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ABSTRACT: Alcohols and volatile anesthetics inhibit peripheral nicotinic acetylcholine receptors noncom-
petitively, primarily via an open-channel block mechanism. Analysis of hydrophobic mutations near the
middle of the pore-forming M2 domains suggested that alcohols interact with the pore in this vicinity. To
establish the extent of this inhibitory site, we created a series of hydrophobicity-altering mutations scanning
most of theR subunit M2 domain. Using both single-channel and rapid patch perfusion electrophysiology,
we measured how these mutations affect nAChR sensitivity to ethanol and hexanol. We find a near-
contiguous series of amino acids inR-M2, extending fromRL250 (8′) to RV255 (13′), where mutagenesis
strongly influences inhibition by alcohols. These results support the existence of a large inhibitory patch
in the nAChR pore lining where interactions with alcohols are primarily due to hydrophobic forces. Ethanol
appears to interact with deeper regions of this site than does hexanol. Because alcohols apparently act as
open-channel blockers, we infer from our results that most of the residues betweenRL250 andRV255
are exposed to the aqueous environment of the pore when the channel is open. The location and extent
of this site can explain why small alcohols occupy the nAChR pore at the same time as larger alcohols
or charged blockers, while two large alcohols bind in a mutually exclusive manner.

Ligand-gated ion channels (LGICs) are important regula-
tors of neuronal excitability and likely molecular targets
where anesthetics and alcohols act in the central nervous
system (1, 2). Peripheral nicotinic acetylcholine receptors
(nAChRs),1 like LGICs found in the CNS, are sensitive to
anesthetics and alcohols. Furthermore, the structure and
dynamic behavior of peripheral nAChRs are far better
defined than those of related CNS channels, in large part
because of the ability to isolate milligram quantities of
purified nAChR protein fromTorpedoelectroplaque.Tor-
pedo nAChRs and their close relatives from mammalian
neuromuscular junctions consist of five homologous subunits,
two R, one â, one γ, and oneδ, which are arranged
symmetrically around the central cation-conducting trans-
membrane pore (3). Each subunit contains a large amino-
terminal extracellular domain and four hydrophobic trans-
membrane domains (M1-M4). The agonist sites, which bind
ACh as well as competitive antagonists, are formed by the
extracellular domains at theR-γ andR-δ subunit interfaces.
The transmembrane pore is formed by amino acids from the
five M2 domains, each of which is supposed to form an
R-helical structure traversing the lipid bilayer. Most of the

M2 domain residues on nAChR subunits are hydrophobic,
with some hydrophilic residues, in roughly homologous
locations (4′, 6′, 10′, and 12′; see Table 1).

It has been hypothesized that sensitive LGICs possess
anesthetic binding sites. We have identified a functional
anesthetic/alcohol site within the transmembrane pore of
peripheral nAChRs from bothTorpedoelectroplaque and
mammalian neuromuscular junction. Evidence for this site
came first from kinetic studies, where it was observed that
potent anesthetic alcohols such as octanol inhibit nAChR
function mostly by acting after the channel opens in the
presence of agonists (4). Single-channel kinetic analyses of
nAChR currents in the presence of a variety of general
anesthetic compounds also support the idea that a large
fraction of inhibition is due to open-channel blockade (5,
6). Another critical piece of evidence was the finding that
in TorpedonAChR inhibition assays, two potent alcohol
inhibitors act in a mutually exclusive manner, indicating that
they compete for a single shared site of action (7). More
recently, a photoactivatable long-chain alcohol was synthe-
sized and shown to photolabel the M2 domain ofTorpedo
nAChRR subunits (8, 9). Mutation of an amino acid located
near the middle of the murine nAChRR-M2 domain (RS252
or RS10′) from serine to different hydrophobic side chains
dramatically increases the sensitivity of nAChRs to inhibition
(assessed electrophysiologically) by alcohol and volatile
anesthetics (10). Importantly, the sensitivity to anesthetic
inhibition correlates strongly with the hydrophobicity of the
mutated side chain, consistent with the long-established tenet
that anesthetic potency is highly dependent on hydrophobic
interactions. Investigation of homologous mutations at the
10′ positions of M2 domains onâ, γ, andδ nAChR subunits
showed that all five M2 domains independently and simul-
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taneously interact with alcohol inhibitors, indicating that the
site is within the central pore rather than at a number of
independent sites on separate subunits (11).

