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ABSTRACT Benzodiazepines allosterically modulate +y-
aminobutyric acid (GABA) evoked chloride currents of y-
aminobutyric acid type A (GABA,) receptors. Coexpression of
either rat y, or s, in combination with «; and 8, subunits,
results both in receptors displaying high [3H]Ro 15-1788
affinity. However, receptors containing a y; subunit display a
178-fold reduced affinity to zolpidem as compared with -
containing receptors. Eight chimeras between vy, and y; were
constructed followed by nine different point mutations in 7y,
each to the homologous amino acid residue found in vs.
Chimeric or mutant y subunits were coexpressed with «; and
B2 in human embryonic kidney 293 cells to localize amino acid
residues responsible for the reduced zolpidem affinity. Sub-
stitution of a methionine-to-leucine at position 130 of vy,
(y2M130L) resulted in a 51-fold reduction in zolpidem affinity
whereas the affinity to [PH]Ro 15-1788 remained unchanged.
The affinity for diazepam was only decreased by about 2-fold.
The same mutation resulted in a 9-fold increase in Cl 218872
affinity. A second mutation (y,M57I) was found to reduce
zolpidem affinity by about 4-fold. Wild-type and y,M130L-
containing receptors were functionally expressed in Xenopus
oocytes. Upon mutation allosteric coupling between agonist
and modulatory sites is preserved. Dose-response curves for
zolpidem and for diazepam showed that the zolpidem but not
the diazepam apparent affinity is drastically reduced. The
apparent GABA affinity is not significantly affected by the
v>M130L mutation. The identified amino acid residues may
define part of the benzodiazepine binding pocket of GABA,
receptors. As the modulatory site in the GABA, receptor is
homologous to the GABA site, and to all agonist sites of related
receptors, y;M130 may either point to a homologous region
important for agonist binding in all receptors or define a new
region not underlying this principle.

Neuronal inhibition of the mammalian brain is mainly effected
by y-aminobutyric acid type A (GABA,) receptors. They are
ligand gated chloride channels and belong to a larger channel
family among nicotinic acetylcholine, glycine, and serotonin-3
receptors. Purification (1) and ¢cDNA cloning (2) of two
subunits belonging to the GABA receptor have initially been
reported. Fourteen subunits or subunit isoforms of the prob-
ably pentameric receptor have been described (ref. 3; for
reviews, see refs. 4-8).

The GABA, channel is functionally modulated by a large
number of drugs (for review, see ref. 7). For example, it is
subjected to positive allosteric modulation by clinically used
drugs acting at the benzodiazepine binding site. Occupation of
the binding site by these substances results in sedative, anxi-
olytic, myotonolytic, and anticonvulsant effects. In addition,

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424,/97/948824-6$2.00/0
PNAS is available online at http://www.pnas.org.

8824

substances are known to bind to this site, having no or a
negative allosteric effect on the channel function. The location
of this binding site on the receptor is of obvious interest.

A major site of photoaffinity labeling by the benzodiazepine
[*H]flunitrazepam is a conserved histidine on « subunits (9).
Several additional amino acid residues on various « subunit
isoforms have been implicated in ligand binding (10-14).
Expression of recombinant receptors indicates that a y subunit
is absolutely required for the formation of a benzodiazepine
binding site (15, 16). Two point mutations in the vy, subunit
influence the benzodiazepine pharmacology (17-19). Upon
deletion of y, from mice the [*H]Ro 15-1788 binding site nearly
disappears, confirming the essential role of vy subunits (20).
Thus, @ and vy subunits are both thought to contribute to the
benzodiazepine site ligand affinity, and its binding site is
assumed to be located at the «/+y subunit interface.

Residues influencing the apparent y-aminobutyric acid
(GABA) affinity have been identified on « and B subunits
assuming that the agonist site also is located at subunit
interfaces. Residues important for GABA binding are at
homologous positions to residues belonging to the agonist
binding sites of the nicotinic acetylcholine and glycine recep-
tors (for a review, see ref. 21). It appears that the localization
of the neurotransmitter binding sites is conserved between
these homologues (21). Remarkably, residues influencing ben-
zodiazepine site ligand affinity at GABAA receptors are
located at homologous regions to regions contributing to these
agonist sites (14, 18, 19, 21).

