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ABSTRACT

The imidazopyridine zolpidem (Ambien) is one of the most
commonly prescribed sleep aids in the United States (Rush,
1998). Similar to classic benzodiazepines (BZDs), zolpidem
binds at the extracellular N-terminal o/y subunit interface of the
GABA-A receptor (GABAR). However, zolpidem differs signifi-
cantly from classic BZDs in chemical structure and neurophar-
macological properties. Thus, classic BZDs and zolpidem are
likely to have different requirements for high-affinity binding to
GABARs. To date, three residues—y2Met57, y2Phe77, and
y2Met130—have been identified as necessary for high-affinity
zolpidem binding (Proc Natl Acad Sci USA 94:8824-8829,
1997; Mol Pharmacol 52:874-881, 1997). In this study, we
used radioligand binding techniques, y2/a1 chimeric subunits
(x), site-directed mutagenesis, and molecular modeling to iden-
tify additional y2 subunit residues important for high-affinity

zolpidem binding. Whereas «1B2y receptors containing only
the first 161 amino-terminal residues of the y2 subunit bind the
classic BZD flunitrazepam with wild-type affinity, zolpidem af-
finity is decreased ~8-fold. By incrementally restoring y2 sub-
unit sequence, we identified a seven-amino acid stretch in the
y2 subunit loop F region (amino acids 186-192) that is required
to confer high-affinity zolpidem binding to GABARs. When
mapped to a homology model, these seven amino acids make
up part of loop F located at the «/vy interface. Based on in silico
zolpidem docking, three residues within loop F, y2Glu189,
v2Thr193, and y2Arg194, emerge as being important for sta-
bilizing zolpidem in the BZD binding pocket and probably in-
teract with other loop F residues to maintain the structural
integrity of the BZD binding site.

Zolpidem (Ambien), an imidazopyridine, is a popularly pre-
scribed sedative-hypnotic used in the treatment of insomnia.
Similar to classic benzodiazepines (BZDs), such as flunitraz-
epam and diazepam, zolpidem binds to the extracellular N-
terminal o/y subunit interface of the GABA-A receptor (GA-
BAR). Residues that are believed to form the BZD binding
site are located in at least six noncontiguous regions of the «
and vy subunits, which are by arbitrary convention designated
‘loops’ A to F (Galzi and Changeux, 1995). Although zolpidem
binds within the BZD binding site and induces many of the
same behavioral effects as other positive modulators of the
BZD site, it differs from classic BZDs in both chemical struc-
ture (Fig. 1) and neuropharmacological profile (Rush, 1998).
Zolpidem binds with high affinity to GABARSs containing the
al subunit isoform and with low affinity for GABARs con-
taining the a2 or a3 subunits, whereas receptors containing
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the o5 subunit are virtually zolpidem-insensitive (Pritchett
and Seeburg, 1990). Furthermore, GABARs containing y1 or
3 subunits exhibit little to no zolpidem sensitivity, regard-
less of the coassembled a subunit isoform (Liiddens et al.,
1994, 1998; Sanna et al., 2002). Thus, a1pBxy2 GABARs dis-
play the highest affinity for zolpidem. In contrast, classic
BZDs show a much broader binding profile, in that all «
subunit isoforms (except a4 and a6) and all y subunit iso-
forms bind the classic BZDs flunitrazepam and diazepam.
Because classic BZDs and zolpidem show differences in sub-
unit selectivity and possess divergent chemical structures, it
is likely that they have different structural requirements for
high-affinity binding.

Here, we used radioligand binding and y2/al chimeric
subunits (y) to identify y2 subunit residues important for
high-affinity zolpidem binding. Although site-directed mu-
tagenesis and photoaffinity labeling studies have made sig-
nificant strides in uncovering amino acid residues that con-
tribute to the binding domains of classic BZDs, the residues
that preferentially contribute to the binding of unconven-
tional BZD-site ligands, such as zolpidem, remain unre-

ABBREVIATIONS: BZD, benzodiazepine; GABAR, GABA-A receptor; PCR, polymerase chain reaction; WT, wild type; HEK, human embryonic
kidney; RMSD, root-mean-square-deviation; 5-HT, 5-hydroxytryptamine; x, chimera; MC, Monte Carlo; SA, simulated annealing.
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solved. A study exploiting the differences in zolpidem sensi-
tivity between a1l and o5 subunit isoforms identified residues
alThr162, «1Gly200, and «a1Ser204 as contributing to the
high zolpidem sensitivity of the al subunit isoform (Renard
et al., 1999). Furthermore, replacing a1Gly200 with residues
of increasing side-chain volume correlates with decreasing
zolpidem affinity (Wingrove et al., 2002). Hence, steric hin-
drance may dictate differences in zolpidem affinity across
subunit isoforms because the a1 subunit contains a glycine at
position 200, whereas the a2, a3, a4, o5, and a6 subunits
possess a glutamate (larger in side-chain volume) at the
aligned position.

Similar site-directed mutagenesis studies have identified
residues on the y2 subunit that confer high zolpidem affinity,
including Phe77 (Buhr et al., 1997a; Wingrove et al., 1997),
Met57, and Met130 (Buhr and Sigel, 1997; Wingrove et al.,
1997). However, y2Met130 is not solely selective for zolpidem
binding, in that mutations of y2Met130 have also been shown
to disrupt high-affinity binding of the classic BZDs flunitraz-
epam and triazolam (Wingrove et al., 1997). It is noteworthy
that introducing both Phe77 and Met130 into the homologous
positions in the y1 subunit was not sufficient to restore its
affinity for zolpidem to that of y2-containing receptors, sug-
gesting that additional y2 amino acids are necessary for high
zolpidem affinity (Wingrove et al., 1997).

