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Abstract

Studies using recombinant systems indicate that ‘diazepam-insensitive’ GABA , receptors in the central nervous system contain a4
and a6 subunits while ‘diazepam-sensitive’ GABA , receptors contain a1, @2, @3 and «5 subunits. Both native and recombinant
diazepam-sensitive GABA , receptors typically exhibit large, outwardly rectifying currents. For example, in patch clamp studies, Human
Embryonic Kidney (HEK) 293 cells transfected with cDNAs encoding «182y 2 subunits exhibit a rectification ratio (I g5 my /! — 60 mv)
of 1.95+ 0.21. However, anomalous rectification was observed in recombinant diazepam-insensitive GABA , receptors composed of
either a4B82vy2 (rectification ratio, 0.74 + 0.09) or «682y2 (rectification ratio, 0.67 + 0.11) subunits. Based on sequence differences
between diazepam-sensitive and -insensitive GABA , receptor o subunits in the vicinity of the putative channel lining, a point mutation
was introduced at His?® on the a4 subunit. The rectification ratio in cells expressing a mutated a4(Asn®"®) 82y 2 receptor increased to
192 + 0.17. Moreover, mutation of the homologous residue in the «l subunit to histidine reduced the rectification ratio of
a1(His?™)B2y2 to 1.02 + 0.12. The affinities of benzodiazepine site ligands at diazepam-sensitive and -insensitive GABA , receptors
were unaffected by these mutations. Thus, the electrophysiological properties of diazepam-sensitive and -insensitive GABA , receptors

may be as divergent as their pharmacological characteristics. © 1998 Elsevier Science B.V.
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1. Introduction

GABA , receptors are a heterogeneous family of lig-
and-gated ion channels that may be assembled from at
least 16 structuraly related subunits (6«, 38, 3y, 9§, ¢
and 2p) (McKernan and Whiting, 1996; Davies et 4.,
1997). In the central nervous system, GABA , receptors
are most often assembled as ternary complexes composed
of @, B, and y subunits (Fritschy and Mohler, 1993; De
Blas, 1996). While the subunit stoichiometry (i.e., the
number of «, B, and y subunits per receptor) remains
controversial (Backus et al., 1993; Chang et a., 1996;
Tretter et al., 1997), converging lines of evidence have
shown that subunit composition determines the physio-
logical and pharmacological properties of GABA , recep-
tors (Barnard, 1995; Liddens et al., 1995).
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GABA , receptors possess multiple, alosterically cou-
pled modulatory sites that are loci for drug action (Skol-
nick and Paul, 1988; Johnston, 1996). However, from the
perspective of both current therapy and future drug devel-
opment, the group of compounds acting at * benzodiazepine
binding sites’ is perhaps the most important. Thus, this
structurally diverse group of compounds includes 1,4-ben-
zodiazepines (such as diazepam and flurazepam), imida-
zopyridines (e.g., zolpidem), cyclopyrrolones (e.g., zopi-
clone), and B-carbolines (e.g., abecarnil). Studies in re-
combinant GABA , receptors have shown that the o sub-
unit is the principal determinant of affinity for this group
of compounds (Pritchett and Seeburg, 1990; Luddens et
al., 1990; Hadingham et a., 1993), with the vy subunit
playing a smaller, albeit significant role for a subset of
these compounds (Luddens et al., 1994; Benke et al.,
1996). While most therapeutically useful benzodiazepine
site ligands are high affinity, positive modulators at
GABAergic synapses (Haefely and Polc, 1986),
Malminiemi and Korpi (1989) demonstrated that high
( wM) concentrations of the prototypic 1,4-benzodiazepine
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diazepam are inactive at a subpopulation of GABA , re-
ceptors in primary granule cell neurons. In contrast, the
imidazodiazepine Ro 15-4513 retained high affinity for
this receptor subpopulation, termed ‘ diazepam-insensitive
GABA , receptors. Subsequent cloning studies identified
two « subunits (a4 and «6) (Luddens et al., 1990; Kato,
1990; Wisden et al., 1991) that could reproduce this
pharmacological profile when expressed with the appropri-
ate B and y subunits.

Diazepam-insensitive sites represent only a small frac-
tion of the total GABA , receptor population. Nonetheless,
this group of GABA , receptors is of considerable interest
because severa high affinity diazepam-insensitive receptor
ligands (e.g., Ro 15-4513 and Ro 19-4603) have been
reported to act as amethystic agents (Suzdak et al., 1996;
Lister and Durcan, 1989; June et al., 1996). Furthermore, a
point mutation in the « 6 subunit has been identified in the
Alcohol Non-Tolerant (ANT) rat, a strain selected for
sensitivity to alcohol (Korpi et al., 1993). These observa-
tions prompted efforts to develop benzodiazepine-site lig-
ands that are selective for diazepam-insensitive GABA ,
receptors (Ananthan et al., 1993; Wong et a., 1993).
While examining the structural requirements for ligand
binding to recombinant receptors containing a4 and «6
subunits (Gunnersen et a., 1996), we observed that the
large, outwardly rectifying currents that have been charac-
terized in both native and recombinant GABA , receptors
(Verdoorn et al., 1990; Adodra and Hales, 1995) were
absent in these diazepam-insensitive isoforms. We now
report that a histidine residue located between the second
and third transmembrane spanning regions imparts this low
rectification to recombinant diazepam-insensitive GABA ,
receptors. Mutation of this residue to an asparagine (the
amino acid found in the homologous position in a1, a2,
a3, and a5 subunits) restores the large, outwardly rectify-
ing properties that are observed in diazepam-sensitive
GABA , receptors composed of al1B2vy2 subunits. More-
over, substitution of a histidine residue in the homologous
position of the «l1 subunit reduces the large, outward
rectifying currents characteristic of wild-type receptors
composed of a1B2y2 subunits. These dramatic effects of
point mutations on the rectifying properties of GABA ,
receptors are independent of the ligand binding properties
that have been employed to discriminate between di-
azepam-sensitive and -insensitive receptor isoforms.