Zolpidem, an imidazopyridine, binds with high affinity to
aj-containing GABA, receptors and is able to displace the
classical benzodiazepines (22). a, and a3 apparently confer
intermediate zolpidem affinity and the as subunit very low
affinity to triple subunit combinations axB7y> (23-25). Zolpi-
dem displays lower affinity to y; than to +y, containing recep-
tors (26, 27), pointing to the importance of the y subunit for
zolpidem binding.

By expression of chimeric subunits and radioligand binding
we show that the zolpidem affinity is influenced by two distinct
regions within the N-terminal domain of the vy, subunit.
Site-directed mutagenesis of residues of the vy, subunit differ-
ing between 7, and +y; identified two amino acid residues to be
important for benzodiazepine site ligand affinity. Our work
represents an important step leading to a rational drug design
based on the identification of structural determinants on the
receptor protein relevant for ligand binding.

MATERIALS AND METHODS

Construction of Receptor Subunits. The cDNAs coding for
the a1, B2, v2S, and vy; subunits of the rat GABAA receptor

Abbreviations: GABA, y-aminobutyric acid; HEK 293 cells, human

embryonic kidney 293 cells.
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channel have been described (26, 28-30). All subunits have
been cloned in to the polylinker of pBC/CMV (31). This
expression vector allows high level expression of a foreign gene
under control of the cytomegalovirus (CMV) promoter and
also allows in vitro transcription using SP6 RNA polymerase.
Chimeras were constructed by PCR amplification of the
desired sequences and three fragment ligation using standard
molecular biology techniques. Site-directed mutagenesis was
done using the QuikChange mutagenesis kit (Stratagene). In
vitro-synthesized sequences have been verified by DNA se-
quencing.

Binding Assays to Membrane Preparations of Transiently
Transfected Cells. Human embryonic kidney 293 cells (HEK
293 cells) (ATCC no. CRL 1573) were transfected with
plasmids coding for GABAA receptor subunits by the calcium
phosphate precipitation method (32), and membranes were
prepared as described (19). Resuspended cell membranes (0.5
ml) were incubated for 90 min on ice in the presence of [*H]Ro
15-1788 (87 Ci/mmol; DuPont/NEN; 1 Ci = 37 GBq) and
various concentrations of competing ligands. Membranes
(20-50 pg 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 radioac-
tivity was determined by liquid scintilation counting. Nonspe-
cific binding was determined in the presence of 10 uM Ro
15-1788. Data were fitted by using a nonlinear least-squares
method to the equation B(c) = Bmaxc/(Kq + ¢) for binding
curves and B(c) = Bmay/(1 + ¢/1Cs) for displacement curves,
where ¢ is the concentration of ligand; B, binding; Bmax,
maximal binding; and K4, the dissociation constant. ICsy values
obtained form displacement curves were converted to K; values
according to the Cheng-Prusoff equation (33). Protein con-
centration was determined with the Bio-Rad protein assay kit
with BSA as standard. All wild-type, chimeric, and mutant
receptor combinations expressed equally well (Bpmax 0.5-2 pmol
[*H]Ro 15-1788 binding sites/mg of protein).

Functional Expression and Characterization. Xenopus lae-
vis oocytes were prepared, injected, and defoliculated, and
currents were recorded as described (18, 34). Briefly, oocytes
were injected with 50 nl of capped, polyadenylated cRNA
dissolved in 5 mM K-Hepes (pH 6.8). This solution contained
the transcripts coding for the different subunits at concentra-
tions (calculated from the UV absorption) of 13, 13, and 130
nM for a4, B2, and v, respectively. Electrophysiological ex-
periments were performed by the two-electrode voltage clamp
method at a holding potential of —80 mV. Allosteric poten-
tiation via the benzodiazepine site was measured at a GABA
concentration (1-3 uM) eliciting 2-10% of the maximal
GABA current amplitude by coapplication of GABA and
diazepam or of GABA and zolpidem. Oocytes were only
exposed to a single drug in addition to GABA, to avoid
contamination, and the perfusion system was cleaned by
washing with dimethyl sulfoxide for the same reason. The
apparent GABA affinity was measured at a holding potential
of —60 mV. Agonist concentrations between 0.03 and 3,000
uM were applied for 20 s, and a washout period of 4-15 min
was allowed to ensure full recovery from desensitization.
Current responses have been fitted to the Hill equation: I =
Imax/ (1 + (ECsp/[A])™) where [ is the peak current at a given
concentration of GABA (A), Imax is the maximum current,
ECsp is the concentration of agonist eliciting half maximal
current, and n is the Hill coefficient.

