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Local Movement in the S2 Region of the Voltage-Gated Potassium
Channel hKv2.1 Studied Using Cysteine Mutagenesis

C. J. Milligan and D. Wray
School of Biomedical Sciences, University of Leeds, Leeds LS2 9JT, England

ABSTRACT The positively charged S4 region of voltage-dependent potassium channels moves outward during depolar-
ization, leading to channel opening, but possible movement of the negatively charged S2 region may be more complex. Here
we have studied possible movement of the S2 region of the slowly activating human voltage-dependent potassium channel
hKv2.1. For this, cysteine mutants in the S2 region were expressed in Xenopus oocytes by injection of cRNA. Whole-cell
currents were measured using the two-electrode voltage-clamp technique, and the effect of the membrane-impermeable
cysteine-binding reagent parachloromercuribenzenesulfonate (PCMBS) was studied. For mutant S223C (located just outside
the membrane in the S2 region), PCMBS inhibited currents and caused faster deactivation of tail currents. The time course
of reactivity of PCMBS on tail current amplitudes was faster at more negative holding potentials. There was no effect of
PCMBS on potassium channel currents for mutants D225C, N226C, A230C, and V232C. These data suggest that residue
S223 is exposed to the extracellular phase at normal resting potentials, making it accessible to PCMBS, but upon
depolarization there is a conformational change, making it less accessible, possibly by a local rather than global movement
of S2 residues into the membrane. Voltage-dependent movements of nearby residues could also explain the results.

INTRODUCTION

Voltage-gated potassium channels play an important role iland lines the outer mouth of the pore, forming the selectivity
controlling electrical activity and proper functioning of ex- filter (MacKinnon and Yellen, 1990; Hartmann et al., 1991;
citable cells. Numerous voltage-gated outward-rectifyingYellen et al., 1991; Yool and Schwartz, 1991; Doyle et al.,
potassium channels have now been cloned and share 1898). The S5 and S6 regions line the part of the pore
common structure comprising foa-subunits surrounding internal to the selectivity filter (Choi et al., 1993; Kirsch et
a central aqueous pore, with eaetsubunit consisting of six al., 1993; Lopez et al., 1994; Holmgren et al., 1997).
hydrophobic transmembrane segments, S1-S6 (reviewed by More recently, studies of conformational changes in
Armstrong and Hille, 1998; Pongs, 1992). The humanchannels have been made using cysteine-scanning mutagen-
hKv2.1 (DHK1 or hDRK1) channel belongs to this family esis. More specifically, movement of the S4 region during
of voltage-gated outward rectifier potassium channels and idepolarization has been demonstrated by the application to
characterized by slowly activating currents, noninactivatingShakermotassium channels of membrane-impermeable cys-
currents when expressed Xenopusoocytes (Albrecht et teine-binding reagents (Larsson et al., 1996; Yusaf et al.,
al., 1993). 1996; Baker et al., 1998), thus probing the accessibility of
The roles played by some of the transmembrane domaingysteine-mutated residues. In this way it was possible to
have been extensively studied. The S4 segment consists ghow that, upon depolarization, the S4 segment appears to
conserved basic residues at every third position, and danove outward by around seven amino acids. Complemen-
tailed work has shown that this segment plays an importantary to this approach has been the use of fluorescent cys-
role in voltage sensing by the channel (Liman et al., 1991teine-binding probes, which provide useful information on
Papazian et al., 1991; Logothetis et al., 1992; Perozo et alghanges in the local environment of S4 during depolariza-
1993; Shao and Papazian, 1993; Aggarwal and MacKinnonjon (Mannuzzu et al., 1996). Strong electrostatic interac-
1996). The S2 and S3 segments contain negatively chargefbns exist between the negatively charged residues in S2/S3
residues, and more recent work has also begun to implicatgnd the positive residues in S4; these interactions are im-
these regions in voltage sensing (Papazian et al., 199%ortant for folding and functioning of the channel (Papazian
Planells-Cases et al., 1995; Seoh et al., 1996; Tiwari-Woodet al., 1995; Tiwari-Woodruff et al., 1997). It seems plau-
ruff et al., 1997). The linker between the S5-S6 segmentsible to hypothesize that as the S4 transmembrane segment
(H5 or P region) contains a highly conserved sequence thahoves outward upon depolarization, the S2 segment, with
is invaginated into the membrane from the extracellular facets negative|y Charged residues, m|ght move inward. Studies
have been made of the changes in the local environment of
Received for publication 11 February 1999 and in final form 13 Decemberthe S2 region of theShakerchannel, using fluorescent
1999, probes (Cha and Bezanilla, 1997), and local rather than
Address reprint requests to Prof. D. Wray, Biomedical Sciences, Universit)QIOba,I movgments of _the S2 region have been sggggsteq.
of Leeds, Leeds LS2 9JT, England. Tel.: 44-113-233-4320; E-mail: 10 investigate possible movement of the S2 region in this
d.wray@leeds.ac.uk. paper, we have used cysteine-binding reagents to study the
© 2000 by the Biophysical Society accessibility of residues in the S2 region under varying
0006-3495/00/04/01/10  $2.00 degrees of depolarization. For this we have used cysteine
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mutants of the human K channel clone hKv2.1, and we steps (500 ms, 0.5 Hz) were applied and used to remove leak and capac-

