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Abstract Voltage-gated ion channels contain a pesiti this task by opening and closing (gating) their channel
ly chaged transmembrane ggaent termed S4. Recenpores in response to changes in the transmembrane po-
evidence suggests that depolarisation of the membraemetial. The mechanism by which theense the oltage
potential causes this gment to undeyo conformational changes and trigger the opening of tharmel pore is
changes that, in turn, lead to the opening of the channel completely understood. According to the early hy-
pore. In order to defe these conformational changes ipothesis, put forard by Hodgkin and Huxie[5], volt-
structural terms, we ka introduced singleysteine sub- age-gated ion channels contain intrinsic glear referred
stitutions into the S4 genent of the prototypicadhaker to as gating chaes, that mee across the membrane up-
K+ channel at arious positions andx@ressed the mu-on depolarisation. Molecular cloning folled by the se-
tants inXenopus oogytes. The cells were depolarised tquencing of these channels has indesdaked the pres-
induce K currents and the fefct of application of ence of positiely chaged residues (gmine/lysine) in a
100 uM parachloromercuribenzenesulphonate (PCMBSpnall stretch of sequence, referred to as the §heat

on these currents a8 &amined by the te-electrode (Fig. 1). This sequence is highly consedvamong all
voltage-clamp technique. PCMBS inhibited Burrents members of this supexniily, and has been proposed to
elicited by mutants L358C, L361C, V363C and L366@averse the membrane. Mutation studieseheonfrmed

but not those by V367C and S376C. Since PCMBS ighat these posite chages are responsible for thelts
membrane-impermeablg/steine-modifying reagent, theage-sensing mechanism [9, 10, 12, 15-17E Teplace-
data suggest that depolarisation mustetmaused the S4ment, one at a time, of these residues by neutral amino
sgment to mee out of the lipid bilayer into thex¢éra- acids produced lge shifts in the eltage dependence of
cellular phase rendering the residues at positions 3&8tvation; the obserd shifts could gnerally be corre-
361, 363 and 366 sugutéble to PCMBS attack. The lacklated with the channed’overall gating \alence [10].

of effect of PCMBS on V367C suggests that thgae The proposed m@ment of gating chges across the
sure of S4 terminates at L366. Detailed analysis toAnsmembraneidld has been tested by measuring cur-
L361C mutant reealed that the S4 nsement can occur rents carried by these clgas (for reiews see [1, 16]).
even belav the resting potential of the cell &which po- The measurement of these currents, referred to as gating
tential \oltage-gated Kchannels are normally in a non<currents, vas carried out on nag as well as cloned

conducting closed state. channels by abolishing ionic currents using channel

) ) blockers. Mutant channels thatJealost their ion con-
Key words Potassium channel olfage gating - duction property bt retained their gating property yea
Cysteine mutagenesis - Cysteine miodifon - been used to measure gating currents [13]. From these
S4 maement Shaker measurements, itas suggested that from 12 up to 16 el-

ementary chaes per channel molecule weoacross the
. transmembranadid [14, 16, 22]. Assuming thanost of
Introduction the gating current as carried by the posigly chaged
residues of the S4 gment, it vas suggested that depol-
arisation of the membrane caused the physicalement
of the S4 sgment to the xracellular phase [3]. Muta-
tion of these positely chaged residues to neutral resi-
S.P Yusaf - D. Wray - A. Seprasadarao(()) dues has indeed caused a dase in the gating current

Department of Pharacology University of Leeds, Leeds, (10, 15]. Evidence in supppof the S4 meement has
LS2 9JT UK only recently been presented [8, 11, 21]wéeer, the

Voltage-gated Na K*and C&* channels play a central
role in the propagation of electrical signals kcieable
cells, such as neevand muscle [2, 4, 16].Hey perform
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extent of myement has not been acately deined (see
Discussion). By introducingysteines at arious posi-
tions within the S4 ggment of theShaker potassium
channel and»amining their accessibility to pachloro-
mercuribenzenesulphonate (PCMBS), a reagent whicHoUT
reacts with gsteines present in the aqueousiemment ‘
only [20], we not only comfm that, in response to depol
arisation, S4 mees out of the membrane bilaydaut
also demonstrate that the wement stops once L366
reaches thextracellular phase. This auld correspond
to the outward meement of at least six amino aciesr-
dues. Our data also skahat the S4 meement occurs
even at hyperpolarising potentials, as gatve as
-120mV.

