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Ligand-gated ion channels are a target for inhaled anesthetics and
alcohols in the central nervous system. The inhibitory strychnine-
sensitive glycine and y-aminobutyric acid type A receptors are
positively modulated by anesthetics and alcohols, and site-directed
mutagenesis techniques have identified amino acid residues im-
portant for the action of volatile anesthetics and alcohols in these
receptors. A key question is whether these amino acids are part of
an alcohol/anesthetic-binding site. In the present study, we used
an alkanethiol anesthetic to covalently label its binding site by
mutating selected amino acids to cysteine. We demonstrated that
the anesthetic propanethiol, or alternatively, propyl methaneth-
iosulfonate, covalently binds to cysteine residues introduced into
a specific second transmembrane site in glycine receptor and
y-aminobutyric acid type A receptor subunits and irreversibly
enhances receptor function. Moreover, upon permanent occupa-
tion of the site by propyl disulfide, the usual ability of octanol,
enflurane, and isoflurane to potentiate the function of the ion
channels was lost. This approach provides strong evidence that the
actions of anesthetics in these receptors are due to binding at a
single site.

D espite their wide use, the mechanism of action of alcohols
and general anesthetics remains controversial. In contrast
to most other classes of drugs, which are either assumed or
known to act on specific protein receptors, anesthetic action is
often attributed to multiple nonspecific sites (1). Based on the
relationship between the potencies of anesthetics and their lipid
solubilities described by Meyer (2) and Overton (3), the lipid
bilayer of neuronal membrane was long considered the primary
target for general anesthesia. Even recent studies invoke this
hypothesis (4), although other studies suggest proteins as the site
of action of inhaled anesthetics and n-alcohols (5-7).

A traditional approach to distinguish between these two
alternatives would apply radioligand-binding assays with alco-
hols and inhalational anesthetics. However, the low affinities and
rapid kinetics of these compounds makes such studies unfeasible
(8). In the present study, we used a new approach, using
anesthetic alcohol analogs that form covalent bonds at their site
of action, to show that binding at a single site produced irre-
versible anesthetic-like effects. This goal was accomplished with
propanethiol and with propyl methanethiosulfonate (PMTS);
both compounds can form propyl disulfide bonds with cysteine
residues introduced at specific sites in brain proteins (Fig. 1).

Our candidate targets for the actions of the general anesthetics
and n-alcohols were the main inhibitory receptors in spinal cord
and brain: the strychnine-sensitive glycine receptor (GlyR) and
the y-aminobutyric acid type A (GABAA) receptor. Clinically
relevant concentrations of volatile anesthetics and n-alcohols
potentiate the action of glycine and GABA on these receptors (7,
9, 10, 11-14). Site-directed mutagenesis techniques defined
regions in the second and the third transmembrane (TM2 and
TM3) segments that mediate these effects (7). Serine-267 (S267)
and alanine-288 (A288), in TM2 and TM3 of the al GlyR
subunit, and the homologous residues at the equivalent positions
in the « subunit of the GABA4 receptor (S270 and A291), are
essential for the modulation of these receptors by inhaled
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Fig. 1. Reaction of propanethiol and PMTS with the sulfhydryl group of
cysteine. Note that the side chain structure attached to the cysteine residue
after the reaction is identical for both reagents.

anesthetics and n-alcohols. Specific mutations of these residues
can abolish or markedly reduce the effect of anesthetics or
ethanol on these receptors without necessarily affecting receptor
function (7) suggesting that alcohols and anesthetics may bind in
a cavity located between TM2 and TM3 (15). Alternatively,
anesthetics may bind elsewhere on the Gly/GABAA receptors,
but S267 and/or A288 provide a transduction or gating site
required for their action. To test the hypothesis that amino acids
S267 and A288 in the GlyR (and the equivalent residues in the
GABA, receptor) provide the binding site responsible for the
action of alcohol and volatile anesthetics, we mutated either
5267 or A288 to cysteine and then tested the ability of an
unconventional anesthetic, propanethiol, to covalently bind to
the thiol group of a cysteine residue introduced in the critical
positions. Disulfide cross-linking by propanethiol was accom-
plished with oxidation by iodine. We reasoned that if either
amino acid is the critical anesthetic-binding site, then propane-
thiol should irreversibly activate the mutant (S267C or A288C)
receptors but reversibly activate wild-type receptor. In parallel
experiments, we also used PMTS as a sulthydryl-specific reagent.
Alkyl methanethiosulfonates readily form disulfide bonds with
cysteines but do not require the use of an oxidizing agent (ref.
16; Fig. 1).