have tested accessibility using the membrane-impermeabi@”ce currents. PCMBS was applied by continuous perfusion during re-

_ . - petitive step depolarizations (500 ms, 0.1 Hz}0 mV) from the selected
squhydryI reactive reagent paracmoromercunbenzeSUIfonholding potential (usually-80 mV). To study tail currents, oocytes were

ate (PCMBS) n VOItage'Clamped oocytes. This reagent haﬁerfused with high potassium solution (100 mM KCI, 2 mM MgCl1.0

already proved useful in inhibiting currents in the S4 regionmm cacl, 10 mM HEPES, pH 7.2), and test pulses were applied at 0.1

(Yusaf et al., 1996). Hz. The membrane potential was held at the selected holding potential
(usually —80 mV), and 100 ms prepulses t640 mV were applied,
followed by 350-ms test pulses in 10-mV increments from 0 m\~thl0

MATERIALS AND METHODS mV. Tail-current amplitudes were measured 2 ms after the end of the
prepulse, and the deactivation time course was fitted to a single exponen-
Preparation of DNA tial. Exponential fits to the deactivation time course were also used to

determine tail-current amplitudes by extrapolation back to the end of the
The hKv2.1 clone in pGEM-He-Juel (provided by O. Pongs, Hamburg, prepulse (particularly where PCMBS affected the time course); this method
Germany) was transformed intescherichia coliDH5« competent cells  gave results similar to those obtained by measurement of the current
(Sambrook et al., 1989). DNA was isolated with a miniprep kit (Promega)amplitude at 2 ms (as expected, because deactivation time constants were
according to the manufacturer’s instructions. much longer than this), so the latter method was generally used. PCMBS
was applied at different holding potentials during repetitive stimulation, the
time constant of reactivity of PCMBS was obtained by fitting current
Preparation of mutants amplitudes to a single-exponential curve for each cell, and mean values
were obtained.
The mutants S223C, D225C, N226C, Q228C, A230C, and V232C were Many of the results for the mutants tested gave no effect of PCMBS,
produced by polymerase chain reaction (PCR) methods (Innis et al., 1990and the data for these are described but generally are not shown in this
PCR reactions were carried out (Sambrook et al., 1989) using Pfu polypaper, in the interest of brevity and clarity. Data are expressed as the
merase enzyme for 30 cycles (40 s at 95°C, 1 min at 60—66°C, and 2 mimean= standard error of the mean (SEM), and Studeft&st was used
at 72°C). to test statistical significance.
First-round PCR reactions were carried out using a forward primer,
5'-ATGCCGGCGGGCATGACGAA-3 and a reverse mutagenic primer
(incorporating the desired base change), as well as a forward mutagenic
primer and a reverse primer,-BACAATTTTCCCCAGGAGAGTCTTG- RESULTS
3'. Second-round PCR extension was carried out using the above products L. .
and the above forward and reverse primers, to produed b product. Characterization of wild-type and mutant
This latter product was then digested with the restriction enzyPpeMI| currents
andApa to produce a 250-bp fragment. The wild-type hKv2.1/pGEM-He- o . .
Juel was also digested with the same enzymes, and the mutagenic 250-0§1€ membrane topology of hKv2.1 is illustrated in Fig. 1,
fragment was ligated using,Tigase. The induced mutations were verified Which also shows the residues that have been mutated into
by dideoxy sequencing (Sambrook et al., 1989). cysteines in the S2 domain and in the S1/S2 linker. The

To make RNA, the cDNAs for .hKv2.1 were Iinearizgd witlotl, anq ,wild-type or mutant cRNA was injected intﬁenopu&ocytes,
capped cRNA was transcribed using T7 polymerase via a MEGAscript kit

(Ambion). The RNA concentration was estimated using a Tris-acetateand VOItage_?la_mp recordujgs were made after 24_48_h' .
EDTA agarose gel and comparing with standard markers. Characteristics of the wild-type channel are shown in Fig.

