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Voltage-gated potassium channels are six-transmembrane

(S1–S6) proteins that form a central pore domain (4� S5–

S6) surrounded by four voltage sensor domains (S1–S4),

which detect changes in membrane voltage and control

pore opening. Upon depolarization, the S4 segments move

outward carrying charged residues across the membrane

field, thereby leading to the opening of the pore. The

mechanism of S4 motion is controversial. We have inves-

tigated how S4 moves relative to the pore domain in the

prototypical Shaker potassium channel. We introduced

pairs of cysteines, one in S4 and the other in S5, and

examined proximity changes between each pair of cy-

steines during activation, using Cd2þ and copper-phenan-

throline, which crosslink the cysteines with metal and

disulphide bridges, respectively. Modelling of the results

suggests a novel mechanism: in the resting state, the top of

the S3b–S4 voltage sensor paddle lies close to the top of S5

of the adjacent subunit, but moves towards the top of S5 of

its own subunit during depolarization—this motion is

accompanied by a reorientation of S4 charges to the

extracellular phase.
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Introduction

Voltage-gated potassium (Kv) channels play critical roles in a

wide range of physiological processes, including propagation

of electrical signals by nerve cells, muscle contraction, cell

volume regulation and secretion of hormones and neuro-

transmitters (Hille, 2001; Yellen, 2002). They have a central

pore domain, which is surrounded by four voltage sensor

domains. The pore contains a gate, which is closed at the

resting potential of the cell, but opens when the cell mem-

brane is depolarized (Sigworth, 1994; Bezanilla, 2000; Hille,

2001; Yellen, 2002). The response of the gate to voltage is

mediated by the voltage sensors, which undergo structural

rearrangements during voltage changes.

Kv channels comprise four subunits of six-transmembrane

(S1–S6) proteins. They assemble to form a central pore

domain (made from S5–S6) surrounded by four voltage

sensor domains. Each voltage sensor comprises S1–S4, of

which the S4 helix is the principal component, which con-

tains 6–7 positively charged residues, the first four (argi-

nines) of which move through the membrane electric field in

response to changes in membrane voltage (Bezanilla, 2000;

Hille, 2001; Yellen, 2002). The S4 charges move outward

during depolarization and inward during hyperpolarization,

leading to the opening and closing of the pore gates, respec-

tively. Evidence for S4 movement came from experiments

involving cysteine modification reagents (Larsson et al, 1996;

Yusaf et al, 1996; Baker et al, 1998; Wang et al, 1999) and

channels tagged with fluorescent probes (Baker et al, 1998)

and biotin groups (Jiang et al, 2003b). In addition, histidines

substituted for the charged positions within S4 transport

protons across the membrane (Starace et al, 1997).

The nature of S4 motion, however, is not clear. Earlier

models envisaged that S4 moves along a path between the

pore domain and the surrounding S1–S3 helices and that the

motion involves a helical screw rotation (Durell et al, 1998;

Glauner et al, 1999) or a twist and tilt (Cha et al, 1999;

Bezanilla, 2000). However, the recent landmark publication

of the X-ray structure of KvAP (Jiang et al, 2003a), an

archaebacterial homologue of eukaryotic Kv channels, ques-

tioned these models. The structure indicated that S4 is not

within the protein core; rather, it is located at the outer

perimeter of the protein, where together with the C-terminal

half of S3, S3b, it forms what was termed the ‘voltage sensor

paddle’. Based on the structure and binding of avidin to a

biotin moiety tethered to S4 positions of KvAP, MacKinnon’s

group suggested that the paddles lie near the intracellular

side of the channel in the closed state and that during

depolarization they move towards the extracellular phase

through the surrounding lipid (Jiang et al, 2003b). This

model seems consistent with the structure of KvAP in its

state as a complex with the Fab fragments (which were used

to restrict S4 motion during crystallization). However, several

other studies on eukaryotic channels are inconsistent with

this model (Broomand et al, 2003; Cohen et al, 2003; Gandhi

et al, 2003; Laine et al, 2003; Ahern and Horn, 2004b). It is

now believed that the detergent and/or the Fab fragments

used during crystallization might have distorted the channel

structure and, consequently, the proposed mechanism needs

reappraisal. Although variations of the original helical screw

(Ahern and Horn, 2004a) and twist and tilt (Starace and

Bezanilla, 2004) models have more recently been published,

the three-dimensional structural features of the channel have

not been taken into account. In addition, there are no clear

data underpinning the resting and activated positions of
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S4 relative to the rest of the protein. Consequently, the

structural basis for the motion of the voltage sensor still

remains unclear.

Here, we have investigated changes in the relative dis-

tances between several positions in S4 of the sensor domain

and S5 of the pore domain at the extracellular end of the

prototypical Shaker channel using engineered metal and

disulphide bridge approaches (Liu et al, 1996; Broomand

et al, 2003; Laine et al, 2003; Neale et al, 2003). These studies

were carried out on channels held in their resting and

activated states in an attempt to obtain information on the

conformation of S4 in the closed and open states of the

channel. The results show that the extracellular end of S4 is

close to the top of S5 of the adjacent subunit in the resting

state, but to the top of S5 of its own subunit in the activated

state. Based on these constraints and homology modelling,

we propose a mechanism whereby, during depolarization, the

S3b–S4 voltage sensor paddle flips across the intersubunit

interface, from a resting position in which the tip of the

paddle is in contact with the pore subdomain of the adjacent

subunit, to an activated position in which it becomes close to

the pore subdomain of its own subunit. The proposed motion

is different from all previous models, but accounts for the

majority of the published structure–function data.