2. Materials and methods
2.1. Cell culture and transfection

HEK 293 cells (American Type Culture Collection,
CRL 1573, Rockville, MD) were maintained in Dulbecco’'s
Modified Eagle Medium (MediaTech, Herndon, VA) sup-
plemented with 10% heat inactivated fetal calf serum
(Summit Biotechnology, Ft. Collins, CO), 2 mM glu-

tamine, 100 units/ml penicillin G, and 100 wg/ml
streptomycin a 37°C under 5% CO,. Cells were trans-
fected as previously described (Harris et al., 1995) using a
calcium phosphate precipitation procedure (Gorman et al.,
1990). Cells were transfected with the cDNAs encoding
the specified «, B, and y subunits at a ratio of 1:1:1 (1
ng per 35 mm dish for electrophysiological studies and 5
©g for a 100 mm dish for radioligand binding studies,
respectively). Cells were either harvested for radioligand
binding studies or used for electrophysiological recording
48 h after transfection.

2.2. Ste-directed mutagenesis of GABA, receptor subunits

Mutagenesis of the GABA , receptor 1 and a4 sub-
units was performed by the PCR-based site-directed muta-
genesis method (Ho et al., 1989). Briefly, two overlapping
DNA fragments bearing the same mutation were produced
in two primary PCR reactions using four primers; the
external primers were wild-type and the inner two primers
contained the indicated mutation. The upstream external
primer and the downstream inner primer were used as one
pair and the upstream inner primer and downstream exter-
nal primer were used as another pair in the primary PCR
reactions. Resulting PCR fragments containing an overlap
in the region of the desired mutation were gel-purified and
small aliquots of purified products were mixed and sub-
jected to five cycles of PCR amplification without primers
to allow the two fragments to reanneal and extend. The
resulting product was used as a template for the secondary
PCR reaction, using only the external two primers. The
resulting PCR product was gel-purified, digested with
endonucleases Pmel and EcoNI (for o1 subunit mutagen-
esis) and recloned into the similarly digested plasmid
pRcCMV /al. Similarly, for a4 subunit mutagenesis, the
resulting PCR fragment was digested with endonucleases
BstEll and EcoRV and ligated into the appropriately
digested plasmid pcDNA3/ «4.The regions of the resulting
constructs generated by PCR were verified by DNA se-
guencing using the Sequenase Version 2.0 DNA Sequenc-
ing Kit (US Biochemicals). No additional nucleotide sub-
stitutions were found. All PCR reactions were performed
with the Pfu DNA polymerase (Stratagene). Primers used
in the site-directed mutagenesis were: for a1l subunit
mutagenesis: 5-CAGTGCCAGA CATTCCCTCCCAAAG,
5-CTTTGGGAGGGAATGTCTGGCACTG, 5-
AAGAGCAGAAGTTGTCTATGAGTGG, 5-TG-
GTCGCACTTTTAGCAATAGTGGC, for a4 subunit mu-
tagenesis. 5-ATCAGTGCTCGGAATTCTTTGCCC, 5-
GGGCAAAGAATTCCGAGCACTGAT, 5-TGCTG-
GATGGTTATGACAACAGAC, 5-CCTCT-
TGCTGCTGCAGAGATAGTC and for a6 subunit muta-
genesis. 5-GGTAGAGAGTTCCGAGCACTGAT. ltdi-
cizing indicates mismatched bases as compared to the
sequences of the wild-type «l, a4 and «6 subunits,
respectively. Mutagenesis of the «6 subunit was per-
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formed with the Altered Sites Il in vitro Mutagenesis
System (Promega) according to the manufacturer’s specifi-
cations.