2. Mean current-voltagel-V) curves, shown in Fig. 2,
were obtained during step depolarizations frer8B0 mV,
Electrophysiology and the voltage dependence expected for this outwardly-

Xenopusocytes (Dumont stage V or VI) were prepared and injected with rectlfylng channel can be se(_an (Albrecht etal, 1993)' Fig.
cRNA, and electrophysiological recordings were made as previously de2 B shows example recordings and illustrates the slow
scribed (Wilson et al., 1994). Briefly, oocytes were injected with 50 nl activation time course and the minor inactivation character-
(containing 0.1-2.0 ng cRNA) of wild-type or mutant cRNA. Oocytes were jstic of the hKv2.1 channel. Wild-type tail currents were

then incubated, at 19.7°C, for 24—48 h, in multiwell tissue culture platesrecorded in high potassium solution (see Materials and

(one oocyte per well) containing modified Barth’s solution (88 mM NacCl, . .
1 mM KCI, 2.4 mM NaHCQ, 0.82 mM MgSQ, 0.33 mM Ca(NQ),, 0.4 Methods) during steps aftera40-mV, 100-ms prepulse; an

mM CaCl, 7.5 mM Tris-HCI, pH 7.6, 10,000 U/L penicillin, 100 mg/. €Xample recording is shown in Fig. @. The mean tail-
streptomycin). To record expressed membrane currents from oocytes, treurrentl-V curve is shown in Fig. Z, reversing at around
oocytes were held in a recording chamber (B&olume) and continually —5 mV as expected; mean deactivation time constants are
perfused (2 mi/min) at room temperature (normally 22—25°C) with Ring- plotted against voltage in Fig. B.

er’'s solution (115 mM NaCl, 2 mM KCl, 1.8 mM Cagl10 mM HEPES, All the mutants studied produced functional channels
adjusted to pH 7.2 with NaOH). Membrane currents were recorded by the u uch p u unct

two-electrode voltage-clamp technique with a Geneclamp 500 amplifieWhen expressed in oocytes, except for Q228C, which did
(Axon Instruments). The amplifier was controlled via a CED 1401 Plusnot display detectable currents. The/ curves for the
interface and CED software. The current signal was sampled at 4 kHz anghytants S223C (Fig. 8), D225C, N226C, A230C, and

filtered at 2 kHz. Electrodes were filled wit3 M KCI (0.5-2.0 M} V232C (data not ShOWI’l) were similar to the wild—typb’
resistance). To construct current-voltage relationships, the membrane po-

tential was held at-80 mV, and 500-ms duration test depolarizations (at curves. The time courses (typlcal examples shown in Flg' 3)

0.1 Hz) were applied in 10-mV increments, fror70 mV to+70mv, and ~ Of the mutant currents were generally similar to wild type
peak current amplitudes were measured. Twenty 10-mV hyperpolarizingvith slow activation and little inactivation, except for
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N226C, which displayed an obvious inactivation compo-therefore confirms that PCMBS is indeed acting via cys-
nent. For mutant tail current§V curves were again gen- teine modification rather than by some other nonspecific
erally similar to wild type (Fig. B for S223C), as was the action.

deactivation time course of the tail currents. However, for The effects of PCMBS on tail currents for wild-type and
mutant D225C, the deactivation time constant (8#.12.4  mutant channels were also studied. There was no effect of
ms at —70 mV and 745+ 45 ms at—30 mV) was PCMBS applied at-80-mV holding potential on tail-cur-
voltage-independent (cf. Fig. R for wild type). rentl-V curves for wild-type channels (Fig. €,andD) and

for all of the mutants studied (data not shown), except for
S223C, where an inhibition of tail-current amplitude was
seen (Fig. 3B).

