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Glutamate receptors are the most prevalent excitatory neurotransmitter receptors in the vertebrate
central nervous system and are important potential drug targets for cognitive enhancement and the
treatment of schizophrenia. Allosteric modulators of AMPA receptors promote dimerization by
binding to a dimer interface and reducing desensitization and deactivation. The pyrrolidine allosteric
modulators, piracetam and aniracetam, were among the first of this class of drugs to be discovered. We
have determined the structure of the ligand binding domain of the AMPA receptor subtypes GluA2 and
GluA3 with piracetam and a corresponding structure of GluA3 with aniracetam. Both drugs bind to
GluA2 and GluA3 in a very similar manner, suggesting little subunit specificity. However, the binding
sites for piracetam and aniracetam differ considerably. Aniracetam binds to a symmetrical site at the
center of the dimer interface. Piracetam binds to multiple sites along the dimer interface with low
occupation, one of which is a unique binding site for potential allosteric modulators. This new site may
be of importance in the design of new allosteric regulators.

Introduction

Tonotropic glutamate receptors (iGluRs) are found on most
vertebrate central nervous system neurons and are responsible
for the majority of excitatory synaptic transmission.' In addi-
tion to important roles in processes such as learning and
memory,” * these receptors have been associated with disor-
ders such as Parkinson’s and Alzheimer’s diseases, Huntington’s
chorea, and neurological disorders including epilepsy and
ischemic brain damage.* °

iGluRs are composed of four subunits arranged around a
central ion channel. Three major subtypes have been identified
that are characterized by pharmacological properties, se-
quence, functionality, and biological role into those that are
sensitive to (1) the synthetic agonist N-methyl-p-aspartic acid
(NMDA;? GIuN1, GluN2A-D, GluN3A-B), (2) the synthetic
agonist a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA; GluAl1—4), and (3) the naturally occurring
neurotoxin kainate (GluK1—3). The ligand binding domains
of AMPA receptors can exist in two alternatively spliced forms
(flip and flop) that differ in the rate of desensitization,’ channel
closing rate,® and sensitivity to allosteric modulators.’
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“Abbreviations: ALTZ, althiazide; AMPA, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid; iGluR, ionotropic glutamate recep-
tor; CX614, pyrrolidino-1,3-oxazinobenzo-1,4-dioxan-10-one; GluA2;,
the N754S mutation of GluA2,, which mimics the flip form of GluA2
with respect to binding of allosteric modulators; GluA2,, the flop form
of GluA2; GluA3;, the flip form of GluA3; HCTZ, hydrochlorothiazide;
HFMZ, hydroflumethiazide; IDRA-21, 7-chloro-3-methyl-3,4-dihy-
dro-2H-benzole][1,2,4] thiadiazine 1,1-dioxide; IPTG, isopropyl-S-p-
thiogalactoside; NMDA, N-methyl-p-aspartic acid; PEPA, 4-[2-
(phenylsulfonylamino)ethylthio]-2,6,-difluorophenoxyacetamide; S1S2,
extracellular ligand-binding domains of GluA2 and GluA3; TCMZ,
trichlormethiazide.
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The extracellular agonist-binding domain (S1S2 domain) of
ionotropic glutamate receptors consists of two lobes with the
agonist-binding pocket located between the two lobes.'” The
structures of the S1S2 domain from GIuR0,'" GluA2,'>7 !
GluA3,"”” GluA4,"” GluK1,"*' GluK2,"”* GluN1,* and
GluN2?* subtypes have been determined in the presence of a
variety of agonists, partial agonists, and antagonists. This has
provided structural insights into the processes of channel
activation and desensitization as well as the structural basis
of the differences in the agonist and antagonist selectivity.
Recently, the full tetrameric structure of the GluA2 receptor
has been determined bound to an antagonist.”> Although the
structure was determined in the closed channel form, the
availability of this structure provides new insights into the
quaternary structure of all iGluRs and will provide a very
useful framework for understanding channel activation.