While the combined results of these kinetic, pharmaco-
logical, photolabeling, and mutational/functional experiments
leave little doubt that an anesthetic/alcohol binding site exists
near the middle of the nAChR pore, the overall extent of
this site remains unexplored. Indeed, we have suggested that
the hydrophilic side chain ofRS10′ is unlikely to be involved
in hydrophobic interactions and that nearby leucines at
positions 8′ and 9′ are more likely to form a hydrophobic
site where anesthetics bind (10). Others have noted that
blockers with differing sizes or from different molecular
classes apparently do not compete for occupation of nAChR
inhibition sites (12, 13). Thus, different compounds may
interact with different portions of the nAChR pore. One
model that has been proposed to accommodate these results
is one in which the nAChR site contains a large “hydrophobic
patch” where interactions by multiple compounds can inhibit
function, without necessarily interfering with binding by
other compounds (12).

To probe the extent of the nAChR pore site, we applied
the hydrophobic mutagenesis2 approach to otherR-M2
residues, scanning fromRS4′ (near the cytoplasmic end of
M2) to RL16′ (near the extracellular end of M2). At each
position, we made a mutation that considerably alters the
hydrophobicity of the wild-type amino acid. We evaluated
the sensitivity of these mutant nAChRs to hexanol, a potent
anesthetic alcohol, as well as ethanol, a much smaller alcohol
that weakly interacts with the pore site (14, 15).

MATERIALS AND METHODS

Site-Directed Mutagenesis.cDNAs for theR, â, γ, andδ
subunits of the mouse muscle nAChR were subcloned into
pSP64T plasmids containingXenopusglobin noncoding
sequences (generously supplied by J. McLaughlin, Medical
University of South Carolina, Charleston, SC). Mutations
were introduced into the mouseR subunit cDNA using
oligonucleotide-directed mutagenesis on the wild-type tem-
plate (11). TheRL9′T cDNA was provided by M. M. White
(Allegheny University, Philadelphia, PA) and transferred into
the pSP64T vector. All mutations and transferred sequences
were confirmed by dideoxynucleotide sequencing.

Xenopus Oocyte Expression.Methods for oocyte expres-
sion were previously described (10). After incubation for 48-
72 h, oocytes were stripped of their vitelline membranes so
patch-clamp electrophysiology could be carried out.

Patch-Clamp Electrophysiology.Multichannel rapid patch
superfusion and single-channel experiments were performed
at room temperature (20-22 °C). Patch pipets were fire-
polished to give an open tip resistance of 2-4 MΩ. For rapid
superfusion studies, oocyte membrane patches were excised
in the outside-out configuration and held at-50 mV. For
single-channel recordings, oocyte patches were sealed in the
on-cell or excised inside-out configuration. Inside and outside
buffers were symmetrical K-100 buffers (97 mM KCl, 1 mM
MgCl2, 0.2 mM EGTA, and 5 mM K-Hepes, pH adjusted to
7.5 with KOH). Currents through the patch-clamp amplifier
(Axopatch 200A or 200B; Axon Instruments, Foster City,
CA) were filtered (eight-pole bessel, 2-5 kHz) and digitized
at 5-10 kHz.

Rapid Patch Superfusion.Rapid superfusate switching
(0.2-1.2 ms, measured with open pipet junction currents)
was achieved using piezo-driven theta tube or quad tube
devices that have been described previously (11, 16). ACh
exposure periods were between 50 and 10 000 ms, and
patches were recovered in control superfusate for 5-20 s
between ACh exposures.

Measurement of ACh EC50s and Desensitization Time
Constants.ACh EC50s and the Hill slopes (nH) of gating for
all nAChRs were determined using rapid superfusion elec-
trophysiology. Peak currents were measured over a range
of ACh concentrations and normalized to control peak
currents at high ACh concentrations (1 mM) recorded in the
same patch. Patch current rundown was minimized by
utilizing the quad-superfusion device, which enabled rapid
alteration between control and experimental stimulations. For
each receptor type, normalized data from at least three
patches were pooled. Logistic functions of the formI/Icntl )
[ACh]nH/([ACh]nH + EC50

nH) were fitted to normalized data
by nonlinear least-squares methods. Desensitization time
constants were determined from rapid superfusion recordings
at maximal ACh concentrations (g10× EC50). Currents from
a minimum of three separate patches were recorded during
ACh pulses of up to 10 s, and rapid desensitization time
constants were derived from single-exponential fits to the
declining phases of the currents during ACh exposure.
Addition of a second exponential component to fits did not
significantly improve the quality of the fits (F test).