Results

Rationale of the approach to determine the proximity

of S4 to the pore domain

To investigate the position of S4 relative to the pore domain,

we have introduced a cysteine at position 418 just outside of

S5 in the pore domain and paired it with a second cysteine

substituted at one of several positions (358–361) in S4 or the

end of the S3–S4 loop of the Shaker channel (Figure 1E). The

mutant channels were expressed in Xenopus oocytes and

the effect of extracellular application of Cd2þ ions (100 mM)

or copper (II)-phenanthroline (Cu-Phe) on the properties of

the channel was studied by two-electrode voltage clamp. The

rationale is that if cysteines in any given pair are sufficiently

close to each other, their sulphur atoms would be crosslinked

by the Cd2þ ions, which would form a metal bridge (S–Cd–

S), or by a covalent disulphide (S–S) bond induced by the Cu-

Phe reagent. These crosslinking events could be detected by

monitoring changes in the functional properties of the chan-

Figure 1 Effects of Cd2þ on Kþ currents through single and double cysteine mutant channels. (A) Normalized G–V relationships calculated
from peak currents recorded during depolarization to between �80 and 80 mV in 10 mV increments from a holding potential (h.p.) of �80 mV,
before (J) and after (K) exposure to 100mM Cd2þ ; interpulse interval was 20 s. The smooth curves correspond to data fitted to the Boltzmann
function; n¼ 4. (B, C) Channel activation. Representative current traces for the indicated double (B) and single (C) mutant channels, before
(black) and after (grey) exposure to 100 mM Cd2þ , recorded at a potential where the probability of channel opening is maximal, from an h.p. of
�80 mV; interpulse interval was 20s; the insets show the time and current scale. (D) Dose–response curve for Cd2þ -induced inhibition of the
L361C–E418C mutant channel currents from which the EC50 value was calculated; n¼ 4. (E) Structural models of the voltage sensor and the
pore domain, based on KvAP and KcsA respectively; residues mutated are labelled.
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nel. By determining the state dependence of crosslinking, we

expected to be able to identify which of the four S4 residues

(358–361) tested are close to position 418 of the pore domain

in the resting state, and which are close in the activated state.

From the results, we hoped to infer the nature of S4 motion

during channel gating.

Several S4 residues are close to the top of S5

Figure 1A and B shows that application of Cd2þ during

depolarizing pulses inhibits Kþ currents through the

L358C–E418C, I360C–E418C and L361C–E418C double mu-

tant channels; the effects seen with the A359C–E418C mutant

channels were similar to those recorded from the A359C

single S4 mutant channel. We suggest that the inhibition is

caused by the ability of Cd2þ to form a metal bridge between

cysteines at positions 358, 360 and 361 of S4 and the cysteine

at 418 of the pore domain. Several control experiments

support this conclusion: first, none of the corresponding

single mutant channels (Figure 1C) or the wild-type channels

(data not shown) were affected by Cd2þ ; this eliminates the

possibility that the engineered single cysteines were able to

form metal bridges with native residues. Second, when the

418C mutation was combined with a second cysteine at other

nearby positions including 351 (present in S3–S4 loop;

Figure 1B), or at a downstream S4 position (363–366),

Cd2þ had no effect (data not shown), even though cysteines

in these double mutants would be accessible to extracellu-

larly applied Cd2þ during gating. These data suggest that

positions 358, 360 and 361 of S4 can be spatially close to

position 418 of the pore domain.

Further studies focused on L361C–E418C for the following

reasons: first, this mutant showed a robust effect; second,

position 361 is within the S4 helix and is known to move

out of the membrane field during gating; finally, unlike the

positions of the S3–S4 loop of the Shaker channel, the

equivalent of position 361 in the KvAP crystal structure is

clear. From the concentration dependence of the Cd2þ effect

(Figure 1D), we have estimated an EC50 value of

54.474.4 mM for the L361C–E418C mutant channel. This

value is higher than that reported for other pairs of cysteines

in this region including S357C–E418C (Neale et al, 2003) and

R362C–A419C (Laine et al, 2003). However, a number of

factors could account for the relatively low affinity: first, the

electrostatic potential around C361 would be considerably

less favourable for Cd2þ binding due to the presence of a

nearby positive charge at 362. Second, orientation of C361

relative to C418, and its pKa, may be different from that of

other S4 cysteines. Finally, S4 is known to be extremely

mobile, and this will reduce the duration of S4 contacts

with S5.

State dependence of the proximity of S4 residues

to the pore domain

We next investigated the state dependence of Cd2þ binding to

the L361C–E418C mutant channels. Figure 2A shows that the

L361C–E418C mutant channels were not inhibited when

Cd2þ was applied for 2 min to cells held at �80 mV, where

channels would be in their closed state, but subsequent

depolarizing pulses caused rapid inhibition (filled circles).

Moreover, when Cd2þ was applied to cells held at �60 mV

(open circles), where channels just begin to activate, for the

same length of time, maximal inhibition of currents occurred.

