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Four Amino Acid Exchanges Convert a Diazepam-Insensitive, Inverse
Agonist-Preferring GABAA Receptor into a Diazepam-Preferring GABA
Receptor
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Benzodiazepines (BZ) exert their effects through GABAj4 receptors, which belong to the
superfamily of ligand-gated ion channels. Coexpression of recombinant «, 8, and y subunits
in a cell culture system mimics the BZ binding sites. The o variants largely determine the
nature of the BZ binding site in such aifjyk heteromultimers i = 1-6; j = 1-3; £ =1-3).
Notably, the ol and a6 variants confer high and low affinity for BZ agonists to the resulting
receptor subtype, respectively. Glycine/glutamate and histidine/arginine positions in the a
subunits of ax32y2 receptors are involved in BZ I versus BZ II type selectivity. We now identify
four amino acids in 06 which together increase the affinity of the mutant ox52y2 receptor for
classical BZ receptor agonists above the level seen for any wild-type GABAA/BZ receptor. The
most pronounced effect was due to an isoleucine to valine exchange. It simultaneously decreased
the affinity for the BZ partial inverse agonist Ro 15-45183 20-fold and increased the affinity for
diazepam 4-fold. The four amino acid residues stretch over most part of the N-terminal
extracellular domain of the o subunit, suggesting that amino acids distant in the primary

sequence form the BZ binding pocket.

Introduction

y-Aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the mammalian central nervous
system.l It gates a chloride channel intrinsic to GABA4
receptors. Several compounds allosterically modulate
the activity of the channel opened by GABA, 12 the most
prominent being the group of benzodiazepines (BZ).
These and functionally similar but structurally diverse
drugs are clinically important in the treatment of
neuropsychiatric diseases, e.g., epilepsy, insomnia, and
anxiety.?

Molecular cloning has revealed considerable diversity
for the proteins assumed to participate in the formation
of GABA, receptors. The mammalian subunits are
grouped into the four classes @, §, y, and é according to
their sequence identity, with six variants constituting
the a and three each the 8 and y classes.36 Coexpres-
sion of subunits from the a, 8, and y classes leads to a
large variety of GABA4 receptors with functional, BZ-
responsive ion channels. Indeed, the BZ receptor ligand
Cl 218,872 (3-methyl-6-[3-(trifluoromethyl)phenyl]-1,2,4-
triazolo[4,3-b]pyridazine) preferentially binds to a GABA4
receptor subtype classically termed BZ I but recognizes
with reduced affinity BZ type II receptors.”~? The two
receptor types can be mimicked by GABA4 receptors
expressed in cultured mammalian cells from cDNAs
encoding an al, a2, a3, or a5 variant, any § variant
(Bx), and the y2 subunit.1%1l In these cells, alBxy2
receptors display BZ type I pharmacology, whereas
a2pxy2, a3fxy2, and ab5pfxy2 receptors are BZ type 11
receptors.1%12 However, a4 and a6 subunits define
oxfxy2 receptors with virtually no affinity to classical
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BZ agonists like flunitrazepam (5-(2-fluorophenyl)-1,3-
dihydro-1-methyl-7-nitro-2H-1,4-benzodiazepin-2-one) and
diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-
1,4-benzodiazepin-2-one}13-15 hut retained high affinity
to the inverse agonist Ro 15-4513 (ethyl 8-azido-5,6-
dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodi-
azepine-3-carboxylate).15-17

The pharmacology of GABA4/BZ receptors of the
oaxBxy2 group is largely determined by two amino acids
at key positions in the o subunits. A glycine/glutamate
exchange switches between BZ receptor type I and 11,18
and a histidine corresponding to position 100 in a6 is
essential for the binding of BZ agonists to GABA,
receptors.15:19

Here we provide evidence that a valine/isoleucine
exchange in an a6-derived mutant increases the affinity
for diazepam and flunitrazepam and drastically de-
creases the affinity for the partial inverse agonist Ro
15-4513. The mutated a6 variant, carrying four amino
acid alterations, leads to GABA, receptors whose rank
order of potency for benzodiazepine binding properties
is reversed as compared to a632y2 receptors. This
GABA, receptor may prove helpful in modeling the
GABA4 receptor binding pocket for BZ agonists.

