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1 g-Aminobutyric acid (GABA) and trans-4-aminocrotonic acid (TACA) have been shown to activate
GABAC receptors. In this study, a range of C2, C3, C4 and N-substituted GABA and TACA analogues
were examined for activity at GABAC receptors.

2 The e�ects of these compounds were examined by use of electrophysiological recording from Xenopus
oocytes expressing the human r1 subunit of GABAC receptors with the two-electrode voltage-clamp
method.

3 trans-4-Amino-2-¯uorobut-2-enoic acid was found to be a potent agonist (KD=2.43 mM). In contrast,
trans-4-amino-2-methylbut-2-enoic acid was found to be a moderately potent antagonist (IC50=31.0 mM
and KB=45.5 mM). These observations highlight the possibility that subtle structural substitutions may
change an agonist into an antagonist.

4 4-Amino-2-methylbutanoic acid (KD=189 mM), 4-amino-2-methylenebutanoic acid (KD=182 mM) and
4-amino-2-chlorobutanoic acid (KD=285 mM) were weak partial agonists. The intrinsic activities of these
compounds were 12.1%, 4.4% and 5.2% of the maximal response of GABA, respectively. These
compounds more e�ectively blocked the e�ects of the agonist, GABA, giving rise to KB values of 53 mM
and 101 mM, respectively.
5 The sulphinic acid analogue of GABA, homohypotaurine, was found to be a potent partial agonist
(KD=4.59 mM, intrinsic activity 69%).

6 It was concluded that substitution of a methyl or a halo group in the C2 position of GABA or
TACA is tolerated at GABAC receptors. However, there was dramatic loss of activity when these groups
were substituted at the C3, C4 and nitrogen positions of GABA and TACA.

7 Molecular modelling studies on a range of active and inactive compounds indicated that the agonist/
competitive antagonist binding site of the GABAC receptor may be smaller than that of the GABAA and
GABAB receptors. It is suggested that only compounds that can attain relatively ¯at conformations may
bind to the GABAC receptor agonist/competitive antagonist binding site.
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Introduction

The major inhibitory neurotransmitter, g-aminobutyric acid
(GABA, compound (1) in Figure 1), activates three major
classes of GABA receptors, the GABAA, GABAB and GABAC

receptors. GABAA receptors are ligand-gated Cl7 channels
which are inhibited by the alkaloid, bicuculline (Johnston,
1996a). These receptors are heterooligomeric receptors made
up of ®ve subunits. To date, there are 14 known subunits
which include a1 ± 6, b1 ± 3, g1 ± 3, d and e subunits (Johnston,
1996a; Davies et al., 1997). GABAA receptors assemble pre-
dominantly by combining 2a and 2b subunits, and one other
subunit which may consist of either g, d or e subunits (John-
ston, 1996a; Davies et al., 1997).

GABAB receptors are seven transmembrane receptors
coupled to second messenger systems and Ca2+ and K+

channels via G-proteins. These receptors are not blocked by
bicuculline but are activated by (7)-baclofen and blocked by
compounds such as phaclofen and saclofen, which are phos-
phonic and sulphonic analogues of baclofen (Kerr & Ong,
1995). There may be many subtypes of GABAB receptors, two
of which have now been cloned (Kaupmann et al., 1997). These
receptors have been shown to have structural similarities with
metabotropic glutamate receptors.

GABAC receptors were ®rst proposed when a series of
conformationally restricted GABA analogues, including cis-4-
aminocrotonic acid (CACA), that had a bicuculline-insensitive
depressive e�ect on neuronal activity, showed no a�nity for
[3H](7)-baclofen binding sites in rat cerebellar membranes
(Drew et al., 1984). CACA, a conformationally restricted
analogue of GABA in a folded conformation, has moderate
partial agonist activity at GABAC receptors (KD=74 mM) and
may be the most selective agonist for this receptor subtype
(Johnston, 1996b).

Subsequently, GABAC receptors were detected electrophy-
siologically in rod bipolar cells from rat retina. These receptors
were insensitive to bicuculline and baclofen but were activated
by CACA after co-application of GABA with 100 mM bicu-
culline to abolish the GABAA component (Feigenspan et al.,
1993). It was found that GABAC receptors were more sensitive
to GABA, the channel was open longer with maintained
agonist application than GABAA receptors (Feigenspan &
Bormann, 1994).

GABAC receptors were also detected in white perch retina
on rod-driven horizontal cells (H4) but not bipolar cells which
were shown to contain GABAA receptors (Qian & Dowling,
1993). Di�erences between the two receptor types were detec-
ted by applying GABA on both types of cells. Firstly, the
bipolar cells showed rapid desensitization, while on rod-driven
horizontal cell desensitization was not observed (Qian &
Dowling, 1993). Further studies showed that GABAC recep-1Author for correspondence.
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tors were found on cone- but not rod-driven horizontal cells
that had been isolated from cat®sh retina (Dong et al., 1994).
GABA receptors on bipolar terminals in tiger salamander re-
tina were shown to gate Cl7 conductance with similar phar-
macology to GABAC receptors (Lukasiewicz et al., 1994).

