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1 The benzodiazepine site of the a6b2g2 subtype of g-aminobutyric acidA (GABAA) receptors is
distinguishable from that of the a1b2g2 subtype by its inability to interact with classical benzodiazepines
(i.e., diazepam) and its agonistic response to Ro 15-1788, which behaves as an antagonist in the a1b2g2
subtype.

2 The point mutation of Arg 100 of the a6 subunit to histidine (the corresponding residue in a1) has
been shown to enable the a6b2g2 subtype to interact with diazepam but failed in this study to abolish the
ability of Ro 15-1788 to enhance GABA-induced Cl7 currents.

3 Here we identi®ed the segment of P161 to L187 of a6 to contain the functional region responsible for
the agonistic action of Ro 15-1788. Its replacement with the corresponding a1 sequence abolished the
ability of Ro 15-1788 to enhance GABA currents without appreciable e�ects on its binding a�nity to the
benzodiazepine site or on the functionality of the other benzodiazepine site ligands such as diazepam, U-
92330 and 6,7-dimethoxy-4-ethyl-b-carboline-3-carboxylate. These data support the evidence that the
functionality of a given ligand could arise from a single region of the benzodiazepine site, not shared by
others.

4 In addition we have learned that several residues in the N-terminal region of a6, such as R100, V142
and N143, have the ability to in¯uence GABA-dependent Cl7 current induction probably by
allosterically modulating low a�nity GABA sites.
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Introduction

g-Aminobutyric acidA (GABAA) receptors are supramolecular
receptor-Cl7 channel complexes and exist in combination of
various subunits (a, b, g and d), each consisting of several
isoforms in mammalian brains (Bateson et al., 1991; DelOrey
& Olsen, 1992; Wisden & Seeburg, 1992; Barnard et al., 1993;
Harvey et al., 1993). Among numerous possible GABAA re-
ceptor subtypes, the axb2g2 subtypes, when expressed in hu-
man embryonic kidney cells, display many functional
properties similar to those of native neuronal receptors and
express the benzodiazepine site which is an allosteric mod-
ulator site of therapeutic importance (Pritchett et al., 1989;
Draguhn et al., 1990; Verdoorn et al., 1990; Puia et al., 1991;
Im et al., 1993). Di�erent a isoforms alter the properties of the
benzodiazepine site of the GABAA receptor subtypes. The
point of interest to us is that the benzodiazepine site of the
a6b2g2 subtype of GABAA receptors is distinguishable from
that of the a1b2g2 subtype by its inability to interact with
classical benzodiazepines (e.g., diazepam) (LuÈ ddens et al.,
1990) and its agonistic response to Ro 15-1788 (Im et al.,
1993), which behaves as an antagonist in the a1b2g2 subtype.
Recently, mutation of arginine 100 (Arg 100) in the amino (N)
terminal region (extracellular) of a6 to histidine (the corre-
sponding residue in a1) has been shown to enable the a6b2g2
subtype to interact with a classical benzodiazepine, diazepam
(Wieland et al., 1992). However, our preliminary study with
the mutant showed that Ro 15-1788 still enhanced GABA-
currents. This raises the possibility that a N-terminal region(s)
of the a6 other than Arg 100 is responsible for the function-
ality of Ro 15-1788. Upon alignment of the N-terminal re-
sidues near Arg 100 of a isoforms, three regions have attracted
our attention (Figure 1): two of these represent electrostatic

charge di�erences (HN121 for a6 vs ED for a1 and VN143 for
a6 vs ED for a1) and the third one a hypervariable region from
P161 to L187, where 17 out of the 27 residues are divergent. As
an initial attempt to map the putative functional region for Ro
15-1788, Arg 100 and the three N-terminal regions were suc-
cessively mutated to the corresponding residues in the a1
subunit; Mutant 1 (R100H), Mutant 2 (R100H, HN121ED),
Mutant 3 (R100H, HN121ED and VN142ED), and Mutant 4
(including the segment from P161 to L187 replaced with the
corresponding a1 sequence in addition to those mutations in
Mutant 3). Each mutant was expressed in combination with b2
and g2 subunits in human embryonic kidney cells (HEK 293
cells). From this study we found that the segment from P161
and L187 of a6 contains the functional region responsible for
abolishing the ability of Ro 15-1788 to enhance GABA-cur-
rents without appreciable e�ect on its binding a�nity.

