ghosh and Heston, 2004). Conceivably,

GCPII inhibitors could be helpful in the imaging and treat-

ment of tumors where folate is required for their growth.

GCPII is a 750-residue, membrane-associated dinuclear

zinc peptidase (MEROPS clan MH, subfamily M28B;

Rawlings et al, 2004) of a total molecular weight of

110 kDa, including N-glycosylation in no less than 10 sites

in the full-length protein (Holmes et al, 1996; Ghosh and

Heston, 2003; Barinka et al, 2004). Being a class II membrane

protein, GCPII has a short cytosolic amino-terminal region of

approximately 19 residues and a single membrane-spanning

segment (about 22 residues), with the bulk of the protein

being located in the extracellular space.
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Several derivatives of 2-(phosphonomethyl)-pentanedioic

acid (2-PMPA) have been described as selective inhibitors of

GCPII, with the best of them exhibiting IC50 values in the

range of 0.3–30 nM (Slusher et al, 1999; Jackson et al, 2001).

Here we report the crystal structure of the fully glycosylated

extracellular domains (residues 44–750) of GCPII in complex

with the 2-PMPA derivative, (S)-2-(4-iodobenzylphospho-

nomethyl)-pentanedioic acid (GPI-18431, IC50¼ 30 nM;

Tsukamoto et al, 2005; Figure 1C) at 2.0 Å resolution. In

addition, we describe the crystal structure of the enzyme with

a phosphate ion bound to the catalytic center, at 2.4 Å

resolution. Phosphate is a weak inhibitor of the recombinant

GCPII, with an IC50 of 10 mM (Barinka et al, 2002). Finally,

we report the structure of a complex with the product of the

catalytic reaction, glutamate, at 2.2 Å resolution.

The three crystal structures correspond to different states

of the active site and reveal an induced-fit mechanism for the

enzyme. They provide the basis for the design of better

inhibitors of GCPII, especially in view of the fact that the

published theoretical model for the enzyme–substrate inter-

actions (Rong et al, 2002) is not correct. Unfortunately, this is

also true for a model derived from a very-low-resolution

(3.5 Å) crystal structure of PSMA that was described recently

(Davis et al, 2005).

Results

Overall structure

The 2.0-Å resolution structure of the extracellular portion of

GCPII (residues 44–750) in complex with GPI-18431

(Figure 1C), an iodobenzyl derivative of the potent inhibitor

2-PMPA, was determined by single-wavelength anomalous

dispersion (SAD), making use of the zinc ions at the catalytic

center of the enzyme, along with a strong contribution from

the iodine atom present in the inhibitor (see Supplementary

Table 1). Crystals of the GCPII complexes with phosphate and

glutamate were isomorphous to the complex with GPI-18431.

The structures were determined by difference Fourier meth-

ods and refined to 2.4 and 2.2 Å resolution, respectively

(Supplementary Table 1). The overall root-mean-square de-

viations (r.m.s.d.) of the backbone atoms between the GPI-

18431 complex structure on the one hand and the phosphate

and glutamate complexes on the other are 0.27 Å for 657 Ca
pairs (out of 677 compared) and 0.21 Å for 665 Ca pairs (out

of 682), respectively.

The extracellular portion of GCPII folds into three distinct

domains: the protease domain (domain I, residues 57–116

and 352–590), the apical domain (domain II, residues 117–

351), and the C-terminal domain (residues 591–750)

(Figure 2). Amino-acid residues from all three domains are

involved in substrate recognition. Although the asymmetric

unit of the crystal contains a monomer of GCPII, a homo-

dimer is formed through crystallographic two-fold symmetry.

A dimer was also reported to be the active species of GCPII in

solution (Schulke et al, 2003).

The fold of the protease domain I is most closely related to

the aminopeptidases of Aeromonas proteolytica (PDB code

1AMP, Chevrier et al (1994); r.m.s.d. 2.0 Å for 239 Ca pairs

out of 291 compared) and Streptomyces griseus (1XJO,

Greenblatt et al (1997); r.m.s.d. 2.1 Å for 243 Ca pairs out

of 277). The dominant structural feature of this domain is

a central seven-stranded mixed b-sheet with 10 flanking

a-helices. Strand b1 and its antiparallel mate b9, which are

the first and second strands of the central b-sheet of the

protease domain, connect domains I and II.