Expression of poly(A)+ RNA from mammalian retina in-
jected in Xenopus oocytes generated two pharmacologically
distinct GABA receptors, consisting of a bicuculline-sensitive
component (GABAA component) and a bicuculline-insensitive
and (7)-baclofen-insensitive component (GABAC component)
(Woodward et al., 1993). The GABAA component was blocked
by bicuculline and the remaining current (GABAC component)
was used to determine a structure-activity pro®le. The most
potent GABAC receptor agonists in the study were found to be
trans-4-aminocrotonic acid (TACA, compound (2) in Figure 1,
KD=0.6 mM) and GABA (KD=1.7 mM) (Woodward et al.,
1993). These compounds do not selectively activate GABAC

receptors. Instead, GABAC receptors are selectively antago-
nized by the compound, (1,2,5,6-tetrahydropyridine-4-yl)me-
thylphosphinic acid (TPMPA; KD=2.1 mM) (Murata et al.,
1996; Ragazzoni et al., 1996).

Two human and three rat cDNAs that have 30 ± 38% se-
quence identity with GABAA receptor subunits have been
cloned from retinal mRNA and termed the r subunits. Human
r1 and r2 have 74% sequence identity (Cutting et al., 1991;
1992). These subunits do not combine with any of the GABAA

subunits. Instead the subunits combine to form either homo-

oligomeric (made up of either r1 subunits or r2 subunits), or
heteroligomeric (made up of r1 and r2 subunits) receptors
(Zhang et al., 1995). These combinations form intrinsic Cl7

channels when expressed in Xenopus oocytes. GABAC recep-
tors expressed in Xenopus oocytes have slower activation times,
do not desensitize readily with maintained GABA application,
and have slower closing times than the corresponding GABAA

receptor expressed in Xenopus oocytes consisting of a1, b2 and
g2 subunits (Amin & Weiss, 1994).

Rat r1 and r2 subunits have 99% and 88% receptor
homology to the human r1 and r2 subunits, respectively (Enz
et al., 1995). The rat r3 subunit has 63% and 61% sequence
identity to the rat r1 and r2 subunits, respectively (Ogurusu &
Shingai, 1996). The use of reverse transcriptase polymerase
chain reaction (PCR) and in situ hybridization showed that rat
r1, r2 and r3 mRNAs are predominantly in the retina. How-
ever, rat r2 mRNA was also found in all brain areas (Enz et al.,
1995). Although GABAA and GABAC receptors are similar in
that both are ionotropic receptors that conduct Cl7 ions, the
similarities stop there. The physiological and pharmacological
di�erences between the two receptors, discussed above, classify
these receptors as GABAC receptors (Cutting et al., 1991; 1992;
Polenzani et al., 1991; Shimada et al., 1992; Kusama et al.,
1993a,b; Wang et al., 1994; Bormann & Feigenspan, 1995;
Johnston, 1996b).

In this study, we have investigated a series of alkyl and halo
substituted analogues of GABA and TACA to determine the
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Figure 1 Structures that show agonist or antagonist e�ects at GABAC receptors.
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position(s) on the carbon backbone, where substitution is
tolerated for the development of active and selective agonists
and antagonists for the GABAC receptor. We have also in-
vestigated replacing the carboxylic acid moiety with a sulphinic
acid moiety to help analyse what groups are required for
agonist and antagonist activity and build up the structure-
activity pro®le of the GABAC receptor.

Methods

Electrophysiological recording

Xenopus laevis were anaesthetized with 0.17% 3-aminobenzoic
acid ethyl ester and a lobe of the ovaries was removed. The
lobe of the ovary was rinsed with OR2 bu�er (82.5 mM NaCl,
2 mm KCl, 1 mM MgCl2.6H2O, 5 mM HEPES, pH 7.5) and
treated with Collagenase A (2 mg ml71 in OR2, Boehringer
Mannheim) for 2 h. Released oocytes were then rinsed in frog
ringer solution (96 mM NaCl, 2 mM KCl, 1 mM MgCl2.6H2O,
1.8 mM CaCl2, 5 mM HEPES, pH 7.5) supplemented with
2.5 mM pyruvate, 0.5 mM theophyline and 50 mg ml71 genta-
mycin, and stage V ±VI oocytes collected.

The human r1 cDNA in pcDNA (Invitrogen, San Diago,
CA, U.S.A.) was obtained from Dr George Uhl (National
Institute for Drug Abuse, Baltimore). Capped RNA was syn-
thesized from linearized plasmid containing the r1 cDNA and
cRNA was made by use of the `Mmessage Mmachine' kit from
Ambion Inc. (Austin, Texas, U.S.A.). cRNA, 10 ng 50 nl71,
was injected into defolliculated Stage V Xenopus oocytes.
Oocytes were stored at 168C and two to eight days later, re-
ceptor activity was measured by two electrode voltage clamp
recording by means of a Geneclamp 500 ampli®er (Axon In-
struments Inc., Foster City, CA, U.S.A.), a MacLab 2e re-
corder (ADInstruments, Sydney, NSW, Australia) and Chart
version 3.5 programme. Oocytes were voltage clamped at
760 mV and continuously superfused with frog ringer solu-
tion. For receptor activation measurements, the indicated
concentrations of drug were added to the bu�er solution.