Inhibition of Multichannel Patch Currents by Hexanol.
Hexanol (>99.5% pure) was purchased from Fluka Chemical
Co. and weighed directly into K-100 to make stock solutions,
which were stored in glass and diluted immediately prior to
use in experiments. Solution flowed continuously from glass
reservoirs to the superfusion pipets through PTFE and glass
tubing.

Rapid multichannel current traces displayed in the figures
are ensemble averages of 4-16 sequential recordings from

2 We use the terms “hydrophobic mutation” and “hydrophobic
mutagenesis” to reflect our strategy of mutations that cause large
increases and decreases in side chain hydrophobicity, respectively.

Table 1: Amino Acid Sequences of Mouse Muscle M2 Domainsa

1′ 2′ 3′ 4′ 5′ 6′ 7′ 8′ 9′ 10′ 11′ 12′ 13′ 14′ 15′ 16′ 17′ 18′ 19′ 20′
R K242 M T L S I S V L L S L T V F L L V I V E
â K253 M G L S I F A L L T L T V F L L L L A D
γ K251 C T V A T N V L L A Q T V F L F L V A K
δ K256 T S V A I S V L L A Q S V F L L L I S K

a Sequence alignment and terminology following that of Miller (31). The first residue is numbered from the amino terminus, which is supposed
to be at the cytoplasmic end of the pore. Single-letter amino acid code: A, alanine; C, cysteine; D, aspartate; E, glutamate; F, phenylalanine; G,
glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine;
V, valine; W, tryptophan; Y, tyrosine.

Scanning Hydrophobic Mutagenesis in the nAChR Pore Biochemistry, Vol. 39, No. 48, 200014921



a single patch. Control currents (saturating ACh concentration
alone, usually 1 mM) were recorded both before and after
experiments where patches were exposed to 0.5 mM hexanol.
When a theta tube was used for rapid superfusion, hexanol
was added to both superfusate solutions (buffer and ACh).
When quad tubes were used, patches remained in alcohol-
free buffer and were exposed to hexanol solution forg0.2
s prior to exposure to the hexanol/ACh solution. Data were
not analyzed if the pre- and postcontrol peak currents differed
by more than 10%. To calculate the percent inhibition by
hexanol, peak currents were first baseline corrected and the
peak current in hexanol was normalized to the average of
the pre- and postcontrol peaks.

Reduction of Single-Channel Conductance by Ethanol.
Single-channel conductances were measured in the presence
of low ACh concentrations (0.02-2 µM) and the same or a
lower ACh concentration with ethanol. For these experi-
ments, patches were voltage-clamped in the on-cell or inside-
out configuration with ACh inside the pipet. Current traces
were recorded (5-10 kHz sampling with a 2 kHz bessel
filter) during 6 s voltage ramps from 150 to-50 mV.
Conductance was calculated as the difference in the slopes
(pA/V) between the baseline and single openings (15).

Statistical Analysis of Mutant Effects.Values are reported
as means( the standard deviation. Linear and nonlinear
least-squares analyses and Student’st tests were performed
using commercial software (Origin, Microcal Inc., Northamp-
ton, MA). Multichannel hexanol inhibition data for mutant
nAChRs were compared pairwise to wild-type results using
two-tailed Student’st tests. To compare the inhibitory effects
of EtOH in mutants with those in wild-type nAChRs, we
pooled unpaired apparent conductance measurements and
calculated percent inhibition. Standard deviations for these
values were calculated by the delta method.p values (two-
tailed) for pairwise comparisons between mutants and the
wild type were derived fromz-statistics using Instat2 software
(GraphPad Software, San Diego, CA).