Inserted between the first and second strand of the central

b-sheet of the protease domain is the apical domain (domain

II) that covers the active site, creating a deep substrate-

binding funnel between the domains. The central (3þ 4)-

stranded b-sandwich of the apical domain is flanked by four

a-helices. The domain harbors four solvent-exposed, conse-

cutive proline residues (Pro146–149) following strand b3 that

make up a perfect polyproline type-2 helix.

The main feature of the C-terminal domain (domain III) is

an Up–Down–Up–Down four-helix bundle formed by helices

a15, a17, a18-a19, and a20. The loop following a15 contains

the two-turn helix a16, which is oriented almost perpendi-

cular to the helix bundle. Helix a18 is followed by two loops,

the first of which (residues 676–690) reaches out to contact

domain I through hydrogen bonds (see Supplementary Table

2). At the C-terminal end of this first loop, the polypeptide

chain returns to complete helix a18, with the amide nitrogen

of Val690 forming its C-cap. This unusual feature is followed

by the second loop, the b-hairpin b15/b16 (residues 692–704;

colored green in Figure 2), which is also involved in several

hydrogen bonds to domain I (Supplementary Table 2). Being

part of the hairpin (the ‘glutarate sensor’), residues Lys699

and Tyr700 are directly involved in the specific binding of the

glutarate (pentanedioic acid) portion of GPI-18431 and of

glutamate (see below). Beyond the two loops, the polypep-

tide chain returns into the bundle to form a19, which can be

seen as a continuation of a18.

N
H

O

N
H

O

O

OH

OH
O

OOH

P

O O

OH
OH

I
OOH

N
H

O O

OH

N
H

O

NH

Folyl

OOH
OHO

OH O
n

P1 P1′A

B

C

Figure 1 Chemical formulae for (A) N-acetyl-L-aspartyl-L-gluta-
mate (NAAG), (B) folyl-poly-g-glutamate, (C) (S)-2-(4-iodobenzyl-
phosphonomethyl)-pentanedioic acid (GPI-18431). The P1 and P10

moieties are indicated for (A).
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Dimer formation

The C2-symmetric homodimer features a dimerization inter-

face of about 2457 Å2, mostly comprised of domain III of one

monomer and domains I and II of the other (Figure 2A and B,

Supplementary Table 2). In addition, there are two inter-

molecular domain III—domain III salt-bridges formed across

the two-fold axis between Arg662 NZ1 of helix a18 of one

monomer and Asp666 Od2 of the same helix of the other

monomer.

We located one calcium ion in the GCPII structure. It is

coordinated by domain I residues Glu433 (both Oe1 and Oe2)

and Glu436 (Oe2), as well as by domain II residues Thr269

(Og1 and main-chain O) and Tyr272 (main-chain O), at

distances between 2.31 and 2.51 Å. The seven-fold coordina-

tion is completed by a water molecule (2.44 Å). The Ca2þ is

too remote (419 Å) from the active site to be involved in the

catalytic activity. More likely, its role is to hold domains I and

II together through coordinative interactions. Furthermore, it

is probably important for dimerization by stabilizing the loop

272–279, which carries three tyrosine residues (272, 277,

279) that form a hydrophobic pocket. This site is entered by

the side chain of Tyr733 (helix a20) of the other monomer in
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161  FSAFSPQGMP EGDLVYVNYA RTEDFFKLER DMKINCSGKI VIARYGKVFR GNKVKNAQLA GAKGVILYSD PADYFAPGVK SYPDGWNLPG GGVQRGNILN