Analysis of kinetic data

Current (I) as a function of agonist concentration ([A]) was
®tted by least squares to I=Imax [A]

nH/KD
nH+[A]nH, where Imax

is the maximal current, the KD is the e�ective dose that
activates 50% of the maximal current and nH is the Hill
coe�cient. KD values are expressed as mean+s.e.mean (n=3±
6) and were determined by ®tting data from individual oocytes
by use of Kaleidagraph 2.1 (1990). Current (I) as a function of
antagonist concentration ([Ant]) was ®tted by least squares to
I=Imax7{Imax [Ant]

nH/(IC50
nH+[Ant]nH)}, where the IC50 is the

dose that blocks 50% of the current generated by 1 mM GABA
and nH is the Hill coe�cient. IC50 values are expressed as
mean+s.e.mean (n=3±6). KB values are the apparent binding
constants for the antagonists and were determined by means of
Schild plot analysis (Arunlakshana & Schild, 1959). 7logKB

values were determined from the following equation log
{(A)/(A*)71}=m.log[Ant]7logKB, where A is the KD of
GABA in the presence of a known antagonist concentration,
A* is the KD of GABA in the absence of the antagonist, [Ant]
is the concentration of the antagonist, and `m' is the slope of
the curve. For simple competitive antagonism, `m' is 1.
7logKD values were determined by ®tting data to the above
function by use of Kaleidagraph 2.1 (1990).

Molecular modelling

A computer-assisted study was carried out on 4,5,6,7-tetra-
hydroisoxazolo[5,4-c]pyridin-3-ol(THIP), trans-4-amino-2-me-
thyl- but-2-enoic acid, 4-amino-3,3-dimethylbutanoic acid, 4-
amino-4,4-dimethylbutanoic acid, 2-aminocyclopentylidene
acetic acid, gabainic acid and TPMPA by use of Chem-X
(Chemical Design Ltd., Oxford UK, 1994) and Chem-3D

(Cambridge Scienti®c Computing, Inc. Cambridge, MA,
U.S.A.) to determine the conformation of the ligands at the
receptor site. The three-dimensional matrices of the compounds
were optimized with the molecular mechanics optimization
routines in Chem-X (Chemical Design Ltd., Oxford, UK,
1994). The conformers of each compound were then subjected
to conformational search routines about the bonds at which
torsional rotations were possible. A search was subsequently
undertaken to determine the low energy conformation(s) of the
trans-4-amino-2-methylbut-2-enoic acid, 4-amino-3,3-dime-
thylbutanoic acid, 4-amino-4,4-dimethylbutanoic acid, 2-ami-
nocyclopentylidene acetic acid, gabainic acid and TPMPA that
were ®tted to the conformationally restricted GABA analogue,
THIP (Krogsgaard-Larsen et al., 1977; 1979). At GABAC re-
ceptors, THIP is a competitive antagonist with a KB value of
32 mM (Woodward et al., 1993). Two ®ts were considered, a
`GABA' orientation and a `muscimol' orientation. Muscimol is
a potent partial agonist at GABAC receptors (KD=2.3 mM) and
is a conformationally unrestricted analogue of THIP. These
orientations are proposed to be the orientations that each re-
spective compound attains to interact with the agonist/com-
petitive antagonist binding sites on the GABAC receptor.

Materials

trans-4-Amino-2-¯uorobut-2-enoic acid, trans-4-amino-2-me-
thylbut-2-enoic acid, 4-amino-2-methylbutanoic acid, 4-ami-
no-2-methylenebutanoic acid, 4-amino-2-chlorobutanoic acid,
homohypotaurine, 4-amino-2,2-dimethylbutanoic acid, 4-
amino-3,3-dimethylbutanoic acid, 4-amino-4,4-dimethyl-
butanoic acid, trans-4-amino-3-methylbut-2-enoic acid, trans-
4-amino-pent-2-enoic acid, trans-4-aminomethylbut-2-enoic
acid, trans-4-amino-3-chlorobut-2-enoic acid, 4-amino-2,4-
dimethylbutanoic acid, 2-aminocyclopentylidene acetic acid, 2-
aminocyclohexylidine acetic acid, cis-5-aminocyclohex-3-ene
carboxylic acid and gabainic acid were prepared as previously
described by Dr Robin D. Allan (Department of Pharma-
cology, The University of Sydney, Sydney, Australia) and

a

b

GABA (1 µM)                            Homohypotaurine (100 µM)

GABA (1 µM)
trans-4-Amino-2-fluorobut-2-enoic


acid (100 µM)

100 nA

1 min

100 nA

1 min

Figure 2 GABA (1 mM) (duration indicated by solid bar) activated
inward current in oocytes expressing r1 cRNA and clamped at
760 mV. Agonist activity (duration indicated by hatched bar) of (a)
homohypotaurine (100 mM), the sulphinic analogue of GABA and (b)
trans-4-amino-2-¯uorobut-2-enoic acid (100 mM).
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Bruce Twitchin (Allan, 1978; 1979; Allan & Twitchin, 1978;
Allan et al., 1980). TACA was prepared as previously descri-
bed (Johnston et al., 1975) by Dr Ken N. Mewett (Department
of Pharmacology, The University of Sydney, Sydney, Austra-
lia). GABA was purchased from Sigma Chemical Co (St Louis,
MO, U.S.A.).

