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(3-hydroxy-5-methylisoxazol-4-yl) propionic acid; Br-HIBO, 2-amino-3-(4-bromo-3-
hydroxy-isoxazol-5-yl) propionic acid; Br-Will, 5-bromo-willardiine; CPW399, 2-amino-
3-(1,3,5,6,7-pentahydro-2,4-dioxo-cyclopentd €] pyrimidin-1-yl) propanoic acid; F-Will,
5-fluoro-willardiine; Glu, glutamic acid; GIuR2; AM PA-subtype ionotropic glutamate
receptor 2; GluR2-S1S2J, soluble construct of the ligand-binding core of GluR2; iGIuR,
ionotropic glutamate receptor; 1-Will, 5-iodo-willardiine; KA, kainic acid; MeT&tAMPA,
2-amino-3-[ 3-hydroxy-5-(2-methyl-2H-tetrazol -5-yl)isoxazol-4-yl] propionic acid;
[*H]JAMPA, (RS)-[5-methyl-*H]-AMPA; rmsd, root mean square deviation; Will,

willardiine
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Abstract

lonotropic glutamate receptors mediate most rapid excitatory synaptic transmission in the
mammalian central nervous system and their involvement in neurological diseases has
stimulated widespread interest in their structure and function. Despite alarge number of
agonists developed to date, few display selectivity among AM PA-receptor subtypes. The
present study provides X-ray structures of the GluR2-selective, partial agonist (S)-2-
amino-3-(1,3,5,6,7-pentahydro-2,4-dioxo-cyclopenta] (e] pyrimidin-1-yl) propanoic acid
[(9-CPW399] in complex with the ligand-binding core of GIluR2 (GluR2-S1S2J) and
with a (Y 702F)GluR2-S1S2J mutant. In addition, the structure of the non-selective partial
agonist kainate in complex with (Y 702F)GluR2-S1S2J was determined. The results show
that the selectivity of (S)-CPW399 towards full-length GIuR2 relative to GIuR3 is
reflected in the binding data on the two soluble constructs, allowing the use of
(Y702F)GluR2-S1S2J as amodel system for studying GIuR2/GIuR3 selectivity.
Structural comparisons suggest that selectivity arises from disruption of a water-mediated
network between ligand and receptor. A D1-D2 domain closure occurs upon agonist
binding. (S)-CPW399 and kainate induce greater domain closurein the Y 702F mutant,
indicating that these partial agonists here act in a manner more reminiscent of full
agonists. Functionally, both kainate and (S)-CPW399 exhibited higher efficacy at
(Y702F)GIuR2(Q) ; than at wild-type GIuR2(Q) ;. Whereas an excellent correlation exists
between domain closure and efficacy of a range of agonists at full-length GluR2,
determined by electrophysiology in Xenopus laevis oocytes, a direct correlation between
agonist induced domain closure of (Y 702F)GluR2-S1S2J and efficacy at the GIUR3
receptor isnot observed. While clearly controlling selectivity, mutation of thisresidue
aloneisinsufficient to explain agonist-induced conformational rearrangements occurring

in this variant.
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Introduction

Binding of (§)-glutamate to ionotropic glutamate receptors (iGluRs) isakey step in the
predominant mechanism of rapid excitatory synaptic transmission among nerve cells
within the mammalian central nervous system. iGluRs are important in the devel opment
and function of the central nervous system and are implicated in learning and memory
formation. Furthermore, iGluRs also seem to be associated with certain neurological and
psychiatric diseases, e.g. Alzheimer-type diseases, Parkinson’s disease, epilepsy, stroke,
ALS and schizophrenia. Therefore, the iGIuRs are considered potential drug targets
(Dingledine et al, 1999; Brauner-Osborne et al, 2000). The iGluRs have been divided into
three different classes: the (S)-2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) propionic
acid (AMPA), kainic acid (KA) and N-methyl-D-aspartic acid (NMDA) receptors
(Bréauner-Osborne et al, 2000). The AMPA receptor class consists of the subtypes GIuR1-
4. These can all exist in two different alternatively spliced isoforms named flip and flop
(indicated by the subscriptsi and o, respectively), which have different desensitization
properties. In addition, the GIuR2 subunit can exist in two different RNA-edited isoforms
whereby a crucial amino-acid residue in the channel pore region can be either glutamine
or arginine (the Q/R site) and this affects many channel properties, such asthe
rectification and ion-selectivity of GluR2-containing heteromeric channels (Dingledine et

al, 1999).

The iGluRs form tetrameric ligand-gated ion channels (Rosenmund et al, 1998; Laube et
al, 1998; Sun et al, 2002; Jin and Gouaux, 2003) (Fig. 1), and couple the energy of
agonist binding to opening of atransmembraneion pore (Dingledine et al, 1999). Two
extracd lular segments S1 and S2 have been shown to constitute the ligand-binding core

(Fig. 1) and previous studies have shown that this ligand-binding core is necessary and
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sufficient for achieving binding properties similar to that of the full-length membrane-

bound receptor (Kuusinen et a, 1995; Chen and Gouaux, 1997). Soluble constructs of the
ligand-binding core of the AMPA-receptor subunit GluR2 (GluR2-S1S2J) (Armstrong
and Gouaux, 2000) and of the glycine-sensitive NM DA-subtype receptor NR1 (Furukawa
and Gouaux, 2003) have been produced and structures of several agonists and antagonists
in complex with these constructs have been reported in recent years (Hogner et al, 2002;
Kasper et al, 2002; Hogner et al, 2003; Lunn et al, 2003; Jin et al, 2003). The ligands bind
within a cleft formed by two domains (D1 and D2), where D1 is mainly composed of

residues from segment S1 and D2 mainly of residues from S2.

The studies of Armstrong and Gouaux (2000) and Hogner et al (2002) have shown that
AMPA receptor agonists with different efficacy induce distinct conformations of the
ligand-binding core of GIuR2 by inducing D1-D2 domain closure. A recent study on a
series of complexes of 5-substituted willardiines has demonstrated that the size of asingle
subgtituent could control the degree of domain closure and thus lead to a range of ligand-
dependent conformational states. Crystal structure determinations of a number of agonist
complexes have shown that the constructs' conformational states are essentially
unaffected by crystal packing and consequently the crystal structures of the constructs
can serve as amodel system for receptor-ligand binding (see e.g. Kasper et al, 2002;
Lunn et al, 2003). Using single-channel recordings, these conformational states were
shown to control the channel open probability of discrete subconductance states of the
intact ion channel and thereby control receptor activation and also influen

ce receptor desensitization (Jin et al, 2003; Horning and Mayer, 2004).
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Previously determined structures of GluR2-S1S2J complexes have revealed that atotal of

ca. 20 amino-acid residues from both D1 and D2 are in close proximity to the bound
agonist (Lunn et al, 2003). Of these residues, all except Tyr702 are conserved among
AMPA receptors. Banke et al (2001) identified this non-conserved Tyr residuein AMPA
preferring subunits as being the main contributor to the selectivity of (S)-Br-HIBO for
GluR1 over GIUR3. In GIuRL1 thisresidueis conserved (Tyr698), whereasitisa
phenylaanine (Phe706) in GIuR3. We have previously reported the structure of asingle-
point mutant of the GluR2-S1S2J construct, (Y 702F)GIuR2-S1S2J, in complex with (S)-
Br-HIBO and with (S)-ACPA (Hogner et al, 2002). A comparison of the structure of (S)-
Br-HIBO complexed to GluR2-S1S2J with its (Y 702F) GluR2-S1S2J complex greatly
advanced early insights into the molecular mechanisms of AMPA receptor subtype

selectivity.

