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SUMMARY
Ligands of the benzodiazepine binding site allosterically mod-
ulate g-aminobutyric acidA receptors. Their binding pocket is
made up of amino acid residues located on both a and g
subunits. We transiently expressed wild-type a1b2g2 and mu-
tant GABAA receptors in human embryonic kidney 293 cells
and determined their binding properties. Receptors containing
the mutant aY209A showed ;40-fold decrease in affinity for
[3H]Ro 15–1788 and diazepam, whereas zolpidem displayed no
measurable affinity. Receptors containing the mutant aY209F
showed a small-to-moderate decrease in affinity for [3H]Ro
15–1788, diazepam, zolpidem, methyl-6,7-dimethoxy-4-ethyl-
b-carboline-3-carboxylate, and Cl 218872, amounting to 2–8-
fold. Receptors containing the mutant aY209Q appeared in the
surface membrane of transfected cells, bound [3H]muscimol
with wild-type affinity, but failed to bind [3H]Ro 15–1788 or

[3H]flunitrazepam with detectable affinity. If these mutant re-
ceptors were expressed in Xenopus laevis oocytes, the appar-
ent affinity for GABA was only slightly decreased, whereas the
ability of the currents to be stimulated by low concentrations of
flunitrazepam was abolished. Receptors containing a point mu-
tant of another amino acid residue, aT206A, surprisingly
showed an increase in affinity of 5- and 16-fold, for the negative
allosteric modulator methyl-6,7-dimethoxy-4-ethyl-b-carbo-
line-3-carboxylate and the partial positive allosteric modulator
Cl 218872, respectively, whereas there was only a small de-
crease in affinity for Ro 15–1788, diazepam, and zolpidem,
amounting to 2-, 4-, and 5-fold. Both a206 and a209 are thus
both important in determining the binding affinities for ligands
of the benzodiazepine binding site. The residues are spaced at
an interval of three amino acids and may be part of an a helix.

The GABAA receptor is one of the major inhibitory neuro-
nal ion channels in mammalian brain. Two subunits were
initially purified (1), and their coding DNA was cloned (2). A
total of 14 mammalian subunits were subsequently cloned (3)
(see Refs. 4–8 for reviews). The subunits show homology to
subunits of the nicotinic acetylcholine receptor, glycine re-
ceptor and serotonin3 receptor.

The GABAA receptor is also the site of binding of benzodi-
azepines and related compounds (see Ref. 7 for review). Both
the b and a subunits are important for interaction with the
channel agonist GABA (9–11). In addition to the well estab-
lished importance of an a subunit, the presence of a g subunit
is indispensable for benzodiazepine stimulation of GABA-
induced currents (12, 13). Three amino acid residues in the
g2 subunit affect benzodiazepine pharmacology (14–17).
Both a and g subunits are thought to contribute to the ben-
zodiazepine binding site, but its localization remains un-
known.

We recently described three point mutations in the a and g
subunits that individually affect benzodiazepine effects in
GABAA receptors on expression in Xenopus laevis oocytes
(15). All of the mutated channels respond ;3-fold to diaze-
pam compared with the wild-type. Two point mutations also
result in channels with an enhanced response to zolpidem,
whereas the mutation in the g subunit results in a loss of the
zolpidem effect (15). The loss in sensitivity toward zolpidem
is accompanied by a loss in sensitivity toward alpidem, Cl
218872, and zopiclone (16). Although the benzodiazepine an-
tagonist Ro 15–1788 can counteract diazepam effects, zolpi-
dem cannot, indicating that zolpidem has lost its ability to
interact with the receptor; direct binding studies on GABAA

receptors transfected in HEK 293 cells confirmed this (16).
Interestingly, some of the amino acid residues important for
allosteric modulation by benzodiazepines are directly homol-
ogous to amino acid residues on other subunits implicated in
the formation of the receptor agonist binding site.

In a previous functional study, the mutated amino acid
Y209A of the a subunit gave varying results with different
ligands of the benzodiazepine binding site. Although there
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was a significant functional difference between wild-type
channels and channels containing this mutated subunit to-
ward 1 mM zolpidem, this divergent behavior was not signif-
icant for 1 mM diazepam. To decide whether this amino acid
residue is important for the binding of ligands of the benzo-
diazepine binding site, we investigated the binding proper-
ties of the respective receptors after transient expression in
HEK 293 cells. We analyzed two additional point mutants of
this amino acid residue and the T206A mutant of the a
subunit. Results obtained suggest involvement of both amino
acid residues a206 and a209 in the formation of the binding
pocket for ligands of the benzodiazepine binding site. The
positional difference of the two residues is suggestive of an a
helix.