2.3. Electrophysiological recording

A standard whole-cell configuration of the patch-clamp
technique was used to record Cl~ currents in HEK 293
cells transiently expressing different combinations of
GABA , receptor subunits. Cultures were maintained and
transfected as previously described and plated at a density
of 20000 cells/ml on plastic 35 mm dishes. Patch pipettes
were prepared from microhematocrit capillary tubes and
fire-polished to a tip resistance of 3-5 M when filled
with a pipette solution containing (in mM): 143 CsCl, 0.5
CaCl,, 1 MgCl,, 5 EGTA and 10 HEPES (pH 7.2). Cells
were bathed with an external solution containing (in mM):
135 NaCl, 5.4 KCI, 1.8 CaCl,, 1 MgCl,, 5 HEPES and
0.01 mg/ml phenol red (pH 7.3). GABA solutions (10
uM) were rapidly applied and removed by positioning an
array of nine glass barrels (406 wm outside diameter)
approximately 100 wm away from the target cell as de-
scribed (Benveniste and Mayer, 1991). GABA was applied
for 3 s; intervals of 1 min were allowed between applica-
tions, in which cells were continuously perfused with
external solution. Whole-cell currents were recorded at
different holding potentials with an Axopatch-1C amplifier
(Axon Instruments, Burlingame, CA) equipped with a
CV-3 headstage. When a gigaseal was formed, capacity
transients were canceled. After rupture of the patch, series
resistance was compensated (80%) and the pipette poten-
tial was set at —60 mV. All experiments were performed
at 23°C.

2.4. Radioligand binding

Culture medium was removed and each dish was washed
twice with 3-ml ice cold PBS (1.7 mM KH,PO,, 5 mM
Na,HPO,, 150 mM NaCl, pH 7.4). Cells were scraped
from the culture dishes, and the cell slurry centrifuged at
1000 x g for 10 min. The cell pellets were resuspended in
50 mM Tris—citrate buffer, pH 7.4, disrupted with a
Brinkmann Polytron (setting 7, 10 s) and centrifuged at
20000 x g for 20 min. This suspension/centrifugation
procedure was repeated a total of 4 times.

Competition studies were performed in a total volume
of 250 wl and consisted of 150 wl of tissue suspension
(0.1-0.2 mg of protein/assay), 50 wl of [*H]Ro 15-4513
(6 nM), 25 wl drug solution, and 25 ul of 2 M NaCl.
Assays (4°C) were terminated after 1 h by rapid filtration
(Brandel M-48R, Gaithersburg, MD) through GF/B filters
followed by two 5-ml washes with ice-cold 50 mM Tris—
citrate buffer. Nonspecific binding was determined by the
addition of 10 uM Ro 15-1788 and typically represented
10-15% of the total binding at 6 nM [*H]Ro 15-4513.
Radioactivity retained by the filters was measured inan LS

6500 liguid scintillation counter (Beckman Instruments,
Palo Alto, CA). Data were analyzed with Inplot4 (Intuitive
Software, La Jolla, CA). Protein concentrations were deter-
mined using the BCA protein assay reagent (Pierce, Rock-
ford, IL).

2.5. Materials

[*H]Ro 15-4513 (ethyl-8-azido-5,6-dihydro-5-methyl-6-
oxo-4H-imidazo[1,5a][1,4]benzodiazepine-3-carboxyl ate)
[Sp. Act. 30.4 Ci /mmol] was obtained from Dupont /NEN
(Boston, MA). Diazepam and compounds with a ‘Ro’
prefix were donated by Hoffmann-LaRoche (Nutley, NJ).
CGS 8216 (2-phenylpyrazold4,3-clquinoline-3(5H )-one)
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Fig. 1. Voltage-dependence of responses to GABA (10 M) in HEK 293
cells expressing different combinations of GABA , receptor subunits.
Left panels (A, C, E): Superimposed traces in response to GABA
perfusion recorded from cells held at voltages between —60 and + 60
mV. Cells were transfected cDNAs encoding a182y2 (A), a482y2
(C) and a6B82y2 (E) subunits, respectively. Right panels (B, D, F):
Current—voltage relationships for responses evoked by GABA recorded
from cells transfected with cDNAs encoding a182y2 (B), a482y2 (D)
and «6B82y2 (F) subunits, respectively. Data points represent X +
S.E.M. of current amplitudes recorded from > 4 cells and normalized to
the peak current amplitude a¢ —60 mV of each cell.
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Table 1
Rectification ratios (1 o my /| - g0 mv) iN Wild-type and mutant GABA ,
receptors

Recombinant GABA , receptor Rectification ratio

alB2y2 1951021
al(His?™)B2y2 1.02+0.122
adf32y2 0.74+0.09%
ad(As?®)B2y2 1.92+0.17
abB2y2 0.67+0.11%

HEK 293 cells were transfected with cDNAs encoding wild-type and
mutant GABA , receptor subunits as described in Section 2. Values
represent X +S.E.M. of 4-5 célls.

%P < 0.01 compared to receptors composed of either a1B2y2 or
ad(Asn®™®) B2y 2 subunits (Newman—Keuls post-hoc test).

was obtained from Ciba-Geigy (Summit, NJ). Other mate-
rials were obtained from standard commercial sources.