RESULTS

Binding Properties of Receptors Containing y, or ys. Co-
expression of either vy, or vy; subunits together with a; and 3,
results in receptors displaying high affinity to the benzodiaz-
epine site antagonist [*H]JRo 15-1788 (Table 1). Receptors
containing a vy; subunit instead of a vy, subunit differ signifi-
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Table 1. Binding affinities of benzodiazepine site ligands to
wild-type and mutant GABAA receptors

K4 or Kj, nM
a1B2Yx
receptor  [*H]Ro 15-1788 Diazepam  Zolpidem Cl 218872
V3 0.94 £ 0.16 180 =30 2,670 =350 63 =08
2 0.61 £ 0.24 12x8 15+3 46 = 1
v.M130L 0.50 + 0.01 30 £1 770 £ 70 53x0.6
v2M571 0.77 = 0.05 22+4 60 = 10 62*1
v, T55V 0.47 £ 0.03 ND 24 x4 ND

K values were determined by binding of [*H]Ro 15-1788 to washed
membranes of transiently transfected HEK 293 cells. Kj values for each
compound were determined by displacement of [PHJRo 15-1788
binding, and were calculated according to the equation of Cheng and
Prusoff (33). ICso values for each compound were determined by
nonlinear least-squares regression assuming a Hill coefficient of 1.
Data indicate mean = SD of two experiments performed in duplicate.
ND, not determined.

*Data are from Buhr ef al. (18).

cantly in their zolpidem binding properties. They exhibit an
approximately 178-fold reduced affinity for zolpidem. To
locate amino acid residues responsible for reduced zolpidem
affinity, eight different y subunit chimeras were constructed
(Fig. 14).

Binding Properties of Chimeric Receptors. Chimeric vy
subunits were coexpressed with «; and 3, subunits in cultured
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Fi1G. 1. Two distinct regions within the amino acid sequence of y
subunits determine zolpidem affinity. (4) Chimeric subunits were
constructed by exchanging various parts of the N-terminal extracel-
lular domains between the y» (open bars) and vys; (hatched bars)
subunits. Numbers indicate residues of the mature form of the
subunit present in the chimera. Filled boxes denote the four presumed
transmembrane segments (M1-M4). (B) Specific binding of 2 nM
[*H]Ro 15-1788 in the presence of 1 puM zolpidem to GABAa
receptors expressed as triple subunit combinations consisting of -y, y3,
or chimeric y subunits each in combination with «; and B; subunits.
Error bars indicate SD of two independent determinations performed
in duplicate.
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HEK 293 cells and assayed for their ability to bind the
antagonist [*H]Ro 15-1788 in the presence or absence of
zolpidem (1 uM). All wild-type and chimeric receptors dis-
played comparable high affinity binding of [*H]Ro 15-1788.
This was verified by determining specific binding of [*H]Ro
15-1788 at different concentrations. Binding was increased
between 10% and 25% upon increasing the radioligand con-
centration from 2 nM to 6 nM (data not shown), indicating that
the Ky for [’ H]Ro 15-1788 was between 0.4 nM and 1 nM for
all receptors. From these results it was obvious that the
antagonist binding site did not undergo remodeling in recep-
tors containing chimeric vy subunits.

Receptors containing a chimeric subunit consisting of the
entire N-terminal extracellular domain of the vy, subunit
combined with the transmembrane domain of the -y; subunit
display the same zolpidem sensitivity as wild-type vy, contain-
ing receptors. Furthermore, chimeric receptors containing the
entire extracellular domain of the vy; subunit display identical
binding properties as receptors containing a wild-type v;3
subunit. Therefore, it could be concluded that the first 235
amino acids of the mature vy, subunit determine the difference
in zolpidem affinity. A total of 68 amino acid residues are
different within the putative N-terminal extracellular domain
of both isoforms. Further chimera were constructed and
analyzed. Chimeric receptors displayed high, low, and inter-
mediate sensitivity toward zolpidem (Fig. 1B), indicating that
two distinct amino acid regions influence zolpidem affinity.
One region drastically influences zolpidem sensitivity and is
located between amino acid residues 115 and 133 (termed
region I) of the vy, subunit the other region, affecting zolpidem
affinity to a lesser extent is located between residues 44 and 59
(termed region II).