The specificity of binding to different subunit isoforms in
part dictates the various behavioral endpoints of BZD li-
gands. For example, GABARSs containing the a1 subunit are
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Fig. 1. Chemical structures of flunitrazepam (A) and zolpidem (B) and
schematic representations of chimeric (x) y2/al subunits (C) used in this
study. In chimeric subunits (C), N-terminal y2 sequences are highlighted
in gray, and the remaining C-terminal al sequences are highlighted in
white, with the transmembrane domains labeled (T1, T2, T3, T4). Chi-
meras are numbered according to the amount of mature y2 sequence
contained in the subunit, where x161 contains y2 residues up to and
including amino acid 161 of the mature protein sequence and residues
C-terminal of 161 are a1l sequence.
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associated primarily with the sedative properties of classic
BZDs, whereas a2/3 containing GABARs are responsible for
the anxiolytic effects of classic BZDs (for review, see Sieghart
and Ernst, 2005). These pharmacological differences may
explain why zolpidem, an al-selective BZD site ligand, is not
a clinically efficacious anxiolytic but rather a sedative-hyp-
notic. Although classic BZDs such as diazepam are effective
in treating anxiety, their use is accompanied by a myriad of
side effects, including drowsiness, dependence, and toler-
ance. These behaviorally ambiguous effects of classic BZDs
are thought to result from a relative lack of selectivity in
binding affinity and efficacy to GABARs containing different
subunit isoforms. As such, identifying the structural deter-
minants involved in the binding of a more selective BZD-site
ligand, such as zolpidem, could help in the design and devel-
opment of more pharmacologically and behaviorally selective
BZD site ligands.

Here, we provide evidence that residues y2Ser186-—
Asp192, which make up part of loop F of the BZD binding
site, are necessary for conferring high-affinity zolpidem bind-
ing to a1B2y2 GABARSs. In addition, by computational dock-
ing of zolpidem and flunitrazepam into a structural homology
model of o/y subunit extracellular interface, we describe pos-
sible orientations of these ligands in the BZD binding site of
the GABAR.

Materials and Methods

Molecular Cloning. y2/a1 chimeric subunits y161 and y167 were
created by linearizing and then recircularizing a dual plasmid con-
struct in bacteria by random homologous crossover events as de-
tailed by Boileau et al. (1998). y2/al chimeras x185, x192, and x198
were created using overlapping «/y complimentary oligonucleotides
and standard overlap extension recombinant PCR techniques. Chi-
meric subunits are numbered according to the amount of mature 2
N-terminal sequence contained in the subunit, where, for example,
x161 contains y2 residues up to and including amino acid 161 of the
mature protein, and residues C-terminal of 161 are al subunit se-
quence. y2 subunit point mutations E189R, T193E, and R194D were
created using standard recombinant PCR techniques. Wild-type
(WT) rat y2 ¢cDNA in pCEP4 (Invitrogen, Carlsbad, CA) was used as
a template for site-directed mutagenesis protocols. Pfu Uléra poly-
merase (Stratagene, La Jolla, CA) was used for PCR amplification at
the recommended specifications. Resulting mutant and chimeric
products were subcloned into pCEP4 for transient expression in
HEK 293 cells with B2 and al ¢cDNAs in pCEP4. All mutant con-
structs were verified by double-stranded DNA sequencing.

Transient Expression in HEK 293 cells. HEK 293 cells were
grown as described previously (Boileau et al., 1998). Cells were
cotransfected at ~70% confluence with WT rat a1, 2, y2, or mutant
subunit ¢cDNAs, and, when necessary, the vector pAdvantage (Pro-
mega, Madison, WI), at a ratio of 1:1:1:1.5-2 (3—4 pg of DNA per
subunit and 6 pg of pAdvantage per dish) using a standard CaHPO,
precipitation method (Graham and van der Eb, 1973).

Radioligand Binding. Approximately 48 h after transfection,
membrane homogenates were prepared, and homologous competi-
tion and saturation binding experiments were performed as de-
scribed by Boileau et al. (1998). In brief, for competition binding,
membrane homogenates (100 ug) were incubated at room tempera-
ture for 1 h with sub-K, concentrations of radioligand ([*H]flunitraz-
epam; PerkinElmer Life and Analytical Sciences, Boston, MA) in the
absence or presence of seven different concentrations of unlabeled
ligand in a final volume of 250 ul. Data were fit by nonlinear
regression analysis to a single site competition defined by the equa-
tion y = B,../[1 + (/IC5,)], where y is bound ®H-labeled ligand (in
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disintegrations per minute), B ., is maximal binding, x is the con-
centration of displacing ligand, and IC;, is the concentration of
unlabeled ligand that inhibits 50% of ®H ligand binding (Prism;
GraphPad Software, San Diego, CA). K; values were calculated using
the Cheng-Prusoff/Chou equation (Cheng and Prusoff, 1973; Chou,
1974): Ky = IC4y/[1 + (L/Kp)l, where K; refers to the equilibrium
dissociation constant of the unlabeled ligand, K, refers to the equi-
librium dissociation constant of the radioactive ligand and L refers to
the concentration of radioactive ligand (Prism software).

