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ABSTRACT: Glutamate is the major excitatory neurotransmitter in the mammalian brain. The (S)-2-amino-
3-(3-hydroxy-5-methyl-4-isoxazole)propionic acid (AMPA)-subtype glutamate receptor, a ligand-gated
ion channel, mediates most of the fast excitatory synaptic transmission in the mammalian central nervous
system. Here we present electrophysiological, biochemical, and crystallographic data on the interactions
between quisqualate and the GluR2 receptor ion channel and its corresponding ligand binding core.
Quisqualate is a high-affinity, full agonist which like AMPA and glutamate elicits maximum peak current
responses, and stabilizes the ligand binding core in a fully closed conformation, reinforcing the concept
that full agonists produce similar conformational changes [Armstrong, N., and Gouaux, E. (2000)Neuron
28, 165-181]. Nevertheless, the mechanism of quisqualate binding is different from that of AMPA but
similar to that of glutamate, illustrating that quisqualate is a faithful glutamate analogue. A detailed
comparison of the three agonist complexes reveals distinct binding mechanisms, particularly in the region
of a hydrophobic pocket that is proximal to the anionicγ-substituents, and demonstrates the importance
of agonist-water-receptor interactions. The hydrophobic pocket, which is predicted to vary in chemical
character between receptor subtypes, probably plays an important role in determining receptor subtype
specificity.

Excitatory synapses in the central nervous system (CNS)
release glutamate onto postsynaptic sites populated by
ionotropic glutamate receptors (iGluRs).1 The three primary
subgroups of iGluRs are the AMPA,N-methyl-D-aspartate
(NMDA), and kainate receptors, although a prokaryotic,
“minimal” homologue has recently been discovered and
characterized (1, 2). The eukaryotic receptors were originally
defined by their agonist selectivity, a definition that was
subsequently reinforced by the amino acid sequence of their
respective polypeptides (3-5). Recent evidence suggests that

iGluRs are homo- or heterotetramers composed of subfamily
specific subunits, assembled as a pair of dimers (2, 6-10).
Eukaryotic iGluR subunits are each composed of an amino-
terminal domain (ATD), a ligand-binding core (S1S2), three
transmembrane segments (1-3), a reentrant pore loop (P),
and an intracellular carboxy-terminal tail (11-15), as il-
lustrated in Figure 1.

By taking advantage of the modular construction of
iGluRs, we have defined a S1S2 construct of the GluR2
ligand-binding core, the so-called S1S2J variant (7), that
recapitulates the binding properties of the full-length receptor
and is amenable to high-resolution structural analysis, to
biochemical and biophysical studies, and to analysis by NMR
spectroscopy (16-19). Recently, we have carried out a series
of structural and functional studies on the GluR2 receptor
and the S1S2J ligand-binding core aimed at elucidating
mechanisms for agonist and antagonist binding, and receptor
activation and desensitization (7, 20). On the basis of these
experiments, we suggest that unique chemical and structural
features of GluR2 agonists are detected by key residues in
and around the ligand-binding pocket and that, depending
on the specific interactions, the binding of different ligands
may lead to different protein conformations, which in turn
may be coupled to differential activation and desensitization
of the ion channel. To determine the extent to which the
aforementioned hypothesis is valid, we have carried out
functional and structural analyses of the GluR2 receptor and
its ligand-binding core with full and partial agonists. Here
we present results from studies with quisqualate.
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(S)-Quisqualic acid, isolated from the seeds ofQuisqualis
indica and Quisqualis fructus, is an anthelmintic and the
active compound in the Chinese herbal drug Shihchuntz (21).
Quisqualic acid is anR-amino acid that incorporates a 1,2,4-
oxadiazolidine ring into theγ-position rather than the simple
carboxylate of glutamate, as indicated in Figure 1. Also like
glutamate, quisqualate was shown nearly 30 years ago to
activate putative glutamate receptors (22). Subsequent ex-
periments showed that the non-NMDA receptors activated
by quisqualate could be divided into two different groups:
so-called quisqualate and kainate receptors (23). However,
like glutamate, quisqualate elicits at least partial activation
at all three subfamilies of the eukaryotic iGluRs (24), and
in addition activates G-protein-coupled glutamate receptors
(25). Thus, AMPA, which has greater subfamily specificity,
became the namesake of the GluR1-GluR4 (alternatively
GluRA-GluRD, respectively) or AMPA receptors (26).