Methods

Preparation of mutants

Single point mutations were produced by site-directed muta-
genesis by use of a Promega kit. Brie¯y, a fragment (bp 1 ±
1390) of the a6 subunit cDNA of GABAA receptors was iso-
lated with BamHI and PstI restriction enzymes and was cloned
into pAlter-1 (a mutagenesis vector from Promega). Mutants
were generated by use of appropriate mutagenic oligonucleo-
tides (21 MERs prepared by Genosys), in combination with an
oligonucleotide restoring ampicillin resistance in pAlter-1,
following the procedures described in the kit. Three mutants
were obtained from successive point mutations of R100H,
HN121ED and VN142ED. The mutated insert was subcloned
back to the original eukaryotic expression vector (Wieland et
al., 1992). In the fourth mutant, the region from P161 to L187
of a6 was replaced with the corresponding a1 segment, via
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polymerase chain reaction (PCR). Brie¯y, a sense oligonu-
cleotide, 5' TGGATGGACACGCATGTCCCACTAAATT-
TGGGAGCTAT 3', contains the a6 sequence from the base
860 to 880, and the a1 sequence from the base 601 to 615. The
antisense oligonucleotide, 5' GTCTCAATAGAAACTGTTT-
GCCCAATAAGGTCATACTGGTT 3', contains the a6 se-
quence from the base 1022 to 997 and the a1 sequence from the
base 712 to 699. PCR with the two primers and a1 as the
template yielded a product of expected size. The product was
digested with DrdI and BfaI, and ligated with the plasmid
containing Mutant 3 with matching cohesive ends. All muta-
tions were con®rmed by cDNA sequencing and all other pro-
cedures for DNA analysis, construction and puri®cation were
as described previously (Sambrook et al., 1989).

Human embryonic kidney cells (HEK 293 cells, ATCC CRL
1573) were transfected with the vector carrying mutant cDNAs
or the wild type a6 in combination with the vectors carrying b2
and g2 cDNAs, in an equal ratio, in the presence of a trans-
fection-reagent, DOTAP (N - [1- (2,3 - dioleoyloxy)propyl]-
N,N,N-trimethyl-ammoniumsulphate, Boehringer Mannheim
Gmbh). Preparation of baculovirus constructs (AcNPV) car-
rying rat cDNAs for GABAA receptor subunits and the growth
of Sf-9 cells in the presence of the recombinant baculovirus
were carried out as described previously (Carter et al., 1992).

Electrophysiology

The whole cell patch clamp technique (Hamill et al., 1981) was
used to record the GABA-mediated Cl7 currents in human
embryonic kidney cells (HEK293) expressing various combi-
nations of GABAA receptor subunits. Brie¯y, the pipette so-
lution contained (in mM): CsCl 140, EGTA 11, MgCl2 4, ATP
2 and HEPES 10; pH 7.3. Cells were bathed in an external
solution containing (in mM): NaCl 135, KCl 5, MgCl2 1, CaCl2
1.8 and HEPES 5; pH 7.2. GABA and drugs were dissolved in
the external solution and were applied through a U-tube
placed within 100 mm of the target cell. The recording chamber
was superfused with the extracellular solution at a rate of
3 ml min71. Also the gravitational ¯ow through the U-tube
drew the solution from the chamber at a rate of 1.5 ml min71

except for the period of drug application. The current was
recorded at room temperature (21 ± 248C) with an Axopatch
1D ampli®er, a CV-4 headstage (Axon Instrument Co.) and a
Gould Recorder 220.

