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Several potent and group selective agonists of metabotropic glutamate receptors (mGluRs) have
been docked at mGlu1,2,4R binding sites in the closed conformation of the bilobate extracellular
domain. Quisqualic acid and (S)-3,5-dihydroxyphenylglycine (3,5-DHPG) were selected for
mGlu1R, dicarboxycyclopropylglycine (DCG-IV), LY354740, (S)-4-carboxyphenylglycine (4CPG)
for mGlu2R, and (S)-2-amino-4-phosphonobutyric acid (AP4), 1-aminocyclopentane-1,3,4-
tricarboxylic acid (ACPT-I), (S)-4-phosphonophenylglycine (PPG) for mGlu4R. The models show
a conserved binding pattern for the glycine moiety (R-amino and R-acidic functions) and group
specific bindings for the distal acidic function. The best agonists allow optimized interaction
with both lobes of the binding domain. Interlobe connections around the ligand are also described
and participate in stabilizing the closed form of the amino-terminal domain. Altogether, the
docking models support the proposal that the stabilization of a closed state represents a key
step in agonist activation of mGluRs.

Introduction

Glutamic acid 1 (Chart 1) is the major excitatory
neurotransmitter in the brain. Besides its physiological
functions, it is involved in many neuropathologies. The
excitotoxicity of glutamate is well established in is-
chemia, convulsions, and epilepsy. Glutamate is also
implicated in neurodegenerative diseases such as Hun-
tington’s and Parkinson’s diseases, in drug withdrawal
symptoms, in pain and in psychiatric disorders such as
anxiety and schizophrenia. Thus, glutamate receptors
are excellent therapeutic targets.1 There are two main
types: the ion-gated-channel receptors, called ionotropic
glutamate receptors (iGluRs), and the G-protein-coupled
receptors, called metabotropic glutamate receptors
(mGluRs).2 While the iGluRs have been extensively
studied for more than two decades, it is only rather
recently that the mGluRs have been perceived as
valuable therapeutic targets.3,4 Yet, the elucidation of
the physiological roles of each mGluRs and the discovery
of new drugs depend on potent and selective ligands that
are still lacking in many cases.5-7 While antagonists can
be found by high throughput screening, this technique
might be less successful in the case of agonists or
positive allosteric modulators. In fact, a detailed knowl-
edge of the binding site and activation mechanism would
allow the rational design of new ligands. The present
study was undertaken for this purpose.

The mGluRs are divided into three groups according
to their sequence similarity, transduction mechanism,
and pharmacological profile.2,8 Group I receptors (mGlu1,-

5R) activate phospholipase C, while group II (mGlu2,-
3R) and group III (mGlu4,6,7,8R) inhibit adenylyl
cyclase when expressed in heterologous systems.2 The
most potent agonist of group I mGluRs is quisqualic acid
2; it does not activate group II and III receptors but
activates iGluRs of the AMPA type. Thus, (S)-3,5-DHPG
3 is preferred as a selective group I agonist, although it
is less potent.5,6 L-CCG-I 4 activates all mGluRs;
however, its derivative, DCG-IV 5, is a potent agonist
of group II and a competitive antagonist at group I and
III receptors.9 Yet, the most potent group II selective
agonists are LY354740 610 and its derivatives 8-11.11,12
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(S)-AP4 12 is recognized as the most potent group III
agonist. It is also a weak antagonist of group II and has
no effect at group I receptors.5,6 ACPT-I 13, although
less potent, behaves similarly.13,14 A particular mention
should be made of phenylglycines bearing an acidic
group in the 4-position of the aromatic ring. The (S)-4-
carboxyphenylglycine 4CPG 14 is an agonist at mGlu2R,
is an antagonist at mGlu1R, and has no effect at
mGlu4R.6 In contrast, (S)-4-phosphonophenylglycine
PPG 156,15 and (S)-3,4-dicarboxyphenylglycine (S)-3,4-
DCPG 1616 are selective agonists of group III receptors.
All of these phenylglycines (14-16) are characterized
by longer distances between functional groups (d1, d2

17,18

> 6.5 Å, Chart 1) compared to the distances in glutamate
and in the other analogues listed above.

Two conclusions were drawn from the study of phar-
macophore models of mGlu1,2,4,8R agonists.14,17,18

Glutamate activates all mGluRs in a similar extended
conformation, and selectivity at the binding site would
only result from the different protein environment.
These conclusions were later confirmed by the three-
dimensional model of the mGlu4R binding site19 and the
crystallographic structure of the mGlu1R ligand binding
domain (LBD).20 In this latter structure, extended
glutamate (d1 ) 4.4 Å, d2 ) 5.0 Å) binds its three
functional groups mainly as predicted by models.19,21,22

Additionally, two water molecules seem to play a key
role in tying the distal acidic group to the protein. While
this paper was under revision, the structure of mGlu1R
LBD bound with an antagonist (R-methyl-4-carboxyphe-
nylglycine) was published.23 Initially, a glutamate bind-
ing mode and insights into the activation mechanism
were proposed by O’Hara when he discovered and
validated some homology between the mGluR amino-
terminal domain (ATD), to which glutamate would bind,
and bacterial periplasmic binding proteins, such as
LIVPB and LBP.21 Thus, mGluR ATD was proposed to
fold into two lobes connected by a hinge region, and the
bilobate structure would close like a clamshell.24 Indeed,
both open and closed conformations proposed to be in
dynamic equilibrium have been observed in different
crystals.20 The activation mechanism is initiated by the
binding of glutamate or an agonist to one lobe of an open
form, followed by the trapping of the ligand upon closure
of the second lobe concomitant with an expulsion of
water molecules. Furthermore, it has been demon-
strated that mGluRs form homodimers linked at the
level of the ATDs.20,25 At least one closed-liganded
conformation found in homodimers appears to be re-
quired to bring the dimer into an active state.8,20,26 The
agonist would stabilize the closed form, inducing a shift
of the dynamic equilibrium to the active form.27 In
connection with this observation, we describe here,
based on X-ray/homology models and ligand docking,
how the most potent and selective agonists (Chart 1)
could bind to their respective mGlu receptor types. Our
data show that compared to glutamate, additional
interactions between the ligands and the receptor allow
a better stability of the closed-liganded form and are
related to higher potency. In addition, these interactions
are characteristic of the different receptor subtypes and
are responsible for selectivity.

