














competition for a 6�-proximal inhibitory binding site, al-
though we cannot exclude the possibility that allosteric mod-
ification of the receptor renders the 6� site inaccessible to
MMTS.

We were surprised to observe competition for MMTS label-

ing by hexanol, because our initial experiments indicated
that the inhibitory effect of interaction at the 6� position was
restricted to short-chain alcohols, and treatment with a lon-
ger-chain MTS reagent (HMTS) did not alter GABA-induced
currents. However, HMTS treatment did block subsequent

Fig. 4. The effects of MMTS labeling and
methionine substitution on alcohol mod-
ulation in wild-type and mutant �2�2
GABAARs. A, potentiation of �2(T6�C)�2
receptors (gray bars) by 590 mM metha-
nol was enhanced after MMTS labeling,
whereas potentiation of wild-type recep-
tors (black bars) was unchanged. In each
pair, pre represents potentiation immedi-
ately before treatment with MMTS, and
post represents potentiation after appli-
cation and washout of MMTS 
 EC5
GABA and measurement of new EC5. B,
potentiation of �2(T6�C)�2 mutants by
200 mM ethanol was similarly enhanced
by MMTS; columns are labeled as in A. C,
potentiation by 590 mM MeOH and 200
mM EtOH, but not 1 �M etomidate, de-
creased in �2(T6�C)�2 receptors (gray
bars) compared with wild-type receptors
(black bars). In A to C, bars represent
means � S.E.M. (n 	 5–8). �, p � 0.05; ��,
p � 0.01; ���, p � 0.001. D, reaction
scheme showing labeling by MMTS (1) of
a cysteine-containing protein (2), yielding
a rapidly decomposing sulfinic acid by-
product (Bruice and Kenyon, 1982) (3)
and a methanethiolated protein (4). E,
chemical structure of methionine in a pro-
tein; note the similarity to 4. F, methio-
nine mutant �2(T6�M)�2 (gray bars)
showed increased potentiation by 590
mM MeOH and 200 mM EtOH, but not by
570 �M HeOH or 1 �M etomidate, rela-
tive to wild type (black bars). Bars repre-
sent means � S.E.M. (n 	 3–10). �, p �
0.05; ��, p � 0.01.
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labeling by MMTS, indicating that the 6� position is indeed
accessible to longer-chain reagents but that the interaction is
silent (does not alter function). These findings highlight the
need for caution in interpreting MTS reagent effects. Al-

though a change in function after MTS treatment generally
implies that a functionally relevant cysteine residue is acces-
sible to the reagent (at least in some functional states of the
protein), a lack of change in function does not necessarily

Fig. 5. The effect of coapplication of alcohols or anesthetics with MMTS on wild-type (E) and cysteine mutant (f) �2�2 GABAARs. A, preapplication
of 590 mM MeOH for 1 min followed by coapplication with 500 �M MMTS and EC5 or EC50 GABA for 30 s blocked the inhibitory action of MMTS.
B, conversely, preapplication and coapplication with 11 mM BuOH allowed persistent MMTS inhibition of �2(T6�C)�2 receptors, comparable with Fig.
3B. C, preapplication and coapplication with 570 �M HeOH blocked MMTS inhibition. D, preapplication and coapplication with 1 �M etomidate
(ETOM) allowed MMTS inhibition. Values are represented as means � S.E.M. (n 	 4). �, p � 0.05; �� p � 0.01.

Fig. 6. The effects of HMTS on wild-type (E) and cysteine mutant (f) �2�2 GABAARs. A, 50 �M HMTS applied with EC5 GABA (H) did not alter
subsequent GABA-induced currents from wild-type or �2(T6�C)�2 receptors. B, treatment with HMTS plus GABA (H) blocked subsequent inhibition
by 500 �M MMTS plus GABA (M). Values are represented as means � S.E.M. (n 	 4).

Protein Site Mediating Alcohol Inhibition of GABAARs 453

 at A
SPE

T
 Journals on July 27, 2017

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


imply inaccessibility; in some cases, MTS labeling may sim-
ply have no functional consequence (Karlin and Akabas,
1998). Furthermore, labeling of �2(T6�C)�2 receptors with
the larger, positively charged MTS reagent MTSEA irrevers-
ibly potentiated GABA action both in our hands and in
�1(T6�C)�2�2s receptors (Xu and Akabas, 1996). Thus, spe-
cific chemical properties of a bound modulator or labeling
agent may modify energetic pathways between open, closed,
and desensitized states in complex ways; in the case of MTS
reagents, properties such as charge and volume may deter-

mine whether receptor function is inhibited (MMTS), en-
hanced (MTSEA), or not changed (HMTS).

We also noted that MMTS labeling of 6� position cysteines
required coapplication of at least a low concentration of
GABA. This labeling suggests that MMTS reactivity at the 6�
position is sensitive to conformational changes produced by
channel gating, raising the possibility that binding of small
molecules in this region may be selective for open or desen-
sitized states of the receptor. It is noteworthy that MTSEA
labeling at the 6� position was observed in the presence and
absence of GABA in our hands and others (Xu and Akabas,
1996), implicating either enhanced accessibility of this re-
agent to the closed state of the channel or its ability to act as
an agonist and increase channel openings in the absence of
GABA. Thus, the chemical properties of different MTS re-
agents may affect their sensitivity to protein conformational
changes, sometimes with counterintuitive results: in this
case, a larger reagent (MTSEA) could react where a smaller
one (MMTS) did not.

