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ABSTRACT: Glutamate receptors are important potential drug targets for cognitive enhancement and the
treatment of schizophrenia in part because they are the most prevalent excitatory neurotransmitter receptors
in the vertebrate central nervous system. One approach to the application of therapeutic agents to the AMPA
subtype of glutamate receptors is the use of allosteric modulators, which promote dimerization by binding to a
dimer interface thereby reducing the degree of desensitization and deactivation. AMPA receptors exist in two
alternatively spliced variants (flip and flop) that differ in desensitization and receptor activation profiles. Most
of the structural information about modulators of the AMPA receptor targets the flip subtype. We report here
the crystal structure of the flop-selective allosteric modulator, PEPA, bound to the binding domains of the
GluA2 and GluA3 flop isoforms of AMPA receptors. Specific hydrogen bonding patterns can explain the
preference for the flop isoform. This includes a bidentate hydrogen bonding pattern between PEPA and N754
of the flop isoforms of GluA2 and GluA3 (the corresponding position in the flip isoform is S754). Comparison
with other allosteric modulators provides a framework for the development of new allosteric modulators with
preferences for either the flip or flop isoforms. In addition to interactions with N/S754, specific interactions of
the sulfonamide with conserved residues in the binding site are characteristics of a number of allosteric
modulators. These, in combination with variable interactions with five subsites on the binding surface, lead to

different stoichiometries, orientations within the binding pockets, and functional outcomes.

Membrane receptors are the cell’s gatekeepers, allowing che-
mical signals access to the cell’s pathways. Through the binding
of endogenous ligands, receptors identify relevant environmental
cues and facilitate cell—cell communication. The regulation of
membrane receptors has become an important goal of drug
discovery efforts (/, 2). By targeting the physiological (ortho-
steric) ligand binding site, agonists and antagonists control the
function of membrane receptors. Unfortunately, exogenously
induced agonist activation at the orthosteric site can cause toxic
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effects from overstimulation. Allosteric modulator binding sites
use a distinct avenue for altering the natural response of a
receptor. The ability of some allosteric modulators to enhance
receptor stimulation, while not actually providing the trigger for
stimulation, is a clear advantage that conserves the endogenous
signaling pathway. Being important mediators of higher-order
processes such as learning and memory, ionotropic glutamate
receptors (iGluRs)' have attracted a great deal of interest as
allosteric modulator targets (3—6). Of clear therapeutic impor-
tance, various neurodegenerative disorders such as Parkinson’s
and Alzheimer’s diseases, Huntington’s chorea, and neurologic
disorders such as epilepsy and ischemic brain damage have been
linked to iGluRs (7).

The crystal structure of GluA2 (8) clarifies years of speculation
about the complex arrangement of the glutamate receptor’s four
subunits (9). GluA2 can be dissected into three functionally
distinct layers. Farthest from the membrane, the amino-terminal
domain (ATD) can act as a peripheral regulatory domain but is
also involved in assembly and trafficking (10, 11). Sandwiched
between the ATD and the membrane domain, the ligand binding
domain (LBD) recognizes the neurotransmitter signal and
directly regulates receptor activation (/2). Structures for both
isolated extracellular domains (ATD and LBD) reveal a dimeric
organization (/3—15). At the membrane interface, two alterna-
tive linker conformations change the 2-fold symmetry, which is
adopted by both extracellular domains, into the 4-fold symmetry
of a membrane-traversing cation-selective channel (8, 16). For
iGluRs, the ion channel domain confers functional relevance
with its ability to selectively conduct the flow of ions across the
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cell’s membrane. The layers of extracellular domains, each with
the potential for multiple control points, allosterically regulate
the ion channel domain’s function (8). Therefore, it is not
surprising that the ATD, the LBD, and the LBD-channel linker
have all been shown to be effective targets of allosteric modu-
lators (13, 17, 18).