Results

The coordinates of the closed and open forms of
mGlu1R LBD bound with glutamate were retrieved
from the Protein Data Bank (entries 1ewk:A and 1ewk:
B, respectively). Models of the closed form of mGlu2,4R
LBD bound with glutamate were generated by com-
parative modeling using 1ewk:A with glutamate as a
template (see Materials and Methods, Figure 1). For
each receptor, the most potent and selective agonists
(Table 1) were taken in their bioactive conformation as
determined by the pharmacophore models: quisqualic
acid 2 and (S)-3,5-DHPG 3 for mGlu1R;17 DCG-IV 5,
LY354740 6, its derivatives 7-11, and (S)-4CPG 14 for
mGlu2R;17 and (S)-AP4 12, ACPT-I 13, (S)-PPG 16, and
(S)-DCPG 17 for mGlu4R.18 They were positioned into
the receptors by superimposing their glycine entity onto
that of glutamic acid in each model. They were docked
according to a molecular mechanics/dynamics protocol
allowing side chain and ligand flexibility. The general
protocol includes a harmonic constraint on the CR trace
which is kept during the process. To evaluate the
influence of the harmonic constraint, it was released in
one model of each mGluR subtype. Since no changes
were observed, the initial shorter protocol was adopted
(see Materials and Methods). Although several water
molecules bind to glutamate in the template 1ewk:A,
none were put in our simulations, because their occur-
rence and position likely depend on the ligand and
receptor subtype. To validate our docking protocol
(without water molecules), it was applied to glutamate
taken in its mGlu1R pharmacophore g-a conformation17

and docked in 1ewk:A. The resulting model was com-
pared to the crystallographic structure. A similar

Figure 1. Superimposition of the three binding site models
of mGlu1, mGlu2, and mGlu4 receptors docked with glutamate.
The docking protocol was applied to glutamate in its pharma-
cophore conformation17 and manually positioned in 1ewk:A
without water molecules to generate the mGlu1R model
(orange). The mGlu2 (cyan) and mGlu4 (magenta) receptor
models were obtained similarly using the LBD models gener-
ated by MODELER. Glutamate carbon atoms are colored in
green, nitrogen atoms in blue, and oxygen atoms in red. Its
distal acidic function is roughly in the plane of the figure for
mGlu2/4 receptors and perpendicular for the mGlu1 receptor.
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glutamate aa conformation, a similar position relative
to the protein backbone, and similar polar bindings were
detected (Figure 1). Distances between oxygen atoms
of the γ-carboxylate and nitrogen atoms of Arg78 and
Gly293 remained unchanged, leaving an empty space
in place of the water molecules present in the crystal
structure. In fact, because Arg78 is already stretched
out in the presence of the water molecule, its side chain
cannot further extend during MD without water. In-
deed, similar weak ionic interactions are maintained
and keep Arg78 well oriented. Hence, we have run all
experiments without water. When the resulting models
were analyzed, bridging water molecules could be sug-
gested in some cases. They were then manually posi-
tioned, and the resulting system was submitted to final
minimization.

Agonist bindings were analyzed in their respective
models (Figures 1-4). A qualitative correlation with
binding affinities28-34 is outlined; however, no precise
quantification was performed. Several approaches have
been proposed to correlate receptor-ligand interactions
(hydrogen bonding, Coulombic interactions, hydrophobic
interactions, entropy, and solvation) with binding af-
finities or efficacies.35,36 However, our simulations do
not allow an accurate determination of binding energies.
Nevertheless, a rank-ordering based on scoring func-
tions for docked poses is proposed.

mGlu1R. The proximal amino and acidic functions
of glutamate 1, quisqualic acid 2, and (S)-3,5-DHPG 3
bind similarly to the receptor. Binding to the first lobe
(I) is established through a network of hydrogen bonds
between the carboxylate, the amino group, and Ser165,
Thr188, and Ser186 (backbone carbonyl) (Figures 1 and
2). Binding to the second lobe (II) is secured by an ionic
interaction between the ammonium and Asp318 side
chain function and by a cation-Π interaction37 between
this protonated group and the aromatic moiety of
Tyr23619,20 (Figures 1 and 2). This positively charged
group can also interact with the negative charge of
Asp208 which is more distant and located in the hinge
region. Moreover, the R-proton of all ligands points to
the aromatic cycle of Tyr236, making a stabilizing
CH-Π interaction.38 With 1-3, we note that the distal
acidic function is bound to Tyr74, Arg323, and Lys409.
However, a weaker cation-Π interaction between the
aromatic ring of 3 and the ammonium of Lys409 is found
in place of the ionic interaction between 1 or 2 and
Lys409. In 1ewk:A, three other residues, Arg78, Ser186,
and Gly293, bind to the γ-carboxylate of glutamate via
two water molecules which seem to play an important
role in anchoring the ligand into the cleft.20 Interest-
ingly, in our models, direct binding is observed between
these residues and 2 or 3. Indeed, with (S)-3,5-DHPG 3
the 3-phenol function is bound directly to Ser186, and
the 5-phenol is linked to Gly293. Similarly, the dioxo
groups of quisqualate bind directly to these residues.
Additional contacts between Trp110, Gly319, and ligands
stabilize the complex. While glutamate 3-proS and
4-proS protons are in van der Waals contact with
Trp110 H7 and a Gly319 proton, respectively, CH-Π
interactions and van der Waals contacts are detected
between H6 and H7 of Trp110, a Gly319 proton, and
the aromatic ring of 3 (Figure 2A). With quisqualic acid,
it is noteworthy that all bindings are very well fitted,T
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and the heterocycle binds optimally to Tyr74, Ser186,
Gly293, Arg323, and Lys409 (Figure 2B). Furthermore,
all atoms of the heterocycle besides N4 are in van der
Waals contact with H6 or H7 from Trp110. Thus, it
seems that binding to both lobes is optimized with
quisqualic acid so that the closed conformation of the
LBD is best stabilized. It should also be mentioned that
several couples of residues from the two lobes interact
to secure the closing of the bilobate structure as
Ser166-Asn235 and Trp110-Glu292 which are close
to the ligand, and these are maintained with all agonists
(see below).