Materials and Methods
Transfection of recombinant GABAA receptors in cultured

cells. The cDNAs coding for the a1, b2, and g2 subunits of the rat
GABAA receptor channel and the construction of point mutants have
been previously described (18–20). HEK 293 cells were maintained
in minimum essential medium (GIBCO BRL, Gaithersburg, MD)
supplemented with 10% fetal calf serum, 2 mM glutamine, 50
units/ml penicillin, and 50 mg/ml streptomycin through standard cell
culture techniques. Equal amounts (total of 20 mg of DNA/90-mm
dish) of GABA receptor subunits were transfected into HEK 293 cells
(American Type Culture Collection, Rockville, MD) through the cal-
cium phosphate precipitation method (21). After overnight incuba-
tion, the cells were washed twice with serum-free medium and fed
again with medium.

Membrane preparation. At ;60 hr after transfection, the cells
were harvested by washing with ice-cold phosphate-buffered saline,
pH 7.0, and centrifuged at 150 3 g. Cells were washed with buffer
containing 10 mM K phosphate, 100 mM KCl, and 0.1 mM K-EDTA,
pH 7.4. Cells were homogenized through sonication in the presence
of 10 mM phenylmethylsulfonyl fluoride and 1 mM EDTA. Membranes
were collected in three centrifugation-resuspension cycles
(100,000 3 g for 20 min), and then used for ligand binding or stored
at 220°.

Binding assays. Resuspended cell membranes (0.5 ml) were in-
cubated for 90 min on ice in the presence of [3H]muscimol (26 Ci/
mmol), [3H]Ro 15–1788 (87 Ci/mmol), or [3H]flunitrazepam (86 Ci/
mmol) (Dupont-New England Nuclear, Boston, MA) and various
concentrations of competing ligands. Nonspecific binding was deter-
mined in the presence of 25 mM unlabeled muscimol, Ro 15–1788, or
flunitrazepam, respectively. Membranes (20–50 mg of protein/filter)
were collected through rapid filtration on GF/C filters presoaked in
0.3% polyethyleneimine. After three washing steps with 4 ml of
buffer, the filter-retained radioactivity was determined by liquid
scintillation counting. On the basis of IC50 determinations, the Ki

value was estimated according to the Cheng-Prusoff equation (22).
Detection of GABAA receptors on the surface of living,

transfected HEK 293 cells. Culture medium was removed from
transfected cells. Rabbit polyclonal antibodies raised against a
polypeptide representing amino acid residues 1–9 of the rat GABAA

receptor a1 subunit (5 mg/ml) (23, 24) and dialyzed, tetramethylrho-
damine isothiocyanate-coupled swine anti-rabbit IgG antibody (R
0156, 1:20; DAKO, Carpinteria, CA) were added in succession, each
diluted in buffered saline and incubated for 45 min at room temper-
ature. The cells were visualized using a Zeiss Axiovert 35 fluores-
cence microscope equipped with a 633 objective or on a confocal
microscope (Zeiss LSM 100). Where indicated, cells were fixed using
4% paraformaldehyde before immunostaining.

Detection of a1 GABAA receptor subunits on Western blots.
Protein (15 mg) from transfected cells was subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and blotted onto nitro-

cellulose membrane. After blocking for 1 hr with 5% nonfat dry
milk/0.05% Tween-80, lanes were successively subjected for 3 hr to 5
mg/ml concentrations of the above-mentioned rabbit primary anti-
body (25) and peroxidase-coupled anti-rabbit IgG antibody (R-14745,
1:200, 1 hr; Transduction Laboratories, Lexington, KY). Peroxidase
activity was visualized by the ECL reaction (Amersham, Arlington
Heights, IL).