Despite the large number of AMPA receptor agonists synthesised to date, very few have
shown subtype selectivity. These agonists may be classified into two groups. AMPA-
related analogs, e.g. (S)-Br-HIBO (Coquelle et al, 2000) and willardiine-like compounds,
e.g. (9-2-amino-3-(1,3,5,6,7-pentahydro-2,4-dioxo-cyclopenta] €] pyrimidin-1-yl)
propanoic acid ((S)-CPW399) (Campiani et al, 2001), see Figure 2. These compounds
show a certain degree of selectivity for GIURL/R2 over GIUR3/R4, while ligands with
significant selectivity for GIUR3/R4 over GIUR1/R2 remain elusive. The structures of the
selective, partial agonist (S)-CPW399 in complex with GIuR2-S1S2J and with the

(Y 702F)GluR2-S1S2J mutant are presented in addition to the structure of the non-
selective, partial agonist KA in complex with (Y 702F)GIuR2-S1S2J. Binding affinities of
(9-CPW399 and KA for the ligand-binding core constructs have been compared with

their affinities at full-length receptors. Furthermore, the efficacies of arange of
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chemically distinct ligands have been determined (Fig. 2) at full-length GIuR2,

(Y702F)GluR2 and GluR3 receptors, ranging from the full agonist ACPA to the partial
agonist KA, for comparison of their complexes with GluR2-S1S2J and (Y 702F)GluR2-
S1S2J. Such information may greatly facilitate the process of designing new AMPA

receptor agonists and partial agonists with enhanced or novel selectivity profiles.

Material and Methods

Materials

(9-CPW399, (RS)-ACPA and (S-MeTetAMPA were synthesised as previously
described (Campiani et al, 2001; Madsen and Wong, 1992; Bang-Andersen et al, 1997).
(RS-AMPA, (RS)-willardiine and halo-willardiine analogs were purchased from Tocris
Cookson (Bristol, UK). (RS)-Br-HIBO was from Precision Biochemicals Inc.
(Vancouver, Canada). Kainic acid and other chemicals were purchased from Sigma-

Aldrich (Vallensbak Strand, Denmark).

Protein Expresson and Purification

Two constructs were used: The GIuR2-S1S2J construct described by Armstrong and
Gouaux (2000) was expressed, refolded and purified essentially as reported (Chen and
Gouaux, 1997; Chen et al, 1998) while the synthesis of the GIuR3-like construct, the
single-point mutant (Y 702F) GluR2-S1S2J, has been previously described (Hogner et al,
2002). Amino-acid nomenclature here refers to the mature protein sequence lacking the

signal peptide.

Co-Crydtallization of GIuR2-S1S2J and (Y 702F)GIluR2-S1S2J with (S)-CPW 399
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The protein constructs were concentrated to 8 and 10 mg/mL for GluR2-S1S2J and

(Y702F)GIuR2-S1S2J, respectively, in the buffer a'so used for crystallization (10 mM
HEPES pH 7.0, 20 MM NaCl, 1 mM EDTA) and saturated with the ligand (S)-CPW399
by adding the ligand in a 1:25 ratio to both constructs. Crystals were obtained at 6°C
using the method of hanging drop vapor diffusion. A 1uL:1ul ratio of protein solution
and reservoir buffer was used, over a500 pL reservoir consisting of 0.2 M ammonium
sulfate, 0.2 M cacodylate buffer pH 5.5 and 12% PEG 8000 for the GluR2-S1S2J:(S)-
CPW399 crystals, while crystals of (Y 702F)GluR2-S1S2J:(S)-CPW399 were obtained
using 0.1 M ammonium sulfate, 0.1 M cacodylate buffer pH 6.5 and 16% PEG 8000 as
reservoir. The crystals appeared within one week and grew to a maximum dimension of
0.1 mm. Crystals were soaked in cryo-protectant prior to flash-cooling in liquid nitrogen,

using buffers as above but with the addition of 20% glycerol.

Co-Crygtallization of (Y702F)GIuR2-S1S2J with KA

(Y702F)GluR2-S1S2J was concentrated to 7.5 mg/mL in the crystallization buffer
described above and saturated with KA by adding the ligand in a 1:38 ratio. Crystals were
obtained at 6°C with the hanging drop vapor diffusion method using areservoir solution
consisting of 0.2 M lithium sulfate, 0.1 M cacodylate buffer pH 6.5 and 14% PEG 1000.
Crystals were soaked in cryo-protectant prior to flash-cooling using reservoir buffer

containing 20% glycerol.

X-ray Data Collection
The data from all complexes, GIluR2-S1S2J in complex with (S)-CPW399 as well as the

(Y702F)GluR2-S1S2J:(S)-CPW399 and (Y 702F)GluR2-S1S2J.KA complexes, were
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collected at atemperature of 100 K on aMAR CCD detector at beamline X11 (DESY,

Hamburg, Germany) using awavelength of 0.811 A. The HKL package (Denzo,
XdisplayF and Scalepack) (Otwinowski and Minor, 1997) was used for autoindexing,

integration and scaling of the data (for statistics on data collections, see Table 1).

Structur e Deter mination and Refinements

All structures were solved by molecular replacement, using the program AMoRe
(Navaza, 1994) viathe CCP4i interface (Collaborative Computational Project, Number 4,
1994). As a search model for the phasing of the GluR2-S1S2J:(S)-CPW399 data, the
structure of GIuR2-S1S2Jin complex with Br-HIBO (Hogner et a, 2002) was employed,
using only the protein atoms of the model. Phasing of the (Y 702F)GluR2-S1S2J.(9)-
CPW399 modd was done using the GluR2-S1S2J:(S)-CPW399 as search model. In both
cases, clear solutions to the rotation and translation functions occurred. ARP/WARP
(Perrakis et al, 1999) was used for tracing of the entire structures, with the exception of

three N-/C-terminal residues.