Fig. 1 Proposed transmembrane topploof the Shaker K+ chan-
nel shaving positions of the cysteine substitutionsieTsingle-let
) ter amino-acid code is useand hydrophobic ggnents S1-S6 ar
Molecular biolagy shown in boxes as transmembrane domains connectgchydro-
philic loops. The pore lining H5 segment lies be®@n S5 and S6.

The A(N6-46)ShB1 cDM was subcloned into pKS Bluegur Amino acid esidues representing the position of the cysteine mu-
(Stratagene). Site-dicted mutagenesis was performed using thStions are shen in bold

method of Kinkel et al. [7]. All the nutant clones were sequenced
in a rggion of 200—-300 basesamd the site of the pnary muta-
tion and did not contain aéional mutations. cRM was tran- gnd L361 (near the outer membrane boundarghalker

scribed for the wild-type andof each of the mutants using T7, - - -
RNA polymerase (MEGAsqpt, Ambion), after linedsation of K* channel with gsteines (see Fid.) and epressed the

the templée DNA with Hindlll. PCMBS (100uM, Na.salt, Sig Mmutants inXenopus oogytes by injecting the correspond-
ma) was prepared in Frog Ringsrsolution. ing cRNA transcripts. The ogtes were depolarised by
stepping to +40nV from a holding potential of -8V

to evoke Kt currents, which were measured by the+tw
electrode wltage-clamp method. While repeatedly puls-
Dumont stge-V or stge-VI Xenopus oogytes were injected with ing to this potential, we superfused the cell with PCMBS
50 nl of nutant or wild-type cRR (15-25ng) and maintainedta and measured the currents continuouslyis reagent is
YAy "&%dﬁfngBaétgg ;"&“‘%‘gg%m'\g 3’%""%','\/'1{:“2{',\]8" very hydrophilic and membrane impermeable and has
0.41mM CaCl, 7.5mM Tris-HCI, pH7.6, 10, 000/l penicilin, P€€N shan to react with gsteines located in an aqueous
100 mg/l streptomycin]. After 1-2 da, membrane currents were€fvironment only [20]. The rationale is that if depolari-
recorded at room temperature (22-25°C) using two-eléetwlt-  sation drves the S4 ggment out of the lipid bilayer into
235623?1%](652%55522're'?ﬁ(ggvl/?tshugn&ntlf)cﬁgn‘g/g)suizltgr?c%s the etracellular (aqueous) phase of the cell, then the en
were 1-3MQ and 1-1.5MQ for the wltage and current elec-gmeered. ysteines of the mgtant channels mayveout .
trodes respeatély. Oogtes were held in a 50+ chamber and Of the bilayer and react with PCMBS. Such a reaction
were continually superfused (@l/min) with Frog Ringers solu- would be @&pected to lead to changes in the functional
tion (115mM NaCl, 2mM KCl, 1.8mM CaCl, 10mM HEPES, properties of the channel by interfering with the confor-

pH 7.2). Membane potential was held at -8/ and 200-ms test : ; PO
depolarisations were applied in 10-mV ieorents at an inteay of mational changes required for the normal functioning of

10's in order to consiict current/altage (/V) relationships. A se the channel. ) )
ries of 20 hyperpolarising steps of &0/ were also applied to-al ~ The results in Fig2 shav that while the wild-type
low leak subtaction. Daa were iitered at 2kHz and sampledta and S351C mutant channels were tezttEd by PCMBS,

3 kHz_using CED software and a CED 140l.interface. Leak ami currents gpressed by L358C and L361C were inhib-

capacitance #efacts were rem@d by subtractingweraged leak ited b PCMBS Si the Shak h |

subtraction traces from the current traces. e y - 'n(_;e € er ~channe 3
A(N6-46)ShB1, used in this study lacks the N-terminal

“ball” domain [6], the obsesed inhibition is not contam

Materials and methods

Electrophysiology

Results inated by the N-type inaettion. S351 has been pro-
posed to bedr from the outemembrane border in the

