
The Benzodiazepine Binding Pocket of Recombinant a1b2g2
g-Aminobutyric AcidA Receptors: Relative Orientation of
Ligands and Amino Acid Side Chains

ERWIN SIGEL, MARTIN T. SCHAERER, ANDREAS BUHR, and ROLAND BAUR

Department of Pharmacology, University of Bern, CH-3010 Bern, Switzerland.

Received May 4, 1998; Accepted September 3, 1998 This paper is available online at http://www.molpharm.org

ABSTRACT
Wild-type a1b2g2 g-aminobutyric acid (GABA)A receptors and
receptors containing a point-mutated subunit g2F77Y were
expressed by transient transfection in human embryonic kidney
293 cells. Mutant receptors bound the benzodiazepine binding
site ligand [3H]flumazenil with similar, subnanomolar affinity as
wild-type receptor. Displacement studies with diazepam
showed that the affinity for this compound was reduced 250-
fold on mutation, indicating that the tyrosine hydroxyl group
interferes with diazepam binding. This differential behavior then
was used to find the chemical entity presumably interacting

with the phenyalanine residue in position 77 of the g2 subunit of
wild-type receptors. Thirty-four substances were analyzed in
this respect. Our results suggest that the phenyl substituent of
diazepam is located close to gF77. Similarly, we investigated
the possible location of a1T206 and g2M130. Electrophysio-
logical data obtained with the wild-type receptor furthermore
suggest a simple overlap between positive allosteric modula-
tors acting at the benzodiazepine binding site with its antago-
nists.

The GABAA receptor is the most important ion channel
conferring fast synaptic inhibition in the mammalian ner-
vous system. Initially, two subunits of the receptor have been
purified (Sigel et al., 1983), and its coding DNAs have been
cloned (Schofield et al., 1987). Eighteen subunits from mam-
malian tissue have been cloned: 6a, 3b, 3g, 1d, 1e, 3r, and 1p
(for reviews, see Macdonald and Olsen, 1994; Rabow et al.,
1995). The major adult isoform is most likely a1b2g2
(McKernan and Whiting, 1996). The receptor channel is mod-
ulated by numerous drugs (Sieghart, 1995). Among these,
some compounds act at the binding site for benzodiazepines.
They act as anxiolytics, sedatives, muscle relaxants, and
anticonvulsives and exert a positive allosteric effect on the
channel. An antagonist acting at this site also is in clinical
use (Hunkeler et al., 1981), whereas negative allosteric mod-
ulators such as DMCM are investigational tools.

Amino acid residues H101, Y159, G200, T206, and Y209 on
the a1 subunit and F77 and M130 on the g2 subunit have
been identified as putative parts forming the binding pocket
for the ligands of the benzodiazepine binding site (Pritchett et
al., 1991; Wieland et al., 1992; Buhr et al., 1996, 1997a,
1997b; Amin et al., 1997; Buhr and Sigel, 1997; Wingrove et
al., 1997; Schaerer et al., 1998). They are highly homologous

to amino acids F64 and I120 on the a1 subunit and Y157,
T160, T202, and Y205 on the b2 subunit that take part in the
formation of the binding site for the channel agonist GABA
(Sigel et al., 1992; Amin and Weiss, 1993; Smith and Olsen,
1994; Westh-Hansen et al., 1997). Thus, the channel agonist
and allosteric modulators of the channel seem to bind to
pseudosymmetrical structures (Galzi and Changeux, 1994;
Sigel and Buhr, 1997).

Many attempts (Borea et al., 1987; Villar et al., 1989;
Schove et al., 1994; Zhang et al., 1995) have been made to
characterize spatial properties of the benzodiazepine binding
pocket. These studies used either in vivo effects or chloride
flux experiments in combination with radioligand binding
studies on brain membranes of a large number of structurally
related compounds. Derived models for the binding pocket
are complex and suggest distinct but partially overlapping
binding sites for ligands differing in their allosteric effect.
Considering the variety of GABAA/benzodiazepine receptors
present in brain, it is not surprising that a model that satis-
factorily explains all observations is still missing.

It obviously is important to map all the amino acid residues
participating in the formation of the benzodiazepine pocket
relative to the ligands of this site. Currently, we limit our-
selves to a206, g77, and g130, which are available in our
laboratory, show a high level of expression in HEK 293 cells,
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and display high affinity to a commercially available radio-
ligand. We investigated binding affinities of a variety of
ligands of this binding site in the receptor of the defined
recombinant subunit composition a1b2g2 and point mutants
of the three corresponding residues. Based on our observa-
tions, we also propose a model of the interaction of positive
allosteric modulators and antagonists with the receptor.

Materials and Methods
Substances. [3H]Flumazenil (87 Ci/mmol) was from DuPont-New

England Nuclear (Boston, MA). All nonradioactive ligands of the
benzodiazepine binding site were obtained as a kind gift of Hoff-
mann-La Roche (Basel, Switzerland).