261  LNGAGDPLTP GYPANEYAYR RGIAEAVGLP SIPVHPIGYY DAQKLLEKMG GSAPPDSSWR GSLKVPYNVG PGFTGNFSTQ KVKMHIHSTN EVTRIYNVIG
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Figure 2 Structure of GCPII. (A, B) Three-dimensional structure of the dimer. One subunit is shown in gray, while the other is colored
according to organization into domains. Domain I, light blue; domain II, yellow; domain III, brown. The dinuclear zinc cluster at the active site
is indicated by dark green spheres, the Ca2þ ion near the monomer–monomer interface by a red sphere, and the Cl� ion by a yellow sphere.
The GPI-18431 inhibitor is shown as small beige balls. The ‘glutarate sensor’ (the b15/b16 hairpin) is shown in light green. The seven
carbohydrate side chains located in the electron density maps are indicated. The position of the structure relative to the membrane is shown in
(A). (B) Provides a view into the ‘cup’ of the dimeric enzyme (see text). The entrance to the catalytic site is indicated (‘E’). (C) Primary and
secondary structure of GCPII, colored according to domain organization. Domain I, light blue; domain II, yellow; domain III, brown.
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the dimer. In addition, Tyr277 makes an intermolecular

hydrophobic interaction with the N-acetyl group of NAGI of

the sugar chain attached to Asn638 (see below).

Glycosylation sites

Seven out of 10 possible N-glycosylation sites (N-X-S/T motif)

present in the recombinant ectodomain carry carbohydrates

that are visible in the electron density. For most of these, we

were able to locate one or two N-acetylglucosamine (NAG)

residues in difference maps. In contrast, the sugar residues at

Asn638 of helix a17 (brown in Figure 2B) were much better

defined in the maps: Two NAG and two mannose units were

visible in the electron density, with the sugars clearly con-

tributing to dimer formation by making contacts to domain II

(638NAGII O4yGlu276 Oe2, 3.38 Å, 638ManI O2yGlu276

Oe2, 2.02 Å) and to strands b1 and b9 at the domain I–II

interface (638ManII O3yArg354 NZ1, 3.46 Å; 638ManI

O2yArg354 NZ1, 3.25 Å). This interaction is one of the

few structurally well-defined cases of a protein–carbohydrate

contact involved in homodimerization of a protein.

Active site

A B20 Å deep funnel leads from the surface of GCPII to the

active site that contains two zinc ions (Figure 3). Each of

these is ligated to one oxygen of the phosph(in)ate moiety in

the GPI-18431 and phosphate complexes (Figure 4A and B).

ZnyO(phosph(in)ate) distances are between 1.75 and

1.93 Å. In the glutamate complex (Figure 4C), the catalytic

zinc center is in its free state, and a single water molecule (or

hydroxide anion) bridges the two metal ions, in an asym-

metric fashion (H2OyZn(1), 1.79 Å; H2OyZn(2), 2.26 Å).

Interestingly, the distance between the two zinc ions varies

considerably, from 3.30 Å in the free state (i.e., in the

glutamate complex) to 3.65 and 3.78 Å, respectively, in

the complexes with phosphate and GPI-18431. In addition,

the two metal ions are bridged by Asp387 (1.95–2.03 Å to

Zn(1); 1.76–1.90 Å to Zn(2); distance range observed in the

different structures). Notably, the Asp387-Pro388 peptide

bond is in the cis conformation in all three structures (this

is common in dinuclear zinc peptidases). Additional ligands

for Zn(1) are His377 (1.94–2.01 Å) and Asp453 (1.94–2.07 Å),

and for Zn(2), Glu425 (1.81–1.97 Å) and His553 (2.04–

2.16 Å). Thus, each of the two zinc ions is tetrahedrally

coordinated, although with a distance of 2.39–2.49 Å between

its second carboxylate oxygen and Zn(2), Glu425 could also

be considered a bidental ligand, and Zn(2) 5-fold coordi-

nated. The phosph(in)ate oxygen interacting with Zn(2) also

accepts a hydrogen bond (2.80, 2.86 Å; here and in the rest of

this paragraph, the first number refers to the complex with

GPI-18431 and the second to the one with phosphate) from

the phenolic OH group of Tyr552 (Figure 4A and B). One of

the two phosphate oxygens not interacting with the zinc ions

makes hydrogen-bonding interactions with Glu424 (3.04,

2.77 Å) and Tyr552 (2.80, 2.86 Å). In spite of the significant

difference in the ZnyZn distance between the ligated and

free states of the catalytic center, none of the distances

between the metal ions and their ligands changes by more

than 0.15 Å.

