
&p.1:Abstract Voltage-gated ion channels contain a positive-
ly charged transmembrane segment termed S4. Recent
evidence suggests that depolarisation of the membrane
potential causes this segment to undergo conformational
changes that, in turn, lead to the opening of the channel
pore. In order to define these conformational changes in
structural terms, we have introduced single cysteine sub-
stitutions into the S4 segment of the prototypical Shaker
K+ channel at various positions and expressed the mu-
tants in Xenopus oocytes. The cells were depolarised to
induce K+ currents and the effect of application of
100 µM parachloromercuribenzenesulphonate (PCMBS)
on these currents was examined by the two-electrode
voltage-clamp technique. PCMBS inhibited K+ currents
elicited by mutants L358C, L361C, V363C and L366C,
but not those by V367C and S376C. Since PCMBS is a
membrane-impermeable cysteine-modifying reagent, the
data suggest that depolarisation must have caused the S4
segment to move out of the lipid bilayer into the extra-
cellular phase rendering the residues at positions 358,
361, 363 and 366 susceptible to PCMBS attack. The lack
of effect of PCMBS on V367C suggests that the expo-
sure of S4 terminates at L366. Detailed analysis of
L361C mutant revealed that the S4 movement can occur
even below the resting potential of the cell, at which po-
tential voltage-gated K+ channels are normally in a non-
conducting closed state.
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Introduction

Voltage-gated Na+, K+and Ca2+ channels play a central
role in the propagation of electrical signals in excitable
cells, such as nerve and muscle [2, 4, 16]. They perform

this task by opening and closing (gating) their channel
pores in response to changes in the transmembrane po-
tential. The mechanism by which they sense the voltage
changes and trigger the opening of the channel pore is
not completely understood. According to the early hy-
pothesis, put forward by Hodgkin and Huxley [5], volt-
age-gated ion channels contain intrinsic charges, referred
to as gating charges, that move across the membrane up-
on depolarisation. Molecular cloning followed by the se-
quencing of these channels has indeed revealed the pres-
ence of positively charged residues (arginine/lysine) in a
small stretch of sequence, referred to as the S4 segment
(Fig. 1). This sequence is highly conserved among all
members of this superfamily, and has been proposed to
traverse the membrane. Mutation studies have confirmed
that these positive charges are responsible for the volt-
age-sensing mechanism [9, 10, 12, 15–17]. The replace-
ment, one at a time, of these residues by neutral amino
acids produced large shifts in the voltage dependence of
activation; the observed shifts could generally be corre-
lated with the channel’s overall gating valence [10].

The proposed movement of gating charges across the
transmembrane field has been tested by measuring cur-
rents carried by these charges (for reviews see [1, 16]).
The measurement of these currents, referred to as gating
currents, was carried out on native as well as cloned
channels by abolishing ionic currents using channel
blockers. Mutant channels that have lost their ion con-
duction property but retained their gating property have
been used to measure gating currents [13]. From these
measurements, it was suggested that from 12 up to 16 el-
ementary charges per channel molecule move across the
transmembrane field [14, 16, 22]. Assuming that most of
the gating current was carried by the positively charged
residues of the S4 segment, it was suggested that depol-
arisation of the membrane caused the physical movement
of the S4 segment to the extracellular phase [3]. Muta-
tion of these positively charged residues to neutral resi-
dues has indeed caused a decrease in the gating current
[10, 15]. Evidence in support of the S4 movement has
only recently been presented [8, 11, 21]. However, the
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extent of movement has not been accurately defined (see
Discussion). By introducing cysteines at various posi-
tions within the S4 segment of the Shaker potassium
channel and examining their accessibility to parachloro-
mercuribenzenesulphonate (PCMBS), a reagent which
reacts with cysteines present in the aqueous environment
only [20], we not only confirm that, in response to depol-
arisation, S4 moves out of the membrane bilayer, but
also demonstrate that the movement stops once L366
reaches the extracellular phase. This would correspond
to the outward movement of at least six amino acid resi-
dues. Our data also show that the S4 movement occurs
even at hyperpolarising potentials, as negative as
–120mV.