RESULTS

Characterization of nAChR Mutants.Our strategy in
constructing mutations was to create a large change in
hydrophobicity at eachR-M2 domain locus that was exam-
ined, because hydrophobicity has been shown to be an

important determinant of alcohol potency in both nAChRs
and animal behavior tests. Since most of the wild-type amino
acids in theR-M2 contain hydrophobic side chains (see Table
1), these residues were mutated to hydrophilic but uncharged
amino acids such as serine (S) and threonine (T), or, in one
case, alanine (A). Conversely, those wild-type amino acids
that contain hydrophilic side chains were mutated to very
hydrophobic amino acids such as leucine (L), isoleucine (I),
or phenylalanine (F). The 13 mutations are listed in Table 2
along with the mutation-induced changes in side chain
hydrophobicity and size. With one exception, the magnitudes
of the changes in side chain hydrophobicity associated with
the mutations were quite similar, an increase or decrease of
3.6-5.3 units on the scale developed by Kyte and Doolittle
(17). Similarly, the changes in side chain area associated with
most of these mutations fell within a narrow range, increasing
or decreasing 30-60 Å2 (18).

ACh-gated dynamic functions of nAChRs containing the
R-M2 mutations were characterized in detail using both
single-channel and rapid patch superfusion electrophysiology
(Table 2). Single-channel conductances in the majority of
the mutant receptors were lower than that of the wild type,
and most were within 20% of the wild-type conductance (52
( 2.2 pS). The lowest value was found for theRT12′I mutant
(35 ( 0.5 pS), 67% of the wild-type value. One mutant,
RL9′T, exhibited conductance that was significantly higher
than that of wild-type nAChR.

ACh-dependent gating was further characterized by de-
termining the ACh EC50 and Hill coefficient (nH) in rapid
patch superfusion experiments (Table 2). Five mutant recep-
tors exhibited EC50 values that differed from the wild-type
EC50 (18 ( 2.1 µM) by a factor of less than 2. Four mutant
receptors (RL9′T, RL11′S, RV13′S, and RL16′S) were
characterized by EC50s of e1.0 µM. Only one mutant
receptor,RL8′S, had an EC50 that was significantly higher
than that of the wild type. All of the gating Hill coefficients
were between 1.5 and 2.1.

The desensitization time constants (τdes) for most R-M2
mutant nAChRs differed from the wild-type value (140(
55 ms) by less than a factor of 2. Four mutations (RL9′T,
RT12′I, RV13′S, andRL16′S) were characterized byτdes

values that were greater than 10 s.

Table 2: Effects of nAChRR-M2 Hydrophobic Mutations on Channel Conductance, Gating, and Desensitization

nAChR type ∆HΦa ∆areab (Å2) γ0-EtOH (pS) ACh EC50 (µM) nH τdes(ms) alcohol sensitivityc

wild type 0 0 54( 2.2 18( 2.1 2.0( 0.23 140( 55
RS4′L 4.6 55 50( 1.5 14( 3.6 1.5( 0.37 180( 48 NS/NS
RI5′S -5.3 -55 44( 2.2 21( 1.7 2.1( 0.30 280( 52 NS/NS
RS6′F 3.6 95 42( 2.0 3.6( 0.39 1.6( 0.21 130( 47 NS/NS
RV7′A -2.4 -40 43( 2.8 6.6( 0.22 1.8( 0.10 320( 140 NS/NS
RL8′S -4.6 -55 42( 1.3 110( 19 1.5( 0.32 130( 26 NS/- -
RL9′T -4.5 -30 62( 1.6 0.20( 0.016 1.5( 0.13 >10000 - -/- -
RS10′I 5.3 60 45( 3.3 11( 1.0 1.8( 0.12 50( 27 ++/++
RL11′S -4.6 -55 47( 0.7 1.0( 0.12 2.1( 0.45 140( 25 -/- -
RT12′I 5.2 35 35( 0.5 1.7( 0.16 1.9( 0.27 >10000 -/NS
RV13′S -5.0 -40 52( 4.5 0.20( 0.031 1.5( 0.19 >10000 - -/- -
RF14′S -3.6 -95 44( 1.8 2.4( 0.57 1.6( 0.27 190( 89 NS/NS
RL15′S -4.6 -55 51( 2.3 8.2( 0.39 1.7( 0.14 220( 56 NS/NS
RL16′S -4.6 -55 48( 2.5 1.0( 0.25 1.6( 0.14 >10000 NS/NS

a Hydrophobicity is in arbitrary units from the scale by Kyte and Doolittle (17). b Area is the accessible surface area as reported by Chothia (18).
c The degree of increase (+) or decrease (-) in sensitivity to nAChR inhibition by hexanol or ethanol associated with each mutation is indicated.
NS indicates no significant change.
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Hexanol Inhibition.Sensitivity to inhibition by hexanol
was measured using rapid patch superfusion with saturating
ACh concentrations (g10 × EC50) to minimize possible
effects of altered channel gating. The rapid patch superfusion
technique also enabled assessment of peak ACh-induced
currents on a time scale (<5 ms), during which ACh-induced
desensitization was minimal (Figure 1, left panels).