Ligand co-ordinates were calculated as follows and used for model building into eectron
densities and for generation of CNS topology and parameter files (Bringer et al, 1998).
Firstly, the 1-methyl-1,2,3,5,6,7-hexahydro-cyclopenta] €] pyrimidin-4-one 2-olate was
optimized using density functional theory (B3LY P) and the 6-311+G(d,p) basis set in
Jaguar 4.2 (Macromodel V.8.0, Schrodinger Inc.: 1500 S. W. First Avenue, Suite 1180
Portland, OR 97201, USA), including PB-SCRF continuum agueous solvation model, in
order to obtain high quality co-ordinates for the geometry of the substituted ionized
heterocyclein a polar environment. Both conformational enantiomers (due to slight

puckering of the 5-membered ring) were generated. From this, two plausible low energy
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bioactive conformations of (S)-CPW399 were built by replacing the 1-methyl with the

appropriate zwitterionized (S)-alanine moiety. The side chain of each conformer was
minimized with the MM FFs force field, including GB-SA treatment of aqueous solvation
in Macromodel 8.0, while the positions of ring atoms and of those attached to the rings
were kept frozen. The electron densities clearly defined the conformer with C6 ring
puckering syn to the amino-acid side chain and it was modeled into the densities. This
conformation of (S)-CPW399 is slightly lower in energy according to MM FFs. Most
likely, it isthe exact preferred dihedral about the side-chain heterocycle bond, which
freezes the puckering mode of the 5-membered ring with a concomitant loss in entropy
upon binding. The energy difference and inversion barrier is sufficiently low that the two

arein rapid interconversion in solution.

Cycles of refinement and manual mode! building followed, using the program CNS for
refinement and the program O (Jones et al, 1991) for visual inspection and model
building. Positional and B-factor refinements as well as gradual inclusion of structural

water molecules completed the model building.

The structure of GIuR2-S1S2Jin complex with KA (Armstrong and Gouaux, 2000) was
used as a search model for determining the structure of the (Y 702F)GluR2-S1S2J.KA
complex. Only protein atoms were employed. One combined rotation and translation
solution only was obtained from the molecular replacement run. ARP/WARP was used
for tracing of the structure and resulted in an amost completely built model. Apart from
one N-terminal residue and two other residues, all amino-acid residues were located. The
resulting electron density of the ligand was very well defined and permitted an

unequivocal positioning of KA in the structure. The co-ordinates of KA were extracted

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on December 9, 2004 as DOI: 10.1124/mol.104.002931
This article has not been copyedited and formatted. The final version may differ from this version.

11 MOL (2931)
from the pdb-file 1IFWO. Refinements were carried out using the program REFMAC 5

(Murshudov et a, 1997), which contains parameters for KA, and manua model building
was performed using the program O. Water molecules and sulfate ions were included

gradually.

Using the numbering of the full-length (signal peptide removed) membrane-bound
receptor, the resulting models of the (S)-CPW399 complexes include residues 392-506
from S1, ashort linker consisting of the amino acids Gly and Thr, followed by residues
632-773 from S2. The final model of the (Y 702F)GluR2-S1S2J.KA complex includes
residues 393-506, the GT linker and residues 632-774. For a summary of refinement

parameters, see Table 1.

Structure Analysisand Figure Preparation

To analyze domain closure, the program VMD (Wriggers and Schulten, 1997) was used,

employing the HINGEFIND script (Wriggers and Schulten, 1997; Humphrey et al, 1997).

The domain closure of each ligand—receptor complex was calculated relative to the apo
structure of GIuR2-S1S2J (pdb code 1FTO, MolA). The CCP4 routine CONTACTS was
used to analyze protein-ligand interactions. Figures 1 and 5 were prepared using

Molscript (Kraulis, 1991) and Raster3d (Merritt and Murphy, 1994).

Receptor Binding Assay

The affinities of (S-CPW399 and KA for the GIuR2-S1S2J and (Y 702F)GIuR2-S1S2J
soluble constructs were determined by aradioligand binding assay. Purified construct
(0.25 g protein) was incubated with 2-3 nM (RS)-[5-methyl-*H]-AMPA (43.5-55.5

Ci/mmol; Perkin Elmer, Boston, MA) in the presence of 1 nM—0.25 mM competitor for
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1-2 hrsonicein assay buffer (50 mM Tris-HCI, 100 mM KSCN, 2.5 mM CaCl;, 10%

glycerol pH 7.2 a 4°C). Samples were filtered onto Millipore (Billerica, MA) 0.22 um
GSWP nitrocellulose filters; the filters were washed twice with 2 mL cold assay buffer
and radioactivity was determined by scintillation counting. Data were analyzed using
Grafit v3.00 (Erithacus Software Ltd., Horley, UK) and fit as previously described
(Nielsen et al, 1998) to determine Hill coefficient and K;. The K4 values of [*HJAMPA at
GluR2-S1S2J (12.8 nM) and (Y 702F)GluR2-S1S2J (17.1 nM) were previously

determined (Hogner et al, 2002).

Electrophysiology

Mature female Xenopus laavis (African Reptile Park, Tokai, South Africa) were
anesthetised using 0.1% ethyl 3-aminobenzoate methanesulfonate (tricaine) and ovaries
were surgically removed. The ovarian tissue was dissected and treated with 2 mg/mL
collagenase in nominally Ca?*-free Barth’s medium for 2 hrs at room temperature. On the
second day, oocytes were injected with 25-50 nL of (~ 1 ug/uL) cRNA and incubated in
Barth’s medium (in mM: 88 NaCl, 1 KCI, 0.33 Ca(NOs),, 0.41 CaCl,, 0.82 MgSO,, 2.4
NaHCOs, 10 HEPES, pH 7.4) with 0.10 mg/mL gentamicin (Sigma) and 1% penicillin-
streptomycin (Life Technologies, Paidey, UK) at 17°C. Oocytes were typically used for
recordings from 3-10 days post-injection and were voltage-clamped with the use of a
two-€electrode voltage clamp (GeneClamp 500B, Axon Instruments, Union City, CA)
with both microd ectrodes filled with 3 M KCI. Recordings were made while the oocytes
were continuously superfused with Ca?*-free frog Ringer's solution (in mM: 115 NaCl, 2
KCl, 1.8 BaCl,, 5 HEPES, pH 7.0). Drugs were dissolved in Ca?*-free frog Ringer's

solution and added by bath application. Recordings were made at room temperature at
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holding potentials in the range of -80 to -20 mV. All agonists were applied at saturating

concentrations in the presence of 100 uM cyclothiazide in order to block receptor
desensitization (cyclothiazide ECsp: GIUR2(Q)i = 7.6 uM; GIURS3; = 9.0 uM (Quirk and
Nisenbaum, 2003; Varney et al., 1998). As a control for current rundown, oocytes were
stimulated with (§)-glutamate (1 mM for GIuR2(Q); and GIuR3;; 2 mM for
(Y702F)GluR2(Q)i) plus 100 uM cyclothiazide immediately prior to each drug
application, with a washout period of 5-10 min between applications. The drug maximum
response was then expressed as a percentage of the test (S)-glutamate stimulation,
assuming (S)-glutamate to be a full agonist and that rundown was not significant during

the wash interval.