Materials and Methods

Mutants and Chimera. The following antisense oligo-
nucleotides were synthesized for use in site-directed mutagen-
esis (Amersham mutagenesis kit):

a4his?® 5-TCTTTCCATTGTGGAAGAAAGTATCCGG-
AGTCCAAACTT-3’

6His100 5-GACTTTTTCCCATTGTGGAAAAATGTGT-
CGGGAGTCC-3

Ghis100,thr161 5-CGCTTTTCGTATAGGCGTAGCTCC-
C-3

(1Ghis100,thr161,gly199 5-CGATTTAATGGTACCACTAGA-
AAC-3’

6his100,thr161,gly199,val210
TACTACATATTC-3’

5-GTGGAAGTACACTGTCAT-
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96 H v M L ITED L VR E HLED A ol
96 H v M L IQDD L VQ E HLED A S o2
121 H M L VD L H E HLED v o3
94 Vs A I R S E LD o4
100 H L EDD L M S E QLED A o5
95 PDTFFRNGKKSIAHNMTTPNKLFRLMHNGTILYTMRLTINAD|ICPMRLVNFPMDGHAC|PLK o6

* * *

156 TRA VV E TRE AR V A DG R N L D GIVQ § Vv TH ol
156 TT VT I TYNASD Q APDG R N L SIGK S TV AH o2
181 T AV S TL KNK AQDG R N L HV GT I R § Vv TH o3
154 M T EK K v I IV od
160 N Vv Vv TN STK V A DG R N H M GT N STS T AH o5
155 FGSYJAYPKSEIIYTWKKGPLYSVEVPEESSSLLQYDLIGQTVSSETIKSNTGEYVIMTVY o6

Figure 1. Wild-type, mutated, and chimeric GABA,/BZ o variant N-terminal sequences. Shown is an alignment of the second
half of the extracellular N-terminal domain of wild-type al—a5 GABAA/BZ receptor subunits to the 0.6 sequence. Numbers to the
left indicate amino acid positions of individual proteins. Missing amino acids are identical to a6. The cysteine—cysteine loop is
boxed. The transition of the a6 to al sequence for chimera C6 is indicated in the lower left of the figure. Exchanges in a6 to the

corresponding amino acid of al are indicated by stars.

Table 1. K; Values of Wild-Type GABA4 Receptors in the Form ax82y2 (Shown are the means + SEM of three experiments in

nanomolar)
diazepam C1218,872 zolpidem Ro 15-1788 Ro 15-4513 B-CCM
al 16 £ 0.5¢ 108 + 282 19 + 4% 0.5 +0.2¢ 15 + 4¢ 0.8+ 0.1¢
a3 17 £ 2¢ 1620 + 270 400 £ 40° 0.6 +0.2¢9 nd 4+1e
od >10 0004 >10 0004 >10 000 94 + 27 5+ 14 nd
aob 15+1 490 £ 120 >15 000 05+0.1 0.38 +0.03 27 £ 54
ob >10 000° >10 000 >10 000° 90 + 20° 5.4 £ 0.4° 2050 + 20°

aPritchett et al., 1989. Pritchett and Seeburg, 1990. cLiiddens et al., 1990. “Wisden et al., 1991. nd = not determined.

Chimera C6 was constructed by exchange of fragment
06181001 —158) with the corresponding fragment in al after
introduction of appropriate restriction sites.1® All mutants and
chimeric receptor sequences were subcloned into an eukary-
ontic expression vector under the transcriptional control of a
cytomegalovirus promoter.'? For transfection, plasmids were
purified by cesium chloride density gradient centrifugation.

Transfection and Membrane Preparation. Expression
vectors coding for mutant o variants and the rat 2 and y2
subunits were transfected in triple combination into human
embryonic kidney 293 cells (ATCC CRL 1573) as described
earlier.’® Cells were harvested 48 h after transfection by
washing with ice-cold 50 mM phosphate-buffered saline, pH
7.4, and centrifuged at 150g. Cell pellets were frozen at —80
°C. For immediate use, they were homogenized in an Ul-
traturrax homogenizer for 15 s in 50 mM potassium phosphate
buffer (PPB), pH 7.0, centrifuged at 23000g, and resuspended
in an appropriate volume of PPB.