As we have previously reported, peak currents elicited
from patches expressing wild-type nAChRs are inhibited
about half (53( 3.2%; n ) 8) by 0.5 mM hexanol. We
have also reported that theRS10′I mutation significantly
increases nAChR sensitivity to inhibition by hexanol. When
scanning toward the inner end ofR-M2 is carried out, the
RL9′T mutation obliterated hexanol inhibition, but hydro-
phobic mutations at positions 8′-4′ caused no significant
change in hexanol sensitivity. When scanning toward the
outer end ofR-M2 was carried out, mutationsRL11′S, T12′I,
and V13′S all significantly reduced the sensitivity to hexanol
inhibition, while mutations at positions 14′-16′ caused no
significant effects. Thus, hexanol sensitivity is affected by
hydrophobic mutations at a contiguous series of fiveR-M2
residues from positions 9′ to 13′, but unaffected by mutations
at other loci that were studied (Figure 1, right panel).

Ethanol Inhibition. Because ethanol is known to both
enhance nAChR gating (19) and reduce nAChR conductance

(14, 15), ethanol effects on multichannel currents may reflect
two independent actions, particularly if mutations decrease
the likelihood of channel opening. We therefore assessed
ethanol inhibition by the measuring ethanol-induced reduc-
tion of single-nAChR conductance.

At 400 mM ethanol, wild-type nAChR conductance was
reduced by 16( 7.2% (15). Because the inhibition of wild-
type by 400 mM EtOH is weak and the variability of the
measurements is quite large, there is an approximately 3-fold
bias in statistically analyzing these data toward mutations
that increase, rather than decrease, ethanol sensitivity.3

Therefore, a significance criterion (p) of e0.15 rather than
e0.05 was chosen for mutations that reduced ethanol
sensitivity.

The pattern of ethanol sensitivities in the set ofR-M2
hydrophobic mutants (Figure 2) is very similar to that for
hexanol. Three mutations (RL9′T, RS10′I, and RL11′S)
caused highly significant changes (p e 0.05) in ethanol
sensitivity. TheRV13′S mutation reduced ethanol sensitivity
(p ) 0.10) in close parallel with its effect on hexanol
sensitivity. The RT12′I mutation also reduced ethanol

3 Because the reduction in wild-type nAChR conductance by 400
mM EtOH is so small (16( 7.2%), it is easier to demonstrate a
significant sensitivity increase than a decrease in mutant receptors. If
the same standard deviation is assumed for measurements in the mutants
and wild type, a mutation must reduce the EtOH affinity 5-fold, but
only enhance the EtOH affinity 2-fold to cause a significant change
with p of e0.05. On the basis of the magnitude of the effects ofRL8′S
and RV13′S mutations, we infer that these side chains interact with
EtOH bound to its pore site.

FIGURE 1: Hexanol inhibition of nAChRs containingR-M2
hydrophobic mutations. (Left) Typical traces recorded from four
patches expressing wild-type nAChRs or nAChRs containing
R-I5′S,R-L9′T, andR-L15′S mutations. Each panel shows a control
current (‚‚‚) elicited with rapidly superfused ACh (at least 10×
EC50) and a paired trace recorded in 0.5 mM hexanol (s). (Right)
Summary bar graph depicting the average (( the standard deviation)
peak current inhibition in the presence of 0.5 mM hexanol. The
number of patches studied for each receptor type is reported to the
right of the bars in parentheses. The dashed vertical line represents
the wild-type inhibition value. Asterisks denote inhibition values
that differ from the wild type (p e 0.05).