Materials and Methods

Site-directed mutagenesis in GlyR a1l or GABA «2 subunits was
performed on cDNA subcloned into pPBK-CMV or pCIS2 vec-
tors (Stratagene) by using the Quik-Change site-directed mu-
tagenesis kit. Point mutations were verified by double-stranded
DNA sequencing.
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Xenopus laevis oocytes were isolated and injected with cDNAs
encoding human wild-type or mutant a1 GlyR subunits (1 ng/30
nl), or wild-type or mutant o231 GABA receptor subunits
combinations in a 1:1 ratio (1.5 ng/30 nl). Measurements were
made in oocytes 1-4 days after injection (13). Either glycine

with glycine or GABA alone were determined before and after
applications of these compounds. Propanethiol, isoflurane
(Ohmeda, Liberty Corner, NJ) or enflurane (Apothecon,
Princeton, NJ) were dissolved in modified barth solution. PMTS,
octanol (Sigma), or alphaxalone (Glaxo) were first dissolved in

dimethyl sulfoxide and then diluted in modified barth solution to
a final dimethyl sulfoxide concentration not exceeding 0.05%.
Experiments were performed by using glycine or GABA con-
centrations corresponding to the ECs_jo (25-40 uM for glycine
and 0.5-1 uM for GABA in either wild-type or mutated recep-
tors); i.e., they produced peak currents equal to 5-10% of the

(Bio-Rad) or GABA (Research Biochemicals) was dissolved in
modified barth solution and applied for 30 s. Oocytes were
perfused with a solution of either propanethiol (Aldrich), PMTS
(Toronto Research Chemicals, Downsview, ON, Canada), an-
esthetics or octanol for 60 s to allow equilibration before a 30-s
coapplication with either glycine or GABA. Control currents
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Fig. 2. Effects of propanethiol or PMTS on a1 wild-type, «1(5S267C), and «1(T264C) GlyR expressed in Xenopus oocytes. (A and B) Sample tracings of currents
induced by application of an ECs concentration of glycine alone or in the presence of propanethiol (4 mM) and iodine (0.5 mM) or PMTS (30 M) in individual
voltage-clamped oocytes. The time course of the washout of propanethiol (either before and after iodine application) or PMTS was measured every 10 min for
a total of 30 min. (C) Propanethiol (4 mM) reversibly enhanced the glycine response in a1 wild-type (0), a1 (T264C) (V), or a1 (5267C) (m) receptors before
application with iodine (0.5 mM). After sequential application of iodine and propanethiol, the enhancement of the glycine response by propanethiol is reversible
in wild-type and T264C but not in S267C receptors. Values are expressed as percentage of control. Control values determined at 0 time were set at 100% and
were used to calculate data for 10-40 min; values determined at 50 min (immediately after application of I,) were set at 100% and used to calculate data for
51-80 min. Two-way ANOVA indicated significant differences between wild-type and S267C receptors in the GlyR responses after the application of iodine and
propanethiol (P < 0.05). (D) PMTS (30 M) enhanced the glycine response in all of the receptors and this was reversed to control level by washout in wild-type
(0) and in T264C (») GlyR. In S267C receptors (m), the enhancement of the glycine response by PMTS was not reversible. Propanethiol or PMTS were perfused
for 60 s before being coapplied with glycine for 30 s. The time course of the washout from propanethiol or PMTS was measured every 10 min for a total of 30
min. Two-way ANOVA indicated significant differences between wild-type and S267C receptors in the glycine responses after the application of PMTS (P < 0.001).
For some points, error bars are smaller than symbols. Data are the mean = SEM of five to nine oocytes.
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maximal current (obtained by application of 1 mM GABA or
glycine). When iodine (Sigma) was used it was perfused for 60 s
at a concentration of 0.5 mM. The excess iodine was washed out
for 30 s, and the glycine response was redetermined (it is not
possible to co-apply iodine and propanethiol because of forma-
tion of dipropane disulfide). Redetermination of the glycine
response was necessary because in many oocytes expressing
al(S267C), iodine treatment potentiated the glycine response
(no effect of iodine was found in ol wild-type receptors).
Immediately after control responses with glycine were reas-
sessed, oocytes were perfused with 4 mM propanethiol to allow
for disulfide bond formation and the response was redetermined
by using a 30-s coapplication of glycine and propanethiol (con-
centration and conditions based on ref. 17). Bath concentrations
of propanethiol, enflurane, isoflurane, and octanol were deter-
mined by gas chromatography (9, 13). The ECs values and Hill
coefficient for concentration-response curves were calculated by
using GraphPad PRISM software (SanDiego, CA). Statistical
analyses by Student’s ¢ test were performed to compare means
and by two way ANOVA to compare populations.