Binding Assays. Resuspended cell membranes (final
concentration 20—50 ug/tube) were incubated in a final volume
of 0.5 mL of PPB with- 6 nM [*H]JRo 15-4513 or 2 nM
[*Hflunitrazepam (DuPont-New England Nuclear) and the
competing ligand at varying concentrations. Ro 15-1788 (ethyl
8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzo-
diazepine-3-carboxylate) at 10 uM determined nonspecific
binding. After 1 h at 4 °C, the duplicate samples were rapidly
filtered through glass fiber filters (Schleicher & Schuell, no.
34 or 52) presoaked in 0.3% poly(ethylenimine). After two
washing steps with 5 mL of PPB, the filter-retained radioac-
tivity was determined by liquid scintillation counting. The
Inplot program (GraphPad Software, San Diego, CA) was used
to calculate the best-fitting values for the parameters of the
saturation (Kp) and displacement curves (ICso). ICso values
were converted to K; values according to the Cheng—Prusoff
equation.20

Results

We constructed a chimeric o variant, C6, which
obtained its N-terminus up to the cysteine loop from the

a6hiel%0 sequence and the C-terminus from the al
sequence (Figure 1). Cotransfection of C6 with vectors
coding for the rat 82 and y2 subunits resulted in the
expression of [*H]Ro 15-4513 receptors with K; values
for the non-benzodiazepines zolpidem and Cl 218,872
comparable to those for a352y2 receptors, but C652y2
receptors did not reach the high affinity of al52y2
receptors for these two ligands (Tables 1 and 2).

We considered three amino acid substitutions between
the ol and a6h® sequences in the region between the
cysteine loop and the first transmembrane region
(Figure 1) as most likely to be involved in the switch to
medium affinity for zolpidem and high affinity for
diazepam and Cl 218,872, respectively. A threonine is
present in al52y2, a282y2, and a352y2 receptors at
positions corresponding to 162 in al. In the zolpidem-
insensitive receptor subtypes 0582y2, and a6hs10032y2,
this amino acid is replaced by a proline (Figure 1). We
introduced the threonine at position 161 into the aghis1%0
sequence yielding the q@hisl00thrlél yariant, Cotrans-
fecting this mutant with the 52 and y2 subunit vectors
in 293 cells, we obtained receptors with the high affinity
for diazepam seen in alf2y2, a3f2y2, and 0552y2
receptors, but the affinity of the resulting GABAj4
receptor for the partial agonists zolpidem and Cl 218,-
872 did not change with respect to a6his19032y2 (Tables
1 and 2). Additionally, the affinities of the antagonist
Ro 15-1788, the partial inverse agonist Ro 15-4513, and
the full inverse agonist 8-CCM (3-methyl-3-carboline)
were unaffected by this amino acid substitution (Table
2).

We further exchanged a glutamate for a glycine at
position 199 of the a6hisl00thrlél yariant, The analogous
position in the a3 sequence had been shown to confer
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Table 2. K; Values of Mutant and Chimeric GABA,4 Receptors in the Form ax82y2 (Shown are the means + SEM of three
experiments in nanomolar)
diazepam Cl 218,872 zolpidem Ro 15-1788 Ro 154513 p-CCM
olee >10 000 >10 000 >10 000 106 + 314 10 + 4¢ nd
o4his 23+6 720 + 220 76+ 2 06+0.1 19+05 9+3
oghis 98 £ 3¢ 6000 + 1,300 >10 000 17 + 2@ 7+ 10 45+ 2
o/ghisthr 20+3 4,300 £ 930 >10 000 17+ 4 6+1 39+1
o/ghis thrgly 9+1 620 + 100 980 + 90 15+3 8+1 8+4
qhisthr.gly,val 21+01 780 + 80 1400 + 200 33+13 190 + 33 11+2
chimera C6 20+ 6 160 + 30 125 + 50 0.6+0.2 2.0+ 0.5 1.1+0.3

aWieland et al., 1992. nd = not determined.

high-affinity binding of BZ I-selective agonists, i.e., Cl
218,872 and zolpidem, to a38¥32y2 receptors.!® Simi-
larly, o6hisl00thrl8lelyl99go, 9 receptors exhibited an in-
creased affinity for the BZ I-selective compounds 5-CCM,
Cl 218,872, and zolpidem (Table 1). None of these
compounds bound to oEhisl00thrl6lelyl9989,,9 receptors
with the high affinity seen for a182y2 or C652y2
receptors. However, the affinities for diazepam and
B-CCM increased significantly, with diazepam reaching
a level 2-fold higher than for any wild-type receptor, but
the affinities of «6his10032y2 @hisl00thrl6189,,9  and
(Ghis100thr16lely19939,,9 receptors for the antagonist Ro 15-
1788 and the inverse agonist Ro 15-4513 were identical
(Table 2).

