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Glutamate carboxypeptidase 11 (GCPII, NAALADase, or NAAG peptidase) is a catalytic zinc
metallopeptidase. Its extracellular domain hydrolyzes the abundant neuropeptide, N-acetyl-
L-aspartyl-L-glutamate (NAAG), to produce N-acetylaspartate and glutamate following the
synaptic release of this transmitter. Thus, GCPII influences the extracellular concentrations
of both glutamate and NAAG. NAAG activates group Il metabotropic glutamate receptors,
and activation of this receptor has been found to protect against anoxia-induced excitotoxic
nerve cell death. In contrast, high levels of glutamate can be neurotoxic. Thus, GCPII is a
potential therapeutic target for the reduction of excitotoxic levels of glutamate and enhancement
of extracellular NAAG. To explore the structural basis of the interaction between GCPII and
its inhibitors, we modeled the three-dimensional structure of the GCPII extracellular domain
using a homology modeling approach. On the basis of the GCPII model, the structures of GCPII
in complex with its potent inhibitors 2-(phosphonomethyl)pentanedioic acid (PMPA) and 4,4'-
phosphinicobis(butane-1,3-dicarboxylic acid) (PBDA) were built by a computational docking
method. The model of GCPII mainly consists of two o/f/o. sandwiches, between which two zinc
ions are quadrivalently coordinated by the His379-Asp389-Asp455-H,0 and the Asp389-Glu427-
His555-H,0 clusters, respectively. The ligand binding pocket is situated between these two
sandwiches and is comprised of two subpockets: one is a surface-exposed highly positively
charged subpocket; the other is a buried hydrophobic subpocket. The positively charged
subpocket can accommodate the pharmacophore groups of inhibitor molecules (PMPA and
PBDA) through the coordination of Zn?* with their phosphorus functionality and hydrogen-
bonding interactions with Arg536, Arg538, and Ser456 (or Asn521), while the hydrophobic
subpocket is engaged in hydrophobic and hydrogen-bonding interactions with the nonphar-
macophore groups of PBDA. The predicted binding mode is consistent with the experimental
data obtained from site-directed mutagenesis. On the basis of the predicted interaction mode,
our structure-based design has led to a series of highly potent GCPII inhibitors.

Introduction

Glutamate carboxypeptidase 11 (GCPII, also known
as N-acetylated a-linked acidic dipeptidase, NAALA-
Dase, or NAAG peptidase) is widely distributed through-
out the central nervous system (CNS).12 GCPII hydro-
lyzes the abundant neuropeptide N-acetyl-L-aspartyl-
L-glutamate (NAAG) to produce N-acetylaspartate and
glutamate both in vitro and in vivo.2 NAAG is the most
abundant and widely distributed peptide transmitter in
the mammalian nervous system. This transmitter is
codistributed in nerve cells with a spectrum of small
amine transmitters, including glutamate.* NAAG func-
tions as an agonist at group Il metabotropic glutamate
receptors (MGIuRs)® but also interacts with the N-
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methyl-p-aspartate (NMDA) receptor.® Thus, GCPII is
able to terminate the neurotransmitter activity of
NAAG and at the same time to generate glutamate,
which subsequently acts at the various glutamate
receptor subtypes.* Indeed, alterations in GCPII activity
and NAAG concentration have been observed in CNS
diseases that are associated with abnormalities in
glutamatergic neurotransmission.”

Recent studies have revealed that inhibition of GCPII
provides an alternative pathway to neuroprotection
during cerebral ischemia by both increasing NAAG and
simultaneously decreasing glutamate levels.® An in-
creased NAAG concentration could have neuroprotective
effects through both activation of group 11 mGluRs and
blockade of NMDA receptors.>® Decreased glutamate
availability is expected to be neuroprotective by limiting
toxic glutamate receptor activation.’® GCPII functions
as an upstream regulator of glutamate by acting on its
precursor NAAG rather than by inhibiting a single
receptor subtype. Thus, GCPII has recently received
much attention as a therapeutic target with the aim of
suppressing glutamate excitotoxicity that leads to sev-
eral brain disorders.® As another point of interest,
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inhibition of GCPII activity has been found to decrease
the perception of chronic pain.1!

GCPII was first cloned and sequenced as a prostate
specific membrane antigen'? and subsequently cloned
as cDNA from human and rat brain tissue.'® GCPII is
a class Il membrane glycoprotein that contains a short
cytoplasmic amino terminus, a single membrane-span-
ning domain, and a large extracellular domain. The
extracellular domain of GCPII displays sequence simi-
larities to aminopeptidases from Streptomyces griseus
(SGAP, SWISS-PROT accession number: P80561) and
Vibrio proteolyticus (AMP, Q01693),'> which are cocata-
lytic zinc metallopeptidases belonging to the peptidase
family M28.16 These peptidases have a binuclear zinc
binding pocket in which the two zinc ions share a
bridging carboxylate ligand. This conservation of the
binuclear zinc binding sites was also found in the
structure of carboxypeptidase G2 (CPG2, P06621),17
which hydrolyzes the a-linked glutamate from folic acid.
On the basis of the sequence similarity of GCPII to these
M28 family members, the specific zinc-coordinating
residues in the catalytic site of GCPII were predicted
to be Asp379, Asp389, Glu427, Asp455, and His555.16b.d
Site-directed mutagenesis studies confirmed the impor-
tance of these residues to the enzyme’s activity.16¢

Some phosphonate and phosphinate analogues of
NAAG, such as 2-(phosphonomethyl)pentanedioic acid
(PMPA) (Chart 1) and our previously synthesized
NAAG-based mimic [4,4'-phosphinicobis(butane-1,3-di-
carboxylic acid), PBDA], were shown to act as neuro-
protective agents through inhibition of GCPII.8d.18
While these compounds are highly potent inhibitors of
the enzyme, they have only limited ability to penetrate
the blood—brain barrier due to their strong hydrophi-
licity. Although structural modifications were performed
for the acidic portions of PMPA to seek more lipophilic
compounds, these changes resulted in a more than 1000-
fold decrease in inhibitory activity.8d Recently, we
synthesized nanomolar urea-based GCPII inhibitors.
Although the urea moiety is less polar than the phos-
phonic acid group of PMPA, these urea-based analogues
still possess highly hydrophilic properties.1& Thus, one
of our major goals in designing new GCPII inhibitors
was to improve the ability of the compounds to penetrate
into the brain without loss of inhibitory activity.

