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Homology modeling was used to build 3D models of the N-methyl-D-aspartate (NMDA) receptor
glycine binding site on the basis of an X-ray structure of the water-soluble AMPA-sensitive
receptor. The docking of agonists and antagonists to these models was used to reveal binding
modes of ligands and to explain known structure-activity relationships. Two types of
quantitative models, 3D-QSAR/CoMFA and a regression model based on docking energies, were
built for antagonists (derivatives of 4-hydroxy-2-quinolone, quinoxaline-2,3-dione, and related
compounds). The CoMFA steric and electrostatic maps were superimposed on the homology-
based model, and a close correspondence was marked. The derived computational models have
permitted the evaluation of the structural features crucial for high glycine binding site affinity
and are important for the design of new ligands.

Introduction
The activation of postsynaptic N-methyl-D-aspartate

(NMDA) receptor channels by the native agonist
glutamate and coagonist glycine (or D-serine1) leads to
calcium influx into the neuron, and this process plays
a key role in memory formation and neurotoxicity.2,3

Therefore, it is generally agreed that NMDA receptor
malfunctioning is involved in many neurodegenerative
disorders.

Several potential loci can been distinguished for
modulation of NMDA receptor activity, including the
glutamate and glycine agonist binding sites,4 the
polyamine modulator sites (voltage-dependent and volt-
age-independent, respectively), and sites associated with
the ion channel.5 The discovery that antagonists of the
glycine site may lack certain undesirable side effects
observed for many noncompetitive and competitive
antagonists has increased interest in this target. Many
publications deal with the synthesis and structure-
activity relationships of glycine site antagonists6-13

belonging to seven main classes: kynurenic acid deriva-
tives, 2-carboxyindoles, 2-carboxytetrahydroquinolines,
4-hydroxy-2-quinolones, quinoxaline-2,3-diones, 6-hy-
droxy-1H-1-benzazepine-2,5-diones, and tricyclic com-
pounds.

Some attempts to rationalize known structure-activ-
ity relationships have been made. Sui Xlong Cal and
colleagues proposed a scheme of hydrogen-bonding and
charge-charge interactions of 1,2,3,4-tetrahydroquino-
line-2,3,4-trione 3-oxime and quinoxaline-2,3-dione an-
tagonists in the glycine site on the basis of the affinity
measurements.7 Other authors suggested a pharma-
cophore model of the glycine site for the cases of indole-
2-carboxylates,8 kynurenic acid derivatives,9 and 4-amino-
2-carboxytetrahydroquinolines.10 In 1997, a first 3D
model of the glycine site was built on the basis of amino
acid sequence homology (∼18%) with the bacterial
periplasmic protein LAOBP for the open form of the

protein domain, and the binding modes of agonists and
antagonists were suggested.14

In this study, we have built4c and refined with
molecular mechanics optimization and molecular dy-
namics simulations homology-based (∼29%) models of
the glycine site using recently reported X-ray crystal-
lographic analyses of a water-soluble AMPA-sensitive
glutamate receptor and its complexes with different
ligands15 for the antagonist-binding open and agonist-
binding closed forms of the glycine site. With these
models, we have performed docking of agonists and
antagonists as a way of exploring their binding modes
and explaining known structure-activity relationships
and previously reported pharmacophore models. For the
most studied classes of antagonists, derivatives of
4-hydroxy-2-quinolone, quinoxaline-2,3-dione, and re-
lated compounds, we have built two quantitative struc-
ture-activity models, one of which was ligand-based
(using the CoMFA methodology16) while the other was
based on docking energies. In addition, we have super-
imposed CoMFA maps with protein models and dem-
onstrated their compatibility. All these approaches
produced a consistent model of ligand-protein inter-
actions, which can further be used for designing new
NMDA receptor glycine site ligands.