Piracetam was the first nootropic agent discovered®® and
was found originally to be effective as a protective agent in
hypoxia-induced amnesia.?” Although it affects a number of
neuronal proteins, some evidence suggests that it can act at
AMPA receptors.?®?° Aniracetam, another member of the
racetam family of drugs, is considerably more potent and acts
directly on AMPA receptors.”>® Aniracetam and other allo-
steric modulators of AMPA receptors can block or slow
desensitization, slow deactivation, and enhance synaptic plas-
ticity.*!** These characteristics have led to clinical trials of
several drugs for Alzheimer’s disease and attention deficit
disorder,>** but only aniracetam is available for mild de-
mentia in Europe.®® The structure of aniracetam bound to a
dimer of the agonist-binding domain of GluA2, has been
reported.*° It binds in a symmetrical site at the dimer interface.
This is consistent with other allosteric activators, which bind
to the dimer interface and slow or prevent the dissociation of
the dimer. The dimer forms upon activation of the receptor by
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agonist®® and is thought to represent the active form of the
protein. Preventing dimer dissociation can block or slow
desensitization®® as well as have effects on deactivation.*”
The binding sites for allosteric activators at the dimer interface
are actually a large surface with several subsites, including a
central subsite (A) and two pairs of lateral subsites (B/B’ and
C/C’, Figure 2).*” A binding site for allosteric activators can
consist of one or more of the five subsites. Typically, activa-
tors whose binding site includes the A subsite bind in one
copy per dimer. Because of the symmetry of the dimer inter-
face, density corresponding to two overlapping molecules is
observed. This is true of aniracetam, CX614, CX546, and
PEPA. On the other hand, the benzothiadiazide activators
(cyclothiazide, IDRA-21, etc.) bind in two copies per dimer
interface at binding sites including the two lateral subsites
(B/B" and C/C') that are differentially occupied depending
upon the structure of the benzothiadiazide.>’ This rather large
surface with nonoverlapping subsites suggests a means by
which activator affinity can be increased, that is, by generating
multivalent compounds that can interact with different sub-
sites. The proof of this principle was demonstrated by the
dimeric biarylpropylsulfonamide compound synthesized by
Kaae and collaborators.®®

We report here the three-dimensional structures of anir-
acetam bound to the S1S2 domain of GluA3; and piracetam
bound to the S1S2 domains of GluA3;, GluA2;, and GluA2,.
In all cases, glutamate was in the agonist-binding site. Anir-
acetam binds to GluA3; in a manner similar to GluA2O,30 with
only small changes of side chain rotameric states. Likewise,
piracetam binding did not show any obvious subtype differ-
ences, but the density was lower for GluA3. It is important to
note that subtle differences in outlying regions can affect
binding affinity.'"® However, piracetam bound in multiple
positions along the dimer interface. The most prominent
position was at the lateral edge of the dimer interface and
represents a unique subsite that has not been reported pre-
viously. This new site may be of value for the design of new
multivalent allosteric modulators.

Experimental Section

Materials. Glutamate was obtained from Sigma Aldrich
(St. Louis, MO). Piracetam and aniracetam were purchased from
Tocris (Ellisville, MO) and were of >99.5% purity as judged by
HPLC. The GluA2 S1S2J construct (flop form, denoted GluA2,)
was obtained from Eric Gouaux (Vollum Institute).'? The linker
region, which replaces the ion channel cassette, consisted of two
residues, glycine and threonine. The N754S mutation was pre-
pared to allow binding of flip-specific allosteric modulators.>’
This is denoted GluA2;. The construct for the flip form of GluA3
(GluA3;) has been described previously.!”

