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Competitive Antagonism of AMPA Receptors by Ligands of Different Classes:
Crystal Structure of ATPO Bound to the GluR2 Ligand-Binding Core, in
Comparison with DNQX
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Ionotropic glutamate receptors (iGluRs) constitute a family of ligand-gated ion channels that
are essential for mediating fast synaptic transmission in the central nervous system. This study
presents a high-resolution X-ray structure of the competitive antagonist (S)-2-amino-3-[5-tert-
butyl-3-(phosphonomethoxy)-4-isoxazolyl]propionic acid (ATPO) in complex with the ligand-
binding core of the receptor. Comparison with the only previous structure of the ligand-binding
core in complex with an antagonist, 6,7-dinitro-2,3-quinoxalinedione (DNQX) (Armstrong, N.;
Gouaux, E. Neuron 2000, 28, 165-181), reveals that ATPO and DNQX stabilize an open form
of the ligand-binding core by different sets of interactions. Computational techniques are used
to quantify the differences between these two ligands and to map the binding site. The isoxazole
moiety of ATPO acts primarily as a spacer, and other scaffolds could potentially be used.
Whereas agonists induce substantial domain closures compared to the apo structure, ATPO
only induces minor conformational changes. These results are consistent with the hypothesis
that domain closure is related to receptor activation. To facilitate the design of novel AMPA
receptor antagonists, we present a modified model of the binding site that includes key residues
involved in ligand recognition.

Introduction

(S)-Glutamic acid (Glu) is the major excitatory neu-
rotransmitter in the central nervous system (CNS).
Glutamate operates via ligand-gated ion channels
(iGluRs) and G-protein-coupled metabotropic receptors
(mGluRs).1 The iGluRs play a central role in rapid
neural signaling and in regulation of synaptic strength,
but are also implicated in a number of serious psychi-
atric and neurological diseases.1,2 The iGluRs are di-
vided into three classes based on their affinities and
functional responses to the agonists 2-amino-3-(3-hy-
droxy-5-methyl-4-isoxazolyl)propionic acid (AMPA), kain-
ic acid (KA), and N-methyl-D-aspartic acid (NMDA).3
These membrane-bound receptors are assembled from
class-specific combinations of homo- or heteromeric
subunits. AMPA receptors are formed from the subunits
GluR1-4.4 Combinations of GluR5-7 and KA1-2 form the
KA receptors, and the subunits NR1, NR2A-2D, and
NR3A-B assemble to form NMDA receptors.1,3 Recent

evidence suggests that these receptors are tetramers,
assembled as dimers-of-dimers.5-10 The variety of sub-
unit combinations, the expression of either the flip(i)
or the flop(o) splice variants,11 and post-transcriptional
RNA editing result in a broad diversity of iGluRs.12 This
heterogeneity is reflected in the observed pharmacologi-
cal and functional properties.1,13 The topology of a single
iGluR subunit is defined by (1) an amino terminal
domain (ATD); (2) a ligand binding core (S1 and S2);
(3) three membrane spanning regions (M1, M2, and M3)
plus a cytoplasm-facing re-entrant loop (P); and (4) a
short C-terminal intracellular region (Figure 1a).14-16

The structural details of ligand-binding to iGluRs
were unknown until recently. A breakthrough occurred
with the X-ray structure of KA bound to the ligand-
binding core (S1S2) of the AMPA receptor subunit
GluR2o.17 This achievement was facilitated by the
finding that the transmembrane regions M1 and M2
could be substituted by a peptide linker, and that the
ATD and the last transmembrane segment could be
deleted. The resulting soluble fusion proteins displayed
binding affinities that were comparable with that of the
full-length membrane-bound receptor.15,18 The develop-
ment of facile expression and purification methodologies
for GluR2-S1S2 constructs has enabled the determina-
tion of the crystal structures of six agonists and of the
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antagonist 6,7-dinitro-2,3-quinoxalinedione (DNQX, see
Chart 1) in complex with GluR2-S1S2, as well as the
apo structure.5,19 The structures have revealed different
degrees of closure of the cleft between the two domains
forming the bilobular structure. Full agonists such as
Glu and AMPA induce 20° of domain closure compared
to the apo structure, whereas the antagonist DNQX
stabilizes an open conformation.