Methods
For modeling the glycine site of the NMDA receptor, a

multiple alignment was built for the primary sequences of all
representatives of the ionotropic glutamate receptors family,
namely, NR1 (Swiss protein data bank17 accession code
P35437), NR2A (Q12879), NR2B (Q13224), NR2C (Q14957),
NR2D (Q15399), GLUR1 (P42261), GLUR2 (P42262), GLUR3
(P42263), GLUR4 (P48058), GLUR5 (P39086), GLUR6
(Q13002), KA1 (Q16099), and KA2 (Q16478) subunits and the
sequence of the genetically constructed water-soluble AMPA-
sensitive glutamate receptor15 (AMPASGR) by means of the
Clustal X program.18 The BLOSUM30 homology matrix was
used for evaluating amino acid similarity. The homology
modeling was performed using the Biopolymer module of the
Sybyl 6.6 molecular modeling package on an SGI Octane
workstation.19 The X-ray structures of the AMPASGR com-
plexed with glutamate, the native agonist of all glutamate
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Table 1. Antagonists Included in CoMFA and Docking Studies

compd R R1 R2 R3 R4 Sta
IC50([3H]DCKA)

(µM) log(1/IC50)
Eel

(kcal/mol)
Est

(kcal/mol) ref

1 NO2 Cl Cl H 1 0.0059 ( 0.001 2.23 -19.85 -91.96 11
2 H Me Me H 1 3.3 ( 0.7 -0.52 -11.32 -6.24 11
3 H Cl Et H 1 1.4 ( 0.2 -0.15 -9.85 -5.63 11
4 H Et Et H 1 1.8 ( 0.2 -0.26 -12.38 -61.36 11
5 H OMe OMe H 1 17 ( 1 -1.23 -6.67 -58.13 11
6 H OCH2O H 1 >100 -2.00 -8.27 -20.79 11
7 H CHdCHCHdCH H 1 16 ( 1 -1.20 -4.24 65.45 11
8 H CH2CH2CH2 H 1 15 ( 4 -1.17 -4.43 -63.18 11
9 NO2 H Me H 1 9.3 ( 1.9 -0.97 -8.29 -62.66 11