Construction of receptor subunits. The cDNAs coding for the
a1, b2, and g2S subunits of the rat GABAA receptor channel have
been described elsewhere (Lolait et al., 1989; Malherbe et al., 1990a,
1990b). The mutant gF77Y has a phenylalanine-to-tyrosine substi-
tution at position 77 of the mature peptide and has been described
previously (Buhr et al., 1996, 1997a). The same is true for gM130L,
which contains a methionine-to-leucine substitution (Buhr and Sigel,
1997). aT206V was prepared using the QuikChange mutagenesis kit
(Stratagene, La Jolla, CA). In vitro synthesized sequences have been
verified by DNA sequencing.

For cell transfection, the cDNAs were subcloned into the
polylinker of pBC/CMV. This expression vector allows high level
expression of a foreign gene under control of the cytomegalovirus
promoter. With standard techniques, the a subunit was cloned into
the EcoRI site of the polylinker, and the b and g subunits were
subcloned into the SmaI site.

Transfection of recombinant GABAA receptor in cultured
cells. The cells were maintained in minimal essential medium
(GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal calf
serum, 2 mM glutamine, 50 units/ml penicillin, and 50 mg/ml strep-
tomycin by standard cell culture techniques. Equal amounts (total of
20 mg of DNA/90-mm dish) of GABA receptor subunits were trans-
fected into HEK 293 cells (CRL 1573; American Type Culture Col-
lection, Rockville, MD) according to the calcium phosphate precipi-
tation method (Chen and Okayama, 1987). After overnight
incubation, the cells were washed twice with serum-free medium and
refed with complete medium.

Membrane preparation. Approximately 60 hr after transfec-
tion, the cells were harvested by washing with ice-cold phosphate-
buffered saline (130 mM NaCl, 16 mM di-sodium hydrogen phos-
phate, and 4 mM potassium dihydrogen phosphate) and centrifuged
at 150 3 g. Cells were washed with buffer containing 10 mM potas-
sium phosphate, 100 mM KCl, and 0.1 mM K-EDTA, pH 7.4. Cells
were homogenized by sonication in the presence of 10 mM phenyl-
methylsulfonyl fluoride and 1 mM EDTA. Membranes were collected
through three centrifugation/resuspension cycles (100,000 3 g for 20
min) and then used for ligand binding or stored at 220°.

Binding assays. Resuspended membranes (0.5 ml) obtained
from cells transfected with wild-type receptor, a1b2g2F77Y,
a1T206Vb2g2, or a1b2g2M130L were incubated for 90 min on ice in
the presence of [3H]flumazenil (87 Ci/mmol, DuPont-New England
Nuclear) and varying concentrations of competing ligands. Mem-
branes (20–50 mg of protein/filter) were collected by rapid filtration
on GF/C filters presoaked in 0.3% polyethylenimine. After three
washing steps with 4 ml of buffer, the filter-retained radioactivity
was determined by liquid scintillation counting. Total binding was
measured at 2 nM [3H]flumazenil, nonspecific binding under the
same condition but in the presence of 10 mM unlabeled flumazenil.
Displacement curves containing numerous points for wild-type and
three mutant receptors clearly would have exceeded capacity. There-
fore, a simplified procedure was chosen. The affinity of a substance
first was approximately estimated in a binding experiment using 1
nM and 1 mM of the displacing ligand. Displacement then was deter-

mined in at least in two independent experiments at two or three
concentrations of 0.1 nM, 1 nM, 100 nM, or 10 mM depending on the
initial estimates. From these data, the Ki value was calculated in
each case according to the Cheng-Prusoff equation (1973). Two de-
terminations for a Ki value do not allow application of statistical
procedures; therefore, the error was estimated by the following pro-
cedure. The maximal deviation observed in a total of .200 individual
Ki determinations from the corresponding mean value amounted to
28%. In most cases, the individual determination deviated far less.
Using error propagation, it can be estimated that under the current
conditions, the ratio Ki (mutant)/Ki (wild-type) deviates in the worst
case by 1.56-fold from the true value and that the ratio is in most
cases more accurate. We therefore take any value for the ratio, either
.1.6 or ,0.62, as a significant change in affinity on mutation.
Protein concentration was determined with the BioRad (Hercules,
CA) protein assay kit with bovine serum albumin as standard.

