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Introduction

Ionotropic glutamate receptors (iGluRs) are glutamate-gated
ion channels that have been classified into three subtypes, ac-
cording to their sensitivity to the agonists NMDA (N-methyl-d-
aspartate), AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid), and kainate (a structural analogue of glutamate).[1]

These ion channels are involved in several important physio-
logical functions such as neuronal development, synaptic plas-
ticity, learning, and memory.[2] Among iGluRs, the NMDA recep-
tors have been perhaps the most actively investigated for their
role in chronic neurodegeneration. Excessive activity of NMDA
receptors have been associated with ischemic brain injury/
stroke, chronic/neuropathic pain states, Alzheimer’s, Parkin-
son’s, and Huntington’s diseases.[3] The pivotal role of NMDA
receptors in mediating pain and multiple neurodegenerative
disorders, together with the limited treatment options current-
ly available for these diseases, have been the driving force in
the search of safe and effective drugs that target this system.
From a structural point of view, NMDA receptors are

thought to be heterooligomers that are composed of two gly-
cine-binding NR1 subunits (eight different splice variants exist),
which combines with one or more glutamate-binding NR2 sub-
units (types A–D).[4] Co-expression of NR1 with one or more of
the NR2 subunits yields receptors with distinct functional and
pharmacological properties.[5] Up to now, many endogenous

and exogenous ligands, acting as agonists or antagonists have
been described to interact with NMDA receptor at distinct
sites. Unfortunately, ligands binding at the glutamate and gly-
cine sites have shown low selectivity against the different sub-
types of NMDA receptors, resulting in several adverse central
nervous system (CNS) effects, which have dramatically ham-
pered their therapeutic utility so far.[6]

The continuous advances in our understanding of the mo-
lecular structure of the NMDA receptor have led pharmaceuti-
cal researchers to investigate the possibility of developing sub-
type-selective blockers of the NMDA receptor in an effort to
separate the efficacious profiles from the adverse ones. Of par-
ticular interest are the NR2B-containing NMDA receptor chan-
nels, as an overstimulation of such receptors is known to pro-
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NMDA receptors are glutamate-gated ion channels (iGluRs) that
are involved in several important physiological functions such as
neuronal development, synaptic plasticity, learning, and memory.
Among iGluRs, NMDA receptors have been perhaps the most ac-
tively investigated for their role in chronic neurodegeneration
such as Alzheimer’s, Parkinson’s, and Huntington’s diseases.
Recent studies have shown that the NTD of subunit NR2B modu-
lates ion channel gating through the binding of allosteric modu-
lators such as the prototypical compound ifenprodil. In the pres-
ent paper, the construction of a three-dimensional model for the
NR2B modulatory domain is described and docking calculations
allow, for the first time, definition of the ifenprodil binding pose
at an atomic level and fully explain all the available structure–
activity relationships. Moreover, in an attempt to add further in-

sight into the ifenprodil mechanism of action, as it is not com-
pletely clear if it binds and stabilizes an open or a closed confor-
mation of the NR2B modulatory domain, a matter, which is fun-
damental for the rational design of NMDA antagonists, MD simu-
lations followed by an MM-PBSA analysis were performed. These
calculations reveal that the closed conformation of the R1-R2
domain, rather than the open, constitutes the high affinity bind-
ing site for ifenprodil and that a profound stabilization of the
closed conformation upon ifenprodil binding occurs. Thus, for a
rational design and/or for virtual screening experiments, the
closed conformation of the R1-R2 domain should be taken into
account and our 3D model can provide valuable hints for the
design of NR2B-selective antagonists.
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mote neuronal death and dysfunctions such as Alzheimer’s
and Parkinson’s diseases or epilepsy. As the observation that
ifenprodil, a well-known antagonist of the a1-adrenergic re-

ceptor, exhibited a higher affinity towards NR2B than for NR2A
subunits (400-fold),[7] great efforts have been made to find
new “ifenprodil-like” compounds targeting NR2B-containing
NMDA receptors.
The recent available preclinical and clinical data are encour-

aging, demonstrating that NR2B-selective antagonists are
better tolerated than previous classes of NMDA blockers, while
retaining efficacy equivalent to, or better than, previous nonse-
lective compounds. Nevertheless, the great majority of these
compounds are burdened with poor pharmacokinetic perform-
ances. Thus, new potent NR2B-selective antagonists are still in
great demand. So far, high-throughput screening and SAR
studies have been the major sources of new antagonists,
whereas computer-aided drug design methods have been
long hampered both by the absence of any X-ray structure of
NMDA and by the lack of any information on the location of
the ifenprodil binding site within NR2B. Despite the lack of any
X-ray structure of the NR2B subunit, it is well known that it
shares a common membrane topology with other iGluR subu-
nits[1] being made of a large extracellular N-terminal domain
(NTD), a transmembrane region (helices I, III, IV) that consti-
tutes the ion pore, a re-entrant loop (II) that forms the selectiv-
ity filter, and a cytoplasmic C-terminal domain that interacts
with intracellular components (Figure 1).
More precisely, the NTD consists of two bi-lobed domains,

one of which is made of the first 380 residues (R1-R2) and has
structural similarity with the bacterial periplasmic leucine, iso-
leucine, valine binding protein (LIVBP).[8] This domain is particu-
larly important as it contains the binding sites for the endoge-
nous modulators of NMDA activity such as zinc ions, poly-
amines, and protons.[8] The other domain, made of ~150
amino acids (S1-S2), is distantly related to the bacterial peri-
plasmic glutamine binding protein (GlnBP) and forms the ago-
nist binding site.[9]

For a long time, the precise position of the ifenprodil bind-
ing site has remained elusive until site-directed mutagenesis
experiments unambiguously located it to the LIVBP-like
domain of the NR2B subunit.[10] Recently, experimental evi-
dence demonstrated that ifenprodil competes with Zn2+ for
the binding to the NTD of the NR2B subunit, thus proving that
this ion would be the endogenous ligand of the above-cited
domain.[11] Currently, the availability of the X-ray coordinates of
several LIVBP-like domains on the one hand, and of functional
studies of ifenprodil–NR2B interactions, on the other hand, al-
lowed the building, through the comparative modeling tech-
nique, of the NR2B modulatory domain three-dimensional
structure and the computational exploration of ifenprodil–

NR2B interactions at the atomic level. Herein, we present the
first three-dimensional model of the NR2B–ifenprodil complex,
which can provide valuable hints for the design of NR2B-selec-
tive antagonists. The model, whose coordinates will be avail-
able upon request, could also be used for virtual screening ex-
periments.
Finally, in the attempt to add further insight into the ifenpro-

dil mechanism of action, molecular dynamics calculations fol-
lowed by a molecular mechanics Poisson–Boltzmann/surface
area (MM-PBSA) analysis was undertaken.

