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Summary

The mutation R1448C substitutes a cysteine for the
outermost arginine in the fourth transmembrane seg-
ment (S4) of domain 4 in skeletal muscle sodium chan-
nels. We tested the accessibility of this cysteine resi-
due to hydrophilic methanethiosulfonate reagents
applied to the extracellular surface of cells expressing
these mutant channels. The reagents irreversibly in-
crease the rate of inactivation of R1448C, but not wild-
type, channels. Cysteine modification is voltage de-
pendent, as if depolarization extends this residue into
the extracellular space. The rate of cysteine modifica-
tion increases with depolarization and has the voltage
dependence and kinetics expected for the movement
of a voltage sensor controlling channel gating.

Introduction

Sodium, potassium, and calcium channels belong to a
superfamily of proteins that are exquisitely sensitive to
membrane potential. The probability of a channel opening
may increase one order of magnitude for a depolarization
of <5 mV (Zagotta et al., 1994). To account for this voltage
dependence, the conformational changes known as gat-
ing, i.e., the opening and closing of channels, must be
accompanied by the translocation of an equivalent of at
least 12 buried charges across the membrane (Schoppa
et al.,, 1992; Sigworth, 1993; Zagotta et al., 1994). The
postulated structure of the sodium channel consists of a
tandem arrangement of four domains, each with six mem-
brane-spanning segments (S1-S6; Noda et al., 1984; Cat-
terall, 1992). Only one type of transmembrane segment,
S4, is highly charged, containing from four to eight basic
residues in differentdomains. The paucity of charges else-
where makes S4 a natural candidate for the gating voltage
sensor. Depolarization is expected to cause an outward
movement of the positively charged S4 segments, leading
to the opening of the channels (Durell and Guy, 1992;
Sigworth, 1993).

Evidence for the role of S4 as a voltage sensor is sugges-
tive, but not conclusive. Neutralizing mutations of the ba-
sic residues of S4 can reduce the voltage dependence of
activation, the process responsible for channel opening
after a depolarization, and shift the voltage range over
which activation occurs (Stihmer et al., 1989; Liman et
al., 1991; Papazian et al., 1991; Logothetis et al., 1992,
1993). However, mutations of hydrophobic residues in S4
and elsewhere can also cause these effects (Auld et al.,
1990; Lopez et al., 1991; McCormack et al., 1991; Schoppa
etal., 1992; Perozo et al., 1994). The data suggest that S4

segments are intimately involved with the conformational
changes that lead to channel gating, but do not show that
5S4 segments move in response to changes of membrane
potential, as expected for a voltage sensor. We present
evidence here consistent with an outward movement of
an S4 segment in response to depolarization of the aduit
human skeletal muscle sodium channel (hSkM1).

Results and Discussion

A naturally occurring pathogenic mutation in the a subunit
of hSkM1 substitutes a cysteine for the outermost arginine
in the S4 segment of domain 4 (D4; Ptatek et al., 1992).
Although this mutation, R1448C, has only small effects on
activation, it causes a dramatic increase of the inactivation
time constant (1) and a reduced voltage dependence of
inactivation (Chahine et al., 1994; Yang et al., 1994), as
shown in Figure 1 and Figure 2. To test the importance
of the charge of this residue on the rate of inactivation,
we treated the mutant R1448C with two hydrophilic meth-
anethiosulfonate (MTS) reagents (Akabas et al., 1992;
Stauffer and Karlin, 1994), which are capable of adding
either positively or negatively charged groups to cysteine
residues by disulfide linkage. Figure 1C shows that extra-
cellular treatment by 20 uM MTS-ethyltrimethylammon-
ium (MTSET), a positively charged reagent, dramatically
increases the inactivation rate of R1448C. Neither MTS
reagent had an effect on wild-type sodium currents in six
cells. Although this treatment decreases t. of R1448C, it
does not significantly increase the voltage dependence of
Th, as indicated by the slopes of the curves plotted in Figure
2A. MTSET also has no effect on the steepness of voltage
dependence of steady-state inactivation or recovery from
inactivation (Figures 2B and 2C). However, it slows the
rate of recovery from inactivation (Figure 2C). Therefore,
the main effect of MTSET on the currents of R1448C is
on the kinetics, rather than the voltage dependence, of
inactivation.

The alteration of inactivation kinetics by MTSET is not
due to the restoration of a positive charge at residue 1448,
since the negative reagent, MTS-ethylsulfonate (MTSES),
produces an effect on kinetics similar to that observed for
MTSET (Figure 1D). Although the mechanism by which
these reagents alter inactivation is unknown, the dramatic
effect on inactivation kinetics, especially of MTSET, allows
us to measure the time course of the modification of this
cysteine residue.