mGlu2R. The proximal amino and acidic functions
of glutamate 1, DCG-IV 5, LY354740 6, its derivatives
8-11, and (S)-4CPG 14 are all bound similarly to the
receptor by residues which are homologous to those of
mGlu1R: Ser145, Thr168, and Ala166 (backbone car-
bonyl) from lobe I; Asp295 and Tyr216 from lobe II; and
Asp188 from the hinge region (Figures 1 and 3). The
same set of connections, as with mGlu1R, is established.
The distal acidic function is bound to lobe I by means
of hydrogen bonds and ionic interactions with Arg57,
Arg61, and Lys377 (Figure 3). No direct polar anchoring

to lobe II is observed in this region, although water
molecules may still bridge the γ-acidic group to the lobe
II backbone as observed at the mGlu1R binding site
with Gly293. However, several links between the two
lobes provide a tight closing in this region. In particular,
the Arg271 (lobe II) guanidinium group makes a hy-
drogen bond with Ser93 (lobe I) and a cation-Π interac-
tion with Tyr144 (lobe I) which, in turn, is connected to
lobe II via the backbone carbonyl of Glu213. Interest-
ingly, the two residues Ser93-Arg271 are homologous
to Trp110-Glu292 from mGlu1R. Moreover, for the

Figure 2. (S)-3,5-DHPG 2 (A) and quisqualic acid 3 (B)
docked at the mGlu1R binding site. A scheme is shown for
quisqualate. Residues of lobe I are colored in blue, those of
lobe II in magenta, and Asp from the hinge is in yellow. In
panel A, ligand carbon atoms are in green, oxygens in red, and
nitrogens in dark blue; hydrogen atoms have been omitted for
clarity. In panel B, ligand atoms are black. Polar interactions
between ligand and protein are represented by black dotted
lines.

Figure 3. LY354740 6 (A), DCG-IV 5 (B), and (S)-4CPG 14
(C) docked at the mGlu2R binding site. A scheme is shown
for DCG-IV 5. Residues and ligand atoms are colored as in
Figure 2. Hydrogen atoms (black) have been omitted for clarity
except for the C3 protons of 6 which are discussed in the text.
Polar interactions between ligand and protein are represented
by black dotted lines.

3174 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 15 Bertrand et al.



most potent agonist LY354740 6, van der Waals contacts
are detected between the methylene protons of the
Arg271 side chain and its C4 hydrogens. Thus, an
additional link to lobe II is established (Figure 3A). The
docking of DCG-IV 5 reveals that its additional acidic
group is mainly bound to Arg57 from lobe I. Therefore,
it would not provide an additional strong interaction
with lobe II (Figure 3B), affording a possible explanation
for its potency being equal to that of L-CCG-I 4. In
addition, the increased activity of 6 compared to that
of 4 and 5 suggests that entropic gain induced by
constrained extended conformations is also responsible
for the enhanced activity.39,40 As noted for mGlu1R, the
R-proton of glutamate and analogues, such as L-CCG-I
4 or DCG-IV 5, points to the aromatic ring of Tyr216
making a CH-Π interaction. In 6, this contact occurs
with the 3-proR proton. Thus, when this proton is
replaced by a fluorine atom, as in 7, a repulsive
interaction between the negative density of the aromatic
ring and the fluorine likely destabilizes the closed form
of the ATD.41 Hence, 7 would not activate the receptor
and turned out to be an antagonist.12 This repulsion
does not take place when the 3-proS proton of 6 is
substituted by a fluorine atom, as in 8, because it is
oriented differently, and it does not affect the closing of
lobe II. Similarly, when the R-proton of L-CCG-I 4 is
replaced by a methyl group, optimal closing of lobe II is
also prevented, and the resulting compound (MCCG-I)
is turned into a competitive antagonist. This observation
will be reported in due course. The analysis of the
mGlu2R models docked with several agonists (1, 4-6,
9-11) suggests that a water molecule might be situated
between Arg61 and the agonist distal acidic group. It
would also be bound to Ser143. It was manually
positioned in the docking model of 6 as an example, and
the resulting system was minimized (Figure 5A). With
9-11, a second water molecule is probably bridging the
intracyclic heteroatom (O or S) or the 4-carbonyl group42

to Ser272 and Glu273 (lobe II), thus, reinforcing the
connection between the ligand and lobe II, as shown for
11 in Figure 6. Furthermore, a new hydrogen bond is
disclosed between the 6-fluorine of 11 and the am-
monium group of Lys377 (Figure 6). (S)-4CPG 14 binds
like the shorter agonists mentioned above, except for
Lys377 whose amino group is turned away from the
ligand, keeping a strong interaction with Glu318 from
the hinge region and Asp295 (Figure 3C). In the present
model, the 4-carboxyphenyl moiety is tucked into lobe
I and interacts tightly with Arg57 and Arg61. In this
case, no water molecule would be bridging the ligand
to Arg61.

mGlu4R. The proximal functions of glutamate 1, (S)-
AP4 12, ACPT-I 13, (S)-PPG 15, and (S)-DCPG 16 are
tied up to the conserved residues Ser159, Ala180
(backbone carbonyl), Thr182, Asp202, Tyr230, and
Asp312 by the same binding network as mGlu1R and
mGlu2R, as described previously19,43 (Figures 1 and 4).
The distal acidic functions are surrounded by an im-
pressive number of basic and hydrophilic residues:
Lys74, Arg78, Ser157, and Lys405 from lobe I and
Arg258, Asn286, Ser313, and Lys317 from lobe II
(Figure 4). We noticed that the two oxygen atoms of the
γ-carboxylate in 1 are directly linked to residues from
lobe I and to Lys317 from lobe II (Figure 1), while other

connections to lobe II residues are probably established
by means of water molecules which are not present in
our models. Yet, with ACPT-I and (S)-AP4 direct bind-
ing takes place. Binding to Lys74, Ser157, and Lys405
from lobe I is observed, while Arg78 makes a weak ionic
interaction or binds via a water molecule to the ligand