3. Reaults

3.1. Current—voltage relationships in wild-type diazepam-
sensitive and -insensitive GABA,, receptors

Current—voltage (1-V) relationships were obtained by
measuring peak Cl~ current upon fast GABA (10 uM)
perfusion during large voltage pulses ranging from — 60
mV to +60 mV. With symmetrical intracellular and extra-
celular CI~ concentrations (146 mM), GABA-induced
currents reversed close to the theoretical Cl~ equilibrium
potentiadl (0 mV). Consistent with previous studies
(Verdoorn et al., 1990), HEK 293 cells transfected with
cDNAs encoding a182y2 subunits exhibited large, out-
wardly rectifying currents (Fig. 1a,b), with a rectification
ratio (1, 60 mv/!—co my) Of 1.95+ 0.21 (Table 1). On the
same cells, the averaged peak current was 483 4+ 62 pA at
—60 mV. By comparison, anomalous outwardly rectifying
currents were observed in cells expressing either «432y2
(Fig. 1c,d) or a6B2y2 (Fig. 1ef) GABA, receptors.
Thus, in cells transfected with cDNAs encoding a432y2
subunits, the rectification ratio was 0.74 + 0.09, with a
peak current of 448 + 57 pA (n=5) a —60 mV. Simi-
larly the rectification ratio in cells transfected with cDNASs
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Fig. 3. Current—voltage relationships in wild type and mutated GABA ,
receptors. GABA-evoked currents were recorded from HEK 293 cells
transfected with cDNAs encoding the specified wild type and mutated
subunits. Panel A: Large, outwardly rectifying currents from cells ex-
pressing a132y2 GABA , receptors. Panel B: A dramatic reduction in
outward rectifying currents was observed in cells expressing a mutated
a1(His?™*) subunit together with 82 andy2 subunits. Panel C: Anoma-
lous outwardly rectifying currents in GABA , receptors composed of
a4B2y2 subunits. Panel D: Large, outwardly rectifying currents in cells
expressing an «4(Asn®’®) mutation together with 82 and y2 subunits.
Note that the rectification ratio in receptors composed of
a4(Asn?"®) B2y 2 subunits was virtually identical to the value obtained in
wild type a 182y 2 receptors (Table 1). Data points represent the normal-
ized mean current amplitudes (+ S.E.M.) for 4-5 cells. Panels A and C
are reproduced from Fig. 1 for clarity.

encoding « 682y 2 subunits was 0.67 + 0.11 with a peak
current of 557 + 67 pA (n=4) at —60 mV.

3.2. Current—voltage relationships in mutated diazepam-
sensitive and -insensitive GABA, receptors

Mutation of a1(Asn?’*) to His?’* on the putative extra-
cellular loop between TM2-TM3 (Fig. 2) dramatically

TM3 SEGMENT

*
GABA,R-01 PARTVFGV[TTVLTMTTLSISA RNSLPKVAYATA MDWFIAVCYAFVFSALIEFAT
GABAR-02 PARTVFGV[TTVLTMTTLSISA RNSLPKVAYATA MDWFIAVCYAFVFSALIEFAT
GABAR-03 PARTVFGV[TTVLTMTTLSISA RNSLPKVAYATA MDWFIAVCYAFVFSALIEFAT
GABA,R-05 PARTVFGV[TTVLTMTTLSISA RNSLPKVAYATA MDWFIAVCYAFVFSALIEFAT

GABA,R-04 PARTVFGI[TTVLTMTTLSISA RHSLPKV/[SYATA MDWFIAVCFAFVFSALIEFAA
GABA,R-06 PARTVFGI[TTVLTMTTLSISA RHSLPKV|[SYATA MDWFIAVCFAFVFSALIEFAA

Fig. 2. Amino acid sequences of rat GABA , receptor o subunits in the vicinity of TM2-TM3. The second transmembrane spanning region (TM2) is
thought to line the ion channel (8). The sequences are identical for a1, @2, a3, and «5 subunits (‘ diazepam-sensitive’) and for a4 and « 6 and subunits
(‘diazepam-insensitive’ ), respectively. Differences between  diazepam-sensitive’ and * diazepam-insensitive’ subunits are boxed. Asterisk shows location of
the point mutations made in the a1 and a4 subunits. This position (corresponding to His?’® in a4 and His*” in a6 subunits and Asn?™ in «1 and the
homologous position for a2, a3, and a5 subunits) between TM2-TM3, is near the putative channel mouth. Mutations consisted of changing His?’® in the