10 H OMe Br H 1 1.0 ( 0.2 0 -11.61 -71.84 11
11 H OH OH H 1 >100 -2.00 -9.44 -49.56 11
12 H Cl Me H 1 0.78 ( 0.06 -0.11 -4.55 -61.58 11
13 NO2 Me Me H 1 0.029 ( 0.003 1.54 -14.32 -72.56 11
14 NO2 Et Et H 1 0.16 ( 0.03 0.80 -8.95 -65.06 11
15 NO2 CH2CH2CH2 H 1 3.1 ( 0.5 -0.49 -0.33 -25.02 11
16 NO2 OMe Br H 1 0.064 ( 0.003 1.19 -11.36 -78.54 11
17 NO2 Br Et H 1 0.082 ( 0.019 1.09 -15.85 -62.69 11
18 NO2 Cl Et H 1 0.029 ( 0.002 1.54 -10.90 -84.51 11
19 NO2 Et Cl H 1 0.13 ( 0.01 0.89 -11.30 -51.68 11
20 NO2 Me CN H 1 0.073 ( 0.01 1.14 -9.05 -61.66 11
21 NO2 Me F H 1 0.095 ( 0.024 1.02 -8.21 -62.04 11
22 NO2 Me Br H 1 0.0087 ( 0.0004 2.06 -18.48 -89.09 11
23 NO2 Me Cl H 1 0.0047 ( 0.0006 2.33 -19.68 -84.30 11
24 NO2 Cl Me H 1 0.045 ( 0.008 1.35 -16.52 -85.83 11
25 NO2 H CN H 1 2.8 ( 0.4 -0.45 -6.00 -35.29 11
26 NH2 Me Cl H 1 0.15 ( 0.03 0.82 -14.40 -46.10 11
27 NO2 NH2 F H 1 11 ( 1 -1.04 -7.99 -41.51 11
28 NO2 OMe F H 1 1.9 ( 0.1 -0.28 -8.71 -32.20 11
29 NO2 SEt Cl H 1 0.64 ( 0.13 0.19 5.62 -42.75 11
30 NO2 OEt F H 1 3.6 ( 0.7 -0.56 -9.80 -30.78 11
31 NO2 OBu-n F H 1 4.3 ( 0.5 -0.63 -13.86 -30.40 11
32 NO2 O(CH2)3Ph F H 1 4.0 ( 0.9 -0.60 -16.58 -87.13 11
33 NO2 OMe Cl H 1 0.15 ( 0.02 0.82 -9.19 -78.34 11
34 OCOMe OMe OMe H 1 53 ( 16 -1.72 -6.41 -40.32 11
35 OH OMe OMe H 1 17 ( 2 -1.23 -7.24 -32.78 11
36 H Cl Cl H 1 0.13 ( 0.03 0.89 -13.80 -72.31 11
37 H H H H 1 9.8 ( 0.6 -0.99 -7.72 -39.86 7
38 H H Cl H 1 1.8 ( 0.3 -0.25 -9.24 -46.89 7
39 Cl H Cl H 1 0.28 ( 0.02 0.55 -9.82 -61.00 7
40 H Cl Cl H 1 0.13 ( 0.03 0.89 -7.63 -54.60 7
41 Cl Cl Cl H 1 0.03 ( 0.005 1.53 -8.44 -68.76 7
42 Me H Me H 1 2.1 ( 0.1 -0.32 -4.51 -32.23 7
43 H F Cl F 1 0.63 ( 0.11 0.20 -3.59 -57.85 7
44 F F F F 1 0.73 ( 0.05 0.14 -9.06 -58.19 7
45 H H Cl H 2 0.053 ( 0.003 1.28 -9.97 -30.05 7
46 H H H Cl 2 >100 -2.00 -10.40 1.13 7
47 H H H H 2 1.4 ( 0.2 -0.15 -13.37 -65.77 7
48 H Cl H H 2 3.4 ( 0.3 -0.53 -9.97 -22.72 7
49 Cl H H H 2 4.4 ( 0.4 -0.64 -7.49 -30.16 7
50 Cl Cl H H 2 0.17 ( 0.03 0.77 -9.24 -46.90 7
51 Cl H Cl H 2 0.033 ( 0.009 1.48 -12.29 -67.68 7
52 H Cl Cl H 2 0.012 ( 0.001 1.92 -10.57 -87.13 7
53 Cl Cl Cl H 2 0.007 ( 0.001 2.15 -17.95 -98.30 7
54 Me H Me H 2 0.037 ( 0.004 1.43 -15.77 -67.37 7
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receptors (1FTJ), and 6,7-dinitro-2,3-quinoxalinedione (DNQX),
antagonist (1FTL) were used as templates for modeling the
closed and open forms of the glycine binding site of the NMDA
receptor.

In the course of molecular modeling, a template protein was
mutated to the corresponding target protein in accordance with
the procedure described elsewhere.4 All insertions and dele-
tions were handled by defining “loops” containing all residues
being inserted and several neighboring atoms to the positions
of insertion or deletion, followed by searching a database of
protein loops for a proper template to model them. To remove
distortions in geometry, the obtained protein was subjected
to energy minimization using the Tripos force field as imple-
mented in the Sybyl 6.6 package. Each protein model was then
solvated with a box of water molecules and reminimized with
the AMBER 6.020 program SANDER using the Cornell et al.
force field.21 This was followed by 150 ps of molecular dynamics
simulation at 300 K using the same SANDER program.

The 3D profiles of models were tested with Verify3D,22 while
the stereochemical quality was checked using PROCHECK.23,24

Docking. A putative binding pocket was determined on the
basis of data concerning site-directed mutagenesis.14 Each
ligand was placed into the binding pocket and orientated by
taking into account the X-ray structures of AMPASGR-ligand
complexes. A manual docking procedure was applied, and the
obtained receptor-ligand complexes were optimized using the
Tripos force field. Different conformations and orientations of
each ligand within the binding pocket were explored, and each
time the ligand-protein complex was reminimized. For clari-
fying the involvement of water molecules in ligand binding
and for validating the docking modes, a 150 ps molecular
dynamics simulation was carried out using SANDER with
IBELLY restraints. Ab initio RESP25 charges calculated with
the 6-31G* basis set were assigned to ligand atoms. The energy
decomposition analysis of interactions between ligands and
amino acid residues forming the binding site was performed
using the “anal” module of AMBER 6.0.