Results and Discussion

Sequence analysis and homology modeling of NR2B
modulatory domain

In the case of NMDA receptors, functional experiments have
established that ifenprodil binds to the R1-R2 domain of NR2B
and modulates ion-channel gating by an allosteric mecha-
nism.[10] As regards the R1-R2 domain structure, strong evi-
dence exists that it has similar folding to the bacterial leucine-
isoleucine-valine-binding protein (LIVBP) and to the agonist-
binding domain in G-protein-coupled glutamate receptors
(mGluRs).[10]

The general concept that the ligand-binding domain of ver-
tebrate glutamate receptor channels and various bacterial peri-
plasmic substrate-binding proteins (PBPs) share similar three-
dimensional (3D) structures has gained increasing support in
recent years. In fact, a review article concerning to what extent
theoretical models have predicted the crystal structure of the
ligand-binding domain of glutamate receptors shows that de-

Figure 1. Topology of the NMDA receptor NR2B subunit. The NR2B subunit
is made of a N-terminal domain (NTD) comprising a modulatory, or regulato-
ry (R1-R2) LIVBP-like domain, and a GlnBP-like domain (S1-S2) which binds
the agonist l-glutamate, a transmembrane domain, made of three mem-
brane spanning segments (I, III, and IV) that forms the pore together with a
re-entrant loop (II), and finally a cytoplasmic C-terminal domain (CTD) that
interacts with intracellular components.
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spite the low sequence identity with the templates used, mo-
lecular modeling has been successful in the structure predic-
tion.[12] This finding once more suggests that a phylogenetical-
ly conserved amino acid binding fold creates the binding pock-
ets of diverse types of glutamate receptors.
However, the NMDA R1-R2 domain is expected to be slightly

distinct from the structure of the agonist-binding core of
iGluRs because in LIVBP and mGluRs, the two globular do-
mains are connected by three loops instead of the two b-
strands found in the iGluR glutamate- and glycine-binding
cores. As a result of the low sequence identity between the
NMDA R1-R2 domain and LIVBP or mGluRs (see Experimental
Section), a multiple sequence alignment generated by for ex-
ample, the ClustalW program would not be meaningful. There-
fore, we had the benefit of an HCA-based sequence alignment
(see Experimental Section and Figure 2) that has been previ-
ously performed by Paoletti et al. and subsequently validated
through functional studies of ifenprodil–NR2B interactions.[10]

An analysis of X-ray structures of the two possible templates
(LIVBP and mGluR1), clearly showed that the LIVBP-like domain
undergoes, upon ligand binding, a conformational change
from an open to a closed form. In particular for LIVBP, an unli-
gated-open form, an unligated-“superopen” form, an open
ligand-bound form, and three closed conformations com-
plexed with leucine, isoleucine, or valine have been report-
ed.[13] Similarly for mGluR1, X-ray structures of the unligated
open, ligated open, and ligated closed forms have been re-
cently obtained.[14] The superposition of the Ca atoms in the
LIVBP and mGluR1 ligand binding region (LBR) led to an RMSD
of only 1.8 K demonstrating a common architecture despite
the low sequence identity (17%). In the homology modeling
procedure, mGluR1 was used as the reference structure. This
template has been crystallized as a homodimer. Both proto-

mers (A and B) consist of two globular lobes with a/b folds, in-
terconnected by a hinge region, made of three connecting
loops, that permits a rigid body lobe closure upon ligand bind-
ing.[14] The two protomers differ in the degree of lobe closure
and were respectively used to generate twelve models for the
closed and twelve models for the open conformation of the
NR2B modulatory domain.
Thus, the Modeller Program was used to generate an en-

semble of alternative conformations to take into account dif-
ferent residue side-chain conformations and the expected
structural flexibility of the loops. Generation of alternative loop
models is particularly important for the success of the follow-
ing docking experiments as in both, LIVBP and mGluR1, resi-
dues known to contact the ligand belong mostly to the loops
connecting the two globular subdomains.
Thus, building of the R1-R2 domain results in a total of forty

models, all presenting the domain divided into two globular
lobes (here referred to as lobe I and lobe II or R1 and R2) with
an alternation of b strands and a helices. Analogously to
mGluR1, the three segments linking the two domains (loops
b5/a5, b10/a10, b11/b12) although widely separated in the pri-
mary sequence (see alignment), are in close proximity in the
tertiary structure and form the hinge necessary for interdomain
motion known to be crucial in signal transmission. Whereas in-
terdomain loops b5/a5 and b11/b12 extend from lobe I to
lobe II, loop b10/a10 runs in the opposite direction. Loops b5/
a5 and b10/a10 are preceded by a b-sheet strand in one
domain and followed by an a-helix in the other domain,
whereas loop b11/b12 bridges strands from both domains. In
the twenty open forms, the two domains are well separated,
and the cleft between the two domains is wide open and ac-
cessible to solvent. In contrast, in the closed forms the lips of
the two domains are nearly in contact.

