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ABSTRACT: Numerous naturally occurring and synthetiecamino acids act as agonists d§-@-amino-
3-(3-hydroxy-5-methyl-4-isoxazole) propionic acid (AMPA) receptors but nevertheless display significant
differences in their functional properties and modes of interaction. The 5-substituted willardiines are a
series of compounds that exhibit a range of affinities, act as partial agonists, and give rise to intermediate
levels of activation and desensitization. However, the molecular basis for the activities of 5-substituted
willardiines has not been conclusively elaborated at the level of atomic resolution. Here we provide insight
into the molecular basis of the potency and efficacy elicited by the 5-substituted willardiines on the basis
of cocrystal structures with the GIuR2 ligand-binding core. We also show that the crystallized ligand-
binding core has an affinity for agonists similar to the ligand-binding core in solution. Analysis of multiple
crystal lattices suggests modes by which the ligand-binding core dimers interact in the tetrameric receptor.
These studies further our understanding of how subtle differences in the structures of agonists are correlated
to changes in the conformation of residues and water molecules in the immediate binding pocket and to
the degree of domain closure.

lonotropic glutamate receptors (iGluRsYye ligand-gated iGIuR agonist specificity accurately foreshadowed the
ion channels that are best known for their roles in fast segregation of receptor subtypes on the basis of amino acid
excitatory synaptic transmission in the mammalian nervous sequence, andS[-2-amino-3-(3-hydroxy-5-methyl-4-isox-
system {, 2). iGIuRs are essential to the development and azole) propionic acid (AMPA), kainate, and-methyl-b-
homeostasis of the nervous system and are implicated in aaspartate (NMDA) receptors do indeed form distinct receptor
number of disease and injury states such as schizophreniasubfamilies {1—14). While most of the divergence in amino
and stroke 3—6). Perhaps surprisingly, iGIUR antagonists acid sequence is remote from the agonist-binding cleft, there
inhibit the growth of colon adenocarcinoma, astrocytoma, are a number of amino acid differences in and around the
breast and lung carcinoma cel 8), and malignant glioma  binding cleft that play a significant role in the determination
cells @). Even though iGluRs are activated by the ubiquitous of agonist specificity. Mirroring the diversity of iGIUR amino
neurotransmitter-glutamate, there are substantial differences acid sequences, there are a great number of compounds that
in the pharmacological profiles of different receptors; thus, bind to the glutamate site and display a range of potency
the family of glutamate receptors has been subdivided (affinity), efficacy (activation), and receptor subtype specific-
according to agonist specificityl(). ity (10). To understand the determinants of agonist potency,

efficacy, and specificity, we have carried out crystallographic
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Ficure 1: (A) Domain structure of iGIuRs. The two domains of the ligand-binding core (S1S2) are colored in purple and yellow, while
the amino-terminal domain (ATD) is in green. Scissors indicate the locations that are modified to generate the ligand-binding core. (B)
Chemical structures of glutamate and 5-substituted willardiines. (C) Ribbon representation of the structure of GIuR2 ligand-binding core in
complex with BrW. Domains 1 and 2 are purple and orange, respectively. BrW, key binding site residues R485, E705, M708, the amino
(N) and carboxyl (C) termini, and helices—/ are labeled. The C718C773 disulfide bond is drawn and is located at the carboxyl
terminus of S2.

resolution structural analysis, as shown in Figurd 1, (8, Protein Preparation.Protein expression, refolding, and
24—26). On the basis of structural, biophysical, and physi- purification, in the presence of glutamate, were performed
ological experiments on the isolated ligand-binding core and as previously describe®%, 26, 28). The sequence of the
the full-length receptor, we suggest that the binding of agonist rat GIuR2 S1S2J (flop) construct used in this study begins
and the subsequent closure of the cleft in the ligand-binding with GAN3g K, where the native GIuR2 sequence begins with
core are coupled to channel activation and to desensitization.Asn 392. The numbering of the polypeptide begins with the
The studies of Sun and co-workera7) focused on how predicted first residue of the mature receptor and does not
changes in the strength of the dimer interface affect the extentinclude the signal peptide. Prior to crystallization, glutamate
of receptor desensitization when the receptor is activated bywas removed from the S1S2J protein by dialyzing extensively
full agonists such as glutamate. While the strength of the against a buffer composed of 10 mM HEPES, pH 7.0, 20
dimer interface is an important factor in governing the mM NaCl, and 1 mM EDTA, and the protein was concen-
desensitization of the receptor in the context of a full agonist, trated to~10 mg/mL (calculatedygo is 39,640 M cm™1).

it is not clear why different partial agonists, acting on the  Crystallization and Data CollectioriThe ligand concen-
same receptor, should elicit different degrees of receptor trations used for cocrystallization were 5 mM for 5-fluoro-
desensitization. Because the 5-substituted series of halogewillardiine (FW), 10 mM for willardiine (HW), 10 mM for
nated willardiine compounds only differ by the identity of a = 5-bromowillardiine (Brw), and 10 mM for 5-iodowillardiine
single atom and because substitution at the 5-position yie|dS(|W)_ Crystals were grown at 4C by hanging drop vapor
compounds that have a range of potency, efficacy, and diffusion, and drops contained a 1:1 ratio of protein and
receptor subtype specificitiLy, 16), the willardiines provide  reservoir solution. Brw and IW complexes were separately
a subtle vehicle by which to probe the relationships between crystallized in two different crystal forms. One common
structure and function in the GIuR2 receptor. crystal form is the AMPA/glutamate-like crystal form,

To assay the functional behavior of the GIUR2 S1S2 referred to here as the zinc form (Zn formi)g|. All other
ligand-binding core in crystals, we carried out a novel forms described will be referred to as non-zinc forms (non-
titration experiment in which we demonstrated that the zn form). The crystallization conditions of HW, FW, Brw
affinity of the S1S2J fragment for ligand in crystals is similar  (non-zn form), and IW (non-zn form) have been published
to that for the identical fragment in solution, thus indicating (29) Reservoir solutions for the Zn form Crysta|s were as
that the lattice interactions do not significantly affect the follows: Brw, 12-16% PEG 8000, 0.250.3 M ammonium
functional behavior of the S1S2J ligand-binding core. We sylfate, 0.05 M zinc acetate, and 0.1 M sodium cacodylate,
have also taken advantage of the multiple crystal forms pH 6.5; IW, 10-15% PEG 4000, 0.250.3 M ammonium
produced during the course of these investigations to sulfate, 0.4-0.16 M zinc acetate, and 0.1 M Tris-HCI, pH 7.5.
determine modes by which the ligand-binding core dimers  a|| giffraction data were collected at 110 K. Crystals were
interact in crystals, and using these results, suggest a plausiblggsked in the corresponding crystallization buffer supple-
arrangement for the ligand-binding core dimers in the intact yented with ligand and 1216% glycerol before flash
receptor. cooling in liquid nitrogen. Data for the Zn form Brw and

IW complexes were collected at beamline X4A, National

EXPERIMENTAL PROCEDURES Synchrotron Light Source, Brookhaven National Laboratory.