Although sequence analysis and site-directed mu-
tagenesis have been employed to map the zinc-coordi-
nating and the substrate-binding residues, these meth-
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ods did not provide three-dimensional structural details
of the substrate binding pocket'® nor has this informa-
tion become accessible by other experimental methods.
However, the three-dimensional structure of GCPII is
needed to understand the structural basis of the inhibi-
tor—GCPII interactions with the aim of designing
inhibitors with improved lipophilicity. We have there-
fore undertaken molecular modeling studies to generate
an understanding of the structural basis of the inhibi-
tor—GCPII interactions, which is the subject of the
present paper.

Materials and Methods

Sequence Alignment and Homology Modeling. The
sequence of GCPII (P70627) was obtained from the SWISS-
PROT protein knowledgebase.’® It was used as a query
sequence to search the NCBI's nonredundant Protein Database
using an enhanced BLAST-based search approach.?° On the
basis of the sequence similarity of GCPII, two transferrin
receptors, and three aminopeptidases revealed by the BLAST
search, the multiple sequence alignment was performed using
the Web-based Clustal W.?! Because the quality of homology
modeling is highly dependent on the accuracy of sequence
alignment,? a further adjustment was performed for the
sequence alignment based upon the structure—structure align-
ment retrieved from the FSSP database for the known
structures of the transferrin receptors and aminopeptidases®
and upon the secondary structure and solvent accessibility
information obtained from the consensus prediction?* and
Protein Data Bank summary (PDBsum) database,? respec-
tively, for the sequences of GCPII and the template protein.

Interactive modeling of the GCPI1 extracellular domain was
carried out on a Silicon Graphics O2 computer using the
Homology module implemented in the program package In-
sightll (Molecular Simulation, Inc., San Diego, CA). The
conserved regions of GCPII were modeled based upon the
structures of the template proteins. The side chain rotamer
library was used to model amino acid substitutions. Deletions
and insertions were built by searching the loop database
derived from PDB.2¢ Two Zn?* ions extracted from the template
protein (LAMP)372 were merged into the structural model of
GCPII.

The model refinement was carried out in a stepwise manner
using a stand-alone version of the CHARMM program?’
(version c27b2) with the all-atom version 22 force field?®
running on a Beowulf cluster with 450 MHz Pentium 111 CPU
processors. The force field parameters that were developed by
Karplus's group for zinc binding and tested in the molecular
dynamics (MD) simulation of carboxypeptidase A were adopted
for the minimization and MD simulation.?® First, the loops
with fixed and freed backbone were minimized, respectively,
for 500 steps to relax their conformation. Next, the model was
solvated by a 15 A sphere of TIP3P water molecules® centered
on two zinc ions and energetically minimized with a fixed
backbone using the Adopted-Basis Newton—Raphson (ABNR)
method for 2500 steps to remove unfavorable contacts. The
model was then minimized for 2500 steps using harmonic
constraints with a force constant of 20.0 kcal-mol~1-A~2 on the
backbone, followed by another 2500 steps with a force constant
of 10.0 kcal-mol~2-A~2 on the o carbons. Finally, the whole
model was minimized for 5000 steps or until convergence,
defined as an energy gradient <0.05 kcal-mol~1-A-1. The final
model of GCPII was checked by the program PROCHECKS3!
to verify its folding and stereochemical quality.

Docking and Complex Modeling. The GCPII inhibitor
molecules, including (R)-PMPA, (S)-PMPA, and PBDA, were
modeled using the Insightll/Discover molecular modeling
package. Computational docking was performed using the
automated docking method Autodock.®? First, the grid maps
were calculated using the C, H, O, and P atoms as the probe
atoms within a three-dimensional grid (22.5 x 22.5 x 22.5 A3)
centered on two zinc ions. Then, the three ligands (R)-PMPA,
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(S)-PMPA, and PBDA were docked subsequently into the
binding pocket of GCPII. Finally, the complex models were
soaked by a 15 A sphere of water molecules surrounding the
small molecules and were optimized by energy minimization
for 10 000 steps or until an energy gradient of less than 0.05
kcal-mol~—2-A-1 was reached.

MD Simulations and Interaction Analysis. The MD
simulations, using the minimized models of the complexes
described above as the starting structures, began with a 50
ps heating and a 100 ps equilibration period, followed by a
200 ps or longer production run at 300 K with a step size of
0.001 ps. Trajectories were recorded every 0.5 ps during
simulations for analysis. A SHAKE algorithm was used to
constrain all bonds to hydrogens.®® A shifted smoothing
function was used for the van der Waals interaction and a
switch function for the electrostatic energy, in which the cutoff
distance parameters are defined as follows: CTOFNB = 12.0
A; CTONNB = 8.0 A.3* The nonbonded list, including neigh-
boring atoms within a 14.0 A distance, was updated every 0.5
ps.

Because hydrogen bonds play an important role in ligand
binding to aminopeptidases,®” we analyzed the hydrogen-
bonding interactions based upon the trajectories of the MD
simulations. For the purpose of this analysis, a hydrogen bond
(D—H---A) was defined by a distance between the donor and
the acceptor atoms of less than 3.0 A and an angle 6p_n-a of
more than 120°. The hydrogen-bonding energies were calcu-
lated to evaluate the stability and the strength of the hydrogen
bonds. The hydrophobic contacts were also calculated to
examine the hydrophobic interactions.

Results and Discussion

Sequence Alignment and Homology Modeling.
The BLAST-based search of NCBI's Protein Database
revealed that, as previously identified by sequence
analyses,16b.d the sequence of the GCPII extracellular
domain is similar to those of two transferrin receptors
(PDB codes: 1DE4 and 1CX8).35 The sequence analysis
showed that the similar segment of the extracellular
domain of GCPII and the transferrin receptors may
contain an aminopeptidase fold of carboxypeptidase G2
(1CG2)%¢ and of aminopeptidases (1AMP, 11GB, and
1XJO)? that possess the catalytic residues conserved
in GCPII but not in the transferrin receptors. Thus, it
was necessary to use a hybrid template to model the
GCPII extracellular domain.

On the basis of the sequence similarity described
above, the multiple sequence alignment was achieved
for GCPII, the two transferrin receptors, and the three
aminopeptidases using Clustal W,2 followed by further
adjustment in terms of the structure—structure align-
ment between the known structures of the transferrin
receptors and the aminopeptidases,?? as well as second-
ary structure and solvent accessibility information for
GCPII and the template proteins (Figure 1).