Expression and functional characterization. Xenopus laevis
oocytes were prepared, injected, and defolliculated and currents
were recorded as described previously (Sigel, 1987; Sigel et al., 1990).
Briefly, oocytes were injected with 50 nl of cRNA dissolved in 5 mM

K-HEPES, pH 6.8. This solution contained the transcripts coding for
the different subunits at a concentration of 10 nM for a1, 10 nM for
b2, and 100 nM for g2. Transcripts were quantified on agarose gels
after staining with Radiant Red RNA Stain (BioRad) by comparing
staining intensities with varying amounts of molecular weight mark-
ers (RNA-Ladder, GIBCO BRL). Electrophysiological experiments
were performed by the two-electrode voltage-clamp method at a
holding potential of 280 mV. The medium contained 90 mM NaCl, 1
mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM Na-HEPES, pH 7.4.
Allosteric modulation via the benzodiazepine site was measured at a
GABA concentration eliciting 3–5% of the maximal GABA current
amplitude by the application of GABA alone and the coapplication of
GABA with the modulatory compound, usually at a fixed concentra-
tion of 100-fold Ki. Allosteric modulation is expressed as the relative
current amplitude and was calculated as the modulated current
amplitude, divided by the control current amplitude, and the result
was multiplied by 100%. GABA was applied for 20 sec, and a wash-
out period of 4 min was allowed to ensure full recovery from desen-
sitization. Positive or negative modulation of GABA currents was
expressed as a percentage of the respective control current ampli-
tudes determined in the absence of modulator. To avoid contamina-
tion, the perfusion system was cleaned between drug applications by
washing with dimethylsulfoxide.

Results
Wild-type a1b2g2 GABAA receptors and the following point

mutants a1b2g2F77Y, a1T206Vb2g2, and a1b2g2M130L con-
taining GABAA receptors were expressed separately by tran-
sient transfection in HEK 293 cells. Cell membranes were har-
vested and investigated for [3H]flumazenil binding. All four
subunit combinations bound this ligand with an affinity in the
subnanomolar range (Table 1). The ability to displace
[3H]flumazenil binding was determined for 34 substances of
different structures (Fig. 1) at wild-type and a1b2g2F77Y re-
ceptors, for 15 substances at a1T206Vb2g2 receptors, and for 18
substances at a1b2g2M130L receptors (Table 1).

Affinity to the wild-type receptor. Halides in the ortho
position of the phenyl substituent [compounds 2 (flunitraz-
epam), 5, 6, and 9-11; Fig. 1] increased the affinity to the
receptor (Table 1). Interestingly, partial saturation of the
phenyl substituent (4) of class I compounds (Fig. 2) decreased
binding affinity but did not abolish binding. Comparisons of
compounds 9 (midazolam) with 10 and 12 with 11 show that
a methyl substituent at the imidazo ring obviously is toler-
ated in class II compounds. This tolerance is lost when the
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ligand has class III structure [14 (flumazenil) and 15]. Para
substitution of the phenyl substituent in class I compounds
(7) as removal of the CO2C2H5 substituent in class III com-
pounds [14 (flumazenil), 16] compromises affinity. The imi-
dazo ring present in class II compounds had no effect on the
affinity. Comparisons of 9 (midazolam) with 11 and 10 with
12 show that a CO2C2H5 substituent at the imidazo ring only
slightly decreases wild-type affinity.

Effect of the mutations on the structure of the recep-
tor. When point mutations are introduced in such a complex
protein, its overall structure may be affected. For three rea-
sons, we think we can exclude this. First, functional expres-
sion of the channel in the X. laevis oocyte was unaffected by
the mutations (Buhr et al., 1997a, 1997b; Buhr and Sigel,
1997). This indicates that subunit recognition, assembly, and
transport of the assembled receptor to the surface membrane
are unaffected. Second, the apparent affinities of the ex-
pressed channels for gating by the agonist GABA were not
affected significantly in the two cases investigated: g2F77Y
(Buhr et al., 1997a) and g2M130L (Buhr and Sigel, 1997). In
the case of the a1T206V mutation, no functional data are
available, but the more drastic mutation a1T206A resulted
in channels with only a small reduction in apparent GABA
affinity (Buhr et al., 1997b). The fact that the apparent af-
finity for GABA is little if at all affected by the mutations is

surprising in view of the allosteric coupling between this site
and the binding site for benzodiazepines. Third, all of the
tested mutations resulted in an increase in the binding af-
finity for some of the tested ligands. This increase was most
pronounced for a1T206V, where a 41- and 38-fold increase
was observed for compounds 34 (DMCM) and 33 (Cl 218872),
respectively (Schaerer et al., 1998). An 8-fold increase was
observed in the affinity of 33 (Cl 218872) for the g2M130L
mutation and a ;5-fold increase was observed for various
ligands for the g2F77Y mutation (Table 1). This gain of
function contradicts a generalized disruption. Based on the
above considerations, we think it likely that changes in struc-
ture introduced by the mutations affect only the binding
pocket for ligands of the benzodiazepine binding site and that
an analysis based on binding affinities of multiple ligands
(Table 1) to wild-type and mutant receptors is justified.