Molecular Biology

The rat AMPA receptor clones GluR2(Q); and GIuR3; within the vector pPGEMHE
(Liman et al, 1992) were used for preparation of high-expression cRNA transcripts. The
GluR2(Q); and GIURS; subtypes were selected since the Q-isoform of GIuR2 allows for
functional homomeric channels and the flip isoforms have greatest sensitivity to the
desensitization-blocking drug cyclothiazide. For functional studies, the mutant
(Y702F)GIuR2(Q)ipGEMHE was created by subcloning a 137 bp BamH |- BspE | DNA
fragment from (Y 702F) GluR2,-S1S2JpET30a(+) (Hogner et al, 2002) into the wild-type
GluR2(Q)ipGEMHE. The mutation was verified by automated DNA sequencing of the
cDNA (MWG Biotech AG, Ebersberg, Germany). cDNAs were grown in XL1 Blue
bacteria (Stratagene, La Jolla, CA) and prepared using column purification (Qiagen,
Chatsworth, CA). cRNA was synthesised from these cDNASs using the mM essage

mMachine T7 mRNA-capping transcription kit (Ambion Inc., Austin, TX). Restriction
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and other molecular biological enzymes were obtained from New England BioLabs

(Beverly, MA).

Data Analysis of Phar macology

One-way ANOV A (followed by the Bonferroni t-test) was utilized for comparison of
efficacies using SigmaStat for Windows v3.0 (SPSS Inc., Chicago, IL). Values are given
as means + SEM and were considered statistically significantly different if P < 0.05.
Concentration-response curves for agonists were analysed using Grafit v3.00 to

determine the ECso and Hill value (ny), using the logistic equation:

(loglEC 1) (log [Agonist]) n
| = Imax/(1 + 10 %0°/10 ) H, where | isthe measured current and | is the

maximal steady-state current.

Results

The present study was conducted to elucidate AMPA receptor agonist binding and
selectivity at the molecular level. X-ray structures of the ligand-binding core of GIuR2 in
complex with two agonists have been determined: the structures of (S)-CPW399 in
complex with GluR2-S1S2J and with the GluR3-like (Y 702F)GIuR2-S1S2J mutant, as
well as the (Y 702F)GluR2-S1S2J.KA complex have been characterized. The crystals of
the GIUR2-S1S2J:(S)-CPW399, (Y 702F)GIuR2-S1S2J:(S)-CPW399 and (Y 702F)GluR2-
S1S2JKA diffracted to 1.8, 2.1 and 1.85 A resolution, respectively (see Table 1). In
addition, the binding pharmacology for (S)-CPW399 and KA at these constructs has been
determined. Electrophysiology was employed to determine the relative efficacies of a

series of chemically distinct AMPA-receptor agonists (Fig. 2) at full-length GIuR2(Q);,
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(Y702F)GluR2(Q); and GIURS; expressed in Xenopus laevis oocytes, allowing for a direct

study of the relation between ligand-binding core structure and efficacy.

Binding Phar macology

The affinities of (S-CPW399 at the GIuR2-S1S2J construct (K; = 393 + 54 nM, ny = 0.89
+ 0.03, n=4) and at the (Y 702F)GIuR2-S1S2J congtruct (K; = 3,330 + 160 nM, ny=0.99
+ 0.03, n=3) (Fig. 3A) are similar to those for GIUR2(R), and GIUR3, (K; = 218 + 16 nM
and K; = 2,137 + 218 nM, respectively) (Campiani et al, 2001). The affinity of KA at the
(Y702F)GluR2-S1S2J construct (K; = 624 +£ 23 nM, ny=1.05+ 0.09, n = 3) (Fig. 3A) is
similar to that at GIURS3, (K; = 1,980 nM; (Nielsen et al, 1998)). However, the K; values
of (§-CPW399 and KA at (Y 702F)GIuR2-S1S2J vs. GIUR3,, respectively, were

statistically significantly different.

Functional Phar macology

The relative efficacies of a series of AMPA receptor agonists (Fig. 2) were determined at
GluR2(Q); and GIUR3; expressed in X. laavis oocytes, setting the endogenous ligand, (S)-
glutamate, as afull agonist (Fig. 4). Desensitization of the responses was blocked by co-
application of a saturating concentration of cyclothiazide (100 uM) in the presence of a
saturating concentration (> 22-fold ECsg) of agonist. The ECs values of the agonists used
have been previously reported (Banke et al, 1997; Coquelle et al, 2000; Vogensen et al,
2000; Kizelsztein et al, 2000; Campiani et a, 2001). The efficacies of KA and (S)-
CPW399 relative to (S)-glutamate were measured at GIUR2(Q)i: KA =0.212 +0.032 (n =
19), (§-CPW399 = 0.432 + 0.036 (n = 21) and GluR3;: KA =0.242 + 0.015 (n = 21), (9-

CPW399 = 0.147 £ 0.017 (n = 12). (9-CPW399 gives aresponse at GIuR2(Q); in
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between those observed for (RS)-Br-HIBO and KA. At GluR3;, the efficacy of (-

CPW399 is diminished compared to KA; (S)-CPW399 being the least efficacious agonist
at GluR3; tested in this study. Hence, the rank ordering of efficacy of a series of agonists

IS not necessarily the same amongst the different AMPA receptors.

For direct comparison to the structures with complexes of (Y 702F)GIuR2-S1S2J, the
efficacy of (S)-CPW399 and KA was also determined at the mutant (Y 702F)GIuR2(Q);.
Concentration-response curves at (Y 702F)GluR2(Q); gave (mean = SEM): (S)-glutamate:
ECso =47+ 3 uM, ny =0.87 £ 0.02, (n = 10); KA: ECs0 = 129 £ 9 uM, ny = 0.80 £ 0.01,
(n = 10) and (9)-CPW399: ECs; = 43.7 + 4.1 uM, ny = 0.68 + 0.02, (n = 8), (Fig. 3B). For
measurement of the efficacies of KA and (S)-CPW399 compared to (S)-glutamate at this
mutant the following saturating concentrations of agonists were utilized in the presence
of 100 uM cyclothiazide: 2 mM (S)-glutamate, 5 mM KA and 4 mM (S)-CPW399. This
gave therdative efficacy of KA as 0.468 + 0.023 (n = 14) and (S)-CPW399 as 0.452 +

0.043 (n = 19).