FIGURE 2: Ethanol inhibition of nAChRs containingR-M2 hydro-
phobic mutations. Each bar depicts the average (( the standard
deviation) single-channel current reduction in the presence of 400
mM ethanol. The numbers of independent conduction determina-
tions for each receptor type under control conditions and in the
presence of ethanol are shown to the right of the bars in parentheses.
The dashed vertical line represents the wild-type inhibition value.
Two asterisks denote inhibition values that differ from the wild-
type value (p e 0.05), and one asterisk denotes those that differ
from the wild-type value (p e 0.15).
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sensitivity, but not to a degree that reached statistical
significance (p ) 0.83). In addition, theRL8′S mutation,
which had no effect on hexanol sensitivity, dramatically
reduced ethanol sensitivity (p ) 0.12). Ethanol inhibition,
as assessed by channel conductance, appears to be affected
by the same contiguous series ofR-M2 amino acids that
affect hexanol sensitivity (9′-13′) in addition to one ad-
ditional amino acid (8′) closer to the inner end of M2.

DISCUSSION

An Inhibitory Patch Site.Our previous studies have
demonstrated that hydrophobic mutations atRS10′ cause
significant changes in the sensitivity of nAChR to inhibition
by alcohol and volatile anesthetics. The data presented here
extend the strategy of altering side chain hydrophobicity to
12 additionalR-M2 domain positions, using twon-alcohols.
We find that a small group of these mutations, located near
the center ofR-M2, significantly alter nAChR sensitivity to
alcohols.

One crucial result of these studies is the identification of
loss-of-sensitivity mutations in theR-M2 domain. Since the
previously reported mutations at position 10′ increase
hydrophobicity and increase sensitivity to alcohols (gain-
of-sensitivity), it was possible that these position 10′ muta-
tions created an alcohol-sensitive site where none previously
existed (10). Since mutations that lower hydrophobicity at
positions 8′, 9′, 11′, and 13′ reduce or obliteraten-alcohol
inhibition, these residues very likely contribute to alcohol
interactions with the wild-type nAChR site.

On the basis of our assumption that alcohol binding to
the nAChR pore is primarily dependent on hydrophobic
forces, we infer from our results that there is a common
inhibitory site for ethanol and hexanol formed by four to
five contiguous amino acids in theR-M2 domain. This
finding suggests that alcohol inhibition is due to interactions
with a large “patch” of the pore lining extending from an
inner position of RL8′ to an outer position atRV13′.
Alternatively, this region of the M2 domain, which has also
been proposed to form the “gate” for ion permeation (20),
may form an inhibitory unit that is influenced by both
alcohols and hydrophobic mutations.

The RL8′S Mutation Differentially Affects SensitiVity to
Ethanol and Hexanol.Hexanol and ethanol sensitivities are
altered by mutations within a common region (RL9′-RV13′).
However, theRL8′S mutation eliminates ethanol sensitivity
while causing little change in hexanol sensitivity. This
observation makes it far less likely that alcohols are
allosterically influencing this region of the pore, since this
model predicts that mutation effects are independent of the
type of alcohol. It is therefore more likely that alcohols
interact directly with this region of the pore lining, but at
slightly different locations. One possibility is that ethanol,
being smaller than hexanol and having a lower affinity for
the site, is able to interact somewhat deeper in the pore.
Conversely, the increased interaction surface between the
outer pore lining and hexanol, reflected in its higher affinity,
may prevent this larger alcohol from migrating further into
the channel. Others have proposed that the homologous
“ring” of leucines at position 9′ forms a narrowing of the
pore (20), perhaps preventing hexanol interaction with the
8′ locus.

The large size of the central inhibitory patch site and the
differential impact of theRL8′S mutation on ethanol and
hexanol sensitivity are important because they help explain
why some pairs of compounds show mutually exclusive
actions in the nAChR pore, while others do not. If it is
assumed that the site extends significantly more than the 7.5
Å predicted in anR helix (discussed below), there is
sufficient space to bind more than one molecule of ethanol
(5-6 Å in length) or other short chain alcohols. Indeed,
ethanol does not compete with long-chain alcohols for the
inhibitory site on nAChR (12, 21). Our mapping results
suggest that ethanol occupies a position further toward the
inner end of M2, allowing simultaneous binding of ethanol
and a long-chain alcohol. Dilger and Vidal (13) studied the
interaction of butanol and a charged blocker, QX-222,