Since the structures of the ATD and the full iGluR channel
have only recently been determined, allosteric drug binding sites
external to the LBD have not been fully explored in molecular
detail. However, the decade-old LBD structure has proved to be
indispensable as a heavily exploited scaffold for understanding
agonist, partial agonist, and antagonist binding interactions
as well as their ability to regulate channel gating behavior
(12, 19, 20). Although the dimeric organization is consistent
across all iGIuR subtypes, the molecular details of LBD—agonist
specificity distinguish the subtype families as N-methyl-p-aspartic
acid (NMDA) receptors (2/), o-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors (/2), and kainate
receptors (22). Because all subtypes are constrained by their
conserved sensitivity to glutamate stimulation, diversity at the
orthosteric site is evolutionarily limited and most agonists display
cross-subtype activity. An allosteric modulator binding site within
the quaternary LBD structure is located along the dimer inter-
face (18) and offers improved discrimination by modulators.
Drugs that bind to the allosteric sites on the LBD dimer interface
can enhance the activity of iGluRs (23) and improve performance
on tests of memory (24). Except for the LBD structures with
modulatory ions bound to the dimer interface (25—27), only LBD
structures from the AMPA receptor subtype, GluA2, have been
reported with bound allosteric modulators (18, 28—31). Within the
structures, the bound modulatory drugs stabilize the LBD dimer
interface, which is required for activation of the ion channel and is
dissociated during desensitization (/8).

Although the residues that line the allosteric modulator binding
pocket do not differ among AMPA receptor subtypes (GluA1—4),
the ability of allosteric modulators to stabilize the activated state
still varies (32, 33). Also, AMPA receptors can be alternatively
spliced into what is termed flip and flop isoforms (34). Modulator
selectivity (23), desensitization (35), and channel closing rates (36)
differ between flip and flop. Although several of the amino acid
differences between the two forms are located in or near the
allosteric modulator binding site, the difference at position 754
(serine in flip, asparagine in flop) seems to be entirely responsible
for the functional differences between allosteric modulator regula-
tion of the flip and flop variants (23, 28, 32). Cyclothiazide (CTZ)
and some other thiazide derivatives have improved binding to the
flip form due to a hydrogen bond between S754 and the NH group
of the fused thiazide ring (28). In the case of the flop form,
the alternatively spliced sequence places an asparagine in position
754, which is not optimally positioned to form a hydrogen
bond. Sekiguchi et al. (33) introduced an allosteric modulator
of AMPA receptors{4-[2-(phenylsulfonylamino)ethylthio]-2,6-
difluorophenoxyacetamide (PEPA)} with a preference for the flop
form. In fact, the relative sensitivity of CTZ to PEPA has been
used as a diagnostic for the prevalence of flip versus flop versions
of the AMPA receptor in particular cell types (37). PEPA shows
potential in treatment of post-ischemic memory impairment (38)
and contextual fear (39), but despite PEPA’s unique flop sensiti-
vity, the modulator has not yet been used as a lead compound in
SAR studies.

For drug discovery to be guided by structures, understanding
the possible molecular interactions between modulators and the
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dimer interface is essential. We have shown previously (3/) that
changes in the structures of CTZ derivatives can reorient the
modulator within the binding site. Subsequently, we proposed
that the allosteric modulator site is comprised of five subsites
(Figure 1C). In this study, we determine the three-dimensional
structures of PEPA bound to the GluA2, and GluA3, LBDs
(flop forms) and use PEPA’s binding interactions to further
characterize the subsite specific binding properties displayed by
allosteric modulators. The amide group of PEPA makes a direct
hydrogen bond to N754, explaining the preferential action of
PEPA on the flop form of AMPA receptors. Another key
structural element, the sulfonamide group of PEPA, is conserved
with the biarylsulfonamide class of allosteric modulators (6) and
interacts with the same residues of the dimer interface (8, 30).
Although previously classified as unrelated, PEPA and the large
group of biarylsulfonamide have similarities, which suggest that
specific PEPA groups (particularly the unique flop-interacting
amide) can be strategically integrated into biarylsulfonamide
SAR studies.