The g2F77Y mutation strongly affected binding affinities
up to 700-fold (Table 1), whereas the a1T206V and g2M130L
mutations had smaller maximal effects of ;40- and ;45-fold,
respectively. This amounts to a maximal changes in standard
free energy of binding of 3.9, 2.2, and 2.2 kcal/mol, caused by
the three mutations, respectively.

Effect of the g2F77Y mutation. Table 1 shows the Ki

value for each compound tested that was estimated from the
displacement experiments. Compounds 1-6 and 9-12, all

TABLE 1
Ki values at a1b2g2 receptors
The displacement studies of [3H]Ro 15-1788 were carried out as described in Materials and Methods.

No. Substance
Ki

Wild-type g277-mut. ratio a1206-mut. ratio g2130-mut. ratio

nM nM nM nM

1 Diazepama,b 12 3000 250 89 7.4 30 2.5
2 Flunitrazepama 3 500 167 36 12 8.0 2.7
3 Ro 05-4865 40 600 15
4 Ro 06-6657 93 8,400 90
5 Ro 05-3448 0.4 210 530 0.9 2.0
6 Ro 07-5220 2.0 1,400 700 8.2 4.1
7 Ro 05-4864 .4,000 .4,000 .4,000
8 Ro 05-4654 .3,000 .3,000
9 Midazolama 1.7 150 88 3.4 2.0 3.4 2.0

10 Ro 21-5259 5.5 300 55 11 2.0 13 2.4
11 Ro 21-6476 6.6 420 64 6.6 1.0 19 2.9
12 Ro 15-8670 34 190 6 2.1 0.06 22 0.65
13 Ro 23-8125 27 36 1.3 5.7 0.21 15 0.56
14 Flumazenila 0.61 0.97 1.6 0.14 0.23 0.50 0.82
15 Ro 19-1943 310 370 1.2
16 Ro 15-6750 1,100 1,700 1.5
17 Ro 15-2486 .10,000 .10,000
18 Ro 40-8547 16 18 1.1
19 Ro 41-7889 3.4 5.3 1.6
20 Ro 42-2320 12 13 1.1
21 Ro 40-6129 0.62 0.50 0.8 0.25 0.40 0.27 0.44
22 Ro 41-0639 0.11 0.15 1.0 0.10 0.91 0.09 0.82
23 Ro 41-3380 1.5 1.6 1.1 0.27 0.18 1.0 0.67
24 Ro 41-2985 0.6 0.7 1.2
25 Ro 15-3505 0.19 0.15 0.8
26 Ro 19-0528 0.70 0.72 0.9 0.21 0.30 0.22 0.31
27 Ro 16-0858 0.19 0.15 0.8
28 Ro 19-1880 2.4 1.9 0.8
29 Ro 16-0154 0.16 0.03 0.2
30 Ro 41-8157 7.7 17 2.2
31 Bretazenil 0.19 0.14 0.7
32 Zolpidema,b 17 5 0.3 151 8.9 770 45
33 Cl 218872a,b 45 7 0.2 1.2 0.03 5.3 0.12
34 DMCM 6.9 90 13 0.2 0.03 1.1 0.16

a Values for the g77 mutant described in Buhr et al. (1997).
b Values for the g130 mutant described in Buhr and Sigel (1997).
Ratio: Ki (mutant)/Ki (wild-type).
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Fig. 1. Chemical structures of the compounds used.
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structures displaying a phenyl residue (Fig. 2, classes I and
II), lost affinity to the benzodiazepine binding site on muta-
tion of the wild-type g77 phenylalanine to tyrosine. All com-
pounds of class III structure (14-16 and 18-31; Fig. 2) (i.e.,
lacking the phenyl substituent characteristic for class I and
II structures) displayed high affinity to the tyrosine mutant
of g77. Despite the fact that compound 12 has a phenyl
substituent as diazepam, there is a smaller loss of affinity on
mutation than in all other investigated ligands, but this loss
is still significant at 6-fold (Table 1). This compound might
retain a reasonable affinity to the mutated receptors due to
its imidazol/ethyl ester moiety, even though it may have lost
some affinity due to disruption of the phenyl moiety/protein
interaction.

Comparisons of compounds 9 (midazolam) with 10 and 12
with 11 show that a methyl substituent at the imidazo ring
obviously is tolerated by both wild-type and mutant receptors
in class II compounds. This tolerance is lost in both when the
ligand has class III structure [14 (flumazenil) and 15]. The
negative allosteric modulator 34 (DMCM; Fig. 1), which has
an entirely different structure, lost considerable affinity on
mutation (Table 1). The positive allosteric modulators 32
(zolpidem) and 33 (Cl 218872; Fig. 1), again with a different
structure, showed a 3–5-fold increase in affinity on the mu-
tation (Table 1).