Methionine substitution served as a valuable positive con-
trol for MMTS labeling in this study. The structural similar-
ity between methionine and a methanethiolated cysteine was
confirmed in a recent crystal structure of a protein labeled
with MMTS, in which the labeled cysteine residue adopts a
conformation interchangeable with that of a methionine res-
idue (Brams et al., 2011). Previous work using methionine to
mimic methanethiolation has allowed targeted “labeling” of
engineered positions, ruling out nonspecific effects of MMTS
on endogenous cysteines or other aspects of channel function
(Howard et al., 2011a). This approach may be a valuable tool
for controlling common variables in future MTS studies. It is
noteworthy that whereas MMTS labeling restored alcohol
potentiation approximately to wild-type levels, methionine
substitution seemed to block alcohol inhibition even more
effectively, enhancing alcohol potentiation relative to wild
type. This result may reflect subtle differences between the
structurally similar methionine and methanethiolated cys-
teine or indicate that MMTS labeling in our experimental
protocol was not complete, whereas the methionine mutant
necessarily contained the “labeled” residue in all � subunits
in all receptors.

The relative participation of different GABAAR subunits in
alcohol modulation is a topic of continuing debate (Lobo and

Fig. 7. The effect of MMTS on wild-type (E) and cysteine mutant (f) �-containing GABAARs. A, similar to �2(T6�C)�2 GABAARs, treatment with 500
�M MMTS plus EC5 GABA (M) resulted in persistent inhibition of �2(T6�C)�2�2s but not wild-type receptors. B, MMTS treatment (M) also
persistently inhibited �2�2(T6�C)�2s. Values are represented as means � S.E.M. (n 	 4–5). ��, p � 0.01; ���, p � 0.001.

Fig. 8. Predicted locations of alcohol interaction sites based on the
GABAAR homolog GluCl (Protein Data Bank ID 3RHW). A, sequence
alignment of TM2 helices from each GABAAR subunit with GluCl, high-
lighting residues critical to alcohol modulation at positions 6� (dashed
box) and 15� (dotted box). B, transmembrane domain of an �2�2�2s
GABAAR homology model after molecular dynamics simulation, with
residues at positions 6� (dashed circle) and 15� (dotted circle) in each TM2
helix displayed as spheres and colored by heteroatom (oxygen atoms, red;
nitrogen atoms, blue). Subunits �2 (dark gray), �2 (white), and �2s (light
gray) are labeled; transmembrane helices TM1 to TM4 are labeled in the
lower �2 subunit. Model is shown from the extracellular side; for clarity,
the N-terminal extracellular domain of each subunit is not shown. C,
predicted effects of amino acid substitution or labeling at position 6�. Top,
enlarged view of central pore as in B. Middle, equivalent view after
cysteine substitution at Thr(6�) in the � subunit. Bottom, cysteine resi-
dues labeled by MMTS. All 6� residues are colored by heteroatom as in B
(sulfur atoms, yellow).
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Harris, 2008). An important contribution of our work is the
consistency of the inhibitory site in a variety of GABAAR
subunit arrangements. We initially investigated GABAARs
containing only �2 and �2 subunits for the sake of consis-
tency with previous studies (Ueno et al., 2000) and to sim-
plify the number of different subunits contributing to the
putative inhibitory site. Having tested a variety of �2�2
mutants, we extended this work by showing that tryptophan
substitution at �2(Thr6�) also reduces alcohol potentiation of
�-containing receptors, which are the predominant popula-
tion in brain (Möhler, 2006). Furthermore, although many
structure/function studies on alcohol modulation have fo-
cused on GABAAR � subunits (Mascia et al., 2000), Mc-
Cracken et al. (2010) recently demonstrated a critical role for
the TM2 15� position in the GABAAR �2 subunit in receptor
potentiation by alcohols and anesthetics. We also showed
conservation of the inhibitory effect of MMTS labeling at the
6� position in �2 and �2 subunits, again in the context of
�-containing receptors. These results support the contribu-
tion of 6� residues from multiple subunits, either to symmet-
rical inhibitory sites or a shared inhibitory region, in physi-
ologically relevant GABAARs.

Although interpretation of structure/function data in
GABAARs is challenging because of a lack of high-resolution
structural data, the recent crystallographic determination of
the structure of GluCl, a homolog of GABAARs from C. el-
egans, has provided a valuable new template for modeling
(Hibbs and Gouaux, 2011). Our models of the �2�2�2s
GABAAR, the first to our knowledge based on the atomic-
resolution eukaryotic homolog GluCl, revealed a pore-facing
region dramatically influenced by modification of the �2 6�
position residue. Substitution at this position did not block
the pore in any of the models, but did modify volume and
polarity at one of the narrowest points in the conductive
pathway. Conversely, the same models place the 15� residue,
which is well characterized as an alcohol potentiating site
(Mihic et al., 1997), nearer the extracellular end of the trans-
membrane domain facing toward the neighboring TM3 helix.
Our data support an inhibitory action of short-chain alcohols
mediated by the pore-facing 6� position, which may be inde-
pendent of potentiating effects of alcohols at structurally
distant positions, such as 15�. These results are consistent
with previous studies supporting the existence of multiple
interaction sites for alcohols on ligand-gated ion channels, in
some cases with opposing functional consequences (Borghese
et al., 2003; Crawford et al., 2007; Howard et al., 2011b). The
biophysical basis for alcohol modulation continues to reveal
startling complexity and will require further dissection at the
molecular level to understand the interplay of low-affinity
interactions that result in such dramatic effects on the brain
and behavior.
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