Results

Expression of the human r1 mRNA in Xenopus laevis oocytes
generates GABA gated ion channels with a similar pharma-
cological pro®le to previously described GABAC receptors.
Figure 1 shows the compounds that were active as either
agonists or antagonists at GABAC receptors. These were trans-
4-amino-2-¯uorobut-2-enoic acid (3), trans-4-amino-2-
methylbut-2-enoic acid (4), 4-amino-2-methylbutanoic acid
(5), 4-amino-2-methylenebutanoic acid (6), 4-amino-2-chloro-
butanoic acid (7) and homohypotaurine (8). The compounds
were ®rst screened at 100 mM to determine agonist activity, by

activation of the receptor (Figure 2), or antagonist activity, by
blocking the activation of the receptor by 1 mM GABA (Figure
3). The GABAC receptor was activated by compounds (3), (5),
(6), (7) and (8). While GABA activated receptors could be
blocked by compound (4).
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Figure 3 (a) trans-4-Amino-2-methylbut-2-enoic acid (100 mM) did
not activate the receptor (duration indicated by hatched bar). When
compound (100 mM) was co-applied with GABA (1 mM), the GABA
response was reduced. (b) 4-Amino-2-methylbutanoic acid (100 mM),
(c) 4-amino-2-methylenebutanoic acid (100 mM) and (d) 4-amino-2-
chlorobutanoic acid (100 mM) all showed weak activation of the
receptor (duration indicated by hatched bar). However, when co-
applied with GABA, the response was signi®cantly reduced compared
to the application of 1 mM GABA alone.
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Figure 4 (a) Agonist dose-response curves for TACA, GABA, trans-
4-amino-2-¯uorobut-2-enoic acid (3), homohypotaurine, 4-amino-2-
methylbutanoic acid (5), 4-amino-2-chlorobutanoic acid (7) and 4-
amino-2-methylenebutanoic acid (6) for Xenopus oocytes expressing
r1 cRNA. (b) Inhibition curves for antagonists 4-amino-2-chloro-
butanoic acid (7), 4-amino-2-methylbutanoic acid (5), 4-amino-2-
methylenebutanoic (6) and trans-4-amino-2-methylbut-2-enoic acid
(4) for Xenopus oocytes expressing r1 cRNA. Data are the mean
(n=3±6 oocytes); vertical lines show s.e.mean.
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Agonist dose-response curves are shown in Figure 4(a).
TACA and GABA were the most potent agonists in this study.
TACA had a maximal response of 92.6+0.1% of the maximal
GABA activated current which was not signi®cantly di�erent
from a full agonist response. The next most potent agonist was
compound (3) albeit weaker than the parent compound,
TACA. The KD was 2.43+0.15 mM and was almost a full
agonist with a maximal dose generating 91.1+0.1% of the
maximal GABA activated current. The sulphinic analogue of
GABA, compound (8), was found to be a potent partial ago-
nist with a KD of 4.59+0.64 mM. The maximal response acti-
vated by compound (8) was 68.8+0.1% of the maximal
GABA activated current. Table 1 shows the Hill coe�cients
(nH), intrinsic activity (Im), and KD values of these compounds.

Compound (4) was found to be a moderately active an-
tagonist with an IC50 (ie the concentration that inhibits 50% of
the response produced by 1 mM GABA) of 31.0+2.7 mM.
Schild analysis showed that trans-4-amino-2-methylbut-2-
enoic acid was a competitive antagonist at the concentrations
tested and had a KB value (apparent binding constant) of
45.5+5.4 mM (Table 1; Figure 5a).

Compounds (5), (6), (7) were found to be weak agonists
with low intrinsic activity. The KD values were 189+13 mM,
182+8 mM and 285+17 mM, respectively and the maximal
responses were 12.1+0.1%, 4.4+0.1%, and 5.2+0.1% of the
maximal GABA response, respectively (Table 1; Figure 4a).
These compounds were somewhat more potent in blocking the
e�ects of 1 mM GABA than activating the receptor itself sug-
gesting partial agonist properties. Compounds (5), (6), (7) were
found to have moderately potent antagonist e�ects with IC50

values of 20.7+0.7 mM, 28.8+4.3 mM and 47.8+4.6 mM, re-
spectively (Table 1). These compounds were found to be
competitive antagonists over the concentrations tested. How-
ever, the compounds never blocked completely the response to
GABA (Figure 4b). From Schild analyses, the binding con-
stants (KB) for compounds (6) and (7) were obtained and were
found to be 53.0+6.0 mM and 101+2 mM, respectively (Table
1; Figure 5b and c). The potencies of the agonists at GABAC

receptors followed the rank order of TACA4GABA4com-
pound (3)4compound (8)44compound (6)&compound
(5)4compound (7).

Analogues of TACA that had substituents in the C3, C4
and nitrogen such as trans-4-amino-3-methylbut-2-enoic acid,
trans-4-aminopent-2-enoic acid, trans-4-aminomethylbut-2-
enoic acid, and trans-4-amino-3-chlorobut-2-enoic acid had no
e�ects as agonists or antagonists when screened at 100 mM.
Disubstituted analogues of GABA such as 4-amino-2,2-
dimethylbutanoic acid, 4-amino-3,3-dimethylbutanoic acid, 4-
amino-4,4-dimethylbutanoic acid and 4-amino-2,4-dimethyl-
butanoic also had no e�ect on the GABAC receptors when
tested at 100 mM. Furthermore the cyclic compounds, 2-
aminocyclopentylidene acetic acid, 2-aminocyclohexylidine
acetic acid, cis-5-aminocyclohex-3-ene carboxylic acid and

gabainic acid also had no e�ect on GABAC receptors when
tested at 100 mM.