The structures of the GluR2 S1S2J ligand-binding core in
complex with the full agonists glutamate and AMPA show
that domain 1 and domain 2 close by∼20° in the transition
from the apo to the full agonist-bound state, while partial
agonists induce less domain closure (7). Even though
glutamate and AMPA give a similar degree of domain
closure, and they result in similar levels of channel activation,

the γ-substituents of glutamate and AMPA bind to the
receptor cleft in strikingly different modes (7). To gain a
better understanding of the molecular basis for agonist
selectivity, receptor subtype specificity, and the relationships
between the mode of agonist binding, domain closure, and
receptor activation, we have undertaken a series of physi-
ological, biochemical, and crystallographic studies with the
GluR2 receptor and its ligand-binding core. The results from
the experiments with quisqualate presented herein, in com-
bination with additional data gleaned from previous func-
tional and structural studies, will assist in the design of novel
glutamate receptor ligands and may lead to compounds with
subfamily selective properties.

EXPERIMENTAL PROCEDURES

Materials.L-Glutamate and (S)-quisqualate were employed
in this study and were obtained from Sigma and Research
Biochemicals, respectively. The plasmid, pS1S2J, used to
express the GluR2 S1S2J protein was from the Gouaux
laboratory; [3H]AMPA was from New England Nuclear, and
all other reagents were reagent grade or higher.

Protein Purification. The rat GluR2 S1S2J construct used
in this study was derived from GluR2 (flop) (4, 27) and
includes Asn392-Lys506 (S1) and Pro632-Ser775 (S2),
with the two segments connected by a Gly-Thr dipeptide
linker (7). Protein expression, refolding, and purification were
performed as previously described (16, 17, 28). Before
crystallization, the protein was dialyzed extensively to
remove residual glutamate using a buffer composed of 10
mM HEPES (pH 7.0), 20 mM NaCl, and 1 mM EDTA.

Ligand Binding Assay. The activity assay was carried out
in the following buffer: 30 mM Tris-hydrochloride (pH 7.2),
100 mM potassium thiocyanate, 2.5 mM calcium chloride,
and 10% glycerol (13). For competition binding studies, 20
nM [3H]AMPA (10.6 Ci/mmol) was incubated with various
concentrations of quisqualate (from 1 nM to 100µM). GSWP
02500 membranes were used for filter binding. The extent
of nonspecific binding was determined in the presence of 1
mM glutamate. Ligand binding experiments were carried out
in duplicate, and the reported results are the average of the
two experiments.

Crystallization and Data Collection. The protein was
concentrated to∼10 mg/mL for crystallization and then
supplemented with 5 mM quisqualate. Crystals were grown
at 4 °C by vapor diffusion, and each drop contained a 1:1
ratio of protein and reservoir solution. The reservoir solution
for the zinc form crystals was 10-15% PEG 8000, 0.1 M
zinc acetate, and 0.1 M sodium acetate (pH 5.5); the non-
zinc form was obtained from a reservoir solution composed
of 16-20% PEG 8000, 0.15-0.2 M ammonium sulfate, and
0.1 M sodium citrate (pH 5.5).

All diffraction data were collected at 110 K, and the cryo
buffers were supplemented with ligand and 12-16% glyc-
erol. The data set for the zinc form was collected at NSLS
X4A, and the non-zinc diffraction data set was obtained using
Cu KR radiation and an R-Axis IV detector. The diffraction
data were processed with the HKL suite of programs (29).
The zinc form crystals belong to theP21212 space group,
and the cell is isomorphous to the AMPA/glutamate crystal
form (7). The non-zinc form quisqualate crystals also belong
to the P21212 space group, but with different unit cell
dimensions and molecular packing.

FIGURE 1: iGluR domain organization and agonist structure. (A)
The S1 and S2 polypeptide segments, linked together by a dipeptide
linker, comprise the water-soluble ligand-binding core employed
in the studies described here. The scissors and “Linker” indicate
where S1 and S2 begin and end and where S1 is connected to S2,
respectively. (B) Chemical structures of quisqualate, glutamate, and
AMPA.
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Structure Determination and Analysis. The structure of
the zinc form quisqualate complex was determined by
difference Fourier techniques using phases calculated from
the zinc form AMPA structure (7). The non-zinc form
quisqualate structure was determined by molecular replace-
ment with AMoRe (30) using the fluorowilliardiine complex
structure without solvent molecules and ligand as a search
model (R. Jin and E. Gouaux, unpublished results). Crystal-
lographic refinements were performed with CNS (31), and
the program O was used for model building (32, 33).
Refinements were begun with rigid body minimization
followed by a slow-cool simulated annealing protocol at 5000
K to reduce model bias. Iterative rounds of positional and
individualB-factor refinement were performed in conjunction
with model building into omit maps untilRfree (34) con-
verged. The ligands were not included untilRfree was<0.30.
Least-squares superpositions were calculated using LSQ-
MAN (35), and the extent of domain closure was determined
using the program FIT (36). The extent of domain closure
was defined as the rotation required to fit domain 2 following
superposition of domain 1 when the CR atoms were used.
MOLSCRIPT (37), BOBSCRIPT (38), and Raster3D (39)
were used to make the figures.