04p2y2 receptors are insensitive to diazepam but
recognize [3H]Ro 15-4513 with high affinity.1* Exchange
of arginine® to histidine resulted in 04h#9932y2 recep-
tors with affinities for the agonist diazepam, the an-
tagonist Ro 15-1788, and the inverse agonist Ro 15-4513
that were in the same range as those for al52y2,
a362y2, and C6B32y2 receptors but higher than those
for a6his1003242 receptors (Tables 1 and 2). Further-
more, the affinities of a4h89932y2 for the non-benzodi-
azepines zolpidem and Cl 218,872 put this receptor
closer to 0152y2 than to a352y2 receptors, i.e., they
resembled more BZ type I than type II receptors.
Sequence comparison of a variants between the cysteine
loop and the first transmembrane region led us to
isoleucine?!! of a6 which is replaced by valine in al, a2,
a3, and a4. We therefore modified the a6 variant to
yield o6his100thrl6lelylsovalzll  When coexpressed with 52
and y2, it recognized [3H]flunitrazepam with a Kp =
0.67 £ 0.07 nM (n = 4) and diazepam witha K; = 2.1 +
0.1 nM (Table 2). However, the K value for the partial
inverse agonist Ro 15-4513 rose to 190 & 50 nM. The
affinities of the mutant receptor for the non-BZs zolpi-
dem, Cl 218,872, and 8-CCM were not significantly
affected (Tables 1 and 2). Thus, oghis100thrl8lelyl99val21l 35+,9
receptors recognized the clinically important BZ recep-
tor ligands flunitrazepam and diazepam with a high
affinity, whereas wild-type a682y2 receptors are pro-
totypic diazepam-insensitive and flunitrazepam-insensi-
tive GABAA/BZ receptors.

Discussion

Most clinically important benzodiazepine receptor
ligands act as anxiolytics, sedatives, muscle relaxants,
and anticonvulsants. Two different BZ receptor sub-
types have been defined by their affinities for selective
ligands, e.g., BZ type I receptors have a high affinity
for 2-oxoquazepam, Cl 218,872, and zolpidem, whereas
BZ type II receptors have a lower affinity for these
ligands.21~2 The partial inverse agonist Ro 15-4513 is
one of the few BZ receptor ligands which recognize all

known BZ receptors with similar affinity, including the
diazepam-insensitive GABA4 receptor of cerebellar gran-
ule cells,11:13,24

Previously it was shown that a glutamate to glycine
exchange in the a3 variant switches between BZ recep-
tor types II and I. Furthermore, arginine!® in o6
hinders the binding of BZ agonists like diazepam to
a682y2 receptors.151819 We extended the search for
amino acids in the a6 variant of GABAA/BZ receptors
to identify residues which enhance agonist binding in
order to gain further insight into the structural require-
ments of the BZ agonist pharmacophore.

0432y2 and a6f2y2 contain arginine in place of
histidine at homologous positions, and both are BZ
agonist insensitive.l415 Mutant «4b#99382y2 receptors
were diazepam-sensitive as are their a6"10082y2 coun-
terparts (Table 2), underlining the importance of the
histidine position. Otherwise, the two mutants differed
strikingly. ©6his10032+2 receptors displayed micromo-
lar affinity for Cl 218,872 but did not recognize zolpi-
dem, by this resembling a582y2 receptors,12 whereas
a4his?932y2 receptors were Cl 218,872 and zolpidem
sensitive. The latter showed high affinity for the
antagonist Ro 15-1788 and the agonist diazepam as well
seen in ol/o2/a3/a582y2 but reduced in a6hs10052y2
receptors (Tables 1 and 2). Therefore, the histidine is
essential for BZ receptor agonist binding, e.g., Cl 218, -
872 and diazepam, but not sufficient for the capability
to bind zolpidem or to reach an affinity for diazepam in
the 10 nM range.