Preparation of Ligands for CoMFA Analysis. The
models of all ligands were prepared using the Sybyl 6.6
molecular modeling software. All molecules were assumed to
be protonated under physiological conditions. Their geometry
was optimized using the Tripos force field (partial atomic
charges were calculated using the Gasteiger-Hückel method).
Low-energy conformations were found by systematic and grid
conformational searches. For the CoMFA analysis, derivatives
of 4-hydroxy-2-quinolone, quinoxaline-2,3-dione, and related
compounds were aligned using the common 2-quinolone sub-
structure as a template.

CoMFA Study. In the present study, the standard Sybyl
6.6 settings for the CoMFA procedure were applied. The
CoMFA grid was extended beyond the superimposed molecules
by at least 4 Å in all directions of the Cartesian coordinate
system. An sp3 carbon with a charge of +1 served as a probe
atom. The CoMFA QSAR equations were derived with the
partial least squares (PLS) method. The optimal number of
components was selected as providing the highest cross-
validation q2 value. The log(1/IC50) values for inhibition of [3H]-
DCKA binding7,11-13 were used for expressing biological ac-
tivity (Table 1).

Results and Discussion
Molecular Model of the NMDA Receptor Glycine

Site and Docking of Some Ligands. Three-dimen-
sional models of the glycine site of the NMDA receptor
were built in two conformational states (closed, open)
on the basis of sequence homology (∼29%) with AM-
PASGR. A putative binding site was located by taking
into account positions of ligands in AMPASGR and
results of site-directed mutagenesis experiments.14 The
energy-minimized structures of agonists (glycine, D-
serine, D-cycloserine) and antagonists (derivatives of
4-hydroxy-2-quinolone, quinoxaline-2,3-dione, and re-

Table 1 (Continued)

compd R R1 R2 R3 R4 Sta
IC50([3H]DCKA)

(µM) log(1/IC50)
Eel

(kcal/mol)
Est

(kcal/mol) ref

55 F F F F 2 3.3 ( 0.7 -0.52 -4.00 -34.08 7
56 H F Cl F 2 0.91 ( 0.08 0.04 -8.60 -51.50 7
57 NO2 H H H H 3 34 ( 3 -1.53 -3.79 -12.49 12
58 NO2 H H Cl H 3 1.5 ( 0.1 -0.18 -2.69 -12.28 12
59 NO2 H Cl H H 3 >100 -2.00 -0.10 -13.98 12
60 NO2 Cl H H H 3 61 ( 2 -1.78 -0.83 -12.90 12
61 NO2 Cl H Cl H 3 0.22 ( 0.05 0.66 2.32 -64.71 12
62 NO2 H Cl Cl H 3 0.4 ( 0.02 0.40 -1.06 -53.81 12
63 NO2 Me H Me H 3 0.29 ( 0.03 -0.54 -8.91 -9.16 12
64 NO2 Cl Cl Cl H 3 0.22 ( 0.04 0.66 3.13 -64.25 12
65 NO2 H H H Cl 3 >100 -2.00 10.28 -11.17 12
66 NO2 H Cl Cl Cl 3 >100 -2.00 -0.74 -7.17 12
67 NO2 H F Cl F 3 40 ( 5 -1.60 -7.91 -5.09 12
68 NO2 F F F F 3 >100 -2.00 -0.27 -6.26 12
69 m-PhOC6H4 H H Cl H 4 0.023 ( 0.001 1.64 - 19.56 - 81.53 13
70 C6H5 H H H 4 >100 -2.00 -5.87 -12.16 13
71 C6H5 H Cl H 4 3.3 ( 0.7 -0.52 -6.28 -10.96 13
72 p-ClC6H4 H Cl H 4 13 ( 3 -1.11 -6.82 -10.79 13
73 m-ClC6H4 H Cl H 4 3.0 ( 0.1 -0.48 -11.09 -12.95 13
74 o-ClC6H4 H Cl H 4 24 ( 6 -1.38 0.96 -10.98 13
75 m-MeOC6H4 H Cl H 4 2.9 ( 0.2 -0.46 -0.57 -13.08 13
76 m-MeC6H4 H Cl H 4 1.8 ( 0.3 -0.25 -9.60 -8.06 13
77 m-NO2C6H4 H Cl H 4 7.4 ( 1.6 -0.87 -8.22 -8.25 13
78 m-PhOC6H4 H Cl H 4 0.11 ( 0.02 0.96 -19.24 -34.16 13
79 3thienyl H Cl H 4 4.3 ( 0.6 -0.63 -7.84 5.00 13
80 2thienyl H Cl H 4 9.8 ( 1.9 -0.99 -13.23 -1.71 13
81 m-PhOC6H4 H H H 5 20 ( 5 -1.30 -2.1 -13.60 13
82 m-PhOC6H4 H H H 6 5.4 ( 1.3 -0.73 -3.19 -11.03 13
83 m-PhOC6H4 H H H 7 31 ( 7 -1.49 -7.90 -17.41 13
84 m-PhOC6H4 H Cl H 7 19 ( 3 -1.28 -7.26 3.71 13
85 C6H5 H Cl H 7 >100 -2.00 -1.67 -1.21 13
86 C6H5 H H H 7 >100 -2.00 10.27 -11.17 13
87 NO2 H H Cl H 7 1.5 ( 0.1 -0.18 -9.93 -3.06 13
88 NO2 H Cl H 7 29 ( 4 -1.46 -9.66 -3.64 13