For saturation binding, membrane homogenates were incubated
at room temperature with seven to nine concentrations of [*H]fluni-
trazepam. Data were fit by nonlinear regression analysis to a single
site using the equation y = B, X x/(Kp, + x), where y is specifically
bound *H ligand (in disintegrations per minute), B,,,, is maximal
binding, and x is concentration of ®*H ligand. In both cases, specific
binding was defined as *H-drug bound in the absence of displacing
ligand minus the amount bound in the presence of displacing ligand.
Unlabeled flunitrazepam was obtained as a gift from Dr. Sepinwall
(Hoffman-La Roche, Nutley, NJ). Unlabeled zolpidem was obtained
from RBI/Sigma (Natick, MA).

Automated Ligand Docking. Our GABAR model was con-
structed using SYBYL 7.1 (Tripos Inc., St. Louis, MO) as described
previously (Mercado and Czajkowski, 2006). In brief, the extracellu-
lar N-terminal domain of the GABAR was built by residue replace-
ment on the crystal structure of the acetylcholine binding protein
(Brejc et al., 2001). The N-terminal domain was then merged with a
model of the transmembrane domains created analogously from the
refined 4-A resolution cryo-electron microscopy of the nicotinic ace-
tylcholine receptor (Unwin, 2005). Atom potentials were assigned
from the Tripos force field, and the entire structure was minimized
by the Powell conjugate gradient method. The resulting structure
was then refined by manual adjustment to correct gross distortions
of side chains and local electrostatic incompatibilities uncovered by
evaluation with the program PROCHECK (Laskowski et al., 1996).

BZD ligands were constructed in SYBYL 7.1 and docked at the
al/y2 interface using Flo+ version of QXP (Quick eXPlore) (McMar-
tin and Bohacek, 1997). The initial placement of the ligand was
determined ad hoc, based on the extensive literature amassed on the
requirements for BZD binding at the « and y subunit interface,
implicating loops A, B, and C on the « subunit and loops D, and E on
the y subunit. The automated docking strategy used a Monte Carlo
search followed by simulated annealing technique, assuming a vac-
uum (no solvent) environment for the ligand-protein interaction.
First, the ligands were docked by 1000 cycles of the default Monte
Carlo search, which included both ligand and residue side chains
within 4 A of the initial ligand coordinates. Poses were scored by
default, according to energy evaluations using the AMBER force
field. The Monte Carlo search yielded 25 low energy receptor-ligand
complexes that deviated from one another by at least 0.4 A root-
mean-square-deviation (RMSD). Output poses were binned into spa-
tial clusters (RMSD less than 2 A), where all members from a given
cluster represented a single common binding mode. Average cluster
energies were then taken from all members residing in the cluster.

To further optimize receptor-ligand interactions, the lowest en-
ergy representative pose from each cluster was treated with simu-
lated annealing molecular dynamics to further optimize interactions
in the receptor-ligand complex. The simulated annealing procedure
consisted of 100 cycles of variable temperature molecular dynamics.
In each cycle, the temperature was scaled from 600 to 50 K over an
interval of 9 ps followed by quenching by the default Polak-Ribiere
conjugate gradients minimization to 0.1 kcal'mol 'A~". The lowest
energy pose among the 100 generated was selected as the final
representative pose. Ligands converged upon the same set of modes
regardless of starting coordinates for docking, suggesting a robust
search procedure that was not strongly influenced by the initial
ligand placement. All images were produced using PyMOL (DeLano
Scientific, LL.C, San Carlos, CA).

Results

Flunitrazepam and Zolpidem Binding to a3y Recep-
tors. Four chimeric y/a constructs, Y161, 167, x185, and
x198, containing varying amounts of y2 subunit N-terminal
sequence (Fig. 1) were expressed with WT « and B subunits
in HEK 293 cells. Binding affinities (K;) for flunitrazepam
and zolpidem were measured by displacement of [*H]fluni-
trazepam binding (Fig. 2). Wild-type a132v2 receptors bound
flunitrazepam and zolpidem with K; values of 8.4 and 56.3
nM, respectively (Table 1). All chimeric receptors retained
WT binding affinity for flunitrazepam (Table 1, Fig. 2A),
indicating that unique y2 subunit residues C-terminal to 161
are not crucial for high-affinity flunitrazepam binding. In
contrast, only a1B2x198 retained WT apparent binding af-
finity for zolpidem (K; = 54.3 nM), while «1B2x161,
alB2x167, and a1B2x185 displayed 8- to 9-fold decreases in
zolpidem affinity (p < 0.01; Table 1, Fig. 2B). Thus, y2
subunit residues from the N terminus to residue 185 are not
sufficient to confer high-affinity zolpidem binding to a1B2y
receptors. Because the addition of y2 residues Serl86 to
Leul98 restored zolpidem affinity in «1B2x198 receptors to
WT values, we hypothesized that a subset of residues within
this region is required for high-affinity zolpidem binding. To
further delineate residues within this region that selectively
contribute to high-affinity zolpidem binding, we constructed
another y/a chimera, x192. «1B2x192 receptors bound zolpi-
dem with high affinity (K; = 16.5 nM, Table 1), indicating

A

2 1,004

5 S alp22 WT
E Aalp2yl67?
o (),751

[+

=

[+

2 0.501

(7]