Catalytic mechanism

Glu424 is the likely catalytic acid/base of GCPII (Speno et al,

1999). In the glutamate complex, that is, in the free state of

the catalytic center, one of its carboxylate oxygens is hydro-

gen-bonded (2.56 Å) to the water molecule bridging the two

zinc ions, whereas the other interacts (2.68 Å) with the free

amino group of the bound glutamate, the product of the

cleavage reaction. This is in agreement with the function of

Glu424 as a proton shuttle that abstracts a proton from the

zinc-bound catalytic water and, during or after substrate

cleavage, transfers it to the leaving group, the amino moiety

of glutamate (Figure 5). Activated through the initial proton

abstraction, the catalytic water will attack the carbonyl group
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R463

E457

Y552

Y700

R534
R511

R536

R463

E457

Y552

Y700

Figure 3 Surface representation of the B20 Å deep funnel leading to the catalytic site. Blue, side-chain nitrogens of Arg and Lys residues; red,
side-chain oxygens of Asp and Glu; green, side-chain carbons of Tyr and Phe residues. Yellow, Zn2þ ions; inhibitors shown as stick models.
(A) Complex with GPI-18431; (B) complex with phosphate. Note the difference in the shape of the pocket because of withdrawal of the
‘glutarate sensor’ (Y700) in the phosphate complex.
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of the aspartyl residue of NAAG. This mechanism, which we

derive from the structures described herein, is very similar to

what has been observed for metalloproteinases such as

thermolysin, and carboxypeptidases (Holz et al, 2003).

Substrate recognition

The inhibitor, GPI-18431, occupies the S1 and S10 substrate-

binding sites of GCPII (Figures 4 and 5), whereas the product

of the cleavage reaction, L-glutamate, resides in the S10 pocket

only. The weak inhibitor, phosphate, only ligates the zinc

ions in the active site. Both in the complexes with GPI-18431

and with glutamate, the C-terminal a-carboxylate group is

recognized by Arg210 through a strong ion pair (2.70, 2.81 Å),

and by hydrogen bonds from the hydroxyl groups of Tyr552

(3.11, 3.17 Å) and Tyr700 (2.48, 2.62 Å—in this paragraph,

the first number refers to the GPI-18431 complex, the second

to the glutamate complex). The glutarate portion of the

bound GPI-18431 and L-glutamate bind in exactly the same

way (Figure 4A and C). The glutamate side chain is recog-

nized by a strong salt bridge (2.77, 2.58 Å) between the g-

carboxylate and Lys699 and also by a hydrogen bond (2.96,

3.00 Å) with the side-chain amide of Asn257 (Figures 4A, C

and 5). The free amino group of the L-glutamate makes

interactions with the g-carboxylate of Glu424 (2.69 Å), with

the carbonyl oxygen of Gly518 (2.90 Å), and with a water

molecule that in turn is hydrogen-bonded to the phenolic

hydroxyl group of Tyr552.

It is of interest that in the phosphate complex (Figure 4B),

which has an unoccupied glutamate-binding (S10) site, the

loop carrying Lys699-Tyr700 adopts a conformation which

is fairly flexible, as judged from the weak electron density,

and very different from what is seen in the two structures

harboring a glutarate group in the S10 binding site. This is

because of the missing interaction between Tyr700 OH and

the a-carboxylate group of glutamate, as well as between

Lys699 Nz and the g-carboxylate group of glutamate, as seen

Y700

K699
R534

D387

Y552
R210 N257

Y700

K699
R534

D387

Y552
R210 N257

Y700 K699

R534

D387

Y552
R210 N257

E424

A

B

C

Figure 4 2Fo–Fc electron density maps (stereo) contoured at 1.2s, for the GCPII complex with GPI-18431 (A), phosphate (B), and L-glutamate
(C). Zinc ions are shown in dark green, chloride in yellow. Ligands are shown using green sticks and atom-color spheres. Note the different
conformation of the ‘glutarate sensor’ (Lys699 and Tyr700) in (B), which is caused by the absence of a glutarate moiety in the phosphate
complex.
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in both the product and GPI-18431 inhibitor complexes