a St is the number of the templates.
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lated compounds (Table 1)) were manually docked into
the binding site, while the closed and open forms of the
receptor were used for docking agonists and antagonists,
respectively. Molecular dynamics simulation of ligand-
protein complexes revealed that the carboxyl group of
agonists can form a salt bridge with R523 and hydrogen
bonds with the NH group of T518 and the OH group of
S687, while the amino group of glycine is predicted to
bind to the carboxyl group of D732, carbonyl group of
P516, and the hydroxyl group of T518 (Figure 1).

The binding energy contributions of amino acid
residues forming the binding site are presented in Table
2. As can be seen, the main contribution for agonist
binding is provided by R523 and D732. These residues
lie in two different parts of the protein globule, and the
interaction of agonists with them could be important
for the globule collapse. This suggests that the main
structural feature of an agonist should be the presence
of one positively charged and one negatively charged
center. This also explains the fact that carboxyl and
amino termini must not be substituted for strong
agonist activity (in fact, D-cycloserine has low agonist
activity). It should be mentioned that direct involvement
of R523 in agonist binding is supported by site-directed
mutagenesis experiments,14 while the influence of the
D732A mutation on the agonist-induced receptor activ-
ity has been reported to be considerably weaker.14

To account for this supposed contradiction between
the molecular model and the reduced influence of the
D732A mutation on activity, we have performed the
molecular dynamics simulation of the complex formed
by the mutant protein with glycine. The binding energy
contributions for this complex are given in Table 2. As
can be seen from the comparison of the columns corre-
sponding to the native and the mutant proteins in Table
2, the energy contributions have changed for several
amino acids. While the interaction energy between the
ligand and the amino acid in position 732 has almost
vanished, this energy loss was partially compensated
by the increase in interaction energies with T518, Q536,
P516, and S688. These data, along with visual inspec-
tion, indicate that (1) the ligand has slightly changed
its position in the binding site to accommodate this
mutation and (2) the conformation of the side chain of
Q536 has changed, so the amide group of this residue
started to play a part of the carboxyl group in D732.

This might account for the reduced influence of the
D732A mutation on activity.

The docking and the molecular dynamics simulation
of antagonists have revealed that they are anchored in
the binding site mainly via a Coulombic interaction with
R523, a hydrogen bond with T518, and a π-electron
interaction with the aromatic ring of F484, in full
agreement with previously reported pharmacophore
models of NMDA receptor glycine site antagonists (a
negatively charged part of a molecule and aromatic
ring).10 Their contributions to the binding energy are
significant (see Table 2), and the importance of these
residues is also supported by site-directed mutagen-
esis.14 Although D732 does not interact with antagonists
directly, the energy contribution of this residue is
considerable (see Table 2) and it could be explained by
the existence of long-range electrostatic interaction with
antagonists. The details of ligand binding and substitu-
ent effects can be shown for the case of compound 23
(Figure 2 and Table 2). The hydrogen atoms in the 1-
and 4-positions are H-bonded with P516 (1-position) and
Q686 (4-position), the nitro group interacts with Q405
through a water molecule, the methyl group in the
6-position provides hydrophobic interactions with W731
and V735, and the chlorine atom in the 7-position lies
in the hydrophobic pocket formed by F408 and A734.