Protein Preparation and Purification. All S1S2 proteins were
prepared as described by Furukawa and Gouaux? with slight
modification. Briefly, pET-22b(+) plasmids were transformed
in E. coli strain Origami B (DE3) cells and were grown at 37 °C
to ODggo of 0.9—1.0 in LB medium supplemented with the
antibiotics (ampicillin and kanamycin). The cultures were
cooled to 20 °C for 20 min, and isopropyl-3-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 SI1S2 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). Glutamate (1 mM) was maintained
in all buffers throughout purification. After the last column, the
protein was concentrated and stored in 20 mM sodium acetate,
1 mM sodium azide, and 10 mM glutamate at pH 5.5.
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Crystallization. For crystallization trials, the proteins were
concentrated to 0.3 mM using a Centricon 10 centrifugal filter
(Millipore, Bedford, MA) in the presence of 10 mM glutamate.
The final piracetam and aniracetam concentrations were S mM.
All crystals were grown at 4 °C using the hanging drop techni-
que, and the drops contained a 1:1 (v/v) ratio of protein solution
to reservoir solution. The reservoir solution was 16—18% poly-
ethylene glycol (PEG) 8K, 0.1 M sodium cacodylate, and
0.1—0.15 M zinc acetate (pH 6.5).

Crystal Structure Determination. Data were collected at the
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.%
Structures were solved with molecular replacement and refined
using Phenix.** Coot 0.6 was used for model building.*! The
glutamate-bound GIluA2 structure, 3DP6, was used as the
search model for GluA2, and 3DLN was used for GluA3."”

Results and Discussion

Binding Sites for Piracetam on GluA2 S1S2. Like other
allosteric modulators of AMPA receptors,**¥¢ 342 pirace-
tam binds to the S1S2 dimer interface of GluA2. Figure 1A
shows the position of the dimer in the context of the full-
length receptor. The crystal structures of piracetam bound to
both the flop form of GluA2 (GluA2,) and the N754S
mutation of the flop form, which mimics the flip form
(GluA)), were determined. As shown in Figure 1B, piracetam
binds in six positions. Because of the symmetry of the dimer,
this corresponds to two sets of three distinct binding sites.
The differences between GluA2, and GluA2; were limited to
several changes in rotameric states of side chains, so only the
structure of GluA2; is shown. In general, the density for
piracetam is lower than that of the protein, suggesting either
that the modulator has some mobility in the binding site or
that only a portion of the binding sites are occupied. The
later possibility is consistent with the low affinity of the
compound for AMPA receptors.”®

Binding Site 1. For one set of binding sites, the pyrrolidine
ring of piracetam partially overlaps the position of the
pyrrolidine ring in the structure of aniracetam (a structural
analogue of piracetam) bound to GluA2 S182% (Figure 2).
This includes the central subsite (subsite A) as well as a
portion of subsite B/B'.>” In the cases of aniracetam and
CX614.%° both of which bind largely to subsite A but a
portion of subsite B/B’, the modulators can bind in two
symmetrical orientations but only one at a time. Because
piracetam substitutes an amide for the 4-methoxyphenyl
group of aniracetam, two copies can potentially bind in this
central location. The orientation of the pyrrolidine ring is
rotated approximately 180° relative to aniracetam, with the
carbonyl pointing into the cleft of the binding surface
(Figure 2). Like GluA2 S1S2 bound to aniracetam, four
water molecules are buried in the cleft, which form an
H-bond network with the carbonyl of the pyrrolidine ring,
the backbone carbonyls of P494 and 1481, and the side chain
hydroxyl of S754. The one difference between the aniracetam
and piracetam structures is that the H-bond to the water is
made by the carbonyl oxygen of the pyrrolidine ring for
piracetam but by the benzoyl carbonyl for aniracetam. The
water molecules fill the C/C’ subsite.