Expression and functional characterization. X. laevis oocytes
were prepared, injected, and defolliculated, and currents were re-
corded as previously described (13, 26). 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
(calculated from the UV absorption). Electrophysiological experi-
ments were performed by the two-electrode voltage-clamp method at
a holding potential of 280 mV. GABA dose-response curves were
fitted using a least-squares method (Gauss-Newton-Marquardt). The
equation used was I(c) 5 Imax cn/(cn 1 Ka

n), where c is the GABA
concentration, I is the current elicited, Ka is the GABA concentration
eliciting half-maximal current amplitudes (50% Imax), and n is the
Hill coefficient. Each of the curves was then standardized to Imax 5
100%, and the averaged data were fitted again. Allosteric potentia-
tion via the benzodiazepine site was measured at a GABA concen-
tration eliciting 5–15% of the maximal GABA current amplitude by
application of GABA alone and coapplication of GABA with increas-
ing concentrations of flunitrazepam. GABA was applied for 20 sec,
and a washout period of 4 min was allowed to ensure full recovery
from desensitization. Stimulation of GABA currents was expressed
in percentage of the respective control current amplitudes and then
standardized, taking the stimulation by 1 mM flunitrazepam of wild-
type receptors (328%) as 100%. The perfusion system was cleaned by
washing with dimethylsulfoxide to avoid contamination.

Results
Expression of wild-type and mutant receptors in

HEK 293 cells. Wild-type a1b2g2 (hereafter referred to as
abg) were mutated in the tyrosine residue a209 to alanine
(aY209Abg), phenylalanine (aY209Fbg), or glutamine
(aY209Qbg) or the threonine residue a206 to alanine
(aT206Abg). Wild-type and point mutant aY209Abg,
aY209Fbg, aY209Qbg, and aT206Abg receptors were ex-
pressed by transient transfection in HEK 293 cells. Expres-
sion was verified by measuring binding of [3H]Ro 15–1788 to
membrane fractions. On coexpression with wild-type sub-
units to yield abg combinations, the mutants aT206A and
aY209F each resulted in maximal [3H]Ro 15–1788 binding
comparable with wild-type receptors, whereas aY209A re-
sulted in ;10% of the binding of wild-type receptors.

In aY209Qbg receptors, no binding was detectable of
[3H]Ro 15–1788 or [3H]flunitrazepam, and the ligand for the
agonist site of the receptor [3H]muscimol was used. On coex-
pression with bg, aY209Q resulted in maximal [3H]muscimol
binding approximately half that of wild-type receptors (Fig.
1). Specific binding of [3H]muscimol to aY209Qbg and wild-
type receptors showed a KD value of 14 6 6 and 14 6 5 nM,
and a maximal binding capacity of 0.74 6 0.14 and 1.6 6 0.6
pmol/mg of protein, respectively, showing that at least this
mutation, which destroyed the binding of two different radio-
labeled ligands of the benzodiazepine binding site, did not
significantly affect agonist binding affinity. In nontrans-
fected cells, a very small endogenous component of specific
[3H]muscimol binding was seen similar to that previously
observed (27), but because of its small size, it could not be
properly quantified.
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Expression of the a1 subunit was also verified on Western
blot analysis (25) for these subunit combinations. Although
nontransfected cells did not result in a signal, wild-type and
mutant aY209Qbg receptors resulted in a signal of compa-
rable intensity (not shown).

Surface expression in living HEK 293 cells was followed for
wild-type receptors and aY209Abg and aY209Qbg mutant
receptors. This was achieved using fluorescent staining of
GABAA receptors on living cells with an a1-specific poly-
clonal antibody (23, 24) recognizing an extracellular epitope
followed by fluorescence microscopy. Although cells trans-
fected with bg resulted only in very little autofluorescence
(Fig. 2b), cells transfected with wild-type receptors showed
an intense fluorescence organized in clusters at the surface
membrane with little background fluorescence in the cell
interior (Fig. 2d). Cells transfected with mutant aY209Qbg
(Fig. 2f) displayed a surface staining similar to wild-type
receptors, and aY209Abg receptors seemed to show slightly
less fluorescence (not shown). The organization of the fluo-
rescence into clusters is induced by the polyclonal antibody
and lateral diffusion of the receptors during the incubation; a
random distribution was found in transfected cells that were
first fixed and then immunolabeled (Fig. 2j). Again, cells
transfected with bg only did not show any specific fluores-
cence (Fig. 2h). The results demonstrate clearly that in these
experiments, mutant subunits aY209Q reach the surface
membrane to a similar extent as the wild-type subunits.
Furthermore, these observations made with the aY209Qbg
mutant parallel our observations in [3H]muscimol binding
measurements.

