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Abstract

GABA receptors (GABARS) have long been the focus for acute alcohol actions with evidence
for behaviorally relevant low millimolar alcohol actions on tonic GABA currents and
extrasynaptic a4/6, 8, and B3 subunit-containing GABARs. Using recombinant expression in
oocytes combined with two electrode voltage clamp, we show with chimeric $2/83 subunits that
differences in alcohol sensitivity among § subunits are determined by the extracellular N-terminal
part of the protein. Furthermore, by using point mutations, we show that the $3 alcohol selectivity
is determined by a single amino acid residue in the N-terminus that differs between GABAR 3
subunits (33Y66, f2A66, $1S66). The B3Y66 residue is located in a region called “loop D” which
in y subunits contributes to the imidazobenzodiazepine (iBZ) binding site at the classical a+y2-
subunit interface. In structural homology models B3Y66 is the equivalent of y2T81 which is one of
three critical residues lining the benzodiazepine binding site in the y2 subunit loop D, opposite to
the “100H/R-site” benzodiazepine binding residue in GABAR a subunits. We have shown that the
aB6R100Q mutation at this site leads to increased alcohol-induced motor in-coordination in alcohol
non-tolerant rats carrying the a6R100Q mutated allele. Based on the identification of these two
amino acid residues a6R100 and 66 we propose a model in which 3 and & containing GABA
receptors contain a unique ethanol site at the a4/6+p3— subunit interface. This site is homologous
to the classical benzodiazepine binding site and we propose that it not only binds ethanol at
relevant concentrations (ECsg— 17 mM), but also has high affinity for a few selected
benzodiazepine site ligands including alcohol antagonistic iBZs (Ro15-4513, RY023, RY024,
RY80) which have in common a large moiety at the C7 position of the benzodiazepine ring. We
suggest that large moieties at the C7-BZ ring compete with alcohol for its binding pocket at a
a4/6+33- EtOH/R015-4513 site. This model reconciles many years of alcohol research on
GABARs and provides a plausible explanation for the competitive relationship between ethanol
and iBZ alcohol antagonists in which bulky moieties at the C7 position compete with ethanol for
its binding site. We conclude with a critical discussion to suggest that much of the controversy
surrounding this issue might be due to fundamental species differences in alcohol and alcohol
antagonist responses in rats and mice.
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Introduction

Despite the fact that alcohol is the most widely used recreational drug, the mechanisms
whereby ethanol (EtOH) leads to alterations in human brain function are unclear and remain
controversial. Over the last four decades evidence from pharmacological and behavioral
studies has implicated the GABAergic system and inhibitory GABARS as important
mediators of acute alcohol actions. It was, for example, shown that the GABA analog and
GABAR agonist muscimol potentiated sedative EtOH actions, while the opposite effect was
observed with the administration of general GABAR receptor blockers bicuculline and
picrotoxin [1].

Particular interesting are imidazobenzodiazepine (iBZ) compounds like Ro15-4513, initially
discovered for its alcohol counteracting actions by Hofmann La Roche scientists [2] and
other closely related i-BZ compounds (for review see Wallner and Olsen [3]). In marked
contrast to other classical BZ agonists (e.g., diazepam) that enhance alcohol actions,
R015-4513 and closely related iBZ analogs have potent alcohol antagonistic actions and
lead to a drastic decrease of alcohol intoxication in rats, in particular at low alcohol doses [4,
5]. Another piece of direct evidence that alcohol might act on GABA receptors and on BZ
binding sites is a polymorphism in the cerebellar granule cell a6 subunit a6-R100Q found in
so called alcohol non-tolerant (ANT) rats. This polymorphism was initially discovered by
showing that diazepam displaced [3H]R015-4513 in cerebellar granule cells of ANT rats but
not in alcohol tolerant (AT) animals [6]. This and later work indicated that the a6R100Q
mutation confers sensitivity to classical benzodiazepines like diazepam to a6R100QBy2
receptors [7], and explains not only the increased behavioral diazepam sensitivity of
aBR100Q animals but also why diazepam displaces [3H]R015-4513 in ANT rats [6]. It was
more than a decade later that we showed that the increased motor-impairing effects of EtOH
in ANT a6R100Q rats can be explained by increased alcohol sensitivity of tonic currents in
cerebellar granule cells. We showed that the a6R100Q mutation further increased the
already high alcohol sensitivity of a4/656 receptors but only when expressed with the 33
subunit, not with the B2 subunit [8]. The a4/6R100 residue is a histidine residue in
diazepam-sensitive a1/2/3/5y2 receptors and arginine at the a4/6-100 position renders
a4/6By2 receptors insensitive to classical benzodiazepines like diazepam [9, 10].