Materials and methods

Molecular biology

The ∆(N6–46)ShB1 cDNA was subcloned into pKS Bluescript
(Stratagene). Site-directed mutagenesis was performed using the
method of Kunkel et al. [7]. All the mutant clones were sequenced
in a region of 200–300 bases around the site of the primary muta-
tion and did not contain additional mutations. cRNA was tran-
scribed for the wild-type and for each of the mutants using T7
RNA polymerase (MEGAscript, Ambion), after linearisation of
the template DNA with HindIII. PCMBS (100µM, Na.salt, Sig-
ma) was prepared in Frog Ringer’s solution.

Electrophysiology

Dumont stage-V or stage-VI Xenopus oocytes were injected with
50 nl of mutant or wild-type cRNA (15–25ng) and maintained at
19°C in modified Barth’s solution [88mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2,
0.41mM CaCl2, 7.5mM Tris-HCl, pH7.6, 10, 000U/l penicillin,
100 mg/l streptomycin]. After 1–2 days, membrane currents were
recorded at room temperature (22–25°C) using two-electrode volt-
age-clamp (Geneclamp 500, Axon Instruments) as previously de-
scribed [19]. Electrodes were filled with 3 M KCl and resistances
were 1–3MΩ and 1–1.5MΩ for the voltage and current elec-
trodes respectively. Oocytes were held in a 50-µl chamber and
were continually superfused (2ml/min) with Frog Ringer’s solu-
tion (115mM NaCl, 2mM KCl, 1.8 mM CaCl2, 10 mM HEPES,
pH 7.2). Membrane potential was held at –80mV and 200-ms test
depolarisations were applied in 10-mV increments at an interval of
10 s in order to construct current/voltage (I/V) relationships. A se-
ries of 20 hyperpolarising steps of 10mV were also applied to al-
low leak subtraction. Data were filtered at 2kHz and sampled at
3 kHz using CED software and a CED 1401 interface. Leak and
capacitance artefacts were removed by subtracting averaged leak
subtraction traces from the current traces.

Results

Residue L361 is exposed to the extracellular phase 
upon depolarisation

Residues 359 to 381 have been predicted to constitute
the S4 transmembrane segment of the Shaker K+ channel
[3] (Fig. 1). In order to investigate if this segment moves
out of the bilayer into the extracellular phase during de-
polarisation, we have first replaced residues S351, L358

and L361 (near the outer membrane boundary) of Shaker
K+ channel with cysteines (see Fig.1) and expressed the
mutants in Xenopus oocytes by injecting the correspond-
ing cRNA transcripts. The oocytes were depolarised by
stepping to +40mV from a holding potential of –80mV
to evoke K+ currents, which were measured by the two-
electrode voltage-clamp method. While repeatedly puls-
ing to this potential, we superfused the cell with PCMBS
and measured the currents continuously. This reagent is
very hydrophilic and membrane impermeable and has
been shown to react with cysteines located in an aqueous
environment only [20]. The rationale is that if depolari-
sation drives the S4 segment out of the lipid bilayer into
the extracellular (aqueous) phase of the cell, then the en-
gineered cysteines of the mutant channels may move out
of the bilayer and react with PCMBS. Such a reaction
would be expected to lead to changes in the functional
properties of the channel by interfering with the confor-
mational changes required for the normal functioning of
the channel.

The results in Fig.2 show that while the wild-type
and S351C mutant channels were unaffected by PCMBS,
K+ currents expressed by L358C and L361C were inhib-
ited by PCMBS. Since the Shaker channel,
∆(N6–46)ShB1, used in this study lacks the N-terminal
“ball” domain [6], the observed inhibition is not contam-
inated by the N-type inactivation. S351 has been pro-
posed to be far from the outer-membrane border in the
extracellular phase of the cell [3]. The lack of effect of
PCMBS on S351C suggests that its modification does
not perturb the structure of the protein sufficient to in-
hibit the channel activity or, alternatively, the substituted
cysteine may be buried in the tetrameric structure of the
channel and hence be inaccessible to PCMBS. L358 is
predicted to lie just outside the bilayer in the extracellu-
lar phase. Its cysteine mutant, L358C, was only partially
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Fig. 1 Proposed transmembrane topology of the Shaker K+ chan-
nel showing positions of the cysteine substitutions. The single-let-
ter amino-acid code is used, and hydrophobic segments S1–S6 are
shown in boxes as transmembrane domains connected by hydro-
philic loops. The pore lining H5 segment lies between S5 and S6.
Amino acid residues representing the position of the cysteine mu-
tations are shown in bold &/fig.c:



inhibited by PCMBS, even after a long application. The
partial inhibition may be due to its location at the outer-
membrane border.