a4 subunit to Asn and the Asn?’# in the a1 subunit to His.
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Fig. 4. Ligand affinities at recombinant «182y2 and «a4B2y2 receptors. effect of a1(His?’*) and a4(Asn®’®) mutations. HEK 293 cells were
transfected with the appropriate cDNAs for 48 h as described in Section 2. Cells were harvested and membranes incubated with [*H]Ro 15-4513 (6 nM) as
described. Values are the average of two experiments and are expressed as the percent of specific [*H]Ro 15-4513 hinding obtained in the absence of
inhibitors. Panel A, Wild-type receptors: (O), Diazepam; (<), CGS 8216 in cells expressing a 182y 2 subunits; (0), Diazepam; (2 ), CGS 8216 in cells
expressing a4B2vy2 subunits. The ICg, values for diazepam and CGS 8216 were 33 and 0.28 nM, respectively, in cells expressing a182y2 subunits.
The ICg, value for CGS 8216 was 16 nM and diazepam did not produce a consistent inhibition at concentrations of up to 10 uM in cells expressing
a432vy2 subunits. In a typical experiment, specific [*H]Ro 15-4513 hinding obtained in the absence of inhibitors was 261 fmol /mg and 276 fmol /mg
protein, respectively, in cells expressing a182y2 and a4 2y 2 subunits. Panel B, Mutated receptors: (@), Diazepam; (#), CGS 8216 in cells expressing
a1(His?™*) B2y 2 subunits; (M), Diazepam; (4 ), CGS 8216 in cells expressing a4(Asn®"®) 82y 2 subunits. The IC,, values for diazepam and CGS 8216
were 33 nM and 0.27 nM, respectively, in cells expressing a1(His?#) 32y 2 subunits. The ICs, value for CGS 8216 was 19 nM and diazepam did not
produce a consistent inhibition at concentrations of up to 10 wM in cells expressing a4(Asn?"®) 82y 2 subunits. In atypical experiment, specific [*H]Ro
15-4513 binding obtained in the absence of inhibitors was 313 fmol /mg and 554 fmol /mg protein, respectively, in cells expressing a1(His*4) 32y 2 and
ad(Asn?"®) B2y 2 subunits. In a pilot experiment, ICy, values for CGS 8216 and diazepam were similar in cells expressing «682y2 (103 nM and > 10

M, respectively) and a6(Asn?’®) B2y 2 subunits (88 nM and > 10 uM, respectively).

reduced the large, outward rectifying currents present in
cellsexpressing GABA , receptors containing the wild-type
a1 subunit (Fig. 3a). The rectification ratio in cells trans-
fected with a1(His*#)82y2 was reduced by ~ 48% to
1.02 + 0.12, with a peak current of 432 + 68 pA (n=4) at
—60 mV (Fig. 3b). By contrast, mutation of the wild-type
a4 subunit (Fig. 3c) at His?"® (the homologous position on
the putative extracellular loop between TM2-TM3) to
Asn®® increased the rectification ratio in receptors com-
posed of a4(Asn??)B2y2 subunits (Fig. 3d) to a value
(1.92 + 0.17; pesk current, 517+ 67 pA a —60 mV)
(Table 1) similar to that obtained in receptors composed of
alB2y2 subunits.

3.3. Ligand binding properties of wild-type and mutated
GABA, receptors

Most benzodiazepine binding site ligands exhibit dra-
matically lower affinities for diazepam-insensitive com-
pared to diazepam-sensitive GABA , receptor isoforms
(Luddens et al., 1990; Wong and Skolnick, 1992; Yang et
al., 1995). Consistent with previous observations (Wong et
al., 1992a), diazepam binds to wild-type a«182y2 recep-
tors with high affinity (ICg, 33.6 nM) but does not inhibit
radioligand binding to a432y 2 receptors (Fig. 4a). Simi-
larly, the pyrazoquinolinone CGS 8216 binds to
diazepam-sensitive GABA , receptor isoforms with pico-
molar affinity (Petrack et al., 1983; Wong et al., 1992b),
but is > 50-fold less potent at diazepam-insensitive recep-
tor isoforms (Gunnersen et a., 1996; Wong et al., 1992b).

In receptors composed of alB2y2 and a4B2y2 sub-
units, the 1Cg, values of CGS 8216 were 0.28 and 16.2
nM, respectively. The point mutations that dramatically
altered the rectification properties of receptors expressing
both «4B2y2 and «1B2y 2 subunits had no effect on the
affinities of these ligands (Fig. 4b).

4, Discussion

GABA produces large, outwardly rectifying currents in
recombinant GABA , receptors composed «182y2 sub-
units (Verdoorn et a., 1990; Fig. 1 ab) and cultured
neurons (Adodra and Hales, 1995) that are likely to con-
tain multiple receptor isoforms. In contrast, recombinant
diazepam-insensitive GABA , receptors composed of ei-
ther «4B2y2 (Fig. 1c,d) or «6B82y2 (Fig. 1ef) subunits
exhibit anomalous rectification characterized by marked
reductions in current at positive potentials. This phe-
nomenon results in rectification ratios (a relative measure
of the current at depolarizing compared to hyperpolarizing
potentials) ~ 65% lower than in diazepam sensitive recep-
tors composed of «l1B2y2 subunits, a major GABA ,
receptor isoform in the mammalian central nervous system
(McKernan and Whiting, 1996; Fritschy and Mohler, 1993;
De Blas, 1996). These findings demonstrate that the elec-
trophysiological properties of diazepam-sensitive and -in-
sensitive GABA , receptors may be as divergent as the
pharmacological characteristics that were initially em-
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ployed to differentiate these isoforms (Lilddens et al.,
1995, 1990; Malminiemi and Korpi, 1989).