EXPERIMENTAL PROCEDURES

Materials. PEPA was purchased from Tocris (Ellisville, MO).
The GIuA2 S1S2J construct was obtained from E. Gouaux
[Vollum Institute (12)].

Protein Preparation and Purification. GluA2 S1S2 con-
sists of residues N392—K506 and P632—S775 of the full rat
GluA2, subunit (40), a “GA” segment at the N-terminus, and a
“GT” linker connecting K506 and P632 (12). A similar construct
of GluA3 S1S2 was prepared as described previously (47). pET-
22b(+) plasmids were transformed in Escherichia coli strain
Origami B (DE3) cells and were grown at 37 °C to an ODgy
of 0.9—1.0 in LB medium supplemented with antibiotics
(ampicillin and kanamycin). The cultures were cooled to 20 °C
for 20 min, and isopropyl 5-p-thiogalactoside (IPTG) was added
to a final concentration of 0.5 mM. Cultures were allowed to
grow at 20 °C for 20 h. The cells were then pelleted, and the S1S2
protein was purified using a Ni-NTA column, followed by a
sizing column (Superose 12, XK 26/100), and finally an HT-SP-
ion exchange-Sepharose column (Amersham Pharmacia). Glu-
tamate (I mM) was maintained in all buffers throughout
purification. After the last column, the protein was concentrated
and stored in 20 mM sodium acetate, | mM sodium azide, and
10 mM glutamate (pH 5.5).

Crystallography. For crystallization trials, the protein
was concentrated to 0.2—0.5 mM in 10 mM glutamate using
a Centricon 10 centrifugal filter (Millipore, Bedford, MA).
For the PEPA-bound structures, PEPA was added to a final
concentration of 5 mM. The final protein concentration was
0.2—0.3 mM. Crystals were grown at 4 °C using the hanging
drop technique, and the drops contained a 1:1 (v/v) ratio of
protein solution to reservoir solution. The reservoir solution
contained 14—15% PEG 8K, 0.1 M sodium cacodylate,
0.1-0.15 M zinc acetate, and 0.25 M ammonium sulfate
(pH 6.5).

Data were collected at Cornell High Energy Synchrotron
Source beamline Al using a Quantum-210 Area Detector
Systems charge-coupled device detector. Data sets were indexed
and scaled with HKL-2000 (42). Structures were determined with
molecular replacement using Phenix (43). Refinement was per-
formed with Phenix (43), and Coot 0.5 (44) was used for model
building.
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FiGure 1: (A) Comparison of glutamate-bound GluA2, S1S2 in the presence (blue) and absence of PEPA (green) in two orientations. Both
orientations of PEPA are shown. Note that the binding of PEPA results in a separation of the two components of the dimer (distance between the
Ca atoms of the threonine in the linker) of approximately 1.5 A. (B) One monomer of GluA2, S1S2 in the presence (blue) and absence of PEPA
(green) with one orientation of PEPA shown. Both the J/K helices and the strand near S497 are displaced upon binding of PEPA. Also, the side
chains of S497 and S729 change rotameric states. (C) Comparison of the water molecules at the dimer interface in the presence (tan spheres) and
absence of PEPA (red spheres). PEPA is shown in both orientations. Despite the greater separation of the dimer interface, a number of the ordered
water molecules found in the absence of PEPA are displaced by PEPA. The black circles delineate subsites of the allosteric modulator binding site

as described previously (37).