Effect of the a1T206V mutation. This mutation results
remarkably in all tested cases in a significantly increased
affinity for compounds of class III structure as well as for 34
(DMCM; Fig. 1) and 33 (Cl 218872; Fig. 1, Table 1; Schaerer
et al., 1998). The compounds of class II structure show either
a small decrease [9 (midazolam), 10], no change (11), or an
increase in affinity. The compounds of class I structure tested
here show a decrease in affinity on mutation. Compound 32
(zolpidem, Fig. 1) also loses affinity (Table 2).

Effect of the g2M130L mutation. This mutation had
quantitatively much smaller but qualitatively similar effects
as g2F77Y. Compounds 34 (DMCM) and 33 (Cl 218872)

showed a 6–8-fold increase and compound 32 (zolpidem)
showed a very large 45-fold decrease in affinity.

Allosteric action of some selected compounds. We
studied allosteric effects on recombinant a1b2g2 GABAA re-
ceptors functionally expressed in X. laevis oocytes. Some
interesting compounds were selected for analysis due to the
large amount of work involved. X. laevis oocytes were pre-
ferred to HEK 293 cells for this purpose for the same reasons.
Different expression systems have been shown to result in
the assembly of identical receptors as exemplified for
poly(A)1 RNA injected in X. laevis oocytes (Kellenberger et
al., 1996) compared with Semliki Forest virus-mediated ex-
pression in baby hamster kidney cells (Gorrie et al., 1997).

Allosteric effects (Table 2) were determined as described in
Materials and Methods. Compounds 9 (midazolam), 10, and
14 (flumazenil) were tested in the same experiments. The
relative currents were 376 6 96% (five determinations),
240 6 66% (five determinations; different from the current
stimulation by midazolam; a , 0.05, Wilcoxon-Mann-Whit-
ney U test), and 105 6 4% (five experiments), respectively.
Compound 15 has a relatively low affinity and therefore was
tested at 0.1, 1, and 10 mM. In all cases, only a very small
effect on the current amplitude was found, and relative cur-
rents amounted to 97 6 3% (five determinations), 95 6 3%

Fig. 2. Classification of the compounds used and a model ligand for the
benzodiazepine binding site (IV).

TABLE 2
Classification of the investigated compounds and their allosteric
modulation of recombinant a1b2g2 receptors
Compounds were classified according to their effect on control currents induced by
GABA (100%). Relative current amplitudes amounted to 175–400% for positive
allosteric modulators, 106–115% for very weak positive allosteric modulators, 94–
106% for antagonists, and ,94% for negative allosteric modulators.

No. Substance Class AM

1 Diazepam I 1
2 Flunitrazepam I 1
3 Ro 05-4865 I ND
4 Ro 06-6657 I ND
5 Ro 05-3448 I ND
6 Ro 07-5220 I ND
7 Ro 05-4864 I ND
8 Ro 05-4654 ND
9 Midazolam II 1

10 Ro 21-5259 II 1
11 Ro 21-6476 II 1
12 Ro 15-8670 II 1
13 Ro 23-8125 II 6 (1)
14 Flumazenil III 6
15 Ro 19-1943 III 6
16 Ro 15-6750 III ND
17 Ro 15-2486 III ND
18 Ro 40-8547 III ND
19 Ro 41-7889 III ND
20 Ro 42-2320 III ND
21 Ro 40-6129 III 6
22 Ro 41-0639 III 6 (1)
23 Ro 41-3380 III 1
24 Ro 41-2985 III ND
25 Ro 15-3505 III ND
26 Ro 19-0528 III ND
27 Ro 16-0858 III ND
28 Ro 19-1880 III ND
29 Ro 16-0154 III ND
30 Ro 41-8157 III ND
31 Bretazenil III ND
32 Zolpidem 1
33 Cl 218872 ND
34 DMCM 2

AM, allosteric modulation; 1, positive allosteric modulator; 6 (1), very weak
positive allosteric modulator; 6, antagonist; 6 (2), very weak negative allosteric
modulator; 2, negative allosteric modulator.

ND, not determined.
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(five determinations), and 95 6 3% (five determinations),
respectively. In addition, the relative current induced by
subsaturating concentrations of 1 (diazepam; 50 nM), which
amounted to 182 6 43% (six determinations), was reduced to
108 6 8% (six determinations) on coapplication of 10 mM

compound 15. These properties indicate that this compound
acts at the benzodiazepine binding site as an antagonist.
Compounds 11 and 12 increased relative currents to 324 6
90% (three determinations) and 179 6 43% (four determina-
tions). These values were obtained in two different batches of
oocytes, and we consider the relative current amplitudes as
not necessarily different. Thus, despite the ethyl ester sub-
stituent at the imidazo group, these compounds allosterically
stimulated the GABA response strongly, whereas compound
13, lacking the phenyl substituent, acted nearly as an antag-
onist with a relative current amplitude of 112 6 6% (three
determinations).