Binding studies

Binding of radioactive ligands was measured in membranes
obtained from Sf-9 cells expressing recombinant receptors, by
use of ®ltration techniques as described previously (Pregenzer
et al., 1993). Brie¯y, binding of [3H]-muscimol or [3H]-Ro 15-
4513 (ethyl 8-azido-5,6-dihydro-5-methyl-6-oxo-4H-imida-
zo[1,5-a][1,4]benzodiazepine-3-carboxylate) was measured in a
medium containing (in mM): NaCl 118, KCl 5, CaCl2 2, MgCl2
2, HEPES/Tris 20 (pH 7.3), the radioactive ligand and 30 mg
membrane proteins in a total volume of 500 ml. The mixtures
were incubated at 48C for 60 min and ®ltered over a Whatman
GF/B ®lter under vacuum. The ®lter was washed three times
with 4 ml of the above solution and counted for the radio-
activity. Non-speci®c binding was measured in the presence of
excess amounts of cold ligands and was used to compute
speci®c binding. In some experiments, [3H]-Ro 15-4513 binding
was measured in the presence of test compounds at various
concentrations. The IC50 value for a test compound was ob-
tained from dose-response pro®les consisting of at least 6 dif-
ferent points and converted to the Ki value with the equation of
Ki=IC50/(1+[Test ligand]/Kd for Ro 15-4513).

Results

Before the functional characterization of benzodiazepine site
ligands, we examined GABA dose-response pro®les for Cl7

current induction in the a6b2g2 subtype and those containing
individual mutant a6 subunits. The currents were measured by
use of the whole cell patch-clamp technique at a holding po-
tential of 730 mV under a symmetrical Cl7 gradient. The
amplitude of Cl7 currents increased as a function of GABA
concentrations (Figure 2) and was analysed with a logistic
equation, E/Emax=[GABA]nH/(K0.5+[GABA]nH) where K0.5 is
the half maximal GABA concentration, nH is the slope factor
and Emax is the maximal GABA response. Figure 2 shows the
data ®t after normalization of the current amplitude to the
Emax. The K0.5 for GABA decreased from 2.1+0.3 mM in the
wild type to 0.33+0.03 and 0.11+0.01 mM in Mutant 1
(R100H) and 2 (R100H, H121E and N122D), respectively, but
approached the wild type value in Mutant 3 (R100H, H121E,
N122D, V142E and N143D) and Mutant 4 with the K0.5 of
1.2+0.2 and 1.7+0.3 mM, respectively. The slope factor was

Figure 1 Alignment of the amino acid sequences of the a isoforms of GABAA receptors near arginine 100. Each mutant was
produced from the preceding mutant; Mutant 1 (R100H), Mutant 2 (R100H, HN121ED), Mutant 3 (R100H, HN121ED and
VN142ED) and Mutant 4 (including the segment from P161 to L187 replaced with the corresponding a1 sequence in addition to
those mutations in Mutant 3).

Mutagenesis of a6 subunit of GABAA receptors560 W.B. Im et al



not appreciably a�ected in any of the mutants, ranging from
1.2 to 1.4.

The changes in the half maximal GABA concentration for
Cl7 current induction led us to examine whether the mutations
alter the high a�nity GABA site, which was measured with
[3H]-muscimol binding in the membranes of Sf-9 cells infected
with the appropriate recombinant baculoviruses. The Kd for

muscimol was not appreciably a�ected by the mutations, being
4.8+0.3, 7.0, 4.2+0.8, 3.0 and 4.4+2 nM for the wild type,
Mutant 1, 2, 3 and 4, respectively. These results underscore the
view that the high a�nity GABA site is not directly related to
the half maximal GABA concentration for Cl7 current in-
duction. Probably, low a�nity GABA sites may be directly
responsible for channel openings.