While it has been shown that alcohols (EtOH and other longer chain alcohol anesthetics) can
act on GABAA receptors (GABARS) at sites defined by transmembrane amino acid residues
like p265, also crucial for the actions of anesthetics like etomidate and propofol, these
effects require very high, potentially deadly (anesthetic) concentrations of ethanol of 100
mM or higher [11]. In contrast pronounced intoxicating ethanol effects are observed already
at doses at and below 10 mM (the blood alcohol driving limit in most EU countries). It was
therefore exciting to find that recombinantly expressed extrasynaptic & subunit-containing
GA-BARs are enhanced by relevant low alcohol concentrations [12, 13], and there is now
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essentially agreement that in & subunit expressing neurons tonic extrasynaptic GABA
currents are indeed sensitive to such behaviorally relevant low EtOH concentrations [8, 14—
21]. Other detailed positive evidence for the involvement of & receptors in acute and chronic
alcohol actions is the rather remarkable down-regulation of cell surface & receptors after
acute and chronic alcohol administration in rat models, which may not only explain
phenomena like acute alcohol tolerance, but also cross-tolerance to GABA-receptor active
drugs like anesthetics and benzodiazepines [22-25]. Such plasticity and the underlying
compensatory mechanisms might help explain why the alcohol phenotypes of a4, a6 and &
subunit global knock-out mice are less evident than expected from the simple removal of
subunits [26, 27].

Here we show that the higher EtOH sensitivity of B3 subunit-containing receptors is
determined by differences in amino acid residues at position 366 in the N-terminus. The 66
position is homologous to a residue in the y2 subunit (y2T81) that determines iBZ-
sensitivity at the classical a+/y2—- subunit interface [28, 29]. Based on these findings we
propose a model in which the EtOH/R015-4513 binding site on 6-containing receptors is
located at the a+B3- subunit interface where both the a6R100 and $3Y 66 sites might be
able to directly contribute to the EtOH/R015-4513 binding site. We suggest a model where
the EtOH binding pocket is located right between the a4/6R100Q residue and 33-Y66 at the
a+/B3-. We think that this and perhaps other similar EtOH/iBZ binding sites provide a
plausible molecular explanation for important low dose alcohol actions in mammals.

The rat GABAR cDNA clones were as previously described [13]. Chimeric constructs were
made using a PCR overlap extension method [30] and point mutations were introduced
using a PCR amplification based method (QuikChange Stratagene). mRNAS were
transcribed from linearized template plasmids using the mMessage-mMachine kits
(Ambion), transcripts were purified by LiCl precipitation and transcript quality and
concentration were estimated by photometry and gel electrophoresis. Oocytes were injected
with 0.4 ng a and B subunit cRNA and 2 or 4 ng of § cRNA and measured 3-10 days after
injection (Fig. 1).

GABAR currents were measured in Xenopus laevis oocytes with an Axoclamp 2A amplifier
(Axon Instruments) in the two electrode voltage clamp configuration. Electrodes were filled
with 3 M KCI and had resistances between 0.5 and 1.5 Mw when measured dipped in the
bath solution. The oocyte chamber was continuously perfused with ND96 bath solution
(composition 96 mM NaCl, 2 mM KClI, 1.8 mM CaCly, 1 mM MgCl,, 5 mM HEPES/
pH7.5) with drugs and treatments mentioned. Solution exchanges were triggered with a
programmable valve bank switching a three way solenoid valve, and bath volume exchange
times were in the range of 1-3 s. Currents were measured at —80 mV, where GABA
applications evoked an inward current in oocytes. Ethanol enhancement was measured as an
increase in GABA EC,q responses and curve fits for the EtOH dose-response curves were
generated by non-linear sigmoidal dose-response curves as described [13]. GABA ECs
values for mutants and both chimaeras were similar to GABA ECsg of WT receptors. The
GABA receptor structure shown in Fig. 2 is a homology model using the acetylcholine
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binding protein (AChBP) structural coordinates [31] and is based on protein sequence
alignments. The homology model was constructed using the Deep View homology modeling
program [32]. While alignments of GABAR with AChBP can be ambiguous due to the low
sequence conservation, the protein sequences of GABA receptors subunits are highly
conserved and therefore the alignments among GABAR subunits shown in Fig. 3c, d are
unambiguous.