Materials. The 5-substituted willardiine compounds were All diffraction data sets were processed with the HKL suite
obtained from Tocris, were all of th&)stereoisomer, were  of programs 80). The Zn form BrW and IW cocrystals
used without further purification, and were dissolved in aque- belong to theP2,2,2 space group, have similar unit cell
ous solution with 1.1 M equiv. of sodium hydroxide. The dimensions, and are isomorphous to the AMPA/glutamate
GluR2 S1S2J construct has been described previo8)y (  crystal form (L8).
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Table 1: Data Collection Statistics

# per mean
ligand space group unit cell dimension (A) AUa 1A dmin® (&) redundancy RmeS®(%) completenedg%)
Brw—Zn P22,2 a=11406b=163.41c=47.85 3  0.9879 1.75(1.81) 5.76 5.1(17.4) 94.4(70.5)
IW—2Zn P22,2 a=113.84b=163.80,c = 48.01 3 0.9879 1.90(2.02) 4.60 5.3(28.2) 95.2(79.2)

aNumber of protein molecules per asymmetric unit (A.U¥Yalues in parentheses define the low resolution limits for the last shell of data.
© Rmerge= (3 |1i — MO)/3,[1i], wherelli(is the mear; over all symmetry-equivalent reflectiorfsValues in parentheses indicate statistics for the last
shell of data.

Table 2: Refinement Statistics

rms deviations

# protein # ligand average B value bonds angles B values
ligand res. (A) Ruond® (%) Ried (%) atoms  #water atoms overall mainchain ligand (A) (deg) bonds angles
Brw—Zn 30-1.75 21.1 255 5886 646 45 21.33 19.36 17.79 0.010 1.479 1.942 2.860
IW—-Zn  30-1.90 21.3 26.2 5831 474 45 24.84 23.02 22.43 0.010 1.489 2.452 3.545

aRyork = (S |IFol — |Fel)/S [Fol, whereF, andF. denote observed and calculated structure factors, respectiéiye percent of the reflections
were set aside for the calculation of tRgee value.

Structure Determination and AnalysiEhe structures of  binding buffer (30 mM Tris-HCI, pH 7.2, 100 mM potassium
the Zn form BrwW and IW complexes were solved by thiocyanate, 2.5 mM calcium chloride, and 10% glycerol)
difference Fourier using the isomorphous Zn form AMPA prior to binding experiments2@, 25). For competition
structure as an initial model8). Relevant crystallographic  binding studies, 350 nMH-AMPA (10.6 Ci/mmol) was
statistics are presented in Tables 1 and 2. All structure incubated with various concentrations of Brw (1 nM to 10
refinements were performed with X-PLOR or CNE.(32), mM). GSWP 02500 membranes were used for filter binding.
and the program O was used for model buildirB)( Nonspecific binding was determined in the presence of 1
Refinements were begun with rigid body minimization mM glutamate. Ligand-binding experiments were carried out
followed by a slow-cool, simulated-annealing protocol at in duplicate, and results are the average of the two experi-
5000 K to reduce model bias. Iterative rounds of positional ments.
and individual temperature factor refinement were performed  pata Collection and Structure Determination for Soaked
in conjunction with model building into omit maps until the  crystals.Glycerol (16% viv) was used as the cryo protectant
Riee cOnverged34). The ligands were notincluded untilthe o a1l crystals. Selection of the energy for data collection
Rree Was below 0.32. Least squares superpositions were (g 91843 A, bromine K edge) was based on a fluorescence
calculated using LSQMANJp), and the extent of domain  scan of Brw cocrystals. The single wavelength anomalous
closure was determmed using the program 35) énd was data sets were collected on a Quantum 4 CCD detector using
defined as the rotatlon.requwe(_j to fit domain 2 fqllowmg inverse beam geometry. The HKL suite of programs was
superposition of domain 1, using-carbon atoms in the  sed for data processing. The structures were solved by
superpositions. MOLSCRIPT3Y), BOBSCRIPT 88), and difference Fourier using either the AMPA or the Brw Zn
Raster3D 89) were used to make figures. form structures as models. The refinements were carried out

Ligand Displacement Experiments in the Crys@dystals ~ ith CNS and begun with separate positional refinements
for soaking experiments were grown using a reservoir ysing either an AMPA or a BrW structure model (without
solution consisting of 1517% PEG 8000, 0.120.19 M zinc ligand) as the starting structure. The structure that gave the
acetate, 0.1 M sodium cacodylate, pH 6.5, and 2mM AMPA. |ower crystallographicR factor was chosen for further
These crystals were also the reference AMPA cocrystals. Forefinement. Water molecules and zinc ions in the AMPA or
the AMPA displacement experiments, the soaking solutions gy structures were included in subsequent positional and
were the same as the original AMPA cocrystal reservoir temperature factor refinements. Refinements were continued
solution except that 350 nM AMPA and BrW (10 nM to 10 ypj| the crystallographi®e. value converged. The anoma-
mM) were included. Soaking was carried out af@, in lous difference maps were calculated using the CCP4
sitting drops using microbridges, and crystals were trans- program suite when the anomalous difference amplitude was
ferred to the soaking solutions using cryo-loops. Crystals sed. and the phase angle was retarded By BBe maps
were soaked in 3@L of solution, and they were washed \yere inspected in O. The anomalous signals of bromine
three times W|th_3()4L of fresh goakmg solutlon.wnh each  atoms or zinc ions were defined as the peak height in
change of solution. The soakings at seven different BrW anomalous difference Fourier maps. The domain closure was

mM, and 10 mM) were carried out at the same time, and

the crystals were handled in a comparable way. The soakingRESULTS

solution was changed every-248 hrs for a total of 12 times.