Structurally similar compounds have divergent allo-
steric effects. In discussions, we were alerted to the fact
that structurally very similar compounds acting at the bind-
ing site for benzodiazepines can have highly variable biolog-
ical actions when tested in whole animals in vivo (Hunkeler,
1993; data on file at Hoffmann-La Roche, Basel). The three
compounds 21-23, which share a very similar structure, all
bind with high affinity (0.11–1.5 nM) to the benzodiazepine
binding site. The action of these on the currents induced by
GABA was characterized by electrophysiological techniques
at a membrane potential of 280 mV. Concentration-response
curves (Fig. 3) in the range of 1 nM to 1 mM showed that
compound 23 acted as a positive allosteric modulator, com-
pound 22 acted as a very weak positive allosteric modulator,
and compound 21 acted as an antagonist. The weak, but
significant, effects place compound 22 very close to antago-
nists. Maximal stimulation by compound 23 reached similar
values as those by diazepam in the same experiment (not
shown). The current stimulation by compound 23 was pre-

vented by the simultaneous application of either compound
14 (flumazenil) or compound 21 (Fig. 4). Compounds 21 and
22 (not shown) both counteracted the enhancement of the
currents by diazepam. Results obtained for compound 21 are
shown in Fig. 5. Three ligands with a very similar structure
thus have differing allosteric actions. Because they all com-
pete with flumazenil binding, their site of action overlaps
with the binding site for compound 14 (flumazenil). Based on
the structural similarity of these three drug molecules with
differing allosteric properties and on their similarity with
compound 14 (flumazenil), it is tempting to perfectly super-
impose these four molecules onto each other.

Discussion
The affinities of 34 ligands or potential ligands of the

benzodiazepine binding site for the recombinant wild-type
a1b2g2 GABAA receptor were determined and compared
with that for the a1b2g2 GABAA receptor carrying the point
mutation in the g subunit F77Y. Thus, the consequences of a
minimal chemical change, namely, the addition of a hydroxyl
group to an aromatic ring, were studied. Furthermore, the
affinities of 15–18 ligands were determined for receptors
carrying the point mutations a1T206V and g2M130L. Thus,
after previous work on the variation of the amino acid in
these positions, we systematically varied the nature of the
ligand. The facts that all three mutations lead to an increase
in affinity, at least for some ligands, and that the apparent
affinities for the channel agonist GABA for gating of the
channel remain unaltered may be taken as indications that
the overall structure of the receptor remains unperturbed
and that the mutations only lead to local changes in struc-
ture.

During our work, we made some observations on wild-type
receptors pertinent to the shape of the binding pocket for
ligands of the benzodiazepine binding site. These observa-

Fig. 4. Compound 23 acts as a positive allosteric modulator at the ben-
zodiazepine site. X. laevis oocytes expressing a1b2g2 were voltage-
clamped at 280 mV. Control currents elicited by 5 mM GABA were
stimulated by the coapplication of 100 nM compound 23. In independent
experiments, 100 nM compound 23 was coapplied with 1 mM 14 (fluma-
zenil) or with 21, respectively. Values are mean and standard deviation of
five experiments carried out in two different batches of oocytes. If the
coapplication of flumazenil followed the application of 100 nM compound
23 in the same oocyte, inhibition of the stimulation amounted to only
;50%, possibly due to a slow dissociation of 23 from the receptor.

Fig. 3. Concentration-response curves for compounds 21-23. X. laevis
oocytes expressing a1b2g2 were voltage-clamped at 280 mV. Control
currents elicited by 5 mM GABA were stimulated by the simultaneous
application of various concentrations of compounds 23 (F), 22 (V), and 21
(f). Compound 23 strongly stimulates control currents elicited by GABA,
whereas 22 weakly stimulates and 21 only very weakly inhibits them.
Mean and standard deviation values of five concentration-response
curves carried out on oocytes from two different batches are shown for
each substance.
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tions are discussed before the mutation work. We assume but
do not prove here that alteration in binding affinity reflects
an alteration of ligand/receptor interaction that is due to a
direct change of the binding pocket and not to allosteric
transmission. We discuss our data in the framework of Fig. 2,
IV, to facilitate naming of areas around the ligand. High
affinity may be mediated by the phenyl substituent in posi-
tion 5 or by a substituent in position 14 of at least three
atoms in length. One of the two is disposable, but both may
be present in the same molecule.

Three structurally very similar compounds have a
different allosteric action. The actions of the three struc-
turally similar compounds on a recombinant GABA receptor
were tested. From the experiments, it was concluded that
compound 23 acts as a strong positive allosteric modulator,
compound 22 acts as a very weak positive allosteric modula-
tor, and compound 21 acts as an antagonist at the benzodi-
azepine site. The structures of these three compounds are
intriguingly similar: only the substituent distal to the triple
bond attached to the imidazo ring varies from a hydrogen
atom for the antagonist to a methyl group for the weak
positive allosteric modulator and to a tertiary butyl group for
the positive allosteric modulator. Thus, it seems that in these
compounds, a bulky substituent favors positive allosteric
modulation.

