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ABSTRACT: Tonotropic glutamate receptors mediate the majority of vertebrate excitatory synaptic transmission
and are therapeutic targets for cognitive enhancement and treatment of schizophrenia. The binding domains of
these tetrameric receptors consist of two dimers, and the dissociation of the dimer interface of the ligand-binding
domain leads to desensitization in the continued presence of agonist. Positive allosteric modulators act by
strengthening the dimer interface and reducing the level of desensitization, thereby increasing steady-state
activation. Removing the desensitized state for simplified analysis of receptor activation is commonly achieved
using cyclothiazide (CTZ), the most potent modulator of the benzothiadiazide class, with the flip form of the
AMPA receptor subtype. IDRA-21, the first benzothiadiazide to have an effect in behavioral tests, is an
important lead compound in clinical trials for cognitive enhancement as it can cross the blood—brain barrier.
Intermediate structures between CTZ and IDRA-21 show reduced potency, suggesting that these two
compounds have different contact points associated with binding. To understand how benzothiadiazides bind
to the pocket bridging the dimer interface, we generated a series of crystal structures of the GluR?2 ligand-
binding domain complexed with benzothiadiazide derivatives (IDRA-21, hydroflumethiazide, hydrochloro-
thiazide, chlorothiazide, trichlormethiazide, and althiazide) for comparison with an existing structure for
cyclothiazide. The structures detail how changes in the substituents at the 3- and 7-positions of the
hydrobenzothiadiazide ring shift the orientation of the drug in the binding site and, in some cases, change
the stoichiometry of binding. All derivatives maintain a hydrogen bond with the Ser754 hydroxyl, affirming the

partial selectivity of the benzothiadiazides for the flip form of AMPA receptors.

Tonotropic glutamate receptors (iGluRs) are the major med-
iators of excitatory synaptic transmission in the vertebrate central
nervous system (/) and play important roles in processes such as
learning and memory as well as in neuronal development (2). In
addition, iGluRs have been implicated in various neurodegen-
erative disorders such as Parkinson’s and Alzheimer’s diseases,
Huntington’s chorea, and neurologic disorders, including epi-
lepsy and ischemic brain damage. iGluRs are a class of ligand-
gated ion channels composed of four membrane-bound subunits.
Each subunit contains a ligand-binding domain tethered to pore-
forming helices, which surround a central ion conduction
pathway (3—35). The ligand-binding domain is composed of
two lobes that close upon agonist binding (6). Activation (i.e.,
channel opening) is a conformationally coupled response to
agonist-induced lobe closure. Through different pathways, de-
activation and desensitization return iGluRs to a closed state. In
the presence of agonist, desensitization is an important physio-
logical mechanism that prevents excess current from entering the
cell. Controlling the rate at which iGluRs enter the desensitized
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state is pharmacologically important for prolonging the excita-
tory effects of activation.

AMPA' receptors (GluR1—4), a subtype of the iGluR family,
are categorized by sensitivity to the synthetic agonist o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). The
AMPA receptors exist in two splice variants (flip and flop) that
differ in their rates of desensitization (7) and channel closing (8).
Allosteric modulators of AMPA receptors are known to block
desensitization, slow deactivation, and enhance synaptic plasti-
city. These characteristics have led to clinical trials of several
drugs for Alzheimer’s disease and attention deficit disorder
(9, 10), but only aniracetam is available for mild dementia in
Europe (/7). The benzothiadiazide class of diuretics can also act
as positive allosteric modulators of AMPA receptors, with the
most potent being cyclothiazide (72, 13). In most cases, these
drugs do not pass the blood—brain barrier and do not have
central effects on AMPA receptors in vivo. A saturated diazoxide
derivative, IDRA-21, was found to pass the blood—brain barrier