The effect of PCMBS on L361C, on the other hand,
was quite profound. The mutant was rapidly and com-
pletely inhibited by PCMBS, suggesting that under the
experimental conditions, i.e. at –80mV or during the
500-ms depolarising test pulses, this residue was present
in the extracellular environment. In order to test whether
this residue is exposed at –80mV or only during the de-
polarising test pulses, we have further examined the ef-
fect of PCMBS on the L361C mutant as a function of

membrane potential. For this, oocytes expressing the
L361C mutant channels were held at various holding po-
tentials in the absence of any test pulses and treated with
PCMBS. Excess PCMBS was washed away to prevent
the reaction of the cysteine residue with PCMBS during
the subsequent depolarising steps required to measure
the remaining channel activity (see Fig.3 legend for de-
tails of protocol). I/V relationships determined before
and after the PCMBS treatment, shown in Fig. 3a, indi-
cate that the magnitude of inhibition by PCMBS strongly
depended on the voltage at which PCMBS had been ap-
plied. At a holding potential of –140mV, at which the
channels are expected to be fully in their closed state, the
inhibition was minimal. As the membrane potential was
changed in the depolarising direction, a progressive in-
crease in inhibition by PCMBS was observed. The data
strongly suggest that the residue at position 361 moves
from the solvent-inaccessible membrane environment in-
to the extracellular phase during depolarisation. The data
also suggest that L361 moves even below the resting po-
tential of the cell, at which voltage-gated K+ channels are
normally in a closed state, although gating transitions oc-
cur [1, 13, 14]. The inhibition of L361C mutant in Fig.2
could thus be explained by the fact that, at –80mV, the
cysteine at position 361 is exposed, but the rate of expo-
sure is enhanced by the depolarising steps, thereby lead-
ing to a rapid decline in the current.

In the above-described experiment, during the 2-min
exposure to PCMBS all, or a proportion, of the activated
channels must have reacted with PCMBS and become
non-functional. The degree of inhibition by PCMBS may
be taken as being proportional to the fraction of channels
activated during the 2-min exposure period. From a plot
of percentage inhibition against membrane potential
(Fig. 3b), the potential (V0.5) at which 50% of the chan-
nels were inhibited was calculated to be –107mV. As-
suming that the modification of one of the four S4 seg-
ments of a channel is sufficient to inhibit its function, the
data suggest that, at –107mV, at least one S4 segment of
50% of the channels must have moved outward during
the 2-min period of PCMBS application.

To establish that the observed PCMBS effect on
L361C is not due to its interaction with the channel at
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Fig. 2a–c Effect of PCMBS on K+ currents expressed by cys-
teine-substituted Shaker mutants S351C, L358C and L361C. a
Time course of K+ currents recorded for ∆N(6–46)ShB1 and mu-
tants S351C, L358C and L361C during voltage-clamp depolarisat-
ions from a holding potential (Vh) of –80mV to a test potential of
+40 mV taken during perfusion of oocytes with Frog Ringer’s so-
lution. Mutant L358C had a slower activation rate when compared
to the wild-type. b Time course of K+ currents from Vh = –80mV
to a test depolarisation of +40mV after superfusion of the same
oocytes with 100µM PCMBS for 12 min. c Effect of application
of PCMBS on K+ currents, evoked by depolarisation, in Xenopus
oocytes expressing ∆N(6–46)ShB1 (●) and mutant S351C (❍),
L358C (■