Under control conditions, that is, in the absence of Cd2þ

application (Figure 2A, bottom panel), however, there was no

measurable loss of current, indicating that any accumulation

of C-type inactivation at this activation potential is likely to

be small. Thus, binding of Cd2þ to the channel most prob-

ably occurs during activation. The mechanism of inhibition,

however, is not clear, but most likely involves Cd2þ binding

to a preopen state. We cannot rule out the contribution of

slow accumulation of an inactivated state to the Cd2þ -

induced inhibition. The state dependence of Cd2þ binding

to L361C–E418C, however, is contrary to that reported for

S357C–E418C channel, which binds Cd2þ in its resting con-

formation (Neale et al, 2003). The differences in the state

dependence data of these two double mutant channels,

however, can be explained in terms of the conventional

helical screw motion: thus, position 357 would be close to

418 in the resting state of the channel, but during depolariza-

tion, when S4 undergoes outward translation, position 361

could move into the close proximity of position 418. Such a

motion would entail that position 357 moves away from

position 418, whereby Cd2þ would lose its ability to inhibit

S357C–E418C mutant channel at depolarizing potentials. This

possibility, however, could not be tested because we were

unable to find an activation potential where C-type inactiva-

tion would be negligible for this mutant channel.

Figure 2 State dependence of the Cd2þ effect. (A) State depen-
dence of the Cd2þ effect on the L361C–E418C double cysteine
mutant channel. Perfusion protocol used is shown at the top.
Peak currents were measured during depolarizing (þ 20 mV) test
pulses (25 ms) from an h.p. of �80 mV, delivered at 10 s intervals.
Solid bars indicate the period over which Cd2þ was applied. Data
points represent experiments in which oocytes were held at the h.p.
(K) or at �60 mV (J) during the gap in measurement. The bottom
panel shows data from an identical experiment, without exposure
to Cd2þ . Representative data are presented from a single oocyte.
(B) Cd2þ binds R362C–A419C double cysteine mutant channel in
the closed state. Oocytes expressing this mutant channel was
pretreated with 10 mM DTT for 1 h; currents were then measured
during a voltage ramp (�120 to þ 60 mV), given at 30 s intervals
from an h.p. of �100 mV; each data point in the top panel corre-
sponds to current at �20 mV. Gap in the measurement indicates
holding at �100 mV. (C) I–V relationships corresponding to data
points labelled 1 and 2 (B); the arrow indicates the voltage point
where currents were measured for (B).
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We next examined the state-dependent binding of Cd2þ on

the R362C–A419C double mutant channel, in the hope of

finding further structural constraints for the resting and

activated states of the channel. Previous studies have

shown that Cd2þ has two effects on R362C–A419C: a left-

ward shift in the current (I)–voltage (V) relationship and a

reduction in current amplitude at positive potentials (Laine

et al, 2003). However, the state dependence of the Cd2þ

effects was not clear. When we exposed this double mutant

channel to Cd2þ at �100 mV (B60 mV negative of activation

threshold voltage), maximal leftward shift in I–V relation-

ships (measured as an increase in current at �20 mV;

Figure 2B) as well as a reduction of current at positive

potentials (Figure 2C; compare trace 1 with trace 2) occurred.

When rates of Cd2þ modification were examined using short

(100 ms) and long (5 s) depolarizing pulse lengths, separated

by 10 and 5 s intervals, respectively, no significant difference

in the rates was observed (t (min)¼ 0.6870.11 versus

0.6970.06; PX0.05; n¼ 3). These data indicate that the

cysteine at position 362 can lie close to position C419 in

both the resting and activated states of the channel. This

finding was rather unexpected and seems inconsistent with

the current models of S4 motion: a 1801 rotation of S4 (Cha

et al, 1999; Glauner et al, 1999) would move C362 away from

the vicinity of C419 to the opposite face of the helix, making

it unavailable for Cd2þ metal bridge formation. Rotation

accompanied by vertical translocation (Glauner et al, 1999)

would make it even more difficult for Cd2þ to form a metal

bridge. Since we now know for certain, from the crystal

structures, that both of these residues are in a-helical struc-

tures, our findings seem inconsistent with the two conven-

tional models of S4 motion.

The top of S4 lies close to the top of S5 of its adjacent

subunit in the resting state, but moves close to the top

of S5 of its own subunit during depolarization

How does Cd2þ form a metal bridge between C362 and C419

in both the resting and activated states of the channel? The

finding, at first, seems to suggest that S4 does not move

much, but this would be inconsistent with the idea that S4

has to move significantly in order to move its charges across

the membrane field (Ahern and Horn, 2004b). Could the

nature of S4 movement therefore be different from those

proposed in the conventional models? One possibility is as

follows: S4 lies close to the top of S5 of its adjacent subunit in

the closed state of the channel, but moves towards S5 of its

own subunit during depolarization. This would explain why

metal bridge formation between C362 and C419 shows ap-

parent state independence.

To test this possibility, we used the tandem dimer (TD)

approach: we made a tandem dimer containing two cysteines,

one at position 361 of the first protomer and the other at 418

of the second (L361C–E418C TD). We chose to use 361C and

418C combination, because the effects of Cd2þ on L361C–

E418C were robust and less complex compared to R362C–

E419C and, more importantly, show a distinct state depen-

dence. Furthermore, in L361C–E418C, the positive charge is

preserved at position 362. Tetramers formed from the expres-

sion of such a tandem dimer will have the engineered

cysteines on adjacent subunits, but not within the same

subunit (Figure 3B, left). As such, any inhibitory effect of

Cd2þ will be a consequence of an intersubunit metal bridge.