Figure 4. ACPT-I 13 (A), (S)-AP4 12 (B), and (S)-PPG 15 (C)
docked at the mGlu4R binding site. A scheme is shown for
(S)-AP4 12. Residues and ligand atoms are colored as in Figure
2, and phosphorus atom are in magenta. Hydrogen atoms have
been omitted for clarity. Polar interactions between ligand and
protein are represented by black dotted lines.
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distal carboxylate or phosphonate (see below). Arg258,
Asn286, Ser313, and Lys317 from lobe II are bound to
the distal functions of ACPT-I (Figure 4A). Similar
residues interact with the phosphonate group of (S)-
AP4; however, because of its smaller size compared to
the combination of two carboxylates, Arg258 and Asn286
stand aside from the ligand, decreasing the interactions
of the phosphonate with these residues (Figure 4B). The
two phenylglycines, (S)-PPG 15 and (S)-DCPG 16, fit
nicely to the cluster of basic residues. The (S)-PPG
phosphonate group is more distant from the glycine
moiety than it is within (S)-AP4; thus, some of the (S)-
AP4 bindings are absent (Ser313), weaker (Arg258),
similar (Lys74, Ser157, Lys317, and Lys405), or stron-
ger (Arg78) (Figure 4C). (S)-DCPG 16 binds to similar
residues (data not shown). Both phenylglycines bind
directly to Arg78 with no bridging water molecule as
observed for (S)-4-CPG 14 at the mGlu2R binding site.
On the other hand, shorter agonists, such as 12 and 13,
may be linked to Arg78 by means of a water molecule.
Such a water molecule was manually positioned in the
docking model of 12 as an example, and the resulting

system was minimized (Figure 5B). We notice that
Ser157 is also bound to the bridging water.

Model Scoring. To correlate agonist affinities and
suggested binding modes, we have scored our models
using several scoring functions (Ligscore,44 PLP1,45 and
PMF with or without consideration of hydrogen atoms46)
as implemented in the Cerius2-LigandFit module.44

Scoring functions are mostly used to discriminate
between active and inactive compounds in the process
of virtual screening.47 However, a correlation between
binding affinities and the predicted scores of the docked
compounds has been achieved in some cases.48,49 Scores
of the docking models presented above are displayed in
Table 1. With the three functions, the same rank order
is observed for mGlu1 agonists: Glu < (S)-3,5-DHPG
< Quis. Glutamate and (S)-3,5-DHPG show affinities
and potencies in the same range and close scoring
values. Quisqualate is more potent; this is best revealed
using PMF.46 With mGlu2R, the binding affinity trend
is recovered using Ligscore, PLP1, and PMF_H: Glu <
DCG-IV < LY354740. With mGlu4R, PLP1 and PMF
values are the lowest for glutamate (Table 1) and similar
for the three agonists (S)-AP4, ACPT-I, and (S)-PPG.
Glutamate’s affinity is indeed weaker than that of (S)-
AP4. Binding affinities are not available for ACPT-I and
(S)-PPG, yet their binding mode is analogous to that of
(S)-AP4 as expressed by the scoring values.

Agonist Selectivity. When the CR traces of mGlu2
and mGlu4 receptor models docked with glutamate are
superimposed onto the traces of 1ewk:A, we notice that
the glycine moieties of all ligands coincide perfectly.
Nevertheless, a slight shift of the distal function is
observed in the type 2 and 4 models (Figure 1). As a
result, the γ-acidic function is more buried in lobe I in
the models of mGlu2/4R, and more space is available
between the glutamate tied to lobe I and the residues
of lobe II. Hence, larger agonists are well accepted at
the mGlu2/4R binding site (see below). Moreover, the
orientation of the distal carboxylate is quite different

Figure 5. Putative water molecule bridging the agonist distal
acidic function and the conserved arginine in the models of
mGlu2 (Arg61) and mGlu4 (Arg78) receptor LBD. The water
molecule was manually positioned in the 6/mGlu2 (A) and 12/
mGlu4 (B) receptor models, and the resulting systems were
minimized.

Figure 6. Proposed water molecule bridging the carbonyl
group of 11 and selected residues of lobe II (magenta). The
hydrogen bond between the 6-fluoro substituent (dark green)
and Lys377 of lobe I (blue) is displayed. Atoms of 6 and of the
water molecule are colored as in Figure 2. Polar links are
indicated as dotted lines. The water molecule was manually
positioned in the final minimized 11/mGlu2R LBD complex,
and the system was submitted to the minimization protocol.
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between the type 1 model and the type 2 and 4 models.
In the case of the mGlu1 receptor, the γ-carboxylate lies
roughly in a plane that contains the R-proton, while in
the two other cases, the plane is roughly perpendicular
to this proton (Figure 1).

With competitive antagonists, we assume that in most
cases binding to lobe I takes place, but the adjusted
closing is disrupted as described with AMPA receptors.50

Several group II agonists (DCG-IV, LY354740, and (S)-
4CPG) are group I antagonists (Table 1). They bind to
the active site of the ATD, as indicated by binding
affinity values (Table 1), but optimal closing may not
be reached. Therefore, docking of competitive antago-
nists in open forms may be considered but not in closed
ones. DCG-IV 5 can bind to the ATD first lobe; however,
upon closing, the additional carboxylic group probably
makes a repulsive interaction with Glu292 and inter-
feres with the Glu292-Trp110 interlobe connection (see
below). With LY354740 6, the rigid bicyclic structure
cannot fit in the space delimited by the side chain of
Tyr236 upon the closing of the group I ATD (Figure 7A).
With (S)-4CPG 14, the longer distances between func-
tional groups (d1 ) 6.5 Å, d2 ) 6.8 Å) induce a
displacement of Tyr74 in the model of the ATD open
form (Figure 7B). Tyr74 plays a critical role in position-
ing the distal function of ligands and in the arrangement
of residues around this function: Trp110 CH-Π inter-
actions and Arg71, Arg78, and Arg323 cation-Π inter-
actions. The displacement of Tyr74 in the open-liganded
form of ATD also prevents the formation of the Tyr74-
Arg323 interlobe connection during closing and would
be responsible for antagonist property (Figure 7B). Also,
in the minimized open system, the amino group of the
phenylglycine is not pointing to Tyr236 as expected for
regular closing. In group II and III receptors, Tyr74
(mGlu1R) is replaced by residues which allow more
flexibility to bind longer agonists (Arg57 in mGlu2R and
Lys74 in mGlu4R).