Binding properties of aY209Abg, aY209Fbg, and
aY209Qbg receptors. In the previous functional study (15),
the mutated amino acid Y209A of the a subunit yielded
similar but somewhat differing behavior toward diazepam

Fig. 1. Binding of [3H]muscimol to wild-type and aY209Qbg receptors.
HEK 293 cells were transiently transfected with the wild-type or the
mutated a subunit, each combined with wild-type b and g subunits.
After harvesting and washing of the membranes, binding assays with
[3H]muscimol were carried out as described in Materials and Methods.
Wild-type (F) and mutant aY209Qbg receptors (E) bound the agonist
with a Kd value of 6 and 13 nM and a Bmax value of 1.1 and 0.6 pmol/mg
of protein, respectively, in this experiment. Values are mean 6 standard
deviation of two determinations performed in triplicate.

Fig. 2. Surface immunofluorescence of GABAA receptors expressed in
HEK 293 cells. GABAA receptors were stained on living and fixed cells,
using an antibody recognizing an extracellular epitope as described in
Materials and Methods and visualized using a Zeiss Axiovert 35 fluo-
rescence microscope. a, c, e, g, and i, Differential interference contrast
(DIC) optics. b, d, f, h, and j, Corresponding immunofluorescence
pictures. a, b, g, and h, Cells transfected with bg receptors. c, d, i, and
j, Cells transfected with wild-type abg receptors. e and f, Cells trans-
fected with aY209Qbg receptors. a–f, Living cells. g–j, Fixed cells.
Scale bar, 10 mm.
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and zolpidem. Although there was a significant difference
between wild-type channels and channels containing this
mutation toward 1 mM zolpidem, this difference was not sig-
nificant for 1 mM diazepam; therefore we investigated
whether binding of ligands was affected.

When the wild-type tyrosine was replaced by alanine, af-
finities for [3H]Ro 15–1788 and diazepam (Fig. 3) were re-
duced 40–50-fold, whereas zolpidem was unable to displace
all specific [3H]Ro 15–1788 binding at concentrations up to
30 mM and had therefore lost the ability to bind to the recep-
tor site (Table 1).

Replacement of tyrosine with phenylalanine (removing a
hydroxyl group from residue 209 of the a subunit) led to a
small decrease (2–8-fold) for [3H]Ro 15–1788, diazepam, zol-
pidem, DMCM, and Cl 218872 (Table 1). The largest effect
was seen on DMCM (Fig. 4) binding, indicating that this
hydroxyl residue is important for interaction of the receptor
with this compound.

When the same amino acid residue tyrosine in position 209
of the a subunit was replaced by glutamine, the binding
properties of the benzodiazepine site were altered dramati-
cally. Indeed, we first analyzed for binding of [3H]Ro 15–1788
and were unable to detect any specific binding. Before immu-
nofluorescence, Western blot experiments, and [3H]muscimol
binding, we interpreted this as a failure in the expression of
the mutant receptor.

When [3H]flunitrazepam was used for binding, a saturable
binding with a KD value of 43 6 6 nM (two experiments) and
a maximal specific binding capacity of ;400 fmol/mg of pro-
tein could be measured (not shown). Displacement studies
with Ro 15–1788, zolpidem, DMCM, and diazepam were then
carried out. An affinity of ,30 mM was not detectable for Ro
15–1788, zolpidem, DMCM, or Cl 218872, indicating that
these ligands were unable to displace [3H]flunitrazepam.
These binding properties are reminiscent of the [3H]fluni-
trazepam binding site endogenous to HEK 293 cells (28).
Fuchs et al. (28) reported an endogenous binding component
for [3H]flunitrazepam. They found a specific binding of 20 6
1 fmol/mg of protein at a 2 nM concentration. The Kd value

was estimated at .100 nM. If the value for specific binding is
extrapolated to 20 nM [3H]flunitrazepam, binding amounts to
;200 fmol/mg of protein. Specific binding also could not be
displaced by Ro 15–1788 or a b-carboline. We found that in
the presence of 20 nM [3H]flunitrazepam, ;120 fmol/mg of
protein was specifically bound to the membranes, regardless
of whether cells were untransfected or transfected with the
Y209Q mutant. Flunitrazepam therefore does not bind to
expressed receptors but rather to an unidentified endogenous
binding site. As shown above, measurement of [3H]muscimol
binding showed that the receptor was present and, remark-
ably, the binding affinity for the receptor agonist muscimol
was unaltered. Because [3H]muscimol was bound to
aY209Qbg and the receptor appears on the cell surface, the
mutation Y209Q leads to an intact receptor but to the com-
plete loss of binding ability for the radiochemicals [3H]fluni-
trazepam and [3H]Ro 15–1788.