(Figure 4A and C). In the complexes with an occupied

glutamate-binding site, residues 692–704 form the b15/b16

hairpin (strand 692–695—turn—strand 699–704), whereas

this is replaced by several consecutive, relatively mobile

loops in the phosphate complex (and presumably in the

free enzyme), with r.m.s.d. values of up to 7.6 Å for side-

chain atoms between the two conformations. The hydroxyl

group of Tyr700 itself exhibits a positional difference of 4.7 Å

(Figure 3). Clearly, this is a strong indication for an induced-

fit mechanism of substrate recognition by GCPII. Because of

its obvious role in probing the S10 pocket for the presence or

absence of glutamate (or the glutarate portion of an inhibi-

tor), we name the b15/b16 hairpin including the side chains

of Lys699 and Tyr700 the ‘glutarate sensor’.

The present structures also allow discussion of possible

binding modes of the N-acetyl-aspartyl (NAA) portion of the

NAAG substrate. The NAA very likely binds into a pocket (S1)

lined with arginines 463, 534, and 536, as well as Ser454 and

Asn519 (Figure 5). In all three structures described here, this

binding site is filled by one or two water molecules because of

the lack of a corresponding chemical moiety on the inhibitor.

At the ‘bottom’ of the S1 pocket, there is a chloride ion

(Figure 4) bound in a distorted octahedral manner to Arg534

(Ne, 3.36 Å, NZ2, 3.48 Å), Arg580 (NZ2, 3.92 Å), Asp453

main-chain NH (3.38 Å), Asn451 (Nd2, 3.33 Å), and two

water molecules (3.09 and 3.15 Å). The main task of the

Cl� is to hold Arg534 in an ‘all-gauche’ conformation, which

is energetically not the most favorable. Presumably, Arg534

can interact with the aspartyl side chain of NAAG through its

NZ1 and perhaps also NZ2 atom, while maintaining the

coordination of the chloride. Interestingly, Robinson et al

(1987) observed an absolute dependence of GCPII activity

on monovalent anions, with chloride being the most efficient.

From our structure, it is conceivable that in the absence of the

chloride ion, Arg534 would adopt a conformation not allow-

ing it to interact with the substrate.

The hydrophobic p-iodobenzyl (P1) group of GPI-18431 is

oriented along the substrate-binding cleft (Figures 4A and 5).

On one side, it interacts with the presumable specificity site

for the aspartyl side chain of NAAG, making hydrogen bonds

between the iodine and the guanidinium group of Arg536

(4.15 Å) as well as with the hydroxyl group of Ser454

(3.85 Å). On the other side, hydrophobic forces predominate,

with interactions between the iodine and the phenyl ring of

Tyr549 (approximately 3.8 Å), and an edge-to-face interaction

between the aromatic rings of the inhibitor and Tyr552

(3.5 Å). The S1 binding site appears to be only partially filled

by the inhibitor, and it is conceivable that much larger P1

moieties could be accommodated.

Discussion

Comparison with the transferrin receptor

The crystal structure of the extracellular portion of GCPII

reveals that it consists of three domains, all of which are

involved in substrate binding. This domain organization is

very different from the prediction of six individual domains

for GCPII by Rawlings and Barrett (1997). However, there is a

pronounced similarity of the GCPII structure to the structure

of the transferrin receptor (TfR) (Lawrence et al, 1999;

Bennett et al, 2000), in spite of the latter not having any

enzymatic activity (see Supplementary Table 3 for details).

The sequence identity between the two proteins is 28%. The

protease domain I has lost its catalytic center in the TfR and

none of the zinc-binding ligands with the sole exception of

Asp453 (GCPII numbering) are conserved. There are also

many amino-acid replacements in the pocket that forms the

substrate-binding site of GCPII. For example, the arginine

residues very likely involved in NAAG recognition in GCPII

(residues 463, 534, and 536 in the S1 pocket, and 210 in S10)

are not conserved in the TfR. In domain III, the two loops

between helices a18 and a19 have a significantly different

conformation in the TfR, with the second of them (corre-

sponding to the b15/b16 hairpin—the ‘glutarate sensor’—of

GCPII) being much shorter and unable to reach into the

domain I–II interface and into what is the substrate-binding

site in GCPII.