Physiology.RNA encoding the unedited rat GluR2 (flip)
(also known as GluRB) (40) L483Y receptor (0.5 ng) was
injected into the cytoplasm of oocytes fromXenopus laeVis.
Experiments were performed under two-electrode voltage
clamp (Axoclamp 2A) at a holding potential of-60 mV
using agarose-cushioned electrodes filled with 3 M KCl (41).
The oocyte was continuously perfused in a modified Barth’s
solution [100 mM NaCl, 1 mM KCl, 0.5 mM BaCl2, 1 mM
MgCl2, and 5 mM HEPES (pH 7.6)], to which agonists were
added as required. The EC50 values, determined for the same
GluR2 L483Y construct, were 1.2µM for quisqulate and
20 µM for glutamate; the agonist concentrations used to
evoke maximum responses were 100µM quisqualate and 2
mM glutamate. Recordings were repeated on nine different
oocytes. For rapid perfusion experiments, HEK 293 cells
grown on 35 mm dishes were transfected with 3µg of cDNA.
Recordings were performed at room temperature using an
Axopatch 200A amplifier and outside-out patches positioned
in front of four-bore glass tubing mounted on a P245.30
piezoelectric stack driven by a P-270 HVA amplifier (Physik
Instrumente). The external solution contained 145 mM NaCl,
2.5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES
(pH 7.3), and 10 mM glucose. The internal solution contained
110 mM NaF, 10 mM NaCl, 5 mM Na4BAPTA, 0.5 mM
CaCl2, 10 mM MgATP, and 5 mM HEPES (pH 7.2). To
maximize the rate of receptor activation by agonists,
glutamate and quisqualate were applied at concentrations of
10 and 3 mM, respectively. Recordings were repeated on
12 different patches, 11 for quisqualate, and 8 for glutamate.
Current responses were acquired by an ITC-16 interface
(Instrutech Corp.) under control of the program Synapse
(Synergistic Research Systems). Data were analyzed and
graphed using KaleidaGraph.

RESULTS

Quisqualate Is a High-Affinity Full Agonist.In a ligand
binding competition assay with [3H]AMPA and the GluR2
S1S2J construct, quisqualate yielded an IC50 of 20 nM, as
illustrated in Figure 2. In comparison, the previously reported

quisqualate IC50 values for longer GluR2 S1S2 and GluR4
S1S2 constructs expressed inEscherichia coliwere 11 and
22 nM, respectively (42). For the full-length GluR2 receptor
expressed in insect cells, the corresponding IC50 value for
quisqualate competition with [3H]AMPA binding was 9 nM
(43). In contrast,L-glutamate [IC50 ) 166 nM (16)] binds to
the GluR2 S1S2J construct with an 8.3-fold lower affinity
than quisqualate. Like glutamate, quisqualate also potently
activates the GluR2 ion channel. Dose-response analysis
by two-electrode voltage clamp onXenopus oocytes
expressing the L483Y nondesensitizing GluR2 point mutant
(44) yielded an EC50 of 1.2 µM, while for glutamate, the
EC50 equaled 20µM (Figure 2). To compare the extent to
which glutamate and quisqualate activate the GluR2 ion
channel, we then recorded the responses to saturating
concentrations of quisqualate and glutamate (ca. 100-fold
above their EC50 values) from the same cells, also using the
L483Y variant of GluR2. As shown in Figure 2, quisqualate
has an efficacy similar to that of glutamate and produces
comparable amplitude peak responses. However, as a
consequence of the higher affinity of quisqualate, the
agonist-receptor complex is more stable than that for
glutamate. As a result, when applied for 1 ms the rate at
which channels close following the removal of agonist is
6-fold slower for quisqualate [koff ) 474( 44 s-1 (n ) 11)]
than for glutamate [koff ) 2758 ( 257 s-1 (n ) 8)] for
responses measured from wild-type GluR2. In the continued
presence of agonists, GluR2 responses to quisqualate and
glutamate show strong desensitization, which proceeds at a