Figure 2. Multiple amino acid sequence alignment of the LIVBP-like domain of the human NMDA NR2A-B subunits with LIVBP-like domains of LIVBP from
E. coli and of mGluR1 from rat. The b strands (arrows), a helices (boxes), identified in the LIVBP and mGluR1 crystal structures are indicated on top of the
alignment. The large insertions found in mGluR1 with respect to LIVBP have been removed and are indicated by I1 to I4.
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With respect to the structure of the template (mGluR1), the
R1-R2 domain of NR2B primarily differed in the absence of four
loops denoted as I1–I4 (insertion) in the sequence alignment
(Figure 2). Interestingly, in mGluR1, all four loops are in lobe I
and two of them (I1, I3) are close to the ligand binding site. In
particular, the loop corresponding to insertion I1 lies over the
binding site for glutamate narrowing access to that region,
whereas the loop resulting from insertion I3 is in between a10
and a11 and strongly protrudes out from lobe I. Comparing
the two binding clefts (mGluR1, NMDA), there is a great
number of amino acid changes in the loops lining the binding
sites, thus imparting specific substrate recognition.
The superposition of the multiple generated models of R1-

R2, helps to better detect the flexible regions of the construct-
ed domain (Figure 3). As regards the closed models, the
twenty conformations mainly differ in the a11/a12, b12/b13,
a12/b11 loop conformations. However, especially for a11/a12
and b12/b13 loops, they should not affect the ligand binding
all being far enough from the central cleft thought to be the
ligand binding site. In this respect, the differences observed for
the b3/a3, b4/a4, b9/a9 loop structures, which are all located
in the central cleft and contain residues known to contact li-
gands in the template proteins are more significant.[13,14] As re-
gards the residues lining the cleft, an expected flexibility in the
residue side-chain conformation was also found.
Comparing the superposition of all open structures to that

of all closed conformations (Figure 3a and b), it emerges that
among the open conformations a larger variability exists with
respect to the closed forms. For example, the b10/a10 loop
seems to be more flexible when considering the open confor-
mations with respect to the closed. This is probably due to less
tight packing in the open form.
With the aim of locating the ifenprodil binding site for sub-

sequent docking studies (AutoDock allows the positioning of a

box around the putative binding site in which all the calcula-
tions will be performed), all mutagenesis data available for the
NMDA receptor were taken into account, together with knowl-
edge about the ligand-binding region of homologous proteins
such as LIVBP and mGluR1. Mapping of residues recently de-
tected as important for NR2B–ifenprodil binding, into our 3D
models of the modulatory domain, shows that they belong to
both lobes, and are mainly located in regions lining the central
cleft.[10] This suggests, as in the case of Leu, Ile, and Val for
LIVBP or glutamate for mGluR1, that ifenprodil binds in the
cleft of the LIVBP-like domain of NR2B, consistent with the ob-
servations of Gallagher et al.[15] who found that the N-terminal
region of NR2B controls the high-affinity ifenprodil inhibition.
Notably Masuko et al. ,[16] found that some mutations in the
LIVBP-like domain of NR1 also affect ifenprodil sensitivity of
the NR1/NR2B dimer. However, this apparent discrepancy has
to be reconsidered in the light of all the dimeric structures
available for LIVBP-like domains. In fact, although in the case
of the NR1/NR2 NTD dimer, a crystal structure is not available
at the moment, clues of possible dimerization modes can be
inferred from the structures of the LIVBP-like domains of rat
mGluR1 and ANP-C, crystallized as homodimers.[13,17] In both X-
Ray structures, the LIVBP-like domains dimerize in a “back-to-
back” fashion. Interestingly, an analysis of sequence alignments
between NMDA-NR1, mGluR1, and ANP-C LIVBP-like domains
shows that the residues of NMDA-NR1 identified by Masuko
et al. coincide with residues located at the dimer interface in
mGluR1 and ANP-C. Therefore, it is likely that the residues
identified on NR1, rather than being directly involved in con-
tacting ifenprodil, reside in the interface between two LIVBP-
like domains (NR1/NR2B) and are certainly important for the
gating machinery involved in the ifenprodil-induced conforma-
tional change in the NR2B LIVBP-like domain. Based on these
considerations, ifenprodil was automatically docked by means

of the AutoDock program both
in the open and closed form of
the NR2B modulatory domain.
To partially overcome the limita-
tions of the rigid protein ap-
proach applied in the docking
program, ifenprodil was docked
in an ensemble of R1-R2 confor-
mations generated by MODEL-
LER. In this way, diverse loop
models together with different
orientations of binding site resi-
dues can be taken into consid-
eration during the ligand dock-
ing process. To reduce the com-
putational time, without belit-
tling the meaning of the en-
semble docking, ten of the
twenty models of the open and
ten of the closed conformations
were selected for the subse-
quent ligand docking studies.
Only the R1-R2 models meeting

Figure 3. Backbone superposition of the ten homology models selected to represent the R1-R2 domain in the
a) open and in the b) closed conformation. A certain variability in the loops segments is displayed.
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the following criteria were retained for further calculations:
1) models presenting differences in the shape of b3/a3 loop or
substantial variation in the side-chain conformation of D101,
T103, D104; 2) models presenting differences in the shape of
b6/a6 loop or considerable differences in the side-chain con-
formation of F176; 3) models presenting dissimilarity in the
shape of b8/a8 loop or relevant differences in the side-chain
conformation of T233 or K234. The rationale for this model se-
lection is supported by mutagenesis experiments, which sug-
gest the above-mentioned loops and residues as ifenprodil in-
teracting regions.
The ensemble docking approach helps to establish which of

the constructed models is the most reliable one, being able to
bind the ifenprodil ligand consistently with protein mutagene-
sis data and ligand SARs.

Docking of ifenprodil into the
NR2B modulatory domain

Biological activity of both the
(� )-erythro and (� )-threo ifen-
prodil was first measured in rat
hippocampal cell cultures, by
observing the ability of the
compounds to protect the cul-
tured neurons from the toxic ef-
fects of extracellularly applied
glutamate.[19] This study demon-
strated that (� )-threo ifenprodil
was about five times more
active than (� )-erythro ifenpro-
dil at preventing glutamate-in-
duced hippocampal neuronal
death (see Table 1). Subsequent
studies, based on voltage-clamp
recording,[18] were only partially
in accordance with those previ-
ously obtained[19] as no differ-
ence in potency between (� )-
erythro and (� )-threo ifenprodil
at the NR1A/NR2B subunit combination was observed.[18] How-
ever, the (� )-threo ifenprodil displayed a significantly reduced
a1 activity[19] and subsequent studies conducted on a close an-
alogue of ifenprodil clearly show that the (1S,2S)-enantiomer is
the one endowed with greater separation of NMDA and a1
adrenergic activities.[20] Therefore, in our study, we decided to
dock ifenprodil, with a threo stereochemistry and with a 1S,2S
absolute configuration to both the open and closed conforma-
tions of the R1-R2 domain.
It is interesting to note that when docking experiments

were performed on each open model, in almost all solutions
proposed by the program, ifenprodil exclusively binds to
lobe I. As shown in Figure 4, of the 50 binding poses proposed,
in none of them does ifenprodil bind both lobes at the same
time. Such a result is in line with the observation that in the
open conformation of LIVBP or mGluR1 bi-lobed domains, only
lobe I participates in ligand binding.[13,14] Differing from the