FIGURE 3: Strong correlation between side chain hydrophobicity
and alcohol sensitivity localized to residues near the middle of
R-M2. The percent sensitivity change from the wild-type value was
calculated for the wild type and the 13 mutant nAChRs studied
from the inhibition data in Figures 1 and 2 as SC) 100%× (Imut
- Iwt)/Iwt. Each point represents the sensitivity change for either
ethanol (circles) or hexanol (triangles) plotted against the side chain
hydrophobicity change (Table 2). Correlations were determined
from linear least-squares analysis. (A) There is no significant
correlation between alcohol sensitivity and hydrophobicity for the
entire data set (R) 0.38,p ) 0.10). (B) Points for the four mutants
that caused significant sensitivity changes to both hexanol and
ethanol (RL9′T, RS10′I, RL11′S, andRV13′S) are depicted as open
symbols, as is the wild-type value. There is a very strong correlation
between alcohol sensitivity and hydrophobicity for these five
receptors (R ) 0.93,p < 0.0001).
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concluding that both compounds could occupy the nAChR
pore simultaneously. Mutagenesis and cysteine protection
studies indicate that QX-222 interacts with residuesRV13′,
RS10′, andRS6′ (22, 23). Thus, as suggested by Dilger, there
is significant overlap between QX-222 and alcohol sites, but
not enough to result in mutually exclusive occupation. In
contrast to these examples, mutually exclusive inhibition of
nAChR was observed with coapplication ofn-heptanol and
n-octanol (7). An additional factor is the differential interac-
tions of various inhibitors with M2 domains from different
nAChR subunits. Long chain alcohols apparently interact
more intimately withR and â subunits than withγ or δ
subunits (11), while QX-222 binding appears to be equally
distributed among all subunits (24). Thus, the nAChR pore
can accommodate only one molecule of heptanol or octanol
(about 10 Å in length) at a time, but may be occupied
simultaneously by two small alcohols or one small alcohol
and a larger inhibitor.

SizeVersus Hydrophobicity in Mutants.At all the R-M2
loci where mutations caused significant sensitivity changes
for both alcohols (9′-11′ and 13′), the changes in side chain
hydrophobicity correlate strongly with changes in alcohol
sensitivity (Figure 3, bottom). Altered sensitivity to ethanol
also correlates with the hydrophobicity change forRL8′S.
The strong correlation at the common inhibitory patch in
the nAChR pore is consistent with the established correlation
between nAChR blocker potency and hydrophobicity.

Of course, these mutations also alter side chain size (Table
2; 18, 25) so that, instead of hydrophobicity, steric factors
might affect alcohol sensitivity. We have ruled out this
alternative hypothesis in nAChRs using pairs of isosteric
mutations at theR10′ locus (15), which demonstrate a very
dominant effect of hydrophobicity over size. We have also
investigated an isosteric pair of mutants at the 9′ locus. The
RL9′V mutation causes no significant change in alcohol
sensitivity, while the RL9′T mutant eliminates alcohol
inhibition. Thus, side chain hydrophobicity is far more
important than size in modulating the sensitivity of the
nAChR inhibition site.

The sensitivity-hydrophobicity correlation is clearly not
a general one for the entire set ofR-M2 hydrophobic
mutations (Figure 3, top), since the majority of mutations
have little impact on alcohol sensitivity. A notable exception
to the hydrophobicity correlation is theRT12′I mutation,
which increases hydrophobicity, but decreases sensitivity to
hexanol and modestly weakens ethanol inhibition. This
mutation causes the largest decrease in conductance of all
the mutants that have been studied (Table 2). We speculate
that theRT12′I mutation may not be exposed directly to
alcohols in the pore, but creates a local steric change, which
reduces accessibility to the inhibitory patch site.

Do Other Functional Characteristics of nAChR Mutants
Correlate with Anesthetic SensitiVity? For the subset of four
R-M2 hydrophobic mutations that significantly affect sen-
sitivity to ethanol and hexanol (RL9′T, RS10′I, RL11′S, and
RV13′S), we find no significant correlation between alcohol
sensitivity and channel conductance (Figure 4). However,
there is a modest correlation between alcohol sensitivity and
the maximal ACh-induced desensitization time constant and
a strong correlation with EC50. In this group of mutants,
nAChRs with low EC50s and slow desensitization are
generally insensitive to alcohols, while those with higher
EC50s and fast desensitization are generally sensitive. EC50s
and desensitization in these mutants probably reflect the
stability of their open-channel states (26, 27), suggesting that
perhaps alcohol inhibition is due not to channel block but to
destabilization of the open state.