A large number of iGluR antagonists have been
synthesized and characterized pharmacologically.1,20

Over the years, these have incrementally advanced our
understanding of the structural characteristics involved
in the antagonism of iGluRs. However, to our knowl-
edge, no competitive antagonist has yet been shown to
exhibit significant subtype selectivity between ho-
momers of the four AMPA-sensitive subunits (GluR1-
4). Even though the GluR2-S1S2:DNQX structure pro-
vided a significantly better understanding of the
fundamental details of antagonist binding, many ques-
tions remain unanswered. For example, will other
antagonists stabilize the same open conformation of
S1S2 as DNQX? Do structurally dissimilar antagonists
share the same binding mode? Which structural fea-
tures are important for the design of a subunit selective,
high affinity antagonist? To address such questions, we
have determined the high-resolution X-ray structure of
the competitive AMPA receptor antagonist (S)-2-amino-
3-[5-tert-butyl-3-(phosphonomethoxy)-4-isoxazolyl]pro-
pionic acid (ATPO)21,22 (see Chart 1) in complex with
GluR2-S1S2. Moreover, detailed analyses of both the
ligands and of the binding site using computational
techniques have been undertaken.

Results and Discussion
The high-resolution X-ray structure of the GluR2

ligand-binding core S1S2J in complex with (S)-ATPO
was solved at 2.1 Å resolution, as documented in Table
1 and Figure 1b. There are four protein molecules in
the asymmetric unit (a.u.) of the unit cell (designated
ATPO:A-D). Pairwise superimposition of the CR-atoms
of the four molecules yields root-mean square deviations
(rmsd) of 0.4-0.8 Å. To verify that S1S2J behaves in a
similar way to full-length AMPA receptors, the KD value
for [3H]AMPA and the IC50 value for displacement by
(S)-ATPO were determined. The binding affinity for
AMPA and the IC50 value for ATPO (Figure 1c,d) were
found to be in good agreement with AMPA receptor
pharmacology on full-length receptors (KD for [3H]AMPA
binding is 12 nM and IC50 of ATPO is 16 µM).22,23

Binding Interactions between ATPO and S1S2J.
ATPO binds within the open cleft between domain 1 and

Figure 1. Schematic representation of the iGluR subunit
topology, omit electron density map of ATPO, and ligand-
binding pharmacology. (a) The topology of an iGluR subunit.
The two segments S1 (in gray) and S2 (in black) form the
bilobular structure of the ligand-binding core. Cut and linker
denote the boundaries for the GluR2-S1S2J construct. (b) Fo

- Fc omit electron density map contoured at 3.0σ for S1S2J:
ATPO (protomer A). (c) KD for [3H]AMPA binding is 12.8 (
1.9 nM. (d) IC50 for displacement of [3H]-AMPA by (S)-ATPO
on GluR2-S1S2J is 12.2 µM.

Chart 1. Two Competitive AMPA Receptor Antagonists.
ATPO: (S)-2-Amino-3-[5-tert-butyl-3-(phosphono-
methoxy)-4-isoxazolyl]propionic Acid. DNQX:
6,7-Dinitro-2,3-quinoxalinedione
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domain 2. The R-carboxylate and the R-ammonium
groups of ATPO interact through hydrogen bonds and
ion-pair interactions with the conserved amino acids
Pro478, Thr480, and Arg485 from domain 1 and Glu705
from domain 2 (Figure 2a). These also are key residues
for binding the corresponding groups of agonists,5,19

although the isoxazole moieties of ATPO and AMPA
interact differently with the receptor. Superimposition
of the ATPO and DNQX complexes clearly shows how
the two structurally dissimilar antagonists obtain com-
parable binding interactions with these conserved resi-
dues (Figure 3). The R-carboxylate and the R-ammonium
groups of ATPO overlay well with the two carbonyl
groups and one of the amide nitrogens of the quinoxa-
linedione ring of DNQX. The isoxazole ring of ATPO
forms only a single, indirect interaction with the protein,
from the nitrogen atom via a water molecule W2 to
Glu705 (Table 2 and Figure 2a).