This information can be compared with experimental
results accumulated on structure-activity relationships
for substituents.7,11 For instance, close examination of
molecular models reveals that (1) the 6-position should
be occupied only by small hydrophobic substituents (e.g.,
-CH3, -Cl) for increasing affinity because of a close
distance between the ligand and W731, (2) the 7-position
can accommodate bulk hydrophobic substituents, such
as -C2H5, -I, and -Br, since it interacts with the
hydrophobic pocket composed of F408 and A734, (3) the
8-position should not be substituted because of close
contact to P516 and F758. This corresponds closely to
experimental results.11 Other experimental results that
can be explained with these models deal with selectivity
of quinoxaline-2,3-diones between NMDA and AMPA
receptors. The superposition of glycine site antagonist
complexes with the X-ray structure of the AMPASGR-
DNQX complex indicates that the locations of A714 (not
shown in Figure 2) and W731 in the glycine site near
the 6-position of DNQX corresponds to S686 in AM-

Figure 1. Binding mode of coagonist glycine to the NMDA receptor glycine binding site.
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PASGR. Therefore, the presence of a hydrogen bond
acceptor at the 6-position could increase the binding
energy of quinoxaline-2,3-diones with the AMPA recep-
tor. Indeed, the addition of a hydrogen bond acceptor,
such as nitro, cyano, sulfamido, and imidazolyl groups,
to the 6-position imparts potent AMPA antagonist
activity,27-31 whereas hydrophobic groups and halogens
in this position are important for binding to the NMDA
receptor glycine site.31

Pharmacophore of the Glycine Binding Site
Antagonists. Several pharmacophore models for dif-
ferent classes of the glycine site antagonists have been
discussed in the literature.5-8 For the case of 2-quino-
lones, they include the presence of (1) H-bond acceptor
in the 1-position, (2) a Coulombic interaction of sub-
stituent in position 2 with the binding site, (3) a bulk
tolerance region at the 3-position, (4) the electropositive
H-bonding region at the 4-position, (5) size-limited
hydrophobic regions at the 5-, 6-, and 7-positions, and
(6) a bulk region at the 8-position. On the basis of a 3D

molecular model of the biotarget, one can interpret these
pharmacophore regions. As can be seen from Figure 3
for the case of 2-quinolones, feature 1 is attributed to
P516, the electrostatic interaction region (feature 2) is
formed by R523 and T518, the bulk tolerance region
(feature 3) is formed by interlobular space, the electro-
positive region (feature 4) is formed by the negatively
charged Q405 and Q686 residues, the hydrophobic
pocket (feature 5) is bordered by amino acids W731,
A714, and V735, while the pocket (feature 6) is formed
by P516 and F758.

Quantitative Models. In addition to being used for
qualitative analysis, molecular models of the glycine site
can be useful for deriving and interpreting quantitative
structure-activity relationships (QSARs). We have
performed two kinds of QSAR studies for the glycine
site antagonists. The first one was based on the CoMFA
methodology,12 while the second one utilized docking
energies.

CoMFA Models. CoMFA models were developed
using a training set of 88 derivatives of 4-hydroxy-2-
quinolone, quinoxaline-2,3-dione, and related com-
pounds (Table 1). Electrostatic and steric maps were
used for describing molecular fields. The optimal num-
ber of components as determined by the PLS cross-
validation procedure (the number of cross-validation
groups was 10) appeared to be 5. For this case, the
statistical parameters of the CoMFA model were the
following: q2 ) 0.801; standard error of estimate was
0.376. The relative field contributions were 66.2% steric

Figure 2. Binding mode of 7-chloro-6-methyl-5-nitro-1,4-dihydroquinoxaline-2,3-dione to the NMDA receptor glycine binding
site. The superimposition of the CoMFA electrostatic and steric plots with the structural model of the binding site is shown. The
sterically favored regions are shown in green, and the sterically disfavored regions are shown in yellow. The positive electrostatic
contours are shown in blue, and negative electrostatic contours are shown in red.