The voltage and time dependence of the effect of PCMBS
The effect of PCMBS (10@M) was tested using continu- on tail-current amplitudes was studied for S223C by apply-
ous perfusion and repetitive stimulation every 10 sH40  ing the reagent at different holding potentials during repet-
mV from a holding potential of-80 mV (Fig. 3). There was itive pulsing (to —100 mV from a prepulse of-40 mV)
no effect of PCMBS on wild-type and mutant channels,(Fig. 5A). As compared with wild type, where no effect of
except for S223C, where there was a partial inhibition byPCMBS was observed, tail-current amplitudes were always
~20% (p < 0.05). Study ofl-V curves before and after the inhibited for S223C. The time course of reactivity of PC-
application of PCMBS under the same conditions showedBS on tail-current amplitude was slower at depolarized
similar features: no effect of PCMBS for wild type (Fig. 2 holding potentials £40 and —60 mV) as compared with
A) and mutants, except for a small reduction for mutantmore negative potentials-80 and—120 mV) (Fig. 5,A
S223C (Fig. 4B). and D). The magnitude of the effect on amplitude was

Repetitive stimulation per se was not required for thevariable, but because experimental scatter was large, a pos-
inhibitory action of PCMBS. This can be seen from Fig. 4 sible voltage-dependent effect on amplitude was not inves-
A, where oocytes were held at80 mV in the absence of tigated further. There was no effect of PCMBS on deacti-
pulsing for 2 min (a time interval sufficient to reach a vation time constant for wild-type currents (FigE} or for
plateau value with pulsing; see above); the inhibition wasany of the mutants, except again for S223C, where PCMBS
still observed. Thus channel opening itself is not requireccaused faster deactivation (Fig.ibse). Significant effects
for PCMBS action, and indeed channel blocking would noton the deactivation time constant were observed when
be expected consequent to binding to the S2 region, awafCMBS was applied at intermediate potentials (FigC)5
from the pore. rather than at either hyperpolarized or depolarized poten-

As shown in Fig. 4A andC, the inhibition by PCMBS tials.
was not affected by washing, as expected for covalent In summary, the results in this section show that PCMBS
modification. Furthermore, the inhibition was completely was without effect on wild-type and mutant currents, except
reversed (Fig. 4C) by the application of dithiothreitol for mutant S223C, where inhibitory effects were observed.
(DTT), a reducing agent that removes PCMBS from cys-For the latter mutant, voltage-dependent effects of PCMBS
teines (but which had no action on its own on S223C). Thifsummarized in Fig. 5C and D) were observed for deac-

Effects of PCMBS on wild-type and
mutant currents

Biophysical Journal 78(4) 1852-1861
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FIGURE 2 Characterization of hKv2.1 wild-type currents expressedeimopusoocytes. ) Wild-type current-voltage relationship curves befof® (

and after W) the application of PCMBS (102M), using the repetitive stimulation protocol (see Materials and Methods). Currents were normalized with
respect to the control current amplitude obtained in the absence of PCMBS at a test poterfiilrol (control current amplitude 128 0.1 uA, n =

4). (B) Current traces recorded for steps fror80 mV to +70 mV before (——) and after-(-) application of PCMBS (10@M). (C) Tail current-voltage
relationship curves in high potassium solution (100 mM) befarednd after M) application of (100uM) PCMBS. The reagent was applied for 2 min

at a holding potential of~80 mV in the absence of stimulation followed by washing. For the construction of tail ci#veotirves, oocytes were held at
—80 mV and subjected to 100-ms prepulses-#0 mV followed by 350-ms test pulses (every 10 s) to evoke tail currents. Tail currents were normalized
with respect to the control amplitude recorded-dt10 mV in the absence of PCMBS (control amplitud26.3+ 1.7 uA, n = 5). (D) Tail current traces
recorded at-110 mV before (——) and after-¢-) application of (100uM) PCMBS. E) Deactivation time constants .. before O) and after W)
application of PCMBS (10@.M) (n = 5). These were obtained by exponential fits to the tail currents using the same experimental data as@ Fig. 2

all graphs in the figure, the mean SEM is shown, and there were no significant differences between the values in the presence and absence of PCMBS
for the graphs shown iA, C, andE.