Alcohol Sensitivity Differences in § Subunits are Determined by Amino Acid Residue 66

We have previously reported that alcohol enhancement of GABARS is dependent on the
GABA receptor subtypes studied. Alcohol sensitivity at concentrations at and below 17
mM (the legal blood alcohol driving limit in most US states) requires the & as well as the 3
subunit. When expressed with a4 or a6 and § subunits, both 1 and 2 subunit-containing
receptors are much less alcohol-sensitive, with little enhancement at alcohol concentrations
below 30 mM [8, 13]. To identify the molecular determinants which confer differential
sensitivity in p3 versus 2 subunits we made chimeric 233 and B3p2 constructs by
swapping the N-terminal extracellular domains and C-terminal transmembrane region
containing parts. Co-expression together with the a6 and & subunit in Xenopus oocytes
showed that high alcohol sensitivity requires the presence of the $3 subunit N-terminal
domain (B3N1-218), rather than the C-terminus (see Fig. 1a), which would have been
expected from previous molecular studies which have identified critical alcohol/anesthetic
residues in GABA and glycine receptors [11]. Experiments with recombinant $1-
containing a6p16 GABAARS showed an EtOH dose response much like those containing the
abP238 subunits (see Fig. 1b). To identify the amino acids in  subunits that might mediate
differences in EtOH sensitivity we compared [3-subunit protein sequence alignments. Since
the three B subunits are very similar and differ only in a few amino acids at the N-terminus
we noted that amino acid position 366 differed between the three B subunits, with 31S66,
B2A66 and B3Y66 (see alignment in Fig. 3d) in an otherwise highly conserved region.
Serine in p1S66 and alanine in B3A66 are very similar in size and chemistry, whereas
tyrosine in 33Y66 contains a long bulky side chain with an aromatic ring. In addition, when
comparing multiple sequence alignments of GABA subunits it caught our attention that
position 66 is homologous to the amino acid residue y2T81 which is critical for iBZ
binding in the y2 subunit [28, 29, 33]. To test the hypothesis that amino acid residue f3Y66
determines low dose EtOH sensitivity, we made two point mutations. A mutation in the p1
subunit where we replaced S66 with Y66 found in the 33 subunit (31S66Y) led to a gain of
alcohol sensitivity in a6B1S66Y3 receptors and showed alcohol sensitivity similar to WT
a6B38 receptors. In contrast, replacing tyrosine Y66 in p3 with alanine A66, the residue
found in 2 at the same position (B3Y66A), leads to reduced alcohol sensitivity, and alcohol
enhancement very similar to what we see with a6818 (Fig. 1b) and what we previously
reported with recombinant 6826 GABARS [8].