Table 2. Binding Energy Contributions of Amino Acid
Residues (in kcal/mol)

ligand

amino acid
residue glycine glycinea D-serine D-cycloserine

compound
23b

R523 -33.46 -28.696 -36.756 -15.455 -15.901
S687 -12.329 -12.751 -2.428 -4.277 -0.939
S688 -3.325 -4.146 -4.506 -4.545 -0.524
T518 -5.263 -15.404 -4.207 -7.616 -4.42
D732 -31.849 -32.728 -1.476 -12.656
A732 0.302
P516 -8.995 -12.43 -10.944 -4.824 -5.411
V689 -0.015 -0.45 0.35 0.092 -0.06
F738 0 0 0 0 0
V684 -0.011 0.166 0.255 -0.897 -0.787
L538 -0.004 -0.018 0.054 -0.034 -0.065
W731 1.297 0.151 0.674 -0.182 -2.979
Q405 0.219 0 -7.404 -0.098 -0.958
F408 0.056 0.048 0.099 -0.053 -0.919
V735 0.055 0.095 0.102 -0.103 -0.616
F484 -2.063 -0.081 -2.771 -1.807 -10.781
F758 0.428 -0.218 0.044 -0.106 0.036
A734 -0.171 0.226 0.147 -0.307 0.007
Q536 0.01 -11.746 0.275 -0.056 -2.407
Q687 0 0 0 0 -4.057

a Binding of glycine with the mutant D732A. b Compound 23
is 7-chloro-6-methyl-5-nitro-1,4-dihydroquinoxaline-2,3-dione.

Figure 3. Pharmacophore model for NMDA receptor glycine
binding site antagonists.
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and 33.8% electrostatic. The plot of actual vs calculated
log(1/IC50) is presented in Figure 4.

Figure 2 illustrates the CoMFA electrostatic and
steric maps superimposed on the structure of the most
active compound in the training set. In this contour
map, sterically favored regions are shown in green,
sterically disfavored regions are shown in yellow, posi-
tive electrostatic contours are shown in blue, and
negative electrostatic contours are shown in red. Struc-
tures from the training set allowed the receptor map-
ping in the neighborhood of positions 3, 4, 5, 6, 7, and 8
in 2-quinolones. The presence of a yellow color near the
8-position indicates the considerable decrease of activity
upon introduction of any substituent into this position.
The large green area around the 7-position indicates the
presence of a pocket accommodating substituents of the
appropriate size, including methyl, ethyl, etc., while the
red area near this position indicates that such substit-
uents could also be electronegative ones, such as halo-
gens. A yellow area near the 6-position corresponds to
the steric hindrance leading to the reduction of activity
whenever the size of substituents at this position
increases. Indeed, derivatives with 6-Cl and 6-Me show
higher activity than compounds with larger groups
carrying partial negative charge (e.g., methoxy). The
preference for the methyl substituent over substituents
carrying partial negative charges explains the presence
of the blue area near this position. At the 4- and
5-positions, red and green areas indicate that electrone-
gative groups are favored in these positions. The pres-
ence of a bulky substituent at the 3-position decreases
activity because of steric hindrance, as indicated by the
yellow contour.

The homology model of the glycine binding site can
also be used for interpretation and validation of the
CoMFA analysis results. The superimposition of the
CoMFA electrostatic and steric plots with the model of
the binding site in the open form (since it binds
antagonists) shows a close correspondence (see Figure
2). The yellow color near 8-position corresponds to P516
and F758, the large green and red areas around the
7-position correspond to the hydrophobic pocket formed
by A734 and F408, and the yellow and blue regions near
the 6-position are attributed to W731. While the yellow
region is a direct consequence of the bulkiness of this
residue, the presence of the blue area is conditioned by
the same cause indirectly through the preference for the
methyl group over groups with partial negative charge