�
) and L361C (■) channels. Oocytes were superfused

with Frog Ringer’s solution containing 100µM PCMBS over the
time indicated by the solid line. Cells were repeatedly depolarised
by stepping to +40mV for 500 ms from a holding potential of
–80mV every 10s. For each oocyte, current amplitudes were nor-
malised with respect to the value measured over the 1stmin of the
recording. Mean values for 5–6 oocytes for each mutant are shown&/fig.c:



sites other than the cysteine at position 361, we first in-
hibited the L361C mutant by treating with PCMBS at
+40 mV as above, and then superfused the cell with
1 mM dithiothreitol (DTT). DTT should reverse the effect
of PCMBS by reducing the PCMBS-modified cysteine to
cysteine. In fact this was found to be the case: DTT rapid-
ly and fully restored the function of the channel (Fig.4).
DTT showed no effect on either the PCMBS-treated or -
untreated wild-type channel (data not shown).

The exposure of S4 terminates at L366

In order to determine how far the S4 segment moves in-
to the extracellular phase, we mutated other residues of
S4, downstream to L361, to cysteines and examined
their accessibility to the extracellularly applied PCMBS
at depolarising test (+40mV) pulses. We avoided mutat-
ing the charged residues since previous studies [9, 12]
have shown that neutralisation of these residues resulted
in large shifts in the voltage dependence of activation
which might be due to structural perturbations. We gen-
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Fig. 3a,b Dependence of inhibition of L361C Shaker mutant K+

currents by PCMBS on the voltage at which PCMBS was applied.
a Current/voltage (I/V) curves taken for mutant L361C before (●)
and after (●●) application of PCMBS at the indicated holding po-
tentials. Oocytes expressing mutant L361C were perfused with
Frog Ringer’s solution and I/V curves were obtained by applying
200-ms test depolarisations in 10-mV increments, every 10s, from
a holding potential of –80mV. The cells were then held at the indi-
cated holding potentials (either –140, –120, –100, –80, –40 or
0 mV) initially for 2 min in the absence of PCMBS, and then in
the presence of PCMBS (100µM) for a further 2min (perfusion
rate= 2 ml/min). Unreacted PCMBS was removed by washing the
cells with Frog Ringer’s solution for 2min at the same holding po-
tential. No test pulses were applied during these applications. I/V
curves were then taken again from a holding potential of –80mV.
All I/V curves have been normalised to the current value at
+40 mV (Inorm) for each holding potential and each curve is the
mean ±SEM of 5–6 oocytes. b Percentage inhibition by PCMBS
as a function of voltage at which PCMBS was applied. Percentage
inhibition was calculated from the current at a test potential of
+40 mV (from above data) by taking the differences in values be-

fore and after the application of PCMBS. The data were fitted by a
least-squares method with the Boltzmann equation,
Po = Pmax/{1+exp[–z (Vm–Vo)/kT]}, where Po is the fraction of
channels open (assumed equal to% inhibition), Pmax is the maxi-
mal inhibition, Vm the holding potential, Vo the potential for half-
maximal activation, k is the Boltzmann constant, T is the absolute
temperature and z is the effective charge moved across the width
of the membrane. The measured parameters were Vo = –107 mV
and z = 1.41&/fig.c:



erated mutants V363C, L366C, V367C, S376C and
G386C and first examined their I/V relationships. None
of these mutants showed any significant differences in
their I/V relationships from the I/V relationship of the
wild-type channel (data not shown). We then tested the
effect of extracellular application of PCMBS on these
mutants, activated by repeated pulsing to +40mV from
a holding potential of –80mV. While V363C and
L366C mutants were inhibited completely, no effect was
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Fig. 5a–c Effect of PCMBS on K+ currents expressed by cys-
teine-substituted Shaker mutants V363C, L366C, V367C, S376C
and G386C. These experiments were carried out using protocols
described in Fig.2. a Time course of K+ currents recorded for
∆N(6–46)ShB1 and mutants V363C, L366C, V367C, S376C and
G386C during voltage-clamp depolarisations from a holding po-
tential (Vh) of –80mV to a test potential of +40mV taken during
perfusion of oocytes with Frog Ringer’s solution. A single oocyte
was used for each channel. b Time course of K+ currents from
Vh = –80 mV to a test depolarisation of +40mV after superfusion
of the same oocytes with 100µM PCMBS for 12min. c Effect of
application of PCMBS on K+ currents, evoked by depolarisation,
in Xenopus oocytes expressing ∆N(6–46)ShB1 (▼▼) and mutant
L361C (■), V363C (■