Charged amino acids located in the vicinity of the
putative channel lining have been reported to play a criti-
cal role in determining the rectification properties of lig-
and-gated ion channels (Dingledine et al., 1992; Imoto et
al., 1988). Amino acid residues located in and around the
putative channel lining (i.e., TM2, the second transmem-
brane spanning domain [Barnard, 1995)) are highly con-
served among rodent GABA , receptor « subunits (Fig.
2). Thus, these sequences are identical among the o sub-
units (i.e, al, a2, a3 and ab5) that can congtitute
diazepam-sensitive GABA , receptors, and between the
ad and a6 subunits that impart insensitivity to diazepam
and related 1,4-benzodiazepines (Luddens et al., 1995).
Among the five amino acid residues in the vicinity of TM2
that differ between the groups of « subunits responsible
for the characteristic pharmacology of diazepam-sensitive
and -insensitive GABA , receptors, the only charge con-
taining residue is a His (located on the putative extracellu-
lar loop between TM2-TM3) on the a4 and «6 subunits
(Fig. 2).

In order to test the hypothesis that the His residue
located between TM2 and TM3 contributes to the anoma
lous rectification properties of diazepam-insensitive
GABA , receptors, this amino acid was mutated to an Asn,
the residue located in the homologous position in a1, a2,
a3, and «5 subunits (Fig. 2). When coexpressed together
with 82 and 2 subunits, the a4(Asn®"®) mutation exhib-
ited a dramatic increase in rectification (Fig. 3d) compared
to receptors containing the wild-type a4 subunit (Fig. 3c).
The rectification ratio (1.92 + 0.17) in receptors composed
of a4(Asn?"®)B2y2 subunits is virtually identica to the
value obtained in receptors composed of «1B2y2 sub-
units (Table 1). If this His is pivotal to the anomalous
rectification observed in recombinant diazepam-insensitive
receptor isoforms, then substitution of this moiety on the
homologous position should blunt or abolish the large
outward rectifying currents observed in wild-type di-
azepam-sensitive isoforms such as receptors composed of
alB2y2 subunits. To test this hypothesis, a1(Asn®’*)
was mutated to His>**. When expressed with 82 and y2
subunits, this mutation resulted in a significant reduction
(Fig. 3b) in the large, outward rectifying currents com-
pared to wild-type receptors (Fig. 3a) with a concomitant
reduction in the rectification ratio to 1.02 + 0.12 (Table 1).
The rectification ratio in a1(His*#) 32y 2 receptors is not
statistically significantly different than in diazepam-insen-
sitive GABA , receptor isoforms (Table 1, legend) indicat-
ing that Asn?’* is critical to the large outward rectification
observed in wild-type diazepam-sensitive receptors.

The affinities of 1,4-benzodiazepines such as diazepam
have been useful in delineating diazepam-sensitive and
-insensitive GABA , receptor isoforms. Studies in recom-
binant receptors have demonstrated that the potencies of
these compounds are primarily determined by a His'®

(commonto al, a2, a3, and 5 subunits) and an Arg’®!

(common to a4 and «6 subunits) residue (Wieland et al.,
1992; Kleingoor et al., 1993). However, a subsequent
study has shown that three other extracellular residues on
the « subunit can also affect the affinities of 1,4-benzodi-
azepines and other benzodiazepine-site ligands (Wieland
and Luddens, 1994). Based on this report, we determined
whether the mutations made in the extracellular region
between TM2-TM3 would affect the affinities of di-
azepam and CGS 8216. The affinities of these compounds
in receptors composed of «al(His***)B2y2 and
ad(Asn??)B2y2 were unchanged from the values ob-
tained in the corresponding wild-type receptors (Fig. 4 and
legend). Thus, despite the dramatic effect of these muta
tions on the rectification properties of diazepam-sensitive
and -insensitive GABA , receptors, the pharmacological
characteristics that are often employed to define these
isoforms appear unchanged.

These findings suggest that a histidine residue on the
extracellular loop between TM2-TM3 is responsible for
the anomaous rectifying properties of recombinant di-
azepam-insensitive GABA , receptors. These data are con-
sistent with previous reports demonstrating a pivotal role
of charged amino acids in the vicinity of TM2 in the
rectifying properties of other ligand-gated ion channels
including non-NMDA receptors and nicotinic acetyl-
choline receptors (Dingledine et a., 1992; Imoto et al.,
1988). The functiona significance of the very modest
outward rectification observed in diazepam-insensitive re-
ceptor isoforms is unknown, and GABA , receptors con-
taining a4 and «6 subunits represent a very minor sub-
population of the total receptor pool (McKernan and Whit-
ing, 1996). Nonetheless, the potential presence of GABA ,
receptor subpopulations with electrophysiological proper-
ties that are significantly different from those found in the
predominant receptor isoform (i.e., a132y2) provides yet
another mechanism for modulating the signaling properties
of neurons mediating the actions of the principle inhibitory
transmitter in the mammalian central nervous system.

References

Adodra, S., Hales, T.G., 1995. Potentiation, activation and blockade of
GABA , receptors of clonal murine hypothalamic GT1-7 neurones by
propofol. Br. J. Pharmacol. 115, 953—960.