Binding Site 2. A second set of binding sites (site 2,
Figure 1C and Figure 2) overlaps partially the thiazide
binding sites in subsite B/B’.***’** This is in contrast
to the thiazides that, depending upon the substituent in the
3-position, fill preferentially the C rather than the B/B’
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Figure 1. Structure of GluA2 bound to piracetam. (A) Position of the ligand binding domain (S1S2) dimer in the context of the full-length
tetrameric receptor. Shown is the crystal structure of GluA2 bound to the antagonist, ZK200775,% with the ligand binding domain of one
monomer colored in shades of blue and the other colored in shades of green. Lobe 1 is the lighter color and lobe 2 is the darker color. (B) Dimeric
form of GluA2; bound to piracetam shown in two orientations. Two symmetrical sets of three binding sites are found at the dimer interface
(labeled binding sites 1—3). Binding sites 1 and 2 are partially overlapping and would be unlikely to be occupied simultaneously. (C) Details of
the binding sites for piracetam showing several water molecules in the binding site and important interactions. (D) Structures of piracetam and

aniracetam.

subsite.’” The amide of piracetam interacts with the side
chain hydroxyl of Y424 and the side chain carboxyl of D760.
The proximity of binding site 2 to binding site 1 suggests that
only one of these two binding sites can be occupied at any
given time.

Binding Site 3. The third set of binding sites (site 3,
Figure 1) does not correspond to any previously reported
allosteric modulator binding sites, represents the strongest
density of the three sets of binding sites, and is the most
surface exposed of the three. This binding site is within the
inverted U-shaped crevice that is formed between the two
monomers that make up the dimer. The crevice is an open
pocket that faces the membrane and is exposed to solvent

(Figures 1A,B). In this case, the amide interacts with the side
chain amide of N764 and the pyrrolidine carbonyl interacts
with the side chain carboxyl of D760 and the side chain
hydroxyl of S729 (Figure 1C).

Binding Site on GluA3 S1S2 for Piracetam. A structure of
GluA3; was obtained in the presence of piracetam. Overall,
the density for piracetam was lower than those seen for
GluA2; and GluA2,. The densities for binding sites 1 and 2
(described above for GluA2) were too low to determine the
orientation of piracetam. The density in binding site 3 was
stronger but not as strong as in GluA2. The orientation
within this binding site is identical to that for GluA2, and
GluA2; (data not shown).
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Figure 2. Overlay of the position of aniracetam bound to GluA2, (fluorowillardiine in the agonist binding site, 2AL5)*® on the structure of
piracetam bound to GluA2; (glutamate in the binding site). One molecule of aniracetam is bound to a given dimer interface, but since the
interface is symmetrical, two orientations are observed. One is shown with carbons colored yellow and the other with carbons colored green.
The water molecules from the aniracetam structure are shown as yellow spheres. The six molecules of piracetam are shown with white carbons
and the water molecules as red spheres. The binding sites for piracetam consist of two sets of three distinct sites labeled binding sites 1—3.
Subsites A, B/B’, and C/C’, described previously,?” are shown as circles. The structure is rotated by 90° to illustrate the position of the C/C’
subsites and piracetam site 3. Coloring of the backbone is the same as indicated in Figure 1.

Binding Site on GluA3 S1S2 for Aniracetam. The structure
of GluA3; S1S2, with glutamate in the agonist-binding
site, and bound to aniracetam was solved and is shown in
Figure 3. The binding site was largely similar to the previous
structure of aniracetam bound to GluA2, (fluorowillardiine,
Figure 2).*° This is consistent with the fact that the sequence
within the binding site differs little between the two subtypes.
Minor differences, however, were observed. Small changes in
the dihedral angles of aniracetam were observed between
GluA2, and GluA3;. As a result, in GluA3;, the side chain of
S497 exists in two distinct rotameric states (Figure 3B). One
of these states forms an H-bond with the pyrrolidinone ring
of aniracetam. The other (shown with a green carbon in
Figure 3B) forms a water-mediated H-bond with the side
chain of K763. In the case of GluA2,, only the water-
mediated H-bond with K763 is observed.*® The rotameric
state of S729 is also different between GluA2, and GluA3;. In
GluA2,, it points into the binding cleft, and in GluA3;, it
points out toward the solvent. The GluA3; structure is in the
flip form, position 754 is a serine, whereas it is an asparagine
in GluA2,. Although this additional space due to the smaller
side chain results in an additional water molecule in the
interface for GluA3;, the effect of the Asn to Ser substitution
does not seem to change the binding site significantly,
although a small preference for the flop form (N754) has
been reported.” Like piracetam, four water molecules are
buried in the binding cleft and H-bond with the carbonyl
oxygens of 1481 and P494 and the side chain of S754 (eight
water molecules are shown in Figure 3A because both
aniracetam orientations are pictured). However, in the case of
aniracetam, it is the benzoyl carbonyl that makes the H-bond to
the water molecules instead of pyrrolidine carbonyl.