In contrast to group II agonists, group III agonists,
(S)-AP4, ACPT-I, and (S)-PPG, do not display any
activity at mGlu1/5R or at mGlu2/3R. (S)-AP4 12 is
structurally very close to glutamate 1 and, nonetheless,
does not show any activity or affinity for mGlu1R (Table
1). Because of this lack of affinity, we suggest that (S)-
AP4 cannot bind its functional groups to the open form
of the ATD. This step would be required before the
closing motion. Thus, we have positioned (S)-AP4 in
place of glutamate in 1ewk:B (open form template) and
minimized the system with a constraint on the CR trace
and ligand d1 distance because of a propensity to adopt
a folded conformation due to internal ionic interaction.
The resulting model is shown in Figure 7C and is
compared to 1ewk:B. Tyr74 is displaced as with (S)-
4CPG. Additionally, a disrupted hydrophobic network
might be responsible for the inability of (S)-AP4 to bind
to the protein. In fact, a hydrophobic pocket located in
lobe I close to the hinge seems to play a critical role in
the stability of the mGlu1R bilobate structure. It is
composed of Thr188 (methyl group), Val205, Pro206,
Phe412, and Lys409 (methylene groups) of lobe I and
Leu342 from the hinge region. In particular, the Lys409
δ and ε methylene groups are in van der Waals contact
with a Leu342 methyl group. Moreover, the Lys409

Figure 7. (A) Superimposition of mGlu1R and mGlu2R
binding sites, as described in Figure 1, with bound glutamate
(mGlu1R) and LY354740 (mGlu2R). The color code is the same
as in Figure 1. In addition, the amino and acidic functions of
LY354740 (black) have been superimposed over those of
glutamate in mGlu1R. This disposition shows that the ad-
ditional rigid cycle of LY354740 would be in a steric clash with
Tyr236, because its γ-carboxylate is not as deeply buried in
lobe I as in the mGlu2R model. (B and C) Proposed anchoring
of (S)-4-CPG 14 (B) and (S)-AP4 12 (C) in the open form of
mGlu1R LBD (1ewk:B). Ligands were manually positioned in
the crystal structure, and the resulting system was submitted
to the minimization protocol. These models (dark blue) were
then superimposed (CR trace) onto the 1ewk:B structure (cyan)
with bound glutamate. Water molecule W31 from lewk:B is
displayed in panel B. Compounds 14 and 12 exhibit similar
bindings as glutamate; however, critical residue side chains
have shifted as with Tyr74, Lys409, and Leu342. Ligand
carbon atoms are colored in green, oxygens in red, nitrogens
in dark blue, and phosphorus in magenta. Hydrogen atoms
have been omitted for clarity except for two specific ones from
Lys409 and Leu342 which are in contact in the initial structure
and apart after minimization (panel B). They are displayed
as van der Waals spheres.

Metabotopic Glutamate Receptor Agonist Activity Journal of Medicinal Chemistry, 2002, Vol. 45, No. 15 3177



amino group interacts with the distal acidic function of
the ligands. Thus, a change in this ionic interaction may
induce a loss of the critical van der Waals contact as
illustrated with the binding of (S)-AP4 to the open form
of ATD (Figure 7C). The same hydrophobic contacts are
found in the type 2 receptor (Thr168, Val185, Pro186,
Phe380, Lys377, and Leu319). However, Leu342
(mGlu1R) aligns with Pro336 in mGlu4 such that
hydrophobic interactions would not be disrupted by the
binding of (S)-AP4 in the latter receptor. The selectivity
of (S)-AP4 might also be related to the position of
specific water molecules on which we have currently no
data.

Interlobe Connections. In addition to the binding
of the agonist to the second lobe when the ATD closes,
several interlobe connections occur (Figure 9). These are
localized all along the cleft defined by the two lobes. In
the present article, we focus on those situated near the
ligand and which could affect ligand binding. In any
case, these interactions occur regardless of which ago-
nist is docked in the binding site. Thus, they are shown
for mGlu1R with (S)-3,5-DHPG, mGlu2R with DCG-IV,
and mGlu4R with ACPT-I docked at the binding site
(Figure 8). The interlobe connections can be divided, for
each receptor, into three sets of residues linked by polar
interactions (Figures 8 and 9). The first set is composed
of 5 conserved residues (Figure 9A). All of these, besides
Gln, also interact with the ligand. Asp from the hinge
is part of this set, because it participates in positioning
residues from lobe I (Thr) and lobe II (Gln). This Gln
residue is bound to a second Asp which makes the
second interlobe connection of the set with Lys (Figures
8 and 9A). The second set holds mostly conserved
residues; however, some connections are particular to
one type of receptor (Figure 9B). The link found in
mGlu1R between Ser166 and Asn235 is also detected
between the homologous residues of mGlu2R (Asp146
and Asn215) and mGlu4R (Ser159 and Ser229). The
second interlobe connection of this set is found between
Ser189 and Asn235 of mGlu1R and between Ser169 and
Asn215 of mGlu2R (Figures 8 and 9B) but not between
homologous residues in mGlu4R (Ala183 and Ser229).
On the other hand, Ser229 is bound to Ser233 (part of
the same g-F loop20) which, in turn, is bound to Asp185
close to Ala183. In the third set, residues located around
the distal function of the ligand are involved. Connec-
tions are mostly specific to each receptor, although
residues involved are found in a limited number of loops
(Figures 8 and 9C). Among the four interlobe connec-
tions detected in mGlu1R, two of them, Arg71-Glu325
and Tyr74-Arg323, are specific and are found in neither
mGlu2R nor mGlu4R. The two others, Trp110-Glu292
and Ser164-Glu292, are also present in mGlu2R with
Ser93-Arg271 and Tyr144-Arg271. In these two cases,
Glu292 (mGlu1R) and Arg271 (mGlu2R) from lobe II
line the ligand and anchor to the two residues of lobe I
as pliers. In mGlu2R, the cation-Π interaction between
Arg271 and Tyr144 is also reinforced by a hydrogen
bond between Tyr144 and Glu213 which is lacking in
mGlu1R. For subtype 4, Asn286, the homologue of
Glu292 in mGlu1R and Arg271 in mGlu2R, is only
bound to the ligand and does not participate in interlobe
interaction. Yet, its neighboring residue Glu287 is
linked to Lys74 of lobe I (Figures 8 and 9C). Another