tivation time constants and for the time course of reactivitybe easier to characterize. As for PCMBS, these reagents had
of PCMBS on tail-current amplitude. Channel opening pemo effect on wild-type currents (Fig. 8,andC). For mutant

se was not required for PCMBS action, while reversal of theS223C, MTSET produced an inhibition 0f12% @ <
effect by DTT confirmed a specific action via binding to 0.05), and this was also reflected in the inhibition of thé
cysteine at 223. curve in a voltage-independent way (FigBh For thimer-
osal applied to this mutant, there was a small increase
in currents (by~10%, p < 0.05) with a corresponding
small increase in th&V curve, again voltage-independent
The effects of PCMBS described above were not large, s@Fig. 6 D).

we have investigated whether other cysteine-binding re- Thus the other cysteine-binding reagents tested (MTSET
agents (methanethiosulfonate ethyltrimethylammoniumand thimerosal) had no greater effect than PCMBS and were
MTSET, and thimerosal) had a greater effect and so mightherefore not examined further. MTSET produced an inhib-

Effects of other cysteine-binding reagents

Biophysical Journal 78(4) 1852-1861
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FIGURE 3 Effect of PCMBS on potassium currents
for wild-type and mutant channels S223C, D225C,
N226C, A230C, and V232C. Oocytes were perfused
with PCMBS (100uM) over the time indicated by the
solid bars, and oocytes were repetitively depolarized by
stepping from a holding potential 6f80 mV to +40

mV for 500 ms every 10 s. Current amplitudes have
been normalized with respect to the value recorded over
the first 2 min of the experiment. Initial values of current
were 19.7+ 3.9 uA, n = 8 (wt), 27.9+ 3.8uA, n =

11 (S223C), 11.7 2.7 uA, n = 5 (D225C), 29.0+ 3.4

1A, n =4 (N226C), 9.7+ 1.3 uA, n = 4 (A230C) and
28.0 £ 1.8 uA, n = 5 (V232C). Insets show typical
current traces recorded during the construction-uf
curves before (——) and after-() the application of
PCMBS, and are for a test potential af70 mV.
Mean = SEM values from 4-11 oocytes for each mu-
tant are shown. The S223C current amplitude was sig-
nificantly reduced by PCMBSp(< 0.05) fort > 2.5
min as compared to wild-type and to initial current
values. PCMBS had no significant effect on the current
amplitude of the other mutants when compared to wild

type.

itory affect, as has generally been observed elsewhere (Largisplayed-V curves similar to those of wild-type channels,

son et al., 1996), while thimerosal produced a small in-although some of the mutants displayed altered time
crease, as has also been seen for other channels (Yao et aburses. Mutation to cysteine of some of the residues pro-
duced kinetic changes; the time courses of inactivation and
deactivation were altered for mutants N226C and D225C,
respectively. These residues may have roles in channel

1997).

DISCUSSION

In the experiments reported here, mutants S223C, D225C, The membrane-impermeable cysteine-binding reagent
N226C, Q228C, A230C, and V232C of the human outwardPCMBS was without effect on wild-type and mutant cur-
rectifier hKv2.1 were studied. Mutant Q228C did not ex- rents, except for mutant S223C, where there was a patrtial
press detectable currents in oocytes, while the other mutanishibition of currents. Furthermore, other cysteine-binding
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FIGURE 4 Effect of PCMBS on potassium currents for mutant S223L0O(cytes were repetitively stimulated by stepping from a holding potential

of —80 mV to +40 mV for 500 ms every 10 s. Stimulation was stopped for a period of 2 min, during which PCMBS.fd®as applied $olid bar

and then stimulation restarted. Current amplitudes were normalized to the value recorded over the first 2 min of the experiment. The initialiirrent v
was 16.3+ 4.2 1A, n = 6. (B) Current-voltage relationship curves befot® énd after ) the application of PCMBS (10@M) from the same experiments

as above. Currents were normalized to the value in the absence of PCMBS at a test poteriti@ino¥ (..,) (current amplitude 15.% 2.8 uA, n =

6). (C) Reversal of inhibition of S223C mutant currents by PCMBS with dithiothreitol (DTT). Oocytes were perfused with PCMBgML0@ashed,

and then DTT (1 mM) (as shown by thars) was applied. Current amplitudes were normalized to the value recorded over the first 2 min of the experiment.
The initial current value was 23.2¢ 2.1 pA. Values shown are the mean SEM.