FIGURE 2: Quisqualate is a high-affinity, full agonist on the GluR2
receptor. (A) Competition by quisqualate for [3H]AMPA binding
as assayed by a filter binding assay. The IC50 value is 20.0 nM.
(B) Concentration response curves for activation of the nondesen-
sitizing L483Y mutant of the GluR2 receptor by quisqualate and
glutamate; data points shown are means( the standard error of
the mean of responses from two electrode voltage clamp experi-
ments performed on five oocytes. (C) Records from a representative
experiment with saturating concentrations of 2 mM glutamate and
100 µM quisqualate applied to a single oocyte for 10 s. (D)
Responses of the same membrane patch from a HEK cell expressing
wild-type GluR2 to 1 ms applications of 10 mM quisqualate or
glutamate; the top trace shows the open tip junction current recorded
at the end of the experiment, and dotted lines show the fit of single-
exponential functions of time constants of 1.75 and 0.27 ms for
quisqualate and glutamate, respectively.
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similar rate for both agonists [kdes) 216( 16 s-1 (n ) 12)
for quisqualate, andkdes ) 190 ( 15 s-1 (n ) 8) for
glutamate], indicating that there is a rate-limiting confor-
mational step, which may be rearrangment of the ligand-
binding core dimer interface (20). Thekoff/kdes ratio is 15(
1.3 for glutamate but only 2.2( 0.08 for quisqualate,
indicating that during a single turnover receptors which have
bound quisqualate have a high probability of entering the
desensitized state, while for glutamate, receptors preferen-
tially return to the ground state without desensitizing.

Quisqualate Induces the Same Domain Closure as
Glutamate and AMPA.We have determined the structure of
the GluR2 S1S2J ligand-binding core in complex with
quisqualate in two different crystal forms: a so-called zinc
form and a non-zinc form. Documented in Tables 1 and 2
are the relevant crystallographic statistics. The zinc form
crystals are isomorphous to the AMPA/glutamate crystals
(7), while the non-zinc form crystals represent a new lattice.
There are three molecules in an asymmetric unit of the zinc
form, two of which form a noncrystallographic symmetry

(ncs)-related dimer, while the third molecule forms a dimer
with the crystallographic symmetry equivalent molecule in
an adjacent asymmetric unit. Forming important lattice
interactions in the zinc form crystals are five zinc ions; four
ions mediate interprotomer interactions, while the fifth is
bound to protomer C via intramolecular interactions (7). The
non-zinc crystal form has an ncs dimer in the asymmetric
unit, and there are relatively few protein-protein, interdimer
interactions in this lattice. Therefore, the possible perturba-
tions of receptor conformation due to lattice interactions are
fewer in number in the non-zinc form than in the zinc crystal
form.

Quisqualate binds between domain 1 and domain 2 and
induces an extent of domain closure similar to those of
glutamate and AMPA. Shown in Figure 3 is the complex of
GluR2 S1S2J and quisqualate. Indeed, the five crystallo-
graphically independent complexes have essentially identical
structures. Superposition of the two ncs-related protomers
in the non-zinc form yields a root-mean-square deviation
(rmsd) of 0.35 Å forR-carbon atoms. Additional superposi-

Table 1: Data Collection Statistics

ligand space group unit cell dimensions (Å) no. per AUa λ (Å) dmin (Å)b
mean

redundancy
Rmerge

(%)c,d
completeness

(%)d

Quis P21212 a ) 98.56,b ) 121.53,c ) 47.45 2 1.54 2.15 (2.25) 3.39 5.5 (12.9) 90.3 (59.9)
Quis-Zn P21212 a ) 113.91,b ) 163.45,c ) 47.34 3 0.9879 1.65 (1.71) 5.64 5.1 (19.7) 90.1 (53.5)

a Number of protein molecules per asymmetric unit (AU).b Values in parentheses define the low-resolution limits for the last shell of data.
c Rmerge) (∑|Ii - 〈Ii〉|)/∑|Ii|, where〈Ii〉 is the meanIi over all symmetry-equivalent reflections.d Values in parentheses are statistics for the last shell
of data.

Table 2: Refinement Statistics

rms deviation

averageB value B value

ligand
resolution

(Å)
Rwork

a

(%)
Rfree

b

(%)
no. of

protein atoms
no. of
waters

no. of
ligand atoms overall main chain ligand

bonds
(Å)

angles
(deg) bonds angles

Quis 30-2.15 19.0 23.7 3995 442 26 21.34 19.42 13.59 0.005 1.163 1.268 1.961
Quis-Zn 30-1.65 20.4 23.7 5855 774 39 18.06 15.67 12.03 0.011 1.445 1.834 2.718

a Rwork ) (∑|Fo| - |Fc|)/∑|Fo|, whereFo andFc are the observed and calculated structure factors, respectively.b The reflections which were set
aside for the calculation of theRfree value were 10 and 5% for the non-zinc crystal form and zinc crystal form, respectively.