�
), L366C (▲▲), V367C (●●), S376C (♦) and

G386C (◊) channels. Oocytes were superfused with Frog Ringer’s
solution containing 100µM PCMBS over the time indicated by
the solid line. Cells were repeatedly depolarised by stepping to
+40 mV for 500 ms from a holding potential of –80mV every
10 s. For each oocyte, current amplitudes were normalised with re-
spect to the value measured over the 1stmin of the recording.
Mean values for 5–6 oocytes for each mutant are shown&/fig.c:

Fig. 4 Reversal of inhibition of L361C mutant by PCMBS with
dithiothreitol (DTT). Oocytes expressing mutant L361C were held
at –80mV and stepped to +40mV repeatedly every 10s. Oocytes
were superfused with PCMBS (100µM), washed, and then DTT
(1 mM) was applied as shown by the solid line. The mean ±SEM
current (normalised to an initial value of 1.0 at t = 0) is shown for
4 oocytes. Inset: typical traces are shown before and after 8min of
superfusion with PCMBS and after 3min of DTT superfusion&/fig.c:



observed with V367C, S376C and G386C mutants
(Fig. 5).

Figure 5 also shows that the rate of inhibition by
PCMBS depended on the position of the engineered cys-
teine in the mutant. L361C (exponential time constant,
τ = 0.65±0.04min, n = 5 oocytes) was inhibited about
twice as fast as V363C (τ = 1.43±0.03min, n = 5) and
five times faster than L366C (τ = 3.08±0.05min, n = 5).
Thus it appears that the further the cysteine within the bi-
layer is from the outer-membrane border, the slower was
the inhibition.

Discussion

By studying the accessibility of cysteine residues intro-
duced at various positions along the S4 segment of Shak-
er K+ channel to the extracellularly applied PCMBS, a
reagent that specifically reacts with cysteines in a sol-
vent-accessible environment, we have demonstrated that
a section of the S4 segment, comprising residues
L361–L366, moves into the extracellular phase upon de-
polarisation.

PCMBS, upon reaction with cysteine, converts it to a
relatively large, negatively charged mercuribenzenesul-
phonate–cysteine conjugate. This change would be ex-
pected to alter the microenvironment surrounding the
cysteine residue in terms of volume as well as electro-
static interactions. If the nature of the microenvironment
surrounding the cysteine is critical for the functional
properties of the channel, then one would expect
PCMBS to have major consequences on the functional
properties of the channel. As expected, the effect of
PCMBS proved to be quite dramatic in that it rapidly in-
hibited the K+ currents (Figs. 2, 3 and 5). The effect was
specific with no irreversible structural damage done to
the channel, as demonstrated by the fact that DTT re-
versed the PCMBS effect (Fig.4).

Larsson et al. [8] have very recently used a similar
strategy to study the movement of S4, but have used
methanethiosulphonate-ethyltrimethylammonium
(MTSET) reagent as a probe. Reaction of an exposed
cysteine with MTSET resulted in a shift in the I/V curve
of some of the mutants studied, the nature and the extent
of which depended on the residue that was changed to
cysteine. By measuring such changes, Larsson et al. [8]
determined whether or not a cysteine residue was sus-
ceptible to modification by MTSET. MTSET is a small
positively charged reagent which on reaction with a cys-
teine converts it to an arginine-like moeity. Thus if the
substitution of an arginine residue by a cysteine causes a
change in the I/V relationship, MTSET treatment would
be expected to restore the wild-type relationship. This in-
deed was the case with the R365C mutant studied by
Larsson et al. [8]. If a residue is highly tolerant to chang-
es, then neither cysteine substitution nor its subsequent
modification would be expected to alter the properties of
the channel. Thus some cysteine modifications might es-
cape detection. In contrast to MTSET, however, PCMBS,

in our hands, uniformly inhibited the current amplitudes
of all mutant channels which exposed their engineered
cysteine residues, irrespective of the nature of the residue
mutated. PCMBS thus appears to be a more sensitive in-
dicator of cysteine modification, and hence of confor-
mational changes, than MTSET. Our results obtained
with this reagent can be summarised as follows.