!Abbreviations: ALTZ, althiazide; AMPA, o-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid; CLTZ, chlorothiazide; CX614, pyr-
rolidino-1,3-oxazinobenzo- 1,4-dioxan-10-one; CTZ, cyclothiazide; FW,
(S)-5-fluorowillardiine; flip and flop, alternatively spliced versions of
AMPA receptors that vary in their rates of desensitization and sensitivity
to allosteric modulators; GluR, ionotropic glutamate receptor; HCTZ,
hydrochlorothiazide; HFMZ, hydroflumethiazide; IDRA-21, 7-chloro-3-
methyl-3,4-dihydro-2 H-benzo[e][1,2,4]thiadiazine 1,1-dioxide; IPTG, iso-
propyl S-p-thiogalactoside; PEPA, 4-[2-(phenylsulfonylamino)ethylthio]-
2,6-difluorophenoxyacetamide; NMDA, N-methyl-p-aspartic acid; rmsd,
root-mean-square deviation; SI1S2, extracellular ligand-binding domain of
GluR2; SARs, structure—activity relationships; TCMZ, trichlormethia-
zide.
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FIGURE 1: (A) Structure of the GluR2 S1S2 dimer in two orientations. One monomer is shown in shades of blue and the other in shades of green.
ALTZ is bound in two copies to the dimer interface, and glutamate is bound to the agonist-binding site. The structures on the left illustrate the
symmetrical dimer interface, and the structures on the right illustrate the inverted U-shaped cleft between the subunits. (B) Illustration of the five
subsites in the binding surface by superimposition of structures determined previously. The ribbon representation of the protein is from the
cyclothiazide structure [PDB entry 11bc (18)]. The carbon atoms in CTZ are colored white. Also shown are the positions for aniracetam [PDB entry
2al5; carbons colored yellow (20)], CX614 [PDB entry 2al4; carbons colored cyan (20)], and a dimeric biarylpropylsulfonamide [PDB entry 3bbr,
carbons colored green (27)]. In the cases of aniracetam and CX614, only one of two orientations is shown.

and was found to have positive effects on cognition (/4—16). The
benzothiadiazide-derived allosteric modulators are being utilized
as lead compounds in extensive SAR studies with the potential to
increase specificity and potency in vivo.

At the molecular level, allosteric modulators target the desen-
sitization process by stabilizing the activated-state quaternary
assembly of ligand-binding domains. The ligand-binding domain
of AMPA receptors is assembled into a dimer of dimers relative
to the more symmetrical assembly of the tetrameric channel-
forming domain. AMPA receptor desensitization is largely
removed in the L483Y mutant, effectively increasing the stea-
dy-state current response (/7). L483Y stabilizes ligand-binding
domain dimers by burying into the neighboring helix across the
dimer interface at two identical sites (/8). In a similar way,
allosteric modulators act on the dimer interface of the GluR2
ligand-binding domain, which forms an inverted U-shaped
crevice with 2-fold symmetry (Figure 1A). The first structure of
an allosteric modulator bound to the isolated binding domain of
the GluR2 AMPA subunit structure was that of cyclothiazide
(CTZ) (18). The drug binds in two copies to the dimer interface,
which forms a stable bridge across the dimer interface and
inhibits desensitization. CTZ is moderately selective for the flip
isoform of AMPA receptors and makes a hydrogen bond
through the 4-nitrogen to S754 (which is an asparagine in the
flop isoform) (79). Structures of several other allosteric modu-
lators with the GIluR2 dimer have been determined
[aniracetam (20), CX614 (20), a dimeric biarylpropylsulfona-
mide (21), and several CTZ derivatives (22)].

The large symmetrical surface at the dimer interface can be
dissected into an association of five overlapping subsites
(Figure 1B). The central subsite (A subsite) and two symmetrical
copies of two subsites (B and C subsites) are bordered by residues
from each of the two monomers. An overlay of the crystal
structures of four allosteric modulators reveals how the full

interface can be occupied. Individual modulators occupy differ-
ent combinations of subsites and therefore impose stable linkages
between different structural elements of the ligand-binding
domain dimer. Aniracetam and CX614 both fully occupy central
subsite A but do not bind to either the B or C subsite. CTZ can be
considered to be part of a separate class of allosteric modulators
that occupy both the B and C subsites and only part of the
A subsite. The symmetry of the B and C subsites allows two CTZ
molecules to bind to the dimer interface and fill the more
peripheral borders of the crevice. The fourth modulator struc-
ture, a synthetic dimeric biarylpropylsulfonamide, illustrates how
a compound could be designed to bridge the two CTZ binding
sites extending from the C subsite to the C’ subsite.