Conclusions Based on the Structure. Piracetam is a very
weak modulator of AMPA receptors, increasing responses

(presumably due to a block of desensitization) with a rela-
tively low affinity?® but having a variety of other effects.*>**
Whereas the clinical effects of piracetam may not necessarily
be mediated by AMPA receptors, the description of its
binding sites on AMPA receptors provides insight into
possible strategies for designing new, more effective allos-
teric modulators.

The binding sites for allosteric modulators of AMPA re-
ceptors have been determined in a large number of cases using
crystallography (aniracetam, CX614,° a dimeric biaryl-
propylsulfonamide,®® several CTZ derivatives,* thiazides’).
Modulators bind to a rather large surface at the dimer inter-
face, which has been subdivided into a central subsite (subsite
A, Figure 2) and two sets of lateral subsites (subsites B/B’ and
C/C").*7 Aniracetam and CX614 occupy mainly subsite A*
with some interactions with the B/B’ subsites, whereas the
thiazides can occupy a combination of subsites B/B" and C/C’
or subsite C/C' alone but preferentially occupy the C/C’
subsites.” Cyclothiazide, TCMZ, and ALTZ, all with rela-
tively large substituents in the 3-position, span the B/B’ and C/
C’ subsites; however, when the size of the subsituent is
decreased as in HCTZ, HFMZ, and IDRA-21, the ring is
rotated and occupies largely the C/C’ subsites.*” This seems to
be due to the fact that the C/C’ subsites are less solvent exposed
and more hydrophobic. In contrast, piracetam does not occu-
py the C/C’ subsites but rather populates the more superficial
B/B’ subsites (binding sites 1 and 2). For both aniracetam and
piracetam, water fills the C/C’ subsites. The lack of direct
interaction of piracetam with N754 (flop) or S754 (flip) would
suggest that, unlike cyclothiazide and PEPA, no preference for
one of the two alternatively spliced versions of the protein is
likely.

One strategy that has been proposed to increase the affinity
of allosteric modulators is to produce hybrid compounds that
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Figure 3. Structure of GluA3; bound to aniracetam. (A) Dimer of GluA3 S1S2 bound to glutamate and aniracetam. One copy is shown in
shades of blue and the other in shades of green. Aniracetam is shown in both orientations (one with carbons in white and the other with carbons
in green). The two orientations of the side chain of S497 are shown with carbons in white in one case and green in the other. Water molecules are
shown as red spheres. (B) Details of the aniracetam binding site. Only one orientation of aniracetam, with corresponding contacts, is shown.
The side chain of S497 has two orientations, one that forms a water-mediated H-bond with the side chain of K763 and the other that forms a
water mediated H-bonding network with the carbonyl of K730 and aniracetam.