Residue L361 is)@osed to thexgracellular phase extracellular phase of the cell [3].h& lack of efiect of

upon depolarisation PCMBS on S351C suggests that its miodiion does

not perturb the structure of the proteinfsi€nt to in-
Residues 359 to 381 vmbeen predicted to constitutehibit the channel adtity or, alternatvely, the substituted
the S4 transmembranegseent of theShaker K+ channel cysteine may beusied in the tetrameric structure of the
[3] (Fig. 1). In order to imestigate if this sgment mees channel and hence be inacceksito PCMBS. L358 is
out of the bilayer into thexéracellular phase during de-predicted to lie just outside the lykr in the &tracellu-
polarisation, we hee first replaced residues S351, L358r phase. Itsysteine mutant, L358C, as only partially
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C membrane potential. df this, oogtes epressing the
L361C mutant channels were held atious holding po-
1.0 g . tentials in the absence ofyatest pulses and treated with
0.8 §351C wio-tyre - PCMBS. Excess PCMBS ag washed way to preent

the reaction of theysteine residue with PCMBS during
the subsequent depolarising steps required to measure
the remaining channel acitly (see Fig.3 legend for de-
tails of protocol).I/V relationships determined before
and after the PCMBS treatment, shoin Fig. 3a, indi-
cate that the magnitude of inhibition by PCMBS strongly
T depended on theoltage at which PCMBS had been ap-
Time (min) plied. At a holding potential of =140V, at which the
channels arexpected to be fully in their closed state, the
Fig. 2a—c Effect of PCMBS on K currents gpressed by ¥s- inhibition was minimal. As the membrane potential was

teine-substitutedshaker mutants S351C, L358C and L361@. ; Qi i i i
Time course of K currents recorded fakN(6—46)ShB1 and o changed in the depolarising direction, a proguessi

tants S351C, L358C and L361C thg woltage-clamp depolarisat- €r€@se in inhibition by PCMBS as obsered. The data
ions from a holding potentiaV() of ~-80mV to a test potential of Strongly suggest that the residue at position 36vemo
+40mV taken during perfusion of oocytes withog Ringers so- from the solent-inaccessible membranevennment in-
lution. Mutant L358C had a sker actvation rate when compared tg the etracellular phase during depolarisation. The data

to the wild-type b Time course of K currents from Y = -80mV .
to a test dgolarisation of +40mV after superfusion of the sameaISO suggest that L361 wes &en belov the resting po-

oog/tes with 100uM PCMBS for 12 min. ¢ Effect of aplication tential of the cell, twhich wltage-gated Kchannels are
of PCMBS on K currents, goked by depolarisation, iXenopus normally in a closed state, although gating transitions oc-

oogytes expressingAN(6-46)ShB1 ¢ ) and mutant S351CL), cur [1, 13, 14]. The inhibition of L361C mutant in F&y.

L358C () and L361C %) channels. Oodes were superfused ; .
with Frog Ringers solution containing 100M PCMBS over the could thus be>epla|ned by thedct that, at —8nV, the

time indicded by thesolid line. Cells were repeatedly depolariseySteine at position 361 isxgosed, bt the rate of xpo-

by stepping to +40nV for 500 ms from a holding potential of sure is enhanced by the depolarising steps, thereby lead-

—-80mV every 10s. For each oogte, current amplitudesese nor- ing to a rapid decline in the current.

malised with espect to thealue measwd over the 1stin of the In the abwe-described xeriment, during the 2-min

recording. Meanalues for 5-6 oggdes for each mutant are strc exposure to PCMBS all, or a proportion, of the atiéd
channels must e reacted with PCMBS and become
non-functional. The dgee of inhibition by PCMBS may

inhibited by PCMBS, een after a long application. Thebe talen as being proportional to the fraction of channels

partial inhibition may be due to its location at the outeaictivated during the 2-minx@osure period. From a plot

membrane border of percentage inhibition against membrane potential

The efect of PCMBS on L361C, on the other handFig. 3b), the potential\{; 5 at which 50% of the chan-

was quite profound. The mutantas rapidly and com- nels were inhibited as calculated to be —10%V. As-

pletely inhibited by PCMBS, suggesting that under tls&iming that the modifation of one of the four S4 ge

experimental conditions, i.eat —-80mV or during the ments of a channel is gidient to inhibit its function, the

500-ms depolarising test pulses, theésidue vas present data suggest that, at —106i%/, at least one S4 gment of

in the etracellular emironment. In order to test whethe50% of the channels mustJyeamoved outward during

this residue isxposed at -8V or only during the de- the 2-min period of PCMBS application.

polarising test pulses, we \efurther xkamined the ef- To establish that the obsewd PCMBS d&ct on

fect of PCMBS on the L361C mutant as a function &861C is not due to its interaction with the channel at
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sites other than theysteine at position 361, wérdt in-
1001 hibited the L361C mutant by treating with PCMBS at
+40 mV as abwe, and then superfused the cell with
1 mM dithiothreitol (DTT). DTT should neerse the déct
/f of PCMBS by reducing the PCMBS-madidl ¢/steine to
cysteine. In &ct this vas found to be the case: DTT rapid-
ly and fully restored the function of the channel (Hip.
DTT shaved no efect on either the PCMBS-treated or -
untreated wild-type channel (data notwh