Ananthan, S., Clayton, SD., Edick, SE., Wong, G., Evoniuk, G.E.,
Skolnick, P., 1993. Synthesis and structure—activity relationships of
3,5-disubstituted  4,5-dihydro-6 H-imidazo[1,5-a][ 1,4]benzodiazepin-
6-ones at diazepam-sensitive and diazepam-insensitive benzodi-
azepine receptors. J. Med. Chem. 36, 479—-490.

Backus, K.H., Arigoni, M., Drescher, U., Scheurer, L., Maherbe, P.,
Mohler, H., Benson, JA., 1993. Stoichiometry of a recombinant
GABA , receptor deduced from mutation-induced rectification. Neu-
roReport 5, 285-288.

Barnard, E., 1995. The molecular biology of GABA-A receptors and their
structural determinants. In: Biggio, G., Sanna, E., Serra, M., Costa, E.
(Eds), GABA-A Receptors and Anxiety: From Neurobiology to



R. Granja et al. / European Journal of Pharmacology 345 (1998) 315-321 321

Treatment. Advances in Biochemical Psychopharmacology, Vol. 48.
Raven Press, New York, pp. 1-15.

Benke, D., Honer, M., Michel, C., Mohler, H., 1996. GABA , receptor
subtypes differentiated by their gamma-subunit variants: prevalence,
pharmacology, and subunit architecture. Neuropharmacology 35,
1413-1423.

Benveniste, M., Mayer, M.L., 1991. Kinetic analysis of antagonist action
a N-methyl-p-aspartic acid receptors. Two binding sites each for
glutamate and glycine. Biophys. J. 59, 560-573.

Chang, Y., Wang, R., Barot, S., Weiss, D., 1996. Stoichiometry of a
recombinant GABA , receptor. J. Neurosci. 16, 5415-5424.

Davies, P.A., Hanna, M.C., Hales, T.G., Kirkness, E.F., 1997. Insensitiv-
ity to anaesthetic agents conferred by a class of GABA, receptor
subunit. Nature 385, 820—823.

De Blas, A.L., 1996. Brain GABA, receptors studied with subunit-
specific antibodies. J. Mol. Neurobiol. 12, 55-71.

Dingledine, R., Hume, R.I., Heinemann, S.F., 1992. Structural determi-
nants of barium permeation and rectification in non-NMDA glutamate
receptor channels. J. Neurosci. 12, 4080—4087.

Fritschy, JM., Mohler, H., 1993. GABA ,-receptor heterogeneity in the
adult rat brain: differential regional and cellular distribution of seven
major subunits. J. Comp. Neurol. 359, 154—194.

Gorman, C.M., Gies, D.R., McCray, G., 1990. Transient production of
proteins using an adenovirus transformed cell line. DNA Protein Eng.
Tech. 2, 3-10.

Gunnersen, D., Kaufman, C.M., Skolnick, P., 1996. Pharmacological
properties of recombinant ‘diazepam-insensitive’ GABA , receptors.
Neuropharmacology 35, 1307-1314.

Hadingham, K., Wingrove, P., Le Bourdelles, B., Palmer, K., Ragan, C.,
Whiting, P., 1993. Cloning of cDNA sequences encoding human « 2
and a3 y-aminobutyric acid-A receptor subunits and characterization
of the benzodiazepine pharmacology of recombinant a1-, «2-, a3-,
and o5-containing human GABA , receptors. Mol. Pharmacol. 43,
970-975.

Haefely, W., Polc, P., 1986. Physiology of GABA enhancement by
benzodiazepines and barbiturates. In: Olsen, R., Venter, C. (Eds.),
Benzodiazepine/GABA Receptors and Chloride Channels. Alan R.
Liss, New York, pp. 97-133.

Harris, B.D., Wong, G., Moody, E.J.,, Skolnick, P., 1995. Different
subunit requirements for volatile and nonvolatile anesthetics at -
aminobutyric acid type A receptors. Mol. Pharmacol. 47, 363-367.

Ho, S.N., Hunt, H.D., Horton, R.M., Pullen, JK., Pease, L.R., 1989.
Site-directed mutagenesis by overlap extension using the polymerase
chain reaction. Gene 77, 51-59.

Imoto, K., Busch, C., Sakmann, B., Mishina, M., Konno, T., Nakai, J,
Bujo, H., Mori, Y., Fukada, K., Numa, S., 1988. Rings of negatively
charged amino acids determine the acetylcholine receptor channel
conductance. Nature 335, 645—-648.

Johnston, G.A.R., 1996. GABA, receptor pharmacology. Pharmacol.
Ther. 69, 173-198.

June, H.L., Duemler, SEE., Greene, T.L., Williams, JA., Lin, M., De-
vargu, S.L., Chen, SH., Lewis, M.J,, Murphy, JM., 1996. Effects of
the benzodiazepine inverse agonist Ro 19-4603 on the maintenance of
tolerance to a single dose of ethanol. J. Pharmacol. Exp. Ther. 274,
1105-1112.

Kato, K., 1990. Novel GABA , receptor subunit is expressed only in
cerebellar granule cells. J. Mal. Biol. 214, 619-624.