Molecular modelling

We modelled the conformations of various GABA analogues
used in this study in an attempt to determine a model that may
explain why some analogues bind and activate GABAC re-
ceptors while other similar structures either block the actions
of GABA or have no e�ect at all. The GABA analogues used
in this modelling study were THIP, TPMPA, trans-4-amino-2-
methylbut-2-enoic acid, 4-amino-3,3-dimethylbutanoic acid, 4-
amino-4,4-dimethylbutanoic acid, 2-aminocyclopentylidene
acetic acid and gabainic acid. Most of the analogues, with the
exception of THIP, TPMPA, 2-aminocyclopentylidene acetic
acid and gabainic acid, are ¯exible molecules and can exist in a
large number of low energy conformations. This makes it
di�cult to determine which conformation is the conformation
that binds to GABAC receptors expressed in Xenopus oocytes.
THIP is a conformationally restricted analogue of muscimol
and a competitive antagonist at GABAC receptors (Woodward
et al., 1993). Consequently, THIP reduces considerably the
number of conformations that can be considered as interacting
with the ligand-recognition site on the receptor. Structurally,
THIP is a relatively ¯at and rigid molecule. In this study we
used the conformation of THIP as the basis of our modelling.
This compound gives the relative positions of the amino group
and the carboxylate group. trans-4-Amino-2-methylbut-2-
enoic acid, 4-amino-3,3-dimethylbutanoic acid, 4-amino-4,4-
dimethylbutanoic acid, 2-aminocyclopentylidene acetic acid,
gabainic acid and TPMPA could be superimposed against the
amino and carboxylic acid pharmacophores of THIP in two
ways and both of these possibilities can be considered as the
orientations in which ¯exible molecules ®t into the binding site
of the GABAC receptor. The ®ts shown in Figures 6 and 7 will
be referred to as the `muscimol' and `GABA' orientations,
respectively.

The ®rst ®t, as shown in Figure 6, aligns the carbon back-
bone of the GABA and TACA analogues against the `musci-
mol' moiety of THIP. This resulted in a partial folding of the
carbon chain around the C3 and C4 atoms of the TACA and
GABA analogues (Figure 6). The TACA analogue, trans-4-
amino-2-methylbut-2-enoic acid is a moderately potent an-
tagonist. This compound has a methyl group substituted in the
C2 position and this group was found to align relatively well
against the C2' carbon of THIP (Figure 6). Like THIP, the
compound is relatively ¯at.

In Figure 6, the double bond of TPMPA aligns against the
double bond of THIP. TPMPA, the most selective antagonist
at GABAC receptors is a relatively ¯at compound and as a
result both the amine and methylphosphinic acid moieties ®t
well against the amine and isoxazole groups of THIP. As the
methylphosphinic acid moiety is attached to the ring with a

Table 1 Summary of KD, IC50, KB, Hill coe�cients and intrinsic activities of various agonists and antagonists at the GABAC receptor
expressed in Xenopus oocytes

Compounda KD (mM)b IC50 (mM)
c KB (mM)d nH

e Im (%)f

GABA (1)
TACA (2)
trans-4-Amino-2-¯uorobut-2-enoic acid (3)
Homohypotaurine (8)
4-Amino-2-methylbutanoic acid (5)
4-Amino-2-chlorobutanoic acid (7)
4-Amino-2-methylenebutanoic acid (6)
trans-4-Amino-2-methylbut-2-enoic acid (4)

0.82+0.09
0.44+0.02
2.43+0.15
4.59+0.64
189+13
285+17
182+8

±

±
±
±
±

20.7+0.7
47.8+4.5
28.8+4.4
31.0+2.7

±
±
±
±

ND
101+2
53.0+6.0
45.5+5.4

2.6+0.2
2.4+0.2
2.4+0.1
1.4+0.1
1.3+0.1
1.9+0.2
1.4+0.2
1.4+0.1

100
92.6+0.1
91.1+0.1
68.8+0.1
12.1+0.1
5.2+0.1
4.4+0.1

±

aNumbers in parentheses after the compound names refer to the corresponding structures in Figure 1. bKD is the apparent dissociation
constant for the agonist at GABAC receptors expressed in Xenopus oocytes. Data are the mean+s.e.mean (n=3± 6 oocytes). cIC50 is
the concentration that inhibits 50% of the response produced by 1 mM GABA. Data are the mean+s.e.mean (n=3± 6 oocytes). dKB is
the apparent binding constant for the antagonist and was determined by means of Schild plot analysis as described in Methods. Data
are the mean+s.e.mean (n=3±6 oocytes). enH is the Hill coe�cient. Data are the mean+s.e.mean (n=3±6 oocytes). fIntrinsic activity
(Im) of the compounds relative to the maximal response of GABA which is assigned as 100%.
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freely rotatable bond, the methyl group on the phosphorous
atom can occupy most areas around that radius. Steric inter-
action around the acidic pharmacaphore appears to play a
lesser part in determining a�nity at GABAC receptors.