Although the sequence of GCPII in the sequence
alignment has 18 insertions and four deletions in
comparison to that of the transferrin receptors, only six
insertions have more than three amino acid residues.
All of these larger insertions with 6—11 amino acid
residues are located in the solvent-exposed loops con-
necting adjacent secondary structure elements. The
sequence identity between GCPII and the transferrin
receptor (1DE4) is 28%, and the sequence similarity is
46%. Furthermore, the distribution of the predicted
secondary structural elements of GCPII is similar to
those of the transferrin receptors (Figure 1). The amino
acid solvent accessibility of GCPII closely resembles that
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of the transferrin receptors. Accordingly, the transferrin
receptor can be used as the template of the GCPII
folding.

In the sequence alignment, the structures of the
transferrin receptors (1DE4 and 1CX8) are superim-
posed with those of the aminopeptidases (LAMP and
1XJO) and carboxypeptidase G2 (1CG2), respectively,
with an RMSD value of 2.2 and 2.5 A for the backbone
a-carbon atoms. Most importantly, the putative Zn2*-
coordinating residues of GCPII proposed by site-directed
mutagenesis’® are identical to those of the aminopep-
tidases revealed in their crystal structures.3’” Conse-
guently, the aminopeptidases can be employed to model
the Zn?*-coordinating segments of GCPII.

Structural Model of GCPII. (a) Verification of
the GCPII Model. The quality of the structural model
of GCPII can be judged by several criteria. A Rama-
chandran plot®8 (Figure 2) of the GCPIl model produced
by the program PROCHECK?3! shows that 84 and 13%
of nonglycine residues fall within the most favored
regions and the additional allowed regions, respectively.
Only two residues (Thr723 and Glu750) fall beyond the
allowed regions. Because these two residues in disal-
lowed regions are located at the C-terminal, their
unreasonable configuration will have no effect on the
folding of GCPII and the analysis of ligand—protein
interactions. PROCHECK also shows that the GCPII
model has acceptable main chain and side chain pa-
rameters as well as other stereostructural parameters.

(b) Overall Structure. The model of the extracel-
lular domain of GCPII consists of a large o/p/a sand-
wich, a small o/f/oc sandwich, and an a nonbundle
subdomain (Figure 3a). In the larger a/f/o. sandwich,
four parallel g-strands (511, 312, 513, and j15), one
antiparallel g-strand (614), and a pair of antiparallel
pB-strands (51 and $10) form a twisted -sheet that is
sandwiched by two clusters of a-helices: one includes
three (06, a7, and a9), and the other includes four
o-helices (al, o5, a8, and al0). In the small o/f/a
sandwich, the -sheet formed by four parallel -strands
(85, p6, B7, and 38) is sandwiched between a pair of
o-helices (a2 and a3) and an a-helix (a4). In addition,
another antiparallel -sheet comprised of four 3-strands
(82, 53, p4, and 59) is proximate to a-helix 4 and packed
against the parallel g-sheet. The o nonbundle subdo-
main formed by five C-terminal a-helices (al11, al12, al13,
al4, and al5) is packed against the large a/f/a sand-
wich.

At the interface of the two o/f/a. sandwiches, there
exist two Zn?" ions, which are quadrivalently coordi-
nated by the His379-Asp389-Asp455-H,0O and the
Asp389-Glu427-His555-H,0 Zn?*-coordinating clusters,
respectively (Figure 3b). It is noted that the water
molecule and the residue Asp389 form bridges between
two Zn?" ions. Five Zn?"-coordinating residues, His379,
Asp389, Glu427, Asp455, and His555, are distributed
at the end of 11, the end of the $11-a5 loop, the middle
of the 312-a6 loop, the beginning of the 513-514 loop,
and the middle of the $15-a10 loop, respectively. Be-
cause all of these secondary structural elements con-
tributing to Zn2?* coordination are stemming from the
large o/B/a sandwich, the Zn?* coordination might play
a crucial role in maintaining the folding of the large
o/plo. sandwich.
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Figure 1. Sequence alignment of GCPII (SWISS-PROT: P70627), transferrin receptors (LDE4, 1CX8), aminopeptidases (1IAMP,
1XJO), and carboxypeptidase G2 (1CG2). Solvent accessibility (e, solvent-exposed; b, buried) of GCPII and the transferrin receptors
are shown above and below the sequence alignment, respectively. Secondary structural elements (H, a-helix; E, -strand) are
displayed at the top and bottom of the sequence alignment, respectively, for GCPII and the transferrin receptors. The Zn?*-
coordinating residues conserved between GCPII and the aminopeptidases are colored in orange with a light blue background.

A pair of antiparallel g-strands (1 and 10) are the
longest f-strands and extend from the large o/f/a
sandwich to the small o/f/o sandwich (Figure 3a).
Additionally, hydrogen-bonding interactions occur be-
tween the two o/f/a sandwiches. On the 57-38 loop of
the small o/f/loc sandwich, eight residues form 10
hydrogen bonds with the large o/f/a sandwich. On the
B3-p4 loop of the small o/floc sandwich, one residue
forms one hydrogen bond with the large a/p/a sandwich
(Table 1).

(c) Electrostatic Potential Surface and Binding
Pocket. The calculation of surface electrostatic poten-
tial reveals that one positively charged pocket is formed
between two o/f/o sandwiches (Figures 3a and 4). This
pocket consists of two subpockets: a surface-exposed
subpocket (Figure 4a) and a buried subpocket (Figure

4b). The surface-exposed subpocket is highly positively
charged since two Zn?* ions as well as several positively
charged residues are distributed at the bottom and the
wall of this subpocket, respectively (Figure 4a).
contrast, the wall of the buried subpocket is mainly
hydrophobic since a number of hydrophobic residues are
widely distributed on the wall, whereas the bottom of
the subpocket is positively charged at a local area due
to the location of two positively charged residues
(Arg212, Lys215) in the interior (Figure 4b).

