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Inhalational anaesthetics and n-alcohols share a site
of action in the neuronal Shaw2 K, channel
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Background and purpose: Neuronal ion channels are key targets of general anaesthetics and alcohol, and binding of these
drugs to pre-existing and relatively specific sites is thought to alter channel gating. However, the underlying molecular
mechanisms of this action are still poorly understood. Here, we investigated the neuronal Shaw2 voltage-gated K* (K,) channel
to ask whether the inhalational anaesthetic halothane and n-alcohols share a binding site near the activation gate of the
channel.

Experimental approach: Focusing on activation gate mutations that affect channel modulation by n-alcohols, we investigated
n-alcohol-sensitive and n-alcohol-resistant K, channels heterologously expressed in Xenopus oocytes to probe the functional
modulation by externally applied halothane using two-electrode voltage clamping and a gas-tight perfusion system.

Key results: Shaw2 K, channels are reversibly inhibited by halothane in a dose-dependent and saturable manner (Kos =
400 uM; ny = 1.2). Also, discrete mutations in the channel’s S4S5 linker are sufficient to reduce or confer inhibition by
halothane (Shaw2-T330L and K,3.4-G3711/T378A respectively). Furthermore, a point mutation in the S6 segment of Shaw2
(P410A) converted the halothane-induced inhibition into halothane-induced potentiation. Lastly, the inhibition resulting from
the co-application of n-butanol and halothane is consistent with the presence of overlapping binding sites for these drugs and
weak binding cooperativity.

Conclusions and implications: These observations strongly support a molecular model of a general anaesthetic binding site
in the Shaw2 K, channel. This site may involve the amphiphilic interface between the $4S5 linker and the S6 segment, which
plays a pivotal role in K, channel activation.
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Introduction

The notion of relatively specific alcohol and inhalational
anaesthetic binding sites in ion channels and other proteins is
generally regarded as the most viable hypothesis to explain
the relevant actions of these drugs in the nervous system
(Dilger, 2002; Hemmings et al., 2005; Franks, 2006, 2008;
Forman and Chin, 2008; Harris et al., 2008; Urban, 2008).
Among several candidates, the ion channel targets (nomen-
clature follows Alexander etal.,, 2008) include ionotropic
receptors (GABA,, glycine, 5-HT, NMDA, etc.) and K* channels
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(GIRK, BKc,, two-pore and Shaw2). The presumed occupancy
of these sites induces inhibition or potentiation of ion
channel function, and multiple studies have identified dis-
crete regions, which may contribute to putative alcohol and
inhalational anaesthetic binding sites within ion channel pro-
teins (Franks, 2008; Harris et al., 2008). However, a direct link
between the modulation of a particular ion channel and the
clinical end points of anaesthesia and alcohol intoxication is
not firmly established. Nevertheless, the study of ion chan-
nels as targets of alcohol and general anaesthetics has helped
to determine the basic molecular features of the putative
binding sites, and formulate sound hypotheses about the
mechanisms of action. Because alcohol and general anaes-
thetics are typically ‘low-affinity’ drugs sharing pharmacologi-
cal and physical-chemical properties, a key question is
whether a common mechanism governs the modulation ion
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channels by alcohol and inhalational anaesthetics. Similar
amphiphilic interactions are presumably involved in the
binding of these drugs to proteins (Eckenhoff and Johansson,
1997; Kruse et al., 2003; Urban, 2008), and therefore, whether
the binding sites overlap or co-exist within the same ion
channel molecule is a relevant problem.

From the biophysical and molecular perspectives, one of
the best understood K* channel targets of n-alcohols is the
Shaw2 channel from Drosophila melanogaster. This channel is
related to voltage-gated K* channels (K, channels) in the
Shaker superfamily, and is selectively modulated (inhibited
and potentiated) by n-alcohols through putative amphiphilic
interactions with discrete components of the activation gate
(Shahidullah et al., 2003; Covarrubias et al.,, 2005; Bhatta-
charji etal., 2006). Critical determinants of the putative
binding site include the cytoplasmic $S4S5 linker and the S6-b
segment. Structural models based on current crystal structures
of K, channels suggest that the n-alcohol site in the Shaw2
channels may reside in the interface between these regions,
which typically adopt a-helical structures (Covarrubias et al.,
2005). In light of this body of knowledge, we asked whether
the inhalational anaesthetic halothane may also modulate
the Shaw?2 channel by interacting with the putative n-alcohol
site. To answer this question, we expressed wild-type and
mutant Shaw2 channels in Xenopus oocytes, and applied two-
electrode voltage clamping to investigate the resulting K* cur-
rents in the absence and presence of halothane and a typical
n-alcohol, 1-butanol. The results strongly support the pres-
ence of a shared binding site and mechanism of action for
n-alcohols and halothane in the Shaw2 channel. We discuss
the implications of these findings in terms of the general
structural features and amphiphilic character of related
protein sites in other ion channels and soluble proteins. In
light of recent studies suggesting relevant modulation of

other voltage-gated ion channels by general anaesthetics (Na*
and HCN channels) (Shiraishi and Harris, 2004; Chen et al.,
2005; Hemmings et al., 2005; Ying et al., 2006; Horishita and
Harris, 2008; Chen et al., 2009), studying the Shaw2 channel
gains further relevance.