For the C6 chimera, we replaced the region between
the N-terminus and amino acid 160 of the ol variant
with that of the 06"1% mutant. C6532y2 receptors were
zolpidem sensitive, and the affinity for Cl 218,872 and
diazepam reached the levels of a132y2 receptors (Table
1). From previous studies we could exclude the C-
terminal transmembrane region of the a variants as
containing amino acids important for the BZ affinity of
ox32y2 receptors.118 Therefore, the region between the
cysteine loop and the first transmembrane region
(Figure 1) seems to determine the high-affinity binding
for diazepam and Cl 218,872%12323 and the medium
range affinity for zolpidem.22 Qur data further indicate
that unidentified amino acids in the N-terminal 160
amino acids of the « variants, not derived from ol in
chimera C6, are involved in the low nanomolar affinity
of zolpidem.

To pinpoint the origin of the diazepam sensitivity of
C6hisl0032y2 receptors, we could concentrate on the
region located between the cysteine loop and the first
transmembrane region. We identified three potential
amino acid residues by sequence comparison of the a
subunits showing high (al, a2, a3, a4, o5, and C6)
and low (a6bisl00) affinity for diazepam. A stepwise
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exchange of the these amino acids in a6 (Figure 1)
increased the affinity for the BZ agonist diazepam,
yielding an overall improvement of >40-fold and result-
ing in an affinity for diazepam 8-fold higher than for
any described wild-type BZ receptor (Table 2). All
amino acid substitutions interfered with only a limited
number of BZ ligand affinities, leaving others un-
changed. These data rule out that the modifications of
the BZ binding site are due to gross distortions of the
whole GABAA/BZ receptor molecule. In addition to their
effect on potency, the mutations may influence the
efficacy of diazepam and other BZ receptor ligands,25-28
as the efficacy depends on the intricate interaction of
a, B, and y subunits.1! '

The most prominent amino acid substitution (isoleu-
cine to valine) is generally considered a conserved
exchange. The affinity for Ro 15-1788 was only margin-
ally affected by the isoleucine?!! to valine exchange in
o6his100thrl6lelyl®s Kyt it decreased the affinity for the
partial inverse agonist Ro15-4513 20-fold. Direct steric
hindrance, as postulated for the arginine to histidine
or glutamate to glycine exchanges,!5!8 may only play a
minor role as both diazepam, i.e., its additional 5-phenyl
group, and isoleucine are bulkier than Ro 15-4513 and
valine, respectively. One explanation could be a direct
and specific hydrophobic interaction of the isoleucine
side chain with a hydrophobic portion of the Ro 15-4513
molecule, absent in the valine-substituted mutant. This
hypothesis could only be tested by a range of inverse
agonists and additional mutant receptors. The valine
site is most likely different from the hydrophobic narrow
cleft postulated as part of the inverse agonist phar-
macophore,2°~32 gince the affinity of the B-carboline
methyl ester is not affected by the mutation (Table 2).
As the diazepam and Ro 15-4513 affinities are differ-
entially affected in qghis100thrl6lelyl99val2ll 39,9 receptors,
this mutant is well suited to explore the structural
differences of the agonist and the different inverse
agonist pharmacophores of GABAA/BZ receptors. How-
ever, recent reports indicate that only the y2 variant is
required together with either an o or a 8 subunit to
result in receptors responsive to BZs.333¢ Furthermore,
a133y3 and a533y3 receptors display a BZ pharmacol-
ogy different from the corresponding y2-containing
receptors.!! Therefore, the BZ pharmacophore cannot
be solely determined by the nature of the ¢ variant, but
its formation depends on the proper interaction of a and
y subunits.

Our studies indicate that single amino acids deter-
mine features of the BZ binding pocket, i.e., the acces-
sibility of the agonist site or BZ I type pharmacology.
However, ‘fine tuning’ of the binding pocket involves the
interplay of large numbers of amino acid residues, as
evidenced by the lack of single amino acids as switches
for zolpidem recognition and the stepwise increase in
affinity for BZ agonists with single amino acid ex-
changes. Furthermore, our data indicate that indi-
vidual point mutations can change the affinity of
GABA 4/BZ receptors for subsets of BZ receptor ligands
without affecting others, indicating that naturally oc-
curring point mutations could be responsible for certain
types of BZ ligand hypo- or hypersensitivity.
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