Role of glycosylation

Glycosylation of GCPII has been shown to be essential for the

catalytic activity of the enzyme (Ghosh and Heston, 2003;

Barinka et al, 2004). We were able to identify seven out of the

10 sugar chains attached to asparagine residues in the re-

combinant ectodomain. The sugar residues linked to Asn638

(domain III, helix a17), which are clearly seen in the electron

density map up to the forth sugar unit, ManII, are involved in

homodimer formation. Dimerization of the enzyme is essen-

tial for GCPII activity (Schulke et al, 2003); interestingly, the

most dramatic loss of enzymatic activity in deglycosylation

experiments was observed upon removal of the carbohydrate

at Asn638 (Barinka et al, 2004). In the TfR, Asn638 is

replaced by aspartate and therefore not glycosylated. Yet

the TfR forms a similar homodimer; the lack of glycosylation

at this position seems to be compensated for by the more

extended TfR C-terminus that is involved in monomer–

monomer contacts.
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Figure 5 Scheme of the catalytic site, indicating the NAAG sub-
strate as bound to the enzyme. The binding of the NAA portion of
the substrate to the S1 pocket (left) is modeled, whereas the
interactions of the glutamate residue to the S10 pocket (right) are
taken from the crystal structure of the glutamate complex (cf.
Figure 4C). Residues Lys699 and Tyr700 of the ‘glutarate sensor’
are boxed. The first step in the catalytic reaction could be activation
of the central nucleophile, HO–H, through the general base, Glu424.
This is followed by the nucleophilic attack of the generated hydro-
xyl ion onto the peptidic bond of the substrate. After cleavage,
Glu424 shuttles the proton to the amino group of the leaving
product. Arrows run from nucleophile to electrophile.

Structure of glutamate carboxypeptidase II
JR Mesters et al

The EMBO Journal VOL 25 | NO 6 | 2006 &2006 European Molecular Biology Organization1380



Role of the calcium ion

The Ca2þ binding site that we found in the GCPII structure

is conserved in the TfR but in the aminopeptidase from

S. griseus (SgAP; Greenblatt et al, 1997), it is located on the

opposite site of the molecule. In SgAP, calcium ions enhance

the thermal stability of the enzyme and modulate its activity

and affinity towards substrates and inhibitors (Papir et al,

1998). In both the TfR and in GCPII, treatment with metal

chelators leads to loss of biological activity (Orberger et al,

2001; Schulke et al, 2003). Our structure suggests that

calcium binding helps stabilize the loop 272–279 that is

involved in dimerization, a process essential for GCPII

carboxypeptidase activity. Most interestingly, two of the

sugar moieties attached to Asn638 make intermolecular con-

tacts to the g-carboxylate group of Glu276, thereby further

stabilizing the loop 272–279. Similar to Ca2þ removal, de-

glycosylation at Asn638 will negatively influence the fold

stability around residues 272–279.

Receptor-like properties of GCPII

Human GCPII has several features characteristic of receptor

proteins, such as sequence signatures for endocytic interna-

lization (Liu et al, 1998; Rapoport et al, 1998; Rajasekaran

et al, 2003), or binding to filamin A, resulting in GCPII

localization to the recycling endosomal compartment

(Anilkumar et al, 2003). All of this raises the appealing

possibility of GCPII functioning as a receptor for an as yet

unidentified ligand. Interestingly, our crystal structure re-

vealed the presence of a polyproline type-II helix on the

surface of GCPII domain II. This structural motif usually

mediates protein–protein interactions with Src homology 3

(SH3) domains. Even though SH3 domains are mainly re-

stricted to the cell cytoplasm, recent evidence suggests the

presence of SH3-like modules in extracellular proteins

(Lougheed et al, 2001; Stoll et al, 2001). Taken together,

apart from its hydrolytic function and likely involvement

in folate transport across the membrane, GCPII might be

implicated in other physiological processes such as trans-

membrane signalling or receptor–ligand interactions.