Arguing against this alternate hypothesis is evidence from
severalR-M2 mutants we studied that cause large changes
in EC50 and/or desensitization rates, but have little impact
on alcohol sensitivity. For example, theRT12′I andRL16′S
mutants behave very much like both theRL9′T andRV13′S
mutants, displaying low EC50s and slow desensitization, but
they do not exhibit extraordinary insensitivity to alcohol
inhibition. The mutant with the highest EC50, RL8′S, rather
than displaying hypersensitivity to alcohols, is insensitive
to ethanol and has normal sensitivity to hexanol. Other
evidence against an open-state destabilization mechanism

FIGURE 4: Correlations between alcohol sensitivity and conductance, desensitization, and gating inR-M2 hydrophobic mutants. For wild-
type,RL9′T, RS10′I, RL11′S, andRV13′S nAChRs, changes in sensitivity to ethanol (O) and hexanol (4) were calculated as described in
the legend of Figure 3 and plotted against the mutant-associated change in conductance, log(ratio of desensitization rates) or log(ratio of
ACh EC50s). Correlations were determined from linear least-squares analyses (s). Conductance:R ) -0.60 andp ) 0.07. Logτdes: R )
-0.7 andp ) 0.013. Log EC50: R ) 0.83 andp ) 0.005 (s).
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comes from studies showing that ethanol stabilizes the
nAChR open state, prolonging open channels and reducing
the ACh EC50 (19, 28), but it does not alter nAChR inhibition
by long chain alcohols (21). Agonist binding, another
determinant of EC50, is also unlikely to influence alcohol
sensitivity. Alcohols, unlike known competitive inhibitors
of nAChRs, do not cause rightward shifts in ACh concentra-
tion-response studies. Also, mutations in the nAChR agonist
binding domains that dramatically reduce ACh binding
affinity, RY190F andRY198F (29), do not affect alcohol
sensitivity (19).

Thus, agonist binding and open-channel stability are not
mechanistically linked to alcohol inhibition, while correla-
tions arise from a shared dependence on side chain hydro-
phobicity in the middle of theR-M2 domain. Additionally,
structural determinants of gating and desensitization behavior
in nAChRs are very broadly distributed, while determinants
of hydrophobic blocker inhibition appear to be remarkably
localized to the middle of the M2 domains. Of the mutant
properties we have considered (Table 2), hydrophobicity is
the only localized property that strongly influences alcohol
sensitivity.

Implications for nAChR Pore Structure.While the methods
used in this study cannot conclusively demonstrate interac-
tions between alcohols and M2 domain residues, it seems
reasonable to infer interactions between alcohols and those
amino acid residues where mutations significantly alter
sensitivity to inhibition, because complementary methods
have demonstrated alcohol binding in this region of nAChRs
as well as open-channel block by alcohols (see the introduc-
tory section). Since hexanol simultaneously interacts with
all the nAChR subunits (11), it is also likely that alcohols
occupy the central aqueous pore while contacting the
inhibition site. By combining the concept of a central pore
location with our current finding that most of the side chains
near the middle ofR-M2 may interact with alcohols, we can
tentatively infer that the amino acid side chains fromRL9′
throughRV13′ (with the exception ofRT12′) all face the
aqueous pore. Thus, our data suggest that the midregion of
R-M2 has a nonhelical structure in the open-channel state.
This inference is in general agreement with other structural
evidence. Unwin identified “bent rod” structures adjacent
to theTorpedonAChR pore and suggested that these were
kinked M2 helices (20). Akabas et al. (30) have also
suggested a nonhelical conformation in the middle of the
R-M2 domain, based on a cysteine mutagenesis and chemical
modification approach. In anR helix, the distance between
RL8′ and RV13′ is predicted to be about 7.5 Å. If the
secondary structure is nonhelical, this distance could be as
large as 17 Å (e.g.,â sheet structure).

Summary.Hydrophobic mutagenesis of nAChRR-M2
domain residues identifies a series of contiguous amino acids
that influence inhibition byn-alcohols, extending fromRL8′
or RL9′ to RV13′. Our data are most readily explained by
the existence of a central inhibitory patch in the nAChR pore
lining where interactions with alcohols are primarily due to
hydrophobic forces. We further infer from our results that
most of the residues in the central inhibitory patch are
exposed to the aqueous environment of the pore when the
channel is open. The large predicted length of the patch and
the differential mapping of ethanol and hexanol interactions
can account for why some pairs of nAChR inhibitors

simultaneously occupy the pore, while other pairs of inhibi-
tors exhibit mutually exclusive actions.
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