Although allosteric modulators generally prolong steady-state
current, the details of receptor regulation in terms of regulation of
binding, changes in deactivation, and sensitivity to mutation
suggest that functional differences may be related to subsite
binding patterns. In addition to slowing desensitization, CX614
increases the level of equilibrium agonist binding (23), while
conversely CTZ decreases the level of equilibrium agonist bind-
ing (24). Being of the same class of benzothiadiazides as CTZ, an
IDRA-21 derivative, D1, surprisingly increases the level of
equilibrium agonist binding (25). These effects may be due to
changes in conformational equilibria induced by the modulators
or changes in the agonist-binding site. An additional distinction
has been made between IDRA-21 and CTZ. Substitutions at
several positions on the parent, benzothiadiazide, have almost
opposite effects for IDRA-21 and CTZ (26, 27). For example, at
the S-position, a substitution in IDRA-21 greatly enhances
activity while in CTZ results in a loss of activity. To explain
the disparate results within the benzothiadiazide class, binding
contacts and possibly even the binding pocket of IDRA-21 and
CTZ have been suggested to be distinct (26, 27). To explain how
the structurally similar class of benzothiadiazides could have
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FIGURE 2: Structures of the allosteric modulators.

divergent effects on AMPA receptors, we have determined the
structures of six thiazide derivatives (Figure 2; the structure
bound to diazoxide was also determined, but the density for
diazoxide was weaker than for the other compounds) bound to
the GIuR2 dimer interface. All six compounds form a similar
hydrogen bond to S754, but the orientations within the site vary
significantly, with differential occupations of the subsites. Both
the orientation in the binding site (and thus the occupation of the
subsites) and the stoichiometry are affected largely by modifica-
tions of the thiazide ring in the 3-position. Differences in the
structures begin to explain a number of factors that contribute to
the occupation of the five subsites.

EXPERIMENTAL PROCEDURES

Materials. IDRA-21 and diazoxide were purchased from
Tocris (Ellisville, MO), and fluorowillardiine (FW) was pur-
chased from Ascent Scientific (Princeton, NJ). ALTZ, CLTZ,
HCTZ, HFMZ, and TCMZ were purchased from Sigma-Aldrich
(St. Louis, MO). The GluR2 S1S2J construct was obtained from
E. Gouaux (Vollum Institute) (6).

Protein Preparation and Purification. S1S2 consists of
residues N392—K 506 and P632—S775 of the full rat GIuR2 flop
subunit (28) with the N754S mutation, a “GA” segment at the
N-terminus, and a “GT” linker connecting K506 and P632 (6).
pET-22b(+) plasmids were transformed in Escherichia coli strain
Origami B(DE3) cells and were grown at 37 °C to an ODggg 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 S-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 thrombin cleavage
of the six-His tag, a sizing column (Superose 12, XK 26/100), and
finally an HT-SP ion exchange Sepharose column (Amersham
Pharmacia). Glutamate (I mM) was maintained in all buffers
throughout the 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). For "’F NMR
studies, FW was exchanged into the sample by successive
concentration [Amicon Ultra-4 (10K) filter] and dilution using
buffer only in the first few steps followed by 5 mM ligand.

Crystallography. For crystallization trials, the protein was
concentrated to 0.3—0.4 mM in 10 mM glutamate using a
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Centricon 10 centrifugal filter (Millipore, Bedford, MA), and
the six thiazide derivatives were dissolved in DM SO and added to
a final concentration of 3 mM. The final protein concentration
was approximately 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 16—18% PEG 8K, 0.1 M sodium cacodylate,
and 0.1—0.15 M zinc acetate (pH 6.5).

Data were collected at Cornell High Energy Synchrotron
Source beamline Al using a Quantum-210 Area Detector Sys-
tems charge-coupled device detector. Data sets were indexed and
scaled with HKL-2000 (29). Structures were determined with
molecular replacement using Phenix (30). Refinement was per-
formed with Phenix (30), and Coot 0.5 (37) was used for model
building. The starting models for the allosteric modulators were
generated in JMEMolecularEditor (Novartis AG) and refined in
Phenix (30).

NMR Spectroscopy. "F NMR spectra were recorded using
a broadband probe on a Varian Inova 500 spectrometer with the
proton channel downtuned to fluorine (470 MHz). Spectra were
processed using NMRPipe version 1.6 (32). Linear prediction
was used to reconstruct the first 14 points of the free induction
decay, and the data were apodized with a mixed exponential-
Gauss window function and zero-filled to double the original
number of data points before Fourier transformation.