\
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0+—F———7——71—1——1r——7—1—1 The &posure of S4 terminates at L366
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Holding Potential (mV) In order to detanine hav far the S4 sgment mees in-
) o to the etracellular phasewe mutated otheresidues of
Fig. 3a,b Dependence of inhibition of L361Ghaker mutant K S4, devnstream to L361, to cysteines angamined

currents by PCMBS on theoltage at which PCMBS was applied..; . . .
a Currentholtage (/V) cunes taken for mutant L361C e o) their accessibility to the extracellularly applied PCMBS

and after ¢ ) application of PCMBS tathe indicated holding po at depolarising test (+4@V) pulses. W avoided mutat-
tentials. Oogtes epressing mutant L361C ere perfused with ing the chaged residues since gumious studies [9, 12]
Frog Ringers solution and/V curves were obtainedybapplying  haye shavn that neutralisation of thesesidues resulted

200-ms test dmlarisations in 10-mV inements, eery 10s, from . . . -
a holding potential of -80m\T'he cells vere then held &the indi- in large shifts in the eitage dependence of atiion

cated holding potentials (either —140, —120, —100, —80, —40Which might be due to stctural perturbations. &gen-
0 mV) initially for 2 min in the &sence of PCMBSand then in
the presence of PCMBS (1QM) for a further 2min (perfusion
rate= 2 ml/min). Unreacted PCMBS was remed by washing the
cells with Fog Ringers solution 6r 2min at the same holding po fore and after thepplication of PCMBSThe data werdtfed by a
tential. No test pulseseare applied duing these pplications.l/V least-squaas method with the Boltzmann edoa,
curves were then taken again from a holding potential ofm80 P, = P, /{1+exp[-z (V,~V,)/KT]}, where P, is the faction of
All 1/V curves hae been nomalised to the cuent \alue at channels open (assumed equal t0% inhibiti®l),, is the maxi
+40 mV (I,om) for each holding potential and émcure is the mal inhibition, V,, the holding potentialy, the potential ér half-
mean +SEM of 5-6 oocyteb. Percentage inhibitionjpPCMBS maximal actation, k is the Boltzmann constant,is the absolute
as a function of eltage at which PCMBS was applied. Percentagemperature and is the efective chage maed across the width
inhibition was calculeed from the cuent at a test potential of of the membane. The measured parameters wéye —107 mV
+40mV (from abwe data) by taking the dérences in alues be- andz=1.41
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AL INS erated mutants V363C, L366C, V367C, S376C and
G386C andifst examined theid/V relationships. None
of these mutants sheed ary significant diferences in
their 1/V relationships fom thel/V relationship of the
wild-type dhannel (data not shm). We then tested the
effect of etracellular gplication of PCMBS on these
mutants, actiated by repeated pulsing to +40v/ from
a holding potential of —80mV. While V363C and
L366C mutants were inhibited completeho efect was

100 uM PCMBS

norm

Fig. 5a—c Effect of PCMBS on K currents gpressed by ys-
teine-substitutedshaker mutants V363C, L366C, V367C, S376C
and G386C. Mese gperiments wre carried out using @tocols
described in Fig2. a Time course of K currents recorded for
AN(6-46)ShB1 and otants V363C, L366C, V367C, S376C and
G386C during wltage-clamp depolarisations from a holding po
PCMBS T.I WASH.‘ pTT tential () of —-80mV to a test potential of +4@V taken during
ime (mins) perfusion of oocytes withrBg Ringers solution. A single oocyte

. R ... was useddr each channeb Time course of K currents from
Fig. 4 Reversal of inhibition of L361C mtant by PCMBS with /'~ _gqmy 10 a test deolarisation of +4anV after superfusion

dithiothreitol (DTT). Oog/tes expressing mutant L361Cere held oP the same 00G ; :

ytes with 1Q0 PCMBS for 12min. c Effect of
at —80mv afnd séepptﬁdptg'\;g(hsv £epeatedly el 102' t(r?og/tgs%T application of PCMBS on Kcurrents, goked by depolarisation,
Were SUperfusec wi (1@04), washed, and then in Xenopus oogytes epressingAN(6—46)ShB1 %) and mutant