The phosphonate group of ATPO is involved in an
extensive hydrogen bonding network, interacting di-
rectly with Ser654, Thr655, and Glu705, and forming
indirect contacts with the protein through six water
molecules (Figure 2a and Table 2). Residues Ser654,
Thr655, and Glu705 are also important for agonist
binding.5,19 The side-chain OE2 atom of Glu705 forms
hydrogen bonds to both the R-ammonium group of
ATPO and to the oxygen O4 of the phosphonate group,
implying that O4 is protonated. In the S1S2J:DNQX
complex a sulfate ion was modeled into the electron
density in one of the protomers.5 The phosphonate group
of ATPO appears at the same position as the sulfate
ion (Figure 3), as previously suggested by Armstrong
and Gouaux.5 This indicates that the protein environ-
ment in this region is favorable for accommodating a
large negatively charged group. The bulky tert-butyl
group at the 5-position of the isoxazole ring is partly
buried in a pocket formed by residues Glu402, Tyr405,

and Tyr450 of domain 1 and Glu705, Thr707, Met708,
and Tyr732 of domain 2.

Analysis of the Ligands and their Interactions.
ATPO and DNQX have been investigated with the aim
of gaining a better understanding of which factors play
a role in determining AMPA receptor antagonist affin-
ity. ATPO and DNQX are tri-ionized and neutral,
respectively, in water at physiological pH,24,25 and our
analysis suggests that these forms are also present in
the polar binding site. ATPO is a comparatively weak
AMPA antagonist; the IC50 of DNQX is 1 µM5 while it
is 12.2 µM for ATPO, i.e. ca. 12 times weaker in [3H]-
AMPA displacement experiments. Interestingly, some
DNQX analogues show low-nanomolar affinity.26 These
compounds are generally highly insoluble in water,
which has led to their abandonment in clinical trials.
Even though no ATPO analogues have shown such high

Table 1. Data Collection and Refinement Statistics for
GluR2-S1S2J:ATPO

space group P212121
unit cell (Å) a ) 66.0

b ) 89.1
c ) 194.9

no. per a.u.a 4
crystal mosaicity (deg) 0.6
resol. (Å) 20-2.10
total obs 490208
unique obs 66583
I/σ(I)b 20.2 (3.4)
completeness (%)b 99.1 (98.6)
Rmerge (%)b,c 9.8 (59.5)
Rwork (%)d 19.4
Rfree (%)e 24.5
no. protein/ligand/water atoms 8040/84/949
no. acetate/sulfate ions 1/4
average B-values (Å2) 29.4
rms bond lengths (Å) 0.005
rms bond angles (deg) 1.2
residues in allowed regions (%)f 99.7

a Number of protein molecules per asymmetric unit (a.u).
b Values in parentheses are statistics for the highest resolution
bin (2.17-2.10 Å). c Rmerge (I) ) Σhkl |Ihkl - 〈Ihkl〉|/Σhkl Ihkl, where
Ihkl is the measured intensity of the reflections with indices hkl.
d Rwork ) Σhkl ||Fo| - |Fc||/Σ|Fo|, where |Fo| and |Fc| are the observed
and calculated structure factor amplitudes for reflection hkl,
respectively. e Five percent of the reflections in the data set were
set aside for calculation of the Rfree value. f The Ramachandran
plot was calculated according to Kleywegt et al.44