RESULTS

Structure Determination. The structure of glutamate bound
to GluR2 S1S2 [PDB entry 3dp6 (33)] was used as the initial
search probe for the molecular replacement solution [Phenix (30)]
of six thiazide derivatives (Figure 2) bound to GluR2 S1S2
with glutamate in the agonist-binding site. In each case, addi-
tional density was observed at the dimer interface between
two S1S2 monomers that corresponded to the thiazide bind-
ing sites. The thiazide derivatives were modeled into the density
using Coot (3/) and refined further with Phenix (30). The
refinement statistics are listed in Table 1. In each case, three
unique copies were found per unit cell, and the resolution ranged
from 2.0 to 2.9 A.

ALTZ and TCMZ. The structure of GluR2 S1S2 bound to
cyclothiazide has been determined previously [PDB entry
1lbc (18)]. The hydrobenzothiadiazide rings of TCMZ and ALTZ
overlay the position of cyclothiazide, with the sulfonamide group
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Table 1: Structural Statistics

TCMZ ALTZ HCTZ
space group P22,2, P22,2, P22,2,
unit cell (A) a=452,b=107.8,¢c = 1579 a=47.6,b = 114.6,c = 164.6 a=474,b=1144,¢c = 1629
X-ray source CHESS (Al) CHESS (Al) CHESS (A1)
wavelength (A) 0.977 0.977 0.977
resolution (A) 50—2.2 (2.24-2.20) 50—2.0 (2.03—2.00) 50.0—2.9 (2.95-2.90)
no. of measured reflections 218384 404537 142366
no. of unique reflections 43133 61344 20653
data redundancy 5.1(5.1) 6.6 (5.2) 6.9 (6.0)
completeness (%) 99.9 (100.0) 99.8 (99.5) 99.9 (99.5)
Roym (%) 11.0 (61.8) 15.9 (69.8) 17.9 (80.6)
1/o; 19.3(2.2) 21.7(2.4) 16.5(2.5)
PDB entry 3ILT 3100 30X

Current Model Refinement Statistics

phasing MR MR MR
no. of molecules per asymmetric unit 3 3 3
Ryork/ Rivee (%0) 21.0/26.1 19.6/23.4 18.6/25.8
free R test set size [no. (%)] 2000 (5.4) 1995 (3.6) 1922 (10.0)
no. of protein atoms 6054 6054 6054
no. of heteroatoms 60 66 51
rmsd for bond lengths (A) 0.012 0.007 0.009
rmsd for bond angles (deg) 1.47 1.09 1.16

HFMZ CLTZ IDRA-21
space group P22,2, P22,2, P22,2,
unit cell (10\) a=473,b=1142,¢ = 163.7 a=475b=1141,¢c = 163.4 a=473,b=1147,¢c = 1654
X-ray source CHESS (A1) CHESS (Al) CHESS (A1)
wavelength (A) 0.977 0.977 0.977
resolution (A) 50-2.0 (2.03—-2.00) 50—-2.1(2.14-2.1) 50.0—2.0 (2.03—2.00)
no. of measured reflections 431453 368186 379519
no. of unique reflections 60617 52365 60130
data redundancy 7.1(6.1) 7.0 (5.6) 6.3(4.9)
completeness (%) 99.9 (99.9) 99.0 (96.2) 97.5 (86.6)
Ry (%) 14.5 (78.1) 12.3(71.6) 9.6 (67.7)
1/o; 18.3(2.3) 22.1(2.1) 27.0 (2.4)
PDB entry 3ILU 3IK6 3IL1

Current Model Refinement Statistics

phasing MR MR MR
no. of molecules per asymmetric unit 3 3 3
Ryork/Riree (%) 18.8/22.6 19.7/24.5 18.7/23.4
free R test set size [no. (%)] 2000 (3.6) 1997 (4.2) 2000 (3.5)
no. of protein atoms 6054 6054 6054
no. of heteroatoms 60 51 42
rmsd for bond lengths (A) 0.009 0.006 0.007
rmsd for bond angles (deg) 1.19 0.973 1.05