(1 mM) was applied as shm by thesolid line. The mean +SEM

current (nomalised to an initial @lue of 1.0 &t = 0) is shevn for IE%%%% (;))’c\rggﬁgs@())'&geess\(/:ve(:e)'stjlsgégsgd)'wsit?rgCR(irzgaer:g

4 oogtes.Inset: typical traces a shovn before and after Biin of 5. tion " containing 106M PCMBS wver the time indiceed by

superfusion with PCMBS and aftenin of DTT superfusio the solid line. Cells were repeatedly depolarised by stepping to
+40 mV for 500 ms from a holding potential of —-8@V every
10s. For each oogte, current amplitudesere normalised withe-
spect to the alue measwd oer the 1stmin of the ecording.
Mean \alues for 5—6 oodes for each mutant are strc

a b
BEFORE AFTER
+40mV +40mV|
-80mV -80mV
vse7C N
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WILD-TYPE * N WILDTYPE
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G386C } :82’5?8
- — “~L3e6C

. PCMBS_
Time (min)
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obsened with V367C, S376C and G386Cutants in our hands, uniformly inhibited the current amplitudes
(Fig.5). of all mutant channels whichxposed their engineered
Figure 5 also shwes that the rate of inhibition bycysteine residues, irrespaaiof the nature of the residue
PCMBS depended on the position of the engineeysd cmutated. PCMBS thus appears to be a more sensiti
teine in the mutant. L361C Xponential time constant,dicator of gsteine moditation, and hence of confor-
T = 0.65+£0.04min, n = 5 oogytes) was inhibited about mational changes, than MTSE®Our results obtained
twice as &st as V363Ct1(= 1.43+0.03min, n = 5) and with this reagent can be summarised as ¥adlo
five times fster than L366Ct(= 3.08+0.05min, n = 5). Firstly, our data demonstrated that L361 remaims b
Thus it appears that the further thesteine within the bi- ied within the membrane bilayer only atry negative
layer is from the outemembrane bordethe slever was potentials, that is belo —140mV, and that a small de-
the inhibition. polarisation from this potential is $idient to trigger its
movement into the »dracellular phase (Fig3). This
means that at the resting potential of the cell, consider
Discussion able m@ement of this residue occurs between the mem-
brane and thext¢racellular emironments. Larsson et al.
By studying the accessibility ofysteine residues intro-[8] have found that, at —100nV, residue 362 reacted
duced at srious positions along the S4ggrent ofShak-  (partially) with MTSET and that thexdent of inhibition
er K+ channel to thexracellularly applied PCMBS, aincreased at more depolarised potentials.yTéssumed
reagent that sped@ifally reacts with gsteines in a sol- that at —100mV no moasement had occurred, and there-
vent-accessible @ironment, we hee demonstrated thatfore postulated that residue 362 lies within avioe,
a section of the S4 gment, comprising residueswhich restricts free access to the reagentvéver, there
L361-L366, mees into the etracellular phase upon de-s no &idence for the assumption that novament oc-
polarisation. curs at —100nV. On the contrarytheir data and ours can
PCMBS, upon reaction withysteine, cowerts it to a be interpreted to skothat there is maeement of residue
relatively lamge, ngatively chaged mercuribenzenesul-362 even at —100mV. Our data for the nearby residue
phonate—gsteine conjugate. This changewid be & 361 shavs (Fig. 3) that by hyperpolarising up to
pected to alter the migervironment surrounding the—140mV, reaction with PCMBS is almost totalinhibit-
cysteine residue in terms oblme as well as electro-ed, in contrast to 50% inhibition at —160/. This males
static interactions. If the nature of the micreieonment it clear that the meement of residue 361 occurgea at
surrounding the ysteine is critical for the functional-100mV, ruling out a theory based on eiees.
properties of the channel, then oneould epect Secondly our data (Fig5) clearly demonstrate that
PCMBS to hae major consequences on the functionaysteine substitution of L361, V363 and L366t mot
properties of the channel. Aspected, the é&ct of V367, of the S4 ggment, renders the channel susceptible
PCMBS proed to be quite dramatic in that it rapidly into extracellularly added PCMBS upon depolarisation,
hibited the K currents (Figs. 2, 3 and 5). Thdesft was suggesting that L366 represents the last residue of S4
specifc with no irreversible structural damage done tevhich is posed. Knwing that L361 is embedded with-
the channel, as demonstrated by thet fthat DTT re- in the bilayer in the closed state of the channel (8)g.
versed the PCMBS &ct (Fig.4). this represents thexposure of at least six residues, in-
Larsson et al. [8] hee very recently used a similarcluding two aginines, to the outer phaserevious stud-
stratgy to study the meement of S4, it have used ies [8, 11] hae not conclusiely established thex¢ent of
methanethiosulphonate-ethyltrimethylammonium S4 maement out of the bilayer
(MTSET) reagent as a probe. Reaction of aposed Thirdly, the data in Fig3 suggest that the mement
cysteine with MTSET resulted in a shift in th& curve of S4 can occur ven belov the resting potential
of some of the mutants studied, the nature andxtemne (—80 mV) of the membrane, at whiclolage-gated K
of which depended on the residue thatswchanged to channels are in a closed state. Indeed, although small,
cysteine. By measuring such changes, Larsson et al.rf@asurable gating currentsvieebeen reported to occur
determined whether or not gsteine residue as sus- at very negative potentials for theShaker K+ channel
ceptible to moditation by MTSET MTSET is a small [18]. However, it is not clear whether these potentials
positively chaiged reagent which on reaction withys€ provide suficient enegy to drive the S4 sgment up to
teine cowerts it to an aginine-like moeity Thus if the its maximal limit, i.e. up to L366, or a partial rement
substitution of an ajfinine residue by aysteine causes aoccurs with only the outermost residues beirgosed.
change in thd/V relationship, MTSET treatmentould Our obsergtion that gsteines introduced near the outer
be expected to restore the wild-type relationship. This imembrane boundary (position 361) are more readily in-
deed vas the case with the R365C mutant studied hibited by PCMBS than those (positions 363 and 366)
Larsson et al. [8]. If a residue is highly tolerant to chanfyirther davn within the bilayer (Fig5) suggests that the
es, then neitherysteine substitution nor its subsequetdatter might be the mer likely possibility This partial
modification would be &pected to alter the pperties of movement might eplain why gating currents can be
the channel. Thus somgsteine moditations might es- measured it no ionic currents can be obsedvat \ery
cape detection. In contrast to MTSHibvever, PCMBS, negyative potentials. W cannot, hwever, rule out the
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possibility that outermost residues of S4 are more readify Hille B (1992) lonic iannels of citable membranes. Sinau