FIGURE 3: Quisqualate binds in the cleft between domains 1 and 2 and has well-defined electron density. (A) Ribbon representation of the
GluR2 ligand-binding core in complex with quisqualate. Domain 1 is pink, and domain 2 is blue. Quisqualate, key binding site residues
R485, M708, and E705, helices F and I, and the dipeptide linker are labeled. Note that the linker connecting S1 and S2 is within domain
2 and is not between domain 1 and domain 2. (B) An “omit”Fo - Fc electron density map of quisqualate together with the selected
surrounding residues and water molecules W2 and W3. The map is contoured at 4.0σ.
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tions show that the average rmsd between the zinc form and
non-zinc form structures is 0.40 Å forR-carbon atoms.
Superpositions of the quisqualate-bound GluR2 S1S2J with
the corresponding glutamate or AMPA complexes gave rms
deviations of 0.34 and 0.32 Å, respectively, and calculations
using the program FIT did not provide any evidence for
significant differences in domain closure between the qui-
squalate, glutamate, and AMPA complexes. Taken together,
these results show that the three full agonist protein structures
are very similar and that quisqualate binding induces the
same extent of domain closure as glutamate and AMPA.

Quisqualate Adopts a Distinct Binding Mode.As illustrated
in Figure 3, the electron density associated with quisqualate
is well-defined and allows for precise positioning of the
agonist atoms as well as critical associated water molecules
W2 and W3. In fact, quisqualate is bound in an identical
manner in all five crystallographically independent S1S2J
molecules. Close examination of the binding pocket shows
that the R-carboxy andR-amino groups of all three full
agonists occupy the same positions and form extensive
interactions with R485, T480, and P478 in domain 1 and
S654 and E705 in domain 2 (Figure 4).

However, theγ-substituents are involved in a strikingly
different series of interactions. Most importantly, quisqualate
faithfully mimics a glutamate-like binding mode as shown
in Figure 4A, even though the shape of quisqualate’s
oxadiazolidine ring is more similar to the shape of AMPA’s
isoxazole moiety. In contrast, the quisqualate oxadiazolidine
ring clearly binds in a manner different from that of the
isoxazole ring of AMPA, as illustrated in Figure 4B. In
particular, and as summarized in Table 3, the 3,5-dioxo-1,2,4-
oxadiazolidine ring of quisqualate makes seven hydrogen
bonds in the agonist-binding pocket (see Figure 1B for the
numbering of the ring). The carbonyl oxygen at position 3
makes hydrogen bonds with backbone nitrogen atoms of
Ser654 and Thr655 as well as with a conserved water
molecule (W1), situated at the base of helix F. At the 4
position, the ring nitrogen accepts hydrogen bonds with the
hydroxyl of Thr655 and a key water molecule, W2. Making
the last set of hydrogen bonds to the oxadiazolidine ring is
the main chain NH group of Glu705, which donates a
hydrogen bond to an exocyclic oxygen bound to C5 and
water W3. Interestingly, the ring oxygen, atom 1, is not
involved in any<3.3 Å interactions in the binding pocket.

FIGURE 4: Comparisons of the interactions between the GluR2 S1S2J ligand-binding core and quisqualate, glutamate, and AMPA. (A)
Stereoview of the binding pocket in superimposed quisqualate and glutamate structures, in which theR-carbon atoms of domain 1 were
employed for the superposition. Main chain segments for the quisqualate structure are in pink (domain 1) and blue (domain 2), and side
chain and quisqualate atoms are shown in ball-and-stick representation (black for carbon, blue for nitrogen, red for oxygen, and yellow for
sulfur). Bonds for the protein residues are pink for domain 1 and gray for domain 2. Quisqualate is in purple. Glutamate is drawn in yellow,
and the side chain of M708, from the glutamate complex, is also in yellow. With the exception of M708, no other protein atoms from the
glutamate complex are shown. Water molecules are shown as spheres and are colored purple for the quisqualate complex and yellow for
the glutamate complex. Hydrogen bonds are shown as dashed lines; direct interactions to the protein are in black, and water-mediated
interactions are in blue. (B) Stereoview of the binding pocket in superimposed quisqualate and AMPA structures. The quisqualate structure
and hydrogen bonds are colored as in panel A. The ligand, four conserved water molecules, and residue M708 in the AMPA complex are
green.
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Thus, theγ-substituent of quisqualate, like the equivalent
moieties of glutamate and AMPA, makes both direct and
water-mediated interactions with the receptor.