Receptors Mutagenized in Region I. A total of 4 amino acid
residues are different between vy, and 3 subunits in region I.
Each of these four residues of the 7y, subunit has been
substituted by the corresponding amino acid residue of the y3
subunit. Mutants were coexpressed together with the a; and 3,
subunits, and receptors were assayed for [PH]Ro 15-1788
affinity and zolpidem sensitivity. Receptors containing a
methionine-to-leucine substitution at position 130 of the y,
subunit (y,M130L) displayed a drastically reduced zolpidem
sensitivity of [*H]Ro 15-1788 binding (Fig. 24). Detailed
analysis showed that there was little effect on Ro 15-1788
affinity (Fig. 3), whereas the zolpidem affinity was drastically
affected (Fig. 4), showing a 51-fold decrease in affinity for
zolpidem (Table 1). The diazepam affinity is decreased by
2.5-fold in receptors containing y,M130L (Table 1). Interest-
ingly, the same mutation resulted in a 9-fold increase in Cl
218872 affinity (Table 1). Receptors containing the +y; subunit
display almost the same high affinity to this ligand as receptors
containing y,M130L (Table 1).

Receptors Mutagenized in Region II. The zolpidem affinity
of receptors containing y,M130L was still about 3.5-fold
higher than the affinity of receptors containing the y; subunit.
Results obtained by chimeric receptors also indicated that at
least one additional residue contributes to the zolpidem affin-
ity and that it must be located in region II of the -y, subunit.
Within this region a total of five residues are different between
7> and vy3. Each of these residues was individually mutagenized
to the residue present in the s subunit. Mutant vy, subunits
were coexpressed together with the oy and B, subunits. The
v-M571 (methionine-to-isoleucine substitution at position 57
of vy,) containing receptors displayed a significantly reduced
zolpidem sensitivity compared with the four other mutant
receptors (Fig. 2B). About 79% of specifically bound [*H]Ro
15-1788 (2 nM) was displaced by 1 uM zolpidem. In receptors
containing the wild-type -y, subunit 94% of radioligand was
displaced under these conditions. Receptors containing the
v.M571 mutation were directly compared with mutant recep-
tors that displayed a higher sensitivity to zolpidem (y,T55V,
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Fi1G. 2. y,M130 and y,M57 are important for zolpidem affinity.
Shown is the specific binding of [*H]Ro 15-1788 in the presence of 1
uM zolpidem. (4) Zolpidem sensitivity of receptors containing point
mutations in region I (residues 115-132 of mature 7y,). The concen-
tration of [*H]Ro 15-1788 was 1 nM. (B) Zolpidem sensitivity of
receptors containing point mutations in region II (residues 44-59 of
mature v,). The concentration of [PH]Ro 15-1788 was 2 nM. Error bars
indicate SD of two independent determinations performed in dupli-
cate. In some cases the error is to small to show up.

88% displacement). There was almost no effect on [*H]Ro
15-1788 and zolpidem affinity for the +,T55V mutation.
However, for receptors containing the y,M571 mutation the
affinity for both ligands was reduced (Table 1). The reduction
in zolpidem affinity is about 4-fold compared with wild-type
receptors. Notably, the difference in zolpidem affinity between
vs- and y,M130L-containing receptors was similar by about
3.5-fold to the reduction caused by the y,M571 mutation.
Diazepam and Cl 218872 affinity are affected by this mutation
to a lesser extent (Table 1).

Functional Effects of y,M130L. Wild-type and mutant vy
subunits were coexpressed with «; and 3, subunits in Xenopus
oocytes to study functional consequences of the y,M130L
mutation. Mutant ion channels expressed GABA-activated
chloride currents of comparable maximal current amplitude as
wild-type channels (3—4 days after injection, measured at —60
mV; ai1B2y2, 104 £ 0.9 pA, n = 3; oB2yM130L, 12.1 = 1.7
BA, n = 3; a1B2ys, 3.6 = 0.8 uA, n = 3). The apparent GABA
affinities were 9.6 £ 6.9, 12.5 = 0.8, and 9.7 = 1.6 uM (mean *
SD, n = 3) for channels containing <y,, y.M130L, or 73,



Neurobiology: Buhr and Sigel

rrrromm oy LR R R | T rryeme

<)
£ 400
o
c
5
[o0]
o
~ 60
o
e 40
x
:_9‘ 20
O
a2
» 0
10" 1070 10° 10® 107

*H]Ro 15-1788 (M)