in a hydrophilic pocket consisting of the side chain of K763, the
backbone amide of S497, the side chain hydroxyl of Y424, the
backbone carbonyl of F495, and the side chain hydroxyl of $729
[pocket B (Figure 3A)]. The water molecule mediating the
hydrogen bond network among K763, the backbone carbonyl
of S497, and the sulfonamide oxygen that is present in the CTZ
structure is also found in the ALTZ structure but not the TCMZ
structure. The sulfone interacts with the side chain of S497 and
through a water molecule with the carbonyl of K730. The
norbornenyl group of CTZ, the dichloromethyl group of TCMZ,
and the (2-propenylthio)methyl group of ALTZ inserts into the
hydrophobic pocket [pocket C (Figure 3A)] lined with 1481, the
methylene groups of the side chain of K493, and L751. Perhaps
the most important interaction is that of the 4-nitrogen with
S754, which is the basis of the moderate selectivity of this class of
compounds for the flip form of AMPA receptors. The flop form

has an asparagine in this position, which destabilizes binding of
the thiazides.

HFMZ, HCTZ, and CLTZ. Removal of the hydrophobic
group in the 3-position, as seen in HFMZ, HCTZ, and CLTZ,
results in a rotation of the hydrobenzothiadiazide ring in the
binding site, while the hydrogen bond with the side chain
hydroxyl of S754 is maintained. This leaves the hydrobenzothia-
diazide ring in approximately the same plane, but the ring moves
into the hydrophobic pocket occupied by the norborenyl group
of CTZ [C subsite (Figure 3B)]. This would suggest that the
hydrophobic interactions in the C subsite are essential to the
binding affinity and are occupied preferentially. This rotation of
the hydrobenzothiadiazide ring in HFMZ, HCTZ, and CLTZ
leaves a space (B subsite) that is filled by six additional water
molecules. This would be energetically favored because the
C subsite is more hydrophobic and is deeper in the U-shaped
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FiGure 3: Binding of ALTZ (A), HFMZ (B), and IDRA-21 (C) to the GluR2 S1S2 dimer interface. The protein is colored as in Figure 1A. The
change in bound orientation among the three compounds is shown in panel D along with a graph quantitating the movement of the rings of each of
the six structures relative to the B and C subsites. Note that while only one molecule of HFMZ can bind to a dimer, two molecules are depicted to

illustrate their steric incompatibility.

crevice, whereas the B subsite is more exposed and more
hydrophilic. The rotation can be quantitated by measuring
the distance between the C8 atom of the ligand and a residue
in the B subsite (Y424) and another in the C subsite (1481).
As shown in Figure 3D, the distance between the B subsite and
C8 in HFMZ, HCTZ, and CLTZ increases relative to the same
distance in ALTZ and TCMZ. The opposite is true for the
distance to the C subsite; that is, C8 of HFMZ, HCTZ, and
CLTZ moves closer to the C subsite. Perhaps the most important
consequence of the shift is the change in position of the
sulfonamide group. The side chain of S497 changes its rotomeric
state to accommodate the position of the sulfonamide group and
forms a hydrogen bond with it. The backbone carbonyl of K730
can also H-bond to the sulfonamide. This is in contrast to the
hydrogen bond made by the side chain of S497 (from the other
side of the dimer interface) with the sulfone of TCMZ and ALTZ.
HFMZ and HCTZ form hydrophobic interactions with the side
chain of P494, and the sulfone group can hydrogen bond to
the backbone amide of G731. This shift moves the ring toward
the center of the dimer interface [A subsite (Figure 3B)], and the
position of the sulfonamide group precludes the binding of a
second molecule of HFMZ, HCTZ, and CLTZ. Therefore,
although two copies are found in the structure, only one can be
accommodated at a given dimer interface. These results suggest
that the removal of a hydrophobic group at the 3-position can

lead to not only a shift in the binding site but also a change in the
stoichiometry of binding.

The crystal structures suggest that because of the overlapping
orientation of the two copies of HFMZ and HCTZ at the dimer
interface, only one molecule would be expected to bind per dimer.
HFMZ has a trifluoromethyl group, which provides an oppor-
tunity to determine the stoichiometry of binding directly. By
using the high-affinity partial agonist, fluorowillardiine (FW),
the agonist-binding site can be quantitatively labeled with a single
fluorine. After titration with HFMZ (three fluorines per
molecule), the relative extent of binding can be measured using
one-dimensional '’F NMR spectroscopy, with correction for the
number of fluorines in HFMZ. Figure 4A shows that the binding
of HFMZ saturates at approximately half the number of agonist
binding sites, consistent with the crystal structure that suggests
that only one copy can bind per dimer interface. The line width of
the FW peak undergoes a corresponding broadening consistent
with dimerization (Figure 4B).