3

S 0.25

2

5

2 0.004

40 9 8 7 6 8 4 <3
log[flunitrazepam], M

@

1.00+- & alf22 WT
A alp2yle’
O «lp2x185

0.75 SRS

Normalized Specific Binding
=
&

T T T 1

4 7 6 £ 4 3
log[zolpidem], M

a0 9

Fig. 2. y2/al chimeric subunit constructs differentially affect zolpidem
binding in «1B2y receptors. Representative radioligand binding curves
depict the displacement of [*H]flunitrazepam binding by flunitrazepam
(A) and zolpidem (B) in «1p2y2 WT (®), a1B2x167 (1), «1B2y2x185 (),
and a1B2y2x198 (O) receptors, where each point is the mean = S.E.M. of
triplicate measurements. Data were fit by nonlinear regression analysis
as described under Materials and Methods. K; values are reported in
Table 1.
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that residues Ser186 to Asp192, in loop F of the y2 subunit,
are necessary for conferring high-affinity zolpidem binding.

Molecular Docking of Flunitrazepam and Zolpidem.
As depicted in a model of the N-terminal extracellular BZD
binding domain of the GABAR, the y2Ser186-Asp192 region
is part of a lengthy and flexible region of ambiguous second-
ary structure known as Loop F/9 (Fig. 3, A and B). The model
provides insight into the structure of the BZD binding pocket,
where loop F is nestled among various residues that have
previously been implicated in BZD binding (Fig. 3B), high-
lighting the potential importance of loop F in forming part of
the binding pocket. We performed simulated molecular dock-
ing of flunitrazepam and zolpidem within the «/y BZD bind-
ing interface to help illuminate possible residues within loop
F that participate in zolpidem binding and to examine the
compatibility between the predictions made by computa-
tional modeling and those conclusions drawn from experi-
mental observations.

Flunitrazepam docking yielded three different orientations
of the ligand within the binding pocket (Fig. 4, A and B, Table
2). In contrast, zolpidem docking and subsequent energy
minimization converged to a single pose of low energy (—43.5
kd/mol; Fig. 4C). Of the three flunitrazepam poses, the one
with the lowest energy (—34 kd/mol, 32% populated; Table 2)
shown in Fig. 4A most closely predicts the a1 and y2 residues
involved in high-affinity BZD binding, as previously deter-
mined experimentally. The most obvious difference between
the lowest energy (Fig. 4A) and most populated (Fig. 4B)
flunitrazepam poses is in the 77 stacking interactions of the
pendant phenyl group of flunitrazepam, which in the lowest
energy pose is sandwiched between the aromatic rings of
alTyr159 and a1His101, whereas in the most populated pose
it stacks exclusively with a1Tyr209. The variability in fluni-
trazepam orientation may result from a greater conforma-
tional freedom of flunitrazepam relative to zolpidem within
the BZD binding site.

Given the technical and methodological constraints of cur-
rent molecular simulation techniques, it is difficult to fully
recapitulate the true biological environment within which
protein-protein and protein-ligand interactions occur. Never-
theless, to gain insight into the potential interactions be-
tween zolpidem or flunitrazepam and the GABAR in our
docked receptor-ligand complexes, we measured the dis-
tances between residue atoms of the protein and atoms of
each ligand (Fig. 5). We assigned proximity ratings to each
interaction; the higher the proximity rating number, the

TABLE 1
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closer the ligand is to a given subunit residue, ranging from
6 (2.5 A) to 1 (5 A). Functional groups within less than 4 Aof
one another possess potential for forming salt bridges and
hydrogen bonds (Kumar and Nussinov, 1999), whereas func-
tional groups greater than 7 A apart from one another prob-
ably do not participate in meaningful electrostatic interac-
tions (Schreiber and Fersht, 1995). Hydrophobic interactions,
on the other hand, can occur at much longer distances (Is-
raelachvili and Pashley, 1982).

Residues «l1His101, «lTyrl59, «1Thr206, «1His101,
v2Phe77, and y2Thr142, all previously implicated in both
flunitrazepam and zolpidem binding and/or efficacy (Mihic et
al., 1994; Wingrove et al., 1997; Amin et al., 1997; Buhr et al.,
1997a,b; Sigel et al., 1998), are located within 4 A of both
flunitrazepam and zolpidem (Fig. 5, A and B). Thus, these
residues could potentially participate in a myriad of nonco-
valent intermolecular interactions with the ligand, including
van der Waals, salt bridges, and hydrogen bonds. In addition,
our docks predict that «1Thr162, a1Ser204, and «1Glu208
come within 5 A of zolpidem, but not flunitrazepam (Fig. 5A),
and potentially participate in longer range (4-7 A) molecular
interactions with zolpidem. It is noteworthy that «1Thr162
and a1Ser204 have previously been shown to confer binding
selectivity for zolpidem to the al subunit (Renard et al.,
1999). That our simulated molecular docking results are
consistent with past experimental findings lends credence to
the accuracy of our homology model and the prediction that
flunitrazepam and zolpidem are situated differently within
the BZD binding pocket.