The crystals were flash frozen in liquid nitrogen 19 days Displacement of AMPA by BrW in the Crystdlo test

after the first soaking, and X-ray data collection was carried the extent to which studies in crystals are related to functional

out over the following 3 days. studies of the receptor in solution, we designed a series of
Ligand Displacement Experiments in Solutidturified crystal titration experiments. The titration experiments began

GluR2-S1S2J protein was dialyzed extensively against ligandwith the Zn form AMPA cocrystals grown in the presence
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Table 3: Crystallographic Statistics for Soaking Experiments

Brw mean
concentratiof unit cell dimension (A) dnin® (&) redundancy Rupegd®(%) completene€g%) Ruon® (%)  Riee’ (%)
AMPA a=11454b=164.10c=47.40 1.80(1.86) 3.0 6.9(16.6) 91.4(61.2) 225 24.4
10 nM a=114.40b=164.55c=47.36 1.90(1.97) 3.5 5.5(13.3) 93.6(74.3) 21.2 24.8
100 nM a=114.48b=164.20c=47.40 1.90(1.97) 4.2 5.6(12.6) 98.4(93.1) 22.6 24.9
1uM a=114.42b=163.58c=47.25 1.90(1.97) 4.4 6.1(13.1) 96.5(84.6) 22.8 25.6
10uM a=11475b=164.01c=47.82 1.90(1.97) 3.6 6.0(20.2) 92.2(75.8) 22.6 25.9
100uM a=114.53b=163.76,c=48.04 2.00(2.07) 4.1 7.0(20.3) 98.3(94.4) 21.4 25.0
1mM a=114.35b=163.68,c=48.02 1.85(1.92) 4.0 5.0(27.4) 90.7(57.4) 22.5 25.2
10 mM a=114.49b=163.28¢c=47.96 1.95(2.02) 3.9 6.3(26.3) 90.3(89.0) 20.8 24.8
Brw a=114.29b=163.40,c=48.07 1.80(1.86) 4.5 6.1(20.3) 90.2(55.2) 21.1 23.4

aCrystals grown in the presence of 2 mM AMPA or 10 mM BrW were used as control. For soaking experiments, crystals were originally grown
with 2 mM AMPA and soaked in different concentrations of BrwW together with 350 nM AMP¥alues in parentheses define the low resolution
limits for the last shell of date& Rmerge= (3 |l — MO)/3|li|, wherelli(is the mean; over all symmetry-equivalent reflectiorfsValues in parentheses
indicate statistics for the last shell of dat®Ryox = (X ||Fol — |Fcl)/>|Fol, whereF, and F. denote observed and calculated structure factors,
respectively! Ten percent of the reflections were set aside for the calculation dRthevalue.

of 2 MM AMPA. Two or three AMPA cocrystals were then A

soaked in 3@L of mother liquor solution supplemented with
350 nM AMPA, which is about 15-fold above th& value
in solution (8), and concentrations of BrW ranging from
10 nM to 10 mM. With each solution change, the crystals
were washed 23 times with fresh soaking solution, thus [BrW] = 10 mM [Brw] = 10 mM [BrW] = 1 mM
enhancing the exchange of interstitial solution with the fresh (no AUPA ;
soaking solution and ensuring that the concentration of free D
ligand was approximately equal to total ligand concentration.
Additional experiments in which X-ray diffraction data sets
were collected and analyzed at intermediate time points
showed that the soaking protocol was sufficient to equilibrate
the crystal with the soaking solution. [BAW] = 100 uM [BrW] =10 .M [BrW] =1 M

Structures representing each of the data points in the crystalricure 2: Anomalous difference Fourier maps calculated using
titration experiments were solved by difference Fourier using data from crystals that were soaked in solutions with varying
either the AMPA or the BrW structure as a starting model concentrations of BrW, using protomer C as an example. The maps
(Table 3). Exhaustive refinements, using only a single ere contoured at 10in panels A-E and at 3.6 in panel F. (A)

; . . Difference density calculated using data from a reference crystal
structure in each refinement, were carried out for all data gown in the presence of 10 mM Brw: (&) difference density
sets. The diffraction data obtained from crystals titrated with from crystals soaked in a range of concentrations of Brw (10 mM
low BrW concentrations gave lower crystallograpRigalues to 1 uM) together with 350 nM AMPA. There were no peaks in
when using the AMPA structure as an initial model, while Maps calculated using data from crystals that were soaked in 100
the data from soakings at high Brw concentrations yielded "™ and 10 nM BrW.
lower R values when using the BrW structure as an initial
model, suggesting that there is a transition between thepartially open BrW conformation. In Figure 3A, we see that
AMPA:-like and the BrW-like complex structure in going the changes of domain closure show a typical binding curve
from low to high BrW concentrations. yielding an EG, value of 6.8uM. At the intermediate

Superposition of the refined structures with either domain concentration of 1M Brw, refinement using a single
1 or domain 2 gave lower root-mean-square deviations (rmsd)model yielded a degree of domain closure approximately
in comparison with superposition using both domains, halfway between the AMPA-like and the Brw-like confor-
indicating that the two domains behaved like rigid bodies mations. Because we thought that this might be due to
and that the most significant conformational changes were multiple conformations of the ligand-binding core in the
due to the clam shell movement of the two domains. Of the crystal, we carried out another simulated annealing refine-
three protomers in the asymmetric unit (A, B, C), protomer ment protocol using two entire and independent molecules.
C in the Zn form was chosen for further analysis because it However, this resulted in neither a lowée nor a
participates in the fewest zinc-mediated interprotomer in- significant difference in conformation of the two independent
teractions. Accordingly, the mean temperature factor for protein molecules. Therefore, we would suggest that at 10
protomer C (28.58 A is higher than those for protomer A uM BrW, the crystal lattice stabilizes a conformation of the
(22.78 &) and protomer B (21.26 A in all the structures  ligand binding core that has an intermediate degree of domain
solved in the titration experiments. closure, even though approximately 50% of the molecules

