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Voltage-gated ion channels have always been over-
achievers. They have the singular distinction of having
solved the permeation problem five times over. Not
only do they have a central, highly selective pore
through which they conduct charged ions, they also
have four peripheral “pores” or gating canals through
which they conduct the charged portions of their volt-
age sensors. This trick of protein permeation generates
a small gating current as the S4 arginines and lysines
move through the electric field of the membrane and
ultimately results in channel opening.

The membrane-spanning portion of voltage-gated
channels contains two classes of functional domains.
Four voltage-sensing domains located at the periphery
of the tetramer surround a central pore forming do-
main (Fig. 1 B). The pore domain of the voltage-gated
K* (Kv) channels share structural homology with the
bacterial KcsA and MthK channels whose crystal struc-
tures have been solved (Doyle et al., 1998; Jiang et al.,
2002). The pore domain consists of S5, the P-loop, and
S6 which constitute the ion permeation pathway, in-
cluding the selectivity filter and two of the gates (Fig.
1). The voltage-sensing domains, whose crystal struc-
tures have yet to be determined, are the subject of this
Perspective. The four positively charged S4s, located
between S1-S3 and the pore domain, function as volt-
age sensors. Membrane depolarization drives the posi-
tively charged residues of S4 through the gating canal.
The movement of these charges through the mem-
brane electric field generates the gating current that
precedes channel opening. Below, we explore possible
models of voltage sensor structure and motion with the
ultimate goal of understanding how voltage-sensor re-
arrangements drive the pore domain gates to open and
close. We begin by outlining eight fundamental experi-
mental observations in the field and then discuss mod-
els that could account for these observations.

The Data

(1) $4 contains a conserved three residue repeating sequence
motif {+, X; X, +, X; X,...}. The 54 sequence motif is
conserved across a large super-family of voltage-gated
channels. S4 contains a basic residue at every third po-
sition, followed by two hydrophobic residues in a se-
quence with 4-8 repeats. Movement of the basic resides

generates the gating current. Additionally, the residues
between the positive charges appear to play a distinct
role. Scanning perturbation analysis of Kv2.1 and EAG
has shown that S4 contains a high impact positive
charge (+), followed by a high-impact hydrophobic
residue (X;) and a low-impact hydrophobic residue
(Xy) (Figs. 2 A and 3 B; Li-Smerin et al., 2000a; Schon-
herr et al., 2002). High impact residues are thought to
lie at a protein—protein interface, where their mutation
can disrupt protein packing and thus impact gating.
Low impact residues are thought to face lipid or water
(see sections 3 and 4; Fig. 3 B and 4). Within the short
length of the gating canal, the low impact residues
would lie on one face of an a-helix and face lipid. The
basis for thinking that S4 adopts a helical conformation
is the perturbation analysis of Li-Smerin et al. (2000a)
and the observation that synthetic S4 peptide form he-
lices (Peled-Zehavi et al., 1996). The {+, X; X,...} re-
peat paints three parallel left-handed spirals with a slow
pitch along the length of a right-handed helical S4
(Fig. 3 B).

(2) Each subunit carries ~3 gating charges, contributed
mainly by RI-R4 in §4. Wild-type Shaker channels dis-
place ~3.2-3.4 charges per subunit as the channel
gates from the resting to the activated state (Schoppa et
al. 1992; Seoh et al., 1996; Aggarwal and MacKinnon,
1996). Neutralizations of the S2/S3 negative charges
and S4-positive charges have identified the residues
that carry the gating charge. Studies from the MacKin-
non and Bezanilla labs showed that charge neutraliza-
tions reduce the gating charge and that S4 carries most
of it (Aggarwal and MacKinnon, 1996; Seoh et al.,
1996). In one study neutralization of R2, R3, R4, and
K5 reduced the gating charge by 1.2, 1.7, 1.5, and 1.4
charges per subunit (Seoh et al., 1996); in the other
study neutralization of R1, R2, R3, R4, and K5 reduced
gating charge by ~1, ~1, ~1, ~1, and ~0.5 per subunit
(Aggarwal and MacKinnon, 1996).! Both studies found
a contribution for K5, the fifth charge, although the
gating charge associated with this residue was reduced.
In support of these observations, a histidine substituted
for R2, R3, or R4 transports a proton across the mem-
brane (Starace et al.,, 1997; Starace and Bezanilla
2001). This was not true at Kb, indicating that Kb does
not cross the electric field. Together, the three studies
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FiGure 1. Voltage-gated ion channel structure. (A) Topology model of a single voltage-gated channel subunit. Each subunit has six trans-
membrane segments, S1-S6. S4 has a series of four to seven positive charges at every third position; S2 and S3 contain three conserved nega-
tive charges that interact electrostatically with S4; S5/P-loop/S6 form the pore domain which is homologous to the bacterial KcsA channel.
(B) Cartoon of how voltage-sensing domains may wrap around a central KcsA-like pore domain. Two subunits are shown from the side.

lead to the conclusion that the majority of the gating
charge is carried by R1-R4 (Fig. 2).