Models of the Inhibitor—GCPII Complexes. (a)
PMPA—-GCPII Complex. In the model of the complex
between GCPIl and PMPA, the ligand is accommodated
in a “key-lock” style within the highly positively charged
subpocket surrounded by the beginning and end seg-
ments of the f11-05 loop, the 512-06 loop, the 513-514
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Figure 2. Ramachandran plot for the structural model of
GCPII. Glycine residues are shown as triangles; all others as
are shown squares. Most favored regions (red), additional
allowed regions (yellow), and generously allowed regions (grey
yellow) are labeled with capital letters (A, B, L), lower case
letters (a, b, 1), and a tilde (~a, ~b, ~I, ~p), respectively.

loop, the end of the a8-a9 loop, the strand 315, and the
p15-010 loop (Figure 5a). In the highly positively
charged subpocket, both (R)-PMPA and (S)-PMPA mol-
ecules bind to GCPII in an extended conformation. The
structure—activity relationships (SAR) of the propionic
acid side chain [—(CH2),CO,H] of PMPA showed that
shortening of the side chain by one CH> group resulted
in a greater decrease of inhibitory activity than length-
ening it to —(CH2)sCOzH, thus indirectly proving that
this side chain may adopt the extended rather than
folded conformation to bind to GCPI1.8d

In the models of the complexes of GCPII with (R)-
PMPA and (S)-PMPA, binding results mainly form two
kinds of interactions: one is the Zn?"—phosphonate
coordination, and the other is the hydrogen-bonding
interaction between the carboxylate groups and the
hydrogen bond-forming residues (Figure 5b,c). Within
both the (R)-PMPA—GCPII and the (S)-PMPA—-GCPII
complex models, the phosphonate group replaces the
water molecule that is found bridging the two zinc ions
in the model of the free GCPII and bivalently coordi-
nates with those ions. For the (R)-PMPA—GCPII com-
plex, the 5- and 6-carboxylate groups interact with the
residues Ser456, Arg536, and Arg538 through eight
hydrogen bonds, whereas the 5- and 6-carboxylate
groups of (S)-PMPA form six hydrogen bonds with these
three residues.

Because PMPA binds to GCPII principally through
Zn?t—phosphonate coordination and hydrogen bonding,
the residues that contribute to these two kinds of
interactions play determinant roles for GCPII activity.
This is supported by the GCPII activity-abolishing
mutations of Zn?*-coordinating residues (His379Gly/Ala/
GIn, Asp389Glu, Glu427GIn/Asp, Asp455Asn/Leu, and
His555Gly/Ala/GIn) and the hydrogen bond-forming
residues (Arg538Glu).16¢

Rong et al.
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Figure 3. Structural model of the GCPII extracellular
domain. (a) Schematic drawing of the model. The f-strands,
a-helix, turn, and coils are shown as yellow arrows, red
cylinders, blue ribbons, and green ribbons, respectively. The
ligand binding pocket surrounding the two Zn?* ions is located
between two o/f/a. sandwiches, in which two Zn?* ions and
their coordinating residues are displayed as ball-and-stick,
respectively. (b) The two Zn?* ions (ball) are coordinated by
the His379-Asp389-Asp455-H,0 and the Asp389-Glu427-
His555-H,0 Zn?*-coordinating clusters (stick), respectively.

(b) PBDA—-GCPII Complex. Although PBDA is a
symmetric molecule, its interaction with GCPII is, of
course, not symmetric (Figure 6). In the model of the
PBDA—GCPII complex, one portion of the PBDA mol-
ecule is located within the surface-exposed highly
positively charged subpocket, whereas the other portion
is extended into the buried hydrophobic subpocket.

Within the highly positively charged subpocket of
GCPII, the PBDA—GCPII interaction mode is similar
to that between PMPA and GCPII. The phosphinate
group of PBDA bivalently coordinates with two Zn2*
ions. The 5- and 6-carboxylate groups of PBDA interact
with Asn521, Arg536, and Arg538 of GCPII through five
hydrogen bonds. The hydrogen bonds between the
Ser456 and the 6-carboxylate group that exist in the
PMPA—GCPII complex are not found in the PBDA—
GCPII complex, but a new hydrogen bond between the
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Table 1. Hydrogen-Bonding Interactions between the Two o/f/o. Sandwiches

small o/floc sandwich

large a/p/a sandwich

secondary structure residue residue secondary structure
3-54 loop Tyr163 (side chain, HO)P Ser120 (backbone, O)2 end of 51
B7-58 loop Tyr236 (side chain, HO)? Tyr554 (side chain, OH)P B15-a.10 loop
B7-8 loop Trp248 (backbone, HN)P His555 (backbone, O)2 $15-010 loop
B7-58 loop Trp248 (backbone, O0)2 His555 (side chain, HN)P £15-a.10 loop
B7-58 loop Gly267 (backbone, HN)P Gly429 (backbone, 0)2 $12-06 loop
B7-/8 loop Asp268 (side chain, O)2 Leul18 (backbone, HN)P end of 51
B7-58 loop Asp268 (backbone, HN)P Glu435 (side chain, O1)2 middle of a6
B7-58 loop Ala276 (backbone, HN)2 Glu435 (side chain, 02)2 middle of a6
B7-58 loop Glu278 (side chain, O)2 Arg536 (side chain, HN1)P middle of 510
B7-8 loop Glu278 (same as above)? Arg536 (side chain, HN2)P middle of 510
S7-58 loop His283 (side chain, HN)? Aspl16 (backbone, O)2 middle of 51
a Acceptor. ® Donor.
Surface-exposed sub-pocket Buried sub-pocket
L
Phe211%& Lys215
Arg536 Arg212
lle204
O
Zn¥t 72t Asn249 Ala205
Arg538 .k
Ser456
Tyr230
(@ (b)

Figure 4. Enlarged ligand binding pocket formed between two a/f/a sandwiches with the same view as in Figure 3. Although
only one pocket (a) can be seen at the surface, the binding pocket consists of two subpockets: one is the surface-exposed subpocket,
and the other is a buried subpocket. (a) Electrostatic surface of the surface-exposed subpocket. Negative potential is shown in
red, and positive potential is shown in blue. This subpocket is highly positively charged due to two Zn?* ions at the bottom and
several positively charged residues on the wall. (b) Buried subpocket with the same view as the arrow in panel a. This subpocket
is mainly hydrophobic due to the presence of hydrophobic residues that are distributed within this subpocket.

Asn521 and the 5-carboxylate group occurs in the
PBDA—GCPII complex (Figures 5 and 6).

Within the buried hydrophobic subpocket, the 5'- and
6'-carboxylate groups of PBDA form hydrogen bonds
with Arg212, Asn249, and Leu250, while the hydropho-
bic chain of PBDA engages in hydrophobic interactions
with the remaining part of the buried subpocket.

(c) Pharmacophore Model. Although the ligand—
protein interactions are somewhat different in the
models of the (R)-PMPA—-GCPII, (S)-PMPA—-GCPII,
and PBDA—GCPII complexes, similar pharmacophore
models have been extracted from these models (Table
2). We have defined the surface-exposed highly posi-
tively charged subpocket that interacts with three

pharmacophore moieties (two carboxylate groups and
one phosphonate/phosphinate group) as the pharma-
cophore subpocket, whereas the buried hydrophobic
subpocket is defined as the nonpharmacophore sub-
pocket.