Using protomer C of the cocrystallized AMPA complex are bound with AMPA and 50% with Brw.
as a reference, the domain closure of the structures solved In addition to the conformational changes of the clam shell,
at different BrwW concentrations was examined. This analysis we can also monitor the displacement of AMPA by BrW by
shows that intermediate concentrations of BrW lead to taking advantage of the anomalous scattering from the
different degrees of domain closure that are intermediate bromine atom (Figure 2). The anomalous scattering of the
between the fully closed AMPA conformation and the zincions in the crystal lattice provides an internal reference,
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A .32 standard errors were then calculated based on the scaled
.28 results derived from each of the five zinc ions and plotted
o | against the corresponding BrW concentration. The analysis
5 -24p from the BrW site in protomer C yielded an Efvalue of
3 2L 12.9uM (Figure 3B). In a competition experiment carried
T e out in solution using 350 NMH-AMPA, we obtained an
e | ICso value of 4.0uM for BrW (Figure 3C).
® 12} Willardiines Bind Similarly in Comparison to Glutamate.
g -08 |- The structures of GIuR2 S1S2J with three full agonists and
Q 4 five partial agonists have been solved in this lab, providing
r us with a unique opportunity to compare the ligand binding
Y% modes of the GIuR2 receptorlq, 18, 22). When the
o-carbon atoms from domain 1 are superimposed, we see
Log [Brw] (M) that there is conservation in the binding of #@mino and
35 - o-carboxyl groups, but the substituents attached to the
B 3 y-position occupy different positions, as shown in Figure 4
= °r ° for FW and IW. To classify the binding subsites, we have
g, 25 | extended the terminology of Armstrong and Gouali) (
‘® 2l and have defined nine positions (&, F1-2, G, and H)
n within the binding pocket that are common interaction sites
g 16 | for AMPA receptor agonists (Figure 5). Adl-carboxyl and
w 10} o-amino groups occupy the highly conserved subsites A and
= s | EC50=12,9 +6.2 uM B (18), forming five and two direct interactions with domain
g 1 and domain 2, respectively. Thesubstituents of the
< OF willardiines faithfully mimic they-carboxyl group of glutamate
55 L 4 + L and occupy the subsites D and E. However, the isoxazole
ring of AMPA binds in subsite E while recruiting a water
Log [BrW] (M) molecule for site D. Interestingly, the willardiines promote
conformational changes in subsite D, and the distance
C wl . 3 between the 2-parbonyl oxygen of the .vviIIardiin.es and Fhe
- ICo=4.0 + 1.3 UM OH of Thr 655 is~3.1 A, while the equivalent distance is
S wl 50=*Y = 1.o U ~3.3 A in the full agonist structures; the estimated error in
< the coordinates is between 0.2 and 0.3 A on the basis of a
% 60 | Luzzati plot. In addition, the distances between the 2-car-
< bonyl oxygen of willardiines and the NH of Ser 654 are 3.3
T 40 |- and 3.5 A for BrwW and IW complexes, respectively, while
o 2 they are less than 3.2 A in the HW, FW, kainate, and full
c i agonist glutamate, AMPA, and quisqualate complexes.
g ol — Subsite F Distinguishes Full and Partial Agonisiibsite
o 1 L . ! F is occupied by either an agonist atom or a water molecule,
-10 -3 £ 4 2 and in the glutamate complex, for example, water W4
Log [BrW] (M) occupies subsite F. Structural comparisons suggest that

binding at this position can be further divided into two

Ficure 3: Crystal titration studies demonstrate that, even in the sybsites, F1 and F2, helping to differentiate full and partial

crystal lattice, the GIluR2 ligand-binding core can undergo confor- agonists. Subsite F1 represents the binding site for full
mational changes that are linked to ligand binding. (A) Using S ied by the 2-ni inthe i |
molecule C of the AMPA complex as a reference, the changes in 2JONISts, occupied by the 2-nitrogen atom in the isoxazole

domain closure because of the soaking of AMPA cocrystals in ring of AMPA (18), the 5-carbonyl oxygen in the oxadia-
various concentrations of Brw are plotted against the correspondingzolidine ring of quisqualate2@), and water W4 in the
BrW concentrations. (B) The electron density from the bromine glutamate structurel@). The F2 subsite, which is occupied

anomalous diffraction is plotted against the corresponding Brw ) : -
concentrations. In both panels A and B, molecule C of the zinc by the 4-carbonyl oxygen of the willardiines and a water

form is used for comparisons. (C) Competition binding of Brw Molecule in the kainate complex, 18), is located~1.4 A
against 350 nMH-AMPA in solution, as described in Experimental  away from F1 site and is farther from domain 1 (Figure 5).
Procedures. However, both F1 and F2 subsites interact with Glu 705 and
water W3, the latter of which forms hydrogen bonds with
making it possible to compare the anomalous signals of the Thr 686 and Tyr 702 (Figure 4).
bromine atoms from different soaking experiments. Using  The conserved water molecules in the binding pocket play
the BrW cocrystal structure as a reference, the anomalouscritical roles in mediating ligandprotein interactions. Water
signals of the BrwW bromine atoms from different crystals W2 bridges residues Leu 650/Leu 703 and full agonist atoms
were scaled to a similar level so that the anomalous signalspositioned at site E. Because of the more open cleft
of the corresponding zinc ions were the same in all structures.conformation in the willardiine complexes, W2 moves farther
The scaling was done separately according to the five away from domain 1, relative to its position in full agonist
different zinc atoms in the asymmetric unit. The means and complexes. Although maintaining its interactions with Leu



5206 Biochemistry, Vol. 42, No. 18, 2003 Jin and Gouaux

A

Ficure 4: The willardiines bind similarly to glutamate but induce a more open cleft conformation in comparison to the glutamate complex.

(A) Stereoview of the binding pocket in superimposed FW and glutamate structures. The FW and glutamate complexes are shown in pink
and green, while FW and glutamate are yellow and purple, respectively. The ion pair and hydrogen bond interactions between FW and the
protein are indicated as dashes; direct interactions to the protein are in cyan, and water mediated interactions are in black. Selected water
molecules (Wt4) in the FW and glutamate structures are drawn as cyan and pink spheres, respectively. (B) Stereoview of the binding
pocket in superimposed IW and glutamate structures. The glutamate complex is colored as in panel A, and the IW structure is colored the
same as FW is colored in panel A. Note that the water W5 is observed in the BrwW and IW complexes and not in the HW and FW
complexes.

650 and Leu 703, water W2 no longer contributes to subsite HW, and FW structures is broken in the Brw and IW

E. W2 instead interacts with the 4-carbonyl oxygen atom of complexes. In the latter two structures, the loss of this direct
HW, FW, and BrW at site F2, making stabilizing ligand interdomain interaction is compensated by the recruitment
protein interactions (Figures 5 and 6). However, in the IW of a water molecule (W5) that connects Tyr 732 and Thr 707.

structure W2 is~3.8 A away from the 4-carbonyl oxygen Kainate Occupies Unique Sites in the Ligand-Binding
atom of IW and not able to directly interact with any agonist Pocket.Comparison of the full and partial agonist complexes
atoms. shows that the side chain of Tyr 450 occupies a similar