pliers-type connection is also observed in mGlu2R with
Gln42 (loop b-A) linking Arg243 (loop h-G) and Glu273
(loop i-H). In mGlu4R, a partly similar connection
occurs with Arg60 (loop b-A) interacting with Glu259
(loop h-G) and Ser110 from lobe I that is homologous
to Trp110 (mGlu1R) and Ser93 (mGlu2R) (Figures 8 and
9C).

Discussion

A Common Motif Binds the Glycine Moiety.
Although flexibility of both side chains and ligand was
allowed in all runs, the initial binding pattern of the

Figure 8. Networks of polar interactions (dotted lines)
between the two lobes of mGlu1R docked with 3 (A), mGlu2R
docked with 5 (B), and mGlu4R docked with 13 (C). Atoms
and residues are colored as in Figure 2 with interlobe connec-
tions in black and intralobe connections in red.
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glycine moiety was maintained. Indeed, our modeling
approach revealed that all agonists docked at their
respective mGluR binding site display a similar mode
of binding for their glycine entity. The R-carboxylate and
R-ammonium groups are bound to lobe I of the receptor
by way of an analogous hydrogen bond network that
implies a conserved Ser and Thr and a homologous
backbone carbonyl group (Table 2 and Figure 10). Such
interactions have been clearly identified in the crystal
structures of LIVBP and mGlu1R ATD, solved with
their bound ligand, leucine51 and glutamate,20 respec-

tively. Only the amino function is directly anchored to
lobe II through an ionic and a cation-Π interaction with
a conserved Asp and Tyr, respectively, and anchored to
the hinge region by an electrostatic interaction with a
conserved Asp (Table 2 and Figure 10). The five residues
that anchor the glycine moiety are conserved in the
same structural family members that are known to bind
amino acids, such as leucine isoleucine valine binding
protein (LIVBP), leucine binding protein (LBP),51,52

DmGluAR,53 calcium-sensing receptor (CaSR),54 and
odorant receptors OR5.24,55 and may, therefore, con-
stitute a motif for amino acid binding in this family of
proteins containing an LIVBP-like domain. Indeed,
these proteins were retrieved when a sequence search
was run with the mGlu1R ATD sequence and the
aforementioned pattern. These results will be reported
elsewhere.

Binding Site Water Molecules. The X-ray struc-
ture20 reveals that two water molecules named 46H and
11H in 1ewk:A provide links between the glutamate
distal function and receptor lobes I and II, respectively.
The water molecule 46H is also present in the crystal
structure of the open-liganded form monomer 1ewk:B.20

This suggests that it might be part of the structure of
the glutamate binding site. Moreover, this water mol-
ecule is bound to Arg78 which is conserved among all
mGluRs and may be part of all subtype binding sites.
However, this water molecule is also bound to Ser186
which is conserved in group I receptors only and aligns
with an alanine in other receptors (Table 2). Other
serine residues conserved in groups II and III are
present in the vicinity of the conserved arginine (Ser93/
110, Ser143/157, and Ser167/181 in mGlu2/4R, Table
3) and could play the previous serine’s part. Yet, docking
experiments were run without water for the following
reasons. We have a priori no indications of how a water
molecule would be positioned. Indeed, it has been shown
that the conservation or displacement of active-site-
bound water is highly influenced by the protein mi-
croenvironment of the water molecule.56 It was also
noted that the average improvement of the predicted
water molecule was minor in a series of 200 protein-
ligand complexes.57 Moreover, with bulkier agonists,
water molecules may be displaced or ejected from the
site.58 These comments also apply to water molecule
11H bridging glutamate to the amide proton of Gly293
in mGlu1R. Interestingly, we checked with the gluta-
mate/mGlu1R model that the side chains of binding site
residues are well positioned in our conditions (Figure
1). In return, binding site water molecules could be
proposed for the 6/mGlu2R and 12/mGlu4R models.

Selectivity Is Located around the Distal Func-
tion. Despite two conserved basic residues (Arg and Lys,

Figure 9. Schematic representation of the 3 sets of interlobe
connections close to the ligand. Panels A and B: proximal and
mostly conserved interactions. Lobe I, II, or hinge is indicated
in brackets. Panel C: specific interactions around the distal
function of the agonist. The residues involved in these con-
nections belong to three loops from lobe I and four loops from
lobe II which are boxed in dark and hatched gray, respectively.
In all cases, they are situated between a â-sheet and an R-helix
which are named according to Kunishima.20 Interlobe interac-
tions are shown with solid lines, and intralobe ones are shown
with dashed lines.