Analysis of Ligand—GCPII Interactions. As il-
lustrated in Figure 7, the total potential energy and the
temperature of all three complex systems remained
quite stable during the MD production run, indicating
that stable trajectories were obtained in the production
run for all three complex models. On the basis of the
MD trajectories of the three complex models obtained
in the MD production run, the ligand—GCPII interac-
tions were analyzed with regard to three aspects, the
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(a) “key-lock” binding

Argb38

Arg538

Rong et al.

Arg536

Ser456

(b) The (R)-PMPA-GCPIl complex

Arg536

Serd56 ‘ Asp3gg

(c) The (S)-PMPA-GCPII complex

Figure 5. Models of the complexes of GCPII with (R)-PMPA and (S)-PMPA. (a) The negatively charged (R)-PMPA molecule is
situated within the highly positively charged subpocket in a “key-lock” style. (b) (R)-PMPA binds to GCPII mainly through Zn?*
coordination and hydrogen-bonding interactions. (c) (S)-PMPA has similar interactions as compared with (R)-PMPA. For both
(R)-PMPA and (S)-PMPA, the phosphonate group replaces an original water molecule that bivalently coordinates two Zn?* ions
in the uncomplexed GCPII. The 5- and 6-carboxylate groups bind with Arg536, Arg538, and Ser456 through hydrogen-bonding

interactions.

(b)
Buried hydrophobic
(@) non-pharmacophore
Surface-exposed sub-pocket

highly positively charged
pharmacophore sub-pocket

"%mmwplex
Figure 6. Complex model between GCPII and PBDA. (a) The
Zn?*-phosphinate coordination and hydrogen-bonding interac-
tions within the surface-exposed, highly positively charged
pharmacophore subpocket. (b) The hydrophobic and hydrogen-
bonding interactions within the buried hydrophobic nonphar-

macophore subpocket.

The PBDA-GCPIi ¢

Zn2t—phosphonate/phosphinate coordination, hydrogen-
bonding interactions, and hydrophobic interactions.
(@) Zn?"—Phosphonate/Phosphinate Coordina-
tion. The distances relevant to the Zn?*—phosphonate/
phosphinate coordination calculated from the MD tra-
jectories of the models are consistent with those
measured for the crystal structures of the aminopepti-
dases (Table 3).37 The structural models show that in
the inhibitor—GCPI11 complexes, the two Zn2" ions are
qguadrivalently coordinated by the His379-Asp389-
Asp455-phosphonate/phosphinate and the Asp389-
Glu427-His555-phosphonate/phosphinate Zn?*-coordi-
nating clusters, respectively (Figures 5 and 6, Table 3).
It is worth noting that when any of the above inhibitor
molecules, [(R)-PMPA, (S)-PMPA, or PBDA] binds to
GCPII, the ligand's phosphonate/phosphinate group
substitutes an original water molecule of the uncom-

plexed GCPII and bivalently coordinates with both Zn2*
ions. The experimental observation that GCPII activity
can be inhibited by ethylenediaminetetraacetic acid
(EDTA) and recovered by the addition of CoCl, reveals
that the Zn?* ions play a determinant role for the
catalytic function of GCPII.3° Thus, the Zn?*—phospho-
nate/phosphinate coordination plays a crucial role in the
inhibition of GCPII, which is indirectly confirmed by the
already mentioned GCPII activity-abolishing mutations
of the Zn?*-coordinating residues.'%¢ Furthermore, we
have recently observed that the GCPII inhibitory activ-
ity of (S)-Glu-(S)-Glu is 100-fold lower than that of
PBDA due to the removal of the Zn?"-coordinating
phosphonate group, while the activity of (S)-Glu-CO-
(S)-Glu was only eight times lower because of the
presence in this structure of a urea moiety, which is
capable of coordinating to Zn?*, albeit more weakly than
the phosphonate/phosphinate group.t&

(b) Hydrogen-Bonding Interactions. The analysis
of hydrogen-bonding interactions (Table 4) showed that
several hydrogen bonds are formed between GCPII and
the carboxylate groups of (R)-PMPA, (S)-PMPA, and
PBDA. In the model of the complex of GCPII with (R)-
PMPA, eight hydrogen bonds are formed between three
residues (Ser456, Arg536, and Arg538) and the two
carboxylate groups of (R)-PMPA. Two side chain amino
groups of Argb538 form two strong and one weak
hydrogen bond, respectively, with two different O atoms
of the 5-carboxylate group (Figure 5, Table 4). The
weaker hydrogen bond is unstable (Table 4; RMS
fluctuation: 1.06). For the residue Arg536, one amino
group interacts with the 5- and 6-carboxylate groups
through two hydrogen bonds, while the other amino
group binds to the 6-carboxylate group through one
hydrogen bond. The hydroxyl group of Ser456 forms one
strong hydrogen bond and another relatively weak
hydrogen bond, respectively, with two different O atoms
of the 6-carboxylate group.
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(R)-PMPA-GCPII

(S)-PMPA-GCPII
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Figure 7. Time evolution of the potential energy and temperature of the complex models of (R)-PMPA, (S)-PMPA, and PBDA

with GCPII.

Table 2. Pharmacophore Models Derived from the Complex Models

HO. 5.0

(ccv_O‘)...__. d

__-'-'.d:g 5
(R)-PMPA (S)-PMPA PBDA
di (A) 7.2 6.8 6.8
d2 (A) 5.8 5.7 6.2
d3 (A) 3.6 3.3 3.6
Table 3. Zn?"-GCPII Coordination
distance (A)2
Zn%* atoMyesidue (R)-PMPAP (S)-PMPAP PBDAP atoMyesidue 1AMPe atoMyesidue 1XJ0¢
A Olaspass 2.23+£0.04 2.44 £0.04 2.48 £ 0.05 Olasp179 2.34 Olaspi60 2.62
A O2aspass 2.10 £ 0.04 2.14 £ 0.03 2.08 £0.03 O2asp179 2.05 O2asp160 1.98
A NHhisa7g 2.36 £ 0.04 245+ 0.04 2.44 +£0.04 NHisg7 2.21 NHhisss 2.01
A Olasp3sg 2.20 £0.03 2.32 £0.03 2.11 £0.03 Olaspi17 2.01 Olaspo7 2.08
A Olphosphonate 2.37 £0.06 2.18 £ 0.06 229 +£0.11 Oln20 2.29 Olphosphonate 2.30
B Olguaz27 2.32 £ 0.06 2.37 £ 0.06 2.44 £+ 0.05 Olgluis2 2.38 Olgiuiz2 2.67
B O2Gu4a27 2.02 £ 0.02 2.15+0.03 2.09 £ 0.03 O2c1u152 2.04 O2¢1u132 1.92
B NHissss 2.27 £0.03 2.40 £ 0.05 2.23+£0.04 NHis2s6 2.32 NHis2a7 1.97
B O2asp389 1.99 + 0.02 2.12 £ 0.05 2.11 £ 0.02 O2asp117 2.05 O2aspo7 1.99
B O2Zphosphonate 2.50+£0.18 2.35+0.04 2.47 £ 0.06 O2h20 2.25 O2phosphonate 1.99