F1G6.3. Receptors containing the mutant y,M130L subunit display
high affinity binding for [PH]Ro 15-1788. Concentration dependence
of specific binding of [PH]Ro 15-1788 to membranes prepared from
HEK 293 cells transiently transfected with a1B27y> (®), a1B82y2M130L
(0), and a1B27y; (m). Each point represents the mean * SD of one
determination performed in duplicate. A second experiment gave
similar results.

respectively. Therefore, expression and agonist affinity are not
affected by the mutation. Allosteric stimulation by zolpidem
and diazepam of GABA-activated currents was measured in
cumulative dose-response curves (Fig. 5). Stimulation of
mutant channels requires much higher concentrations of zol-
pidem as compared with wild-type vy,-containing channels
(Fig. 54). In contrast to zolpidem, diazepam stimulation is
similar in wild-type and mutant +y, containing channels (Fig.
5B). These results indicate that mutant channels retain allo-
steric coupling to the agonist site and confirm the importance
of y,M130 for zolpidem binding.
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Fi6. 4. The y,M130L mutation drastically reduces zolpidem af-
finity. Membranes prepared from HEK 293 cells transiently trans-
fected with a1B27y> (@), ai1B2y2M130L (O), or aifB2y3 (w) were incu-
bated with fixed concentrations of [PH]Ro 15-1788 and various con-
centrations of competing zolpidem. For receptors containing the y»
subunit, 2 nM of [*H]Ro 15-1788 was used. For receptors containing
v2M130L or the v3 subunit, 1 nM of [*H]Ro 15-1788 was used. Assay
of vy, containing receptors with 1 nM [*H]Ro 15-1788 would have
resulted in a curve displaced by a factor of 1.6 to the left. Each point
represents the mean = SD of one determination performed in
duplicate. A second experiment gave similar results.

Proc. Natl. Acad. Sci. USA 94 (1997) 8827

{1
1T T T T T T =TT T =TT T

700
600 -
500
400
300 -

200 +

100 |-

relative current amplitude (%)

° jid PR R NI} PRI AWET ] IS AWRTT) el hadochelkd

0.001 0.01 0.1 1 10
zolpidem (uM)

il
1T T~ TT"TTTTI

T TTTTT YT T =TT TTTT

8500 | -

400

300

200

100 -

relative current amplitude (%)

° ‘I;J Aedetoddas ] el bt ] Jrendudanedaordededl Leconbronderebadaiaded
0.001 0.01 0.1 1 10
diazepam {(uM)

F16. 5. The y,M130L mutation drastically affects zolpidem stim-
ulation of GABA-activated currents. Shown are cumulative dose—
response curves for zolpidem (A4) and for diazepam (B). aif2y«
channels were expressed in Xenopus oocytes. Stimulation was mea-
sured at GABA concentrations (1-3 uM) eliciting about 5% of the
maximal current amplitude. The same concentration of GABA was
coapplied with increasing amounts of zolpidem or of diazepam. a182y2
(®), a1B2y2M130L (O), or aif2ys (m). Each point represents the
mean * SD of at least three oocytes.

DISCUSSION

This study demonstrates that one particular amino acid residue
at position 130 of the mature vy, subunit of a;B,y.S GABAA
receptors drastically affects benzodiazepine site ligand affin-
ities. Both « and vy subunits contribute to the benzodiazepine
pharmacology of GABA,4 receptors. Therefore, it is assumed
that the benzodiazepine binding site is located at the a/y
subunit interface. Until now, only one amino acid residue on
v subunits influencing benzodiazepine binding affinity (for
functional data, see below) has been identified (18, 19). A 1y
or <ys subunit is required for high affinity binding of the
benzodiazepine site antagonist [*H]Ro 15-1788. Receptors
containing a <ys instead of a vy, subunit display a 178-fold
reduced affinity for the ligand zolpidem. The +y; subunit shows
64.6% sequence identity to the vy, subunit. About 150 amino
acid residues are different between the mature subunits and
therefore could be responsible for reduced zolpidem affinity.
Chimeric vy subunits were constructed to identify amino acid
regions containing the responsible residues. Receptors were
expressed and analyzed for the ability of zolpidem to displace
[*H]Ro 15-1788 binding.
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Coexpression of the y, or the 3 subunit together with o and
B2 in cultured HEK 293 cells results in receptors displaying
high affinity to [*H]Ro 15-1788. All receptors containing
chimeric vy subunits expressed equally well and retained high
affinity to [PH]Ro 15-1788. These data rule out that this drastic
type of mutagenesis had an influence on the overall structure
of the receptor complex or a disruptive effect on the benzo-
diazepine binding pocket. Two regions important for the
interaction with zolpidem were identified. One region had a
strong effect (termed region I) and the other region had a
intermediate effect (termed region II) on zolpidem sensitivity
of [*H]Ro 15-1788 binding. In region I and region II a total of
four and five amino acid residues are different between -y, and
v3. Each of these nine residues of the -y, subunit was individ-
ually mutagenized to the residue present in the y; subunit, and
mutant receptors were expressed and analyzed.