Results

Propanethiol (4 mM) reversibly potentiated glycine action in
both a1 wild-type and a1(S5267C) mutant receptors (Fig. 2.4 and
C). Oxidation by iodine, which promotes disulfide bond forma-
tion (17), did not affect potentiation of the glycine response by
propanethiol for either receptor. However, the removal of
propanethiol (washout) reversed potentiation for the wild-type
receptor, but only partially reversed in the mutant a1(S267C).
We also tested the TM3 mutant a1(A288C) and the TM2 mutant
al(T264C); the latter mutation is one turn of the helix below
S267. Propanethiol potentiated the glycine response in all of the
mutants tested, but, in contrast to the results obtained with
al(S267C), washout produced complete reversal of potentiation
with T264C and A288C (Fig. 2 and data not shown). The action
of propanethiol on a1(S267C) receptor was partially reversible,
suggesting that the sequential iodine-propanethiol treatment was
not able to form covalent bonds at all S267C residues. To
increase the rate and extent of disulfide bond formation, we used
a sulthydryl-specific reagent, PMTS that does not require iodine.
PMTS (30 uM) produced reversible enhancement of the func-
tion of GlyR wild-type or the TM2 mutant «al(T264C) but
irreversible enhancement of the mutant «1(S267C) (Fig. 2 B and
D). Even after a 30 min washout, there was no evidence of any
decrease in the action of PMTS on the mutant GlyR. Finally,
PMTS did not affect the TM3 mutant «1(A288C) (data not
shown).

Anesthetics enhance GlyR function by decreasing the glycine
ECso without changing the maximal effect (18), and we asked if
PMTS produced the same action. Responses to glycine assessed
in the mutant «1(S267C) were increased after application of
PMTS (30 uM) due to a decrease in the glycine ECsy (from
217 = 56 uM before treatment with PMTS to 108 = 33
afterward; Hill coefficient was 1.2 = 0.6 before PMTS treatment
and 0.9 * 0.2 afterward) with no change in the maximum
currents induced by saturating (1 mM) concentration of glycine.
This result is similar to the action of isoflurane and of propane-
thiol assessed on wild-type GlyR. Isoflurane (1.2 mM) and
propanethiol (16 mM) decreased the ECsg for glycine by 55%
and by 39% respectively; the Hill coefficient was 1.6 = 0.05
before isoflurane treatment and 0.9 = 0.06 afterward; 2.1 = 0.2
before propanethiol and 2.3 * 0.3 afterward. PMTS did not
change the maximal response in a1(S267C) nor in al wild-type
glycine receptors. Moreover, PMTS did not change the ECs
(125 = 17 before PMTS treatment and 113 = 20 after) of al
wild-type glycine receptors.