reagents tested (MTSET and thimerosal) had effects odeactivation time constant was less affected by PCMBS, but
mutant S223C but not on wild type. These results, togethepossibly this could be the result of a secondary effect rather
with the reversal of the effect of PCMBS by DTT, show that than a decrease in accessibility, because the best measure of
the cysteine at residue 223 specifically binds these reagen&cessibility is the time of reactivity with PCMBS.
and that this residue is accessible and hence exposed fromThe decrease in accessibility at depolarized potentials can
the extracellular side. be explained by an expected movement of the negatively
There were voltage-dependent effects of PCMBS when itharged S2 region into the membrane when the cell is
was applied to mutant S223C, which were studied in detaitlepolarized. A possible scenario for this could be local
for tail currents and are summarized in Fig. 5. The timemovement of residue S223 rather than movement as a whole
course of reactivity of PCMBS on tail current amplitudes of the S2 region. However, changes in accessibility could
was faster at more negative potentials. These voltage-dedso come about, for instance, by some local occluding
pendent results for the S223C mutant suggest that thisonformational change of adjacent regions/residues of the
residue is more accessible to the extracellular phase arotein, so exposing or occluding S223 during potential
hyperpolarized potentials. At very negative potentials, thechanges. So for instance, the effect could arise as a side

Biophysical Journal 78(4) 1852-1861
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FIGURE 5 Voltage-dependent effects of PCMBS on mutant S223C channel curi@ntdutant S223C tail currents were produced by repetitive
stimulation at 0.1 Hz. Oocytes (maintained in high potassium solution, 100 mM) were perfused with PCMBBM1@3 shown by the bars, and
tail-current amplitudes were measured-&t00 mV (100 ms) after 100-ms prepulses+d0 mV from holding potentials of-120, —80, —60, and—40

mV. Current amplitudes for S223C were significantly reduced by PCMBS (.05) at all holding potentials as compared to initial current amplitugle. (
Effect of PCMBS on tail-curreritV curves for the S223C mutant channel. Thécurves were obtained befor@)and after @) the application of PCMBS

(100 M) in the same experiments as i) (for a holding potential of-80 mV throughout. Tail currents were normalized to the current value in the absence
of PCMBS (norm) (current amplitude-4.8 = 1.1 uA, n = 3). Values shown are the mean SEM. Current amplitudes were significantly reduced by
PCMBS when compared to the currents in the absence of PCMBS(.05) at test potentials ok —20 mV (pairedt-tests). The inset shows a typical
recording before (——) and after-{) the application of PCMBS at a holding potential 680 mV for a tail-current test potential 6f110 mV. C)
Deactivation time constants .. are plotted against the holding potential at which PCMBS (L&) was applied. Deactivation time constants were
measured for tail currents, using a holding potential-& mV and a test potential 6f 60 mV. Stimulation was then stopped, and PCMBS (100)

was then applied for 2 min at different holding potentialg(), followed by washing for 2 min and then by a further measurement of deactivation time
constant from a holding potential 6f80 mV. Data are plotted as a percentage of the initial value of the time constant before the application of PCMBS.

(D) The time constant of reactivityr( ) of PCMBS is plotted against the holding potential at which PCMBS was applied. The data are from experiments
as in @) above ( = 3-5).

effect of possible movement of the S3-S4 linker, as in thethe extracellular environment, consonant with the proposed
helical screw model (Durell and Guy, 1992). However, suchintramembrane (i.e., inaccessible) location of these residues.
proposed movement of the S3-S4 linker may in fact notFor residues 225 and 226, either they are not critical for
occur, and it could remain fairly stationary (Aggarwal and function (indicating alocal effect of PCMBS on residue
MacKinnon, 1996, Mathur et al., 1997). 223), or they are not accessible to PCMBS (possibly be-
Our results showing a lack of effect of PCMBS on the cause residues 225 and 226 are closer to the membrane than

other residues suggest either that amino acids D225, N22@23, and so might be obstructed by neighboring structures).
A230, and V232 are not accessible to PCMBS or that The effects of PCMBS on mutant S223C were small
binding of the reagent does not affect function. A reasonableompared with the much larger effects seen in studies of the
suggestion is that residues 230 and 232 are not exposed 8% region with this reagent (Yusaf et al., 1996). This partial
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FIGURE 6 Effects of the cysteine-binding reagents MTSET and thimerosal on mutant S223C current amphu@escyes were perfused with
MTSET (200uM) over the time indicated by the solid bar, and cells were repetitively depolarized by stepping from a holding poteridho¥ to +40

mV for 500 ms every 10 s. Current amplitudes were normalized to the value recorded over the first 2 min of the experiment. Initial values of current were
10.3+ 0.8 wA, n = 4 (wt) and 11.5+ 0.7 uA, n = 3 (S223C). S223C current amplitudeé)(was significantly reduced by MTSED (< 0.05) fort >