Figure 2. Schematic drawings showing the interactions of
the two antagonists ATPO and DNQX with the GluR2-S1S2J
protein. (a) S1S2J:ATPO (protomer A) and (b) S1S2J:DNQX
(protomer B). The bonds of the antagonists and of the protein
are displayed in blue and yellow, respectively. Water molecules
are shown as red spheres, indicated by W and w for ATPO
and DNQX complexes, respectively. Remaining atoms are in
standard atomic colors (carbon is black, oxygen is red, nitrogen
is blue, sulfur is yellow, and phosphorus is purple). Dashed
green lines indicate all potential hydrogen bonds or ionic
interactions within 3.3 Å. ‘Radiating’ spheres indicate hydro-
phobic contacts within 3.9 Å between carbon atoms in the
antagonist and neighboring residues. This figure was prepared
with the program Ligplot.45
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affinity, this series may be of clinical interest on account
of high aqueous solubility.

The total free energy of binding of a ligand to a protein
may be divided into several discrete components: The
ligand-protein interaction energy, the energy of solva-
tion-desolvation, and the conformational energy penalty
for binding. Our studies show that ATPO and DNQX
vary substantially in each of these components.

Considering the strength of interaction between the
ligand and the receptor, we note that ATPO and DNQX
bind with strikingly different hydrogen bonding net-
works (Figure 2). Where ATPO is involved in ca. 21
hydrogen bonds, DNQX has only eight. Among these
polar contacts, ATPO forms two strong ion-pair interac-
tions and an ion-dipole interaction, whereas DNQX has
just one ion-dipole interaction (Arg485-dione). It is
clear that the hydrogen bonding interaction between
ATPO and the receptor is much stronger than that of
DNQX. Both ligands have van der Waals interactions
with the receptor, though DNQX is further stabilized
by π-stacking interactions between the aromatic ring
of Tyr450 and the quinoxalinedione ring system.

Offsetting this difference in interaction energy, the
two ligands have significantly different desolvation
energies; ATPO is much more strongly solvated in
aqueous solution than DNQX. We calculated the free
energies of solvation as being ca. -88 and -31 kcal/
mol for ATPO and DNQX, respectively, a difference
substantially larger than the observed difference in
binding (see computational methods). This large differ-
ence must be almost completely canceled by the interac-
tion energies.

The conformational energy penalty can be divided into
entropic and enthalpic terms. ATPO is a highly flexible
ligand whereas DNQX is essentially rigid with little or
no conformational energy penalty. Conformational analy-
sis of ATPO is confounded by strong intramolecular
hydrogen bonding for the highly charged ligand and is
difficult to determine accurately. We performed a Monte
Carlo conformational analysis on ATPO and found that
the global minimum in water resembles the binding
mode in the X-ray structure closely (rmsd heavy atoms
0.8 Å), apart from the formation of an intramolecular
hydrogen bond between the R-ammonium and phospho-
nate groups; the cost of breaking this bond to reach the
side-chain conformation corresponding to the binding
mode was calculated to be 5.4 kcal/mol. As an aside,
including explicit water or butyrate (modeling Glu705)
in the Monte Carlo search facilitates breaking the
intramolecular hydrogen bond and returns the binding
mode as a low-energy minimum. In terms of entropy,
the ensemble for ATPO was found to have a large
number of low-energy conformations, with four rotatable
bonds determining the overall conformation, at a typical
cost of 0.5 kcal/mol per bond.27

To summarize, ATPO has a strong interaction with
the receptor, a large penalty of desolvation, and a
modest conformational energy penalty. DNQX has a
relatively weak interaction with the receptor, a lesser
desolvation energy, and minimal conformational energy
penalty. From a design perspective, conformational

Figure 3. Stereoplot illustrating the binding modes of ATPO and DNQX in GluR2-S1S2J. The structure of S1S2J:ATPO was
superimposed onto the structure of S1S2J:DNQX, using protomers A and B, respectively. Superpositions are on all CR atoms.
Backbone, selected side chains, and ligands are blue and green for the ATPO and DNQX complexes, respectively. Oxygen atoms
are red, nitrogen atoms are blue, sulfur is yellow, and phosphorus is purple. Water molecules corresponding to the structures of
S1S2J:ATPO and S1S2J:DNQX are shown as blue and green spheres, respectively. Dashed lines, blue between ATPO and S1S2J
and green between DNQX and S1S2J, indicate all direct hydrogen bonds between ligand and the protein, as well as bonds to the
sulfate ion in the DNQX complex. The figure was prepared with the programs MOLSCRIPT46 and Raster3D.47