To determine whether the residue in the GABAA receptor
« subunit that is homologous to S267 in GlyR «l also was a
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Fig.3. Effects of PMTS on a2 (5270C)B1 and a2 (5291C)B31 GABAA receptors
expressed in Xenopus oocytes. (A) In a2 (5270C) 31 GABA receptors, PMTS (50
uM) irreversibly enhanced the GABA response. Washout from PMTS was
measured every 10 min for a total of 30 min. (B) In a2 (S291C)B1 GABAA
receptors, PMTS did not affect the GABA response. Isoflurane (0.6 mM)
potentiated a2 (5291C)B1 GABA receptor function equally before and after
application of PMTS. PMTS or isoflurane were perfused for 60 s before being
coapplied with GABA for 30's. Data are the mean = SEM of five to six oocytes.

binding site for inhaled anesthetics and n-alcohols, we com-
pared receptors containing the GABA mutant «2(S270C)
subunit coexpressed with the wild-type B1 subunit. Propane-
thiol (4 mM) reversibly enhanced receptor function in wild-
type GABA receptors (data not shown), but PMTS (50 uM)
irreversibly potentiated the function of the mutant
«2(S270C)B1 (Fig. 34), supporting the importance of the TM2
site. PMTS did not affect the wild-type o281 GABA receptors
(data not shown) nor the TM3 mutant «2(S291C)p1 (Fig. 3B).
To determine whether PMTS was bound to the mutant
a2(S291C)pB1, but was not affecting the function, the effect of
isoflurane was tested before and after exposure of the receptor
to PMTS. Isoflurane potentiated this receptor before and after
application of PMTS, suggesting that PMTS did not bind to this
mutant (Fig. 3B).

We next asked if n-alcohols and other volatile anesthetics act
on the same site as propanecthiol/PMTS. For wild-type a2p1
GABAA receptors, enflurane, isoflurane, octanol, and alphaxa-
lone enhanced the GABA response to the same extent before
and after application of PMTS (Fig. 44). Irreversible occupation
of the S270C site by PMTS in oocytes expressing GABA
a2(S270C)B1 receptors prevented the potentiation of the GABA
response by enflurane, isoflurane, and octanol (Fig. 4B). To test
the specificity of the blocking action of PMTS, we used alphaxa-
lone, an i.v. anesthetic that does not interact directly with the
TM2 residue (19). Unlike the other anesthetics, alphaxalone still
potentiated the GABA receptor function after PMTS treatment.
This result demonstrates that the action of PMTS is specific and
does not cause some gross alteration of receptor function.
Results similar to those from the GABA receptor, were obtained
in oocytes expressing GlyR al wild-type or a1(S267C) mutant
receptors. In wild-type al GIlyR, enflurane, isoflurane and
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Fig. 4. Effects of anesthetics on a2B1 or a2(S270C)31 GABA, receptors,
expressed in Xenopus oocytes, before and after perfusion with PMTS. (A) In
wild-type «2B1 receptors, enflurane (1.2 mM), isoflurane (0.6 mM), octanol
(0.1 mM), or alphaxalone (1 M) enhanced GABA responses before and after
application of PMTS (50 uM). (B) In mutant «2(S270C) 31 receptors, application
of PMTS abolished the effects of enflurane, isoflurane, or octanol but did not
affect the enhancement by alphaxalone. PMTS was perfused for 60 s before
being coapplied with GABA for 30's. Anesthetics or octanol were tested again
after 15 min of washout from PMTS. Data are expressed as a mean = SEM of
five to 12 oocytes.

octanol, enhanced the glycine response to the same extent before
and after application of PMTS (Fig. 54). In «1(S267C) GlyR,
mutant enflurane, isoflurane and octanol, enhanced the glycine
receptor function before application of PMTS. After application
of PMTS this enhancement was abolished (Fig. 5B). Alphaxa-
lone was not tested, as the strychnine-sensitive GlyR is insensi-
tive to this anesthetic (10). As previously reported (18), volatile
anesthetics were less effective in potentiating the agonist re-
sponses, in comparison to wild-type receptors, when cysteine are
substituted for serine in the 267/270 position.