Processing of poly-c-glutamates by GCPII

The glutamate in our crystal structure of the product com-

plex, as well as the glutarate portion of GPI-18431 in the

inhibitor complex of GCPII, are fully buried inside the pro-

tein, at the far end of the deep amphipathic funnel (Figure 3).

One side of the funnel is formed by the aromatic rings of

Tyr552 and Tyr700 (green in Figure 3), whereas the other side

is paved with four arginine residues (463, 511, 534, and 536)

that provide a positively charged patch (blue in Figure 3)

guiding the poly-g-glutamate to the catalytic site. Importantly,

these arginine residues do not form the binding site for the

C-terminal glutamate, which instead ‘slips’ into the deeply

buried S10 pocket where its a-carboxylate accepts three

crucial hydrogen bonds from the side chains of Arg210,

Tyr552, and Tyr700, whereas the g-carboxy group interacts

with the side chains of Asn257 and Lys699. How then can the

glutamate products leave the substrate-binding site in case

of the polymeric GCPII substrate, folyl-poly-g-glutamate? It

would be uneconomic for the enzyme to bind this substrate,

release it along with the glutamate product after cleavage,

and rebind it to cleave off the next glutamate residue.

Interestingly, the structure of the phosphate complex, which

has the S10 pocket unoccupied, reveals the presence of a

small hole at the ‘backside’ of the subsite (not shown). This is

due to the withdrawal of the ‘glutarate sensor’, that is, the

b15/b16 hairpin with Lys699 and Tyr700, from the S10 pocket

in this structure (which corresponds to the free enzyme).

Assuming that the apical domain can move a bit with respect

to the catalytic domain, it is very well possible that glutamate

can leave the active site via this backdoor into the large space

of the central cup formed by the conical shape of the dimer

(Figure 2A). In this way, bound poly-g-glutamates do not

need to be released first in order to liberate the cleaved

glutamate but instead, can translocate their chain by one

position after each C-terminal cleavage step in order to place

the new terminal glutamate into the S10 pocket for hydrolysis.

The concept of different access and egress sites for GCPII

cleavage of the polymeric substrate is reminiscent of what

has been proposed for the aminopeptidase dipeptidyl pepti-

dase IV (Engel et al, 2003).

Prostate-specific membrane antigen

Recently, a crystal structure of ligand-free PSMA was pub-

lished at a resolution of 3.5 Å (Davis et al, 2005). The overall

fold of that model is similar to the one revealed here.

Interestingly, the loop comprising residues Lys699 and

Tyr700 (the ‘glutarate sensor’) is also withdrawn from the

(empty) S10 pocket in the structure of ligand-free PSMA,

similarly to our structure of the phosphate complex.

However, Davis et al (2005) did not locate the calcium and

the chloride ions, both of which are essential for catalytic

activity. Furthermore, they misinterpreted the features of the

substrate-binding site by docking the NAAG substrate in the

wrong orientation, with the N-acetyl-aspartyl portion of the

ligand occupying the glutamate-binding site (S10) and the

glutamate moiety in the S1 pocket. The docking studies

involving inhibitors such as 2-PMPA and a homology model

of GCPII constructed on the basis of the TfR crystal structure

(Rong et al, 2002) were equally wrong. This supports our

view (Hillisch et al, 2004) that homology models and low-

resolution X-ray structures can be useful in drug discovery to

obtain a preliminary picture of a drug target but that only

high-resolution crystal structures can provide the necessary

detail for designing inhibitors.

Design of new GCPII inhibitors

The structures presented here help in both understanding the

observed structure–activity relationships as well as the de-

sign of new inhibitors. Two major classes of inhibitors have

been reported, one featuring a phosphinate moiety (Jackson

et al, 1996) and the other bearing a thiol (Majer et al, 2003),

as a zinc ligand. The importance of the pentanedioic acid

(glutarate) moiety as a glutamate mimic in the P10 position

for inhibitor potency is well established in both series. In

general, we observed much stricter structural requirements

(e.g. in terms of side-chain length) in the phosphinate series

compared to their thiol counterparts. This could be due to the

more rigid bidentate nature of the phosphinate–catalytic zinc

interaction compared to the more flexible monodentate co-

ordination of a thiol group.