Methods

Preparation of oocytes

All animal care and experimental procedures involving
Xenopus laevis frogs were carried out according to a protocol
approved by the IACUC of Thomas Jefferson University. The
Shaw2 and K,3.4 cDNAs were maintained as reported previ-
ously (Covarrubias et al., 1995; Harris et al., 2000; 2003; Bhat-
tacharji etal., 2006). The mutagenesis kit QuickChange
(Stratagene, La Jolla, CA, USA) was used to create all muta-
tions, which were verified by automated DNA sequencing
(Kimmel Cancer Center, Thomas Jefferson University). For
expression in Xenopus oocytes, mRNA was synthesized in vitro
as described previously (Harris et al., 2000; 2003).

To enhance resolution, the Shaw2-F335A mutant was used
for the pharmacological characterization of the halothane
modulation (Figures 1, 2B and 5). This mutant expresses more
robustly than the Shaw?2 wild-type, and exhibits mostly unal-
tered biophysical and pharmacological properties (Harris
et al., 2003; Shahidullah et al., 2003). However, the Hill coef-
ficient for 1-butanol is increased (Supporting Information
Fig. S1B).

Electrophysiology
Two to five days after the injection of the appropriate mRNA
into defolliculated oocytes, the two-electrode voltage clamp
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Dose dependence of the inhibition of Shaw2 K, channels by halothane. (A) Whole-oocyte Shaw2-F335 currents evoked by step

depolarizations from —-100 to +60 mV delivered at 30 s intervals. Several superimposed traces are shown before adding halothane, in the
presence of 0.46 mM halothane and after washout (C, H and W respectively). The corresponding time-course of the experiment is shown
below the traces. The horizontal black bar indicates the exposure of the oocyte to the indicated concentration of halothane. (B) Semiloga-
rithmic halothane dose-response curve. Each point shown is the mean of 3-12 independent determinations. The Hill equation best-fit
parameters are shown inside the graph, and the inset displays the dose-response curve on linear scales.
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Figure 2 Threonine 330 in the S4S5 linker of the Shaw2 channel is a determinant of 1-butanol (1-BuOH) and halothane action. (A) and (B)
Semilogarithmic dose-response curve for 1-butanol and halothane. Each graph displays the effect of the Shaw2 T330L mutation on the
parameters of the dose-response curves. Individual symbols in (A) represent the means of two to six (Shaw2) and three to four (Shaw2 T330L)
independent determinations, and the symbols in (B) represent the means of 3-12 (Shaw2, replotted from Figure 1) and four to eight (Shaw2
T330L) independent determinations. The Hill equation best-fit parameters in (A) were: Kos =18 mM, ny=1.1 (Shaw2) and Kos =86 mM,
ny = 0.9 (Shaw2 T330L); and the best-fit parameters in (B) were: Ko5s = 0.4 mM, ny=1.2 (Shaw2) and Kos =2 mM, ny = 1.2 (Shaw2 T330L).
The observed rightward shifts induced by the T330L mutation correspond to virtually identical binding free energy changes (AAG = 920 and

940 cal-mol™ in (A) and (B) respectively).

method was used to record the expressed whole-oocyte cur-
rents in normal extracellular bath solution according to estab-
lished procedures (Covarrubias et al., 1995; Jerng et al., 1999;
Harris et al., 2000; 2003). The program pClamp 8-9 (Axon
Instruments and Molecular Devices, Sunnyvale, CA, USA) was
used for acquisition, data reduction and initial analysis of the
recorded currents. Generally, macroscopic currents were low-
passed filtered at 0.5-1 kHz and digitized at 1-2 kHz. Leak
current was subtracted off-line by assuming a linear leak. All
recordings were obtained at room temperature (23 = 1°C).
Halothane and isoflurane were delivered through Teflon
tubing directly into the recording chamber via a 50 mL Hamil-
ton Gastight Syringe (Hamilton Company, Reno, NV, USA),
and 1-butanol was delivered into the recording chamber by
gravity as reported previously (Harris ef al., 2000; 2003; Bhat-
tacharji et al., 2006). For competition experiments, the Shaw2
current level in control bath solution (no drug) was first
established, and, subsequently, the oocyte was equilibrated
with a given concentration of 1-butanol (0, 5, 18 and 30 mM).
Then, still in the presence of 1-butanol and once a new
reduced and stable level of current was reached, the oocyte was
additionally exposed to a given concentration of halothane
(typically, 98, 240, 460 or 1020 uM). The converse comple-
mentary experiment was conducted in the same manner,
except that individual oocytes were first equilibrated with
various doses of halothane (0, 100, 400 and 1000 uM), and
subsequently, still in the presence of halothane, challenged
with increasing doses of 1-butanol (1, 5, 10, 25 and 50 mM).