To test if the antagonism of isoflurane action was noncom-
petitive, as would be required for covalent occupation of a
binding site, a concentration-response curve for isoflurane (0.3—
1.2 mM) was obtained from the «l(S267C) GlyR. Before
application of PMTS, isoflurane enhanced the function of the
GlyR in a concentration-dependent mode. After application of
PMTS, enhancement of the GlyR function by isoflurane was
completely abolished at lower concentrations of isoflurane
(0.3-0.6 mM) and dramatically reduced at a higher concentra-
tion (1.2 mM) (Fig. 6). It is possible that the small residual effect
of isoflurane is due to incomplete labeling of the receptor by
PMTS.

To visualize how propanethiol might bind to the receptor, we
used a molecular model of TM2 and TM3 in the transmembrane
domain of the @l GlyR subunit. There is a consensus that TM2
is the pore-lining « helix in each of the five subunits that make
up the pentameric ion channel of the ligand gated receptors (20,
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Fig.5. Effects of anesthetics on a1 or a1(5267C) GlyR, expressed in Xenopus
oocytes, before and after perfusion with PMTS. (A) In a1 receptors, enflurane
(1.2 mM), isoflurane (0.6 mM), or octanol (0.1 mM) enhanced glycine re-
sponses before and after application of PMTS (30 uwM). (B) In mutant «1(S267C)
receptors, application of PMTS abolished the effects of enflurane, isoflurane,
oroctanol. PMTS was perfused for 60 s before being coapplied with glycine for
30 s. Anesthetics or octanol were tested again after 15 min of washout from
PMTS. Data are expressed as a mean = SEM of three to four oocytes.

21). We modeled the predicted transmembrane sequence of
TM2 (residues A249-1274) (15, 22) as an a-R-helix with the
biopolymer module of Discover 98 (Molecular Simulation, San
Diego).

«1(S267C) ISOFLURANE
0 3 0 8 .2 mM
PMTS ISOFLURANE
30 pM 0 8 1 2mM
GLYC!NE Y T "U"

L T [T ¥
(=]
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Fig.6. Effects of isoflurane on «1(5267C) mutant GlyR expressed in Xenopus
oocyte. Isoflurane (0.3-1.2 mM) potentiates in a concentration-dependent
manner the function of «1(5267C) mutant receptor before application of
PMTS (30 wM). Application of PMTS abolished or reduced the potentiation of
the GlyR by isoflurane. Sample tracings of currents were induced by applica-
tion of an ECyo concentration of glycine alone or glycine in the presence of
isoflurane in an individual voltage-clamped oocyte. Tracing is from a single
oocyte, and similar results were obtained from two other oocytes.
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Fig. 7. Molecular model of TM2 and TM3 of the GlyR a1 subunit. TM2 is
oriented so that the aqueous pore of the ion channel would be on the far left
(vertical cylinder). This orientation places residue $267C on the interior of the
subunit. The TM3 helix was aligned anti-parallel to TM2 so that S267 and A288
would be on the same horizontal plane. (A) The peptides are rendered as a
stick structure, the backbones of the « helices are overlaid with a green tube,
and both S267C and propanethiol are rendered with a space-filling (van der
Waals) surface. The colors of atoms are: carbon, green; hydrogen, gray;
oxygen, red; nitrogen, blue; and the propyl group of propanethiol is high-
lighted with black carbons and violet hydrogens. Those cysteine residues that
did not form covalent bonds with PMTS or that formed them without any
effect on potentiation of the effect of glycine are indicated (T264C, A288C,
and C290). (B) The same molecular model of TM2 and TM3 is shown except that
all residues in the two helices are rendered with a space-filling surface and the
propanethiol is rendered as a ball-and-stick molecule. It can be seen that the
propyl group occupies the cavity and may prevent the additional occupation
of the cavity by octanol, isoflurane, or enflurane.