Table 2. Amino Acid Residues in GluR2-S1S2J:ATPO Involved
in Water-Mediated Hydrogen Bonds to the Antagonist

hydrogen bonding distancesa

water residue atom name A B C D

W1 Thr655 OG1 2.9 2.5 2.5 2.6
W2 Glu705 N 3.0 2.9 3.0 2.8
W3 Lys218 NZ 2.4 2.8 2.6 2.7
W3 Ser654 OG - 2.7 2.9 3.0
W3 Thr655 OG1 2.9 - 2.7 2.9
W3 Thr655 N - 3.1 - -
W4 Ser652 O 2.9 - 3.1 3.0
W4 Thr655 N - - 3.2 -
W4 Lys656 N 3.2 - 2.6 2.9
W5 Thr480 OG1 2.5 - - -
W5 Glu705 OE2 2.6 - - -

a Potential hydrogen bonds within 3.2 Å are listed. A-D refers
to the four molecules of the a.u. of the crystal.
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restriction and greater hydrophobic contact would be
desirable for increasing the affinity of ATPO analogues.

Characterization of the Binding Site with GRID.
The binding sites in the four ligand-binding core mol-
ecules (A-D) were analyzed with the GRID program28

using water, methyl, and HPO4
- probes (Figure 4a). The

water probe pinpointed the experimental positions of
most of the binding site waters. The binding site
contained a ‘dead spot’ centered on the binding position
of the isoxazole ring; this central region is too far from
the protein to provide positive (enthalpic) contributions
to binding according to GRID. Therefore, the isoxazole
ring acts primarily as a spacer, and other scaffolds could
potentially be used.

One difference noted between the largely similar
binding sites of molecules A-D concerned the hydrogen
phosphate probe, which picked up a broad region
overlapping the experimentally determined positions of
the phosphonate group of ATPO. However, the point of
lowest energy was offset from the experimental position

by varying distances; in the case of ATPO:B, the most
favored position was found ca. 1 Å away from the
experimentally determined position of the phosphonate.
Interestingly, the B-value for the phosphonate is highest
in molecule B (data not shown). The flexibility of the
ligand and the relatively broad zone between S654-T655
to which the phosphonate can bind according to GRID
combine to give a more dynamic picture of the antago-
nist-receptor complex.

Mechanisms of Antagonism. Compared to the apo
structure of S1S2J,5 ATPO induces a domain closure
ranging from 2.5 to 5.1° for the four molecules A-D.
Approximately the same variance in domain closure is
observed between the two protein molecules in the a.u.
of DNQX (3.0 and 6.0°).5 For comparison, the difference
in domain closure between the two molecules in the apo
structure is 3°.5 Thus, while full agonists such as AMPA
induce a domain closure of ca. 20°, the antagonists
ATPO and DNQX stabilize an open conformation of the
receptor, which is slightly closed compared to the apo
structure.5

Even though ATPO and DNQX occupy different
volumes of the binding site, both ligands fulfill the
criteria for an antagonist, i.e. they both block further
domain closure. Interestingly, this is achieved by a
different set of interactions. ATPO stabilizes the open
cleft via direct interactions between the phosphonate
group and residues in domain 2. At the same time, the
tert-butyl group is accommodated within the pocket
formed by residues in domain 1 and domain 2. Thus,
further domain closure is prevented by steric interfer-
ence between the receptor and the tert-butyl group on
one hand, and between the phosphonate moiety and
domain 2 on the other. By contrast, the 6-nitro group
of DNQX (at C8 in Figure 2b) prevents an interdomain
interaction between Glu402 in domain 1 and Thr686 in
domain 2 (Figure 3) and forms a long hydrogen bond
(3.5 Å) to Thr686. In the closed agonist induced confor-
mation of S1S2J, these two residues interact strongly.5,19

Swanson et al.29 reported that Asn721 in GluR6 (equiva-
lent to Thr686 in GluR2) controls both AMPA sensitivity
and domoate deactivation rates, pointing to the impor-
tance of this interdomain interaction for activation.
Thus, ATPO and DNQX present two different and
independent modes for preventing domain closure and
stabilizing an open form of S1S2J.