Within loop F of the y2 subunit, only Arg194 was found to
come within at least 3 A of flunitrazepam (Fig. 5B). In the
most energetically favorable (lowest energy) pose, Argl94
comes within 2.5 A of flunitrazepam (Figs. 4A and 5B), where
the guanidine group of the arginine is pointing toward the
nitro group of flunitrazepam. However, the nitro group of
flunitrazepam (Fig. 1A) may also participate in hydrogen
bonding with the side-chain functional group of a1Thr206,
which also comes within 2.5 A of the substrate (Fig. 4A). In
the most highly populated binding mode for flunitrazepam
(Fig. 4B), Argl94 is pointing toward the pendant phenyl of
flunitrazepam, coming within 2.5 A of the substrate. None of
the residues in the y2Ser186-Asp192 region are near fluni-
trazepam, falling greater than 5 A away from the substrate
(Figs. 4, A and B, and 5B), which may explain why mutations
in this region do not disrupt high-affinity flunitrazepam
binding.

Binding affinities of flunitrazepam and zolpidem for a182y2s WT and a1B2y receptors

Values shown are the mean + S.E.M. for n number of independent experiments. K is the equilibrium dissociation constant (apparent affinity) of the unlabeled ligand. Ky
values for flunitrazepam were determined by [*H]flunitrazepam saturation and competition binding experiments. K; values for zolpidem were determined by the
displacement of [*H]flunitrazepam. Statistical differences between WT and chimera logK; values were determined using one-way analysis of variance with Dunnett’s post

test.

Flunitrazepam Zolpidem
GABAR

K; n K; n

nM nM
alP2y2s 84 +1.2 35 56.3 = 3.8 7
alB2x161 10.9 = 2.0 4 478 *+ 13%* 4
alB2x167 12.8 £ 2.3 7 486 + 18** 3
alB2x185 14.1 = 22 3 518 = 73%* 3
alB2x192 3.7+ 0.6 3 16.5 = 1.5%* 3
alB2x198 7.8 £10 4 54.3 =18 4

** Significantly different from a1p2y2 WT (P < 0.01).
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Our model of the zolpidem pharmacophore predicts that y2
loop F residue Arg194 comes within 2.5 A of zolpidem (Fig.
5B). What distinguishes the interaction observed between
Argl194 and zolpidem from that of Arg194 and flunitrazepam
is the potential for strong hydrogen bonding exclusively be-
tween the guanidine group of the arginine and the carbonyl
oxygen (Fig. 1B) on zolpidem (Fig. 4C). In addition, y2Thr193
could potentially participate in longer-range molecular inter-
actions with zolpidem, even possibly hydrogen bonding, po-
sitioned within 5 A of the substrate (Figs. 4C and 5B). It is
surprising that the loop F residues y2Ser186 to Aspl92,
which we have shown in experiments to be important in
zolpidem binding, do not seem to participate, given our dock-
ing results, in any direct interactions with zolpidem. How-
ever, there are some notable intrasubunit interactions within
loop F, including potential electrostatic interactions between
R185, Glu189, and Argl194 (Fig. 4C). It is important to note

Fig. 3. Homology model of the extracellular a1/y2 subunit interface of the
GABAR. The «1 subunit is pink, the y2 subunit is purple, and loop F is
highlighted in yellow (A and B). A close-up view of the BZD binding
pocket is illustrated in B, where several residues previously implicated in
benzodiazepine binding are highlighted in teal. Data from this study
suggest that residues within loop F of the y2 subunit, y2Ser186 to
Aspl92, shown in yellow, are involved in conferring high-affinity zolpi-
dem binding to a1p2y2 GABARs.

that a residue can influence ligand binding in multiple ways.
Some residues may directly contact the ligand, some may be
important for maintaining the structural integrity of the
binding site, and others may mediate local conformational
movements near the binding site. Therefore, although resi-
dues y2Ser186 to Asp192 may not directly contact zolpidem,
they are likely to contribute to zolpidem binding by main-
taining the structural integrity of this loop region and stra-
tegically orienting Arg194 within the binding pocket. To test
the importance of residues y2Glul89, y2Thr193, and
v2Argl94 in zolpidem binding, we mutated each to their
aligned al subunit residue. Given our sequence alignment,
these residues show the most dramatic divergence in the
chemical properties of their side chains (Fig. 6A).

The Effects of Point Mutations in Loop F of the y2
Subunit on Zolpidem and Flunitrazepam Binding. Of
the three mutations tested, y2E189R, y2T193E, and
v2R194D, none disrupted high-affinity zolpidem binding
(Fig. 6B). Both a1B2y2T193E and «1B2y2E189R receptors
had affinities for zolpidem comparable with WT (K; = 40 and
85.6 nM, respectively), whereas a1B2y2R194D receptors dis-
played a 3.5-fold increase in affinity for zolpidem (K; = 16.6
nM, p < 0.01; Fig. 6B; Table 3). Therefore, the results suggest
that residues y2Glul189, y2Thr193, and y2Argl94 are not
individually responsible for conferring high-affinity zolpidem
binding. It is noteworthy that y2E189R resulted in a 5.5-fold
increase in flunitrazepam affinity (Table 3). Introducing an
arginine at position y2Glul89 would disrupt the predicted
salt-bridge triad with y2Arg185 and y2Argl194, suggesting
that these electrostatic interactions are not necessary for
high-affinity flunitrazepam or zolpidem binding. Given the
purported structural flexibility of loop F' and the presence of
other charged residues within the region, it is possible that
alternate electrostatic interactions compensate for the intro-
duction of a positive charge at y2Glu189.