Functional properties of aY209Qbg receptors. Wild-
type abg and mutant aY209Qbg receptors were expressed in
X. laevis oocytes. The mutant receptor resulted in maximal
GABA current amplitudes approximately three times
smaller than those of wild-type receptors. The apparent af-
finities for GABA to activate ion currents (Ka) were deter-
mined for both types of receptor. Fig. 5, top, shows that there
is a small, nearly 2-fold reduction in Ka value from 27 6 4
(three experiments) in wild-type to 48 6 7 mM (three experi-
ments) in mutant receptors. Concentrations of flunitrazepam
of ,30 nM failed in contrast to wild-type receptors to signif-
icantly stimulate GABA-induced currents (Fig. 5, bottom).
Higher concentrations of flunitrazepam resulted in a small
current stimulation in mutant receptors, amounting to ,15%
of the wild-type at 1 mM flunitrazepam..

Binding properties of aT206Abg receptors. In a previ-
ous functional study using receptors expressed in X. laevis
oocytes and electrophysiological techniques (15), this muta-
tion resulted in channels displaying an enhanced response to
diazepam and zolpidem. It was therefore interesting to see
how the binding of ligands of the benzodiazepine binding site
was affected. This point mutation led to the expression of
receptors displaying a slightly reduced affinity for Ro 15–
1788, diazepam, and zolpidem (2-, 4-, and 5-fold) (Table 1).
Interestingly, the affinities for DMCM and Cl 218872 were
increased strongly, by 5- and 16-fold (Fig. 6), respectively,
indicating that these latter ligands can be better accommo-
dated after the replacement of threonine by alanine.

Discussion
We attempted to further characterize the structural and

functional properties of the binding site for benzodiazepine-
site ligands. For this purpose, wild-type and mutant GABAA

receptors were expressed in HEK 293 cells and X. laevis
oocytes. Expression was verified by Western blot analysis,
immunocytochemistry, radioligand binding, and electrophys-
iology.

Binding properties of wild-type and mutant
aY209Abg, aY209Fbg, aY209Qbg, and aT206Abg recep-
tors. Wild-type and mutant GABAA receptors were ex-
pressed by transient transfection in HEK 293 cells. The ag-
onist binding properties and those for allosteric modulators
acting at the benzodiazepine binding site were determined
using [3H]muscimol and [3H]Ro 15–1788, respectively. Al-

Fig. 3. Displacement of [3H]Ro 15–1788 binding from aY209Abg re-
ceptors by diazepam. HEK 293 cells were transiently transfected with
the wild-type or mutated a subunit, each combined with wild-type b
and g subunits. After harvesting and washing of the membranes, dis-
placement of 2 and 20 nM [3H]Ro 15–1788 for wild-type (F) and mutant
(E) receptors with varying concentrations of diazepam is shown. Values
are mean 6 standard deviation of two determinations performed in
duplicate.
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though the first type of binding site was unaltered, at least in
the Y209Q mutant, the second type was profoundly affected
in its properties. Because the endogenous [3H]flunitrazepam
binding site to HEK 293 cells is unable to bind the antagonist
Ro 15–1788, in all cases in which experiments were based on
[3H]Ro-15 1788 binding (i.e., all reported mutants mentioned
in Table 1), this endogenous site can be safely ignored. Both
mutant receptors aT206Abg and aY209Fbg were affected up
to 16-fold in their binding properties. Interestingly, replace-
ment of the threonine residue in position 206 by alanine led
to an increase in affinity for the negative allosteric modulator
DMCM and the partial positive allosteric modulator Cl
218872, amounting to 5- and 16-fold, respectively. It might be
speculated that reduction in residue size leads to better ac-
commodation of these ligands in the binding pocket. The
mutant receptor aY209Abg showed reduced affinities of .40-
fold for several ligands. Reduction in size and loss of aroma-
ticity of this amino acid residue lead to the retention of some

affinity (40–50-fold reduction) for diazepam and Ro 15–1788,
whereas any detectable affinity for zolpidem, DMCM, and Cl
218872 is lost.