RESULTS

Structure of PEPA Bound to GluA2 S1S2 Flop. The
structure of glutamate bound to GluA2, S1S2 [Protein Data
Bank (PDB) entry 3dp6 (47)] was used as the initial search
probe for the molecular replacement solution of PEPA bound
to GluA2, S1S2 with glutamate in the agonist binding site.
PEPA was then modeled into two symmetrical positions
within the density found at the dimer interface, and the
structure was optimized using Phenix (43). The refinement
statistics are listed in Table 1. The resolution is 1.85 A, and
three unique copies are found in the unit cell. The overall
structure of the S1S2 domain is very similar to the structure in
the absence of PEPA, with contacts between glutamate and the
protein unchanged. However, PEPA clearly binds within the
dimer interface, making contacts with both monomers within
the dimer. As shown in Figure 1, one PEPA molecule binds per
dimer interface. However, because the dimer interface is
symmetrical, two equivalent orientations (related by a 180°
rotation) are possible. Electron density for both is seen in the
crystal structure, although the intensity of one orientation is
greater than the other.

The binding of PEPA to the dimer interface increases the
distance between the two monomers that form the dimer by
approximately 1.5 A. This allows the relatively large PEPA
molecule to fit within the interface but also increases the
separation between the linkers to the ion channel [the distance
increases from 39.4 to 41 A (Figure 1A)]. Relative to the core of
lobe 1, both the J/K helices and one f strand (P105—G110)
connecting the two lobes are displaced slightly from the dimer

interface (Figure 1B). In addition, lobe 2 is slightly twisted
relative to glutamate-bound S1S2 in the absence of PEPA
[PDB entry 3dp6 (47)]. PEPA binds at the bottom of a water-
filled, inverted U-shaped cleft with five subsites [A, B, B, C, and
C' (31)]. Upon binding, crystallographic waters are displaced
from the central A subsite and more buried C and C’ sites, with
the waters in the B and B’ subsite remaining (Figure 1C). This
displacement of presumably ordered water would be likely to
contribute a favorable entropy component to binding.

The side chains of P494 are at the center of the interface, and
the edges of the two proline rings from each monomer form the
base of the binding site in which the difluorophenyl ring resides
(Figure 2A). This is close to the position of the methoxybenzoyl
ring of aniracetam in its structure bound to GluA2 S1S2-
(FW) (29). The other side of the ring is exposed to S497 and
S729. The side chain hydroxyl of S497 is oriented toward the
dimer interface in the absence of PEPA but rotates out toward the
solvent to accommodate the difluorophenyl ring of PEPA
(Figure 1B). The amide of PEPA is involved in a network of
hydrogen bonds with the side chain hydroxyl of Y424, the
backbone carbonyl of F495, the side chain carboxyl of D760,
the side chain amide of N754, and two water molecules
(Figure 2A). The most striking of these hydrogen bond pairs is
that with N754. This represents the only difference between the
flip (S754) and flop (N754) isoforms in the PEPA binding site and
is almost certainly a major source of the preference for the flop
isoform. The phenyl sulfonylamide side of PEPA inserts into a
hydrophobic pocket formed by side chain methyls of 1481 and
L751 as well as methylene groups contributed by K493, N754,
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Table 1: Structural Statistics
GluA2, (PEPA) GluA3, (PEPA) GluA3,
space group P22,2, P222 P222
unit cell (A) a=4713A, b = 113.92 A, a=4695A,b = 5226 A, a=46.03A, b = 11033 A,
c= 16481 A c=11598 A c=161.192A
X-ray source CHESS (Al) CHESS (Al) CHESS (A1)
wavelength (A) 0.977 0.977 0.977
resolution (A) 50—2.0 (2.03—2.00) 50—2.5 (2.54—2.00) 50—1.85 (1.88—1.85)
no. of measured reflections 817961 62549 344340
no. of unique reflections 70175 9141 69379
data redundancy 6.9 (7.1) 6.0 (4.2) 4.7 (3.0)
completeness (%) 99.9 (100.0) 99.5 (89.8) 96.5 (73.5)
Ryym (%) 11.4 (34.2) 13.0 (45.5) 7.5 (24.6)
1/o; 33.3(7.1) 19.2 (2.5) 34.3(3.3)
PDB entry 3M3L 3M3F 3M3K
Current Model Refinement Statistics
phasing MR MR MR
no. of molecules per asymmetric unit 3 (no NCS applied) 1 3 (no NCS applied)
Ryork/ Riree (%0) 18.7/24.2 18.9/28.5 20.1/23.4
free R test set size [no. (%)] 2000 (2.85) 914 (10.0) 2000 (2.88)
no. of protein atoms 5979 2030 6091
no. of heteroatoms 111 62 30
rmsd for bond lengths (A) 0.011 0.015 0.009
rmsd for bond angles (deg) 1.3 1.8 1.3