IDRA-21. IDRA-21 is a benzothiadiazide derivative with a
Cl in the 7-position (equivalent to the sulfonamide position in
CTZ) and a methyl group in the 3-position. As in the other
thiazides, the hydrogen bond is maintained with S754. The
methyl group in the 3-position is smaller than the corresponding
substituents in ALTZ, TCMZ, and CTZ, and the lack of the
sulfonamide group in the 3-position eliminates a number of
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FiGuRre 4: Titration of GluR2 S1S2 bound to fluorowillardiine (FW) with HFMZ. (A) Area of the bound peak for HFMZ normalized to the area
of the FW-bound peak (corrected for the trifluoro group of HFMZ vs the single fluorine of FW) as a function of HFMZ concentration. The
amount of bound HFMZ saturates at 60% of the bound FW. (B) Line width of the FW-bound peak as a function of HFMZ concentration. An
increase in size due to dimerization would be expected to broaden the line width for bound FW. Thus, HFMZ does induce dimerization at this

protein concentration (approximately 0.5 mM).

FIGURE 5: Surface cavities of GIuR2 S1S2. Two viewing angles of the GluR2 S1S2 dimer reveal how TCMZ (black) and HCTZ (red) bind to the
interface between subunits. HCTZ’s hydrobenzothiadiazide ring shifts to a deeper position in the binding pocket. The individual subunit surfaces
are colored green and cyan. For a clearer view of the inner cavity, the closest and farthest surfaces have been removed. The lines show where the

surface is cut away from the neighboring view.

possible interactions in the B subsite. For these reasons, the ring
rotates relative to ALTZ and TCMZ in the same plane. The
methyl group in the 3-position moves into a hydrophobic C
subsite lined by V750, L751, and L259 (Figure 3C). The inter-
actions made by the sulfone remain similar to those in HFMZ,
HCTZ, and CLTZ, but the ring is rotated further to an angle of
approximately 60° relative to the position of ALTZ and TCMZ
(Figure 3D). The Clin the 7-position is shifted to the center of the
dimer interface [A subsite (Figure 3C)], but unlike the sulfon-
amide from HFMZ, HCTZ, and CLTZ, the Cl atoms from both
copies of IDRA-21 are accommodated within the binding site;
therefore, the stoichiometry would be two per dimer interface.
Diazoxide differs from IDRA-21 only by the unsaturation of the
3—4 bond. The density of diazoxide is considerably weaker than
that of IDRA-21 but suggests that the orientation in the binding
site changes considerably. Diazoxide resides in a position similar
to that of the hydrobenzothiadiazide ring of CTZ.

DISCUSSION

Allosteric modulators bind to a large surface at the interface
between two GIuR2 S1S2 binding domains. In the full-length
membrane-bound receptor, this would consist of two surfaces per
tetrameric receptor. In the activated state, the entryway to the

interface cavity is located between the membrane-bound pore
and the extracellular domains. The binding surface is at the base
of a large inverted U-shaped crevice between the two monomers,
thereby presenting a 2-fold symmetric dimer interface (Figure 5).
Crystal structures of modulator—GIuR2 S1S2 complexes present
a snapshot of the activated state. For modulators that act on
GIuR2 by retarding desensitization, a number of distinct posi-
tions can be occupied within the crevice; however, an increase in
the number of interdomain linkages remains a common feature.
With the creation of a more stable and favorable activated state,
the energy required for the receptor to enter the desensitized state
is increased leading to higher steady-state currents.

Previous structures of allosteric modulators that bind to this
interface have occupied distinctly different regions of the binding
surface. To understand the apparent compartmental nature of
allosteric modulators, we introduced a redefinition of the binding
cavity into subsites A, B, B, C, and C’ (Figure 1B). Here, the
addition of six structures to the existing modulator structures
confirms the existence of distinct overlapping subsites within a
larger binding surface. The previous structures of CX614 and
aniracetam (20) specifically occupy the A subsite; however, the
benzothiadiazide series illuminates the differences between the B
and C subsites. The optimized binding of cyclothiazide (CTZ) to



8600  Biochemistry, Vol. 48, No. 36, 2009

the B and C subsites makes the modulator extremely potent;
however, an inability of this molecule to cross the blood—brain
barrier creates a need for designing drugs that can target AMPA
receptors in vivo. The weaker affinity benzothiadiazides demon-
strate which drug—receptor interactions are most important for
tight binding and provide insight into the individual nature of
subsites B and C.