All four molecules A-D form a 2-fold symmetric dimer
with strictly symmetry-related molecules. The same
dimer interface is observed in all known structures of
GluR2-S1S2J in the open and closed forms.5,19 However,
rearrangement of the dimer interface has recently been
shown to occur upon receptor desensitization.10 Based
on this repertoire of structures, a model has been
proposed for activation and inactivation of iGluRs, in
which iGluR tetramers are assembled from dimers-of-
dimers and receptor activation is directly coupled to
domain closure.5,10 Moreover, inactivation by an an-
tagonist is accomplished by stabilizing an open form of
S1S2J, thereby preventing channel activation. The
structure of S1S2J:ATPO is in accordance with this
model.

Implications for Design of New Antagonists.
Based on the crystallographic studies combined with the
computational analysis, the binding site can be divided

Figure 4. (a) Overlaid grid maps of the GluR2-S1S2J binding
site cavity. Isoenergy contours are depicted for the methyl
probe (beige, -2.9 kcal/mol), water probe (cyan, -8.5 kcal/mol),
and hydrogen phosphate anion probe (violet, -14.4 kcal/mol).
Selected residues are shown for the ATPO complex. (b)
Schematic representation of the antagonist binding cleft of
S1S2J with the two antagonists ATPO and DNQX overlaid.
Sites I to VIII, including key residues, indicate regions, which
may be important for the design of new selective antagonists.
In a and b, ATPO and DNQX are shown in blue and green,
respectively, with the same coloring scheme for the atoms as
in Figure 3.
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into key regions (Figure 4b). The two sites I and II
contain conserved residues crucial for binding the
ligand. The counterpart for site I needs to be a hydrogen
bond acceptor, whereas a hydrogen bond donor is
preferred as counterpart to site II. Site III comprises a
partly hydrophobic and partly polar cavity, conserved
among AMPA receptors. The tert-butyl group is not
optimized for this cavity, neither in terms of van der
Waals contacts nor with respect to the possibility of
specific polar interactions. Note also that Met708 bor-
ders the pocket and is known from agonist structures
to be flexible, indicating the possibility of induced fit.5,19

Site IV presents the crucial interdomain interaction
between Glu402 and Thr686, which stabilizes the closed
conformation of S1S2J in the agonist state.5,19 Hin-
drance of this interaction stabilizes a resting, open
conformation of the receptor.

Site V offers unused volume in the plane of the
isoxazole ring, large enough to accommodate a substi-
tuted phenyl ring, for example. Interestingly, Tyr702
is located at the edge of this volume, nearly in plane
with the isoxazole ring. It has been proposed that this
tyrosine (corresponding to Tyr698 in GluR1) is the major
determinant of selectivity between GluR1 and GluR3
for the agonist (S)-2-amino-3-(4-bromo-3-hydroxy-5-isox-
azolyl)propionic acid (Br-HIBO).30 In GluR3, this residue
is a phenylalanine (Phe706). Consequently, this site
shows great potential for the design of AMPA-subunit
selective antagonists. As far as we are aware, no AMPA
receptor antagonists have shown such subunit selectiv-
ity, in keeping with the fact that the antagonist lead
structures DNQX and ATPO do not interact with site
V.