To compliment our experimental findings, molecular dock-
ing of zolpidem was carried out on y2E189R and y2R194D
mutant receptors. Although the binding energy and the po-
sition of zolpidem in the binding pocket of the y2E189R
mutant were comparable with wild-type, the amino acid side
chains adopted slightly different orientations within the site,
which may explain why the y2E189R mutation had little
effect on zolpidem binding affinity (Table 2). In the y2R194D
mutant background, the binding energy for zolpidem was
comparable with that of wild-type receptors and the amino
acid side chains maintained positions similar to those in the
WT dock. It is noteworthy that zolpidem adopted a flipped
orientation within the site, with the amide group on zolpidem
coming within 4.5 A of the carboxyl group of the aspartic acid
at position 194. The reorientation of zolpidem within the
binding pocket may account for the inability of the y2R194D
mutation to reduce the apparent affinity of zolpidem (Table
2). When considering our mutagenesis findings in the context
of our docking data, it becomes clear that residues Ser186 to
Asp192 are probably not contact residues, because the dock-
ing results suggest that these residues are not located near
zolpidem, and our mutagenesis results indicate that individ-
ual point mutations fail to disrupt high-affinity zolpidem
binding. Taken collectively, these findings indicate that res-
idues within loop F of the y2 subunit probably work in a
synergistic fashion to maintain the proper configuration of
the BZD binding site.
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Discussion

Multiple methods have been used to identify residues
within loops A to E that are involved in the efficacy and/or
binding of BZD site ligands. In this study, we demonstrate
that y2Ser186 to Aspl92 in loop F is necessary for high-
affinity binding of the imidazopyridine zolpidem. In contrast,
unique y2 subunit loop F residues are not required for high-
affinity flunitrazepam binding, because affinity for flunitraz-
epam is preserved in alB2y167 receptors (Table 1). To our
knowledge, this study is the first to identify residues in loop
F of the y subunit that are important for the action of a
BZD-site ligand.

Determinants of Zolpidem Binding in the GABAR y2 Subunit 43

Molecular docking reveals that zolpidem and flunitraz-
epam probably inhabit overlapping, yet partially distinct,
locations within the BZD binding pocket. The dockings accu-
rately identify residues in loops A to C of the a1 subunit, and
loops D and E of the y2 subunit, that previous experiments
have shown to contribute to the binding of both classic BZDs
and zolpidem. On the al subunit, several aromatic residues
stabilize zolpidem and flunitrazepam in the binding site. For
example, the aromatic ring «1Tyr159 (loop B) stacks with the
pendant phenyl group of both flunitrazepam (lowest energy
pose, Fig. 4A) and zolpidem (Fig. 4C). Removing the aromatic
ring at alTyr159 completely abolishes diazepam-mediated

Fig. 4. Molecular docking of flunitraz-
epam (A and B) and zolpidem (C). A,
the lowest energy orientation of fluni-
trazepam within the binding site, af-
ter Monte Carlo (MC) and simulated
annealing (SA) analysis. B, an alter-
native, most highly populated (based
on the MC) binding mode for fluni-
trazepam after MC and SA (see Mate-
rials and Methods). C, the orientation
of zolpidem after MC and SA. On the
right are zoom-in views of the docked
ligands in A, B, and C. The a1 subunit
is pink, and the y2 subunit is purple.
The substrate is colored such that car-
bon is white, nitrogen is blue, oxygen
is red, and fluorine is light blue. Loop
F residues y2Argl85 to Argl97 are
highlighted in yellow. Residues
within 3 A of the docked ligand are
highlighted in teal. Results from the
molecular docking procedure are sum-
marized in Table 2.
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potentiation of GABA current in «132v2 receptors (Amin et
al., 1997) and we predict, based on our modeling, that this
residue may similarly abolish the actions of zolpidem. In
addition, the aromatic ring of «1His101 (loop C) stacks with
the fused phenyl ring on flunitrazepam (Fig. 4A) and zolpi-
dem (Fig. 4C), potentially forming -7 interactions. In the
most populated flunitrazepam dock (Fig. 4B), the pendant
phenyl of flunitrazepam also participates in -7 stacking
with «1His101, underscoring the importance of an aromatic
residue at this position. Studies have shown that an aromatic
ring at position 209 is crucial for maximal diazepam medi-
ated modulation of GABA current as well as high-affinity
zolpidem, flunitrazepam, and diazepam binding in al1B2y2
GABARs (Amin et al., 1997; Buhr et al., 1997b). In our dock,
a potential hydrogen bond between a1Thr206 (loop C), and
the nitro group (Fig. 1A) of flunitrazepam (lowest energy
pose, Fig. 4A), or the fluorine of the pendant phenyl (most
populated pose, Fig. 4B) is also observed. Previous findings
have shown that the mutation «1T206A significantly dis-
rupts high-affinity binding of classic BZDs, as well as zolpi-
dem (Buhr et al., 1997b; Sigel et al., 1998). It is noteworthy
that our model predicts that «1T206C and the carbonyl oxy-
gen of zolpidem interact via hydrogen bonding, suggesting
that «1T206C may also influence zolpidem affinity (Fig. 4C).