Replacement of tyrosine in position 209 in the a subunit by
the similar-sized, nonaromatic residue glutamine leads to
the complete loss of any detectable affinity for the two ben-
zodiazepine ligands tested, [3H]Ro 15–1788 and [3H]fluni-
trazepam (Table 1). The binding properties of the aY209Qbg
receptor (i.e., normal presence of agonist binding and absence
of the benzodiazepine ligand binding site) are reminiscent of
dual subunit receptor ab, lacking the g subunit. Because
benzodiazepine binding is still present in alanine and phe-
nylalanine mutants of the same residue but each expresses
an altered pharmacology, we believe this is an unlikely in-
terpretation of our results. Rather, we believe the binding
site for these ligands is compromised by the presence of the
glutamine residue. Also, after expression in X. laevis oocytes,
the alanine mutant still results in diazepam stimulation (15),
which indicates the presence here of a g subunit. In addition,
we have shown using immunocytochemical methods that the
altered a subunit reaches the surface membrane in living
cells. Because the exclusive expression of a subunits results
in the very inefficient formation of homomeric channels (8,
29, 30), the mutant a subunit is probably assembled together
with other subunits.

Relation between binding studies and receptor func-
tion. Functional studies on receptors expressed in X. laevis
oocytes were previously been performed with the alanine
mutants aT206Abg and aY209Abg (15). The first mutant
channel was stimulated by diazepam and zolpidem to a sig-
nificantly higher degree than the wild-type channel. For the
second mutant, diazepam resulted in a nonsignificantly re-
duced stimulation, and zolpidem resulted in a loss of stimu-
lation. For functional effects to occur, a substance must first
bind. The fact that diazepam and zolpidem result in differ-
ential decreases in stimulation of the currents elicited in
aY209Abg can also be rationalized on the basis of the binding
data, showing an affinity of ;0.5 mM for diazepam and a very
strongly reduced affinity for zolpidem. Thus, at the 1 mM

concentration used, these agents are expected to occupy their
receptor site to a degree of 67% and ,4%, respectively.

TABLE 1
Binding properties of receptor containing a206 and a209 mutants
Wild-type or mutated GABAA receptors were transiently expressed in HEK 293 cells. Resultant binding properties for ligands of the benzodiazepine binding site were
measured. Kd values for the receptors were determined by binding of [3H]Ro 15-1788. Ki values for each compound were determined by displacement of [3H]Ro
15-1788 binding and were calculated according to the equation of Cheng and Prusoff (21). IC50 values for each compound were determined by nonlinear least-squares
regression. Data are mean 6 standard deviation of two determinations performed in duplicate.

Subunit combination
Kd or Ki (relative affinity)

[3H]Ro 15-1788 Flunitrazepam Diazepam Zolpidem Cl 218872 DMCM

nM

abga 0.61 6 0.24 3.0 6 0.8 12 6 8 15 6 3 46 6 1.3 1.9 6 0.03
(1.0) (1.0) (1.0) (1.0) (1.0) (1.0)

aY209Abg 28 6 0.9b N.D. 500 6 270 .10,000 N.D. N.D.
(46) (41) (.667)

aY209Qbg .100 .100c

aY209Fbg 3.4 6 0.4 N.D. 30 6 1 88 6 3 240 6 2 15 6 2
(5.6) (2.5) (5.9) (5.2) (7.9)

aT206Abg 1.14 6 0.10 N.D. 47 6 7 81 6 7 2.9 6 0.3 0.40 6 0.02
(1.9) (3.9) (5.4) (0.06) (0.21)

a Data from Ref. 16.
b Estimate only because binding affinity is relatively low.
c Endogenous binding component present; see text.
N.D., not determined.