Figure 3 Position 361 lies close to position 418 of its neighbouring
subunit at resting potentials, but close to position 418 of its own
subunit at activating potentials. (A, C) G–V relationships (measured
as in Figure 1) for the indicated tandem dimers before (J) and after
(K) exposure to 100mM Cd2þ ; the insets show current traces before
(black) and after (grey) exposure to Cd2þ . (B) Schematic of the
expected tetrameric arrangement of the protomers in the two
tandem dimers. (D) Effect of successive applications of Cu2þ

(200 nM), Cu-Phe (50 mM) and DMPS (0.5 mM) on currents (mea-
sured during 100 ms pulses to 40 mV from an h.p. of �80 mV,
delivered at 10 s intervals) through L361C–E418C TD (left) and
L361C–E418C/WT TD (right); application of reagents is indicated
by horizontal bars. (E) State dependence of disulphide bridge
formation for L361C–E418C TD (left) and L361C–E418C/WT TD
(right). Following control recordings, Cu-Phe was applied to chan-
nels held at �120 mV (K) and 0 mV (J) for 2 min (shown as
horizontal bars). After washing while holding at �80 mV, current
measurements were recommenced. (F) Effect of successive applica-
tions of Cu-Phe and DMPS on L361C-WT TD.
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Figure 3C (left) shows that Cd2þ had no inhibitory effect on

L361C–E418C TD; a small leftward shift in the voltage–

conductance relationship was seen, but this was similar to

the effect seen with the L361C single mutant channel (data

not shown). Thus the strong inhibition of the double mutant

L361C–E418C by Cd2þ (Figure 1A and B), but complete

absence of such an effect on the tandem dimer, suggests

that the metal bridge between C361 and C418 is more likely

intrasubunit in nature.

Could the lack of inhibitory effect be because the channels

assembled from the tandem dimers do not behave in the

same way as those from individual subunits? To test this,

we examined the effect of Cd2þ on another tandem dimer,

S357C–E418C TD. Previous studies using coexpression of

S357C and E418C have shown intersubunit crosslinking

between C357 and C418 (see also Supplementary Figure 1

for biochemical evidence). Figure 3A shows that Cd2þ in-

hibited S357C–E418C TD; the extent of inhibition of S357C–

E418C TD, albeit less (B20% reduction in maximal conduc-

tance), is significant (Po0.05). The smaller inhibition, com-

pared to the corresponding double mutants (Neale et al,

2003), may be attributed to the fact that the tandem dimers

contain two potential Cd2þ bridging sites as opposed to four

in the double mutants. Thus the lack of effect of Cd2þ on

L361C–E418C TD does not appear to be due to tandem linking

of the subunits.

To confirm the intrasubunit metal bridge formation be-

tween C361 and C418, we have examined the effect of Cd2þ

on another tandem dimer, in which we have introduced

L361C and E418C mutations into the first protomer and joined

it to the wild-type protomer. The resulting construct, L361C–

E418C/WT TD, allows intra- but not intersubunit metal

bridges (Figure 3B, right). Figure 3C (right) shows that

Cd2þ causes significant (41.579.9%; Po0.05) inhibition of

this tandem dimer, providing further support to the proposi-

tion that position 361 of S4 moves into the close proximity of

position 418 of its own subunit.

Why does C361 not form a metal bridge with C418 in the

resting state? One possibility is that C361 may lie beyond the

Cd2þ coordinating distance (or geometry) of C418 of the

adjacent subunit in the resting state. To address this, we have

used Cu-Phe reagent, which can detect longer range interac-

tions because of the reagent’s ability to trap cysteines in a

stable disulphide bridge, when they encounter each other

during thermal motions in a protein (Careaga and Falke,

1992). Consistent with this idea, Cu-Phe inhibited the

L361C–E418C TD (Figure 3D, left) indicating that C361 is

close enough to C418 of its adjacent subunit to undergo

oxidation to a disulphide bridge, but too far for Cd2þ to

form a metal bridge. Likewise, L361C–E418C/WT TD was

also inhibited by Cu-Phe (Figure 3D, right), which is consis-

tent with the idea that C361 can be close to C418 of its own

subunit. The inhibition was largely resistant to Ringer’s

wash, but could be reversed with 2,3-dimercapto-1-

propane-sulphonic acid (DMPS), indicating that inhibition

is due to disulphide bridge formation. This effect was not

caused by any free Cu2þ present in the reagent since prior

application of free Cu2þ to these tandem dimers, at a con-

centration (200 nM) 10-fold higher than that calculated in our

Cu-Phe reagent, caused no current loss (Figure 3D). Previous

reports have shown that during depolarization C361 forms an

intersubunit disulphide crosslink with its counterpart in a

neighbouring subunit (Aziz et al, 2002). However, it was not

demonstrated whether the crosslinking was between adjacent

or diagonally placed subunits. Although the latter seems

unlikely, we have examined the effect of Cu-Phe on L361C-

WT TD (Figure 3F) to eliminate the possibility that the

inhibition seen with our tandem dimers (Figure 3D) was

not caused by C361–C361 crosslinking across diagonally

placed subunits. The lack of effect supports our conclusion

that the inhibition was indeed caused by the crosslinking of

C361 to C418.