Data analysis

Curve fitting, data display and analysis were carried out in
Origin 7.5 and OriginPro 8.0 (OriginLab, Northampton, MA,
USA). Unless stated otherwise, all results are reported as mean

+ SEM. One-way ANOVA was used to evaluate the statistical
significance of apparent differences. Dose-response curves
were characterized as described previously (Covarrubias et al.,
1995; Harris et al., 2000; Shahidullah et al., 2003). Briefly, the
normalized equilibrium dose-inhibition curves (the inhibited
current I relative to the control current I, observed in the
absence of drug) were empirically described by assuming this
form of the Hill equation:

i 1
=—
I, 1+( X )
KOAS

where x is the drug concentration, Ko is the drug concentra-
tion that induces 50% inhibition and ny is the index of
cooperativity or Hill coefficient. To characterize the interac-
tions between halothane and 1-butanol at equilibrium, we
made assumptions based on the outcomes of empirical analy-
ses (Results), and applied non-linear curve fitting in OriginPro
8.0 to test the following explicit schemes:

Scheme 1
R AR
11
Io 1+é
K
Scheme 2
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R, A and B represent the channel as the drug receptor, hal-
othane and 1-butanol, respectively; and K, K;, K, K; and K,
are the associated equilibrium dissociation constants. The
corresponding equations below the respective scheme calcu-
late the free receptor concentration (Ro) with respect to the
concentrations of all species (R) in the scheme at equilib-
rium (Ro/R = I/I;), where A and B are the concentrations of
halothane and 1-butanol respectively. Thus, all bound
species contribute to the pharmacological response. Quanti-
tative global modelling assuming Scheme 3 evaluated all
data points in a complementary competition experiment
simultaneously (Figure 5). Typical data sets included >20
independent data points distributed in four distinct dose-
response curves.

Materials

Halothane and isoflurane were purchased from Halocarbon
Laboratories (River Edge, NJ, USA), and dilutions were pre-
pared fresh before an experiment. Using a Hamilton Gastight
Syringe, 3 mL of halothane was thoroughly mixed with
37 mL of ND-96 (recording bath solution, see above) in a
gastight glass screw-top vial (penetrable Tuf-Bond Teflon
septa, Thermo Scientific, Rockford, IL, USA), and allowed to
equilibrate overnight at room temperature to a final concen-
tration of 17.5 mM. The resulting stock solution and all nec-
essary dilutions were held sealed in gastight vials. Halothane
concentrations were determined by HPLC (Dr Qing Chen
Meng, Department of Anaesthesiology and Critical Care, Uni-
versity of Pennsylvania). HPLC-grade 1-butanol was pur-
chased from Fisher Scientific (Hampton, NH, USA). Isoflurane
dilutions were prepared and handled similarly. All 1-butanol
dilutions were also made fresh before an experiment.

Results

Fast, reversible and saturable inhibition of Shaw2 channels

by halothane

An earlier report suggested that the inhalational anaesthetic
halothane may directly modulate Shaw2 channels (Covarru-
bias and Rubin, 1993). However, no further studies have been
conducted to support and characterize this finding. To inves-
tigate whether halothane may interact with a discrete site in
Shaw2 channels, we carried out a systematic study of the
interaction between halothane and Shaw?2 channels heterolo-
gously expressed in Xenopus oocytes. Pre-equilibrated
solutions of halothane were prepared as described, and
concentrations were determined by HPLC. To test the modu-
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lation of the Shaw?2 channels by halothane, outward currents
were evoked by repetitive 400 ms step depolarizations to
+60 mV (30 s, start-to-start). Once the current remained at a
stable level in the control bath solution, the oocyte was
exposed to halothane by perfusing the bath with a solution
containing the desired concentration, and the exposure was
continued until the current reached a new stable level
(Figure 1). Halothane (0.46 mM) rapidly inhibited the current
by ~50% (within the start-to-start interval), and this response
was also rapidly reversible upon washout (Figure 1A and B).
The inhibition by isoflurane is qualitatively similar to that
induced by halothane (Supporting Information Fig. S2). Fur-
thermore, the inhibition of Shaw2 channels by halothane was
concentration dependent and exhibited saturable behaviour
(Figure 1C). A halothane concentration of ~1 MAC (0.25 mM)
inhibited the current by ~35%, and the dose-response curve
was well described by the Hill equation (Methods) with the
following best-fit parameters: Kos = 0.4 mM and ny = 1.2.
These results indicate that Shaw?2 channels were inhibited by
relevant concentrations of halothane and were consistent
with the presence of a discrete protein site for inhalational
anaesthetics. Thus, the inhibition of Shaw?2 channels by hal-
othane and n-alcohols is qualitatively similar, albeit hal-
othane is a more potent general anaesthetic (Covarrubias
etal., 1995). Based on our earlier studies, we hypothesized
that these agents share a site involving the S4S5 linker and
S6-b segment of the Shaw2 channel. To test this hypothesis,
we investigated two key aspects of the modulation: (i) the
molecular determinants; and (ii) the interaction between hal-
othane and 1-butanol.