LIVBP ligands which are uncharged amino acids, and from the
mGluR1 physiological ligand glutamate which is negatively
charged, ifenprodil is thought to be positively charged in its in-
teraction with the NR2B subunit. Accordingly, in the match be-
tween the two different lobes of NR2B, it seems likely that the
one exposing more negatively charged residues on its surface
(lobe I: D101, D102, D104, E106) prevails over the other in
binding ifenprodil.
As expected, docking results were sensitive to the different

domain conformations and not all homology models were
able to bind ifenprodil consistently with the mutagenesis and
ifenprodil SAR data. For example, regarding the set of open
conformations, some models showed that ifenprodil is anch-
ored to lobe I mainly by a coulombic interaction between the
protonated nitrogen of the ligand and the E47 side chain.
Such an interaction is present in those models in which E47
orients its side chain toward the center of the cleft, whereas

Table 1. Comparison of the ifenprodil enantiomers.

IC50�SEM [nm] (n)[a]

Configuration CC a1 TI

(+)-erythro racemic 263�63 (4) 100�36 (5) 0.38
(+)-erythro NT NT –
(�)-erythro 110�39 (4) 135�35 (3) 1.23
threo racemic 55�13 (3) 843�137 (3) 15.3
(+)-threo 48�18 (3) 2306�850 (3) 48.0
(�)-threo 13,3�1,7 (3) 629�297 (3) 47.3

[a] The activity was measured in rat hippocampal cell cultures by observ-
ing the ability of the compounds to protect the cultured neurons from
the toxic effects of extracellularly applied glutamate. This glutamate-in-
duced hippocampal neurodegeneration model is referred to as the cell
culture model (CC). The ratio of potencies at a1 adrenergic receptors
versus CC activity will be used as a measure of selectivity (therapeutic
ratio, TI). NT=not tested. Table extracted from Ref. [19] ; see it for more
details.

Figure 4. Connolly surface of R1-R2 domain in an open conformation. a) A total of 43 out of 50 runs docked ifen-
prodil attached to lobe I and a considerable number of solutions was found near to D101 (not shown) known ex-
perimentally to interact with ifenprodil. b) On the right side, a close-up view of the 50 solutions proposed by the
docking program.

1502 www.chemmedchem.org > 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemMedChem 2007, 2, 1498 – 1510

MED L. Marinelli et al.

www.chemmedchem.org


other potential binding residues, such as D101, have their side
chains buried into lobe I or partially masked by other residues’
side chain. These models were discarded as mutation of E47A
did not show any loss of binding for ifenprodil (see Table 2).
However, over the ten homology models tested for the open
conformation, only five bind ifenprodil in accordance with
NR2B mutagenesis studies, indicating that D101 (lobe I) is an
essential anchor point (see Table 2).[10]

These binding modes are highly similar, having the ligand
placed perpendicularly with respect to the hinge segments
and held in place by an electrostatic interaction between the
protonated nitrogen of the piperidine ring and the D101 side
chain. The chosen model (model 1, Figure 5a) shows the maxi-
mum number of interactions, with respect to the other
models, and is the most consistent with the mutagenesis stud-
ies. Besides D101, a H-bond between the ligand hydroxy
group and the V42 backbone CO together with van der Waals
interactions between the T103 carbons and the piperidine ring
have been observed. Moreover, F99 participates in a T-shaped
interaction with the phenol ring of ifenprodil. Consistent with

the above-described binding mode, mutation of D101 led to a
complete loss of binding, whereas V42A and T103A mutations
had a pronounced effect on ifenprodil sensitivity.[10] However, it
has to be noted that the benzyl group of ifenprodil does not
find any partner for an aromatic interaction, although SAR
studies and the only pharmacophore hypothesis published so
far[23] both indicate that two aromatic features of ifenprodil are
important for binding and they have to be at an appropriate
distance (see Table 3 and 4, compounds 4 and 7, 13 and 14,
15 and 16). An analysis of lobe I shows that apart from F99, no
other aromatic amino acids are present among the residues
lining the central crevice. At least three aromatic amino acids
(F176, F182, Y231), with their side chains exposed to the sol-
vent, and thus available for ligand binding, are present in
lobe II. Moreover, the phenolic hydroxy group is surrounded
mostly by aliphatic residues with the exception of E47, known
not to participate in ifenprodil binding, although evidence
exists for an involvement of the phenolic OH in the interaction
with the R1-R2 domain (see Table 3, 1 versus 2, 4 versus
5).[19,22,23] Thus, of all the binding modes found for the open
conformations of R1-R2, none seems to be sufficiently in line
with protein mutagenesis and ifenprodil SARs.
As regards docking of ifenprodil in the closed conformation

of the modulatory domain, a certain difficulty was encountered
by the docking program to place the ligand deep in the cen-
tral clef. At first sight, this seems to be ascribable to the limited
space available in the central cleft to locate ifenprodil. Howev-
er, docking calculations on three of the ten models analyzed
were successful in predicting a binding position of ifenprodil
comparable to the one found for glutamate and leucine trap-
ped in their proteins.[13,14] The three calculated complexes are
pretty similar and herein, the one for which the predicted ifen-
prodil–receptor interactions are most consistent with both pro-
tein mutagenesis and SAR data is described. These calculations
revealed the presence of a well-defined binding pose in which
the ligand adapts itself in the crevice formed by the two lobes
of the NR2B modulatory domain, establishing several favorable
interactions with the protein (Figure 5b). More precisely, the
phenol ring is embedded in a rather profound gorge lined by
the backbone COs of P259, S260, and L261, and bordered by

Table 2. Screening of point mutations in the LIVBP-like domain of NR2B
for effects on ifenprodil sensitivity.

Mean relative current [%]

NR2B mutant[a] 300 nm ifenprodil 3 mm ifenprodil
wt 37�5 8�2
V42A[a] 84�4 35�4
E47A 39�3 9�1
D101A[a] 99�1 91�2
T103A[a] 84�1 39�1
H127A 32�3 7�2
F176A[a] 95�4 82�5
F182A[a] 97�2 86�4
K234A[a] 86�2 41�6
S260A 43�2 12�1
L261A[a] 76�5 9�2
V262A 50�4 11�1
D265A 39�5 10�1

[a] Mutations resulting in a significant decrease in ifenprodil sensitivity ;
wt=wild type. Table extracted from Ref. [10a] ; see it for more details.