The binding pocket for ligands of the benzodiaz-
epine binding site. So far, overlapping, but spatially differ-
ent, arrangements of positive allosteric modulators and an-
tagonists of this binding site have been envisaged by most
authors. However, in the light of these results (Figs. 3–5), it
is tempting to suggest a simple superposition of these li-
gands. Classic benzodiazepines and midazolam may be quite
precisely superimposed due to their structural similarity.
The same argument holds true for the superposition of com-
pound 9 (midazolam) with compound 14 (flumazenil). As a
consequence of this superposition of ligands, their interaction
with the receptor protein must be similar, at least in the
structurally identical parts.

The receptor must exist in three conformations: (A), (I),
and (R). (A) is the conformation displaying a preferential
affinity for positive allosteric modulators. It is stabilized by
this interaction and has an increased affinity for the channel
agonist GABA. (I) is the conformation displaying a higher
affinity for negative allosteric modulators. It is stabilized by
the interaction with these compounds and has an decreased
affinity for the channel agonist GABA. (R) is the conforma-
tion displaying a preferential affinity for antagonists. It is
stabilized by this type of interaction. The affinity of (R) for
GABA is the same as for unliganded receptor. The shape of
the pocket for ligands of the benzodiazepine site also must be
affected by the different conformations of the protein.

Differential tolerance for an additional methyl
group. We have evidence for the fact that the environment of
the binding pockets belonging to different allosteric states of
the receptor is not identical, at least for positive allosteric
modulators and antagonists. This is illustrated by the fact
that the tolerance to an additional methyl group at the imi-
dazo ring is very different for positive allosteric modulators
and antagonists. A methyl group may be attached to com-
pound 10 to give compound 9 (midazolam) with a 3-fold
increase in the binding affinity, whereas there is a 500-fold
loss in this parameter on the addition of a methyl group in

the same position to convert compound 14 (flumazenil) into
compound 15 (Table 1). Both compounds 10 and 9 (midazo-
lam) are positive allosteric modulators of recombinant
a1b2g2 GABAA receptors, but compounds 14 (flumazenil)
and 15 are antagonists. We interpret these findings with
different conformations of the receptor either accepting or
excluding an additional methyl group. Steric hindrance may
be the cause of the exclusion [i.e., in the resting receptor
conformation (R) stabilized by antagonists, the correspond-
ing space may be occupied by the protein], whereas in the
receptor conformation stabilized by positive allosteric modu-
lators (A), the corresponding space is available.

Localization of g2F77 relative to ligands. By system-
atic variation of the ligand structure, we derived the follow-
ing conclusions. For compounds carrying a phenyl substitu-
ent in position 5 (Fig. 2, IV), the ratio Ki (mutant receptor)/Ki

(wild-type receptor) is large (i.e., they lose considerable af-
finity to the receptor carrying the point mutation g2F77Y,
whereas compounds not carrying this substituent do not)
(Table 1). Obviously, the extra hydroxyl group in tyrosine
interferes with this phenyl substituent; therefore, it is con-
cluded that gF77 is close to the phenyl substituent in class I
and II structures.

As predicted from the binding studies, functional data on
this mutation show little stimulation of the mutated receptor
by 0.3 mM diazepam, whereas a massive stimulation is ob-
served with 1 mM compound 32 (zolpidem) (Buhr et al.,
1997a). Mutations of phenylalanine in g77 to leucine or iso-
leucine have been described (Buhr et al., 1997a). These rep-
resent drastic changes, replacing a planar aromatic substitu-
ent of the side chain by small, nonplanar ones, in both cases.
Although there is a 1.5–7.7-fold decrease in compound 1
(diazepam) and compound 2 (flunitrazepam) affinities, com-
pound 14 (flumazenil) affinity is reduced ;28- and ;2020-
fold by these two mutations (Buhr et al., 1997a). This may
indicate that there is a favorable interaction of the aromatic
ring of wild-type gF77 with ligands of class III structure. If
our proposed superposition of compound 9 (midazolam) with
compound 14 (flumazenil) holds true, such an interaction
would (a) require positioning of gF77 close to the proximal
part of the phenyl moiety of class I/II compounds and (b) that
the favorable interaction is not disturbed by the additional

Fig. 5. Compound 21 prevents the current stimulation by diazepam. X.
laevis oocytes expressing a1b2g2 were voltage-clamped at 280 mV. Con-
trol currents elicited by 5 mM GABA (trace 1) were stimulated by the
simultaneous application of 0.3 mM 1 (diazepam; trace 2). This stimula-
tion was counteracted in the presence of 1 mM compound 21 (trace 3). Four
additional experiments carried out in oocytes from two different batches
of oocytes gave very similar results.
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hydroxyl group in a1b2gF77Y receptors. However, both mu-
tations, to leucine and to isoleucine, also may affect the
structure of the binding pocket.