To characterize the benzodiazepine site of the mutants, we
examined the e�ects of several key benzodiazepine site ligands
on GABA-induced Cl7 currents (Figure 3). Diazepam, U-
92330 (5-acetyl-3-(5'-cyclopropyl-1',2',4'-oxadiazole-3'-yl)-7-
chloro-4,5-dihydro [1,5-a] quinoxaline), Ro 15-1788 (ethyl-8-
¯uoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo-[1,5-a][1,4]
benzodiazepine-3-carboxylate) and 6,7-dimethoxy-4-ethyl-b-
carboline-3-carboxylate (DMCM) have already been estab-
lished as a classical benzodiazepine agonist, a non-benzodia-
zepine agonist, an antagonist and an inverse agonist,
respectively, for the benzodiazepine site of the a1b2g2 subtype
(Pritchett et al., 1989; Puia et al., 1992; Petke et al., 1992).
Thus, no additional data on their action in the a1b2g2 subtype
is included here. In the a6b2g2 subtype (wild type) (Figure 3),
diazepam produced no e�ect, Ro 15-1788 and U-92330
markedly enhanced the currents as described earlier (Im et al.,
1993) and DMCM partially increased GABA currents. With
the R100H mutation (Mutant 1), diazepam enhanced GABA
currents and DMCM inhibited the currents. These properties
of Mutant 1 are analogous to those of the a1b2g2 subtype, as
shown in an earlier study (Wieland et al., 1992). However,
interestingly, Ro 15-1788 still enhanced GABA currents in
Mutant 1, suggesting that a region(s) of a6 other than Arg 100
is responsible for the functionality of Ro 15-1788. U-92330
also enhanced the currents in Mutant 1, but this dihy-
droimidazoquinoxaline analogue has been established as a
benzodiazepine-site agonist in both the a1b2g2 and a6b2g2
subtypes (Im et al., 1993), indicating its functional pharma-
cophore(s) insensitive to the a isoforms.

For quantitative comparison of the Ro 15-1788 action in
di�erent batches of cloned receptors, we used the ratio of the
net, maximal GABA-current increase by Ro 15-1788 to that
by diazepam in the same patch. The ratio should be in-
dependent of batch to batch variations, because they share
the common binding site (see below). The currents were
measured in the presence of the drugs at a saturating con-
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Figure 2 Current traces and plots showing dose-response pro®les for
GABA-induced Cl7 currents in the a6b2g2 subtype of GABAA

receptors and those containing a6 mutants. (a) Representative traces
for GABA-induced Cl7 currents measured by use of the whole cell
patch clamp technique at a holding potential of 730 mV under a
symmetrical Cl7 gradient. The concentration of GABA was varied
from 0.025 to 5 mM. The vertical calibration bar represents 250 pA
and the horizontal bar 30 s. The relative magnitude of the current at
the peak was plotted as a function of GABA concentration (b); the
a6b2g2 (wild type) (*), Mutant 1 (*), Mutant 2 (!), Mutant 3 (!)
and Mutant 4 (&). The data represent the mean and vertical lines s.e.
from three representative dose-response pro®les (three cells) from two
or more transfections and were ®tted (solid lines) to a logistic
equation,

E � Emax � �GABA�
nH

=�K0:5 � �GABA�
nH
�

where K0.5 is a half-maximal GABA concentration, nH is a slope
factor and Emax is a maximal GABA response.
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Figure 3 E�ects of several representative benzodiazepine ligands on
GABA-induced Cl7 currents in the a6b2g2 subtype of GABAA

receptors and Mutant 1. Cl7 currents were induced with GABA
0.1 mM in the absence or presence of diazepam 2 mM, Ro 15-1788
5 mM, U-92330 5 mM or DMCM 1 mM. The traces were obtained from
typical cells, and the drugs were tested one after another after the
patch had been washed until the GABA response was restored to the
original level. The vertical calibration bar represents 100 pA for wild
type and 250 pA for Mutant 1. The horizontal bar represents 30 s.
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centration (diazepam at 2 mM and Ro 15-1788 at 5 mM) to
obtain their relative maximal e�cacy, and in the presence of
GABA at subsaturating concentrations, at which allosteric
ligands are highly e�ective (0.1 to 0.5 mM, see below). The
e�cacy ratio of Ro 15-1788 to diazepam was 1.1+0.1,
1.0+0.2 and 0.95+0.2 in mutant 1, 2 and 3, respectively, and
as expected, was fairly constant between di�erent batches for
a given receptor type. Only in Mutant 4, the ratio dropped to
0.1+0.2, indicating a loss of the ability of Ro 15-1788 to
enhance GABA currents. This functional change appears to
be limited to Ro 15-1788 because the e�cacy ratio of U-