The methionine-to-leucine substitution at position 130 of
the -y, subunit had a dramatic influence on zolpidem sensitivity
of [*'H]Ro 15-1788 binding. Whereas the affinity to [*H]Ro
15-1788 is not affected the affinity to zolpidem is drastically
reduced amounting to a 51-fold change. The affinity for
diazepam is reduced by about 2.5-fold. Interestingly, the
affinity to Cl 218872 is increased by about 9-fold. Wild-type
and mutant subunit combinations were also expressed in
Xenopus oocytes and analyzed. These functional data con-
firmed the importance of y,M130 for zolpidem stimulation of
GABA-activated currents. The apparent zolpidem affinity is
drastically reduced whereas diazepam potentiation is much less
affected. GABA dose-response curves indicate that the ap-
parent agonist affinity is not affected by the y,M130L muta-
tion. These results and also the fact that the binding affinity to
one benzodiazepine site ligand is not affected at all, whereas
other ligands are affected in different ways strongly suggest
that y,M130 plays an important role in the specificity of the
binding pocket and that it is most likely part of it.

The analysis of receptors mutagenized in region II identified
methionine at position 57 to be important for zolpidem
sensitivity of [*H]Ro 15-1788 binding. Zolpidem affinity was
reduced by about 4-fold for receptors containing y,M571. That
this reduction in ligand affinity was significant was concluded
from results obtained from +,T55V containing receptors
analyzed in parallel. For receptors containing y,M571 the
affinities to diazepam and to CI 218872 were reduced to a
smaller extent as compared with zolpidem. Methionine as well
as isoleucine both have relatively large and hydrophobic side
chains. Therefore, this substitution is relative conservative in
nature. It is possible that both side chains interact with the
hydrophobic benzodiazepine site ligands in a similar way. The
relatively modest reduction in ligand affinities could be caused
by the bulkiness of isoleucine leading to small distortions of the
binding pocket. Other less conservative substitutions of y,M57
might have more pronounced consequences on benzodiaz-
epine site ligand affinities. It remains to be shown if y,M57 is
really part of the benzodiazepine binding site or if substitution
of this residue has more indirect effects on benzodiazepine site
ligand affinities.

Additional amino acid residues have been shown to be
important for the benzodiazepine pharmacology. The benzo-
diazepine site antagonist Ro 15-1788 acts agonistic on recep-
tors containing the y,T142 to serine mutation (17). The
authors conclude that the mutation of threonine at position
142 influences the pharmacology by a mechanism most likely
distinct from binding of benzodiazepines. Previously it was
shown that substitution of a phenylalanine at position 77 of the
7> subunit has dramatic consequences on benzodiazepine
stimulation (18) after functional expression of mutant recep-
tors in Xenopus oocytes. Furthermore, binding experiments
after expression in HEK 293 cells indicate that, depending on
the amino acid side chain present at this position, ligand
affinities were differentially affected (19). The y,F77I muta-
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tion resulted in a complete loss of zolpidem, Cl 218872, and
methyl-6,7-dimethoxy-4-ethyl-B-carboline-3-carboxylate
(DMCM) affinities (up to 5,000-fold reduction) whereas high
affinity to flunitrazepam was retained (19). A phenylalanine-
to-tyrosine substitution at position 77 increased the affinity to
zolpidem and Cl 218872. In contrast to four different y,F77
substitutions (to tyrosine, isoleucine, leucine, or tryptophan),
which have always similar effects on zolpidem and Cl 218872
affinities, the y,M130L mutation has differential effects for
these two ligands.