(3) 84 spans the membrane in 10 residues. Accessibility
scanning of Shaker channels with thiol-reactive MTS
reagents has shown that a sequence of ~10 residues
is inaccessible to both the internal and external solu-
tion in the resting state (Figs. 2 B and 3 A; Larsson et
al., 1996; Baker et al., 1998). A 10 residue sequence
corresponds to 13.5 A of axial length of an a-helix, a
length considerably shorter than the thickness of the
hydrophobic core of the membrane. This indicates
that S4 resides in a short gating canal, with a deep
watery vestibule on either one or both side(s) (Fig.
4). A 10 residue length can include a maximum of 4
positive charges; however, given the topology of 54,
only 2 and 3 positive charges occupy the gating canal
in the resting and activated states (Figs. 2 B and 4).
Along the gradual pitch of the {+, X, X,...} repeat,
three neighboring positive charges would lie within
120° of each other, suggesting that they interact with
one surface of the gating canal.

IThe sum of the total gating charge reduction from each neutraliza-
tion exceeds the ~3.3 gating charge per subunit of wild-type chan-
nels. Seoh et al. (1996) found a summed reduction of 5.8, even with-
out the neutralization of R1. Aggarwal and MacKinnon (1996) ob-
tained a value of 4.5. These excessive total values of charge
reduction, along with the cases where single neutralizations reduced
gating charge by more than the maximal possible value of 1 (the case
for a charge that completely crosses the membrane), together sug-
gest that each basic residue contributes to gating charge directly by
moving through the electric field and indirectly by influencing the
shape of the electric field or the position of the other charged side
chains in the field. This indicates that the amount of charge carried
by each residue was likely over-estimated in these studies.

(4) Activation moves S4 through the canal by nine resi-
dues. Fluorescence measurements show that membrane
depolarization induces a rearrangement of S4 with the
correct voltage dependence and kinetics to account for
the transmembrane displacement of the gating charge
(Mannuzzu et al., 1996; Cha and Bezanilla, 1997; Baker
et al., 1998; Gandhi et al., 2000). Accessibility scanning
shows that this process involves the motion of a nine res-
idue sequence of S4 from an inaccessible location within
the gating canal into the external solution (Larsson et
al., 1996; Mannuzzu et al., 1996; Yusaf et al., 1996; Baker
etal.,, 1998; Wang et al., 1999; Schénherr et al., 2002). At
the same time, a sequence of ~9 residues disappears
from internal exposure (Larsson et al., 1996; Baker et
al., 1998). This indicates an outward activation motion
of S4 relative to the gating canal. The motion exchanges
virtually the entire buried portion of S4 (Fig. 3 A). An
outward motion is in the correct direction to generate
the gating charge. A similar motion takes place in Na*
channels (Yang et al., 1996).

(5) §4 rotates during activation. The Bezanilla and Isa-
coff labs have measured fluorescence resonance energy
transfer (FRET) between a donor probe and an accep-
tor probe attached to identical S4 residues on different
subunits. Both groups observed a pattern of deduced
distance changes that suggest a helical rotation of
~180° upon activation (Cha et al., 1999; Glauner et al.,
1999). Despite agreement about the overall pattern of
the distance change, there were differences between
the studies concerning which residues moved closer
and further apart. These discrepancies may have been
due to differences in the pointing angle from the pro-
tein backbone between the La3*-chelate donor (paired

456 Molecular Models of Voltage Sensing



A

R1 R2 R3 R4 K5 R6 K7
362 365 368 371 374 377 380

Shaker QAMSLAILRVIRLVRVFRIFKLSRHSKGL

K21 ---VRRVVQIFRIMRILRILKLARHSTGL
Shaw - - - - - DILEFFSIIRIMRLFKLTRHSSGL
K31l =----LGFLRVVRFVRILRIFKLTRHFVGL
Kvd2 - - - - - - AFVTLRVFRVFRIFKFSRHSQGL
bEAGI DEGISSLFSSLKVVRLLRLGRVARKLDHY
motif XX X X+ X X+ X X+ X X+ XX,