92330 to diazepam remained unchanged in all the mutants
including Mutant 4. The ratio was 1.6+0.4, 1.3+0.2,
1.0+0.3 and 1.2+0.2 in Mutant 1, 2, 3 and 4, respectively.
Also DMCM reduced GABA currents by 55 to 60% in all
the mutants including Mutant 4.

In order to con®rm the alteration of the Ro 15-1788 action
in Mutant 4, we examined its e�ect on Cl7 currents at various
GABA concentrations and compared the data with those in
the wild type (Figure 4). In Mutant 4, Ro 15-1788 (5 mM, a
saturating concentration, see below) largely failed to enhance
the currents induced with GABA at various concentrations.
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Figure 4 Comparison of the ability of Ro 15-1788 to enhance Cl7

currents induced with GABA at various concentrations in the a6b2g2
subtype and Mutant 4. Cl7 currents were induced with GABA 0.05,
0.1, 0.25, 0.5, 1 and 3 mM in the presence of Ro 15-1788 5 mM. (a)
Representative current traces. (b) The net current increase by Ro 15-
1788 was normalized to the current level observed without Ro 15-
1788 at a given GABA concentration and the data were plotted as a
function of GABA concentration; a6b2g2 (*) and Mutant 4 (*).
The data represent the mean and vertical lines s.e. from three
representative dose-response pro®les (three cells). In the representa-
tive traces, the vertical bar represents 200 pA for the traces obtained
with GABA 0.1 and 0.25 mM and 400 pA for those obtained with
GABA 1 and 3 mM. The horizontal bar represents 30 s.
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Figure 5 Comparison of dose-response pro®les for the ability of Ro
15-1788 to enhance Cl7 currents induced by GABA at a ®xed
concentration (0.5 mM) in the a6b2g2 and Mutant 4. Cl7 currents
were induced by GABA (0.5 mM) in the presence of Ro 15-1788 at 0,
0.025, 0.05, 0.1, 0.25, 0.5, 1, 2 and 5 mM in the a1b2g2 subtype and
Mutant 4. (a) Representative current traces. (b) The net increase of
the currents by Ro 15-1788 at a given concentration was normalized
to the maximal increase and plotted as a function of Ro 15-1788
concentration; a6b2g2 (*) and Mutant 4 (*). The solid line
represents the data ®tted to the logistic equation (see text). The
half-maximal concentration for Ro 15-1788 was 0.11 mM with the
slope factor of 1. The data represent the mean and vertical lines s.e.
from at least three dose-response pro®les (three cells). (c) In Mutant
4, diazepam (1 mM) enhanced GABA (0.5 mM)-induced Cl7 currents
and its enhancement was abolished by Ro 15-1788 5 mM. In the
traces, the vertical bar represents 400 pA and the horizontal bar
represents 30 s.
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For example, the drug marginally enhanced the currents in-
duced by GABA 0.05 mM (by only 18+9%) and produced no
appreciable e�ects on the currents induced by GABA at higher
concentrations (0.1 to 3 mM). In the wild type, Ro 15-1788
enhanced the currents in a GABA-concentration-dependent
manner; it enhanced the currents by 155, 95, 75, 60 and 0%
with GABA at 0.05, 0.1, 0.25, 0.5 and 3 mM, respectively.