Fig. 4. Displacement of [3H]Ro 15–1788 binding from aY209Fbg re-
ceptors by DMCM. HEK 293 cells were transiently transfected with the
wild-type or mutated a subunit, each combined with wild-type b and g
subunits. After harvesting and washing of the membranes, displace-
ment of 2.1 and 7.6 nM [3H]Ro 15–1788 for wild-type (F) and mutant (E)
receptors with varying concentrations of DMCM is shown. Values are
mean 6 standard deviation of two determinations performed in dupli-
cate.
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The glutamine mutant aY209Qbg showed a ,2-fold reduc-
tion in the apparent affinity for channel gating by GABA
(Fig. 5, top), whereas any stimulation of the GABA-induced
currents by flunitrazepam below a concentration of 30 nM

was absent (Fig. 5, bottom). This confirms our findings with
the immunocytochemistry and binding studies of this recep-
tor variant showing that the mutant receptor reaches the
surface membrane and findings for binding properties in
transiently transfected 293 cells, with the binding site for
[3H]muscimol unaltered and binding sites for [3H]Ro 15–
1788 and [3H]flunitrazepam undetectable.

Spacing of mutations affecting the binding proper-
ties of ligands of the benzodiazepine binding site. The
mutations described here affect the two amino acid residues
T206 and Y209 of the a subunit. These residues are located

three amino acids apart, which suggests that this region of
the a subunit might form an a helix. A Chou-Fasman anal-
ysis (31) predicts for region 199–209 an a helix followed by a
b sheet. Amino acid 206 is located in the center of a hydro-
philic region, and 209 is located at the interface of the latter
and a hydrophobic region. If the prediction of the secondary
structure is correct for this stretch of the a subunit and if
amino acids altering the binding properties of ligands of the
benzodiazepine binding site do take part in the formation of
the actual binding pocket, constraints are imposed on the
way in which the pocket is formed by the protein.

Homology of a206 and a209 with b202 and b205. The
two residues described here that extensively affect binding of
allosteric modulators, Thr206 and Tyr209 on the a1 subunit,
are directly homologous to Thr202 and Tyr205 on the b2
subunit, as implicated in the interaction with the channel
agonist GABA (9). This indicates a large degree of homology
between the binding sites for channel agonists and for chan-
nel modulators of the benzodiazepine type. During revision of
the current report, a study by Amin et al. (32), in which the
authors made a similar conclusion, came to our attention.
Based on functional studies in X. laevis oocytes and on bind-
ing studies of the serine mutant of the tyrosine a209, it was
concluded, similar to the current report, that this amino acid
residue may be involved in binding of benzodiazepines.

Structure of the binding site. The following amino acid
residues on the a1 subunit, or homologous residues on other
a isoforms, and on the g2 subunit have been shown to affect
functional alterations to the response of ligands of the ben-
zodiazepine binding site: aY159, aY161, aT206, aY209,
gF77, gM130, and gT142 (14–17, 32, current report). The
binding of these ligands is affected by aH101, aY159, aG200,
aT206, aY209, gF77, and gM130 (16, 17, 32–35; current
report). These seven residues have been shown to strongly
affect the binding properties. Unless these amino acid resi-
dues exert distal effects, they might take part in the forma-
tion of the binding pocket for ligands of the benzodiazepine
binding site. These amino acid residues are located in five

Fig. 5. Loss of stimulation by low concentrations of flunitrazepam of
aY209Qbg receptors. Wild-type abg (F, f) and mutant aY209Qbg (E,
M) receptors were functionally expressed in X. laevis oocytes. Top,
GABA dose-response curves; increasing concentrations of GABA were
applied, and data were treated as indicated in Materials and Methods.
Values are mean 6 standard deviation of three determinations. Bottom,
effect of flunitrazepam; increasing concentrations of flunitrazepam
were applied together with 5 mM GABA. The relative stimulation of
GABA currents in the absence of flunitrazepam is shown. Values are
mean 6 standard deviation of four determinations.

Fig. 6. Displacement of [3H]Ro 15–1788 binding from aT206Abg re-
ceptors by diazepam. HEK 293 cells were transiently transfected with
the wild-type or mutated a subunit combined with wild-type b and g
subunits. After harvesting and washing of the membranes, displace-
ment of 2.1 and 3.0 nM [3H]Ro 15–1788 for wild-type (F) and mutant (E)
receptors with varying concentrations of Cl 218872 is shown. The
mutant displays clearly higher affinity for Cl 218872 than wild-type
receptors. Values are mean 6 standard deviation of two determinations
performed in duplicate.

The Benzodiazepine Site 681



different areas of the protein complex, which may be located
next to each other. This means that both the a subunit and
the g subunit may contribute to the formation of the binding
site, each folding back after . 50 residues. The proper three-
dimensional arrangement of these residues remains to be
established.
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