GABA Receptor Model Showing That the Positions a6R100Q and B3Y66 Important for
Alcohol Sensitivity are Located at the a+/B— Subunit Interface
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One of the best studied residues in the BZ binding pocket is a histidine (H) residue that is
conserved in al,2,3,5, but is an arginine (R) in a4 and a6 (see alignment in Fig. 3c). The
arginine at this position makes a4 and a6 subunits (when expressed with § and v2)
insensitive to classical BZ agonists and this changes the efficacy of Ro15-4513 (agonist on
receptors containing an “R”; inverse agonist on receptors containing an “H” [9]). This
difference has been utilized to generate benzodiazepine-insensitive mice through knock-in
point mutations [10, 34, 35]. The homologous residue in the a6 subunit is polymorphic in
laboratory rats where this amino acid can be an arginine (a6R100) as well as glutamine
(06Q100). The a6R100Q allele has been enriched in three independent breeding studies that
selected rats for behavioral alcohol sensitivity [36—38]. We showed that the R100Q mutation
leads to increased alcohol sensitivity in vivo in rats carrying this mutation, showed increased
alcohol enhancement of tonic currents in cerebellar granule cells harboring the mutated a6
subunit, and increased EtOH-sensitivity of recombinant a6R100QpB33 receptors [8]. The
approximate locations of amino acid residues p3Y66 (yellow dots) and a6R100 (red dots)
are indicated in the structural homology model based on the structure of the AChBP which
provides a structural template for the extracellular domains of GABARs without the
transmembrane regions. Because each pentamer in this model contains two identical a6 and
3 subunits, each mutation is present at two positions in the pentamer. The a6R100Q
position is present at the a6+6— and at the a6+p3— interface, whereas the p3Y66 position is
present at the 8+33— and a6+p3- interface. Only at the a+p— interface the a6R/Q100 and
the B3Y66 residues are found at the same interface where they could contribute to a unique
alcohol/BZ-binding pocket. Note that in this proposed a+3— binding pocket the a+ interface
is the same as in the classical a+y— BZ binding pocket, but contains a unique p— interface
which would to a large extent determine the pharmacology of such a binding site. Note that
the two extracellular p+a— interfaces in this homology model are the binding sites for
GABA (and GABA analogs like THIP and muscimol) and therefore such EtOH/BZ-ligand
binding pockets at subunit interfaces are essentially modified GABA binding sites in these
heteromeric receptors, as noted earlier for the traditional BZ binding pockets [39].

Discussion

Proposed Structural Model of the Suggested EtOH R015-4513 Binding Site

Figure 3a is a structural docking model reproduced from Sawyer et al. [40] with Ro15-4513
(stick representation) docked into the classical BZ site at the a+y2- subunit interface of a
GABAR/AChBP homology model. A very similar model has been published based on data
showing that amino acids y2A79 and y2T81 are particularly important for iBZ binding since
they likely make contact with the unique imidazo ring and the carboxyethylester moiety
(position 3)’ in iBZs [28, 29]. Note that the yThr81 (green in Fig. 3a) aligns with, and
therefore corresponds to, the 66 position that we identified here as critical for low
concentration EtOH actions; the a6R100Q position corresponds to aHis-102 (yellow in Fig.
3a, ¢). The proximity of moieties at the C7 benzodiazepine position (which contains an
azido group in R015-4513 and other bulky moieties in iBZ alcohol antagonists) to this
histidine in the a1 subunit has been experimentally verified using covalent labeling
techniques using a diazepam analog with a cysteine reactive group at the C7 position and
alH101C [41].
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Note that flumazenil, which does not show alcohol antagonistic actions [5], and R015-4513
are identical, except that flumazenil contains a much smaller fluorine atom at the C7
position of the BZ-structure (in place of the azido-group in Ro15-4513 marked in red in Fig.
3b) and therefore this position must be critical for the behavioral alcohol antagonism of
iBZs. Since flumazenil can bind to a4p38 receptors with high affinity [42] and flumazenil
can inhibit Ro15-4513’s alcohol antagonism on recombinant receptors [43] we proposed that
both flumazenil and alcohol fit next to each other in this binding site, but both EtOH and
flumazenil compete with Ro15-4513 for an overlapping binding pocket, thus providing a
plausible molecular explanation why excess flumazenil can prevent Ro15-4513 from acting
as an alcohol antagonist in vivo in rats [4, 44]. It is noteworthy in this regard that other iBZs
(e.g., RY024 and RY008) have been described as alcohol antagonists in rats, both containing
bulky side chains at the C7 positions, but are otherwise identical with flumazenil and
Ro015-4513 [3, 45, 46].

Figure 3e shows a simplified rendering of this structural model where the side chains
a6Q100 and B3Y66 are extended towards each other. This is to demonstrate that two long
amino acid side chains can span considerable distances in a protein structure. Note that the
side chain of the amino acid arginine at a6R100Q is even longer than glutamine (Q).
Therefore there is the interesting possibility that these two amino acid residues at positions
aB6R\Q100 and B3Y66 could directly contact the alcohol molecule and participate in forming
the alcohol binding pocket, even though the back-bone positions are apparently not that
close to each other in the structural homology model. In addition, there is the possibility that
incorporation of the delta subunit could lead to allosteric structural change in the backbone,
so that those two critical positions move closer to each other. Such a structural alcohol/
R015-4513 site model provides a plausible explanation for the initially puzzling observation
that the a6R100Q mutation increases alcohol sensitivity only in af338 receptors but not when
expressed with 2 [8]. If the much shorter amino acids serine and alanine found at the
[31/2-66 position do not support a high affinity alcohol binding site, we would predict that
only B3 subunit-containing receptors would be responsible for Ro15-4513’s reversible action
on low dose EtOH effects, and that other alcohol effects are mediated by actions on other
receptors, including higher dose action at the anesthetic EtOH sites in GABAR
transmembrane regions. These transmembrane alcohol sites apparently do not have much
subtype specificity [11, 47] and likely make important contributions to Ro15-4513-
insensitive behavioral EtOH actions at higher EtOH doses.