B

Shaker 9 residue helical screw motion

Fractional
charge
Rest movement Activ.
$351 1360
$352 L361
R1=0.5
N353 ——> R362
Q354 V363
A355 1 364
R2=1.0
M356 ————> R365
H" pump
Out S357 L366
1358 V367
R3=1.0
A359 ———> R368
H" pump
1360 V369 i,
 E283
L361 R4=05 F370
4 <
pore R362 H' pump R371 p
V363 1372
1 364 F373 .
" E293
R365 <— K374
L366 a5 -D318
V367 S376
In R368 <— R377
V369 H378
F370 $379
R371 < K380
1372 G381

FIGURE 2. $4 sequence, gating charge, and proton transport for a
S4 helical screw motion. (A) Alignment of S4s from Kv subfamilies.
Shaker belongs to the Kvl subfamily. Shaw belongs to Kv3. EAG is
aligned to Shaker based on accessibility probing (see Fig. 3A). The
register of the sequence repeat {+, X;, Xo, +, X;, X,...} is shown be-
low the alignment. (B) Topology of Shaker S4 in resting and acti-
vated states based on accessibility analysis. Charge displacement by
R1 to R4 is calculated assuming a linear drop of the electric field
over the length of the gating canal and assuming no change in canal
shape. Note that positions where histidine transports protons across
the membrane (H* pump) must at least reach the middle of the
gating canal. A histidine at the middle turns the gating canal into a
proton pore, suggesting the existence of a proton conduction path-
way from both ends of the canal to the center. Electrostatic interac-
tions of R3, R4, and K5 with negative residues E283 and E293 in S2
and D316 in S3 are shown for the activated state.
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with a fluorescein acceptor) in the one study (Cha et
al.,, 1999) and the fluorescein donor (paired with a
tetramethylrhodamine acceptor) in the other study
(Glauner et al., 1999). However, the voltage-dependent
distance changes of both studies both support an acti-
vation motion that involves a rotation of S4.

(6) The voltage sensor has stable intermediate states. Two
classes of evidence indicate intermediate voltage sensor
states. First, two phases of gating charge movement can
be easily resolved kinetically (Bezanilla et al., 1994).
Second, two sequential outward motions of S4 accom-
pany these gating charge movements, with an interme-
diate S4 transmembrane position between them (Baker
et al., 1998). In addition, kinetic models of gating re-
quire multiple gating charge carrying steps in each sub-
unit, with the most comprehensive model (the 3 + 2’
model) calling for three charge-carrying steps per sub-
unit followed by two cooperative steps (Schoppa and
Sigworth, 1998).

(7) The gating canal can form a proton pore. Replace-
ment of either R1 or R4 with histidine allows the gating
canal to conduct protons (Starace and Bezanilla, 1999,
2001). This suggests that the gating canal can accommo-
date a water pathway that provides a proton conduction
path that can bridge the internal and external solutions
by a single properly placed histidine. An arginine at the
same position disrupts the proton conduction pathway.
Proton pore formation occurs at two sites but in oppo-
site states. RIH forms a proton pore in the resting state;
R4H forms a proton pore in the activated state.

(8) S2/83, the pore domain, and lipid likely form three
“walls” of the gating canal. Interaction between three
conserved negative residues in S2 and S3 and positive
residues in S4 suggests that S2 and S3 line one side of
the gating canal (Papazian et al., 1995; Seoh et al.,
1996; Tiwari-Woodruff et al., 1997, 2000). This is com-
patible with a helix packing model based on perturba-
tion analysis of S1-S4 (Li-Smerin et al., 2000a). The
three negative residues in S2 and S3 match the maxi-
mum of three positively charged S4 residues that can
occupy the canal at one time (section 3; Fig. 4).

Fluorescence and perturbation analysis suggest that
the pore domain forms another side of the canal (Gan-
dhi et al., 2000; Li-Smerin et al., 2000b; Loots and Isa-
coff, 2000). This is supported by the findings that the
activation motion of S4 brings R1 and R2 into the prox-
imity of residue E418 in the pore domain turret
(Elinder et al., 2001) and that a cysteine introduced
into S4 can crosslink with one introduced into the
pore domain (Gandhi and Isacoff, 2002; Laine et al.,
2002).