Figure 5. Binding modes of ifenprodil in the a) open and b) closed conformation of R1-R2 modulatory domain. H-bonds are displayed as dashed lines.
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H127, V262, and D265 side chains. In this cleft the phenol ring
was found to establish a cation–p interaction with K234 and
optimally oriented to H-bond with both the backbone COs of
S260 and L261. Indeed, the above cited gorge is characterized
by the presence of several H-bond accepting groups and pos-
sibly the ligand phenolic OH could alternatively interact with
each of them. The implication of the phenolic hydroxy group
in ligand binding was also outlined by SAR studies indicating
that its removal results in weaker ligands than ifenprodil at

NR1A/2B receptors (see Table 3, 1 versus 2, 4 versus 5).[19,22, 23]

In contrast to the phenolic hydroxy group, the ligand hydroxyl
group is involved in a network of H-bonds acting as an accept-
or with the T103 side chain and as a donor with the D101 side
chain (Figure 5b). The implication of the above mentioned res-
idues in the binding of ifenprodil are in perfect accord with
mutagenesis experiments in which mutations T103A, K234A,
and L261A have pronounced effects on ifenprodil sensitivity
(see Table 2).[10] The interaction of ifenprodil with the D101 resi-
due is also characterized by the presence of a charged-rein-
forced H-bond between the protonated amino group of the
ligand and the side chain of D101 (Figure 5b). The involve-
ment of the latter residue in a double interaction with ifenpro-
dil might explain why replacement of this amino acid with an
alanine completely abolishes ligand binding (see Table 2).[10] All
ifenprodil analogues published to date display the presence of
a protonated amine group, with the exception of compound

Table 3. Structure–activity relationship of ifenprodil at the NR1A/2B sub-
type.[a]

Entry Structure IC50 [mm]

ifenprodil 0.11

1 0.20

2 1.1

3 0.30

4 0.043

5 3.5

6 0.015

7 0.008

8 0.045

9 0.041

10 0.096

11 3.7

[a] Potency is assayed by electrical recordings under steady-state condi-
tions in Xenopus oocytes expressing the binary combination (NR1A ex-
pressed in combination with NR2B) of cloned rat NMDA receptor subu-
nits. Table extracted from Ref. [23] ; see it for more details.

Table 4. Structure–activity relationship of Ifenprodil at the NR1A/2B sub-
type.

Entry Structure IC50 [nm]

ifenprodil threo[b]
55�13
n=3

12[a]
153�3
n=3

13[a]
3700�700
n=3

14[a]
> 10000
n=2

15[b]
58�17
n=4

16[b]
1.3�0.5
n=3

17[b]
15.7�3.9
n=3

18[b]
1000
n=2

[a] The activity was measured in rat hippocampal cell cultures by observ-
ing the ability of the compounds to protect the cultured neurons from
the toxic effects of extracellularly applied glutamate. For ifenprodil enan-
tiomer activities, please refer to Table 1. Data extracted from Ref. [19] ; see
it for more details. [b] The potency was measured for inhibition of gluta-
mate-induced neuron death in primary cultures of rat hippocampal neu-
rons. Data extracted from Ref. [20] ; see it for more details.
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11 (see Table 3), for which a deep decrease of activity was
found (4 versus 11). Moreover, SAR data indicate that ifenpro-
dil analogues featuring a secondary instead of a tertiary amine
are more potent (Table 3, see 1, 3, 4).[23] Indeed, such an in-
crease in potency can be attributed to the less hindered
nature of the basic nitrogen providing a more effective electro-
static interaction with D101. The role of the basic nitrogen
atom between the two aromatic rings has long been consid-
ered critical for the affinity of a ligand to the NR2B NTD. How-
ever, the recent identification of compounds, termed “ifenpro-
dil-non-like” because of the absence of the protonated nitro-
gen, demonstrates that the basic nitrogen between the two ar-
omatic ring is not mandatory for selective NR2B binding.[24] Ac-
cordingly, in the present model the existence of two
attachment points (the basic nitrogen and the benzylic OH) to
the crucial D101 would explain why the removal of one of
them does not cause a loss of antagonist activity towards
NMDA.
Interestingly, the calculated posing also allows the nonphe-

nolic ring of the ligand to establish an off-center parallel dis-
placed p–p interaction with the F176 side chain (Figure 5b) in
accordance with mutagenesis data that indicated that it is an-
other essential residue for ifenprodil binding (Table 2).[10] In our
model the distance between the centroids of the two aromatic
rings is 5.5 K, thus it would be reasonable to think that an ex-
tension of the spacer between the nitrogen atom and the non-
phenolic ring would lead to a reinforcement of the p-stacking
found. A detailed analysis of the SARs available for ifenprodil
analogues confirms our hypothesis (see Table 3, 4 versus 7 and
15 versus 16).[20,23] From the same SAR studies it emerges that
shortening of the above mentioned chain or a too profound
extension resulted in a reduction in potency,[23] thus confirming
the importance of a proper distance for a p interaction be-
tween the two aromatic rings (7 versus 10 and 7 versus 9).
Mapping all residues known to affect ligand binding in the

3D structures of the two complexes (Figure 6) clearly shows
that they are located on both lobes and according to our open
and closed models, these residues are rather distant in the
open conformation (for example, one of the shortest distances
is the one between the D110 Cg and the centroids of F176 is

~13 K), yet forming a well-defined binding site in the closed
conformation of R1-R2.
Considering the binding positions of ifenprodil in the two

models (Figure 5), it clearly emerges that while in the open
conformation, the ligand establishes a limited number of inter-
actions with the protein being partially exposed to the solvent,
but in the closed one, ifenprodil is largely surrounded by resi-
dues known to be important for the binding and the number
of ligand–protein interaction is maximized. From this point of
view, the binding mode found in the closed, if compared to
that found in the open conformation of the modulatory
domain, turns out to be more in line with protein mutagenesis
experiments.
On the other hand, these considerations do not exclude a

potential binding of ifenprodil to the open conformation of
the protein. Thus, MD and MM-PBSA calculations were per-
formed to add further insight into ifenprodil binding to the
open as well as to the closed conformation of the NR2B modu-
latory domain.