A nearly vertical line of threonine residues on TM2 clearly
defines which side of the TM2 « helix faces the aqueous pore.
Analogous threonine and serine residues were identified as
pore-facing residues in the nicotinic acetylcholine receptor (20).
S267C is on the side of TM2 directly opposite from the line of
threonine residues that defines the aqueous pore, and it is likely
that S267C faces the interior of the subunit and interacts with the
neighboring TM3 (Fig. 7). Residues V280-A302 of TM3 were
modeled as an a-R-helix and placed next to TM2 in an anti-
parallel direction. The vertical alignment of TM2 and TM3 was
fixed by placing residue S267 of TM2 on the same horizontal
level as A288 of TM3. Our previous work suggested that residue
A288 interacts with S267 (15). Therefore, TM3 was rotated
about its vertical axis until A288 was opposite S267 and moved
such that the distance between the axes of the anti-parallel
helices was 11 A (23). The backbone C and Ca carbons of the two
a helices were tethered (all side chain atoms were free to move)
with an initial quadratic force constant of 100 kcal/A2 The
structure was optimized with Discover 98 using the CFF91
potential function and a distance-dependent dielectric. The
optimization was repeated with a force constant of 10 kcal/A2
and finally with 1 kcal/A2. $267 was replaced with a cysteine
residue, propanethiol was bonded to S267C, and the propyl
group was moved manually to avoid obvious steric overlaps with
TM2 and TM3. The same tether of 100 kcal/A2 was applied to
all backbone C and Ca atoms and the structure was reoptimized
(no tether was applied to propanethiol). The propanethiol group
fits in the cavity between the transmembrane « helices (Fig. 7).

Mascia et al.

Recent work questions whether TM3 is an « helix but places
A288 within the membrane (24).

Discussion

Previous studies demonstrated that anesthetic and alcohol en-
hancement of the GlyR and GABA, receptor function requires
specific amino acids in TM2 and TM3 of the « subunit. Two
amino acid residues, S267 and A288 in the GlyR, S270 and A291
in the GABAA receptor, are essential for the effects of alcohol
and anesthetics (7). However the crucial question that remains
is whether these residues represent a specific binding site for
alcohols and anesthetics. To answer this question, we examined
the possibility that propanethiol, an anesthetic similar in struc-
ture to propanol (25), could react, in a irreversible way, with
cysteines engineered at those critical positions. In addition, we
tested the ability of a sulfhydryl-specific reagent, PMTS, to
covalently bind to the mutated cysteines and alter permanently
the receptor function.

Sequential treatment of the «1(S267C) GlyR by iodine and
propanethiol produced potentiation of the receptor function that
was only partially reversible by extended washing. In contrast,
potentiation of the wild-type receptor was completely reversible
by washing. These results suggest formation of a disulfide bond
between propanethiol and the cysteine residue replacing S267,
resulting in long lasting enhancement of GlyR channel function.
The results obtained with propanethiol were confirmed by using
PMTS. This sulfhydryl-specific reagent reacts with the SH group
of a cysteine to provide the same residue as propanethiol (propyl
disulfide); however, it reacts rapidly with no need for iodine or
other oxidizing agents. PMTS was more efficient than propane-
thiol in providing a irreversible enhancement of the S267C
mutant.

The importance of the TM2 segment as a possible binding site
for alcohol and anesthetics, was confirmed in GABA 4 receptors.
In «2(S270C)B1 GABA4 receptors, PMTS appears to form
covalent bonds with the cysteine residue in position 270. On the
contrary, PMTS did not affect wild-type a2B1 receptors. A
possible explanation for this lack of effect is that the much larger
size and polarity of PMTS, as compared to propanethiol, pre-
vents it from reaching the necessary anesthetic concentration at
the active site of the wild-type receptors. However, the cumu-
lative process of disulfide bond formation would cause a low
concentration of PMTS at the S270C site to eventually occupy
the cavity in all of the mutant receptors.