Dose-response pro®les for Ro 15-1788 action on
GABA(0.5 mM)-induced Cl7 currents were also compared in
Mutant 4 and the wild type (Figure 5). In Mutant 4, Ro 15-
1788 at the concentration from 0.01 to 5 mM failed to enhance
Cl7 currents whereas in the wild type the drug dose-depen-
dently enhanced the currents with a half-maximal concentra-
tion of 0.11+0.02 mM. This value is close to its Ki of
0.096+0.019 mM in the a6b2g2 subtype obtained from com-
petition binding studies with [3H]-Ro 15-4513. Diazepam, on
the other hand, maintained its ability to enhance GABA cur-
rents in Mutant 4, and its enhancement of the currents was
abolished by Ro 15-1788 5 mM (Figure 5c). This is consistent
with their competition for a common binding site. Finally,
competition binding experiments with [3H]-Ro 15-4513, which
is a well established ligand for the benzodiazepine site of the
a6b2g2, showed that Ro 15-1788 and diazepam displaced the
radioactive ligand with a Ki of 6.3+0.6 and 22+3 nM, re-
spectively, in Mutant 4 (Figure 6). It should be noted that the
dissociation constant for [3H]-Ro 15-4513 was 8.8+0.5 and
7.7+0.3 nM in the a6b2g2 and Mutant 4, respectively.

Discussion

In this study we attempted to investigate the benzodiazepine
site, particularly the regions contributed by the a subunit, by
taking advantage of the marked phenotypic di�erences be-
tween the benzodiazepine site of the a1b2g2 and a6b2g2 sub-

types of GABAA receptors; namely, the inability of the
benzodiazepine site of the a6b2g2 subtype to interact with
classical benzodiazepines and its agonistic response to Ro 15-
1788, which behaves as an antagonist in the a1b2g2 subtype
(LuÈ ddens et al., 1990; Im et al., 1993). We observed that, as
shown in an earlier study, the mutation of R100 to histidine
(Mutant 1) near the N-terminus of a6 enables the receptor to
interact with a classical benzodiazepine, diazepam (Wieland et
al., 1992). Furthermore, the mutation conferred on diazepam
the ability to enhance GABA currents as a high a�nity agonist
to the benzodiazepine site and DMCM the ability to inhibit the
currents, as observed in the a1b2g2 subtype. However, the
mutation did not abolish the ability of Ro 15-1788 to enhance
GABA currents. Our current mutagenic study on the N-
terminal residues near R100 of a6 revealed that the segment
from P161 to L187 (Mutant 4) contains the functional region
responsible for the agonistic response of Ro 15-1788. Re-
placement of the segment with the corresponding a1 sequence
abolished its ability to enhance GABA currents, with little
e�ect on its binding a�nity. This mutational e�ect is highly
selective, because it produced no appreciable e�ect on the
functionality of the other agonists (diazepam and U-92330) or
inverse agonist (DMCM). This segment of a6 represents a
hypervariable region where 17 out of the 27 residues are di-
vergent from a1. Further studies are needed to pinpoint the
residue(s) in the region responsible for the functionality of Ro
15-1788.

These data provide evidence that the functionality of a gi-
ven ligand could arise from its interaction with a single region,
not shared with other ligands. It is reasonable to propose,
therefore, that ligands which are selective for a particular a
isoform can be discovered more readily on the basis of their
functional characteristics, rather than on the basis of their
binding a�nity, because multiple regions seem to be involved
in binding while a single region appears to be responsible for
functionality. For instance, Ro 15-1788 appears to be the a6-
speci®c agonist, because the drug behaves as an antagonist in
the a1b2g2 and a3b2g2 subtypes. Interestingly, mutation on
the two other a6-unique regions, HN121ED and VN142ED,
had no noticeable e�ect on the functionality of the ligands we
used in this study. If a variety of ligands were to be examined,
we might ®nd ligands which are selectively interacting with the
mutated regions.