4-Amino-3,3-dimethylbutanoic acid, 4-amino-4,4-dime-
thylbutanoic acid, 2-aminocyclopentylidene acetic acid and
gabainic acid could be superimposed against THIP. The
compounds are not active as agonists or antagonists. However,
the methyl substituents on the C3 carbon of 4-amino-3,3-
dimethylbutanoic acid and the C4 carbon of 4-amino-4,4-
dimethylbutanoic acid may map an area of unfavourable steric
interaction between the ligand and the protein. This interac-
tion may be due to a narrow binding site that cannot accom-
modate the whole of the carbon backbone. Hence it is
proposed that any bulk that is located above or below the
plane of THIP decreases the a�nity of the compound for the
receptor site. Similarly, this is observed with 2-aminocyclo-
pentylidene acetic acid and gabainic acid where the substitu-
ents and the ring protrude above or below the plane of THIP.
Figure 6 shows the area where a possible steric interaction may
occur between the ligand and the receptor protein. It appears
that compounds need to acquire a relatively ¯at conforma-
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Figure 5 Schild analysis of (a) GABA alone, GABA in the presence
of 60 mM, 100 mM and 200 mM trans-4-amino-2-methylbut-2-enoic
acid (4). (b) GABA alone, GABA in the presence of 60 mM, 100 mM
and 200 mM trans-4-amino-2-methylenebutanoic (6). (c) GABA alone,
GABA in the presence of 100 mM and 300 mM 4-amino-2-chloro-
butanoic acid (7).
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Figure 6 The alignment of GABA and TACA analogues against the
`muscimol' moiety of THIP. This results in a partial folding of the
carbon chain around the C3 and C4 atoms of the TACA and GABA
analogues. The C2 methyl group of the TACA analogue, trans-4-
amino-2-methylbut-2-enoic acid, aligned relatively well against the
C2' carbon of THIP. The double bond of TPMPA aligned against
the double bond of THIP. TPMPA, the most selective antagonist at
GABAC receptors is a relatively ¯at compound and as a result both
the amine and methylphosphinic acid moieties ®tted well against the
amine and isoxazole groups of THIP. As the methylphosphinic acid
moiety is attached to the ring with a freely rotatable bond, the methyl
group on the phosphorous atom can occupy most areas around that
radius. Steric interaction around the acidic pharmacaphore appeared
to play a lesser part in determining a�nity at GABAC receptors. The
other compounds mapped out areas were possible steric interaction
may occur between the ligand and the protein. It appeared that
compounds need to acquire a relatively ¯at conformation(s) to bind
without steric interaction.
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tion(s) to bind without an adverse steric interaction. This
appears to be an important feature for the compounds to have
in order to possess high a�nity for the GABAC receptors.

The second possible ®t of trans-4-amino-2-methylbut-2-
enoic acid is aligned against THIP in the `GABA' orientation
as shown in Figure 7. This aligns the carbon backbone of the
GABA and TACA analogues against the `GABA' moiety of
THIP. The C2 methyl group of trans-4-amino-2-methylbut-2-
enoic acid was found to align relatively well against the C2'
carbon of THIP (Figure 7). Again the compound aligns in the
plane of THIP. In this orientation, TPMPA aligns with the
double bond aligning against the C2 and C3 carbons of THIP.
Similarly 4-amino-3,3-dimethylbutanoic acid, 4-amino-4,4-
dimethylbutanoic acid, 2-aminocyclopentylidene acetic acid
and gabainic acid could be superimposed against THIP in this
orientation. However, the lack of a�nity of these compounds
for the receptor indicates that the substitution on the C3 car-
bon of 4-amino-3,3-dimethylbutanoic acid, the C4 carbon of 4-
amino-4,4-dimethylbutanoic acid and the rings and ring sub-
stituents 2-aminocyclopentylidene acetic acid and gabainic
acid, respectively, map an area of unfavourable steric inter-
action between the ligand and the receptor protein.

Discussion

In this study, a known series of substituted analogues of
GABA and TACA were studied to determine what position(s)
of the carbon skeleton subsitution is tolerated for the de-
velopment of active and selective agonists and antagonists for
the GABAC receptor. Halo- and methyl-substitution on the
C2, C3, C4 and nitrogen of TACA, GABA and some cyclic

analogues were tested by use of the two-electrode voltage-
clamp method with human r1 mRNA expressed in Xenopus
oocytes. Molecular modelling was also used to map areas of
steric interaction and to identify what features a molecule may
require to interact with the binding site.

Only the C2 position of TACA and GABA was found to
tolerate substitution of either a methyl or a halo group at
GABAC receptors. Substitution may be tolerated in this posi-
tion because the substituent is able to lie in the plane of the
active site. It is proposed that the binding site of GABAC re-
ceptors is smaller than the binding site of GABAA receptors.
Most compounds used in this study have some e�ect as ago-
nists at the GABAA receptors but it was only compounds with
substituents on the C2 position that had some e�ect on
GABAC receptors.

In general, antagonists are much larger than agonists.
However, at GABAC receptors only small chemical changes
are required at the C2 position to yield full agonists, weak
partial agonists with low intrinsic activity and antagonists.
This is not unique to GABA receptors but the phenomenon is
rare. Both TACA and compound (3) are potent agonists while
compound (4) is a moderately potent antagonist at GABAC

receptors. Replacement of the hydrogen from the C2 position
of TACA with a ¯uoro group maintains agonist activity.
However, a methyl group in the same position changes the
property of the compound from an agonist to an antagonist. It
appears that the binding site has an area that tolerates the
methyl group. This group lies in the plane with the rest of the
molecule.