Thus C361 in the S4 helix appears to be able to form an

intersubunit disulphide with C418 of the adjacent subunit as

well as an intrasubunit disulphide with C418 of its own

subunit. If our prediction that S4 interacts with the top of

S5 of the adjacent subunit in the resting state, but with the

top of S5 of its own subunit in the activated state were

correct, then one would predict the two tandem constructs

to exhibit opposite state dependence for disulphide bridge

formation. This was indeed the case (Figure 3E): the intra-

subunit disulphide in L361C–E418C/WT TD occurred when

the cells were held at an activating potential (0 mV), but not

at a hyperpolarizing potential (�120 mV) (Figure 3E, right);

the inhibition during the 2 min exposure to Cu-Phe was

3477% at 0 mV, which was significantly (Po0.01; n¼ 4)

greater than the inhibition of 1071% at �120 mV. By con-

trast, the intersubunit disulphide bonding in L361C–E418C

TD occurred when cells were held at a hyperpolarizing

potential, but not at a depolarizing potential (Figure 3E,

left); the inhibition during the 2 min exposure to Cu-Phe

was 42.974.2% at �120 mV, which was significantly

(Po0.01; n¼ 4) greater than the inhibition of 9.974.6% at

0 mV.

The N-terminal ends of the S4 segments of the adjacent

subunits become close during depolarization

The above studies suggest that during channel activation,

the extracellular end of S4 moves from the top of S5 of

the adjacent subunit towards the top of its own S5.

Previous studies suggested that during depolarization, S4

segments move independently (Ledwell and Aldrich, 1999;

Mannuzzu and Isacoff, 2000); if this is the case, then the

S4 that moves first would become close to the top of the

resting S4 of the adjacent subunit, bringing several of the

uppermost S4 residues from adjacent subunits into the close

proximity of each other (Figure 5E). This explains our

previous observation (Aziz et al, 2002) that cysteines intro-

duced at position 361 of S4 can be crosslinked by an inter-

subunit disulphide bridge. Besides 361, modelling data

(Figure 5E; see Discussion) suggest that several other resi-

dues, including R362 and R365, could also become closely

proximal. To test this, we have examined the effect of Cu-Phe

on R362C and R365C. Figure 4 shows that both these mutant

channels are inhibited by Cu-Phe and that the inhibition is

reversed by the disulphide reducing agent, dithiothreitol

(DTT). This inhibition was not due to free Cu2þ in the

reagent (data not shown). To confirm that disulphide bridge

formation has occurred between the engineered S4 cysteines,

but not between an S4 cysteine and a native cysteine,

we have performed the experiments on S4 cysteine mutants

in the cysteine-less background. Again, Cu-Phe inhibited

channel currents through the R365C mutant channel;

the effect could not be reversed with Ringer’s wash, but
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tris(2-carboxyethyl)phosphine hydrochloride (TCEP), a

highly specific disulphide reducing agent (Neale et al,

2003), has reversed the effect. This confirms intersubunit

disulphide bridge formation between cysteines at position

365 from neighbouring subunits. R362C in the cysteine-less

background did not form functional channels. These data not

only indicate that positions 362 and 365 of the Shaker

channel approach one another during activation, but provide

further evidence that the top of an S4 moves between the tops

of S5 of its own and the adjacent subunits during gating.

Discussion

In this study, we have exploited the ability of Cd2þ and

Cu-Phe to induce metal and disulphide bridges, respectively,

between spatially close, engineered cysteine sulphur atoms,

to obtain distance constraints between several S4 positions

and pore positions of the Shaker K channel. Cd2þ is able

detect distances between cysteine b-carbons in the region

of 4.2–6.5 Å, whereas Cu-Phe can identify cysteines located

further apart (Careaga and Falke, 1992), including those that

escape Cd2þ metal bridges. Our results show that activation

of the channel is associated with marked changes in the intra-

and intersubunit distance between the residues of the voltage

sensor.

The extracellular end of S4 lies close to the top of S5

of the adjacent subunit in the closed state, but moves

towards the top of S5 of its own subunit during

activation

Our major findings are that residues at the extracellular end

of S4 (positions 357, 361) lie in the close proximity of the top

of S5 of the adjacent subunit in the resting state (Figures 1–3;

Neale et al, 2003), and that position 361 moves into the close

proximity of position 418 of its own subunit during activation

of the channel (Figure 3; Supplementary Figure 2). These

data are inconsistent with the current models of S4 motion

(Blaustein and Miller, 2004; Horn, 2004), but convey a new

mechanism for S4 motion: the S4 helix lies in close proximity

to the top of S5 of its adjacent subunit in the resting state, but

moves into close proximity to the top of S5 of its own subunit

during activation. We considered the distance constraints

obtained in this study in the context of the crystal structures

of KvAP (Jiang et al, 2003a), and other K channels (Doyle

et al, 1998; Jiang et al, 2002), and made an attempt to develop

models representing the resting and activated conformations

of the Shaker channel.