For the P1 position of the inhibitors, the structure–activity

relationships are consistent with our structural findings,

that is, there are few hydrophobic residues available in

the S1 pocket and the P1 group only makes hydrophobic
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interactions with the side chains of Tyr549 and Tyr552.

Introduction of any substituent to the inhibitor nonprime

area led to a decrease of potency, with the marked exception

of carboxylate-containing groups (Slusher et al, 1990). The

additional carboxylate likely mimics, in part, the NAA por-

tion of the natural substrate.

Conclusions

Crystallographic analysis of GCPII revealed a three-domain

organization of the monomer. Dimer formation relies not

only on interactions between amino-acid side chains, but

also involves the carbohydrate chain attached to Asn638. The

three crystal structures of GCPII presented here correspond to

different states of the substrate-binding site. In the complex

with the inhibitor, GPI-18431, the S10 pocket is filled by the

glutarate portion of the compound, and the S1 site is partly

occupied by the iodo-benzyl moiety. In the complex with the

product of the reaction, L-glutamate, the active site is un-

ligated and most likely seen in the state that it adopts in the

free enzyme. In the phosphate complex, the substrate-speci-

ficity sites S1 and S10 remain unoccupied; interestingly, in this

structure, the ‘glutarate sensor’ (the b15/b16 hairpin), which

is involved in glutarate recognition in S10, retracts itself,

indicating that substrate recognition by GCPII involves an

induced-fit mechanism. With this high-resolution structure at

hand, it will now be possible to design improved inhibitors of

GCPII.

Materials and methods

The recombinant form of human GCPII, amino-acid residues 44–
750 (ectodomain), was prepared as described by Barinka et al
(2002), employing heterologous expression in stable transfected
Schneider cells. For growing crystals at room temperature, hanging
drops were assembled by mixing 2ml protein solution with 2ml well
solution. Wells contained 20 mM HEPES pH 7.25, 200 mM NaCl, 5%
(w/v) PEG 400, and 15% (w/v) PEG 1500. Especially in the
presence of GPI-18431 (2 mM in protein solution), large crystals of
up to 0.6� 0.25� 0.2 mm3 grew within 1–2 weeks. The crystals

turned out to be very radiation-sensitive and in addition could not
be reproducibly flash-cooled. However, from crystals mounted in
short capillaries, full diffraction data sets were easily obtained at
263 K at the Deutsches-Elektronen Synchrotron (DESY), EMBL
beam lines X13 and BW7A. The two bound zinc ions in the active
site did not provide sufficient phase information but allowed to
discriminate between space groups I222 (correct) and I212121

(false), with cell dimensions a¼ 103.13, b¼ 131.19, c¼ 161.23 Å,
and one molecule of GCPII in the asymmetric unit. In order to
obtain usable phase information, the iodinated inhibitor (S)-2-(4-
iodobenzylphosphonomethyl)-pentanedioic acid (GPI-18431) was
synthesized (Tsukamoto et al, 2005) and cocrystallized with the
enzyme. The 2.0-Å resolution data were collected at BW7A at a
wavelength of 1.26 Å, that is, near the zinc absorption maximum, at
which iodine also gives a strong anomalous signal. Good starting
phases were calculated with a SAD protocol in SOLVE (Terwilliger,
2002), revealing three heavy-atom positions, one of which was the
iodine. A good starting model was obtained with ARP/wARP
(Morris et al, 2002). The model was further refined and completed
running Refmac5 (Murshudov, 1997) and Xtalview (McRee, 1999).
Other programs used were from the CCP4 suite (Collaborative
Computational Project No. 4, 1994). For structural comparisons,
ALIGN (Cohen, 1997) and the DALI server (http://www.ebi.ac.uk/
dali/; Holm and Sander, 1998) were used.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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