C = PEPA bound

0 No PEPA
1.0

rms deviation

0.0 1 L
720 730 740
Sequence Number

750 760 770

FiGure 2: PEPA binding site, emphasizing the important interactions, shown in two orientations. (A) View of the amide side of
PEPA bound to GluA2 S1S2. The hydrogen bonding network with the amide of PEPA is shown as dotted lines. The H-bond with the side
chain of S729 is difficult to display in the orientation used in the figure. (B) View of the phenyl group of PEPA inserted into a
hydrophobic pocket in GluA2 S1S2. (C) rms plot showing more variability in the J/K helices for the PEPA-bound structure than the
unbound structure. (D) J/K helix showing where differences in the two orientations were analyzed. The amide of the PEPA—N754
interaction (blue) maintains the position of the J helix in the absence of PEPA (green). The J helix is displaced on the phenyl side of PEPA

(red).

and E755 (Figure 2B). It is possible that the contribution by
methylene group of N754 provides a more hydrophobic pocket

than S754 in the flip form, further contributing to the preference
for the flop form.
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FIGURE 3: (A) Comparison of glutamate-bound GluA3, S1S2 in the presence (blue) and absence of PEPA (green) in two orientations. Both
orientations of PEPA are shown. Note that the binding of PEPA results in a separation of the two components of the dimer (distance between the
Ca atoms of the threonine in the linker) of approximately 2.5 A. (B) One monomer of GluA3, S1S2 in the presence (blue) and absence of PEPA
(green) with one orientation of PEPA shown. Shown for the sake of comparison is the PEPA-bound form of GluA2, (red). Both the J/K helices
and the strand near S497 are displaced upon binding PEPA for both GluA2, and GluA3,,. Also, the side chains of S497 and S729 are in different
rotameric states for GluA3, bound to PEPA compared with GluA3, in the absence of PEPA and GluA2, bound to PEPA. Also, N754 is displaced
in PEPA-bound GluA3,, such that only one H-bond is possible with the amide of PEPA.

Because the dimer interface is symmetrical, PEPA can bind in
two orientations, and both are observed in the crystal. For this
reason, changes in the protein due to a specific interaction with
PEPA can be partially masked because each monomer is a
weighted average of two orientations of bound PEPA. However,
one orientation has a stronger density than the other, providing
some insight into the extent of changes in the dimer interface that
are produced by PEPA binding. As shown in Figure 2C, the two
monomers comprising the dimer differ more within the PEPA
binding site than the corresponding monomers in the absence of
PEPA. One turn of helix J (L751—N754) contains important
determinants for both orientations of PEPA. In one orientation,
the amide group of PEPA interacts with the side chain of N754,
and in the other, the aromatic ring of PEPA inserts between a
hydrophobic pocket formed by the side chain of L751 and the
methylene group of N754. In the orientation for which the
density of the amide of PEPA is stronger, N754 is better
positioned to form an H-bond (Figure 2D), whereas on the other
side of the interface, N754 is oriented to form an H-bond with the
carbonyl of S729. This change in orientation facilitates the
insertion of the aromatic ring of PEPA into the hydrophobic
pocket, which is accompanied by a small shift in the side chain of
L751 to accommodate the aromatic ring (Figure 2D). Since these
structures are weighted averages, it is possible that the actual
positions of these side chains involve an even greater movement
than is seen from the asymmetry of the crystal.