Models of Shaker channels representing the resting

and activated states

We first developed a homology model for the voltage sensor

domain of the Shaker channel by taking elements from the

two crystal structures, the isolated sensor domain and the

full-length KvAP. For this, we have used the primary se-

quence from S1 to S4, with the S3–S4 loop reduced to three

residues because in KvAP the corresponding region is three

amino acids long. The truncation seems reasonable in as

much as this does not appear to affect the function of the

Shaker channel (Gonzalez et al, 2001), and in other Kv

channels, such as Kv4.2, the linker is only three residues

long (Li-Smerin et al, 2000b). We next replaced the S3b–S4

voltage sensor paddle and the S4–S5 linker (in the isolated

structure) with the corresponding part from the full-length

structure. The reason behind this is as follows: the structure

of the paddle is identical between the isolated and full-length

structures and the S4–S5 linker in the full-length structure is

more likely to be in its natural conformation than in the

isolated structure due to its physical connection to S5 (Jiang

et al, 2003a).

The resultant chimeric S1–S4 voltage sensing domain

was then used to position onto the structures of the pore

domains representing the closed (KcsA-based; Doyle

et al, 1998) and open (MthK-based; Jiang et al, 2002) con-

formational states. During docking, the S1–S4 domain

was kept normal to the plane of the membrane, the S1–S2

and S3–S4 loops were always maintained in the extracellular

phase (see Supplementary Figure 3 for evidence that the

S3–S4 loop is extracellular in both the closed and open states)

Figure 4 Intersubunit disulphide bond formation between S4
cysteines. Currents (at 40 mV; h.p. �80 mV; interpulse interval
was 20 s) through R362C and R365C mutant channels in the wild-
type background, and R365C in the cysteine-less Shaker back-
ground, were inhibited by Cu-Phe; the inhibition could be reversed
with DTT or TCEP (solid bars indicate time periods during which
reagents were applied). The insets show current traces before
(black) and at the end of (grey) inhibition.
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and the S4–S5 linker was kept as close to the bottom of

S5 as possible. S4 was allowed to face the surface of the

pore domain, with S1 and S2 near the periphery of the

protein. Such a disposition is inconsistent with the full-length

KvAP structure (which is acknowledged to be distorted),

but is in complete agreement with crosslinking data

from various laboratories (Broomand et al, 2003; Gandhi

et al, 2003; Laine et al, 2003; Neale et al, 2003) as well as

the recent electron microscopic data (Jiang et al, 2004). We

then tilted the domain so that the top of S4 is close to the top

of S5 of the adjacent subunit to simulate the resting con-

formation, and to the top of S5 of its own subunit to obtain

the activated conformation of the channel. The state-deter-

mining distance constraints, derived from the metal and

disulphide bridge data, were then applied to position indivi-

dual residues.

The net outcome was that only the activated state structure

could be modelled (Figure 5B). From this, the resting

state model (Figure 5A) could be readily obtained by flipping

the voltage sensor paddle (S3b–S4) and by simply bending

the paddle at the natural bend points in the S3 loop (near the

highly conserved proline 322) and the S2–S3a loop (near

proline 302). The S4–S5 linker helix had to be repositioned

to maintain physical proximity to the bottom of S5 by

bending the flexible loop connecting S4 to the S4–S5 linker.

It should be noted, however, that the positions of the S1 and

S2 helices in the final model were dictated by the positioning

of the voltage sensing paddle, maintaining their relative

positions to the paddle as in the isolated voltage sensor

structure. Due to the lack of supporting experimental

evidence, no attempt was made to alter the position of the

S1 and S2 helices.

In the recent publication of an electron microscope (EM)

image of the KvAP channel protein in a suspected activated

state (Jiang et al, 2004), the authors suggested two possible

locations for the voltage sensing paddle. A comparison with

our model for the activated state (Figure 5B) reveals that our

position of the voltage sensor is in reasonable agreement with

the position of the sensor in the EM image, depicted in Figure

3D of Jiang et al (2004). The location of the voltage sensing

paddle next to the pore domain is also consistent with the

tryptophan perturbation study (Li-Smerin et al, 2000a),

which predicts direct interaction between the voltage sensor

and the periphery of the pore domain.

S4 may move as an intact unit with S3b

Our resting and activated structural models (Figure 5A and B)

suggest that during depolarization, the S3b–S4 paddle flips

along the outer perimeter of the pore domain by B601 in a

clockwise direction (viewed from the extracellular end;

Figure 5 Proposed mechanism of voltage sensor paddle motion. (A, B) Structural models of resting (A) and activated (B) states of the Shaker
potassium channel, reconstructed on the basis of elements derived from the crystal structures of KvAP, KcsA and MthK and the distance
constraints obtained in this study (see Materials and methods and Discussion). Views are from the extracellular ends. Alternate subunits are
shown in different colours, with the corresponding paddles in deeper colour; helices in one of the subunits are labelled. (C, D) Structural model
depicting the possible movement of the voltage sensor paddle during activation. (C) Side view of a voltage sensor paddle with the attached S4–
S5 linker in its resting state (blue) where the extracellular end of S4 is in close proximity of the top of S5 of the closed state pore subdomain
(pink), belonging to the adjacent subunit. When activated, the paddle moves in the direction of the arrow towards S5 of its own pore
subdomain, to attain an activated state (red), and to effect the pore subdomain to assume the open conformation (green); proximate residues
are labelled. Other parts of the channel are omitted for clarity. Kþ (grey spheres) are shown to indicate orientation. (D) Top view of the model
in (C) with S1–S3a added to the green subdomain. (E) View of the relative positions of the voltage sensor paddle and the S4–S5 linker from
adjacent subunits, one in the resting (green) and the other in the activated (red) state, highlighting reorientation of positive charges from an
intracellular aspect to an extracellular one. All models were built using SWISS-MODEL (Schwede et al, 2003). (F) Schematic representation of
changes in the position of S4 helices (cylinders) relative to the central pore domain and the orientation of positively charged groups during
activation from the resting (left) to the activated (right) state.
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Figure 5C and D). We propose that S4 moves as an intact unit