SolVent Organization.The crucial solvent molecules
located within 5 Å of the agonist are all present and
positioned similarly in the quisqualate, glutamate, and AMPA
structures, with the important exception of W4 and W5. Upon
comparison of the quisqualate and glutamate structures, the
oxadiazolidine ring displaces water molecule W4 from the
glutamate complex; in the glutamate structure, W4 interacts
with the OE2 of theγ-carboxylate, the NH group of Glu705,
and W3. The oxadiazolidine ring displaces this water, and
following superposition ofR-carbon atoms of both structures,
the oxygen attached to C5 is positioned within∼0.55 Å of
the position of W4 from the glutamate complex. There is
also an important difference between the solvent organization
in the quisqualate and AMPA structures, which is similar to
the previously described difference in solvent organization
in the glutamate and AMPA structures (7). In comparing
the quisqualate and AMPA structures, we see that because
the isoxazole ring of AMPA is positioned differently in the
binding pocket, displacing W4 of the glutamate complex,
AMPA binds by recruiting W5 to occupy the position of
the 3-oxo group of quisqualate and the OE1 atom of
glutamate. W5 therefore makes the critical bridging interac-
tions between the backbone NH groups of Ser654 and
Thr655 and the 3-hydroxyl group of AMPA.

Methionine 708.An important residue in the GluR2
binding pocket is Met708, a residue which probably plays a
significant role in defining the agonist selectivity of AMPA
versus kainate receptors. In the AMPA structure of GluR2
S1S2J, the 5-methyl group substantially displaces the me-
thionine side chain away from the binding pocket, and
because it is in contact with Tyr405, the side chain of Tyr405
is also displaced by∼1.2 Å (7). In the quisqualate structures
reported here, however, the side chain of Met708 is oriented
essentially like that seen in the complexes with glutamate,
with the only difference being a change in the rotomer
conformation of the side chain, which is most likely due to
the presence of the oxadiazolidine ring.

Peptide Bond Flip.A striking local conformational change
in the agonist binding pocket that is correlated with the
degree of domain closure involves the reorientation of the
trans peptide bond between residues Asp651 and Ser652 (7).
In four of the five GluR2 S1S2J-quisqualate complexes
reported here, the peptide bond has “flipped” to the confor-
mation adopted in all of the AMPA complex structures (7),
i.e., where the N-H bond of Asp651 is oriented away from
the binding pocket and the CdO bond of Ser652 is pointed
toward the binding pocket. Nevertheless, molecule A of the
zinc form, quisqualate complex, like molecule A of the

glutamate, zinc form (7), does not contain a “flipped” peptide
bond, perhaps because molecule A has ca. 1° less domain
closure than molecules B and C due to lattice effects. In
both flipped and “unflipped” states, the peptide bond between
Asp651 and Ser652 is in a trans conformation, as previously
described (7).

Subsite Map of the Binding Pocket.To simplify the
discussion of the modes of agonist binding, we have created
a subsite map of the agonist binding pocket, shown in Figure
5. Here we see that theγ-substituents of quisqualate,
glutamate, and AMPA occupy sites D-G. Glutamate, with
the smallestγ-substituent, occupies only sites D and E; a
water molecule (W4) fills site F, and site G appears to be
“empty”, or occupied by disordered solvent. Quisqualate
adopts a glutamate-like binding mode, occupying sites D-F,
having displaced W4 from site F. AMPA, in contrast,
occupies sites E-G, recruiting a water (W5) to site D and
filling the hydrophobic site G with its 5-methyl group, in
part by displacing the side chain of Met708.

DISCUSSION

Quisqualate, first identified as an excitatory amino acid
nearly 30 years ago, is a potent agonist at AMPA and kainate
receptors. Even though quisqualate has been employed in
scores of functional studies, and was the namesake for
AMPA receptors, there has been no information, at the level
of three-dimensional molecular detail, about how quisqualate
binds to an iGluR. In addition, there has also not been a
direct comparison of the extent to which quisqualate and
glutamate produce similar levels of receptor activation under
conditions where desensitization is blocked. Here, we have
carried out functional studies using the nondesensitizing
variant (L483Y) of GluR2 in the presence of saturating
quisqualate and glutamate and have measured the rates of
deactivation in the context of the wild-type receptor; we have
determined the IC50 values of quisqualate and glutamate
binding using the S1S2J ligand-binding core, and we have
determined the structure of the S1S2J-quisqualate complex
in two different crystal forms. On the basis of these studies,
we have gained new insight into the molecular determinants
of agonist efficacy, potency, and specificity.