in the 6-position. The red region near the 4- and
5-positions is formed by Q686 and Q405, while the
yellow area at the 3-position is formed by N520 and
I691. Therefore, the molecular model is consistent with
the receptor mapping derived from CoMFA analysis.
Nevertheless, only a part of the active site was mapped
using CoMFA. For example, the area near the 1- and
2-positions did not appear to be mapped, since substit-
uents at these positions do not vary in the data set. In
addition, there is one discrepancy between the CoMFA
plots and the molecular model: the interlobular space
is depicted in the CoMFA plot by a yellow contour
indicating steric hindrance instead of free space. The
yellow region on the CoMFA plot is attributed to the
decreased activity of ligands carrying bulky substituents
in 3-position; however, this decrease can be explained
not by steric hindrance but by the unfavorable solvation
of hydrophobic substituents in the interlobular space.
These two facts illustrate an important drawback of
ligand-based QSAR models: their results are too biased
by the size, diversity, and quality of the ligand data-
bases used to develop them. This confirms that support
of the conclusions from CoMFA modeling with proper
protein modeling is desirable whenever such modeling
is possible.

Structure-Based Quantitative Binding Model.
We have studied an alternative method of building a
quantitative model on the basis of known receptor
structure. All compounds used for developing the afore-
mentioned CoMFA model were docked to the 3D mo-
lecular model of the glycine site open form using the
Sybyl 6.6 DOCK module. The computed values of
electrostatic (Eel) and steric (Est) interaction energy were
used as descriptors for correlating with IC50 (Table 1).
The resulting regression equation is

where R is the multiple correlation coefficient, s is the
standard error of estimate, n is the number of com-
pounds, and F is the Fisher criterion. The scatter plot
of observed vs predicted values of log(1/IC50) is shown in
Figure 5. Although the statistical results of this model
are somewhat worse in comparison with the above-
mentioned CoMFA model (0.838 vs 0.896 for the mul-

Figure 4. Correlation plot of observed vs predicted values of
log(1/IC50) for the CoMFA model.

Figure 5. Correlation plot of observed vs predicted values of
log(1/IC50) for the model based on docking energy.

log(1/IC50
) ) -1.80 - 0.34Eel - 0.63Es (1)

R ) 0.838, s ) 0.66, n ) 88, F ) 100.5
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tiple correlation coefficient), this model in principle can
be used for designing ligands belonging to different
classes.

It should also be mentioned that the choice of descrip-
tors in eq 1 is not arbitrary. There exists some analogy
between eq 1 and the main equation of the linear
interaction energy (LIE) approach to computing the free
energy of ligand-protein binding.33 Although the latter
involves averaging over a molecular dynamics trajectory
(instead of one-point calculation) and a separate simula-
tion of a free ligand in solution, the functional form
including weighted contributions of van der Waals and
electrostatic ligand-protein interaction energies is com-
mon for both approaches. To extend the analogy, we
have tried to include in the model descriptors accounting
for interactions between ligands and the water solvent:
free energy of solvation (computed with AMSOL34);
polar and nonpolar surface areas (computed with PC-
MODEL35). However, the stepwise procedure of regres-
sion model construction has excluded the latter descrip-
tors from the model as being statistically insignificant.
Therefore, eq 1 appeared to be optimal for this kind of
analysis.

Conclusion

Homology modeling and molecular dynamics simula-
tions have been applied to building three-dimensional
models of the NMDA receptor glycine binding site.
These models were used to rationalize (1) distinctions
between its agonists and antagonists, (2) known quali-
tative structure-activity relationships for its ligands,
and (3) pharmacophore models for antagonists. In
addition to the qualitative analysis, two quantitative
models have been developed for antagonists. The first
one was based on the CoMFA methodology, while the
second one was based on the structure of a model of the
glycine site and involved the use of docking energies for
a quantitative description of ligand-protein inter-
actions. The CoMFA model demonstrated slightly better
correlation with potency than the docking energy model.
Both models have successfully been applied to explain
the binding affinities of NMDA receptor glycine site
antagonists. These results provide tools for predicting
the affinity of new glycine-site ligands, as well as for
guiding the design and synthesis of new ligands.
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