Firstly, our data demonstrated that L361 remains bur-
ied within the membrane bilayer only at very negative
potentials, that is below –140mV, and that a small de-
polarisation from this potential is sufficient to trigger its
movement into the extracellular phase (Fig.3). This
means that at the resting potential of the cell, consider-
able movement of this residue occurs between the mem-
brane and the extracellular environments. Larsson et al.
[8] have found that, at –100mV, residue 362 reacted
(partially) with MTSET, and that the extent of inhibition
increased at more depolarised potentials. They assumed
that at –100mV no movement had occurred, and there-
fore postulated that residue 362 lies within a crevice,
which restricts free access to the reagent. However, there
is no evidence for the assumption that no movement oc-
curs at –100mV. On the contrary, their data and ours can
be interpreted to show that there is movement of residue
362 even at –100mV. Our data for the nearby residue
361 shows (Fig. 3) that by hyperpolarising up to
–140mV, reaction with PCMBS is almost totally inhibit-
ed, in contrast to 50% inhibition at –100mV. This makes
it clear that the movement of residue 361 occurs even at
–100mV, ruling out a theory based on crevices.

Secondly, our data (Fig.5) clearly demonstrate that
cysteine substitution of L361, V363 and L366, but not
V367, of the S4 segment, renders the channel susceptible
to extracellularly added PCMBS upon depolarisation,
suggesting that L366 represents the last residue of S4
which is exposed. Knowing that L361 is embedded with-
in the bilayer in the closed state of the channel (Fig.3),
this represents the exposure of at least six residues, in-
cluding two arginines, to the outer phase. Previous stud-
ies [8, 11] have not conclusively established the extent of
S4 movement out of the bilayer.

Thirdly, the data in Fig.3 suggest that the movement
of S4 can occur even below the resting potential
(–80 mV) of the membrane, at which voltage-gated K+
channels are in a closed state. Indeed, although small,
measurable gating currents have been reported to occur
at very negative potentials for the Shaker K+ channel
[18]. However, it is not clear whether these potentials
provide sufficient energy to drive the S4 segment up to
its maximal limit, i.e. up to L366, or a partial movement
occurs with only the outermost residues being exposed.
Our observation that cysteines introduced near the outer-
membrane boundary (position 361) are more readily in-
hibited by PCMBS than those (positions 363 and 366)
further down within the bilayer (Fig.5) suggests that the
latter might be the more likely possibility. This partial
movement might explain why gating currents can be
measured but no ionic currents can be observed at very
negative potentials. We cannot, however, rule out the
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possibility that outermost residues of S4 are more readily
accessible to PCMBS than those further down, for stearic
reasons.

An alternative explanation for the observation that S4
segments move at more negative potentials than the
channel openings would be connected with the tetramer-
ic structure of the channel, containing four S4 segments.
At more negative potentials, the probability that the S4
segments of all four subunits move outwards at any one
time would be less than that at depolarising potentials.
Thus, if we assume that all four S4 segments must move
outwards in order for the channel to open, it follows that
S4 movement would be observed at more negative poten-
tials than channel opening.

Two major conclusions can be drawn from this study.
Firstly, in Shaker K+ channels, depolarisation results in
the outward movement of S4 up to L366, representing
the exposure of a minimum of six residues out of the bi-
layer. Secondly, the S4 movement occurs even below the
resting potential of the cell, at which voltage-gated K+
channels are normally in a closed state. However, a num-
ber of questions remain to be answered. Firstly, do the
four S4 segments of the channel move independenlty of
each other or do they move in a synchronised fashion?
Secondly, do all the four S4 segments need to be exposed
up to L366 for the channel opening to occur? Thirdly, is
the S4 movement accompanied by changes in the sec-
ondary structure of the segment? Finally, does the S4
movement occur in a series of discrete steps or in a con-
tinuous fashion? The gating noise analysis experiments
done on Na+ and K+ channels (reveiwed in [1]) indeed
suggest that the movement of S4 might occur in a series
of discrete steps or in a continuous fashion, rather than in
a single step. We believe that it should be possible to ad-
dress some of these questions using the approach de-
scribed here.
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