Modulations by halothane and n-alcohols share molecular
determinants in Shaw2 channels
Previously, we established that the S4S5 linker and the S6
segment are key determinants of the modulation of Shaw2
channels by n-alcohols (Covarrubias et al., 1995; 2005; Harris
et al., 2000; 2003; Shahidullah et al., 2003; Bhattacharji et al.,
2006). To investigate whether the inhibition of Shaw2 chan-
nels by halothane also involves these regions, we tested muta-
tions in the S4S5 linker and the S6 segment. At the C-terminal
end of the $4SS5 linker, threonine 330 (T330) is found in the
Shaw2 protein, while leucine occupies the equivalent position
(L382) in the K,3.4 channel, which is resistant to n-alcohols
(Covarrubias et al., 1995; Harris et al., 2000). Demonstrating
the particular importance of T330, the Shaw2-T330L mutant
exhibits rightward-shifted dose-response curves for hal-
othane and 1-butanol (Figure 2), but displays normal voltage-
dependent activation and kinetics (Supporting Information
Fig. S3). Another mutation, T330G, produced qualitatively
similar results (data not shown). Thus, in agreement with the
hypothesis and previous results, point mutations at a critical
site in the S4S5 linker of the Shaw2 channel are sufficient to
decrease its inhibition by general anaesthetics. Notably, the
Ko for both drugs is increased ~5-fold by the T330L mutation
(Figure 2), indicating a similar energetic effect on halothane
and 1-butanol binding (Figure 2 legend).

Given that the K.3.4 S4S5 linker may exhibit a relatively
low o-helical propensity (Bhattacharji et al., 2006), the corre-
sponding converse mutation in K,3.4 (L382T) alone failed to
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Figure 3 Discrete mutations in the S4S5 linker of the K,3.4 channel confer modulation by halothane. (A-C) Whole-oocyte K,3.4 currents
evoked by step depolarizations from -100 to +60 mV delivered at 30 s intervals. Several superimposed traces are shown before adding
halothane and in the presence of T mM halothane (C and H respectively). (D) and (E) Bar graphs summarizing the mean values of the fractional
inhibition of wild-type K,3.4 and K,3.4 G3711/T378A, and AN-K,3.4 by 0.46 and 1 mM halothane. From left to right, the number of
independent determinations was: 5, 4, 4 (D) and 5, 3, 3 (E). Relative to K,3.4 WT, the double K,3.4 mutant increases the halothane-induced
inhibition by ~9-fold and ~4.5-fold at 0.46 and 1 mM halothane respectively. This enhanced inhibition of the K,3.4 G3711/T378A channel is
statistically significant at low and high doses of halothane (*P = 4 x 10~ and <1 x 107 respectively). The small inhibition of the AN-K,3.4
channel (~10%) exhibits no apparent dose dependence (P = 0.5), but is slightly stronger than that of the K,3.4 WT (fP = 2.5 x 10~* and

4.3 x 107, at 0.46 and 1 mM halothane respectively).

increase the sensitivity of the channel to 1-butanol (not
shown). Thus, we asked whether other discrete S4S5 linker
mutations in the n-alcohol-resistant K,3.4 channel may con-
versely confer modulation by halothane. In previous studies,
we observed that the double mutation G3711/T378A in the
K,3.4 protein confers substantial inhibition of the channel by
n-alcohols (Covarrubias et al., 1995; Harris et al., 2000). These
mutations partially convert the S4SS5 linker of K,3.4 into that
of Shaw2 and promote o-helicity in this linker (Bhattacharji
et al., 2006). We found that wild-type K,3.4 channel is inhib-
ited only 2 and 8% by 0.46 and 1 mM halothane, respectively
(Figure 3). By contrast, resembling its increase in sensitivity to
n-alcohols, the double mutant K;3.4 G3711/T378A exhibits
significantly greater inhibition by halothane (18 and 36% at
0.46 and 1 mM, respectively) (Figure 3). As previously, we also
tested a mutant lacking the inactivation domain (first 28
residues of the channel subunit) to probe the significance of
fast inactivation on the insensitivity of the K,3.4 channel to
halothane (Harris et al., 2000; Bhattachatriji et al., 2006). The
AN(2-28)-K,3.4 mutant exhibited a halothane sensitivity mar-
ginally stronger than that of wild-type K,3.4 and little or no
dose dependence (~10% inhibition; Figure 3). AN(2-28)-K,3.4
G3711/T378A, however, induced currents that were too small
for further investigation. Nevertheless, it is clear that the
G3711/T378A mutation in the S4S5 linker enhances the inhi-
bition of the inactivating K,3.4 channel by halothane sub-
stantially, which supports the proposed hypothesis.

The P410A mutation in the distal region of the S6 segment
is known to switch the response of Shaw2 channels to
n-alcohols from inhibition to potentiation (Harris etal.,
2003). Thus, the shared-site hypothesis predicts that hal-
othane should also potentiate the outward currents induced
by the Shaw2 P410A mutant. Accordingly, and in sharp con-
trast to the consistent inhibitory responses of the Shaw2
channel to halothane, application of the inhalational anaes-
thetic to the Shaw2 P410A mutant induced substantial dose-
dependent and reversible potentiation of the outward
currents (Figure 4). Overall, the results from the mutational
and functional analyses strongly suggest that n-alcohols and
halothane share molecular determinants within regions typi-
cally involved in activation gating of K, channels.