Compounds (5), (6) and (7) were weak partial agonists with
low intrinsic activity. These compounds are ¯exible com-
pounds and can adopt many more low energy conformations
than either compounds (3) and (4). However, when the com-
pounds bind to the active site, they are only able to activate the
channel weakly. The substituent in the C2 position may in-
teract sterically to prevent full activation of the channel.

The KD values of compounds (5), (6) and (7) were larger
than the corresponding KB values for the corresponding partial
agonists. The di�erences between the KD values were about 3 ±
4 times weaker than the KB value hence compounds (5), (6) and
(7) were less potent as agonists than antagonists. These dif-
ferences are not as dramatic as those obtained for other
compounds. Imidazole-4-acetic acid (I4AA) and (+)-trans-2-
(aminomethyl)cyclopropane-1-carboxylic acid (TAMP) have
di�erences between the KD and KB of the order of 25 and 100
times less potent as agonists than antagonists (Kusama et al.,
1993a). The large di�erences may be mediated by a high
a�nity binding of the antagonist to the open channel (Kusama
et al., 1993a). However, one has also to consider whether one
binding event can explain both e�ects. The possibility that the
compounds are mediated by two separate binding interactions
may be valid in the case of I4AA and TAMP because the
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Figure 7 The alignment of GABA and TACA analogues against the
`GABA' moiety of THIP. This resulted in a partial folding of the
carbon chain around the C3 and C4 atoms of the TACA and GABA
analogues. The C2 methyl group of the TACA analogue, trans-4-
amino-2-methylbut-2-enoic acid, aligned relatively well against the
C2' carbon of THIP. The double bond of TPMPA aligned against C2
and C3 carbons of THIP. The other compounds mapped out areas
were a possible steric interaction may occur between the ligand and
the protein. It appeared that compounds need to acquire a relatively
¯at conformation(s) to bind without steric interaction.
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Figure 8 The relatively ¯at molecule, THIP, is shown the plane of
the binding site summarizing the areas of possible steric interaction
and areas where proposed bulk may be tolerated.
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di�erences are so much greater than that observed with com-
pounds (5), (6) and (7). I4AA and TAMP may be more active
on the open channel than the closed channel as proposed by
Kusama et al. (1993a). However, with compounds (5), (6) and
(7), the di�erences are small and therefore the proposed mode
of binding may be explained from one binding event.

It is proposed that the more ¯exible the C2 substituted
compound is, the higher the intrinsic activity, while the larger
the C2 substituent, the lower the intrinsic activity. Compound
(6) is more ¯exible than compound (4) but less ¯exible than
compounds (5) and (7). Consequently the intrinsic activity for
compounds (5) and (7) is larger (12.1% and 5.2% of the
maximal response of GABA, respectively). Furthermore the
methylene group of compound (6) is smaller than the methyl
group of compound (4). Thus, for compound (6) the intrinsic
activity was higher at 4.4% of the maximal response of GABA
whereas compound (4) was an antagonist with no observable
e�ects on its own. The methyl substituent stops the channel
from opening and this may be due to steric e�ects. A ¯uorine
or a hydrogen group is very small and when compounds like
TACA and compound (3) are bound to the receptor the
transition of the channel from closed to open may be associ-
ated with a conformational change of the agonist. In the case
of the antagonist, compound (4), steric interaction between the
methyl group and the protein may lock the channel shut and
conformational changes between the ligand and protein may
not easily occur. This may explain the antagonistic e�ects of
the compound.

Substitution in the C3, C4 and nitrogen positions were not
tolerated and the compounds were inactive as agonists or an-
tagonists. Disubstituted analogues were also found to be in-
active and interact unfavourably at the GABAC receptor.

trans-4-Aminomethylbut-2-enoic acid has a methyl substi-
tuent on the amine moiety. This compound had no e�ect on the
GABAC receptor. However, substitution on the nitrogen is not
totally unfavourable. Compounds such as THIP, 2-(3-
carboxypropyl)-3 - amino - 6 - (4 -methoxyphenyl)pyridazinium
bromide (SR95331) and I4AA are competitive antagonists
(Woodward et al., 1993). The nitrogen in these compounds is
relatively planer and in the cases of SR95331 and I4AA the
positive charge is delocalized. The substituents are relatively
planer or may protrude away from the binding site. In trans-4-
aminomethylbut-2-enoic acid, the nitrogen has a tetrahedral
shape. The methyl group changes the electrical charge of the
nitrogen and protrudes out of the plane of the compound. This
may cause an unfavourable steric interaction with the protein.
Figure 8 shows THIP, a relatively ¯at molecule, in the plane of
the binding site. The ®gure alsomarks the areas of possible steric
interaction and areas where proposed bulk may be tolerated.

At GABAC receptors, replacement of the carboxylic acid
group with a phosphonic acid, phosphinic or sulphonic acid
group produce potent antagonists (Woodward et al., 1993). In
this study, compound (8), the sulphinic analogue of GABA,
was found to be a potent partial agonist. The phosphinic,
phosphonic, sulphonic and sulphinic acids are larger and have
a di�erent charge on the acid moiety than the corresponding
carboxylic acids. The di�erent electrical charge of these groups
determines the type of interaction that may occur. The elec-
trical charge of the phosphonic (Woodward et al., 1993), sul-
phonic (Woodward et al., 1993) and phosphinic acids
(Woodward et al., 1993; Chebib et al., 1997) interact with the
receptor to block the site rather than activate the channel.
Steric e�ects appear to be less of a problem around the acidic
group because the binding site on the GABAC receptor can
accommodate the larger phosphinic, phosphonic, sulphonic
and sulphinic acids.