The accessibility of substituted cysteines to MTS re-
agents may depend on the conformational state of the
protein, as observed for acetylcholine receptors (Akabas
et al., 1992, 1994). If depolarization causes an outward
movement of S4 segments, then strong hyperpolarization
may keep the outermost residues buried in the membrane
and inaccessible to reagents in the extracellular aqueous
solution (Slatin et al., 1994). As expected for this predic-
tion, a holding potential of ~140 mV prevents the reaction
by MTSET with the R1448C mutant. Figure 3A shows that,
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Figure 2. Effect of MTSET on Inactivation

Data from MTSET-treated cells were obtained after maximum modifi-
cation.

(A) Inactivation time constant (z») from fit of current decay during depo-
larizations to the indicated voltage. t, values for wild-type and R1448C
were obtained from single exponential fits. T, for MT SET-treated cells
isthe fast time constant for a double exponential refaxation. The weight
of this fast component accounted for >90% of the inactivation time
course.

(B) Inactivation induced by a 500 ms conditioning pulse to the indicated
voltage. Normalized peak inward current was measured for atest pulse
to —10 mV. Boltzmann curves fit to the data have midpoints and slopes
of =77.5 = 3.8 mV and e-fold/6.1 + 0.2 mV (wild type); —96.1 + 2.8

Figure 1. Whole-Cell Sodium Currents Acti-
vated by Depolarizations in 10 mV Increments
from —60 to +80 mV

(A) Wild-type hSkM1; (B) R1448C; (C) R1448C
after 10 min treatment with 20 uM MTSET; (D)
R1448C after 10 min treatment with 200 uM
MTSES. Holding potential was ~120 mV. The
reagent-treated cells were depolarized repeti-
tively to 0 mV to accelerate the reaction of the
reagents with C1448. The displayed currents
were recorded after full effect of the reagents.

when the holding potential is =140 mV, 1, for a 20 ms
voltage step to —10 mV is unchanged by 20 uyM MTSET
(applied at time 0) for up to 5 min. At the times indicated
by arrows, the holding potential was alternated between
Oand—140mVin 10sintervals. Inthe presence of MTSET,
this voltage protocol causes a rapid and irreversible in-
crease in the rate of inactivation, until the channels are fully
modified. We quantitate this reaction as follows. Before
MTSET application (at time 0 in Figure 3A), a single slow
Tn is obtained. After MTSET action is complete, a faster
T is measured. During the MTSET reaction, the inactiva-
tion at —10 mV is fit as a weighted sum of these fast and
slow time constants, and the proportion of the slow compo-
nent is plotted as an estimate of the proportion of unmodi-
fied channeis (Figure 3A).

The time course ofthe MTSET reaction is voltage depen-
dent, as shown in Figure 3B. Using the same alternating
protocol of Figure 3A between —140 mV and the indicated
voitage, the time course of MTSET action is exponential,
with a time constant decreasing from unmeasurably slow
at -140 mV to 66.1 s at 0 mV. The voltage dependence
of MTSET action may be understood by a simple model.
Suppose that the voltage-dependent exposure of C1448
is a first order conformational transition that precedes
MTSET modification. The cysteine residue can be modi-
fied by MTSET only when it is out.

Fast Slow
a(V) [MTSET]Kon

Cysin Biv CySowu 4 Cys-SET
(V)

mV and e-fold/13.5 + 0.4 mV (R1448C); -104.9 + 2.1 mV and e-fold/
13.5 + 0.8 mV (R1448C + MTSET), respectively.

(C) Time constant for recovery from inactivation at the indicated volt-
age, caused by a 15 ms prepulse to 0 mV. The recovery time course
was fit by a single exponential relaxation (Chahine et al., 1994). The
regression lines have slopes of e-fold/21.7 + 0.4 mV (wild type), e-fold/
36.2 = 2.1 mV (R1448C), and e-fold/34.2 + 0.7 mV (R1448C +
MTSET).
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Figure 3. Effect of Voltage on Modification by 20 uM MTSET

(A) Time course of MTSET modification at 0 mV. Holding potential
was —140 mV; MTSET applied at time 0. A 20 ms test pulse to —10
mV every 20 s was used to measure the inactivation rate. At times
indicated by the arrows, in three sets of experiments, the voltage was
alternated between 0 and —140 mV every 10 s, followed by the test
pulse to measure inactivation rate. The slower modification rate after
5 min may be due to the short half-life of MTSET in the bathing solution
(~ 17 min; Arthur Karlin, personal communication).