X-ray Structuresof (S)-CPW399 Complexeswith GIuR2-S1S2J and (Y 702F)GluR2-
S1S2J

In the structure of the GIURL/GIUR2 sdlective agonist (S)-CPW399 in complex with
GluR2-S1S2J, one moleculeis present in the asymmetric unit of the crystal. In the

(Y 702F)GluR2-S1S2J complex, two molecules are present, denoted MolA and MolB
(rmsd of 0.22 A on 259 Ca. atoms). The mutation of Tyr702 to Phe leads to only minor

changes in the local protein environment (rmsd of 0.52 A on 259 Ca atoms). However,

the D1-D2 domain closures differ by ca. 1°, increasing from 17.0° in GIuR2-S1S2J to ca.
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18.3° in the Y 702F mutant structure (MolA: 18.2° and MolB: 18.3°). Thisincreasein

domain closure does not result in aflip of the Asp651-Ser652 peptide bond, which in
both complexes adopts the conformation observed in the apo structure of GluR2-S1S2J

(Armstrong and Gouaux, 2000).

(9-CPW399 binds to a cleft between D1 and D2 (Fig. 1 and 5) in the vicinity of residues
Glud02, Tyr405, Tyr450, Pro478-Thr480, Arg485 and Tyr732 from D1 and residues
Leu650, Ser652-Lys656, Thre86, Tyr/Phe702, Leu704, Glu705 and Met708 from D2
(distance from (S)-CPW399 atoms to protein atoms < 5 A). In both the GluR2-S1S2J and
(Y702F)GluR2-S1S2J structures, the ai-amino acid part of (S)-CPW399 binds to the
ligand-binding core of GIuR2 in the same manner as has been observed for several other
agonist structures (Armstrong and Gouaux, 2000; Hogner et al; 2002, Kasper et al, 2002;
Jin et a, 2003). The ai-ammonium and o-carboxylate groups form hydrogen bonds to
residues in both D1 and D2, specifically to Pro478, Thr480, Arg485, Ser654 and Glu705

(Table 2 and Figures 5A and 5B).

Both of the oxygen (O1 and O2) atoms and the (N3) nitrogen atom of the 1H-
cyclopentauracil moiety of (S)-CPW399 are engaged in hydrogen-bond formation to the
D2 residues Ser654, Thre55 and Glu705 (Table 2 and Figures 5A and 5B). The (O1)
oxygen atom binds directly to Ser654 and Thr655 as observed for the y-carboxylate group
of (§-glutamate and the oxyanion of the 3-isoxazolol group of (S)-MeTetAMPA,
whereas (S)-AMPA binds indirectly through a water molecule (Armstrong and Gouaux,
2000; Hogner et al, 2002; Kasper et al, 2002). In the GIuR2-S1S2J:(S)-CPW399

complex, the (O2) oxygen atom forms a water-mediated hydrogen bond to the phenaol
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oxygen atom of Tyr702 and to the (Oyl) atom of Thr686. Due to the mutation of Tyr702

to a phenylalanine, this water molecule (water 2, Table 2) is absent from the
(Y702F)GluR2-S1S2J complex structure and thus this ligand—water—protein link has
been eliminated (see Figures 5A-C). In both MolA and MolB of the (Y 702F) GluR2-
S1S2J structure, the point mutation results in a movement of the cyclopentauracil moiety
of (§-CPW399 closer towards another water molecule (water 3, Table 2), which now
mediates contacts between the (02) and (N2) atoms of (S)-CPW399, the nitrogen atom of
Leu650 and the oxygen atom of Leu703. The water 3 moleculeis also present in the
GluR2-S1S2J:(S)-CPW399 complex and, in addition to the aforementioned protein
contacts, it also interacts with the OH group of Tyr702. The distance from the (O2) atom
of (9-CPW399 to water 3 oxygen is 3.9 A compared to 3.2 A (MolB) in the mutant and
from the N2 atom of (S)-CPW399 to water 3 itis 3.8 A compared to 3.2 A (MolB).
Although this might indicate a gain in hydrogen-bond strength, this gain is much less than
the loss upon disappearance of the water 2 molecule, as an optimal hydrogen bond (2.9

A) between the (O2) atom of (S)-CPW399 and water 2 islost (Table 2).

Among the residues in close proximity to bound (S)-CPW399, the side-chain
conformation of Glu402 differs between the GIluR2-S1S2J and (Y 702F)GluR2-S1S2]
structures (identical in MolA and MolB); this might have a bearing on the strength of the
Glud402-Thr686 interdomain lock (Fig. 5D). In addition, Met503, being in the vicinity of
the mutated residue Tyr702 and also of Leu704, displays different side-chain

conformations (not shown).

X-ray Structure of the (Y702F)GIuR2-S1S2J:K A Complex
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The structure of the (Y 702F)GIuR2-S1S2J.KA complex contains only one molecule in

the asymmetric unit. The a-amino acid portion of the molecule is engaged in the same
hydrogen-bonding network as (S)-CPW399 and other agonists. The binding cleft of the
KA structure contains one more additional water molecule than the (S)-CPW399
complexes (water 4, Table 2). Thiswater molecule is positioned to act as amimic of the
(02) atom of (S-CPW399 and isinvolved in hydrogen-bonding patterns smilar to those

of the (§-CPW399 (O2) atom.

Overall, the structure of the (Y 702F)GluR2-S1S2J.KA complex isvery similar to the
complex between KA and the native GIuR2 ligand-binding core (Armstrong and Gouaux,
2000). The structures superimpose with an rmsd of 0.62 A on 258 Ca-atoms. The main
difference originates from the movement of water 2 (Table 2 and Fig. 5E). Due to the

Y 702F mutation, the environment of D2 surrounding water 2 is now more hydrophobic
and as a consequence this water molecule moves ca. 1.2 A towards D1 (not shown). This
results in ashorter (and thus stronger) hydrogen bond between water 2 and Thr686 (Oy1)
in D2 (2.6 vs. 3.0 A) and also in adecrease in the distance between Thr686 and Glu402
forming the interdomain lock (2.7 vs. 3.3 A). Thisin turn allows for greater D1-D2
domain closure. The domain closureis 15.3° in the (Y 702F) GluR2-S1S2J.KA complex,
compared to 13.1° in the native KA complex. Additionally, the side chain of Ser654,
which is hydrogen bonded to KA, is present in two conformationsin the Y 702F mutant

(Fig. 5E).

Discussion

M echanism of Binding Selectivity
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Only few agonists display selectivity among the four AMPA sensitive iGIuRs (GluR1-

GluR4). One of these compoundsis (S)-CPW399 and we have shown here that the 8.5-
fold differencein binding affinity of (S)-CPW399 at full-length GIuR2 relative to GIUR3
Isalso reflected in its differential binding to the GIuR2 ligand-binding core constructs

GluR2-S1S2J and (Y 702F)GluR2-S1S2J (Fig. 3A).