Table 2. Conserved Residues of Rat mGluRs, DmGluAR, Rat
CaSR, LIVBP/LBP, and Goldfish OR5.24 Binding to the
Glycine Moiety of Agonistsa

mGlu1R S165 S186b T188 D208 Y236 D318
mGlu5R S151 S172b T174 D194 Y222 D304
mGlu2R S145 A166b T168 D188 Y216 D295
mGlu3R S151 A172b T174 D194 Y222 D301
mGlu4R S159 A180b T182 D202 Y230 D312
mGlu6R S148 A169b T171 D191 Y219 D301
mGlu7R S159 A180b T182 D202 Y230 D314
mGlu8R S156 A177b T179 D199 Y227 D309
DmGluAR S158 A179b T181 D201 Y229 D310
CaSR S147 A168b S170 D190 Y218 E297
LIVBP S79 A100b T102 D121 Y150 E226
LBP S79 G100b T102 D121 Y150 E226
OR5.24 S152 A173b T175 D195 Y223 D309

a Figure 10. b Residue bound to the ligand through its backbone
oxygen atom.

Figure 10. Synthetic scheme of the conserved binding
residues of the glycine moiety (Table 2).
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Table 3), binding of the distal acidic group is markedly
different for each receptor subtype. This is in contrast
with the highly conserved binding of the proximal
functions. In fact, a set of several binding residues from
this region (Table 3) is characteristic of each pharma-
cological group and is responsible for group selectivity.
These residues can bind to specific chemical groups held
by the ligands, but they also affect the disposition of
the distal carboxylate relative to the ligand glycine
moiety and protein backbone (Figure 1). Among these
residues, Tyr74 and Ser186 from mGlu1R seem to be
responsible for the restricted length of well-accepted
agonists as illustated with 4-acidic phenylglycines turned
into antagonists. On the other hand, in mGlu2 and
mGlu4 subtypes, Ser143/Arg57 and Ser157/Lys74, re-
spectively, would be responsible for the longer agonist
tolerance. Indeed, Ser186 (mGlu1R) is much closer to
the proximal region than Ser143/118 (mGlu2/4R). Also,
Arg57 (mGlu2R) and Lys74 (mGlu4R) hold more flexible
side chains than Tyr74 (mGlu1R) and can adapt to
variable agonist lengths. These residues also have a
major influence on the relative disposition of the distal
carboxylate or its isostere. As seen in Figure 1, this
group is more tucked into lobe I in the mGlu2/4R models
than in the mGlu1R model. It allows wider agonists,
such as LY354740, to bind at mGlu2R and not at
mGlu1R. It also affects the position of possible bridging
water molecules which can be displaced with larger
agonists (e.g., quisqualate, (S)-3,5-DHPG, (S)-4-CPG,
(S)-PPG, and (S)-DCPG). In our mGlu2R models, Arg57
and Ser143 appear as the only polar specific residues,
while Lys74, Ser157, Arg258, Asn286, Ser313, and
Lys317 constitute a highly basic and hydrophilic cluster
around the distal function of mGlu4R. Thus, we explain
why group III specific agonists ((S)-AP4 12, ACPT-I 13,
and (S)-PPG 15) hold an additional distal acidic function
which is well suited to this environment. Some specific-
ity might also be connected to some hydrophobic resi-
dues close to the hinge region which are brought in
contact when agonists are bound (Figure 7C).

Agonist Affinity and Potency. The recent crystal-
lographic structures of the LBD of mGlu1R as a dimer
have suggested a new receptor activation mechanism
in which the relative orientation of the two binding
domains would be critical.4,8,20,26 At least one closed
conformation of this domain would be required for
activation. A recent theoretical model established how
the conformation of the LBD controls the activity of the
receptor.27 An increase in the proportion of the closed
state due to agonist binding would increase the propor-
tion of active state receptors. Our results are in agree-
ment with the proposed thermodynamic model.

At the mGlu1R binding site, glutamate γ-carboxylate
is bound to Tyr74, Ser186 via a water molecule, Gly293
via a water molecule, Arg323 in addition to the con-
served Lys409 and Arg78 according to the crystal
structure.20 (S)-3,5-DHPG 3 and quisqualate 2 fit opti-
mally to these residues without bridging water mol-
ecules. In the diphenol ring, as well as in the dioxo-
oxadiazolidine ring, the two hydroxyl or carbonyl groups
are in such relative disposition that they allow simul-
taneous binding to Tyr74 and Ser186 from lobe I and
to Gly293 and Arg323 from lobe II (Figure 2). Thus, a
tight linkage of the two lobes is achieved, inducing a
shift to the active form of the ATD. However, the weaker
affinity of 3 may be due to a weaker cation-Π interac-
tion between the aromatic ring of 3 and the ammonium
of Lys409 in place of an ionic interaction. At the mGlu2R
binding site, hydrophobic effects between the ligand and
lobe II seem to be major factors for the increased
stability of the closed form of the ATD when bound with
these agonists. In fact, glutamate and its analogues are
brought into contact with a lipophilic surface from lobe
II upon closing of the two lobes. This lipophilic environ-
ment results essentially from Tyr144 and Tyr216 aro-
matic rings and the methylene side chain of Arg271. The
stronger potency of 6 compared to that of 4 or 5 can be
explained by the combination of a restricted flexibility
and a larger hydrophobic surface, while the additional
potency of 11 might originate from additional hydrogen
bonds via a water molecule (Figure 6). In the case of
mGlu4R, the active form of the ATD is stabilized by an
increased number of polar bonds (ionic or hydrogen
bonds) between the agonist and the receptor.