(B) The percentage of slow component from protocols in which the
voltage was alternated between the indicated value and ~140 mV in
10 s intervals. These data are fit with single exponential relaxations.
(C) The inverse of the time constants from (B) are plotted against
voltage. This panel aiso displays a Boltzmann fit to the data (solid line)
with parameters in the text. The maximum rate of cysteine modification
for the fit is 0.97 + 0.12 min". The normalized conductance-voltage
(G~V) relationship obtained from the peak current-voltage relationship
is also displayed, with a Boltzmann fit to the data. The fourth root of
the G-V curve is plotted as a dashed line.

The rate of C1448 modification in this scheme is propor-
tional to P.., the voltage-dependent probability that this
residue is extended into the bath. Therefore, the observed
rate of MTSET modification should be voltage dependent,
increasing with depolarization. We explicitly assume that
the reaction between an extended cysteine and MTSET
is not itself voltage dependent (i.e., the second order rate
constant ke, is not voltage dependent). We also assume
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Figure 4. Kinetics of MTSET Effect on R1448C Currents at —40 mV

(A) Fit of activation time course (dashed line} at —40 mV by the m* model
(Hodgkin and Huxley, 1952), prior to MTSET modification. Holding
potential, -140 mV; membrane capacitance, 20 pF; series resistance,
100 kQ (after compensation); 10 kHz filter. The best fit 17, in this cell
was 255 us.

(B) Time course of inactivation of R1448C induced by a variable dura-
tion prepulse to —40 mV, prior to MTSET modification. The normalized
amplitude of the peak current for a test pulse to —10 mV is plotted
against the prepulse duration (inset). A 250 ps pulse to —100 mV,
between the prepulse and the test pulse, is used to reset the activation
gates (Gillespie and Meves, 1980; Goldman and Kenyon, 1982). The
theory curve is a single exponential relaxation with a time constant of
1.83 ms.

{C) The time constant of modification by 20 uM MTSET (see Figure
3B) plotted against the durations of individual depolarizations to —40
mV. The dashed line is the best fit by a model which assumes that
the time constant for cysteine burial at ~140 mV is much smaller than
the pulse durations used. The single free parameter for this fit is the
time constant for exposure of the cysteine residue at —40 mV, which
is 328 = 72 us. The solid curve is a two-parameter fit estimating the
time constants for exposure of the cysteine residue at —40 mV and
burial at —140 mV. The best fit time constants are 450 + 18 us (—40
mV) and 50.8 + 4.3 us (-140 mV).

that the local concentration of MTSET is not voltage de-
pendent (i.e., the extended cysteine is located outside of
the membrane electric field). Therefore, all of the voltage
dependence we observe is assumed to be a consequence
of C1448 exposure. If the kinetics of cysteine exposure
are much faster than those of modification by MTSET, the
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Figure 5. Kinetics of Cysteine Movement for a First-Order Model

(A) Simulation of P, during pulse trains to —40 mV with durations of
1 ms (top) and 0.25 ms (bottom). The integral of P,,, is shaded. The
integral for four 0.25 ms pulses is 0.51 times the integral in a single
1.0 ms pulse, owing to the slow kinetics of cysteine exposure.

(B) Estimates of the outward («) and inward (B) rate constants for C1448
movement.

time course of the modification will be exponential, with
atime constant of (MTSET]konPs.)~'. This formulation pre-
dicts that the rate of cysteine modification, the inverse of
this time constant (e.g., Figure 3B), will be proportional to
MTSET concentration. In one set of experiments, we found
that this rate was approximately twice as fast at 40 uM
as at 20 uM MTSET for voltage pulses to —40 mV (data
not shown).

The rate of cysteine modification is plotted against mem-
brane potential in Figure 3C and has a sigmoidal voltage
dependence. The voltage-dependent rate of MTSET ac-
tion (Figure 3C) is a scaled representation of the steady-
state value of Py, in accordance with the above model.
A Boltzmann curve fit to these data has the voltage depen-
dence expected for outward movement of a gate, with a
positive charge of 1.47 e, (Figure 3C), having a midpoint
of —=51.0 = 6.6 mV and a slope of e-fold/17.0 + 6.8 mV.
The maximum estimated rate for this fit is 0.97 min™'.
These data allow us to estimate k.., which, after consider-
ation of the 50% duty cycle of the depolarizations, is 1.62
x 10° M™'s™". This rate constant is at least four orders of
magnitude less than the expected value for a diffusion-

limited reaction (Miller, 1990), consistent with the reaction
rate of MTSET with small thiols in solution (Stauffer and
Karlin, 1994), and suggests that the vast majority of en-
counters between an extended C1448 and a molecule of
MTSET fail to produce a successful modification.