MD and MM-PBSA calculations

Six systems were set up for MD simulations (open and closed
R1-R2, the two complexes, two ligand structures in their pre-
dicted binding conformations) and subsequently a molecular
mechanics Poisson–Boltzmann/surface area (MM-PBSA) analysis
was performed. Inspection of the conformational behavior of
each system revealed that the MD density and temperature re-
laxation, yielded equilibrated structures with RMSD values
compared to the starting structures of approximately 3 K for
the complex and receptor species and <2 K for the solvated
ligand. MD simulations in the NPT ensemble were then per-
formed for the complex and receptor species until stable con-
formations with near constant RMSD values were reached. For
the open and closed complex structures as well as for the
closed receptor structure, 400 ps of additional equilibration
time were performed, whereas for the open conformation of
the receptor, 1 ns of equilibration was needed. Starting from
the first stable structure of each species, structural snapshots
for MM-PBSA evaluation were saved in 10 ps time intervals for
a total of 100 snapshots for each of the six systems. The aver-
age all-atom RMSD value of the open and closed complexes
during this 1 ns production phase was 4.8 K and 4.2 K, respec-
tively. Comparable all-atom RMSD values were also found for
the open and closed receptor (4.4 K and 4.1 K, respectively)
with the backbone RMSD values being 0.5–1.0 K smaller
(Figure 7).
As regards the closed conformation complex, all the secon-

dary structures preserved their folding and the main differen-
ces between the starting structure and the final one especially
resided in the b1-a1, b7-a7, a8-b8, b9-a9 loop conformations.
Similarly, for the open complex, a major flexibility is observed
in the a1-b1, b4-a4, a10-a11, b10-a10, a11-a12, a12-b11
loops.
Plotting the B-values from mass-weighted averaged back-

bone atom positional fluctuation allows detection of the mobi-
lity of each residue during the MD simulations (Figure 8). Inter-

Figure 6. 3D models of LIVBP-like domain (R1-R2) represented as ribbon.
The residues identified as critical for high-affinity ifenprodil inhibition are dis-
played in dark gray space fill representation (lobe I : Val42, Asp101, Thr103,
Asp104, Glu106; lobe II : Phe176, Phe182, Thr233, Lys234, Glu236 Leu261,
Gly264, hinge: Ile150). Ifenprodil ligand is shown as light gray space fill
spheres.

ChemMedChem 2007, 2, 1498 – 1510 > 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 1505

NMDA Receptor Binding of Ifenprodil

www.chemmedchem.org


estingly, MD simulations gave results which were similar to
what was already seen during the homology modeling proce-
dure. Apart from the a7/a8 region which is found to be com-
paratively flexible only in the MD calculations, the degree of
flexibility suggested by the homology modeling and MD simu-
lations is similar. Moreover if comparing the protein motion

during the simulation in the open and closed conformations of
NR2B it is evident that the open form displays a higher degree
of protein flexibility if compared to the closed one as already
observed for the homology modeling results.
The absence of large protein conformational rearrangements

during the unrestrained MD simulation is certainly an indica-
tion of the accuracy in the prediction of the protein folding
and supports the feasibility of the proposed sequence align-
ment. Moreover, the stability of the structures for at least a
nanosecond after several hundred picoseconds of equilibration
and the conservation of the overall structures of both the
open and closed receptor conformations also suggests that a
stable conformational equilibrium was reached in all cases
which is a prerequisite for performing MM-PBSA calculations.
Notably, no explicit opening or closing motion of the bind-

ing pockets was seen in the simulation, regardless of ligand
occupancy, but it is well known that such large protein confor-
mational changes are rarely observed on the timescale accessi-
ble to molecular dynamics simulations. However, a working
model for the opening/closing mechanism of R1-R2 could be
obtained in a future study by a targeted molecular dynamics
simulation speeding up the conformational change by the use
of an additional biasing potential.
The binding modes of the ligand in the closed complex was

found to be stable once the whole complex stabilized and the
essential ligand–receptor interactions were almost all main-
tained during the whole length of the simulation (Figure 9 a).
At the end of the MD trajectory, the ligand position had an

Figure 7. All-atom RMSD in K of solvated NMDA receptor molecules for the 100 snapshots used in the MM-PBSA calculations. Each plot is equal to a 1 ns MD
simulation of a fully equilibrated system (see text). The four plots correspond to the protein ligand complex in the a) closed conformation and b) open confor-
mation; as well as the ligand-free receptor in the c) closed conformation and d) open conformation. All systems show stable RMSD values over the full range
of the MD simulations, a prerequisite for a meaningful MM-PBSA analysis. Plots for the solvated ligand are not shown, their RMSD values are below 2 K for
the whole simulation time.

Figure 8. Amino acid residue B-values calculated from mass-weighted aver-
aged backbone atom positional fluctuations of the open (gray) and closed
(black) forms of the R1-R2 domain. The open form exhibits significantly
higher conformational flexibility than the closed one. The most flexible parts
of the protein are labelled.
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RMSD value of approximately 3 K compared to the initial pose.
Basically, the main changes in the ligand conformation occur
because of a rearrangement of the neighboring loops a1-b1
and b7-a7 located on the top and at the bottom of the bind-
ing site, respectively. In comparison, the RMSD of the ligand
position in the open complex continues to slowly rise even
after a stable protein structure was reached, up to 7 K at the
end of the MD run. In particular, a visual inspection of the
frames of the MD trajectory reveals that, after 50 ps, ifenprodil
changes its binding mode compared to the starting one. In
fact, the orientation of the ligand switches from a perpendicu-
lar to a parallel orientation with respect to the hinge segments
(Figure 9b). However, the new ligand-binding orientation
proves to be rather unstable during the remaining part of the
simulation and no persistent protein–ligand H-bonds were
found in the open complex.
MM-PBSA calculations were performed on the ensembles of

structural snapshots from the MD simulations to calculate
binding free energies of ifenprodil to both the open and
closed conformations of the protein. As mentioned above, the
receptors, the complexes, and ifenprodil alone both in the
open and closed forms of the protein were taken into account
in these calculations. Actually, in these simulations it would not
have been strictly necessary to conduct separate calculations
for the ligand in the open and closed conformations, because
both simply represent the ligand in water. However, to avoid
any bias due to insufficient sampling, ligand starting conforma-
tions were taken from both complexes. The very similar results
obtained for the free energies (Table 5) of the two ligand simu-
lations make it seem likely that at least for the pure ligand suf-
ficient sampling was accomplished.
As structural snapshots for the MM-PBSA calculations were

taken from independent MD simulations of the complex, re-
ceptor, and ligand species (the three-trajectory MM-PBSA ap-
proach), small induced fit conformational changes upon ligand
binding were taken into account. These calculations resulted in
a DG’Bind of �42.1 kcalmol�1 for binding to the closed and a
DG’Bind of �25.9 kcalmol�1 for binding to the open conforma-
tion. If one takes into account that no entropy correction was
performed for both values and considering that such a correc-

tion would be approximately in the range of 20–25 kcalmol�1

(judged by an estimate of the ligand’s rotational and transla-
tional entropy which would be lost upon binding), the result
translates to the prediction of strong binding of the ligand in
the closed and weak to no binding in the open conformation.
A DDGBind of 16.2 kcalmol