Our BZ/EtOH binding site model at the a+p— subunit interface provides a detailed
molecular explanation for our previous findings that the behavioral alcohol antagonist
R015-4513 specifically reversed <30 mM EtOH actions on these receptors [43] and that
expressed and immune-purified native o438 receptors bind Ro15-4513 (and a small
selected group of BZ-site ligands including the B-carboline f-CCE) with high affinity.

While we think that all of this provides possible and plausible explanations for specific
alcohol action on a unique BZ-site, many important open questions remain. One of these is
whether in native 8-containing GABAR the 6 subunit indeed replaces the y subunit as shown
in Fig. 2. There are recent reports that & subunit over-expression and expression of
concatenated receptors leads to heterogeneous subunit stoichiometries and unusual wheel
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arrangements, including pentamers with more than one & included [48, 49]. However, some
of these complexes may not produce functional channels or produce partially functional
abnormal channels, and since there is no evidence that these receptors resemble native
receptors in pharmacological properties (e.g., EtOH, THIP sensitivity), we think it remains
reasonable to assume a subunit arrangement of native GABAR where the 6 subunit replaces
the v subunit in functional/native receptor pentamers (as in Fig. 2).

It seems like an apparent contradiction of this proposed alcohol site model that the high
alcohol sensitivity of a4/6336 GABARS is not observed when the § subunit is replaced with
the y2 subunit in a6p38/y2 receptors [8, 13] when neither the 6 nor the y2 subunit
contributes to the proposed a+3— EtOH binding site in the structural model shown in Fig. 2.
However, analogous to allosteric modulation in enzymes, the incorporation of the 8 or y2
subunit could lead to changes in ligand affinities at distant sites through changes in protein
conformation. In fact, we have recently shown that 5-subunit expression leads to a dramatic
three orders of magnitude increase in THIP sensitivity of recombinantly expressed receptors
[50], which suggests that indeed 6 subunit incorporation can lead to dramatic changes in
ligand affinities at subunit interfaces by allosterically changing the conformation of the
protein. Therefore we propose that the & subunit is required for high EtOH and R015-4513
affinity at the proposed a+B- binding site. Such a concept of allosteric changes in ligand
affinities in GABARS explains how anesthetic binding at transmembrane binding sites
increases GABA sensitivity and may also help to explain the action of classical BZ agonists,
which when bound to the classical a+y— binding site, might stabilize a protein conformation
that increases the affinity of GABA in its binding site. In addition, this alcohol site model
opens the possibility that other 33 subunit containing GABARS could under the right
conditions, e.g. through modulatory protein binding or binding of modulatory ligands,
stabilize the alcohol conformation of a3y receptors and render them sensitive to low doses
of EtOH.

In support of the notion that BZ-site ligands can bind to other (homologous) subunit
interfaces, there are reports that such novel a+p— BZ-like binding sites do exist, including a
recent report in 8-containing receptors in this special issue of Neurochemical Research [51].
In a1p3 and a1P3y2 GA-BARSs the extracellular a1+33- site has been shown to be
modulated by the BZ site ligand CGS9895 [52]. In addition, it has been shown that
flurazepam can interact at concentrations >10 UM with the extracellular a1+p2- interface
and thereby prevent modulation through the classical benzodiazepine site [53]. It has been
argued that such a+p- BZ-like binding sites might account, at least in part, for other low
affinity benzodiazepine sites that have been described [53], but have been thought to
indicate unique low affinity BZ sites in transmembrane regions [54].