with S3b, because it is difficult to conceive that, with

the connecting linker as short as three amino acids,

as is found in some Kv channels (Li-Smerin et al, 2000b;

Gonzalez et al, 2001), S4 can move by as much as B30 Å

(intersubunit distance between the extracellular ends of S5)

leaving S3b behind. Such a motion may explain why a helix

breaking residue is always present in the middle of S3 of all

voltage-gated ion channels; in potassium channels, it is a

proline and in sodium and calcium channels it is either

glycine or serine (Li-Smerin and Swartz, 2001). Unlike the

model presented by Jiang et al (2003b), however, the paddle

in our model moves along the periphery of the pore domain,

between subunits. When the paddle begins to move, the

space left behind may be filled with extracellular fluid. This

may account for the malleable crevices and reshaping of the

electric field surrounding S4 during channel activation

(Larsson et al, 1996; Wang et al, 1999; Bell et al, 2004;

Horn, 2004). Part of the paddle, however, is exposed to the

lipid phase; this may allow changes in protein–lipid contact

during the motion.

Independent movement of voltage sensors allows

S4–S4 interaction

Since it is known that S4 segments move independently

(Ledwell and Aldrich, 1999; Mannuzzu and Isacoff, 2000),

such a motion could take the extracellular end of an activat-

ing S4 into close proximity of the extracellular end of the

resting S4 of the adjacent subunit, as depicted in Figure 5E.

This is supported by our previous experiments, as well as the

data presented in Figure 4; cysteines at positions 361 (Aziz

et al, 2002) and 362 and 365 (Figure 4) can be induced to

form intersubunit disulphide bridges. These findings are

inconsistent with the proposed helical screw mechanism

(Glauner et al, 1999) as well as the tilt and twist motions

(Cha et al, 1999), but can be readily accounted for by the

current model and the paddle motion proposed by Jiang et al

(2003b). In addition, the model suggests an explanation as to

how S4 motion could be cooperative, that is, how the move-

ment of one S4 could influence that of other subunits

(Mannuzzu and Isacoff, 2000). When the top of S4 (activat-

ing) approaches the top of its adjacent S4 (resting), the

charged residues (especially the top two) would exert an

ever increasing repulsive force on the resting S4, prompting it

to move towards its activated position. The process may

repeat at the other resting S4 segments, thereby generating

a cooperative motion of S4 segments—a property that is

reflected in the cooperative nature of channel activation,

seen with most voltage-gated channels (Ledwell and

Aldrich, 1999; Mannuzzu and Isacoff, 2000).

Charge displacement during the flipping of the voltage

sensor paddle

Any structural model for the voltage sensor motion must be

able to explain charge movement across the membrane

electric field. An inspection of the orientation of the side

chains of the charged residues (Figure 5E and F) provides an

insight into this: the charged head groups of the key argi-

nines, R365, R368 and R371, face the inside of the cell in the

resting state, but outside of the cell in the activated state.

The measured distances between the guanidium groups in

the resting and activated positions varied from 5 to 11 Å.

These distances are estimates based on the conformation of

the side chains as in the crystal structure of KvAP. The

distances would be greater if the side chains are in an

extended conformation (which is likely at the extremes of

membrane potential). For example, reorientation of an argi-

nine side chain attached to an a-helix, undergoing a flipping

motion, can lead to its charge moving by as much as 19 Å.

Since we do not know the exact boundaries of the membrane

electric field, and since the morphology of the field is thought

to change during activation (Horn, 2004), no attempt has

been made to account for the known displacement of B3e

per subunit in the Shaker channel (Schoppa et al, 1992;

Aggarwal and MacKinnon, 1996; Seoh et al, 1996).