Efficacy. To compare the extent to which quisqualate and
glutamate produce similar levels of receptor activation, we
employed the nondesensitizing variant of the GluR2 receptor,
L483Y (44). This mutant blocks desensitization in GluR2
as originally reported for the GluR3 receptor, thus obviating
the concern that even under “rapid-solution exchange”
conditions a substantial fraction of the wild-type receptor
population has entered a desensitized state, for example. As
illustrated in Figure 2, we see that glutamate and quisqualate

Table 3: Hydrogen Bond Interactions Involving Binding Sites D-Fa

complex d-S654 NH d-T655 NH d-W1 O e-T655 OH e-W2 O f-E705 NH f-W3 O

Quis 3.21 3.04 2.72 2.79 3.03 2.91 3.05
Glu 3.34 3.18 2.89 2.70 2.98 2.89 2.97
AMPA 3.10 3.01 2.83 2.77 3.01 3.02 3.00

a The hydrogen bond donors and acceptors are separated by a long dash. The lettersd-f stand for the agonist atoms that are located at binding
sites D-F, respectively. The distances are average values based on five quisqualate structures (this work), three glutamate structures, and three
AMPA structures (7). The units are angstroms. The three atoms that are located at sitesd-f are the oxygen atom in the 3-carbonyl group, the 4-N
atom, and the oxygen atom in the 5-carbonyl group in the Quis structure; two oxygen atoms in theγ-carboxyl group and W4 in the Glu structure;
and W5, the oxygen atom in the 3-carbonyl group, and the 2-N atom in the AMPA structure, respectively.

15640 Biochemistry, Vol. 41, No. 52, 2002 Jin et al.



produce a similar, maximal level of receptor activation, and
thus, they both behave as full agonists. In comparing the
extent of domain closure produced by quisqualate, glutamate,
and AMPA, we find that they all result in ca. 20° of domain
closure, relative to the apo state (7), which is substantially
more than that produced by kainate (12°), a partial agonist
at AMPA receptors (45, 46). Therefore, we suggest that the
physiological and crystallographic data on quisqualate sup-
port our contention that the extent of domain closure is
directly correlated to the extent of receptor activation and
that full agonists induce the same, maximum degree of
domain closure (7).

Potency. Even though quisqualate is similar to glutamate
in terms of the level of receptor activation, i.e., quisqualate
and glutamate are equally efficacious, quisqualate is a
substantially more potent agonist. Indeed, while the IC50 of
quisqualate on GluR2 S1S2J is 20 nM, the IC50 value for
glutamate on a similar S1S2 construct is 166 nM (16), the
Kd value for glutamate binding to S1S2J on the basis of a
fluorescence assay is 180 nM (Y. Sun and E. Gouaux,
unpublished results), and the IC50 of glutamate at anE. coli-
expressed GluRB (GluR2) S1S2 construct is 370 nM (42).
Furthermore, on the basis of two-electrode voltage clamp
experiments using the full-length GluR2 L483Y receptor,
we have shown that the EC50 for quisqualate is 1.2µM and

the EC50 for glutamate is 20µM. Rapid perfusion experi-
ments with membrane patches from HEK cells transfected
with GluR2 reveal that, following the removal of agonist,
GluR2 channels close 6 times faster for glutamate than for
quisqualate, consistent with an increase in the stability of
the GluR2-quisqualate complex. Thus, we sought to un-
derstand why quisqualate binds to and activates GluR2 at
concentrations∼10-fold lower than those required for
equivalent glutamate binding and activation.

On the basis of the data presented in Table 3 and Figure
5, we see that quisqualate makes the same interactions with
the receptor binding subsites as does glutamate and water
molecule W4. In fact, the distances between the receptor and
the analogous atoms in the quisqualate and glutamate
complexes are very similar, and thus, one might consider
glutamate with W4 as an isosteric analogue of quisqualate.
A plausible explanation for why quisqualate binds more
tightly to the receptor than glutamate is that the displacement
of water W4 by the oxadiazolidine ring is entropically
favorable; the tightly bound water is released into solution
and gains translational and rotational degrees of freedom (47).
In addition, because quisqualate incorporates the equivalent
of W4 into a rigid, preorganized ring, dissociation of the
γ-substituent requires breaking of four protein-ligand
hydrogen bonds, while for the glutamate complex, dissocia-