In the present article, the dockings of several agonists
which are more potent than glutamate are described.
We note that favorable entropy and additional contacts
can provide increased stability of the closed conforma-
tion which correlates with their higher affinity and
potency. Moreover, we suggest that receptor activation
occurs when the bilobate domain closes to a precise
angle as is the case with the GluR2 ligand binding
core.50 Thus, ligands that fit into the cleft and lock this
conformation are expected to be among the most potent
agonists: quisqualate and LY354740 are of this type.
Ligands with high affinity but which induce a different
closing angle would be partial agonists or antagonists.
This hypothesis has been validated while this paper was
under revision.23

Interlobe Connections. It has been shown that the
equilibrium between open and closed conformations
takes place in the absence of ligand/agonist for both the
periplasmic binding proteins59 and mGlu1R ATD.20

Indeed, several interlobe connections can be established

Table 3. Residues that Interact with the Distal Function of Glutamate and Agonists, in the Closed Conformation of the ATD of Rat
mGluRs

lobe I lobe II

mGlu1R Y74a R78 W110 G163 S164 S186 A187 K409 S263 E292 G293 G319 R323
mGlu5R Y64 R68 W100 G149 S150 S172 A173 K395 S249 E278 G279 G305 R309
mGlu2R R57 R61 S93 S143 Y144 A166 S167 K377 R243 R271 S272 G296 L300
mGlu3R R64 R68 S100 S149 Y150 A172 S173 K389 R249 R277 S278 G302 Q306
mGlu4R K74 R78 S110 S157 G158 A180 S181 K405 R258 N286 E287 S313 K317
mGlu6R Q58 R62 S94 S146 A147 A169 S170 K394 R247 N275 E276 S302 K306
mGlu7R N74 R78 S110 S157 G158 A180 S181 K407 Q258 N288 D289 S315 K319
mGlu8R K71 R75 S107 A154 A155 A177 S178 K401 R255 N283 E284 S310 K314

a Residues that interact directly with the agonist distal function, through polar or van der Waals contact as detected by the WHATIF
program19 for the docking models, are bold, and conserved ones are in italic.
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when the unliganded ATD closes.20 The same clamps
are found in the closed-liganded ATD. When a ligand
prevents the closing motion of the ATD, these connec-
tions cannot occur, and the receptor activation is
perturbed. Such a situation is met, for example, with
8, the 6-fluoro analogue of LY354740,12 or with several
R-methylglutamate analogues5,6 which are, in fact,
competitive antagonists. Further description will be
reported in a subsequent article. Here, we describe
connections that are situated around the agonist in the
closed conformation of the LBD. As we noted that the
proximal functions of glutamate analogues are bound
to conserved residues, we observed that interlobe con-
nections in this region are also conserved (panels A and
B of Figure 9). On the other hand, connections in the
environment of the agonist distal function are more
diverse (Figure 9C), as seen with ligand binding.

Conclusion

We have described the docking of 8 agonists at their
respective mGluR binding sites. Common binding for
the glycine moiety has been detected, while selective
interactions are described for the distal functions.
Several interlobe connections are established around the
ligand and participate in the tight closing of the bilobate
structure. Altogether, our results show that increased
affinity and potency of better agonists compared to
glutamate would be related to improved binding to the
mGluR ATD closed form. Thus, the stabilization of this
conformation would induce a shift of the receptor
equilibrium to its active form.

Materials and Methods

Homology Models for mGlu2R and mGlu4R ATD
Closed Forms. Both homology modeling models for mGlu2R
and mGlu4R LBD closed forms were generated by the auto-
mated homology modeling tool MODELER 5.00 (InsightII,
version 2000, Accelrys, San Diego, CA).60 Models were gener-
ated by using the coordinates of the LBD domain of mGlu1R
closed form bound with glutamate (1ewk:A) and based on a
sequence alignment previously described.19 To properly posi-
tion the glutamate in our homology models, we used the
HETATM_IO routine available in MODELER 5.00. The struc-
tural quality of the models was assessed according to MOD-
ELER’s probability density function and Profiles-3D analysis
(InsightII, version 2000).61 The selected models were further
used for docking.

Docking. Two or more of the most potent and/or selective
mGluR agonists (Chart 1) were selected for each group:
quisqualic acid 2, (S)-3,5-dihydroxyphenylglycine 3 (3,5-
DHPG), (+)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid
6 (LY354740), (2S,2′S,3′R)-2-(2′,3′-dicarbocarboxycyclopropyl)-
glycine 5 (DCG-IV), (1S,3R,4S)-1-aminocyclopentane-1,3,4-
tricarboxylic acid 13 (ACPT-I), and (S)-2-amino-4-phospho-
nobutyric acid 12 ((S)-AP4). They were docked into the active
site of mGlu1R ATD (1ewk:A), mGlu2R ATD, and mGlu4R
ATD (homology modeling models). The ligands were first
manually positioned in their bioactive conformations17,18 by
superimposing their glycine moiety on the amino acid function
of glutamate. The obtained protein-ligand complex was,
therefore, submitted to energy minimization (steepest-descent
convergence, 2 kcal mol-1 Å-1; conjugate-gradient convergence,
0.1 kcal mol-1 Å-1) while tethering the CR trace. This was
performed using the Discover 3.00 calculation engine with the
CFF force field (InsightII, version 2000). The nonbond cutoff
method and dielectric constant were set to cell-multipole and
distance dependent (ε ) 1R), respectively. Discover 3.00 and

the CFF force field were further used to perform 400 ps of
molecular dynamics at 298 K. The CR trace was tethered using
a quadratic potential during the entire protocol (general
protocol) except in the docking of quisqualate 2, LY354740 6,
and (S)-AP4 12, where it was gradually released from 100 to
0 kcal mol-1 Å-2. The integration time step was set to 1 fs,
and the calculations were performed at constant volume and
temperature. Once the system was equilibrated, the coordi-
nates of snapshots collected over a period of 20 ps were
averaged and submitted again to energy minimization (steep-
est-descent convergence, 2 kcal mol-1 Å-1; conjugate-gradient
convergence, 0.01 kcal mol-1 Å-1; CR trace tethered). The same
minimization protocol was used when water molecules were
added.

Model Scoring. Scoring of the poses of the different
agonists, with respect to the 3 subtypes of receptors, was
performed using the LigandFit module implemented in Ce-
rius2.44 Conformations of both ligand and protein were ob-
tained from the previously described simulation protocols.

The determination of the binding region was based on the
shape of the docked ligands. Several scoring functions were
used, such as Ligscore,44 PLP1,45and PMF.46 Two versions of
PMF were used; they are indicated as PMF_H and PMF and
include or do not include hydrogen atoms, respectively. Lig-
score was used in conjunction with the CFF force field
(Accelrys).
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