Relationship to previous work

Our model is also consistent with a number of published

observations. It explains how depolarization could cause

changes in the accessibility of cysteines to membrane-im-

permeable reagents (Yang and Horn, 1995; Larsson et al,

1996; Yusaf et al, 1996), transfer of protons by histidines

substituted into S4 (Starace et al, 1997) and transfer of biotin

groups tethered to substituted S4 cysteines (Jiang et al,

2003b). It explains well how channels containing histidine

substitutions in S4 can function as Hþ transporters and why

the Hþ transport activity shows a bell-shaped voltage depen-

dence: at intermediate voltages, the rate of Hþ transport is

maximal because the frequency of alternate exposure of

histidine residues to the intra- and the extracellular sides

would be high, whereas at extreme voltages, they will be

exposed either only to the inside (negative voltage) or to the

outside (positive voltage). Our model explains why extreme

truncation of the S3–S4 linker does not destroy the gating

ability of the channel (Gonzalez et al, 2001). In addition, it

could explain why the distance changes between S4 positions

of the neighbouring subunits during channel activation,

measured by LRET (Cha et al, 1999) and FRET (Glauner

et al, 1999) experiments, are much smaller than expected,

being on the order of B2 Å (Horn, 2000). The model is

consistent with the distances between S4 and the pore

measured using tetraethylammonium tethered to S4 residues

(Blaustein et al, 2000). The model explains why the surface of

the pore domain has gating-sensitive residues that form a

broad stripe (Li-Smerin et al, 2000a); S3b–S4 may slide over

this stripe during gating. The motion allows potential charge

interactions between the positive charges of S4 and the

negative charges of S2 (Tiwari-Woodruff et al, 1997, 2000).

Finally, the unexpected state-independent effects of metal

ions and disulphide-inducing agents observed for several

S4 and pore domain double cysteine mutants, including

362C–419C (Laine et al, 2003), 353C–416C (Broomand et al,

2003), and 354C–416C, 355C–416C and 356C–416C (Gandhi

et al, 2003), can be readily accounted for by the intra- and

intersubunit interactions.

Conclusions

In conclusion, we have provided evidence that has led us to

propose a new structural model for S4 motion in which the

S3b–S4 paddle flips along the periphery of the central pore

domain. This movement is accompanied by the reorientation

of charged head groups associated with the S4 helix from the

intracellular to the extracellular face, thereby explaining how
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the channel responds to changes in the membrane potential

(accounting for charge motion). The question of how this

electrically driven paddle motion triggers the mechanical

opening of the channel’s gates, however, remains to be

addressed. However, based on our findings and the structural

data (Jiang et al, 2003a), we propose a working model for

electromechanical coupling of the voltage sensor to channel

gates: during depolarization, when the paddle flips, the S4–S5

helix bends sharply at the hinge point (the flexible linker

connecting S4 to S4–S5 helix) such that the S5 end of the

S4–S5 linker is dragged away from the central pore axis. Such

motion would pull the S5 helices outward causing the asso-

ciated S6 helices to bend at their gating hinge points (Jiang

et al, 2002), thereby leading to the opening of the activation

gates and ion flow (see Supplementary movie).

Materials and methods

Mutagenesis and expression
Mutations were introduced by the QuikChange method (Stratagene)
into the Shaker B cDNA clone (Shaker-IR), lacking the inactivation
ball domain (residues 6–46) (Hoshi et al, 1990). Tandem dimers
were constructed from protomers (kindly provided by Dr Yellen,
Harvard Medical School, Boston) containing the desired mutations
using the standard recombinant DNA methods. cRNA was prepared
from Shaker-IR and its mutants and dimers using the T7 Megascript
kit (Ambion) and injected into the stage V or VI oocytes isolated
from Xenopus toads, killed by cervical dislocation after anaesthe-
tization with 3-amino-benzoic acid ethyl ester (Yusaf et al, 1996).
Oocytes were incubated in ND-96 solution supplemented with
100 mM DTT solution for 1–3 days at 181C before recording currents.

Current recordings and chemical modification
Whole-cell currents were recorded from oocytes using two-
electrode voltage clamp. Microelectrodes were filled with 3 M KCl
and had resistances of 1–3 and 1–1.5 MO for the voltage and current
electrodes, respectively. Currents were recorded at room tempera-
ture (20–231C) in Ringer’s solution (115 mM NaCl, 2.5 mM KCl,

1.8 mM CaCl2, 10 mM HEPES, pH 7.2). Details of protocols used for
measurement of conductance–voltage (G–V) relationships, and the
effects of modification reagents (Cd2þ and Cu-Phe) on current
amplitudes and state-dependent effects are as described before
(Neale et al, 2003); pulses were 25–500 ms long, delivered at
intervals of 10–20 s (see figure legends). Concentration of free Cu2þ

in the Cu-Phe reagent was calculated using REACT II software
program (obtained from GL Smith, University of Glasgow, UK), in
conjunction with standard dissociation constants (Martell and
Smith, 1974). All data were generated from at least three oocytes,
analysed using Origin 6.0 software and presented as representative
recordings or mean7s.e.m.

Modelling
We have used amino-acid sequence alignment of KvAP with the
Shaker channel as presented by Jiang et al (2003a) to build a three-
dimensional homology model of the Shaker voltage sensing domain
(residues 220–390). Residues 336–357 of the S3–S4 loop of the
channel were omitted from this sequence, as the corresponding
region was absent from KvAP. The resultant amino-acid sequence
was submitted to SWISS-MODEL (Schwede et al, 2003) to obtain
two models, one based on the isolated voltage sensor domain of
KvAP (PDB accession code 1ORS) and the other on the basis of the
full-length KvAP (PDB accession code 1ORQ). We then replaced the
S3b–S4 plus the S4–S5 linker (residues 323–390) of the model
derived from the isolated structure with the corresponding region
from the model, based on the full-length KvAP. The resulting
chimeric structure was used for positioning onto the closed and
open state models of the Shaker pore domain (residues 391–480 for
KcsA; 392–481 for MthK), which were built using the X-ray
structures of KcsA (PDB accession code 1BL8) and MthK (PDB
accession code 1LNQ), respectively.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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