FIGURE 5: Full agonists adopt different binding modes, and water molecules play key roles in mediating agonist-receptor interactions. (A)
Shown are the quisqualate (Quis, purple), glutamate (Glu, yellow), and AMPA (green) molecular structures, and the structure of the protein
from the quisqualate-GluR2 S1S2J complex (domain 1 atoms in pink and domain 2 atoms in gray), following superposition of all three
protein structures usingR-carbon atoms in domain 1. (B) Subsite binding regions occupied by the oxadiazolidine ring of quisqualate. (C)
Subsite binding regions occupied by theγ-carboxylate of glutamate and water W4. (D) Subsite binding regions occupied by the isoxasole
ring of AMPA and water W5. Water molecules are shown as spheres. In panels B-D, the subsites include the following residues and
atoms: Ser654 NH and Thr655 NH of subsite D, Thr655 OH of subsite E, E705 NH of subsite F, side chains of E402, Y450, P478, E705,
M708, and Y732 of subsite G.
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tion of the γ-COOH group breaks three protein-ligand
hydrogen bonds and a ligand-solvent-protein hydrogen
bond.

AMPA also recruits a water molecule in its binding to
GluR2 S1S2. However, in this instance, the water occupies
site D, while the isoxazole atoms are positioned in sites E-G.
AMPA, which also binds to the receptor ca. 10-fold more
tightly than glutamate, probably does so, at least in part, due
to the burial of the hydrophobic methyl group in pocket G.
On the basis of the quisqualate, glutamate, and AMPA
structures, one would predict that an agonist that occupied
all four sites, without the requirement for the recruitment of
a water molecule, would bind to the receptor even more
strongly than quisqualate and AMPA and, if it produced
maximal domain closure, would fully activate the ion
channel.

Specificity. One of the distinguishing features of quisqualate
is that it is not specific for AMPA versus kainate receptors,
much like glutamate. In contrast, AMPA possesses much
greater receptor subtype specificity. The reason quisqualate
and glutamate behave similarly is almost certainly due to
the fact that quisqualate and glutamate bind to both AMPA
and kainate receptors in a similar mode; i.e., we predict that
theγ-substituents of quisqualate and glutamate will occupy
the equivalent of sites D-F in kainate receptors. In kainate
receptors, we suggest that there will also be an equivalent
to water W4 of the GluR2 S1S2J-glutamate complex that
is displaced upon quisqualate binding. Of course, an impor-
tant constraint on the binding of agonists to subsites D-F
comes from the fact that these sites, to a large extent, are
defined by main chain atoms that are predominately NH
groups.

AMPA, as well as other agonists that might exploit subsite
G, such as the willardiines (48, 49), shows greater receptor
subtype specificity because the atoms that compose subsite
G are primarily side chain atoms, and the corresponding
residues vary between AMPA and kainate receptors. For
example, in the rat AMPA receptors, residue 708 is a
methionine, which complements the 5-methyl group of
AMPA. However, kainate receptors typically have a smaller,
polar residue at this position, a serine in GluR5 and a
threonine in GluR6 and GluR7 (50-52). Therefore, kainate
receptors have a larger, more polar subsite G. In addition to
the composition of subsite G, kainate receptors also exhibit
differences in residues that occupy sites that, in GluR2 S1S2J,
are close to theγ-substituent binding site. One such residue,
Thr686, is a serine in GluR5 and an asparagine in GluR6.
Substitution of the asparagine at this site with serine, in
GluR6, confers sensitivity to AMPA (53) and (S)-5-iodow-
illardiine (54). Residues at sites that are equivalent to position
686 in the GluR2 receptor probably alter receptor specificity
because they are in positions not only to interact with crucial
water molecules in the agonist binding pocket but also to
mediate important domain 1-domain 2 interactions. These
interdomain contacts, in turn, are required for stabilizing the
closed-cleft, activated form of the receptor (20).

In conclusion, the crystal structure of the GluR2 ligand-
binding core in complex with quisqualate has been deter-
mined at high resolution, and complementary binding and
physiology experiments have been carried out. Quisqualate
induces a fully closed domain conformation which is similar
to the AMPA and glutamate structures. This observation

supports our theory that full agonists induce similar confor-
mational changes in the ligand-binding core. Structure
comparisons among full agonist structures reveal that water
molecules play important roles in mediating agonist-receptor
interactions and that a partially hydrophobic pocket near the
γ-substituents of agonists is important for determination of
receptor subtype specificity. The relative affinity of glutamate
for the receptor appears to be well suited to high-frequency
synaptic signaling, to a large degree because glutamate
enables rapid deactivation of the receptor, thus minimizing
the accumulation of densensitized forms of the receptor.
Quisqualate, in contrast, results in slowly deactivating,
strongly desensitizing responses, and therefore, high-
frequency stimulation of the receptor by agonists such as
quisqualate would result in the buildup of receptor popula-
tions in inactive, desensitized states.
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