Neither propanethiol nor PMTS were able to irreversibly
enhance the function of the TM3 mutants «al(A288C) or
a2(A291C)B1 or prevent action of isoflurane on these receptors.
The negative result with A288C and with A291C is surprising
because mutagenesis studies suggested that this residue forms
part of the anesthetic-binding site (7, 15, 26). Moreover, a recent
study indicated that the negatively charged and much larger
p-hydroxymercuribenzenesulfonate (pCMBS™) was able to co-
valently bind «a1A291C in a1B1y2 GABAA receptors, implying
that this site might be accessible to PMTS, as it is to pCMBS™
(27). However, our results suggest that propanethiol/PMTS did
not form covalent bonds with A288C or A291C. Previous studies
showed that introduction of amino acids larger than cysteine
(e.g., isoleucine) at position A288 markedly enhance the action
of glycine and reduce the action of volatile anesthetics (26).
Thus, attachment of propyl sulfide to A288C should alter effects
of both glycine and isoflurane, but this was not observed. Thus,
the most likely explanation of our negative results is that
propanethiol and PMTS do not have adequate access to A288C
or A291C. It is interesting to note that a recent crystal structure
of bromoform binding to firefly luciferase revealed specific
orientation for two bromoform molecules. This finding is re-
markable because bromoform is nearly spherical and suggests
that propanethiol also may have a restricted orientation between
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TM2 and TM3, which precludes covalent bonds with A288C or
A291C (28). Further studies with other sulfydryl reagents are in
progress to explore the anesthetic binding site in the TM3 region.

Competition experiments performed before and after irre-
versible binding of PMTS to the cysteine mutations in the
GABA, receptor suggest competition for a single binding site
among PMTS and the inhaled anesthetics or octanol, but not
between PMTS and alphaxalone. This is consistent with the
proposal that inhaled anesthetics and n-alcohols bind to the same
site, but alphaxalone binds to a different site (7, 19). Similar
conclusions were reached for the GlyR.

The covalent labeling of substituted cysteines provides a
powerful tool for studying structure—function relationship in
proteins, including ligand-gated ion channels (20, 29). The
present work combines this tool with the anesthetic action of
alkanethiols, and their structural similarity to n-alcohols, to
elucidate the location of the specific critical binding sites re-
sponsible for the capacity of anesthetics to enhance the action of
glycine or GABA. Our results support the hypothesis that an
amino acid in TM2 provide a specific site for anesthetic binding.
However, it is of interest to consider alternative hypotheses. A
prominent idea is that there are multiple anesthetic-binding sites
on the protein, or even in the lipid phase. If this were true, one
would expect the covalent labeling of a single (S267/270C) site
by propanethiol to produce at most partial enhancement of
receptor function and that subsequent application of other
anesthetics would produce clear increases in function (due to
action on the other sites). On the contrary, these are not the
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results we obtained. To reconcile the multiple sites hypothesis
with our data requires two assumptions: 7) the irreversible
enhancement of glycine and GABA action produced by pro-
panethiol + iodine or PMTS is unrelated to the reversible
(anesthetic-like) enhancement of receptor function produced by
propanethiol; and ii) covalent modification of S267C somehow
blocks the actions exerted by anesthetics at other multiple sites
(but does not block the action of alphaxalone). Although these
possibilities cannot be completely ruled out, we feel the most
parsimonious explanation for the present data and other muta-
tional studies (7, 24, 30) is that binding of volatile anesthetics and
n-alcohols in a protein cavity formed in part by a single amino
acid is both necessary and sufficient for the enhancement of
receptor function. This indicates that anesthetics act by a mech-
anism closer to that of traditional receptor-mediated pharma-
cology than was previous thought. This approach should have
general applicability for defining anesthetic-binding sites on
other brain proteins.
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