Within the context of the symmetrical GluR2 structures, to
enter the A or C subsite, the modulator must pass close to one of
the B subsites. As the modulator enters the cavity, water is
displaced, but only if the binding interactions are more favorable
than the existing water structure. The C subsite is more hydro-
phobic and is buried deeper in the interface than the B subsite
(Figure 5). If the molecule is only large enough to occupy either
the B or C subsite (as is the case with IDRA-21, CLTZ, HFMZ,
and HCTZ but not with CTZ, TCMZ, and ALTZ), then a
repositioning into the C subsite is accompanied by water
remaining in the exposed B subsite. The B subsite appears to
have a stable arrangement of water molecules in the absence of
modulator. A preference for water to enter the B subsite over the
C subsite likely plays a key role in the overall energetics of
benzothiadiazide binding.

The benzothiadiazide class of allosteric modulators has been
extensively tested in SAR studies (27). On the basis of selective
substitutions, Philips et al. (27) suggested that IDRA-21 and CTZ
bind differently or to different sites on AMPA receptors. To
explain the apparent SAR and functional discrepancies between
CTZ and IDRA-21 derivatives, Harpsoe et al. (26) detailed the
potential existence of alternative cavities in the GluR2 S1S2
dimer and proposed three additional cavities that are distinct
from the currently known modulator-binding site. The most
promising candidate is located on the opposite side of the J helix
and L483 (mutation of this position to Y yields a nondesensitiz-
ing receptor) in relation to the central cavity. We were unable to
observe any density that would suggest that the modulators
described here are bound at that position. Clearly, from the
structures presented here, IDRA-21 and CTZ bind to an over-
lapping site, but with a different orientation and some different
interactions.

On the basis of the crystal structures of the hydrobenzothia-
diazide derivatives, the differences observed in the SAR stu-
dies (26, 27) can be rationalized. The high affinity of CTZ seems
to be due to its optimal interaction of the norbornenyl group with
the C subsite (/3). Replacement of the 3-norbornenyl group
reduces potency (22); however, the orientations of the bound
hydrobenzothiadiazide rings remain in the B subsite for large
substitutions in the 3-position [ALTZ and TCMZ (Figure 3A)].
When the substitution at the 3-position is a methyl or smaller, the
hydrobenzothiadiazide rings reorient into the hydrophobic C
subsite [HFMZ, HCTZ, CLTZ, and IDRA-21 (Figure 3B,C)].
The dichloromethyl in the 3-position of TCMZ is apparently
large enough to prevent the reorientation of the hydrobenzothia-
diazide rings; however, the contacts in the C subsite are not as
extensive as for ALTZ and CTZ. Interestingly, with TCMZ
bound, the subunits in the dimer are 1 A closer than ALTZ and
CTZ (as measured from the C® atoms of S497), possibly
suggesting that the hydrophobic void in the C subsite is drawn
toward matching hydrophobic patches on the B subsite. In SAR
studies, IDRA-21 has a very low tolerance for 3-position
modifications larger than a methyl group (26).

CTZ analogues with a 5-position modification result in a loss
of activity presumably due to a steric interaction with residues in
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the J helix (26). While most positions of IDRA-21 tolerate only
small methyl substitutions, an alkyl substituent at the 5-position
greatly enhances binding (27). Because of the reorientation of
IDRA-21 relative to the position of CTZ, the steric hindrance
that is observed for 5-position substitutions of CTZ is not present
for IDRA-21 derivatives. Instead, in the crystal structure of the
IDRA-21 complex, the 5-position pointsinto the B subsite, which
could easily be occupied by 5-position groups (Figure 3C).

In the cases of HFMZ, HCTZ, and CLTZ, the 7-position
substituent (sulfonamide group) moves into the A subsite, and on
the basis of both the electron density and the '°’F NMR studies,
the binding of the first modulator prevents the binding of the
second. That is, the change in orientation of the ring also changes
the stoichiometry from two per dimer to one per dimer
(Figures 3B and 4). In IDRA-21, the 7-position substitution
with Cl recovers 2:1 (modulator:dimer) stoichiometry while
explaining the low tolerance for larger 7-position substitutions
of IDRA-21 in SAR studies (Figure 3C).