5-Substituents of the Willardiines Point to a Partially location in all of the structures with the exception of the
Hydrophobic PockefThe 5-methyl group of AMPA and the  kainate structure. Although kainate occupies many of the
5-halogen atoms of the willardiines occupy subsites G and same binding subsites as glutamate-@, the isopropenyl
H, respectively. Both subsites are in a partially hydrophobic group of kainate causes the aromatic ring of Tyr 450 to move
pocket; subsite G is closer to domain 1, while H is closer to approximately 0.8 A farther into domain 1, as illustrated in
domain 2 (Figure 5). Even though sites G and H are adjacent,Figure 7. On domain 2, Leu 650 does not enter as far into
their occupancy by agonist atoms has different effects onthe ligand-binding cleft in comparison to the glutamate
surrounding residues. The 5-methyl group of AMPA binds complex, for examplel). The kainate molecule is also not
at subsite G, and the direct effects are the side chaininserted as deeply into the binding pocket and is located
reorientations of residues Tyr 405 and Met 708. In addition farther from domain 1 in comparison to glutamate, which is
to their effects on Tyr 405 and Met 708, occupancy at site also consistent with the more open domain or clam shell
H by a large halogen atom in the BrW or IW structure leads conformation of the kainate complex.
to a significant conformational change of Thr 707, in which  In the kainate complex, there is also the loss of two
the main chain carbon shifts1.1 A (Figure 4). As a hydrogen bonds between Glu 402yr 450 and Glu 402
consequence, the direct hydrogen bond between Tyr 732 andrhr 686, as shown in Figure 7. The interaction between Glu
Thr 707 that is present in the glutamate, quisqualate, AMPA, 402 and Thr 686 links domain 1 and domain 2. Adjacent to
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Ficure 5: Comparison of willardiine and full agonist binding
modes. The FW, quisqualate, and AMPA structures are compared
after they are superimposed using the main clhagarbon atoms

in domain 1. The conserved binding sites for full agonists (D, E,
F1, and G) are labeled in black, while the special binding sites for
FW (F2 and H) are shown in orange. (A) The subsite binding
regions occupied by the uracil ring of FW; (B) the subsite binding
regions occupied by the oxadiazolidine ring of quisqual@®;(

(C) the subsite binding regions occupied by the isoxazole ring of
AMPA and the critical water moleculd.8); (D) the superimposed
structures of all three ligands.

AMPA

these residues is a conserved hydrogen bond network

surrounding the anionic moiety of the agonists involving Arg
485, Tyr 450, and Glu 402 from domain 1, five residues
from domain 2 (Thr 686, Tyr 702, Glu 705, Thr 655, and
Ser 654), and one water molecule (W3) (Figure 7). This
network adjusts to a more open cleft conformation in the
willardiine structures. In the IW structure, for example, where
the iodine atom at position H induces a significant confor-
mational change of the side chain of Glu 402, a water
molecule intercedes and participates in the Tyr-4b@ter—

Glu 402-Thr 686 hydrogen bond interactions. An equivalent

water molecule is not present in the kainate structure because

it would clash with the kainate isopropenyl group. Kainate
thus provides a striking example showing how the occupancy
at positions other than the conserved binding sites disrupts
presumably favorable interactions in the binding pocket.
Comparison of Packing in Multiple Crystal FormsiReals
Possible Modes of DimerDimer AssociationRecent evi-

dence suggests that AMPA receptors are tetramers and are

assembled as a dimer-of-dimels8(27, 40—45). Inspection
of the molecular packing in four different crystal forms
reveals patterns of dimer-of-dimer association in which the
molecular 2-fold axes of the two adjacent dimers are parallel
to each other, and their C termini point in the same direction.
We believe that these observations provide a starting point
for the studies of dimerdimer interactions for tetrameric
glutamate receptors.

All three full agonists (glutamate, AMPA, and quisqualate)
and BrW/IW crystallize in the Zn form, which has three
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Ficure 6: Conserved water molecules in the binding pocket (W2
and W3) play critical roles in mediating ligangrotein interactions.
Three full agonists (glutamate, quisqualate, and AMPA) and four
willardiines (HW, FW, BrW, and IW) are superimposed using the
a-carbons from residues in domain 1. W2 is shown in panels A
and B, and W3 is shown in panels C and D. For each of them, two
views with a~90° rotation are shown. The water molecules are
colored differently according to their parent structures, while only
the FW ligand is shown. In panels B and D, ligands are positioned
in an orientation similar to what is shown in Figures 4 and 5.

HelixF

s FYW =sssm Kainate

Ficure 7: Partial agonists, like kainate, that break interdomain
interactions lead to open domain conformations and have weaker
efficacy than the willardiines. Superimposed kainate and FW
structures together with one conserved water molecule (W3) are
shown and colored pink and green, respectively. Only the hydrogen
bonds in the FW complex are shown and are indicated as dashes.

protomers (A, B, C) in the asymmetric unit (ASU). There
are two molecules in the ASU of the quisqualate and IW
non-Zn crystal forms, while there is only one molecule in
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the ASU of the FW crystal form. The FW crystals are DISCUSSION

isomorphous to the HW and BrW non-Zn crystal forms. To  The application of X-ray crystallography to study confor-
systematically compare possible modes of dirdimer mational changes in proteins and protefotein interactions
association, we have defined faces on the ligand-binding coreis fraught with complexities that primarily arise from the
protomer as +IV as illustrated in Figure 8. Face | is the generally unknown and unpredictable effects of interactions
dimer interface. The additional faces are defined ad\I between molecules in the crystal lattice. In unfortunate
in a clockwise manner, where the dimer is oriented with the circumstances, lattice interactions can constrain conforma-
amino terminus closest to the viewer, looking parallel to the tional rearrangements and can produce deceptively convinc-

molecular 2-fold axis. The dimer interface involves face |
and has been discussed in deta8, 7). Face Il is composed
of helices A, B, J, and K and loop 1, all of which are
contributed by domain 1; face Ill is made up of residues
from both domain 1 and 2; face IV includes helices&
from domain 2 and loop 2 from domain 1.

Examination of the molecular packing in four different

ing yet biologically irrelevant proteiaprotein contacts.
Because we are interested in determining the extent to which
different agonists stabilize distinct conformational states in
the GIluR2 S1S2 ligand-binding core and in predicting
possible subunitsubunit contacts in the intact receptor, we
have determined the extent to which lattice interactions affect
the conformational flexibility of the ligand-binding core, and

crystal forms reveals that there are three different modes ofwe have studied patterns of subursubunit contacts in

dimer—dimer association, types A, B, and C. A is the most

different crystal forms to predict modes of subunit interac-

commonly seen, involves interactions between faces Il andtions in the intact receptor.

IV, and can be divided into three subtypes. Shown in Figures

8A,B and 9 is subtype A1, which is found in the quisqualate
non-Zn crystal form and involves 2-fold related interactions

On the basis of a number of crystallographic investigations,
full agonists induce the most closed domain conformation
of the GIuR2 ligand-binding corel8, 19, 22), and the

between dimers. In the Al association, the two dimers are willardiine complexes adopt continuously more open con-
positioned side-by-side with face | coplanar. Even though formations in the order of HW& FW < BrwW < IW (29).
there is no direct interaction between the two dimers as seenMost interestingly, the conformations that the willardiines

in the crystal lattice, a decreasee5 A in dimer separation
along theX axis as shown in Figure 8A would lead to-I
IV interactions involving loop 1 and helix K of one subunit

stabilize are intermediate in domain closure between full
agonists, such as glutamate, AMPA, and quisqualate, and
the weak partial agonist kainat&g, 22). More specifically,

and helices F and G of another subunit. This mode of there is a strong correlation between the degree of domain

potential dimefr-dimer interaction has been observed in the
structure of GIuUR2 S1S2J-N754D mutant, in which 5121 A

closure and the extents of receptor activation and desensitiza-
tion, with the extents of activation and desensitization

of solvent-accessible surface area per molecule is buried inincreasing in the order of W< BrwW < FW < HW (29).

the interaction Z7).