Halothane and n-alcohols compete for shared sites in the

Shaw2 channel

To test whether n-alcohols and halothane may interact with
overlapping sites in the Shaw2 channel, we conducted
competition experiments under two separate, but comple-
mentary conditions, and applied modelling and constrained
global curve fitting to analyse the results. Shaw2 channels
expressed in Xenopus oocytes were either equilibrated with
constant subsaturating doses of 1-butanol, and titrated at
equilibrium with variable doses of halothane (Figure 5A), or
they were equilibrated with constant subsaturating doses of

British Journal of Pharmacology (2010) 159 1475-1485
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Figure 4 Conversion of the halothane-induced inhibition into potentiation by a single substitution in the S6 PVPV motif of the Shaw2 channel.
(A) Whole-oocyte Shaw2 P410A currents evoked by step depolarizations from —100 to +60 mV delivered at 30 s intervals. Several superimposed
traces are shown before adding halothane, in the presence of 0.46 or 1 mM halothane and after washout (C, H and W respectively). (B) Bar
graph summarizing the mean % change induced by two concentrations of halothane (0.46 or 1 mM). Negative and positive changes
correspond to inhibition and potentiation respectively. From left to right, the number of independent determinations was: 6, 8, 8 and 9.
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Figure 5 Competition between halothane and 1-butanol (BuOH) for overlapping binding sites in the Shaw2 channel. All complementary
competition experiments were conducted and analysed as explained under Methods and Results. (A) Halothane dose-response curves in the
presence of various fixed concentrations of 1-butanol as indicated. In each curve, symbols are the means of 3-12 (0 mM BuOH), 3-16 (5 mM
BuOH), 5-26 (18 mM BuOH) and 3-14 (30 mM BuOH) independent determinations. (B) Dose-response curves for 1-butanol in the presence
of various fixed concentrations of halothane as indicated in the graph. In each curve, symbols are the means of 2-5 (0 uM halothane), 3-10
(100 uM halothane), 3-13 (400 uM halothane) and 3-14 (1000 uM halothane) independent determinations. In both graphs, the error bars
represent the standard deviations of the samples. The solid lines in (A) and (B) are the best global fits assuming Scheme 3. The best-fit values
of the equilibrium dissociation constants and the corresponding ? of the global fits are shown with the scheme below the graphs.
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halothane and titrated at equilibrium with variable doses of
1-butanol (Figure 5B). Control dose-response curves (no
equilibration with constant subsaturating doses) were
included in each data set to constrain the modelling and
account for oocyte-dependent seasonal variations. In both
instances, increasing doses of halothane or 1-butanol induced
additional inhibition of the Shaw2 current, which could
result from direct competition between the two drugs for free
sites in the channel. To test this possibility more systemati-
cally, we applied the following quantitative modelling strat-
egy. Because the empirical analysis of the halothane dose-
response curve indicated an ny ~1 (Figure 1; Supporting
Information Fig. S1A), we hypothesized that the inhibition
induced by halothane may result from binding to a single site
(Scheme 1). Accordingly, Scheme 1 yielded similar excellent
best-fits to two separate data sets (Supporting Information
Fig. S1C). By contrast, the empirical analysis indicated that
the inhibition of Shaw2 channels by 1-butanol is more
commonly associated with an ny ranging between 1.5 and 2
(Supporting Information Fig. S1B), and therefore, we hypoth-
esized that the inhibition induced by 1-butanol may result
from cooperative sequential binding to two sites (Scheme 2;
Supporting Information Fig. S1D). Supporting this hypoth-
esis, Scheme 2 also yielded excellent best-fits to two separate
data sets with modestly different Ko s (Supporting Information
Fig. S1B; K; > K3).

To characterize the complementary competition experi-
ments, we combined Schemes 1 and 2, and formulated a new
working hypothesis (Scheme 3). Scheme 3 assumes a strict
competition between halothane and 1-butanol for the unoc-
cupied (R) and mono-liganded channels (BR), and allows for-
mation of the ternary complex BRA with steric interactions.
1-Butanol cannot bind to a second site if halothane binds
first forming RA, and cannot dissociate from the ternary
complex until halothane dissociates. To carry out global
fitting of all curves within a data set, we initialized the adjust-
able parameters by using the best-fit values of the equilibrium
dissociation constants obtained from separate 1-butanol or
halothane dose-response curves (above; K;, K, and K; in
Scheme 3). Then, to constrain the fits, these values were
either fixed, or two of them were allowed to vary during
minimization to optimize the fit. K, was typically a free
parameter, but was initialized assuming K, = K;. Generally,
this strategy produced global fits that were in very good
overall agreement with the results of the complementary
competition experiments (Figure 5). There are, however,
some modest quantitative differences between the best-fit
equilibrium dissociation constants from both data sets
(Figure 5), namely, K; = 38 and 20 mM, and K, = 0.5 and
0.11 mM, which may reflect seasonal variability, as indicated
by variation in the corresponding control 1-butanol dose-
response curves (Supporting Information Fig. S1B). Neverthe-
less, Scheme 3 is a relatively simple viable working
hypothesis that combines positive binding cooperativity,
strict competition and steric hindrance to explain the
crosstalk between halothane and 1-butanol at the general
anaesthetic site(s) of the Shaw2 channel.