�1.
Repeating the MM-PBSA calculations using the more approx-

imate generalized Born solvation model parametrized as de-
scribed in reference [25], instead of a Poisson–Boltzmann
solver to calculate the solvation free energies, yielded free en-
ergies of +8.0 kcalmol�1 for the closed and +23.5 kcalmol�1

for the open conformations, indicating no binding at all. Inter-
estingly, the DDGBind of 15.5 kcalmol

�1 is in good agreement
with the one from the more rigorous calculation above, mean-
ing that relative free energies calculated using the generalized
Born model can be more reliable than absolute ones.
In conclusion, the MM-PBSA results indicate that the ligand

strongly binds to the closed conformation of the R1-R2
domain and a profound stabilization of the closed form occurs.
On the other hand, weak or no binding was observed for ifen-
prodil to the open conformation of the R1-R2 domain.

Figure 9. Energy-minimized average structures of a) closed and b) open complexes resulting from unrestrained MD calculations. In the closed cleft conforma-
tion, ifenprodil remains completely engulfed by the ligand binding site residues, whereas in the open cleft conformation, the ligand seems not to engage in
stable interactions and is mostly exposed to the solvent.

Table 5. Calculated absolute free energies and binding free energies for
ifenprodil–NMDA complexes.

Conformation Compd G’ [kcalmol�1][a] DG’Bind acc. to (20) [kcalmol
�1]

complex �5416.0
closed receptor �5411.3 �42.1

ligand 37.4

complex �5347.3
open receptor �5357.3 �25.9

ligand 35.9

[a] Absolute free energies and binding free energies for ifenprodil–NMDA
complexes were calculated as averages over an ensemble of 100 structur-
al snapshots taken from MD simulations. The prime indicates that no en-
tropy correction was performed for the binding free energy. All free ener-
gies are given relative to an arbitrary zero.
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Conclusions

Recent studies have shown that as regards NMDA receptors,
the NTD of subunit NR2B modulates ion channel gating
through the binding of extracellular allosteric modulators, such
as the endogenous Zn2+ [11] or synthetic compounds such as
ifenprodil. Recently, the ifenprodil binding site has been
mapped to the LIVBP-like domain, also known as VFTM (Venus
flytrap module) of the NR2B subunit and a number of key resi-
dues were found to control ifenprodil inhibition. As a result of
the lack of a crystallographic structure, a combination of most
available experimental data and modeling tools, such as se-
quence alignment, homology modeling, docking, MD simula-
tions, and MM-PBSA was used to better understand the 3D
structure of the R1-R2 domain, its interactions with ifenprodil,
and its dynamics.
The evaluation of the docking results in the open and

closed cleft conformations of R1-R2 domain based on ifenpro-
dil–NR2B functional studies and ligand SARs clearly indicates
that the high affinity binding site for ifenprodil is constituted
by the close conformation of the NR2B R1-R2 domain. A fur-
ther support to this finding comes from unrestrained MD simu-
lations of the ifenprodil bound to the open and closed confor-
mation of R1-R2. A first observation concerning the MD simula-
tions, is that both complexes showed a high stability of the
secondary structures (b-sheet, a-helices), thus demonstrating
the correctness of the structure prediction and in turn the con-
sistency of the HCA alignment. Over the MD simulations, nei-
ther the open complex nor the open receptor alone show any
signs of closure. The same is true for the closed complex,
which does not change towards an open conformation. How-
ever, monitoring the ifenprodil binding to the cleft-open con-
formation, a continuous instability of the ligand position was
found. Over all the MD simulations, the ligand seems to be
very exposed to the solvent instead of being tightly bound to
the R1-R2 domain. In contrast, in the cleft-closed conformation,
after the equilibration phase, the complex turned out to be
very stable and ifenprodil remains completely engulfed by the
ligand-binding site residues. The MM-PBSA results indicate that
the ligand strongly binds to the closed conformation of the
R1-R2 domain and a profound stabilization of the closed form
occurs. On the other hand, a weak (or no binding, if MM-PBSA
calculations with the generalized Born solvation model para-
metrized as described in reference [25] were used) binding was
observed for ifenprodil to the open conformation of the R1-R2
domain. All considered, our studies add much strength to the
hypothesis that the high affinity binding site for ifenprodil
would be represented by the closed conformation of the R1-
R2 domain of NR2B subunit. From our calculations, it seems
more likely that ifenprodil bind directly to the closed form,
shifting the equilibrium dynamic between open–closed confor-
mations, towards the closed form through a profound stabili-
zation of the latter. Thus, our study suggests that it may be
convenient to target the closed conformation of the R1-R2
domain, rather than the open one, in the design process of
new NR2B-selective antagonists. Thus, the developed model of
ifenprodil–R1-R2 (closed conformation) could on one hand

provide valuable hints for design of NR2B-selective antagonists
and on the other could be used for virtual screening (VS) ex-
periments. Experiments aimed to the optimization of the VS
performance in the case of R1-R2 domain are in progress in
our lab.