Structure activity studies with a series of GABA agonists
and antagonists that are both active and inactive aid in de-
veloping a model of the binding site at GABAC receptors.
THIP, a conformationally restricted analogue of muscimol
and a competitive antagonist at GABAC receptors was used as
the basis of the modelling. Molecular modelling was performed
on active and inactive compounds against THIP in two dif-

ferent orientations. The inactive compounds map areas where
unfavourable steric interaction may occur.

It is di�cult to determine which orientation represents the
way GABA and TACA analogues interact with the binding
site. Synthesis and analysis of substituted THIP analogues may
provide a better understanding of where an unfavourable steric
interaction occurs. Nevertheless, this modelling study may
de®ne several features of the GABAC receptor binding site. We
propose that for compounds to have an e�ect as agonists or
antagonists at GABAC receptors, compounds need to attain
relatively ¯at conformations. TPMPA, the most selective an-
tagonist at GABAC receptors, ®ts this model as it is relatively
¯at with the exception of the methylphosphinic acid moiety.
Compounds substituted in the C2 position are tolerated by the
receptor because the substituent does not protrude above or
below the plane of the binding site. Steric interaction between
the ligand and protein may occur in one or both positions
around the C3 and C4 carbons of GABA and these are shown
in Figures 6 and 7.

From this study, several properties of the binding site are
proposed. The active site of the GABAC receptor appears to be
a narrow cavity that occupies the carbon backbone. Any
chemical feature that protrudes excessively above or below the
plane, as shown in Figure 8, may interact unfavourably with
the protein. This results in a loss of a�nity of the compounds
for the receptor. Consequently, GABA and TACA analogues
that were substituted in the C3 and C4 positions were inactive
at the GABAC receptor. Similarly with 2-aminocyclopentyli-
dene acetic acid, 2-aminocyclohexylidine acetic acid, cis-5-
aminocyclohex-3-ene carboxylic acid and gabainic acid, the
substituents or the ring protrudes out of the plane, interacting
unfavourably with the receptor protein.

Structure activity studies with a series of GABA agonists
have been well documented for GABAA receptors (Krogs-
gaard-Larsen & Falch, 1981; Allan & Johnston, 1983; Krogs-
gaard-Larsen et al., 1983; 1994). Methyl substituted GABA
analogues result in a drop of a�nity but not a loss of a�nity at
the GABAA receptor and substitution in the C4 position is
most tolerated (Allan & Johnston, 1983). Two or more methyl
groups substituted on GABA results in a further drop in a�-
nity. Halogenation of GABA and TACA at the C2 and C3
positions retains a�nity at GABAA receptors (Johnston et al.,
1978; Allan & Johnston, 1983). This is in contrast to GABAC

receptors where only C2 substituted analogues have any e�ect
on the receptor.

Replacement of the carboxylic acid group with a sulphonic
or sulphinic acid group results in potent agonists at the
GABAA receptor. However, replacement of the carboxylic acid
group with a phosphinic or methylphosphinic acid group re-
sults in a drop of a�nity for the GABAA receptor. In general,
methylphosphinic acids have weaker e�ects than phosphinic
acids on GABAA receptors. At GABAC receptors, this was
di�erent. Most methylphosphinic acids are relatively potent
antagonists and are somewhat more potent than the corre-
sponding phosphinic acids (Woodward et al., 1993; Chebib et
al., 1997). Nitrogen substituted compounds are more tolerated
at GABAA receptors than at GABAC receptors.

At GABAB receptors, substitution on the C3 position of
GABA are tolerated. These include compounds such as
(7)-baclofen which is an active GABAB receptor agonist (Kerr
& Ong, 1995). Furthermore, GABAB receptors tolerate alkyl
substituents on the C2 position of GABA. Substituting a hy-
drogen for a butyl or decyl group on the C2 position of GABA
produced potent GABAB receptor antagonists (Kerr & Ong,
1995). This modi®cation is similar to that found in GABAC

receptors. However, a butyl or a decyl group is much larger
than a methyl group. Therefore at GABAB receptors a larger
alkyl group is required before antagonistic e�ects are obtained,
while at GABAC receptors the presence of only a small alkyl
group is required to obtain antagonistic e�ects.

In summary, the agonist/competitive antagonist binding site
for GABAC receptors appears to be smaller than both GABAA

and GABAB receptors. The site appears to be narrow such that
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only relatively ¯at conformations can occupy the binding site.
Compounds that have substituents that protrude above or
below the plane may interact unfavourably with the receptor
protein resulting in loss of a�nity. Substitution on the C2
carbon of GABA and TACA are the only analogues that
maintain a�nity and these compounds can attain conforma-
tions whereby the substituent lies in the plane and, hence, are
tolerated by the receptor, while substitution in any other
position is not. Steric interactions around the C2 substituent
may occur as a result of channel opening, hence compounds

substituted in this position appear to be weak partial agonists
with low intrinsic activity or antagonists.
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