Site VI offers the polar residues Ser654 and Thr655
from domain 2. Specific interactions with this site, in
combination with occupation of site III, will inhibit
domain closure, and antagonists may be designed on
this basis. Interestingly, the antagonist [1,2,3,4-tetrahy-
dro-7-morpholinyl-2,3-dioxo-6-(trifluoromethyl)quinoxa-
lin-1-yl]methylphosphonate (ZK200775) may be consid-
ered as a hybrid of DNQX and ATPO, displaying high
affinity binding to AMPA receptors (IC50 of 0.12 µM).31

Modeling studies suggest that the phosphonate group
of ZK200775 is positioned at a similar position as the
phosphonate group of ATPO and as the sulfate ion in
the DNQX structure. Site VII presents Glu705, which
forms an ion pair with the R-ammonium groups of all
ligands in the reported S1S2J complex structures
(except DNQX). Glu705 has also been implicated in the
kinetics of domain closure.5,32 The mouth of the cleft is
depicted as site VIII. It is clear from the X-ray struc-
tures that ligands with a suitably positioned chain could
thread in this direction out of the binding site. Such an
approach could potentially be used to design high
affinity and selective antagonists because the various
subunits display different environments in this region.

Conclusion

The high-resolution X-ray structure of S1S2J:ATPO
illustrates a new mode by which an open form of the
AMPA receptor-binding site can be stabilized. By con-
trast with agonists, which induce substantial domain
closure, the competitive antagonist ATPO induces mini-
mal domain closure, thus supporting the hypothesis that

antagonism of full length AMPA receptors is obtained
by stabilizing an open cleft conformation of S1S2J (apo),
as proposed by Armstrong et al.5 Comparing S1S2J:
ATPO with S1S2J:DNQX provides a more detailed
description of the ligand-binding site and reveals key
residues for antagonist recognition. The model derived
on the basis of the results reported here may serve as a
basis for the design of novel selective antagonists at
AMPA receptors. Analysis of the two ligands indicates
that the affinity of ATPO suffers from the entropic
penalty imposed by flexibility. Antagonists of this type
may be capable of achieving high selectivity, but are less
likely to reach the potency of the highest affinity DNQX
derivatives, due to the inherent cost of desolvating tri-
ionic species.

Experimental Section
Construct Design, Expression, Refolding, and Puri-

fication. The GluR2-S1S2 construct S1S2J was developed by
Armstrong et al.5 Protein expression, refolding, and purifica-
tion were performed as previously described.33

Compound Synthesis and Activity Assay. The antago-
nist (S)-ATPO was synthesized and resolved as described and
kindly provided by members of the Department of Medicinal
Chemistry.21,22 The [3H]AMPA KD and the IC50 values were
measured for S1S2J as described.18 Briefly, for the displace-
ment experiments the protein sample (0.4 µg) was incubated
with 20 nM [3H]AMPA (10.6 Ci/mmol) for 3 h on ice in AMPA
binding buffer (30 mM TRIS-HCl pH 7.2, 100 mM KSCN, 2.5
mM CaCl2, 10% glycerol) in a 0.5 mL volume. The incubations
were performed in the presence of increasing concentrations
of unlabeled ATPO (0.2 nM-4.0 mM). For the saturation-
binding assay, the protein was incubated with 1.5-200 nM
[3H]AMPA (10.6 Ci/mmol). Ligand binding experiments were
carried out in duplicate.

Crystallization of S1S2J:ATPO, Data Collection, and
Structure Refinement. A 10 mg/mL preparation (as deter-
mined by 1.0 OD280 = 0.8 mg/mL) of S1S2J in 10 mM HEPES
pH 7.0, 20 mM NaCl, and 1 mM EDTA was used for
crystallization. Final ligand concentration was 10 mM (S)-
ATPO. Crystals were grown by the hanging drop vapor
diffusion method at 6 °C by mixing the protein with an equal
volume of precipitant solution. ATPO cocrystals were grown
in 20% PEG 3350, 0.2 M ammonium sulfate, and 0.1 M sodium
acetate pH 5.2. The reservoir volume was 0.5 mL. Prior to data
collection, crystals were briefly soaked in the crystallization
buffer containing ATPO and 15% glycerol before being flash-
cooled in liquid nitrogen. Synchrotron data for S1S2J:ATPO
were collected on the ESRF beamline ID14-1, Grenoble,
France, using a MAR 165 mm CCD detector. The data were
collected at 110 K. Data processing was performed using
Denzo, Scalepack,34 and the CCP4 suite of programs.35 For
further details see Table 1.