2 min as compared to wild type and to initial current values. MTSET had no significant effect on the current amplitude for the wild-type #haliBe! (
Current-voltage relationship curves befofe) (and after W) the application of MTSET (20Q.M) from the same experiments as & Currents were
normalized to the value in the absence of MTSET at a test potentialf@f mV (1o (@mplitude 21.9+ 3.5 A, n = 3). (C) Oocytes were perfused

with thimerosal (10QuM) over the time indicated by the solid bar, and cells were repetitively depolarized by stepping from a holding poten8@l of

mV to +40 mV for 500 ms every 10 s. Current amplitudes were normalized to the value recorded over the first 2 min of the experiment. Initial values of
current were 6.5 1.1 uA, n = 5 (wt) and 14.9+ 1.6 uA, n = 6 (S223C). S223C current amplitudé)(was significantly increased by thimerospl<

0.05) fort > 2 min as compared to wild type and to initial current values. MTSET had no significant effect on the current amplitude for the wild-type
channel @). (D) Current-voltage relationship curves befot® @nd after @) the application of thimerosal (1QoM) from the same experiments as above.
Currents were normalized to the value in the absence of thimerosal at a test potentiéd ofV () (current value 21.6= 2.8 uA, n = 6).

inhibition of the S223C mutant channel might suggest thamove back into its resting position faster after hyperpolar-
only a small local conformational change at this residuezation, thus closing the channel faster. This may be relevant
occurs when the membrane potential is changed; in anfo the suggestion that S2 gating charge movement occurs
case, binding of PCMBS does not seem to have inducetiefore S4 movement (Seoh et al., 1996; Cha and Bezanilla,
major structural changes causing a block of channel func1997) for channel opening and presumably vice versa for
tion. Absence of use-dependent block suggests that PCMB&annel closing during deactivation.
binding to the S2 region does not cause open channel block, Our previous work using PCMBS has shown that several
consonant with the location of S2 away from the pore.  contiguous amino acids in the S4 region together become
It is interesting that deactivation was speeded up ratheaccessible upon depolarization, consistent with a model
than slowed by PCMBS. Possibly interference with the SAamong others) of contiguous movement of several amino
region by PCMBS paradoxically may allow the S4 region toacids out of the membrane (Yusaf et al., 1996). This con-
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trasts with the above results, where effects of PCMBS wer@aker, O. S., H. P. Larsson, L. M. Mannuzzu, and E. Y. Isacoff. 1998.

; _ Three transmembrane conformations and sequence-dependent displace-
seen Iocally on residue 5223 but not 0!1 the nearpy extra ment of the S4 domain in Shaker*Kchannel gatingNeuron 20:
cellular residues D225 and N226, which also might be 12831294

expected to move inward toward the S2 region. Previougha, A., and F. Bezanilla. 1997. Characterizing voltage-dependent confor-
work using fluorescent |abe|ing of extracellular S2 cysteine mational changes in th8hakerK ™ channel with fluorescencéleuron.
mutants for theShakerchannel (Cha and Bezanilla, 1997) 191127-1140.

ey hoi, K. L., G. Mossman, J. Aube, and G. Yellen. 1993. The internal
has also indicated local but not global movement of the Sé: quaternary ammonium receptor siteStfakempotassium channelsleu-

residues; significant changes in fluorescence with mem- ron. 10:533-541.
brane potential were found for two residues but not for twopoyle, A. D., J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gulbis, S. L.
other residues nearby. Cha and Bezanilla (1997) found, as Cohen, B. T. Chait, and R. MacKinnon. 1998. The structure of the

. . _ potassium channel: molecular basis of Konduction and selectivity.
we have, that the main effect of cysteine probes was ob- ¢ .\ la280:69-77.

served at mtermedlat_e potentials. Detailed comparison beD—umom' J. N. 1972. Oogenesis Kenopus laevis. J. Morphotl36:
tween equivalent residues Bhakerand hKv2.1 suggests  153-180.

that ShakerT276 corresponds to hKv2.1 N226, and yet Durell, S. R., and H. R. Guy. 1992. Atomic scale structure and functional
there was a voItage-dependent change in fluorescence formodels of voltage-gated potassium channBlsphys. J62:238-247.