The steady-state voltage dependence of sodium chan-
nel activation can be estimated by the peak conductance—
voltage (G-V) relationship. By comparison with the voltage
dependence of cysteine modification, the G-V curve for
R1448C has a midpoint of —20 mV and a slope of e-fold/
8.4 mV (Figure 3C). The lower voltage dependence and
hyperpolarized midpoint for cysteine modification would
be expected if the S4/D4 segment were one of the voltage
sensors that contributes to activation (Armstrong, 1981;
Keynes et al., 1982; Bezanilla, 1985). This can be seen
by the dashed line in Figure 3C, which plots the fourth
root of the Boltzmann curve fit to the G-V relationship
and approximates the voltage dependence of the rate of
cysteine modification. This curve represents the equilib-
rium voltage dependence for the movement of a voltage
sensor for a Hodgkin-Huxley gating model with four equiv-
alent activation gates (Hodgkin and Huxley, 1952), one
for each of the four S4 segments in sodium channels. This
is also the voltage dependence expected for gating charge
movement, the so-called Q-V curve, in such a model (Arm-
strong, 1981; Keynes et al., 1982; Bezanilla, 1985).

The data in Figure 3 show that the probability of cysteine
accessibility to MTSET has the approximate voltage de-
pendence expected for a voltage sensor for activation.
Figure 4 shows that this accessibility also has appropriate
kinetics for a voltage sensor. Using the above Hodgkin-
Huxley model, we made a rough estimate of the rate of
charge movement at —40 mV by fitting the activation kinet-
ics of R1448C currents to an exponential relaxation raised
to the fourth power (Figure 4A). The resultant activation
time constant 1., using the Hodgkin-Huxley formulation,
is 285 £ 15 us (n = 7 cells) and represents the time
constant at —40 mV for gating charge movement for each
of the four equivalent voltage sensors in this gating model.
We also estimated the inactivation rate using a prepulse
of variable duration (Figure 4B). The inactivation time con-
stant of R1448C at —40 mV is 1.83 + 0.16 ms (n = 6).

Do either of these time constants at —40 mV correspond
to that of the appearance of C1448 at the extracellular
surface? To test this possibility, we measured the rate
of channel modification by MTSET during pulse trains of
depolarizations between —140 and —40 mV, while varying
the rate of switching between these voltages. If the dura-
tions of the individual depolarizations are short, compared
with the time required for cysteine exposure, the accessi-
bility to MTSET, and thus its observed reaction rate, should
be decreased. The reaction rate of 20 uM MTSET with
C1448 was quantified from the change in the time course
of inactivation during test depolarizations to —10 mV every
20 s, as in Figure 3B. As for the experiments in Figure 3,
we used a 50% duty cycle for all repetition rates, meaning
that the depolarizations to ~40 mV had the same durations
as the repolarizations at —140 mV (see Figure 5). The time
constant for cysteine modification at —40 mV was invariant
for pulse durations spanning three orders of magnitude,
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10 s to 10 ms, but increased for shorter durations (Figure
4C). Estimates of the time constants for C1448 movement
may be obtained from these data (see Experimental Proce-
dures and Figure 5). If we assume that the time constant
of cysteine burial at —140 mV is much smaller than the
pulse durations, we get a poor fit to these data (Figure
4C, dashed line). However, if we estimate the time con-
stants for cysteine accessibility at both —40 mV and -140
mV, the fit is excellent (Figure 4C, solid line). The best fit
time constants are 450 + 18 us at -40 mV and 50.8 %
4.3 us at—140 mV. Thetime constantat —40 mVis 1.6-fold
slower than our estimate for the activation time constant
Tmand 4.1-fold faster than our estimate for the inactivation
time constant. Therefore, the rate of cysteine exposure at
—40 mV has kinetics within a range expected for a gating
voltage sensor.