Table 1. Structural Statistics

parameter

structure

piracetam GluA2;

piracetam GluA2,

piracetam GluA3;

aniracetam GluA3;

space group
unit cell (A)

X-ray source

wavelength (A)

resolution (A)

no. of measured reflections
no. of unique reflections
data redundancy
completeness (%)

Rsym (%)

1] / (o

PDB code

phasing

molecules/AU

Rwork/Rfree (%)

free R test set size (no./%)
no. of protein atoms

no. of heteroatoms

rmsd bond length (A)
rmsd bond angles (deg)

P22,2, P22,2, P222, P222,

a=473,b= 1140, a=475b= 1143, a=474,b = 47.6, a=47.0,b =473,
¢ = 163.8 ¢ = 1638 ¢ = 138.0 c=1374

CHESS (A1) CHESS (A1) CHESS (Al) CHESS (A1)

0.977 0.977 0.977 0.977

50—1.85 (1.88—1.85) 50—2.1(2.14—2.10) 50.0—2.0 (2.03—2.00) 50.0—1.75 (1.78—1.75)

449859 148547 116713 183770

71963 45684 19687 30553

6.0 (2.8) 3.3(3.0) 5.6 (4.6) 5.8(3.7)

99.0 (88.0) 89.6 (84.3) 96.7 (92.0) 99.2 (93.3)

11.0 (53.2) 8.6 (32.8) 13.4 (47.8) 6.8 (29.8)

22.6 (2.2) 16.6 (2.2) 18.1(3.6) 43.1 (4.2)

3LSF 3LSL 3LSX 3LSW

Current Model Refinement Statistics

MR MR MR MR

3 3 1 1

18.9/23.2 20.1/26.3 18.0/23.7 18.5/22.5

1918 (2.7) 1908 (4.4) 1860 (8.3) 1908 (5.3)

6036 6036 2031 2044

120 120 50 28

0.015 0.013 0.025 0.013

1.58 1.51 2.15 1.478

can span several subsites. Both the flop-selective allosteric
modulator PEPA (4-[2-(phenylsulfonylamino)ethylthio]-2.6.-
difluorophenoxyacetamide)*® and the dimeric biarylpropyl-
sulfonamide compound described by Kaae et al.*® span sub-
site A and interact on both sides of the binding surface. The
biarylpropylsulfonamide compound can occupy a portion of
both the C and C’ subsites with its sulfonamide groups.*® In
the case of PEPA, the C (or C’) subsite is fully occupied by the
phenyl ring and, on the opposite side of the binding site, the
amide of PEPA interacts with N754, conferring flop specifi-
city (Ahmed, Ptak, and Oswald, unpublished data). The
structures of GluA2 S1S2 bound to piracetam open a new
possibility for drug design. That is, binding site 3 (Figures 1C
and 2) has not been previously described as a site of interaction
of allosteric modulators. One possibility for increasing the
affinity of an allosteric modulator would be to covalently link

a substituent that could take advantage of the interactions
made by piracetam in binding site 3.

Aniracetam has some structural similarities compared with
piracetam but is much more specific for AMPA receptors and
more potent.*® The binding site is similar in both the GluA2,
and the GluA3; structures, and the electron density of the drug
in the binding site is higher than piracetam. The similarity of
the structures would suggest little AMPA subtype specificity.
Aniracetam was a lead compound in developing more potent
allosteric modulators of AMPA receptors,*’ and many of the
more potent modulators (CX614, etc.) bind in a similar
manner.’® Replacement of the methyoxybenzoyl group in
aniracetam with an acetamide group in piracetam results in
a decrease in affinity but more interestingly the partial popu-
lation of several binding sites in the dimer interface, one of
which has not been reported for other allosteric activators.
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The glutamate-bound GluA2 structure, 3DP6, was used as the
search model for GluA2, and 3DLN was used for GIluA3
(Table 1).

Conclusion

Pyrrolidine allosteric modulators bind to both GluA2 and
GluA3 in a very similar manner, suggesting little subunit
specificity. However, piracetam and aniracetam differ con-
siderably in binding mode. Aniracetam binds very clearly to a
symmetrical binding site on the dimer interface. Piracetam, on
the other hand, binds to multiple sites with low occupation,
one of which is a unique binding site for potential allosteric
modulators. The identification of this new site may be of
importance in the design of new allosteric regulators.
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