i i er, Sunderland, Mass.
?gacsegrsllsble to PCMBS than thosetfier davn, for stearic 5. Hodgkin AL, Huxley AF (1952) A quantiteve description of

. . . membrane current and itpglication to conduction and exci-
An alternatve explanation for the obseation that S4 tation in neve. J Physiol (Lond) 117:500-544

sgments mge at more ngative potentials than the 6.Hoshi T Zagotta WN, Aldrich RV (1990) Biophysical and

channel openings auld be connected with the tamer- molecular mekanisms ofShaker potassium bannel inactia-
i i tion. Science 250:533-538
ic structure of the channel, containing four Sgrsents. '\ 5 TA, Roberts JD, Zakour RA (1987) Bidl and eficient

At more ngatve potentials, the probability that the S4 " sjte_directed mutagenesis without phenotypic selection. Meth
segments of all four sulnits moe outwards at ay one ods Enzymol 154:367-382

time would be less than that at depolarising potential$. Larsson HPBaker OS, Dhillon DSIsacof EY (1996) Tans-

Thus, if we assume that all four S4gseents must me Te‘?gngb;fg&mmem of theShaker K* channel S4. Neon
outwards in order for the channel to open, it falothat g |iman ER, Hess PVeaver F Koren G (1991) Wltage-sensing
S4 maement vould be obserd at more rgative poten- residues in the S4gion of a mammalian Kchannel. Neure
tials than channel opening. 353:752-756

Two major conclusions can be dma from this study 10- Logothetis DE, Mouhedi S, Slater C, Lindpaintner K, Nadal-

. . g . Ginard B (1992) In@mental reduction of posig chage
Firstly, in Shaker K+ channels, depolarisation results in e Sa egion of a wltage-gated K channel esult in

the outvard maement of S4 up to L366gpresenting  corresponding deeases in gating chge. Neuron 8:531-540
the exposure of a minimum of six residues out of the bi41. Mannuzzu LM, Moonne MM, IsacdfEY (1996) Direct phys-
layer Secondlythe S4 maement occursven belov the ical measue of conbrmational rearrangement untjemg po-

p : : - tassium channel gating. Science 271:213-216
resting potential of the cellt avhich wltage-gated K 12. Papazian DM, Tmpe LC, &n YN, Jan LN (1991) Altattion
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