Several amino acid residues on « subunit isoforms have also
been identified to influence benzodiazepine site ligands affin-
ities. If a3E225 is mutated to a glycine (which is the homolo-
gous residue to «;G200), there is at least a 10-fold increase in
binding affinities for zolpidem and CI 218872 (10). Replace-
ment of histidine 101 by arginine in the «; subunit leads to a
complete loss in detectable diazepam, zolpidem, and Cl 218872
binding, while the binding affinity for [*H]Ro 15-1788 is
reduced by more than 100-fold (11, 12). Similarly, two addi-
tional amino acid residues (proline 161 and isoleucine 210)
have been identified in an as-derived mutant that together
alter affinities to benzodiazepine site ligands (13). Residues
that influence benzodiazepine pharmacology have been iden-
tified on the a; subunit after functional expression in Xenopus
oocytes. a1 Y161A and a1 T206A both increase stimulation by
diazepam and by zolpidem (18) and at least a;T206A also
affects benzodiazepine ligand binding affinities upon expres-
sion in HEK 293 cells (unpublished results). The same study
showed that receptors containing the a;Y209A substitution
displayed a reduced zolpidem stimulation. Preliminary binding
experiments indicate that this residue also plays an important
role in benzodiazepine site ligand binding (unpublished re-
sults). After submission of this work, Amin et al. (14) published
that two tyrosine residues (a; Y159 and «;Y209) are crucial for
benzodiazepine binding and allosteric modulation of GABA-
activated currents, pointing again at the importance of a; Y209.

It is not clear if all of the above-mentioned amino acid
residues that affect binding of benzodiazepines are in direct
contact with benzodiazepines or if the substitutions have an
more indirect effect on the benzodiazepine binding site. How-
ever, observations that make it likely that at least some of these
residues are in direct contact with the ligands comes from an
independent approach. Using bovine brain membranes and
photoaffinity labeling by [*H]flunitrazepam, Duncalfe et al. (9)
showed that the conserved histidine (residue no. 102 of bovine
a subunits, corresponding to 101 in rat «4) is the major site of
photoincorporation. Furthermore, residues C terminal of res-
idue 104 can be photolabeled by [*H]Ro 15-4513 (35). Most of
the residues on « subunits that have been identified by
site-directed mutagenesis are downstream of the conserved
histidine. It is likely that further analysis of [*H]Ro 15-4513
photoincorporation will point to one of these residues. Simi-
larly, photoincorporation of the agonist [*H]muscimol into
a1F64 (36) identified a residue that is important for apparent
GABA affinity of channel gating as shown by functional
expression of mutant channels (37). Therefore, site-directed
mutagenesis and the study of properties of mutant receptors
are important strategies for the identification of amino acid
residues interacting with ligands.

Interestingly, it appears that the amino acid residues known
to be important for benzodiazepine site ligand affinity are
located in regions homologous to regions involved in neuro-
transmitter binding of GABAA and related receptors. For
example, a;F64, which is involved in GABA binding, is ho-
mologous to y,F77, which is important for benzodiazepine site
specificity. A four loop model of neurotransmitter binding has
been suggested by Galzi and Changeux (21) for the members
of the acetylcholine receptor subfamily (including GABAA,,
glycine, and 5HT; receptors). As for the benzodiazepine
binding site, peptide loops of two neighboring subunits are
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important for neurotransmitter affinity indicating that both
binding sites are located at subunit boundaries. y,M130 is not
located in a region homologous to any region involved in
agonist binding. As the y,M130L mutation drastically affects
ligand affinity and because of the homology of the benzodi-
azepine and GABA binding sites it is likely that new residues
of the GABA binding site can be identified. Presently, we are
testing this hypothesis by systematically mutagenizing the
homologous region of the «; subunit and determining the
apparent GABA affinity of mutant ion channels. As the
location of the neurotransmitter binding site is strongly con-
served in different receptors it is likely that the regions
homologous to the region were y,M130 is located are of
general importance. Alternatively, we have described here a
region important for the modulatory site that has no related
region in the agonist site.

We identify here new amino acid residues on the vy subunit
differentially affecting binding of ligands of the benzodiaz-
epine binding site. There is good chance that at least one of
these residues is part of the binding pocket and directly
interacts with some ligands of this site. The analysis of various
substitutions at key positions might help to understand how
precisely ligands interact with the binding pocket. Ultimately,
such an analysis may provide a rational basis for drug design.
However, final verification of such structural predictions has to
await crystallization and structural resolution of the GABAA
receptor.
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