The 4-nitrogen to S754 hydrogen bond is common to all
modulators studied here and separates the B and C subsites,
allowing the hydrophobic modulators to pivot into the C subsite
in the absence of the obstructing modification at position 3
(Figure 5). The benzothiadiazide 4-nitrogen is the major deter-
minant of receptor desensitization kinetics (22). Of physiological
relevance, S754 is only found in the flip form of AMPA receptors
(an asparagine in the flop form) so that the hydrogen bond
through the 4-nitrogen confers flip preference to the benzothia-
diazide class of modulators (25). Clearly, a key to the under-
standing of the benzothiadiazide class distinction seen in SAR
studies is that the B and C subsites each support a network of
hydrogen bonds on opposite sides of the hydrobenzothiadiazide
ring. With the exception of the 4-nitrogen to S754 tether, an
intermediate orientation has no place to bind.

Measuring the increase in steady-state current, Yamada and
Tang (13) found that CTZ was by far the most potent benzothia-
diazides followed by HFMZ > HCTZ ~ TCMZ > CLTZ.
IDRA-21 and TCMZ have been studied for AMPA receptor
modulation in considerably more detail than the other benzothia-
diazides described here. In agonist binding experiments, IDRA-
21 increases ["HJAMPA and [*HJFW affinity (25), while CTZ
decreases their affinities (24), suggesting that interactions with
different subsites within the dimer interface can produce different
modulatory outcomes. The difference in binding orientations
provides the hydrobenzothiadiazide ring with two unique sets of
anchoring residues, which allow the rigid bridging of distinct
secondary structural elements at the interface. Specific to CTZ
and the other benzothiadiazides (ALTZ and TCMZ) that occupy
the B subsite, hydrogen bonds link the sulfoxide to S497 and the
4-nitrogen to S754 across the B subsite and on the same side of the
dimer interface (Figure 3A). Alternatively, in the IDRA-21,
HFMZ, HCTZ, and CLTZ structures, the sulfoxide hydrogen
bonds to the NH group of G731 across the interface (Figure 3B,
C). For HFMZ, HCTZ, and CLTZ, the sulfonamide group
forms a H-bond to S497, but instead of bridging the B subsite,
the H-bond is made with S497 on the monomer across the
interface (Figure 3B). The increased rigidity among elements
lining the B subsite in CTZ, ALTZ, and TCMZ may provide
clues about altered agonist binding affinities. In patch—clamp
recordings of the L497Y mutant of GluR1 (equivalent to L483Y
in GluR2), CTZ and TCMZ further slow desensitization but
actually accelerate deactivation, whereas, CX614, which does not
occupy the B subsite (20), further slows both desensitization and
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deactivation (34). Since IDRA-21, HFMZ, HCTZ, and CLTZ
fail to bridge S754 to elements on the same subunit much like
CX614, we speculate that, in patch—clamp recordings of the
same non-desensitizing mutant, deactivation in addition to
desensitization should be slowed for benzothiadiazides that do
not occupy the B subsite. Mitchell and Fleck (34) also show that
the GluR 1 double mutant, L497Y/S750Q (equivalent to L483Y/
S754Q in GluR2), returns the L497Y mutant deactivation and
ECsy to wild-type levels and suggest that deactivation may
involve interactions specifically with residue S750 in GluR1
(S754 in GluR2). Although all of the benzothiadiazides interact
with the equivalent S754, the specific orientation and therefore
the bridging bonds may explain the disparity in effects on
deactivation and agonist binding and may suggest a structural
pathway for how modulators of the dimer interface can affect the
agonist binding site. Future studies directed at highlighting the
differences in desensitization and deactivation kinetics specifi-
cally for the benzothiadiazides for which we have determined
structures would provide a much clearer picture of how mod-
ulator contacts are correlated with receptor function.

In summary, the binding site for allosteric modulators is a
large surface at the dimer interface of the binding domain of
AMPA receptors. Position 754 [either serine (flip) or asparagine
(flop)] plays an important role in determining binding affinity,
but the specific interactions and the orientation of hydroben-
zothiadiazide in the binding site is critically dependent upon both
the substituents of the ring and the saturation of the 3—4 bond.
These new structures, particularly of the new hydrobenzothia-
diazide binding orientation, extend our understanding of the
allosteric modulator-binding site and provide useful insight for
the future design of drugs.
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