Although extensive kinetic modelling is outside the
scope of this study, we also considered the schemes shown
below.
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Scheme 4
K
R<——BR
|
RA
Scheme 5
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RA ?‘ BRA

Scheme 4 assumes a mutually exclusive interaction with a
binding site, and Scheme 5 additionally allows the formation
of a ternary complex and may include binding cooperativity.
Scheme 4 was able to describe the results in Figure SA glo-
bally, but failed to account for the results of the complemen-
tary experiment. Scheme 5 also failed to return acceptable
complementary global fits.

Discussion

The knowledge generated to date strongly supports the notion
of an amphiphilic n-alcohol binding site involving the activa-
tion gate of the Shaw2 channel (Covarrubias and Rubin, 1993;
Covarrubias et al., 1995, 2005; Harris et al., 2000, 2003; Sha-
hidullah et al., 2003; Bhattacharji et al., 2006). Thus, given the
apparent physical-chemical and molecular features of this site,
it is relevant to ask whether inhalational general anaesthetics
may also interact with it. Answering this question would open
new opportunities to investigate the molecular mechanisms
governing the actions of inhalational anaesthetics at the level
of a discrete binding site in an ion channel with a relatively
well-defined gating mechanism. The data reported here indi-
cate convincingly that: (i) the modulations of Shaw2 channels
by n-alcohols and halothane share molecular determinants in
the S4S5 linker and the S6 segment; and (ii) n-alcohols and
halothane interact competitively with overlapping sites and
may co-exist in at the general anaesthetic binding site of the
Shaw2 channel. Therefore, pharmacological, mutational and
computational approaches converge to provide compelling
evidence of a pharmacologically relevant, discrete site for
inhalational anaesthetics in the Shaw2 channel. As proposed
before for n-alcohols, this site may involve components of the
channel’s activation machinery.

Functional and molecular evidence of an inhalational
anaesthetic site in Shaw2 channels

To support the presence of a relevant inhalational anaesthetic
site in the Shaw?2 channel, several critical criteria must be
met, including: (i) pharmacological dose-response properties
consistent with the presence of a relevant discrete site;
(ii) selective perturbation of the anaesthetic’s modulatory
actions by discrete mutations in functionally relevant regions
of the channel protein; and (iii) evidence of competitive inter-
actions among general anaesthetics with similar pharmaco-
logical effects on the channel.
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To evaluate these criteria, we characterized first the equilib-
rium dose-response relation of halothane, and determined
that this compound inhibited the Shaw2 current rapidly and
reversibly in a saturable dose-dependent manner that was
described empirically by the Hill equation (Figure 1). Impor-
tantly, this analysis showed that halothane was a relatively
potent modulator, which inhibited Shaw2 channels substan-
tially at pharmacologically relevant concentrations (~35% at
~1 MAC). In light of these observations and our earlier studies
with n-alcohols, the new data clearly suggest that Shaw?2
channels bear a halothane site with pharmacological features
that indicate a relevant interaction. Accordingly, the anaes-
thetic and inhibitory potencies of n-alcohols and halothane
are directly correlated with a unity slope (Supporting Infor-
mation Fig. S4). Furthermore, by testing critical amino acid
substitutions within regions involved in activation gating of
the channel (S4S5 linker and distal S6; Figures 2-4), we
showed the parallel effects of discrete mutations on 1-butanol
and halothane modulations (inhibition and potentiation).
T330 is especially interesting because it corresponds to the
T57 in the homologous n-alcohol binding site of the LUSH
protein (Kruse etal.,, 2003). T57 is involved in critical
H-bonding with n-alcohols (Thode et al., 2008).

Lastly, we assumed Schemes 1-3 and subjected the results of
the complementary competition experiments to a quantita-
tive global modelling strategy (Figure 5). By allowing strict
competition for two sites that interact cooperatively when
1-butanol binds and steric hindrance introduced by hal-
othane, Scheme 3 is an economic explanation of the interac-
tions between 1-butanol and halothane at overlapping
binding sites in the Shaw2 channel. In terms of a possible
physical model, Schemes 1-3 suggest a difference between the
modes of inhibition of Shaw2 channels by halothane and
1-butanol. Whereas binding of one halothane molecule to one
subunit may be sufficient to inhibit channel gating (Figure 6),
the inhibition by 1-butanol exhibits modest positive cooper-
ativity involving binding to two sites, possibly in two sub-
units. Whether or not the latter is a feature exacerbated by the
F335A mutation in Shaw?2 channels with enhanced expression
will require further investigation. Furthermore, the formation
of ternary complexes (BRA = 1-butanol : channel : halothane)
suggests that two anaesthetic molecules may occupy overlap-
ping sites in a subunit. This overlap is in turn responsible for
the apparent steric hindrance, which prevents binding of
1-butanol if halothane binds first and does not allow
1-butanol dissociation until halothane unbinds. Further
studies will be necessary to test this model further. For
instance, whether the overlap is present or not may depend on
the n-alcohol’s chain length.