To understand how the mutation of the amino-acid residue 702 influences the selectivity
of (§-CPW399 towards GluR2, we have determined and compared the structures of (S)-
CPW399 in complex with GluR2-S1S2J and (Y 702F) GluR2-S1S2J. Unlike (S)-CPW399,
KA isanon-selective, partial agonist at AMPA receptors and it induces the smallest
domain closure (13°) known to date among ligands capable of AMPA ion-channel
activation (Armstrong and Gouaux, 2000). The structure of KA in complex with GluR2-
S1S2J has previously been determined (Armstrong and Gouaux, 2000) and here we
present the structure of this compound in complex with (Y 702F) GluR2-S1S2J.

The o-substituents of the agonists (carboxylate and ammonium groups) bind in asimilar
manner to the ligand-binding cleft residues in all structures (Table 2). In the
(Y702F)GluR2-S1S2J:(S)-CPW399 complex, the single-point mutation resultsin the
disappearance of a central water molecule (water 2), which mediates contacts between
(9-CPW399 and the hydroxyl groups of Tyr702 and Thr686 in GIuR2-S1S2J (Fig. 5A-
C). Hence, an important water-mediated interaction between (S)-CPW399 and the ligand-
binding core residuesis eliminated in the Y 702F mutant. Such a significant changein
ligand environment serves to explain the lower binding affinity. Thisisin accordance

with what has been observed for the binding of (S)-Br-HIBO (Hogner et al, 2002).
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Comparing the structures of KA in complex with GluR2-S1S2J and the Y 702F mutant, a

hydrogen bond is also lost between water 2 and Tyr702 in the mutant structure, which
seems however, to be compensated by the shortening of the hydrogen bonds between
water 2 and Thr686 (Oyl) and between Thr686 and Glu402 forming an interdomain lock.
Unlike (§-CPW399, KA shows similar binding affinities at both GluR2-S1S2J[1,803
nM, (Armstrong and Gouaux, 2000)] and the Y 702F mutant (624 nM). In accordance
with this, KA does not form adirect hydrogen bond to water 2 in either of the structures.
Thus, the distal anion of KA is equally liganded by both receptors, implying no

differential desolvation penalty.

In summary, our results and structural comparisons support the hypothesis that the
observed differences in binding affinities towards different AMPA-type iGluRs in
general are dueto adisruption of a water-mediated network between ligand and receptor.
While (S)-CPW399 loses some interactions lacking water 2 in the Y 702F mutant, KA
still makes the same indirect H-bonding contacts to water 2 (Figures 5B, 5E and 5F),

although this water molecule has moved in the mutant structure.

Domain Closure of the Ligand-Binding Core

(9-CPW399 adopts the same conformation upon binding to the ligand-binding core of
GluR2 and to the Y 702F mutant but induces greater D1-D2 domain closure in the mutant
(18.3° vs. 17.0° in GluR2-S1S2J). Upon mutation of Tyr702 to a phenylalanine, the
disruption of the water-mediated hydrogen-bonding network between Tyr702 and the
ligand in GluR2-S1S2J allows for aca. 1 A movement of the Co. atom of Phe702 into the

binding cleft (Fig. 5C). A similar change in domain closure occursin the structure of the
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(Y702F)GluR2-S1S2J.KA complex, in which domain closure increases to 15.3°, versus

13.1° in the GIuR2-S1S2J complex. In the latter, the central water molecule (water 2) is
still present, but the shifted position of water 2 in the mutant structure liberates some
space in the ligand-binding cleft, which alows for increased domain closure compared to
the native complex. Thus, it seems that the partial agonists (S)-CPW399 and KA behave
more like full agonists at the Y 702F mutant, within the paradigm linking domain closure
to efficacy. Functional evaluation of the efficacy of KA and (S)-CPW399 at the mutant
(Y702F)GIuR2(Q); did indeed reveal increased efficacy compared to wild-type
GluR2(Q); (Fig. 3B). Similarly, it has previously been shown that mutation of Leu650 in
GluR2, to the smaller Thr residue yields areceptor at which the partial agonist KA
becomes more potent and efficacious. In this case, the measured domain closure of the
corresponding (L650T)GlIuR2-S1S2J construct is also larger (Armstrong et al, 2003). By
contrast, the AMPA congeners (S)-ACPA and (S)-Br-HIBO both induce an unchanged
degree of domain closure in the GluR2-S1S2J and (Y 702F) GluR2-S1S2J constructs
(Hogner et al, 2002), although the measured relative efficacies of both are somewhat

lower at GIuR3; than GIUR2(Q); (Fig. 4).

The structure and domain closure of GIuR2-S1S2Jin complex with (S)-CPW399 is very
similar to that of the (S)-1-Will complex [pdb code IMQG:MolA; (Jin et a, 2003)] with
theiodine atom of I-Will positioned approximately where (C8) of the cyclopentauracil
ring system of (S)-CPW399 islocated. The rmsd of 258 Co. atomsis 0.39 A and only
small changes in the side-chain conformations of Glu402 and Leu650 are observed. By
contrast, the structure of the (Y 702F)GluR2-S1S2J.(S)-CPW399 complex clearly
resembles that of GIuR2-S1S2J: (S)-F-Will (rmsd of 0.43 A), apart from the binding site

water network. Previous studies on a series of 5-substituted willardiine complexes
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showed that consecutively increasing the size of a single substituent can correspondingly

reduce the degree of domain closure and lead to a range of ligand-dependent
conformational states of the ligand-binding core and a range of agonist efficacies (Jin et
al, 2003). In agreement with this, (S)-CPW399 gives similar domain closure as (S)-1-Will
and the same measured efficacy at GIuUR2(Q);. However, in the present study we see that
itisnot only the structure of distinct ligand compounds that induce various
conformational states. We have shown that changes in the protein itself (e.g. the present
study of the mutation of aresidue in the binding cleft) can give rise to the same

conformational state of the receptor for chemically distinct agonists.

Domain Closureis Related to Agonist Efficacy in GIuUR2-S1S2J]

On the basis of kinetic experiments (Abele et a, 2000), it has been suggested that upon
binding to the ligand-binding core of GIuR2, agonistsfirst interact with D1 residuesin a
2-step process. Subsequently, D2 moves to close over the ligand. The free energy of
binding istransated into conformational strain, which isthen mechanically transferred to

the ion channel and ultimately induces pore opening.