Figure 5A plots the expected kinetics of P for pulse
durations of 1 ms and 250 us, using the above estimates
of time constants for exposure and burial of C1448. The
rate of cysteine modification is proportional to the integral
of Pou (shaded area), which is reduced by 49% for the
shorter duration pulses. This corresponds with the 47%
reduction in measured rate of modification by MTSET for
250 ps versus 1.0 ms pulses (Figure 4C). Note that when
the pulse durations are much greater than the time con-
stant for C1448 exposure at —40 mV, the integral of Py,
is expected to be independent of pulse duration, consis-
tent with our resuits. For the above kinetic scheme, the
time constant of cysteine exposure is equal to (a + B)™'.
If a and B each have an exponential voltage dependence,
their values (Figure 5B) can be determined from the time
constants of cysteine exposure and the parameters for
the Boltzmann fit in Figure 3C. p changes e-fold/29.6 mV
and is 1.35-fold more voltage dependent than a.

A surprisingly simple result emerges from our experi-
ments. The exposure of C1448 to MTSET can be de-
scribed as a first order, voltage-dependent reaction con-
sistent with a role for $4/D4 as a gating voltage sensor,
for either activation, inactivation, or both processes. A pre-
vious study of the mutant R1448C also supports a dual role
for S4/D4 (Chahine et al., 1994). The apparent exposure of
C1448 during depolarization has one of three interpreta-
tions: S4 moves outward; there is a conformational change
that exposes this residue when the channel is depolarized;
or the ionization of the sulfhydryl of C1448 is altered by
transmembrane potential, which strongly affects the reac-
tivity with MTS reagents. Either interpretation requires that
voltage causes a conformational transition of the protein
in the immediate vicinity of S4/D4. This transition accom-
panies the opening of the channel in response to a depolar-
ization.

Experimental Procedures

Electrophysiology and Data Acquisition
Transient calcium phosphate transfection of tsA201 celis was em-
ployed (Margolskee et al., 1993) using plasmids encoding hSkM1 and
its mutant R1448C (Chahine et al., 1994). Approximately 50% of the
cells expressed large sodium currents (>500 pA at =10 mV) in typical
experiments 1-3 days after transfection.

Standard whole-cell recording methods were used. Supercharging
compensated for 95% of the membrane capacitance using the Axo-

patch 200A recording amplifier (Axon Instruments, Burlingame, CA).
This reduced the expected charging time constant for the cells to <4.5
us. Series resistance errors were <3 mV. Datawere filtered at 5-10 kHz
and acquired using pCLAMP (Axon Instruments). Patch electrodes
contained 105 mM CsF, 35 mM NaCl, 10 mM EGTA, and 10 mM Cs—
HEPES (pH 7.4). The bath contained 150 mM NaCl, 2 mM KCI, 1.5
mM CaCl, 1 mM MgCl., and 10 mM Na-HEPES (pH 7.4). Temperature
was controlled with Peltier units usinga TC-10 controller (Dagan Corp.,
Minneapolis, MN). All experiments were performed at 18°C.

Whole-cell data were analyzed and displayed by a combination of
pCLAMP programs, ORIGIN (MicroCal, Northampton, MA), and our
own FORTRAN programs. Data from at least three cells for each mea-
surement are presented as mean * SEM.

MTSET and MTSES were generous gifts from Rolf Joho and Arthur
Karlin. Aqueous stocks (1 mM for MTSET; 10 mM for MTSES) of these
reagents were kept at 4°C and diluted in the bath solution immediately
before use. The reagent solutions were loaded into a large-bore quartz
macropipet, the opening of which was placed in apposition to the cell
voltage-clamped by a patch pipet. The cells were maintained at a
holding potentiat of —140 mV and tested every 20 s by a 20 ms depolar-
ization to —10 mV. For both reagents, depolarizations (e.g., Figure 3)
were required to cause cysteine modification. After the modification
was complete, as assessed by the inactivation time course, other volt-
age protocols were used to characterize the currents.

The duty cycle for repetitive depolarizations in Figure 4 was 50%
for all repetition rates; i.e., the cells spent half the time each at 40
and -140 mV. Every 20 s, the depolarizing train was interrupted long
enough to apply a 20 ms test pulse to —10 mV, to measure the inactiva-
tion time course.

Theory

To fit the relationship between the time constant of cysteine modifica-
tion and individual pulse durations in a train (Figure 4C), we calculated
the integral of P.. (see Results and Figure 5A) during a puise train.
Woe assumed a steady-state P, of 0.698 at —40 mV, a value obtained
from the normalized Boltzmann curve in Figure 3C. The two free pa-
rameters for the least squares fit are the time constants of cysteine
movement at—40 and —140 mV. The data cannot be fit well if the inward
rate of cysteine movement at —140 mV is assumed to be infinitely rapid
(see Figure 4C, dashed line).
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