a Average value £ RMS fluctuation. P Calculated from the MD trajectories. ¢ Data taken from the crystal structures of two

aminopeptidases (LAMP and 1XJO).

The (S)-PMPA—GCPII complex has similar hydrogen-
bonding interactions as the (R)-PMPA—GCPII complex
(Figure 5, Table 4) except that two hydrogen bonds
occurring between GCPII and (R)-PMPA (HN1args3g*
025_c—0 and HOsgr456°:*0O26-c—0 in Table 4) are absent
in the (S)-PMPA—GCPII complex, and one other hydro-
gen bond (HOserss6°-Ols—c=0) is greatly weakened. This
difference results from the reversed absolute configu-
ration of the (S)-PMPA molecule.

For the PBDA—GCPII complex, two sets of hydrogen-
bonding interactions occur within the surface-exposed
highly positively charged pharmacophore subpocket and
the buried hydrophobic nonpharmacophore subpocket,
respectively (Figure 6). In the pharmacophore sub-

pocket, two side chain amino groups of Arg538 form
similar hydrogen bonds with the 5-phosphinate group
as those found in the (R)-PMPA—GCPII complex. The
side chain amino group of Arg536 forms only one weak
hydrogen bond with the 5-carboxylate group and none
with the 6-carboxylate group. Ser456 does not partici-
pate in any hydrogen bonds with PBDA. The side chain
amide group of Asn521 forms a single hydrogen bond
with the 5-carboxylate group of PBDA, which does not
occur in the (R)-PMPA—GCPII complex. All differences
in hydrogen-bonding interactions between the (R)-
PMPA—GCPII and the PBDA—GCPII complexes result
from additional hydrogen bonds between PBDA and
GCPII that occur within the nonpharmacophore sub-
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Table 4. Hydrogen-Bonding Energies Calculated Based on the MD Trajectories

Rong et al.

compd donor acceptor roa (A)2 Op-H-a (deg)? Oa-H-aa (deg)? Eng (kcal/mol)a
(R)-PMPA HN1Args38 Ols-c—o 2.89 + 0.20 149.1 + 12.7 119.6 + 26.3 —3.30 £ 0.22
HN1Aargs3s 025_c=0 4.11 £+ 0.56 160.5 + 9.0 58.7 £ 8.2 —1.53 + 1.06
HN2Args3s8 Ols c—o0 3.26 £ 0.27 136.4 9.8 138.7 + 10.6 —3.05 +0.40
HN12args36 Ols-c—o 3.11 + 0.38 109.6 + 10.3 115.0 £ 8.5 —3.07 £ 0.47
HN11Args36 Ols-c=o 2.91 +0.18 112.0 +£11.3 1229+7.1 —3.34 +£0.19
HN2Args36 Ols-c=o 2.89+0.14 104.1 +10.2 117.3+95 —3.40 +0.13
HOseras6 Ols-c=0 3.75+0.17 11254+ 8.2 75.2 + 3.5 —2.38 + 0.32
HOseras6 026-c=0 2.82 +0.13 109.4 + 12.1 123.4+5.6 —4.15+0.14
(S)-PMPA HN1Aargs3s Ols-c=o0 2.84 +£0.12 151.4 +11.3 146.6 + 14.3 —3.40+0.14
HN2Args38 Ols c—o 3.36 +£ 0.29 1294+ 7.2 97.9+ 5.3 —2.91 + 0.45
HN11args3s Ols-c—o 3.04 £ 0.21 124.7 + 6.4 1074+ 7.4 —3.30 £ 0.23
HN12args36 Ols-c=0 3.69 + 0.38 89.7 + 7.6 79.7 + 3.6 —2.35+ 0.64
HN2Args36 Ols-c=o 3.64 £0.21 914+ 7.8 84.2 +3.5 —2.46 +0.34
HOseras6 Ols-c=0 4.01 +£0.18 124.8 + 3.7 108.6 + 6.9 —1.89 + 0.37
PBDA HN1Args38 Ols-c—o 2.75 +0.12 130.3 £ 13.1 100.5 + 11.5 —3.24 +0.28
HN2args38 Ols-c=o0 4.38 £0.18 106.4 + 5.7 120.8 + 7.6 —1.03 +0.42
HN1Args3s 0O25_c=0 3.16 +£ 0.26 102.9 + 11.7 69.5 + 9.5 —3.15+ 0.33
HN1Args36 Ols-c—o 4.02 +£0.28 108.3 £ 9.3 90.0 + 6.2 —1.78 + 0.54
HN1asns21 Ols-c=0 3.85+0.51 112.3+12.3 150.3 + 84 —2.03+0.93
HOsers56 Ols-c=o 5.42 +£0.74 99.6 + 16.4 63.2 +5.8 —0.27 £ 0.45
HNArgzub Ols—c—o 3.34 £ 0.27 119.7 £ 6.9 86.4 + 9.2 —2.94 + 0.46
HNarg212 025 -c=o 3.47 £ 0.25 154.4 + 7.2 96.8 + 16.0 —2.73+0.41
HN21asn249 Olg-c=o 3.21+0.24 125.4 + 24.3 113.3+17.4 —3.13+0.36
HN | eu2s0? Ols—c—o 4.07 £ 0.56 133.4 + 18.0 133.5+ 15.5 —1.72 + 0.92

a Average value + RMS fluctuation. ® Backbone.

pocket. In this subpocket, four hydrogen bonds are
formed between PBDA and GCPII (Figure 6, Table 4).
The backbone amide groups of Arg212 and Leu250
interact with the 5'-carboxylate group through two
strong and one weak hydrogen bonds, respectively. The
side chain amide group of Asn249 forms a single strong
hydrogen bond with the 6'-carboxylate group.