The (S-CPW399 and KA complexes crystallize as adimer (Fig. 1) as previously
observed in other complexes (Armstrong and Gouaux, 2000; Hogner et a, 2002). Asa
measure of the D2-D2 domain separation in the dimer upon binding of an agonist, we
have calculated the distance between C,, atoms of the two 11e633 residues |located in the
vicinity of the Gly—Thr linker residues. Thislinker replacesthe M1 and M2
transmembrane regions (Fig. 1). A comparison of D1-D2 domain closure and D2-D2
linker separation induced by (S)-CPW399, in addition to a series of chemically distinct

ligands included in the present study, reveals alinear correlation between these two
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features (Fig. 6A). Furthermore, we have compared D2-D2 linker separation with the

agonist efficacy, which strongly suggests that domain closure, followed by separation of
the D2 domains of the dimer, is related to channel opening for (S)-CPW399 and all other

compounds tested under the same conditions (Fig. 6A).

Comparison of (Y702F)GluR2-S1S2J Domain Closure and Agonist Efficacy at
GluR3

GluR2 and GIuR3 show 88% sequence identity within the S1 and S2 regions and most of
the few non-conserved residues (in total 29) are located on the surface. The only non-
conserved residue in the vicinity of the bound ligandsis Tyr702. To test whether domain
closure of the (Y 702F)GluR2-S1S2J mutant reproduces the behavior of the GIUR3
ligand-binding core, we have measured and compared the efficacies at the full-length
GluRS3; receptor for four chemically and pharmacologically different agonists with the

D2-D2 separation in (Y 702F)GIluR2-S1S2J (see Fig. 6B).

Whereas the correlation between domain closure and separation of the 11e633 residuesin
the dimer is excellent, no direct correlation between the D2-D2 separation of
(Y702F)GIuR2-S1S2J and efficacy at GIURS; appears (Fig. 6). In fact, KA has increased
domain closure at (Y 702F)GluR2-S1S2J versus GluR2-S1S2J, however, the measured
efficacy at GIuR2(Q); is not different from GIuR3;. More interestingly, (S)-CPW399 has
larger domain closure at (Y 702F)GluR2-S1S2J versus GluR2-S1S2J, resembling the
GluR2-S1S2J: (S)-F-Will complex, yet has an efficacy lower even than that of KA at
GluR3;. However, the efficacy of (S)-CPW399 (and KA) at the (Y 702F)GIuR2(Q);
mutant is as expected from the observed domain closure and D2-D2 separation, bringing

the points back to the regression line (Fig. 6B). Therefore, mutation of Tyr702 to Phe

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on December 9, 2004 as DOI: 10.1124/mol.104.002931
This article has not been copyedited and formatted. The final version may differ from this version.

25 MOL (2931)
cannot solely account for conformational rearrangements induced within the ligand-

binding core of GIUR3 upon binding of an agonist. In light of this, we note some further
sequence differences between the GIuR3 binding-site mimic (Y 702F)GluR2 and GIUR3
that may be of functional importance (Fig. 7). Tyr702 isin proximity to Tyr700, whichis
also replaced by a Phe in GIuR3. The Y 700F mutation is known to affect the
desensitization rate constant of GIuR1 (Banke et al, 2001). Tyr700 isin contact with the
loop on which the Gly-Thr linker is situated and which also includes residues Ala646-
Tyr647 whose order isreversed in GIuR3. These changes outside of the ligand-binding
site create possibilities for differences in topography between GIluR2 and GIuR3. In
conclusion, the coupling between domain closure and channel gating at non-GIuR2
AMPA receptors may be somewhat different from that of GluR2 and a thorough
understanding must await the determination of the structure and pharmacology of soluble

constructs of the other subunits.
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Figurelegends

FIG. 1. Schematic representation of the tetrameric full-length GIuR2 receptor. The
structures of the two dimers of the ligand-binding core, (Y 702F)GluR2-S1S2J, are shown
in the colors red/orange and cyan/blue. Four (S)-CPW399 molecules are shown in cpk
representation. Above the ligand-binding cores are schematic representations of the N-
terminal domains. The transmembrane region forming the ion channel (represented as
rods and color-coded as the corresponding ligand-binding core) is depicted below. The
lipid bilayer islight grey.

FIG. 2. Chemical structures of iGlIuR agonists included in the present study. The atom
numberings of (S)-CPW399 and KA used in Table 2 are shown initalics. See
abbreviations for compound names.

FIG. 3. Pharmacological profiles of KA and (S)-CPW399. (A) Affinities of (S-CPW399
and KA at the soluble AMPA receptor constructs representing the GluR2 (GluR2-S1S2J)
and GIuR3 ((Y 702F)GluR2-S1S2J) binding sites. One representative [*H]AMPA
radioligand binding experiment is shown for each (means+ S.D. of triplicates). Each
experiment was replicated atotal of 3-4 times. o, GIUR2-S1S2J [(S)-CPW399: K| = 487
nM for experiment shown]; A, (Y702F)GluR2-S1S2J[(S)-CPW399: K; = 3,590 nM]; =,
(Y702F)GIuR2-S1S2J (KA: K = 662 nM). (B) Potency of (S)-glutamate (o), KA (0) and
(9-CPW399 (0) at (Y702F)GluR2(Q); expressed in X. laavis oocytes. Shown are single
experiments (replicated 8-10 times) with responses normalized to the maximal steady-
state current of each drug. ECsp (UM ) for the shown curves: (S)-glutamate = 56; KA =
116; (S-CPW399 = 32. Inset: Current traces for the shown KA concentration-response

curve. The KA concentration (uWM) isindicated above each response.
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FIG. 4. Efficacy determinations relative to the full agonist (S)-glutamate. Shown are

means £ SEM (n value indicated within bar) at: (A) GIuR2(Q); and (B) GIuR3; using a
saturating concentration of agonist in the presence of 100 uM cyclothiazide. Maximum
agonist responses were determined and normalized to that of a preceding test stimulation
of 1 mM (§)-glutamate + 100 uM cyclothiazide. Values in parentheses above each bar
indicate which agonists are statistically significantly different (one-way ANOVA with
Bonferroni t-test, P < 0.05).

FIG. 5. Binding modes of the ligands (S)-CPW399 and KA to GluR2-S1S2J and

(Y 702F)GIuR2-S1S2J, including potential hydrogen bonds within 3.4 A. (A) Close-up
view of the GIuR2-S1S2J:(S)-CPW399 complex. (B) Close-up view of the
(Y702F)GIuR2-S1S2J.(S)-CPW399 complex. (C) Superposition of the structures of (S)-
CPW399 in complex with GluR2-S1S2J and (Y 702F)GluR2-S1S2J. The water-mediated
hydrogen-bonding network from ligand to Tyr702 in the GluR2-S1S2J complex is
indicated. This network is absent in the Y 702F mutant structure. (D) Overview of the
structure of (Y 702F)GIuR2-S1S2J:(S)-CPW399, showing the orientation of the
complexes. All structures are shown in similar orientations and are superimposed on D1
residues (Ca atoms). The hydrogen bond between Glu402 and Thr686 is shown, forming
the interdomain lock. (E) Close-up view of the (Y 702F)GIuR2-S1S2J.KA complex. (F)
Superposition of the structures of (S)-CPW399 and KA in complex with (Y 702F)GIuR2-
S1S2J, respectively. The hydrogen-bonding network from KA to water 4 (W4) is shown.
In (Y702F)GluR2-S1S2J, domain D1 isdark purple and D2 is dark green, whereas D1 is
light purple and D2 is light green in GIluR2-S1S2J. The side chain of Ser654 islocated in
two different conformationsin the structures of GIluR2-S1S2J.(S)-CPW399 and

(Y702F)GluR2-S1S2J:KA. Oxygen atoms are colored red, nitrogen atoms are blue and
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carbon atoms of ligands have been colored light and dark purple for the GIuR2-S1S2J

and (Y 702F)GIuR2-S1S2J complexes, respectively. In A, B and E, the water molecules
are shown as red spheres, whereasin C they are colored light and dark purple for the
GluR2-S1S2J and (Y 702F)GluR2-S1S2J complexes and in E light and dark purple for
(9-CPW399 and KA complexes.