An allosteric model of general anaesthetic action in Shaw2

K, channels

According to canonical models of K, channel activation, a
direct interaction between the S4SS5 linker and the distal
segment of S6 is necessary to couple the movement of the S4
voltage sensor to the opening of the internal activation gate
(Lu et al., 2002; Tristani-Firouzi et al., 2002; Long et al., 2005b;
Labro et al., 2008). Based on earlier work (Introduction) and
the results from this study, we hypothesize that n-alcohols
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Figure 6 Diagram of the allosteric modulation of Shaw2 channels
by halothane. (A) Working hypothesis of the inhibition of the Shaw2
channel by halothane. The drawing represents the tetrameric Shaw2
channel viewed from cytoplasmic side. The grey circles represent
the voltage sensing domains (VSDs), the blue cylinders represent the
$4S5 linkers that connect the VSDs to the pore domain (PD) and the
red cylinders represent the S6 helix bundle that forms the activation
gate of the K* channel in the PD. The symbols R, A and O label three
distinct conformations of the channel: resting-closed, pre-open acti-
vated and open respectively. Note that the voltage-dependent move-
ment of the VSDs displaces the S4S5 linkers to activate the channel;
and consequently, the S6 helix bundle undergoes a concerted con-
formational change to open the channel. The green circle represents
K* in the pore. Whereas channel activation is governed by voltage-
dependent rate constants [f(Vi,)], the final concerted opening step
may only depend weakly on the membrane potential. To explain the
inhibition of the Shaw2 channel by halothane, we hypothesize that it
binds to the resting closed conformation R preferentially and stabi-
lizes it (R*). The interfaces between the S4S5 linker and the distal S6
segment are the putative binding sites. Binding to one site is sufficient
to stabilize the resting closed conformation. (B) Working hypothesis
of the potentiation of the Shaw2 P410A channel by halothane. This
diagram uses the same conventions as described above. When the
P410A mutation in the PVPV motif reduces the kink in distal segment
of S6, halothane may bind to the pre-open activated conformation
(A), and thereby stabilizes it (A*). Consequently, channel opening
(O*) is more likely than channel deactivation, and the current is
potentiated. Although the local structural change induced by the
P410A mutation may have changed the relationship between the
S4S5 linker and distal S6, the interface between these regions may
still constitute the binding site for halothane.



and inhalational anaesthetics bind to the amphiphilic inter-
face between the S4S5 linker and the distal segment of S6
when the Shaw2 channel is in the resting closed conforma-
tion. Thus, these agents inhibit the channel by ‘jamming’ the
electromechanical coupling between the voltage sensor and
the activation gate, and thereby stabilizing the resting closed
conformation of the channel (Figure 6A). This is a feasible
scenario because inhalational anaesthetics and n-alcohols are
thought to bind to pre-existing protein cavities or interfaces,
which stabilize the targeted conformation of the protein (Eck-
enhoff and Johansson, 1997; Hemmings et al., 2005; Bucci
et al., 2006; Franks, 2006; Urban, 2008).

To explain the potentiation of the Shaw2 P410A mutant by
inhalational anaesthetics, a key consideration is the local
structural effect of the mutation. The crystal structure of a K,
channel shows that prolines in the PVPV motif introduce a
kink in the S6 segment (Long et al., 2005a; 2007) (Figure 6A),
and the P410A mutation may straighten the S6 segment
(Figure 6B). In this situation, halothane may preferentially
bind to the activated pre-open conformation of the channel.
Halothane binding stabilizes this conformation and, conse-
quently, channel opening is preferred over channel deactiva-
tion (Figure 6B). Potentiation of the Shaw?2 current by
halothane is the manifestation of this mechanism.

These working hypotheses are mainly based on the results
from the mutational and functional analyses. Thus, a word of
caution is necessary. Given the critical location of the amino
acid substitutions that affect the modulation by halothane
and n-alcohols, the mutations may impact channel confor-
mations and gating, and thereby influence the channel’s sen-
sitivities to the drugs. From the available information, this
possibility cannot be ruled out. However, we have shown
previously that many activation gate mutations in Shaw2 do
not appear to affect gating significantly, but they still affect
the modulation by n-alcohols and halothane profoundly
(Figures 2 and 4; Supporting Information Fig. S3) (Harris et al.,
2000, 2003). Therefore, the tested residues are likely to make
a clear contribution to the binding of general anaesthetic.