Structure of PEPA Bound to GluA3 S1S2 Flop. In studies
of the physiological effects of PEPA, a significant difference
between subtypes has been observed, with GluA3 being most
susceptible to modulation (33). The structure of GluA3; S1S2
bound (flip form) to glutamate has been reported previously (47).
Since PEPA preferentially binds to the flop form, the GluA3,
structure bound to glutamate with and without PEPA was
determined (Figure 3A). Like GluA2,, in the absence of PEPA,
GluA3, has three copies in the asymmetric unit. Comparing lobe
closure between GluA3; and GluA3,, we find the flop form is
slightly more closed (1.6 &+ 0.7°).

In the presence of PEPA, GIuA3, was present in one copy in
the asymmetric unit, and PEPA was observed with the same

density in two symmetrical orientations. Like GluA2, bound to
PEPA, the dimer interface (assessed using the symmetrical
molecule in the crystal) was displaced relative to the unbound
from (Figure 3A) by approximately 2.5 A at the position of the
linker replacing the ion channel domain. Within the binding site,
three side chains exhibited different rotamers compared with the
GluA2, structure bound to PEPA (Figure 3B). For PEPA-bound
GluA3,, both S497 and S729 assumed rotameric states that
differed both from GluA2, bound to PEPA and from GluA2,
and GluA3, in the absence of PEPA. In the case of S729, the
rotameric state in combination with a slight movement of the
amide of PEPA (relative to the GIuA2, structure) would make an
H-bond with the side chain of S729 (shown in Figure 2A for
GluA2,) unlikely. In the case of N754, the side chain is displaced
relative to the GluA2,—PEPA structure so that only one H-bond
is made to the amide of PEPA. This may be a result of averaging
of the two orientations of PEPA, only one of which forms a
bidentate H-bond with N754.

DISCUSSION

The goal of allosteric modulation, like orthosteric modulation,
is often to stabilize a conformational state of a dynamic
protein (45). The activated state of iGluRs is naturally unstable,
allowing the channel to desensitize (46). Disruption of the
symmetrical dimer interface between LBDs is thought to initiate
desensitization-mediated channel closure (47). By maintaining
the LBD dimer, positive allosteric modulators can prevent
desensitization and prolong activation (/8). Currently, 15
crystal structures of the GluA2 LBD with bound allosteric
modulators are deposited in the Protein Data Bank (48). All of
these modulators bind to a large crevice with 2-fold symmetry
along the symmetric dimer interface (/8). The large variation
in structure among allosteric modulators results in significant
variations in binding orientations and interactions. At least
four distinct binding modes have been identified: (1) the A
subsite class [aniracetam and CX614 (29)], (2) the classical
thiazide class [cyclothiazide (/8), TCMZ, and ALTZ (31)], (3)
the shifted thiazide class [IDRA-21, HCMZ, and HFMZ (31)],
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FiGURE 4: (A) Members of the full spanning class of allosteric modulators. The shape-highlighted regions of the modulators illuminate key
contact points to the specific binding pocket residues and subsites (as labeled for PEPA). (B) Overlay of the full spanning modulator structures.
The structures were aligned at both sets of P494 and G731 residues. PEPA (gray) occupies an arrangement of subsites similar to that of the dimeric
biarylsulfonamide [PDB entry 3bbr, cyan (30)] and LY404187 [PDB entry 3kgc, magenta (8)]. (C) The sulfonamide bridges the two monomers in
both PEPA and the dimeric biarylsulfonamide with the same interactions with P494 and G731. (D) The hydrogen bond between the carbonyl of
P494 and the sulfonamide is maintained when the modulator is in a shifted position relative to the peptide plane of K730 and G731 (green disk)

located on the opposite monomer.

and (4) the full spanning class [PEPA (this work), dimeric
biarylpropylsulfonamide (30), and LY404187 (8)]. Overlaying
modulators from these structural classes has led to the
proposal that the allosteric modulator site is comprised of a
series of subsites [Figure 1C (37)]. Positioned at the center of
the binding site, the symmetric A subsite is narrow and allows
entrance to only one molecule. Two subsites (B and C) lie at
each end of the A subsite, with the hydrophobic C subsite
located more deeply in the pocket effectively defining five
subsites (A, B, B, C, and C').