Our current mutational study also revealed that R100H
mutation altered GABA e�cacy; lowering the K0.5 for GABA-
induced Cl7 currents which probably represents low a�nity
GABA sites (see the Results section). This e�ect further in-
tensi®ed in Mutant 2 (R100H and HN121ED), but largely
disappeared in Mutant 3 (R100H, HN121ED and VN142ED)
and Mutant 4. This suggests that the two mutated residues of
Mutant 3, E142 and D143, interact with H100 either directly
within the binding site or indirectly through low a�nity
GABA sites. It is reasonable to propose that certain key re-
sidues of the benzodiazepine site (e.g. R100, V142 and N143)
upon contact with ligands are able to in¯uence allosterically
GABA e�cacy (via low a�nity GABA sites), although ligand-
induced changes might not be necessarily the same as observed
with the mutations. It should also be pointed out that the
mutations we examined here did not alter the high a�nity
GABA site as measured with [3H]-muscimol. Thus, the high
a�nity GABA site seems to be not directly involved in channel
openings, but its occupancy may induce conformational
changes which are prerequisite for channel openings upon
binding of GABA to low a�nity sites. The same role has been
proposed for the high a�nity site for acetylcholine receptors
(Jackson, 1989). Furthermore, the insensitivity of the high
a�nity GABA site to the a isoform mutations strengthens the
earlier proposal that the high a�nity GABA site is on the b
subunit (DelOrey & Olsen, 1992).

We would like to note an earlier study (Kleingoor et al.,
1993) in which no appreciable di�erence was found in the K0.5

for GABA to induce Cl7 currents in the a6b2g2 subtype and in
the R100H mutant (Mutant 1), 0.34 and 0.3 mM, respectively.
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Figure 6 Comparison of the ability of Ro 15-1788 and diazepam to
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equation,

Ki � IC50=�1� �L�=Kd�

where [L] is the ligand concentration (10 nM) and Kd is the
dissociation constant for [3H]-Ro 15-4513, 7.7 nM.
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The discrepancy arises from the K0.5 value for the wild type
which is only one sixth of our value (2.1+0.3 mM). As seen
with our current data (Figure 2), GABA 0.3 mM induced Cl7

currents to much less than 10% of the maximal level in the wild
type and accordingly its K0.5 value should be much greater than
the value obtained (0.34 mM). At present we do not know how
to explain the di�erence.

In summary, the segment of P161 to L187 of a6 has been
identi®ed to contain the functional region responsible for the

agonistic action of Ro 15-1788 in the a6b2g2 subtype, since its
replacement with the corresponding a1 sequence selectively
abolished the ability of the drug to enhance GABA currents
with little e�ect on its binding a�nity or the functionality of
the other ligands such as diazepam, U-92330 and DMCM. In
addition we found that several key residues in the N-terminal
region of a6, such as R100, V142 and N143, have the ability to
in¯uence GABA-dependent Cl7 current induction probably by
altering GABA a�nity to its low a�nity sites.

References

BARNARD, E.C., SUTHERLAND, M., ZAMAN, M., MATSUTOMO, M.,

NAYNEEM, N., GREEN, T., DARLISSON, M.G. & BATESON, A.N.

(1993) Multiplicity, structure and function in GABAA receptors.
Ann. New York Acad. Sci., 707, 117 ± 125.

BATESON, A.N., LASHAM, A. & DARLISSON, M.G. (1991). g-
Aminobutyric acidA receptor heterogeneity is increased by
alternative splicing of a novel b-subunit gene transcript. J.
Neurochem., 56, 1437 ± 1440.

CARTER, D.B., THOMSON, D.R., IM, W.B., LENNON, D.J., NGO, D.M.,

GALE, W., IM, H.K., SEEBURG, P.H. & SMITH, M.W. (1992).
Functional expression of GABAA Cl7 channels and benzodia-
zepine binding sites in Baculovirus infected insect cells. Bio-
technology, 10, 679 ± 681.

DELOREY, T.M. & OLSEN, R.W. (1992). g-Aminobutyric acidA
receptor structure and function. J. Biol. Chem., 267, 16747 ±
16750.

DRAGUHN, A., VERDOORN, T.A., EWERT, M., SEEBURG, P.H. &

SAKMANN, B. (1990). Functional and molecular distinction
between recombinant rat GABAA receptor subtypes by Zn2+.
Neuron, 5, 781 ± 788.

HAMILL, O.P., MARTY, A., NEHER, E., SAKMANN, B. & SIGWORTH,

F.J. (1991). Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
P¯ugers. Arch., 391, 85 ± 100.