The actions of R015-4513 as an alcohol antagonist have been in the past [55] and still
remain a highly contentious topic. While it is impossible to cite all relevant research we note
that most of the detailed positive evidence for a specific alcohol antagonistic action has
involved rats as experimental animals [5, 45, 46], and also the a6R100Q allele was
identified using rat lines with different behavioral EtOH sensitivity [7, 38]. The data seem to
be much less clear when using mice and this might have contributed to previous controversy
whether R015-4513 exerts its action via a specific mechanism or if it is simply counteracting
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alcohol due to its inverse agonist activity on classical y2-containing synaptic GA-BARs
[55]. Indeed, y2F771 knock-in MICE (the y2F771 mutation drastically diminishes
Ro015-4513 affinity to the majority of classical a+y— BZ sites), lack Ro15-4513’s alcohol
antagonistic effects and this finding supports the view that the modest Ro15-4513’s
antagonism of alcohol- induced sedation in WT-MICE is due to Ro15-4513 inverse
agonism on classical synaptic GABAR, rather than a specific action on displacing EtOH
from EtOH/R015-4513 binding sites [56]. In line with this view a4 and a6 global ko MICE
did not lead to the much expected reduction in overall EtOH sensitivity, and it is certainly
possible that the reported changes in alcohol behavioral measures in § knock-out MICE [27]
are not a result of the removal of the § subunit, but mostly due to compensatory changes in
such global knock-out mouse models. Similarly, in contrast to the a6R100Q mutation in
RATS that leads to increased EtOH impairment [8], a6 global knock-out MICE failed to
show the much anticipated changes in overall alcohol sensitivity using the loss of righting
reflex [57] and also more sensitive assays at EtOH doses as low as 1.5 mg/kg IP for
cerebellar motor coordination like rotarod performance [58]. It is fascinating in this regard
that mice can become supersensitive to the motor impairing effects of low alcohol doses as
observed in the context of potassium channel Kv3.1/Kv 3.3 double ko-out mice, where tonic
GABA currents mediated by highly plastic a686 GABARS might compensate for the
resulting hyper-excitability phenotype [59] .

In summary, there is a lot of evidence for important behavioral alcohol actions mediated by
a4/6p8 GABAR in rat models [60, 61]. However, experiments in mice are much less
convincing and in some cases argue outright against the notion that 5-GABARs mediate
important alcohol actions and Ro15-4513 acts as a specific alcohol antagonist [56].
Therefore, we would like to suggest that at least part of the eternal controversy over the
importance of these receptors in behavioral alcohol actions, and whether or not Ro15-4513
is a specific alcohol antagonist, are due to differences in low dose EtOH actions in mice and
rats. In fact, we failed to show increased alcohol-induced impairment in a4R100Q knock-in
point-mutated mice (Wallner et al., unpublished), that we would have predicted based on the
ANT a6R100Q rat mutation.

Another contentious issue has been the failure of others to reproduce EtOH sensitivity of
recombinant 6 receptors. Our data suggest that this is (at least in part) due to difficulties
getting 8 subunits to incorporate into functional receptors in recombinant expression
systems, even when & subunits coding mRNA or cDNA are supplied in excess. Consistent
with this explanation, a4p38 receptors expressed in mammalian HEK293 cells show
variability in Ro15-4513-sensitive EtOH enhancement, and a functional tagging strategy
indicates that this is due to different levels of & subunit incorporation [62]. In addition, &
subunit expression leads to a rather dramatic increase in the sensitivity to the GABA site
ligand THIP, again with variable fractions of receptors that show the THIP sensitivity of
native receptors found in neurons in slices [50]. In summary we conclude that the reported
failures to mimic the high ethanol (or THIP) sensitivity of tonic currents in recombinant
receptor studies [63] is likely due to problems with delta subunit incorporation into
recombinant receptors. Approaches with concatenated receptors are difficult to interpret
since such concatenated receptor often fail to reflect pharmacological properties of native
receptors [48, 64] which indicates that concatenation of subunits to fix the order of subunits
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in the pentamer might not only result in un-natural positioning of subunits, but also could
alter the fragile allosteric conformation that appears to be critical for ligands like THIP and
alcohol. Since alcohol/R015-4513 binding site on a4/6338 receptors proposed here might be
utilized to develop novel drugs like alcohol antagonists and also alcohol mimetics (for
review see Wallner and Olsen [3] it will be important to develop protocols for reliable
recombinant expression of 3-containing receptors that mimic the high THIP and ethanol
sensitivity of their native counterparts.
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Abbreviations