In the open state, the subsites are filled with water, which may
act to weakly stabilize the dimer. Allosteric modulators generate
stronger interactions across the subsites, thereby strengthening
the linkages between the monomers. The simplest modulator
class, including aniracetam and CX614, fills the A subsite with
one molecule but does not enter the peripheral B and C
subsites (29). The two classes of thiazide-based modulators
account for 10 of the 15 determined allosteric modulator—GIuA2
crystal structure complexes (18, 28, 31). The classical thiazide
(CTZ-like) binding class and the shifted thiazide (IDRA-21-like)
binding class are positioned in the B and C subsite and mainly the
C subsite, respectively. Most of the thiazide modulators do not
extend across the A subsite and therefore can bind two molecules
per dimer. However, a few of the newly described shifted
thiazides [HFMZ and HCTZ (31)] enter the A subsite but only
enough to impair binding of a second modulator. The dimeric

biarylpropylsulfonamide compound {(R,R)-N,N-[2,2'-(biphenyl-
4 4'-diyl)bis(propan-2,1-diyl)] dimethanesulfonamide} described
by Kaae et al. (30) was the first allosteric modulator shown by
crystallography to extend along the entire length of the inner
dimer cavity from subsite C to C'. PEPA also interacts with J
helices from both monomers, which cap the ends of the modu-
lator binding pocket. The density occupied by both symmetrical
copies of PEPA overlays the dimeric biarylsulfonamide com-
pound as both modulators represent the full spanning class
(Figure 4B).

The GluA flip and flop splice variants differ by only a few
residues along the J helix in the LBD; however, residue 754 (Asn
in flop and Ser in flip) is positioned between the B and C subsites.
For thiazides, a clear preference in binding to the flip form is
mediated by a hydrogen bond between the hydrobenzothiadia-
zide ring and S754 (28). In contrast, PEPA is flop-selective, and
the PEPA-bound structure provides the first structure containing
a direct interaction between a modulator and the flop form’s
N754. The amide of PEPA extends straight out from the A
subsite and across the B and C subsite interface to make an
amide—amide hydrogen bond with N754 (Figure 2A). Unlike
most other AMPA modulators, PEPA fills neither the B subsite
nor the C subsite but interacts directly with the J helix. A similar
interaction is seen with LY404187 (49) bound to GluA2; (8).
Strong hydrogen bonding can occur between two amides (50) and
has been shown to be responsible for driving oligomerization of



Article

transmembrane leucine zippers (5/). The distances between the
interacting amides in the PEPA-bound structure support a
bidentate hydrogen bonding pattern, which is much stronger
and more specific than a typical hydrogen bond. While PEPA
is selective for the AMPA receptor’s flop form, a weaker but
existent potentiation of the flip form has been observed (33, 52).
Replacing N754 (flop) with S754 (flip) would not prevent PEPA
from binding; however, serine would provide only one hydrogen-
bonding partner for PEPA’s amide with an extended interaction
distance. In contrast, LY404187 displays a preference for the flip
isoform (53), and its cyano group extends out to interact directly
with S754. The cyano—S754 interaction is a clear flip analogue of
the flop-selective PEPA amide—N754 interaction (Figure 4A).