Localization of aT206 relative to ligands. Compounds
12, 13, 14 (flumazenil), 21-23, 26, 33 (Cl 218872), and 34
(DMCM) display an increased affinity, whereas compounds 1
(diazepam), 2 (flunitrazepam), and 32 (zolpidem) display a
decreased affinity to the mutated receptor. This mutated
receptor contains a valine instead of a threonine in position
206 of the a subunit. In valine, a methyl group occupies the
place of the hydroxyl group in threonine. Thus, a bulkier,
unpolar group is introduced in place of the wild-type hydro-
philic group. The fact that this leads in some cases to an
increase in affinity [class II and III structures 33 (Cl 218872),
34 (DMCM)] indicates that the hydroxyl group present in the
wild-type receptor might unfavorably interact with an elec-
tronegative center present in these compounds. A decrease in
the binding affinity on mutation specifically is observed for
compounds displaying an N-methyl amide group, as in diaz-
epam. Either there is steric interaction between these groups
and the new methyl group, or the removal of the hydroxyl
group removes a favorable interaction, for example, in the
form of a hydrogen bond. We hypothesize that affinity
changes could correlate with the electronic charge of the
atom in place of the oxygen atom of the amide group in
diazepam. If this atom is rather negatively charged [1 (diaz-
epam), 2 (flunitrazepam)], there is a decrease in affinity on
mutation, and if it is rather positively charged due to an
electron pulling of the corresponding substituent, affinity is
increased (13, 14, 21-23, 26, 34). In 11, electron donor activ-
ity of the methyl substituent of the imidazo ring balances this
electron-withdrawing effect. However, it should be men-
tioned that compound 12 does not easily fit in this hypothet-
ical arrangement. This failure may be due to the relatively
low affinity of this ligand to wild-type receptors.

Localization of gM130 relative to ligands. The fact
that only compounds 32 (zolpidem) 34 (DMCM), and 33 (Cl
218872) displayed large changes in affinities indicates that
this considerable alteration in the chemical nature of the side
chain from methionine to leucine probably specifically affects
a space occupied by these and not the other ligands tested.

A view of the benzodiazepine binding pocket. H101 of
the a1 subunit was the first amino acid residue implied to be
involved in benzodiazepine binding (Wieland et al., 1992;
Duncalfe et al., 1996). This residue recently has been char-
acterized further by mutation to several other residues com-
bined with a characterization of the resulting altered binding
properties (Davies et al., 1998). The authors suggest that
H101 may interact with aromatic portions of benzodiazepine
binding site ligands in an effect called p-p-type stacking, but
they refrain from identifying the aromatic portion. They go
on to speculate that H101 may be involved in the recognition
of positive allosteric modulators and antagonists but not in
the recognition of negative allosteric modulators. Very re-
cently, evidence has been presented that the corresponding
histidine residue interacts with the phenyl substituent of the
compounds designated here as class I and II compounds
(McKernan et al., 1998). Based on our results, the GABAA

receptor complexes ligands of the benzodiazepine binding
site such that the same phenyl substituent is located in the
region that contains residue 77 of g2 subunits. Wingrove et
al. (1997) speculated in a recent report that the g2M130 may

interact in some way with the same moiety. These sugges-
tions are not necessarily mutually exclusive. The phenyl
moiety of diazepam is large, and several amino acid residues
may simultaneously be located around this region of the
molecule. Several additional amino acid residues are in-
volved in the binding of ligands of the benzodiazepine bind-
ing site (for a review, see Sigel and Buhr, 1997). Mapping of
all amino acid residues will represent the beginning of a
three-dimensional understanding of the benzodiazepine
binding pocket.

Several studies (Villar et al., 1989; Schove et al., 1994;
Zhang et al., 1995) using binding studies in whole fore-
brain membranes in conjunction with molecular models of
the binding pockets for positive allosteric modulators, an-
tagonists, and negative allosteric modulators have sug-
gested the existence of common ligand contact points for
these molecules. At present, it seems too early to speculate
which amino acid residues correspond to which contact
points. Such a correlation may at be misleading due to the
presence of various isoforms of the GABAA receptor in
forebrain membranes. Clearly, there is a need to combine
the advantages of the two approaches, namely, the use of
recombinant receptors combined with the analysis of point
mutations on one side and the evaluation of the emerging
data using molecular modeling on the other side. It is to be
hoped that this combination will be used in future and will
lead to a more precise picture of the binding pocket. In
view of the present data, results should be analyzed by
assuming a simple overlap of at least positive allosteric
modulators and antagonists but maybe also of negative
allosteric modulators, in combination with subtly different
conformations of the binding pocket.
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