GABAR GABA receptors

Bz Benzodiazepines

iBZ Imidazobenzodiazepine

AChBP Acetylcholine binding protein

THIP 4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridin-3-ol

Ro015-4513 Ethyl-8-azido-5,6-dihydro-5-methyl-6-oxo-4H-imidazo-1,4-
benzodiazepine-3-carboxylate
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Fig. 1.
Localization of amino acid residues responsible for differences in alcohol sensitivity

between 33 and 31,2 subunits. The upper panel (a) alcohol sensitivity of chimeras made by
swapping the f2 N-terminal domain and the 33 C-terminal domain. Receptors containing the
N-terminal domain of the & subunit (residues 1-128) and the C-terminal (transmembrane)
domain of 2 (filled square) responded to co-application of GABA (ECyp) with EtOH in a
dose-dependent manner (threshold response at 3 mM EtOH, almost identical to wildtype
a6B38 GABARS). In contrast a6p2(N1-218)33(C219-475)5-containing receptor threshold
response is at 30 mM EtOH, much like that of wild-type a6p328 GABARS (filled triangle). b
Point mutations identify residue Y66 in 3 as critical for low dose ethanol effects. Much like
[2-containing receptors, 1-containing GABARs do not respond to ethanol below 30 mM
(open triangle) whereas 3-containing GABARS respond to 3 mM. A point mutation
31S66Y (open square) makes abf18 gain the ethanol sensitivity of 3-containing receptors
(filled circle). The reverse mutation from tyrosine (Y, found in 3) to alanine (A, found in
2) causes a tenfold loss of ethanol sensitivity (filled triangle) (also, see alignment in Fig.
3d)
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(O critical EtOH residue B3 Y66
@ Critical BZ and EtOH residue o100 H/R/Q

O Established BZ binding pocket
OProposed BZ binding pocket

Fig. 2.
Proposed sites of EtOH and BZ actions. The conventional BZ binding pocket is at the a and

v interface. Of critical importance at this interface is the histidine (arginine in a4 & a6)
residue (red dot, a subunit), which is necessary for sensitivity to classical BZs (see
alignment in Fig. 3c). In pale yellow is our proposed new BZ site at the a+/p— interface
which we suggest to be important for low dose ethanol actions on 5-GABAARS, because of
the critical role of the p3Y66 residue. Another potential site for ethanol effects would be the
a +/6— interface in & containing GABARS
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Fig. 3.

St?uctural alcohol site model. a Ro15-4513 docking model in the classical a+y2—- BZ
binding site (adapted from Fig. 10 in Sawyer et al, JBC 2002 [40]. The docked R015-4513
molecule is in a stick representation with the =N=N = N* group indicated by an asterisk
(structure of R015-4513 is enlarged in b). Colored yellow in ais part of a “loop A” with the
BZ critical H102 residue (see alignment in ¢ with H (yellow), R (red) and the a6R100Q
(green). Shown in green in ais y2 “loop D” forming a beta sheet structure with three amino
acid residues (F(Phe)77, A(Ala)79, T(Thr)81) pointing into and lining the benzodiazepine
binding pocket. Panel ¢ shows a sequence alignment of the critical BZ residue a1,2,3,5 H,
a4,6 R and a glutamine (Q) in the a6 subunit in alcohol non-tolerant (ANT) rats. Panel d
shows a protein sequence alignment of loop D (region shown in green in a). AChBP is
AChBP, on which the structural models are built on. Boxed in this alignment are “alcohol
residues” 366 and the three critical “loop” D v residues F77, A79 and T81. Also boxed is
residue 8H68 that confers diazepam sensitivity to a4f36 receptors when changed to A, the
residue present in y2 at the homologous position [50] and a tryptophane residue in the
acetylcholine/nicotine binding site. Panel e shows a structural rendering of a possible
proposed EtOH binding pocket with EtOH between a6R100Q and $3- Y66 residues at the a
+B- subunit interface; this is a possibility if—the fairly long—a6-100R/Q and the 33-66Y
amino-acid side-chains are fully extended towards each other
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