Kleingoor, C., Wieland, H.A., Korpi, E.R., Seeburg, P.H., Kettenmann,
H., 1993. Current potentiation by diazepam but not GABA sensitivity
is determined by a single histidine residue. NeuroReport 4, 187-190.

Korpi, E.R., Kleingoor, C., Kettenmann, H., Seeburg, P.H., 1993. Benzo-
diazepine-induced motor impairment linked to point mutation in
cerebellar GABA , receptor. Nature 361, 356—359.

Lister, R.G., Durcan, M.J., 1989. Antagonism of the intoxicating effects
of ethanol by the potent benzodiazepine receptor ligand Ro 19-4603.
Brain Res. 482, 141-144.

Liuddens, H., Pritchett, D.B., Kohler, M., Killish, I., Keinanen, K.,
Monyer, H., Sprengel, R., Seeburg, P., 1990. Cerebellar GABA 5
receptor selective for a behavioral alcohol antagonist. Nature 346,
648-651.

Luddens, H., Seeburg, P.H., Korpi, E.R., 1994. Impact of B and 7y
variants on ligand binding properties of y-aminobutyric acid type A
receptors. Mol. Pharmacol. 45, 810-814.

Liuddens, H., Korpi, E., Seeburg, P., 1995. GABA , /benzodiazepine
receptor heterogeneity: neurophysiological implications. Neurophar-
macology 34, 245-254.

Malminiemi, O., Korpi, E.R., 1989. Diazepam-insensitive[*H]Ro 15-4513
binding in intact cultured cerebellar granule cells. Eur. J. Pharmacol.
169, 53-60.

McKernan, R., Whiting, P., 1996. Which GABA ,-receptor subtypes
really occur in the brain?. TINS 19, 139-143.

Petrack, B., Czernik, A., Cassidy, J., Bernard, P., Yokoyama, N., 1983.
Benzodiazepine receptor ligands with opposing pharmacologic ac-
tions. Adv. Biochem. Psychopharmacol. 38, 129-137.

Pritchett, D.B., Seeburg, P.H., 1990. y-Aminobutyric acid-A receptor
as-subunit creates novel type Il benzodiazepine receptor pharmacol-
ogy. J. Neurochem. 54, 1802—-1804.

Skolnick, P., Paul, S., 1988. The benzodiazepine/GABA receptor chlo-
ride channel complex. S| Atlas Pharmacol. 2, 19-22.

Suzdak, P.D., Glowa, JR., Crawley, JN., Schwartz, R.D., Skolnick, P.,
Paul, SM., 1996. Selective imidazobenzodiazepine antagonist of
ethanol in the rat. Science 234, 1243-1247.

Tretter, V., Ehya, N., Fuchs, K., Sieghart, W., 1997. Stoichiometry and
assembly of a recombinant GABA , receptor subtype. J. Neurosci. 17,
2728-2737.

Verdoorn, T.A., Draguhn, A., Ymer, S, Seeburg, P.H., Sakmann, B.,
1990. Functional properties of recombinant rat GABA, receptors
depend upon subunit composition. Neuron 4, 919-928.

Wieland, H., Luddens, H., 1994. Four amino acid exchanges convert a
diazepam-insensitive, inverse agonist-preferring GABA , receptor into
a diazepam-preferring GABA 5 receptor. J. Med. Chem. 37, 4576—
4580.

Wieland, H.A., Luddens, H., Seeburg, P.H., 1992. A single histidine in
GABA , receptors is essentia for benzodiazepine agonist binding. J.
Biol. Chem. 267, 1426—1429.

Wisden, W., Herb, A., Wieland, H., Keindnen, K., Luddens, H., Seeburg,
P.H., 1991. Cloning, pharmacological characteristics and expression
pattern of the rat GABA, receptor a4 subunit. FEBS. Lett. 289,
227-230.

Wong, G., Skolnick, P., 1992. High affinity ligands for ‘diazepam-insen-
sitive’ benzodiazepine receptors. Eur. J. Pharmacol. Mol. Pharmacol.
Sect. 225, 63—-68.

Wong, G., S, Y., Skolnick, P., 1992a. Stable expression of type |
y-aminobutyric acid, /benzodiazepine receptors in a transfected cell
line. Mol. Pharmacol. 42, 996—1003.

Wong, G., Gu, Z.Q., Fryer, R, Skolnick, P., 1992b. Pyrazolo[4,3-
clquinolines with high affinities for ‘diazepam-insensitive’ (DI)
GABA , /benzodiazepine receptors. Med. Chem. Res. 32, 217-224.

Wong, G., Koehler, K.F., Skolnick, P., Gu, Z.G., Ananthan, S., Schon-
holzer, P., Hunkeler, W., Zhang, W., Cook, J.M., 1993. Synthetic and
computer-assisted analysis of the structural requirements for selective,
high-affinity ligand binding to diazepam-insensitive benzodiazepine
receptors. J. Med. Chem. 36, 1820—1830.

Yang, W., Drewe, JA., Lan, N.C., 1995. Cloning and characterization of
the human GABA , receptor a4 subunit, identification of a unique
diazepam-insensitive binding site. Eur. J. Pharmacol. 291, 319-325.