Although there is a significant amount of overlap in resi-
dues forming the recognition site for flunitrazepam and zol-
pidem, our findings suggest that there are differences in
their binding requirements. On the « subunit, «1His101
(loop A), a1Thr162 (loop B), and a1Ser204 (loop C) lie within
the core of the zolpidem binding pocket. Our docking results
reveal that the pendant phenyls of both zolpidem and fluni-
trazepam participate in 77 stacking with the aromatic ring
of a1His101 (loop A) (Fig. 4, A and C). «1His101 has long
been noted as a crucial residue in high-affinity classic BZD
binding. Zolpidem is also sensitive to mutations at this posi-
tion. For example, mutating «1His101 to arginine abolishes
flunitrazepam and zolpidem binding, as well as the in vivo
behavioral effects of zolpidem (Wieland et al., 1992; Crestani
et al., 2000). However, the converse mutation at the aligned
position in the a6 subunit («6R100H), which restores sensi-
tivity of a6B2y2 receptors to classic BZDs, does not restore
high-affinity zolpidem binding (Wieland et al., 1992). In ad-
dition, GABARSs photoincorporated with flunitrazepam have
drastically reduced affinities for classic BZDs, whereas the
binding affinity of zolpidem remains intact (McKernan et al.,
1998). These data suggest that zolpidem may have more
tolerance for substitutions at «1His101 and requires addi-
tional residues in the a1 for high-affinity binding. We predict
that two residues in particular, «1Thr162 and «1Ser204, are

TABLE 2
Zolpidem and flunitrazepam docking energies

selectively involved in zolpidem binding because they reside
within at least 4.5 A of zolpidem but not flunitrazepam (Fig.
5). alSer204 in particular comes within 4 A of zolpidem,
making this residue a candidate for hydrogen bonding with
the substrate. Replacing the corresponding residues in the
zolpidem-insensitive a5 subunit with the aligned residues
from the al subunit (i.e., a5P166T and «5T208S) signifi-
cantly increased zolpidem affinity in «582y2 mutant recep-
tors (Renard et al., 1999), further supporting our predictions.

On the 2 subunit, Phe77 (loop D) is positioned within 4 A
of zolpidem as well as flunitrazepam and is probably involved
in hydrophobic and/or electrostatic interactions with both
ligands (Fig. 4&5). Mutagenesis, radioligand binding, and
studies on y2F771 transgenic knockin mice indicate that
v2Phe77 is critical for the high-affinity binding of classic
BZDs and zolpidem, as well as the in vivo behavioral effects
of zolpidem (Wingrove et al., 1997; Sigel et al., 1998; Cope et
al., 2004; Ogris et al., 2004). In addition, y2R144 (loop E) is
positioned within 4 A of both flunitrazepam and zolpidem
and potentially H-bonds with the carbonyl oxygen of fluni-
trazepam (Fig. 4A). It is noteworthy that y2R144 seems to be
involved in a potential intersubunit salt-bridge with «1E137
and may be important for stabilizing the structure of the
BZD binding site (Fig. 4, A-C). A study by Harrison and
Lummis (2006) suggests that the aligned residue in the
GABA-C receptor pl subunit (p1R170; i.e., GABAR y2R144)
is important for proper receptor function and is probably
involved in intersubunit salt-bridge interactions. Finally,
v2Thr142 (loop E) is positioned within 4.5 A of both fluni-
trazepam and zolpidem (Fig. 5) and has previously been
shown to influence the efficacy of classic BZDs as well as
zolpidem (Mihic et al., 1994).

Our docking and experimental findings indicate that the
binding requirements for zolpidem and flunitrazepam also
differ in the loop F region of the y2 subunit. y2Thr193 and
v2Argl194 are positioned within 5 A of zolpidem (Fig. 5B).
Although y2Argl194 is also located near flunitrazepam, we
speculate that it plays a more critical role in orienting zolpi-
dem, in that the guanidine group of the arginine probably
participates in a hydrogen bond with the carbonyl oxygen
(Fig. 1B) of zolpidem (Fig. 4C). Furthermore, «132y2R194D
receptors bound zolpidem with even higher apparent affinity
than WT, whereas flunitrazepam apparent affinity was un-
altered, supporting the conclusion that this residue may play
a more critical role in dictating zolpidem affinity. It is possi-
ble that a negatively charged aspartate at position 194 pref-
erentially or more favorably interacts with the partial posi-
tive charge of the amide moiety on zolpidem (Fig. 1B),
instead of the carbonyl oxygen, because the smaller side-

Docking simulations were carried out using the Flo + version of QXP (Quick eXPlore), as detailed under Materials and Methods. Docking yielded one orientation of zolpidem
and three orientations of flunitrazepam (1-3). The lowest and population average energies after the MC and after SA procedures are shown (see Materials and Methods).

Values are the mean = S.E.M., where error is reported.

MC SA
Pose (Binding Mode)
Population Energy Avg. Energy Population Energy Avg. Energy
% kJ /mol % kJ I mol

Zolpidem1 100 —43.5 —38.4 = 0.6 100 -60.2 —-56.5 £ 2.1
Flunitrazepam1 32 —-34.1 —-32.0 £ 04 100 -52.8 —45.7 £ 3.2
Flunitrazepam2 60 -33.1 -31.0 £0.2 100 —44.3 -40.4 £ 1.8
Flunitrazepam3 8 —-314 —-31.6 £ 0.1
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a1 subunit residues
[] FNZM: lowest energy dock
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N60  F77  F78 PI27 NI28 TI42 L143 Rl144 TI93 RI19%4

42 subunit residues

Fig. 5. Proximity of BZD binding site residues to flunitrazepam and
zolpidem. The distances between various amino acid side-chains and
flunitrazepam (lowest energy pose in white, and most populated mode in
gray) or zolpidem (black) on the al subunit (A) and the y2 subunit (B)
were measured. The proximity ratings of these residues to the docked
ligands are plotted, where 1 = 5A, 2 = 45A,3 = 4A, 4 = 3.5A, 5 = 34,
and 6 = 2.5A. Distances were measured from the atom on the residue
that is closest to the docked ligand. Note that within loop F of the y2
subunit, two residues come within 5 A of zolpidem (y2Thr193 and
v2Arg194).