It should be noted that the location of the Zn?* ions
and hydrogen bond-forming residues within the phar-
macophore subpocket imposes strict geometric require-
ments on potential GCPII inhibitor molecules, i.e., the
three pharmacophore moieties of the inhibitor molecule
should be complementary with these three binding sites.
This requirement is exemplified by our recently syn-
thesized GCPII inhibitors, of which (S)-Asp-CO-(S)-
Asp has only micromolar activity due to its short side
chain situated within the pharmacophore subpocket,
whereas (S)-Asp-CO-(S)-Glu still achieves nanomolar
inhibition because the CO-(S)-Glu portion of this mol-
ecule, like PBDA, remains complementary with the
pharmacophore subpocket even though the second
amino acid is shortened by one carbon in comparison
to PBDA. Additionally, the complementary interaction
mode between the three pharmacophore groups and the
three binding sites is also consistent with the SAR of
PMPA reported by Jackson’s laboratory. These authors
found that both changing the length of the propionic
acid side chain and replacing it with other groups [such
as —CHzph, —CH2CH2Ph, —CH2(3-OH—Ph), —CH2CH2-
CN, and —CH,CH,-tetrazole] led to a more than 500-
fold decrease in inhibitory activities.8d

(c) Hydrophobic Interactions. The analysis of MD
trajectories showed that only one or two hydrophobic
contacts occur within the highly positively charged
pharmacophore subpocket for the models of the com-
plexes of GCPII with (R)-PMPA, (S)-PMPA, and PBDA
(Table 5). Thus, the inhibitor—GCPII interactions within
the pharmacophore subpocket are principally comprised
of the Zn?T—phosphonate/phosphinate coordination and
hydrogen bonding.

Table 5. Hydrophobic Contacts between GCPII and Ligand

compd atomygg atomecen distance (A)2
(R)-PMPA Cs—cH2 CBasns21 4.04 +£0.20
Cs—cH2 CE2phe211 3.92 +£0.31
(S)-PMPA Ci oz CAnsnsz1 3.98 + 0.10
PBDA Co-cH2 CBserass 4.18 +£0.77
Cs-—cHz CBserase 3.83 £0.57
Cr—cH2 CDglua27 4.26 + 0.23
Ca—cHz CBasna2e 4.26 +£0.21
C3a—ch2 CGLeuzs0 416 £ 0.14
Cs—cHz CD2| eu2s0 4.73 +£0.51
Ca-cH2 CGasnazg 3.83 + 0.50

2 Average value + RMS fluctuation.

In contrast, five hydrophobic contacts were observed
within the buried hydrophobic nonpharmacophore sub-
pocket for the model of the PBDA—GCPII complex
(Table 5). The 1'-CH; group of PBDA undergoes a
hydrophobic interaction with the Co atom of Glu427.
The 3'-CH, group participates in hydrophobic interac-
tions with the Cy and Cd, atoms of Leu250 as well as
the Cf atom of Asn249. The 4'-CH, group engages in
hydrophobic contacts with the Cy atom of Asn249. All
of these hydrophobic interactions restrict the confor-
mational mobility of PBDA and also play an important
role for the binding of PBDA to GCPII.

Interpretation of the SAR within the Nonphar-
macophore Subpocket. The inhibitor—GCPII interac-
tion mode revealed by our modeling studies can be used
to qualitatively understand the SAR of a series of
phosphinic acid analogues recently reported by Jack-
son’s group, which can be written as HO,C(HO,CCHp>-
CH3)CHCH,;—PO(OH)—R. In these compounds, struc-
tural changes in the group R affect the interaction of
inhibitors with the nonpharmacophore subpocket while
the pharmacophore portion remains fixed.8d

The first group of these phosphinic acid analogues are
propionic acid derivatives, among which the most potent
inhibitor is HO,C(HO,CCH,CH,)CHCH,—PO(OH)—
CH,CH(CH,CH,CO,H)CO2H (ICso = 0.5 nM).84 In this
compound, replacement of the propionic acid side chain
(CH2CH,CO2H) by benzyl (CH2Ph) or methyl (CH3)
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resulted in only a slight (4-fold) decrease in inhibitory
activity, whereas the benzyl ester of the methyl ana-
logue [HO,C(HO,CCH,CH2)CHCH,—PO(OH)—CH,CH-
(CH3)CO2BN] had a greatly (190-fold) reduced activity.
Although the benzyl and methyl compounds cannot form
hydrogen bonds with Arg212 and Leu250, the benzyl
and methyl groups, like the two methylene groups of
the propionic acid side chain, still contribute to the
hydrophobic interactions with the hydrophobic wall of
the nonpharmacophore subpocket (Figure 6, Table 5).
In contrast, the benzyl ester moiety lacks hydrogen
bonding with Asn249 and may severely disturb the
hydrophobic interactions within the nonpharmacophore
subpocket due to the steric hindrance caused by its
benzyl group.

The second group of compounds are the benzyl
derivatives. In the parent compound, HO,C(HO,CCH>-
CH3)CHCH,—PO(OH)—CH2Ph, the moiety —CH,CH-
(CH,CH,CO,H)CO,H that binds to the nonpharmaco-
phore subpocket (Figure 6, Table 5) has been replaced
by a benzyl group. Although this compound is among
the most potent compound in its group, its inhibitory
activity (ICsp = 53 nM) is nevertheless reduced 100-fold
relative to HO,C(HO,CCH,CH,)CHCH,—PO(OH)—CH-
CH(CH,CH,CO,;H)COH, as its benzyl group is unable
to participate in hydrogen bonding and also might not
fit into the nonpharmacophore subpocket due to the
planarity of the benzene ring. The introduction of small
atoms or groups (such as F, CF3, and OCHj3) into the
benzene ring or the lengthening of benzyl to CH,CH>-
Ph lead to an insignificant (1—3 times) reduction of
activity, while the removal of the benzyl's CH; group
resulted in a further 60-fold decrease. It is clear from
our model (Figure 6) that the direct attachment of the
benzene ring to phosphorus greatly interferes with the
Zn?*—phosphinate coordination. In contrast, the intro-
duction of small substituents into the phenyl group
results in only a slight change of the interactions within
the nonpharmacophore subpocket, since this subpocket,
due to its relatively larger size, can accommodate these
small structural changes.