HARVEY, R.J., KIM, H.-C. & DARLISSON, M.G. (1993). Molecular
cloning reveals the existence of a fourth g subunit of the
vertebrate brain GABAA receptor. FEBS Lett., 331, 211 ± 216.

IM, W.B., IM, H.K., PREGENZER, J.P., HAMILTON, B.J., CARTER,

D.B., JACOBSON, E.J., TENBRINK, R.E. & VONVOIGTLANDER,

P.F. (1993). Di�erential a�nity of dihydroimidazoquinoxalines
and diimidazoquinazolines to the a1b2g2 and a6b2g2 subtypes of
GABAA receptors. Br. J. Pharmacol., 110, 677 ± 680.

JACKSON, M.B. (1989). Perfection of a synaptic receptor: Kinetics
and energetics of the acetylcholine receptor. Proc. Natl. Acad.
Sci. U.S.A., 86, 2199 ± 2203.

KLEINGOOR, C., WIELAND, H.A., KORPI, E.R., SEEBURG, P.H. &

KETTENMANN, K. (1993). Current potentiation by diazepam but
not GABA sensitivity is determined by a single histidine residue.
Neuro Report, 4, 187 ± 190.

LUÈ DDENS, H., PRITCHETT, D.B., KOHLER, M., KILISCH, I.,

KEINANEN, K., MONYER, H., SPRENGEL, R. & SEEBURG, P.H.

(1990). Cerebellar GABAA receptor selective for a behavioral
alcohol antagonist. Nature, 346, 648 ± 651.

PETKE, J.D., IM, H.K., IM, W.B., BLAKEMAN, D.P., PREGENZER,

J.F., JACOBSON, E.J., HAMILTON, B.J. & CARTER, D.B. (1992).
Characterization of functional interaction of imidazoquinoxaline
derivatives with benzodiazipine-g-aminobutyric acidA receptors.
Mol. Pharmacol., 42, 294 ± 301.

PREGENZER, J.F., IM, W.B., CARTER, D.B. & THOMSEN, D.R. (1993).
Comparison of interactions of [3H]muscimol, [35S]t-butylbicy-
clophosphorothionate and [3H]¯unitrazepam with cloned g-
aminobutyric acidA receptors of the a1b2 and a1b2g2 subtype.
Mol. Pharmacol., 43, 801 ± 806.

PRITCHETT, D.B., SONTHEOMER, H., SHIVERS, B.D., YMER, S.,

KETTENMANN, H., SCHOFIELD, P.R. & SEEBURG, P.H. (1989).
Importance of a novel GABAA receptor subunit for benzodia-
zepine pharmacology. Nature, 338, 582 ± 585.

PUIA, G., VICINI, S., SEEBURG, P.H. & COSTA, E. (1991). In¯uence of
recombinant GABAA receptor subunit composition on the action
of allosteric modulators of GABA-gated Cl7 currents. Mol.
Pharmacol., 39, 691 ± 696.

SAMBROOK, J., FRITSCH, E.F. & MANIATIS, T. (1989). Molecular
Cloning, A Laboratory Manual. New York: Cold Spring Harbor
Laboratory Press, 2nd Ed..

VERDOORN, T.A., DRAGUHN, A., YMER, S., SEEBURG, P.H. &

SAKMANN, B. (1990). Functional properties of recombinant rat
GABAA receptors depend upon subunit composition. Neuron, 4,
919 ± 928.

WIELAND, H.A., LUÈ DDENS, H. & SEEBURG, P.H. (1992). A single
histidine in GABAA receptors is essential for benzodiazepine
agonist binding. J. Biol. Chem., 267, 1426 ± 1429.

WISDEN, W. & SEEBURG, P.H. (1992). GABAA receptor channels:
From subunits to functional entities. Curr. Opin. Neurobiol., 2,
263 ± 269.

(Received July 30, 1996
Revised October 10, 1996

Accepted October 25, 1996)

Mutagenesis of a6 subunit of GABAA receptors564 W.B. Im et al