Experimental Section

Sequence alignment. The three-dimensional structure of the NR2B
modulatory or regulatory domain (R1-R2) was modeled by homolo-
gy to the LIVBP-like domain of the mGluR1 structure according to
the sequence alignment performed by Paoletti et al.[8] and shown
in Figure 2. Briefly, for the E. coli LIVBP[13] (PDB code: 2LIV) and rat
mGluR1[14] (PDB code:1EWK), the sequence alignment was ob-
tained from three-dimensional structure superimposition, whereas
the NR2B sequence was aligned to the LIVBP-like domain of
mGluR1 (18% identity), and to LIVBP (16% identity) taking into ac-
count the conserved secondary structure pattern (alternative
motifs of b strands and a helices) previously detected using hydro-
phobic cluster analysis (HCA).[10]

Using the HCA-based sequence alignment, 3D models of the N-ter-
minal modulatory domain of NR2B subunit (R1-R2) were built em-
ploying the MODELLER software (version 8.1) using the model-de-
fault options and setting the index of the last model to twenty.[26]

MODELLER generates protein 3D structures by satisfying spatial re-
straints imposed by the sequence alignment with the template
structure. To guarantee sufficient conformational sampling of each
binding-site residue, several homology models can be generated
in this step. Preliminary tests showed that a number between 10
and 100 models provides a satisfactory sampling.[26] To optimize
the local interactions, all models obtained were subjected to a
short simulated annealing refinement protocol available in MODEL-
LER.

The X-ray crystal structure of the liganded form of rat mGluR1 re-
ceptor (PDB coordinates 1EWK) was used as the structural tem-
plate. Within the dimeric crystal structure, an open and a closed
conformation were found, both in complex with the glutamate.
Thus, protomer A and B of 1EWK were used to generate two sets
of twenty models for the closed and the open conformations of
the NR2B modulatory domain, respectively. All generated models
were then analyzed to evaluate the structural differences among
them. Finally, ten structurally nonredundant models were chosen
for the open conformation and ten for the closed conformation for
the subsequent ligand docking studies.

Molecular docking studies. Ifenprodil structure, with a threo ste-
reochemistry and with a (1S,2S)- absolute configuration was built
using the standard fragment library of the SYBYL7.2 software.[27]

The initial structure was geometrically optimized and energetically
minimized employing the SYBYL/MAXIMIN2 minimizer by applying
the BFGS algorithm with a convergence criterion of 0.01 kcalmol�1.
Partial atomic charges were assigned using Gasteiger and Marsili
formalism[28] as implemented in the SYBYL package. Molecular
docking calculations were performed with ifenprodil in its N-pro-
tonated form, and with the piperidine ring in the chair conforma-
tion. All flexible torsions of the ligand were taken into account
during the docking simulation.

Ifenprodil was docked one at a time in the ten homology models
for the open and closed form, respectively. Docking studies were
carried out using the AutoDock program package version 3.0.5.[29]

Each homology model was set up for docking as follows: the un-
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polar hydrogens were removed and Kollman united-atom partial
charges were assigned. Solvation parameters were added to the re-
ceptor using the ADDSOL utility of the AutoDock program. The
grid maps were calculated with AutoGrid. The grids were chosen
to be large enough to include the entire interdomain crevice, and
the center of the grid was set to be coincident with the D101 resi-
due thought to be a primary anchor point for ifenprodil binding
based on mutagenesis data.[10] Grid maps with 61P 61P 61 points
with a grid-point spacing of 0.375 K were used.

In the docking simulations, the LGA algorithm, as implemented in
the AutoDock program, was used applying a protocol with a maxi-
mum number of 1.5P106 energy evaluations, a mutation rate of
0.01, a crossover rate of 0.80, and an elitism value of 1. For the
local search, the pseudo-Solis and Wets algorithm was applied
using a maximum of 300 interactions per local search. In each
NR2B model, fifty independent docking runs were carried out. Re-
sults differing by less than 1.5 K in positional root-mean-square de-
viation (RMSD) were clustered together and represented by the
result with the most favorable free energy of binding.

MD and MM-PBSA calculations. All MD simulations were per-
formed using the amber9 suite of molecular modeling programs.[30]

Force field parameters used were taken from the ff03[31] and gaff[32]

forcefields included with the amber9 molecular dynamics package,
for the protein parts of the system and the ligands respectively.
The TIP3P[33] model for water molecules was used. Ligand partial
charges were determined with the RESP methodology[34] using
Gaussian 03[35] for quantum mechanical calculations on the HF/6–
31G* level. No new forcefield parameters needed to be developed.

Six different systems were set up for MD simulations: the two re-
ceptor structures used for docking calculations (open and closed),
the two complexes with ifenprodil obtained from docking calcula-
tions, and two ligand structures in its predicted binding conforma-
tions. All structures were solvated in a 12 K layer of water mole-
cules and neutralized using Na+ or in the case of the ligands Cl�

ions. Prior to structural equilibration the systems were subjected to
the following relaxation protocol:
– 1000 steps of steepest descent minimization with 10 kcalmol�1K2

harmonic restraints on all solute atoms to remove steric clashes;
– 50 ps of constant volume temperature equilibration in which the
system temperature was raised from 50 K to 300 K over 30 ps and
held at 300 K for 20 ps by a Berendsen type coupling algorithm,[36]

with harmonic restraints as above;
– 100 ps of density equilibration in the NPT ensemble at 300 K
with harmonic restraints during the first 50 ps.

Equilibration was concluded by 400 ps to 1 ns structural equilibra-
tion MD simulations. These were followed by 1 ns production runs
for all systems. In all MD simulations a time step of 2 fs was used,
in combination with the SHAKE[37] algorithm to constrain bond
lengths involving hydrogen atoms.

For MM-PBSA calculations (see ref. [38] for details of the method),
structural snapshots of the different systems taken from the MD
simulations were stripped of water molecules and counter ions
and their absolute free energies (with respect to an arbitrary zero
point) were calculated by:

G0 ¼ EFF þ G0PB þ G0SA ð1Þ

in which EFF stands for the forcefield energy, G
0
PB the electrostatic

part of the solvation free energy obtained by solving the Poisson–
Boltzmann equation and G0SA for the nonpolar contribution to the
solvation free energy, estimated by a simple empirical model

based on the surface accessible area of the solute. The prime indi-
cates that DG’ is not a true free energy, because no estimate of
the solute entropy is included in (1). Free energies for complex, re-
ceptor, and ligand species were obtained by averaging over the
different snapshots and binding free energies both for the open
and closed conformations were calculated by:

DG ¼ Gcomplex � Greceptor þ Gligand

� �
ð2Þ

again without a consideration of the entropy contribution to bind-
ing that results from the loss of rotational and translational de-
grees of freedom.
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