The A2 association is similar to A1 and is observed in
the Zn form, which also involves a 2-fold related interaction
with two | faces parallel to each other (Figure 8C). In this
case, there are potentiaHlIl contacts, along with H-IV

Because the functional behavior of the GIuR2 receptor
appears to be tightly coupled to the nuances in the conforma-
tion of the ligand-binding core, we want to ensure that our
crystallographic studies on the S1S2 core are as informative
as possible. Therefore, we carried out crystal titration

interactions involving loop 1 and a short loop between helices experiments to determine the extent to which the functional

F and G. The A3 association is found in the IW non-Zn
crystal form. In this A3, -1l interaction, loop 1 in one dimer
(dimer A) is close to helix K of another dimer (dimer B),

and conformational behavior of the GluR2 ligand-binding
core is preserved in the crystal. In addition, we have
compared the 5-substituted willardiine, glutamate, AMPA,

and somewhat surprisingly, the side chains of Glu 416 and quisqualate, and kainate complexes, together with key water
Asp 769 approach as closely as 3.2 A. In addition, loop 1 in molecules, and we have gained a better understanding of

dimer B is now close to the amino terminus and helix B in
dimer A.
The B association involves only Hll interactions where

the molecular determinants of partial agonist potency,
efficacy, and selectivity. Finally, by taking advantage of
different crystal forms, we have analyzed dimdimer

the two ligand-binding pockets are in a face-to-face orienta- contacts in the crystal, and we suggest possible modes of
tion, as depicted in Figures 8E and F. There are two dimer—dimer interaction for the ligand-binding core in the

variations on the B interaction including the B1 subtype in
the quisqualate form and the B2 subtype in the HW form.

intact GIUR2 receptor.
Ligand Exchange and Conformational Rearrangement in

The difference between the B1 and the B2 subtypes is thethe Crystal.The structures of the BrwW and IW complexes

length of the second translation along thexis. In the B1

have been determined in two different crystal forms: a Zn

interface, the segment between helices G and H in the twoform in which five zinc ions mediate interprotomer interac-
neighboring domains define the closest contacts. In the B2tions and a non-Zn form in which there are relatively few

interface, helices G and H in dimer B are close to helix H
of dimer A. Type C association is found in the Zn form and

protein—protein interactions. Within either crystal form, IW
induces less domain closure than Brw. However, the Zn form

involves zinc mediated interactions between face |l and face structures are~4° more closed than the non-Zn form

Ill: a zinc ion interacts with His 435 and Glu 431 from one

structures, showing the substantial perturbation of the

protomer and Glu 678 from the other protomer, together with structure in the Zn form crystals. By contrast, the full agonist
a water molecule (Figure 8G). In the C association, the regionstructures solved in Zn and non-Zn forms are almost
between helices G and H on face Ill of dimer B are close to identical, suggesting that full agonists are able to induce a

a region on face Il of dimer A, which is composed of helices
B, J, and K.

single, stable conformation. To obviate the effects of strong
zinc mediated perturbations of the protein structure, all of
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Dimer A

Ficure 8: Molecular packing in multiple crystal forms reveals possible dingémer interactions of GIuR2. The ligand-binding core
structures are shown as ribbon diagrams. To simplify structure comparison, a coordinate system is used in Whagfs tiseparallel to

the molecular 2-fold axis, and th€Y plane is parallel to the dimer interface. All the dimer pairs are viewed from three different orientations,
along theX, Y, andZ axes. (A) Four distinct protein surfaces are defined using Al type dimer pair as an example. In the middle panel, the
two purple protomers are omitted to achieve a clear view of a subunit’s surfaces, definelabdce | is located at the dimer interface.

The remaining faces are defined as-IV, in a clockwise manner, where the amino terminus is closest to the viewer, and the view is
parallel to the molecular 2-fold axis; (B) the Al type dimer pair observed in the quisqualate non-Zn form structure; (C) the A2 type dimer
pair observed in the quisqualate Zn form complex; (D) the A3 type dimer pair observed in the IW complex; (E) the B1 type dimer pair seen
in the quisqualate non-Zn form structure; (F) the B2 type dimer pair from the HW/FW/BrW complex; (G) the C type dimer pair found in
the quisqualate Zn form complex; dimer B is yellow, and the zinc ions are indicated as red spheres. In p&elsdBstars mark the sites

of closest dimerdimer approach.
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the subsequent structure comparisons were carried out usingnation. Indeed, the willardiines adopt slightly different
the non-Zn form structures. However, the question still binding modes in comparison to the full agonists glutamate,
remains: to what extent do studies in crystals reflect the quisqualate, and AMPA. For example, in the willardiine
related conformational changes of the ligand-binding core complexes, agonist binding site F2 is locate#l.4 A away
in solution or of the intact receptor in the membrane? from site F1 and is closer to domain 2 (Figure 5), consistent
The systematic crystal titration experiments presented in with the more open domain conformation induced by the
this paper provide direct answers to the questions of ligand- willardiiines. Agonist atoms in the F1 and F2 subsites interact
binding affinity and conformational plasticity in GluR2 S1S2  with the main chain nitrogen atom of Glu 705, a key residue
crystals. We show that even with the constraints of the Zn that binds to the--amino group and undergoes a substantial

crystal form, the Brw complex adopts a conformation in
which the ligand-binding cleft or clam shell is2° more

open than in the AMPA complex. Furthermore, the competi-
tion between AMPA and BrW in crystals leads to a transition

between AMPA-like and BrW-like structures, proving that
conformational changes can take place in crystals. Thg EC

rearrangement upon agonist binding and domain clod@e (
Therefore, different positions of sites F1 and F2 might affect
domain closure through interactions between the sites and
Glu 705. Coupled to subsites F1 and F2 are also the locations
of waters W2 and W3. Instead of interacting with full
agonists at site E, W2 forms a hydrogen bond with the

value derived from the change in domain closure was 6.8 4-carbonyl oxygen of HW/FW/BrW at site F2, thus main-
uM. The competition between ligands in crystals was further taining the interactions between the willardiines and domain
explored by directly monitoring the replacement of AMPA 2. The W2-F2 distance increases when BrW and IW are
by BrW. The occupancy of BrW in the binding pocket was bound and no direct interaction is possible in the IW
monitored by the amplitude of the bromine peak in anoma- complex. These differences in local structure might explain,
lous difference Fourier maps, taking advantage of the at least in part, the range of potencies within the willardiine
anomalous scattering of the bromine atom. From thesefamily.

measurements, we obtained ansE@lue of 12.9«M. The The water W3 mediated interactions between sites F1/F2
crystal titration experiments therefore provide a direct link and Thr 686 and Tyr 702 are maintained in the structures of
between agonist binding and protein conformational changes.willardiines, AMPA, glutamate, quisqualate, and kainate

At the same time, an I§ value of 4.0uM was obtained
from H-AMPA displacement experiments with BrW in

complexes as illustrated in Figures 5 and 6. Besides
occupying different locations than those in the full agonist

solution, suggesting that the functional behavior of the GIUR2 complexes, the W3 waters in the willardiine complexes show

ligand-binding core in crystals is similar to that in solution.

continuous changes in their positions as shown in Figure 6.