Opposite to the amide on the PEPA molecule, a sulfonamide is
tethered to the difluorophenyl ring (Figure 4A). Within the dimer
interface, the sulfonamide is positioned so the nitrogen can form
a hydrogen bond directly with the carbonyl of P494 (Figure 4C).
A sulfonamide oxygen points toward the amide nitrogen of
G731. The angle of the peptide plane is perpendicular to the
sulfonamide oxygen, making a hydrogen bonding interaction
unlikely (Figure 4D). Instead, a dipole—dipole or charge—dipole
interaction may occur. The amide nitrogen of a polypeptide
supports at least a partial positive charge (54), which would
interact with the strongly electronegative sulfonamide oxygen
(55). Interestingly, both the dimeric biarylsulfonamide (30) and
LY404187 (8), other members of the full spanning modulator
class, also have a sulfonamide that interacts with the same
backbone atoms of P494 and G731 as PEPA (Figure 4C).

A large number of biarylsulfonamides that modulate AMPA
receptors have been identified and are being evaluated for
therapeutic use in the treatment of depression and Parkinson’s
disease (56). The conserved sulfonamide reveals a previously
unidentified relationship between PEPA and the biarylsulfon-
amide modulators. When the perpendicular peptide bond plane
including G731 is fixed, the sulfonamide on three overlaid
modulators varies by 1.2 A along the length of the interface,
with the PEPA sulfonamide being positioned closer to the A
subsite (Figure 4D). A shift of the sulfonamide also results in a
shift in the corresponding P494 across the interface, presumably
to maintain the hydrogen bond with the modulator’s amine. The
sulfonamide forms an important bridge between the two dimer
halves. For PEPA, a phenyl sulfonamide replaces the methyl
sulfonamide in the dimeric biarylsulfonamide and fits snuggly
against L751. On the basis of the orientation-induced asymmetry
within the GluA2 complex structure, the phenyl pushes the J helix
away from PEPA, thereby affecting the C subsite (Figure 2C,D).
Residues lining the C subsite are on the same f strand as G731,
which must shift if the C subsite is to remain together and
presumably explain the 1.2 A shift relative to the dimeric biaryl-
sulfonamide. In fact, the same phenyl sulfonamide group sub-
stitution in a biarylpropylsulfonamide decreases the modulatory
effect of the derivative in SAR studies (57). For biarylpropylsul-
fonamides, the optimal sulfonamide substitution was found to be
either an ethyl or an isopropyl group, which should both fit
without significantly disrupting the J helix or C subsite (57).

The PEPA-bound crystal structures from AMPA receptor
subtypes, GluA2 and GIuA3, do not display major differences in
binding interactions even though PEPA exhibits a stronger effect
on GluA3 (33). For GluA2, an asymmetry in the receptor-
binding pocket was observed while no significant difference in
PEPA density was seen for the each orientation within the GluA3
crystal structure. In addition, a number of side chains exhibit
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different rotameric states between the two structures, although it
is unlikely that these small changes significantly impact the
differential effects on the two subtypes. Although no structural
differences have been identified between GluA2 and GIuA3 that
would obviously impact PEPA affinity, the possibility exists that
subtle differences arising from the sequence differences peripheral
to the binding site may be important, which has been described in
the case of the agonist binding site of GluA4 (58).

We have explored how PEPA (this paper) and other allosteric
modulators (3/) interact with the GIuA interface in the context of
drug design. Together, the identification of a conserved group
between PEPA (this paper) and biarylpropylsulfonamides (8, 30)
and the regional nature of various subsite functional group
interactions provide a backdrop to extend biarylpropylsulfon-
amide SAR studies (57) to include PEPA and biarylpropylsulfon-
amide chimeras. Although optimization of the stability of the
dimer interface provides a starting point for SAR studies,
additional constraints should be considered, including the ability
of the modulator to enter the cavity, the dynamic structure of the
dimer interface during closed, open, and desensitized state
transitions, and the ability of the modulator to cross the blood—
brain barrier before being metabolized. This definition of the
allosteric modulator binding site should provide guidance in
glutamate receptor allosteric modulator pharmacology.
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