FIG. 6. Plot of (A) domain closure and (B) agonist efficacy at GIuR2(Q); versus the
separation of an equivalent D2 residue (11e633) in the ligand-binding core dimer of
GluR2-S1S2J (0), (Y 702F)GIuR2(Q); versus the separation in (Y 702F)GluR2-S1S2J (A)
and GluR3; versus the separation in (Y 702F)GluR2-S1S2J (e), upon binding of 11
agonists. In A, the bars show estimated standard deviations of domain closure where
more than one protein molecule was present in the asymmetric unit of the crystal. The
solid line shows a high positive correlation between domain closure and D2-D2
separation for both constructs. In B, the bars show standard errors of efficacy means. The
solid line shows a positive correlation between GIuR2(Q); efficacy and GluR2-S1S2J D2-
D2 separation. Compound numbering: 1: KA (pdb code 1IFWO0 and 1XHY); 2: CPW399
(1SYH and 1SY1); 3: Br-Will (IMQH); 4: Br-HIBO (IM5C and 1IM5D); 5: F-Will
(AMQI); 6: I-Will (IMY4); 7: Will (IMQJ); 8: Glu (1FTJ); 9: AMPA (1FTM); 10:
ACPA (1IM5E and IM5F); and 11; MeT&tAMPA (1M5B).

FIG. 7. Zoom on selected aromatic residues in domain 2, which are non-conserved

between GluR2 (purple) and GluR3 (red) and which may be of functional importance.
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Crystallographic data and statistics of structurerefinement

Data set GluR2:(S)-CPW399 (Y702F)GIuR2:(S)-CPW 399 (Y702F)GIuR2:K A
Source X11, EMBL, Hamburg X11, EMBL, Hamburg X11, EMBL, Hamburg
Detector MAR CCD MAR CCD MAR CCD

Space group P2,2:2 P4, P2:2,2

Unit cell (A) a=58.91,b=96.35, c=48.53 a=47.72, b=47.72, c=237.40 a=95.73, b=60.30, c=48.49
Solvent content (%) 48 47 42

No. per a. u.? 1 2 1

Oscillation (°) 05 0.5 0.5

Crystal mosaicity (°) 0.36 0.60 0.77

Wavelength (A) 0.8111 0.8111 0.8111

Resolution (A)P 24.4-1.8 (1.86-1.80) 20.0-2.1(2.18-2.10) 20.4-1.85 (1.88-1.85)
Unigue Obs. 26,350 28,467 24,433

Average redundancy 4.2 3.2 35

Completeness (%)° 99.3 (100) 92.3(90.2) 98.9 (96.0)

Rmerge (%)° 9.0(39.2) 8.6 (34.7) 7.3(43.2)

/(1) 14.8 (3.5) 10.3(3.3) 16.1 (3.0)
Refinement

Atomsin structure 2,511 4,458 2,456

No. of waters and sulfate ions 421/0 372/0 361/5

R-factor (%0)° 18.0 20.2 154

R-free (%)° 20.1 25.0 20.7

Rmsd bond lengths (A)/angles (9) 0.008/1.4 0.006/1.2 0.02/1.8

Residuesin alowed regions of Ramachandran ~ 99.6 98.7 100

plot (%)°

Average B-factors of main-chain atoms (A?) 8.5 221 16.0

Average B-factors of side-chain atoms (A?) 11.8 25.1 20.0

Average B-factors of waters and sulfate ions 26.4/- 31.8/- 31.9/52.3

(A%
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#Number of protein molecules per asymmetric unit (a.u.).
PV alues in parentheses correspond to the highest resolution bin.

¢ Crystallographic R-factor = Y |F, |-
)

I R-free=

2IFl-

5.0% of the observations omitted from the refinement process for the GIuR2-S1S2J:(9)-

CPW399, (Y 702F)GIuR2-S1S2:(S)-CPW399 and (Y 702F)GIUR2-S1S2J:KA complexes,

respectively.

¢ The Ramachandran plots were calculated according to Kleywegt and Jones (1996).
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TABLE 2
I nter actions of the ligand-binding core of GIuR2-S1S2J/(Y 702F)GluR2-S1S2J with
(S)-CPW399 and KA. Potential hydrogen bonds/ionic interactions (in A) to ligand

within 3.4 A aretabulated.

GluR2: (Y 702F)GIuR2: (Y702F)GIuR2:
(9)-CPW399 (5)-CPW399 KA
MolA% MolB?

o1°
Ser654 N 34 3.3 31 3.0
Thres55 N 3.1 3.1 3.0 2.9
Thre55 Oyl 3.2 3.0 3.3
Water 1 2.8 3.0 3.1 2.8
N2
Thre55 Oyl 2.8 2.7 2.7 250029
Water 3 32 3.1 (to 029
Water 4 2.7 (to 029
02
Glu705 N 29 29 3.0
Water 2 2.9
Water 3 34 3.2
N3
Pro478 O 2.8 2.7 2.8 3.0
Thr480 Oyl 2.8 29 2.8 3.2
Glu705 Oel 2.8 2.9 2.7 2.8
Glu705 Oe2 3.0 3.2 3.1 34
O3
Arg4s5 Nn1 34 33 3.4
Arg485 Nn2 2.8 2.8 2.6 2.9
Ser654 N 2.9 2.9 3.1 2.9
Ser654 Oy 2.9 2.9
04
Thr480 N 2.8 2.8 2.7 3.0
Thr480 Oyl 3.3

Argd85Nnl 2.8 27 27 29
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4(S)-CPW399 MolA and MolB refer to the two molecules in the asymmetric unit of
the crystal.

PFor atom numbering of (S)-CPW399 and KA, see Fig. 2.

“The position of the O2 atom of KA approximately corresponds to the position of the

N2 atom of (S)-CPW399 (1.2 A apart).
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