Taken together, these observations indicate that the GluR2In the order of HW, FW, BrwW, and IW, W3 moves closer

S1S2 ligand-binding core exists in a similar high affinity

to the dimer interface. In other words, the distance between

state in the crystal and in solution. Furthermore, the protein the two W3 waters in a S1S2 dimer decreases in the order
can undergo ligand-induced conformational changes in the of HW, FW, BrW, and IW, which is consistent with the more
crystal, and the lattice interactions do not preclude biologi- open domain conformation and the decrease in linker

cally relevant rearrangements.
Willardiine Potency and EfficacyThe two-electrode

separation in the HW, FW, BrW, and IW structureX
The relative position of W3 provides a convenient metric

voltage clamp (TEVC) dose response experiments, as wellthat is correlated to the degree of domain closure and linker

as®H-AMPA displacement studies, showed that the willardi-
ines are highly potent agonists for GIuR2 with potency in
the order of FW> BrwW > IW > HW. FW, for example,
has an I1Go value of 23.5 nM, which is similar to the kgof
quisqualate (20 nM)22) and theKp, for *H-AMPA binding
(24.8 nM) (@8). The high potency of willardiines is readily
explained by the observation that willardiines bind similarly

separation in the full agonist and partial agonist structures.
Even though HW induces the most domain closure and
has the greatest efficacy, HW is the least potent willardiine.
Indeed, the potencies of the willardiine compounds on GluR2
are correlated to the electronegativity of the 5-substituent,
as previously suggestedi5), because the uracil-like ring of
the willardiines must lose a proton to mimic the aniopic

to full agonists, occupying all the conserved binding sites carboxyl group of glutamate. HW has a 5-substituent with
A—F (Figure 5). Indeed, we had previously suggested that the weakest electron withdrawing character, and tkg p

occupying sites B-F would endow an agonist with high
potency 22). Interestingly, however, the Egvalue of FW
(0.19uM) is ca. 5-fold smaller than that of quisqualate (1.2
uM), on the basis of TEVC experiments on the GIuR2
receptor under nondesensitizing conditiofh8) ( Perhaps one
reason the E& values for quisqualate and FW are so
different, yet their binding constants are relatively similar,

value of HW (9.97) is about 1.21 units higher than that of
BrW (8.76) @8). The relatively high g, value of HW
implies that the ionized form is relatively less abundant at
physiological pH and thus the apparently highsE&hd 1G
values may be largely due to a lower concentration of the
active, anionic species. In fact, studies on 6-azawillardiine
analogues found that the 6-aza substitution resulted in an

has to do with the fact that FW is a partial agonist and does increase in agonist potency because of the lowering of the
not spend as much of its binding energy in gating or opening pK, value for the uracil ring49).

the ion channel, in comparison to the full agonist quisqualate

(47).

The willardiines induce a continuously more open cleft

Interestingly, the glutamate, AMPA, quisqualate, and
willardiine complexes with GIuR2 show a similar ligand
position in the binding pocket relative to domain 1 and a

conformation in the GIluR2 S1S2J ligand-binding core in the conserved hydrogen bond network surrounding jtksub-

order of HW < FW < BrW < IW. Water molecules, acting
in concert with variations in the modes of agoriptotein
interactions, play a key role in modulating the cleft confor-