The third group of compounds are the o-hydroxyben-
zyl derivatives. In comparison to the parent compound
of the second group (R = —CHyPh), its a-hydroxy
derivative [R = —CH(OH)Ph] exhibits approximately
the same activity (55 nM), which suggests that the
additional hydroxyl group does not significantly modify
the interactions within the nonpharmacophore sub-
pocket. However, the introduction of electronegative
substituents into the benzene ring [R = —CH(OH)(4-
pyridyl) or —CH(OH)—(3-F-Ph)] resulted in an ap-
proximately 5-fold increase in inhibitory activity due to
a slight enhancement of the electrostatic attraction with
the locally positively charged bottom of the nonphar-
macophore subpocket.

A fourth group of compounds is represented by the
aniline derivative [R = —CH,;NHPh]. Although this
compound can be regarded as the amine analogue of
HO,C(HO,CCH,CH,)CHCH,—PO(OH)—CH,CH,Ph, its
activity is 40-fold higher than that of the latter. The
key difference between these two substituents is that
the former (—CH,;NHPh) can form weak hydrogen bonds
with the side chains of Glu427 and Asn249, while the
latter (—CH,CH,Ph) does not possess this ability.
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GCPIIl Activity-Abolishing Mutations. Site-di-
rected mutagenesis experiments have revealed that five
mutations of the Zn?*-coordinating residues (His379Gly/
Ala/GIn, Asp389Glu, Glu427GIn/Asp, Asp455Asn/Leu,
and His555Gly/Ala/Gln) and two mutations of the ligand
binding residues (Arg538Glu and Lys547Glu) abolish
the activity of GCPI1.1%¢ The Zn?*-coordinating residues
are situated at the bottom of the positively charged
pocket and coordinate with two Zn?" ions through their
negatively charged side chains. The mutations His379-
Gly/Ala/GIn, Asp455Asn/Leu, and His555Gly/Ala/GIn
may abolish GCPI1I's ability to coordinate Zn2* due to
removal of the Zn2*-coordinating side chains. As for the
mutations Asp389Glu and Glu427Asp, although Glu
and Asp in principle share their Zn2*-coordinating
ability, these mutations could also lead to the loss of
Zn2* coordination since side chains of modified length
may place the coordinating carboxyl groups in unsuit-
able locations.

The ligand binding residue Arg538 is located at
pB-strand 15 and forms strong hydrogen bonds with the
carboxylate group of the ligand. Its substitution by a
negatively charged Glu (mutation Arg538Glu) com-
pletely abolished its ligand binding ability. The residue
Lys547 situated at the $15-0.10 loop is in proximity to
Arg538. When it is mutated to the negatively charged
Glu, the local charge distribution is significantly altered,
which greatly influences the hydrogen bonding between
the Arg538 and the ligand, thus leading to a loss of
binding to GCPII.

Except for the above GCPII activity abolishing muta-
tions, four other mutations (Pro390Ala, Glu426Gin,
Arg465lle, and Lys502Arg) have been reported to
slightly reduce GCPII activity.15¢ In the model of GCPII,
Pro390 is situated at the end of the 11-a5 loop and
adjacent to the Zn?*-coordinating residue Asp389. Be-
cause Pro390 is a highly constrained residue that is
involved in maintaining the conformation of the f11-
o5 loop, the mutation Pro390Ala may substantially
influence the conformation of the 11-05 loop so that
the orientation of Asp389 is altered, leading to a reduced
ability of Asp389 to simultaneously coordinate to both
Zn?* jons. The residue Glu426 is located at the $12-06
loop and forms a hydrogen bond with the Zn?2*-
coordinating residue Asp379. The mutation Glu426GIn
could result in the loss of this hydrogen bond. Conse-
quently, the Zn?"-coordinating residue Asp379 becomes
more flexible, thus leading to the reduction of its
coordinating ability with Zn2*. As for Arg465, which is
located at the middle of g-strand 14, its side chain and
backbone form two hydrogen bonds with the backbone
of Asn542 and the backbone of Arg538, respectively.
When Arg465 is substituted by lle, its hydrogen bonds
with Asn542 will be lost; as a result, the flexibility of
residue 465 will be markedly increased. This increased
flexibility could weaken the hydrogen bond of residue
465 with the backbone of Arg538, thus leading to
enhanced flexibility of Arg538 and consequently to a
reduction of its ligand binding ability.

Use of the Structural Models in Structure-Based
Design of Novel Inhibitors. On the basis of the above
model, we have established a structure-based design
strategy for seeking novel or potent GCPII inhibitors.
Within the pharmacophore subpocket, we are currently
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focusing on the replacement of the phosphonate/phos-
phinate group by other Zn?"-coordinating groups ac-
cording to the fixed pharmacophore model illustrated
in Table 2, which is consistent with the nanomolar
activities observed for our recently synthesized urea-
based GCPII inhibitors.18 Within the nonpharmaco-
phore subpocket, we are concentrating on the introduc-
tion of a hydrophobic group to enhance the hydrophobic
interactions with this subpocket. This strategy has led
to the synthesis of a series of unsymmetrical urea-based
inhibitors, which not only display improved lipophilicity
but also retain nanomolar activity. The results will be
published in due course.

Summary

The structures of the GCPII extracellular domain and
its complexes with the GCPII inhibitors PMPA and
PBDA were constructed using homology modeling and
computational docking approaches. The GCPII extra-
cellular domain mainly consists of two o/f/a. sandwiches.
One positively charged ligand binding pocket is formed
between these two sandwiches. The ligand binding
pocket is comprised of two subpockets: one is a surface-
exposed highly positively charged pharmacophore sub-
pocket, and the other is a buried hydrophobic nonphar-
macophore subpocket. Within the pharmacophore sub-
pocket, the inhibitors (PMPA and PBDA) bind with
GCPII through two Kinds of interactions: the phospho-
nate/phosphinate group bivalently coordinates with two
Zn%* ions, while the 5- and 6-carboxylate groups interact
with the residues Arg536, Arg538, and Ser456 (or
Asn521) through hydrogen bonds. Within the nonphar-
macophore subpocket, both hydrophobic interactions
and hydrogen-bonding interactions occur between GCPII
and PBDA. The predicted interaction mode is supported
by the site-directed mutagenesis and EDTA inhibition
experiments reported in the literature. Furthermore, the
derived structure-based design strategy is consistent
with the reported activities of our previously synthe-
sized GCPII inhibitors and has led to the design of
another series of unsymmetrical GCPII inhibitors with
nanomolar potency.
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