chain volume of the aspartate would be able to better accom-
modate the bulkier amide group. Binding studies using a
variety of phenylimidazopyridine derivatives have shown
that shortening the methylene linker or lengthening the car-
bon chain before the amide group (Fig. 1B) of the ligand
results in a significant decrease in apparent affinity (Trapani
et al., 1997). The spacer length between the imidazopyridine
nucleus and the amide group is probably important for cor-
rectly positioning the hydrogen bond accepting site, the car-
bonyl oxygen of zolpidem, within the BZD binding pocket.
Consistent with this hypothesis, when we performed molec-
ular docking of zolpidem in the a182y2R194D receptor back-
ground, zolpidem assumed a different orientation within the
binding pocket such that the amide group of zolpidem moved
within 4.5 A of the carboxyl side chain of the aspartate at
position 194.

TABLE 3
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Fig. 6. Point mutations in loop F of the y2 subunit do not disrupt
high-affinity zolpidem binding. In A, sequence alignments of the loop F
region of WT «al and y2 subunits and the chimeric y192 subunit are
shown. y2 sequence is depicted in black, and a1 sequence is depicted in
gray; each star represents a residue in «al that does not have a corre-
sponding residue in y2. Residues in loop F of the y2 subunit implicated in
zolpidem binding by molecular docking (circled) were mutated to their
corresponding a1l residues. Of these residues, one (y2Glu189) is contained
within the region defined by our study (y2186-192) as being selectively
involved in zolpidem binding. B, representative radioligand binding ex-
periments depict displacement of [*H]flunitrazepam binding by zolpidem
in «lB2y2 WT (®) and «lB2y2E189R (), «lB2y2T193E (O), and
«1B2y2R194D (A) mutant receptors, where each point is the mean =+
S.E.M. of triplicate measurements. Data were fit by nonlinear regression
analysis as described under Materials and Methods. K; values for zolpi-
dem and flunitrazepam are summarized in Table 3.

We demonstrate experimentally that y2Ser186 to Asp192 is
important for high-affinity zolpidem binding. Based on molec-
ular docking, these residues do not come within 5 Aof zolpidem
(Fig. 5), suggesting that residues Ser186 to Asp192 contribute
to zolpidem binding not by forming direct contacts with the
ligand but by maintaining the secondary structure of the bind-
ing site. It is important to note, however, that the positioning of
loop F is open to interpretation; the crystal structure of acetyl-
choline binding protein, upon which our model is based, is
poorly resolved within loop F (Brejc et al., 2001). Furthermore,
loop F protein sequence is poorly conserved among GABAR
subunit isoforms and other ligand-gated ion channels, making

Binding affinities of flunitrazepam and zolpidem for a1B2y2s WT and «1p32y2s mutant receptors

Values shown are the mean + S.E.M. for n number of independent experiments. K is the equilibrium dissociation constant (apparent affinity) of the unlabeled ligand. Ky
values were determined by the displacement of [*H]flunitrazepam. Statistical differences between WT and chimera logK; values were determined using one-way ANOVA with

Dunnett’s post test.

Flunitrazepam Zolpidem
GABAR

K; n K n

nM nM
alp2y2s 84 +1.2 35 56.3 = 3.8 7
alpB2y2E189R 1.5 = 0.6%* 3 61.8 = 16 3
alB2y2T193E 6.4+ 20 3 40.0 £ 6.5 4
alpB2y2R194D 3.9+1.0 3 16.6 + 4.2°%* 4

** Significantly different from «182y2 WT (P < 0.01)
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sequence alignment difficult. It is possible that y2Ser186 to
Asp192 plays a role in zolpidem binding by a complex series of
interactions, perhaps serving to properly position y2Arg194 in
the binding pocket. Loop F is likely to be a highly mobile and
adaptable structure, thus garnering the ability to compensate
for conservative alterations in sequence identity. Our finding
that point mutations in the y2 loop F region do not disrupt
high-affinity zolpidem binding supports our hypothesis, sug-
gesting that multiple loop F residues act together to preserve
the structure of the BZD site and stabilize zolpidem within the
binding pocket.

Our finding that Loop F of the y2 subunit is involved in BZD
binding compliments previous reports that residues in the ho-
mologous regions of the GABA binding site interface, as well as
the related nicotinic acetylcholine and 5-HT; receptors, partic-
ipate in orthosteric agonist binding (Lyford et al., 2003; Newell
and Czajkowksi, 2003; Thompson et al., 2006). Studies using
molecular dynamics simulation, hydrophobic photolabeling,
and the substituted cysteine accessibility method have shown
that loop F of the acetylcholine binding protein, as well as the
nicotinic acetylcholine GABA-A and 5-HTj receptors, undergoes
conformational changes during channel activation and/or ago-
nist binding (Leite et al., 2003; Lyford et al., 2003; Newell and
Czajkowski, 2003; Gao et al., 2005; Thompson et al., 2006).
Given these findings, it is reasonable to hypothesize that loop F
of the y subunit undergoes structural rearrangements upon
binding of BZDs. It is possible that loop F is important for
regulating not only BZD binding but also BZD efficacy. These
are intriguing possibilities that need to be explored in future
experimental endeavors.
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