1276 in the study of Cha and Bezanilla but no effect for " aIN ™S 0. 1061 85 ange of conducion patways between o
PCMBS in our study for N226. Furthermor8hakerP273 related K- channels Science 251-942—944.

showed no.fluores_cence changes with potential, while th@ioimgren’ M., P. L. Smith, and G. Yellen. 1997. Trapping of organic
corresponding residue S223 in hKv2.1 showed voltage- blockers by closing of voltage-dependent khannelsJ. Gen. Physiol
dependent effects. There are several possible explanations!09:527-535.

; ; nnis, M. A., D. H. Gelfand, J. J. Sninsky, and T. J. White. 1990. PCR
for the differences. First, the fluorescent labels sense local protocols, A Guide to Methods and Applications. Academic Press, New

ized changes in positions of nearby residues, whereas theyqk 177-183.

.StUdieS using PCMBS performed here_ determine accessibikirsch, G. E., C.-C. Shieh, J. A. Drewe, D. F. Vener, and A. M. Brown.
ity. Clearly the movement of surrounding residues could be 1993. Segmental exchanges define 4-aminopyridine binding and the
such that surrounding residues might move, so affectin% inner mouth of K" pores.Neuron 11:503-512.

; ; il arsson, H. P., O. S. Baker, D. S. Dhillon, and E. Y. Isacoff. 1996.
fluorescence but without affecting accessibility of PCMBS, Transmembrane movement of tfehaker K charmel S4 Neuron

and vice versa. Second, the nature of the cysteine-binding 16-:387-397.

probe can affect results; for instance, fluorescent probegman, E. R., P. Hess, F. Weaver, and G. Koren. 1991. Voltage-sensing
with differing charge can produce differing effects at the residues in the S4 region of a mammalian khannel.Nature 353:
same residue (Cha and Bezanilla, 1997). Third, differences 752-756.

. gothetis, D. E., S. Movahedi, C. Slater, K. Lindpaintner, and B. Nadal-
between different channel clones may be more apparererGinard. 1992. Incremental reductions of positive charge within the S4

than real because alignments are uncertain for the noncon-region of a voltage-gated Kchannel result in corresponding decreases
served loop regions; indeed the S1/S2 linker is 12 residues in gating chargeNeuron 8:531-540.
shorter for hKv2.1 than foS8haker. Lopez, G. A., Y. N. Yan, and L. Y. Jan. 1994. Evidence that the S6

. segment of the Shaker voltage-gated ghannel comprises part of the
In summary, our results suggest that some of the readuesloore.m1ture 367-179-182.

located eXtrace”u'arly .to the S2 _reg|on P'aY some f°_'e IMMacKinnon, R., and G. Yellen. 1990. Mutations affecting TEA blockade
channel gating. In particular, residue S223 is accessible to and ion permeation in voltage-activated” kchannels.Science.250:

PCMBS at normal resting potentials and therefore must be 276-279.

exposed to the extracellular phase. Nearby residues were ngnnuzzu, L. M., M. M. Moronne, and E. Y. Isacoff. 1996. Direct physical
ilable to PCMBS. U d larizati idue 223 b measure of conformational rearrangement underlying potassium channel
available to . Upon depolarization, residue €- gating. Science271:213-216.

comes less accessible, probably as a result of a local inwaigayr ., J. Zheng, Y. Yan, and F. J. Sigworth. 1997. Role of the S3-S4
movement rather than a simple movement en bloc of the linker in Shakerpotassium channel activatiod. Gen. Physiol.109:

negatively charged S2 region into the membrane. 191-199.
Papazian, D. M., X. M. Shao, S.-A. Seoh, A. F. Mock, Y. Huang, and D. H.
Wainstock. 1995. Electrostatic interactions of S4 voltage sensor in the
We thank the Wellcome Trust for support and Prof. O. Pongs for the ShakerkK™ channelNeuron.14:1293-1301.
hKv2.1 clone and mutants A230C and N226C. Papazian, D. M., L. C. Timpe, Y. N. Jan, and L. N. Jan. 1991. Alteration
of voltage-dependence &hakemotassium channel by mutations in the
S4 sequenceNature 349:305-310.
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