stituent, despite the varying cleft conformations (Figure 7).
This structural continuity is fostered by residues Tyr 450,
Glu 402, and Thr 686, which flank the bound ligand,
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constrain its position, and participate in interactions spanning little effect on interdomain interactions. Because AMPA is
the ligand-binding cleft. To adjust to a partial agonist, such a full agonist, we conclude that occupancy of site G by a
as IW for example, a water molecule is recruited to maintain methyl group allows for maximal domain closure and
the Tyr 456-Glu 402 interaction despite the side chain receptor activation. In comparison with site G, site H is closer
reorientation of Glu 402. In the kainate complex, the Tyr to domain 2 and has a more direct impact on residues on
450-Glu 402-Thr 686 interaction is further perturbed domain 2. The occupancy of site H, with the willardiine
because of an even more open cleft conformation (Figure complexes as examples, results in partial domain closure and
7). The importance of this hydrogen bond network is receptor activation. Therefore, site H is an unfavorable
supported by the studies on residue Thr 686),(which is binding position for full agonists, and its occupancy distin-
a threonine in GluR1-4 and KA1-2 and a serine/asparagineguishes full and partial agonists. Interestingly, the rupture
in GIuR5-7 (L3, 51-53). Site-directed mutagenesis studies of the Tyr 732-Thr 707 hydrogen bond in the Brw/IW
have shown that kainate receptor sensitivity to IW is largely complexes is compensated by a water molecule (W5). It
determined by Ser 721 in GIuR5 (Thr 686 in GIuR2). The suggests that the Tyr 732Zhr 707 interdomain interaction
OG1 atom of Thr 686 is only 3.7 A away from the iodine is important for stabilizing the closed cleft conformation.
atom in the IW complex. A threonine or serine residue is  Met 708 and Thr 707 are located at the amino terminus
able to form a hydrogen bond with Glu 402, but an of helix I, and we suggest that the conformational changes
asparagine is too large and the side chain will sterically clash at site H might be transmitted to changes in the orientation
with the iodo substituent on the uracil-like ring. In addition of helix I. In fact, helix | moves slightly closer to the dimer
to disrupting the favorable hydrogen bond network, kainate interface and farther away from the ligand-binding pocket
occupies sites D and E in the binding pocket while recruiting in the willardiine complexes, in comparison with the full
a water molecule at site F2, a partial agonist specific binding agonist structures. In this way, the agonist-induced changes
site. Perturbation of the hydrogen bonding network, along could be relayed by helix | to remote parts of the protein,
with the other factors discussed previously, contribute to perhaps via a conserved disulfide bond that connects the
kainate’s high 1Go (18). carboxyl terminus of helix | (domain 2) and helix K (domain
Partially Hydrophobic Pocket Modulates Ligand Selecti  1).
ity. Crystal structures of willardiine complexes show that the  Possible Modes of DimerDimer AssociationiGluRs are
5-halogen atom points to a partially hydrophobic pocket that tetrameric receptors composed of a dimer-of-dim&& %7,
is surrounded by Glu 402, Tyr 405, Tyr 450, Pro 478, and 40, 41). However, there is very little information regarding
Tyr 732 from domain 1 and Thr 686, Glu 705, Thr 707, and the nature of the dimerdimer interactions in the intact
Met 708 from domain 2. The side chain of Met 708 is located receptor. Recently, we have determined the structures of the
in the middle of this pocket and responds to agonist atoms wild-type GluR2 S1S2J construct in multiple crystal forms
that bind in this pocket. The willardiine structures clearly and have found that it forms a similar dimer under all
show that the side chain reorientation of Met 708 accom- conditions, with different dimerdimer association patterns
modates the 5-halogen atoms. Detailed structure comparisongFigure 8). The multitude of crystal forms may reveal how
show that the side chain conformations of Met 708 could be dimeric units within an intact, tetrameric receptor interact.
classified into four different states: (1) the glutamate state; We suggest that the A1 and A2 types represent a starting
(2) the HW/FW/Quis state; (3) the AMPA state; and (4) the point for modeling dimer-dimer association modes of the
Brw/IW state. Met 708 has the greatest freedom to adopt intact receptor, and the Al type association will be discussed
an extended conformation in the presence of glutamate. Inin detail as an example. The other dimer association modes
comparison with the glutamate state, a rotamer change occurebserved are unlikely to be found in intact glutamate
at Met 708 in the HW/FW/Quis structures and shifts the receptors because they either lead to dramatically long
sulfur atom by~1.9 A (Figure 4). interdimer distances or the relative positions of the two
When agonist atoms bind in the partially hydrophobic dimers are too difficult to reconcile with a centrally located,
pocket, as occurs in the AMPA, Brw, and IW complexes, a approximately 4-fold rotationally symmetric ion channel.
substantial reorientation of Met 708 is unavoidable. The Inthe Al arrangement, the dimer interfaces are coplanar,
sulfur atom of Met 708 moves-2.5 A in the AMPA and the four linker regions, proximal to the transmembrane
structure and~4.1/4.5 A in the BrW/IW structures in  segments, are in the same plane. With Pro 632 as a marker
comparison with the glutamate state. The fact that Met 708 for the linker, protomers A/D are located at the end of a
adopts different conformations in the AMPA state and the long diagonal, while protomers B/C are at the end of a short
Brw/IW state suggests that the different locations of the diagonal. The intradimer linker distance is 39 A, while the
5-substituents of the willardiines (site H) and the 5-methyl interdimer linker distance is 51 A, the latter of which is the
group of AMPA (site G) may have different effects on the shortest among all observed dimer association modes. A
receptor structure and function. Interestingly, it is a Ser in decrease in the interdimer distance v% A will lead to
GIuR5 and a Thr in GIuR6/7 at the place of Met 708. The I[I—IV interactions involving loopl/helix K and helix F/G,
small polar residue at this position probably helps confer as already observed in the GIUR2-N754D struct@ad.(
unique ligand selectivity to kainate receptors. For example, However, it is unclear how the Al association will be
the potency sequence is IWBrwW > FW > HW for kainate reconciled with the probable 4-fold rotational symmetry of
receptors but is FW> BrwW > IW > HW for AMPA the ion channel (i.e., there is a symmetry mismatch between
receptors 16, 29, 49). the ligand-binding cores and the ion channgf)j. One
Site G is located in the partially hydrophobic pocket and possibility is that the two dimers will rotate, in opposite
is surrounded by residues from domain 1. Therefore, binding directions, around an axis perpendicular to the dimer
at site G will mostly affect residues on domain 1 and have interface, as illustrated in Figure 9. This movement will tend
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Ficure 9: Possible mode of dimedimer association for the ligand-binding core in intact AMPA receptors based on the Al dimer-of-
dimers. (A) The arrangement of subunits as suggested by the A1 arrangement. The black lines connect residue Pro 632 in each subunit, an
amino acid proximal to the linker region and perhaps therefore close to the transmembrane ion channel. The red oval defines the 2-fold axis
that relates dimer pair AB to pair CD and may be close to the location of the ion channel. (B) Schematic view of the locations of Pro 632
residues, defined as A, B, C, and D for each of the corresponding subunits, relative to the location of the putative transmembrane region,
defined again as a red oval (O). In this arrangement, the distances AO and DO are longer than the distances BO and CO. However, we
know that the same polypeptide segments link the ligand-binding cores and the transmembrane domains in all subunits of an AMPA
receptor. To equalize the distance between the ligand-binding cores and the transmembrane segments, and to preclude formation of an
infinite ribbon of receptors by a simple translation, each AB and CD dimer pair might undergo a rotation, in opposite directions, about the

Z axis. This will then lead to the new locations of Pro 632 residues'oBA C', and D, now making the distances'@ and DO equal
to B'O and CO. The Al arrangement of subunits may undergo a rearrangement such as described above in the intact receptor.

to equalize the distance between the linker regions in eachREFERENCES

of the protomers with the transmembrane channel while
minimizing the clash between the two dimers. In this
scenario, the four linker regions within a tetramer are no
longer coplanar, and the linkers of A and D move closer to
the membrane while the linkers of protomers B and C move
farther away from the membrane. At some point(s) between
the ligand-binding cores and the transmembrane channel, the
polypeptide chains will exhibit local asymmetry as required
to accommodate the symmetry mismatch. In the arrangement
of dimers described above, the flip/flop region at the end of
helix K is proximal to the interdimer interface and in a
position, perhaps, to modulate the properties of the ion
channel 4, 55).

CONCLUSIONS

Here we have employed crystal titration experiments to
show that the GIuR2 ligand-binding core can undergo
conformational changes in the crystal and that its ligand
binding properties are similar in the crystal and in solution.
Detailed structure comparisons reveal conserved ligand-
binding modes of agonists to the GIuR2 receptor and define
a structural basis for differentiating between full and partial
agonists. Possible dimedimer arrangements have also been
suggested on the basis of dimelimer interactions in
multiple crystal forms. The structural and functional infor-
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mation presented in this paper support the model that partial 19 Hogner, A, Kastrup, J. S., Jin, R., Liljefors, T., Mayer, M. L.,

agonists induce less domain closure than full agonists and
that there is a correlation between the degree of domain
closure and the extent of receptor activation and desensitiza-
tion.
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