With four molecules in the a.u. of the S1S2J:ATPO unit cell,
the Matthews coefficient Vm is 2.4 Å3 Da-1. A native Patterson
was calculated using CCP435 in order to search for molecules
related by pseudo translation symmetry. Two significant
peaks, except for the origin peak, were found at 0, 0, 1/4 and
0, 0, 1/2, corresponding to 27.0% and 12.4% of origin peak,
respectively, indicating that the molecules in the a.u. are
related by simple translation symmetry of 1/4. The structure
of S1S2J:ATPO was solved by molecular replacement (MR)
using AMoRe36 with the structure of S1S2J:DNQX (PDB id
code 1FTL, molecule A, without water molecules and ligand)5

as a search model. The best solution to the rotation and
translation search was fixed and used to search for the
translation of the second molecule. Subsequently, the transla-
tion solutions of molecule three and four were found by fixing
two and three molecules, respectively. The final solution for
the four molecules was improved after 30 cycles of rigid body
refinement using AMoRe (correlation coefficient ) 72.0, Rfactor

) 38.2).
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The initial model was partly built and refined with the
program ARP/wARP version 5.137 using the phases from the
MR solution. The warpNtrace and solvent procedures within
ARP/wARP automatically built 89% of the residues and the
majority of the water molecule architecture, respectively. At
this stage, ligands and ions could be unambiguously placed
into the Fo - Fc map. The structure was completed after three
cycles of manual rebuilding in the program O38 and refine-
ments using CNS version 1.0.39 The structure was refined
using the data from the highest to the lowest resolution bin
during the whole refinement procedure. The refinement
protocol consisted of maximum-likelihood refinements and
individual B-factor refinements. Coordinates for (S)-ATPO
were retrieved from the inverted X-ray structure of (R)-
ATPO.21 Topology and parameter files for ATPO were gener-
ated by the HIC-Up server40 and included into the crystallo-
graphic refinement and program O. The final electron density
map was of excellent quality (Figure 1b). The structure has
been deposited at the Protein Data Bank (id code 1N0T).

Solvation Calculations. ATPO and DNQX were optimized
with ab initio density functional theory, using the PB-SCRF
continuum model in Jaguar 4.141 at the B3LYP/6-311+G(d,p)
level. The solvation energy of ATPO is difficult to determine
by continuum solvation models because the molecule is flexible,
charged, and capable of intra- as well as intermolecular
hydrogen bonding. Optimization was carried out starting from
both the global minimum derived from the Monte Carlo search
(MMFFs) and also with dihedral angles constrained to those
found in S1S2J:ATPO.42 (∆Gsolv ≈ -88 kcal/mol for intramo-
lecularly hydrogen bonded conformation of ATPO (optimized
starting from the MMFFs/GB-SA global energy minimum
conformation). For the constrained bioactive conformation,
∆Gsolv ≈ -134 kcal/mol, according to DFT/PB-SCRF)

Monte Carlo Analysis. ATPO was subjected to 10000
Monte Carlo steps, as the free tri-ionized ligand. The analysis
was repeated with either butyrate (mimicking Glu705) or three
explicit water molecules included, with loose flat-bottomed
constraints to keep the system closed. The analysis was also
performed with the four major dihedral angles (C1-C, C-C6,
C5-O3, O3-C4, see Figure 2a) constrained to those found in
S1S2J:ATPO. The force field used was MMFFs with GB-SA
continuum treatment of water in Macromodel 7.2.42

GRID Mapping of the Binding Sites. All four binding
sites within the a.u. were analyzed in the absence of the ligand
or other HETATM records using GRID 1828 at a grid of 1/3 Å.
Three probes were used: water, methyl, and HPO4

- probes;
otherwise default settings were used. The binding site grid
maps were visualized in InsightII.43
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