Inhalational anaesthetic sites in ion channels and model proteins
Allosteric modulation of Cys-loop neurotransmitter-gated
receptors (GABA, glycine, 5-HT and acetylcholine) by inhala-
tional anaesthetics and n-alcohols depends on homologous
molecular determinants in the channel subunits (Hemmings
et al., 2005; Franks, 2006, 2008; Harris et al., 2008). Therefore,
it is hypothesized that these drugs occupy overlapping sites
involving similar interactions and utilizing similar mecha-
nisms of action. However, these relationships are less clear for
other putative targets of inhalational anaesthetics and
n-alcohols, such as two-pore K" channels, NMDA receptor
channels and GIRK channels. We propose that the halothane
site in the activation gate of Shaw2 K, channels is analogous
to that of Cys-loop neurotransmitter-gated receptors, albeit,
in contrast to GABA receptors, it may only accommodate
small- and medium-size n-alcohols (Covarrubias et al., 1995).
Moreover, similar sites may exist in topologically related
voltage-gated ion channels (Na" and HCN channels) that are
also modulated by relevant concentrations of general anaes-
thetics (Shiraishi and Harris, 2004; Chen et al., 2005; 2009;
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Hemmings et al., 2005; Ying et al., 2006; Horishita and Harris,
2008). Gating of these channels also involves the S4S5 linker
(McPhee etal., 1998; Chen etal., 2001; Prole and Yellen,
2006), which, as in Shaw2 channels, may be targeted by
general anaesthetics.

The crystal structures of soluble model proteins bound to
n-alcohols and general anaesthetics (intravenous and inhaled)
have revealed molecular features and interactions, which are
probably conserved in ion channels modulated by relevant
concentrations of these drugs (Kruse et al., 2003; Liu et al.,
2005; Franks, 2006, 2008; Strzalka et al., 2009; Vedula et al.,
2009). Thus, the n-alcohol/halothane site in Shaw2 channels
is likely to be a pre-existing water-filled cavity/interface
formed by adjacent o-helical segments. In this amphiphilic
site, a hydrophobic effect and weak polar interactions (van
der Waals forces and H-bonds) govern drug binding (Shahid-
ullah et al., 2003). The results of this study and previously
published observations from our laboratory would strongly
support this proposal.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Halothane and 1-BuOH dose-response curves of
Shaw2 channels (wild-type and Shaw2 F335A). These curves
were obtained as explained in the main body of the article
(Methods and Results). (A) Halothane dose-inhibition rela-
tions of Shaw2 F335A. Filled and hollow symbols represent
two data sets recorded at different times. The black and red
lines are the best empirical Hill equation fits with the param-
eters (Kos and ny) indicated in the graph. Symbols and error
bars correspond to mean *+ SD (n = 3-14). (B) 1-BuOH dose-
inhibition relations of Shaw2 F335A (filled and hollow circles)
and wild-type Shaw2 (hollow diamonds). The two separate
plots from Shaw2 F335A were taken at different times. Thus,
the apparent shift may reflect oocyte seasonal variations,
which have a greater impact on 1-BuOH sensitivity. The solid
(red) and dashed (black) lines represent the best empirical Hill
equation fits with the parameters indicated in the graph.
Symbols and error bars correspond to mean * SD (n = 2-29).
The Ky and the ny are within the range of values previously
reported by our group (Covarrubias et al., 1995; Harris et al.,
2000; Shahidullah et al., 2003; Bhattacharji etal., 2006).
(C) and (D) depict the same Shaw2 F335A results plotted in
(A) and (B). In these plots, however, the solid lines are best-fits
to explicit state diagrams depicted below the corresponding
graphs. The best-fit parameters are indicated in the graphs.



Figure S2 Reversible inhibition of Shaw2 F335A by isoflu-
rane. This experiment was conducted as described in the main
text of the article and Figure 1 legend. Note that isoflurane
also inhibits the Shaw2 channel effectively and in a manner
similar to that induced by halothane.

Figure $S3 Normalized whole-oocyte current-voltage rela-
tions of Shaw2 wild-type (WT) and two Shaw2 S4SS5 linker
mutants. The plots were normalized to the current amplitude
at +70 mV. The symbols and bars correspond to the mean =
SE (n =5, each channel type). The inset depicts typical fami-
lies of current traces evoked by step depolarizations (-90 to
+70 mV, 10 mV intervals). Note that the mutations do not
significantly affect the kinetics and voltage dependence of the
currents. However, both mutations decrease the inhibitory
potency of the anaesthetics (main text).

Halothane-Shaw2 channel interaction

A Bhattacharji et al 1485

Figure $4 Correlation between the anaesthetic and inhibi-
tory potencies of n-alcohols and halothane. The inhibitory
potencies refer to the modulation of the Shaw2 channel by
these anaesthetics. The plotted values were obtained from
previously published results and this study (Covarrubias et al.,
1995; Shahidullah et al., 2003; Franks, 2006; Franks and Lieb,
1994). The line corresponds to the best-fit linear regression;
the slope and * are indicated in the graph. Note the strong
correlation between the anaesthetic potency and the potency
of the drugs as inhibitors of the Shaw2 channel.
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