The S2/S3 and pore domain walls of the gating canal
are believed to interact with the high impact sides of
S4. The last side of the gating canal is presumed to be
lipid, based on the hydrophobic nature of the X, posi-
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FIGURE 3. 'S4 accessibility and perturbation analyses. (A) Helical
net model of $4 resting state topology in bEAG1 and Shaker (ex-
ternal end up, starting at bEAGI1 site 312 and Shaker site 350)
based on accessibility of bEAG1 and Shaker. Dotted lines indicate
external and internal boundaries of the gating canal in the resting
state. Note that Rl is absent in EAG. (B) Perturbation of slow gat-
ing mode by cysteine mutations in bEAGI and of the conductance-
voltage relation by alanine mutations in Kv2.1. EAG high-impact
sites are in the canal at rest consistent with mode switching in the
resting state. Kv2.1 high impact sites are in the canal in the acti-
vated state consistent with the activated state having the greatest
impact on opening. Three parallel stripes along S4 (high-impact
charged stripe, high-impact hydrophobic stripe and low-impact hy-
drophobic stripe) are continuous between bEAGI1 and Kv2.1,
forming three threads of a helical screw. Note that both EAG and
Kv2.1 are missing R1 (see Fig. 2 A).
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tion of S4 and because mutations of those residues
have a low impact on gating (Li-Smerin et al., 2000a;
Schoénherr et al., 2002).

The Synthesis

Axial translation of S4 relative to the gating canal: RI-R4
carry the gating charge. In an attempt to synthesize the
above observations, we first ask whether S4s exposure
change (sections 3 and 4) can account for the gating
charge (section 2). Assuming a constant electric field,

we can predict the contribution to the gating charge
from each of S4’s basic residues during the nine resi-
due outward exposure change of activation. In Shaker,
R1 moves from the middle of the gating canal to the ex-
ternal solution. R2 moves from the internal end of the
canal to the external solution. R3 moves from the inter-
nal solution to the outer end of the gating canal, and
R4 moves from the internal solution into the middle of
the gating canal (Fig. 2 B). This predicts that R1-R4
alone carry ~0.5, 1.0, 1.0, and 0.5 gating charges, re-
spectively, for a total of three per subunit. The pre-
dicted total is close to the measurements in wild-type
channels of 3.2-3.4 charges (Schoppa et al., 1992; Ag-
garwal and MacKinnon, 1996; Seoh et al., 1996). Tak-
ing into account that charge neutralizations over-esti-
mate the contribution of each basic residue (footnote
to section 2), the predicted values reasonably approxi-
mate the experimental data (see section 2).

A Nine Residue Helical Screw Motion in Three Ratchet Steps

Below we describe how a model of S4 motion predicted
by S4’s sequence motif (section 1) and exposure
change (section 4) accounts for four very different ex-
perimental observations (sections 5-8). Each of the
three parallel left-handed spirals of the {+, X; X,...} re-
peat (Fig. 3 B) is predicted to face a particular wall of
the gating canal. The positive residues should face S2/
S3 so that they can interact with negative counter-
charges. The X, low impact hydrophobic residues
should face lipid, and the high impact hydrophobic X;
residues should pack against the remaining protein sur-
face of the pore domain (see section 8). To maintain
these interactions, an axial translation of the S4 relative
to the gating canal would require either a rotation of
S4 to the left (clockwise, as seen looking down onto the
membrane from the outside) (Fig. 4) or a rotation of
the gating canal to the right (counter-clockwise, as seen
from the outside). Following the helical screw model of
S4 motion proposed originally by Guy and Seethara-
mulu (1986) and Catterall (1986), we have added
two additional “threads” (X; and X,) to the positively
charged thread. Based on accessibility analysis we have
considerably shortened the length of S4 buried in the
gating canal. We also consider that rearrangements of
the canal may be partly responsible for S4’s exposure
change. Coupling axial translation with rotation provides
a low energy molecular pathway through the gating canal
for the S4 side chains (Lecar and Larsson, 1997).

There are four pieces of evidence consistent with the
helical screw model: (a) 180° rotation. A nine residue
axial translation of S4 along the pitch of S4’s threads
produces a 180° rotation (Fig. 4). This agrees remark-
ably with the conclusions of the FRET studies, which ar-
rived at a 180° rotation (section 5). There is agreement
with the magnitude of the rotation and the identity of
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FIGURE 4. Helical screw motion accounts for S4 rotation, elec-
trostatic interaction with the turret, and proton transport. (A)
Cartoon of one version of a helical screw motion depicting S4
moving through an immobile canal. (B) S4 topology in resting
state (left) and activated state (right) depicting S4 rotating and
making an axial translation. (Note that axial translation of canal
is equally viable.) Residues are color coded as in Fig. 3 A, except
that data on Shaker and EAG is combined. The location of S2/S3
is placed to interact with S4’s positive charges in the gating canal.
The pore domain is placed to interact with the high impact hy-
drophobic stripe (see Fig. 3 B). This placement agrees with the
Glauner et al. (1999) FRET study, which found that the residues
predicted by the helical screw motion to face the pore in the acti-
vated state lie closest to the central axis, whereas residues found
by FRET to lie furthest from the central are predicted by the heli-
cal screw motion to face S2/S3. The helical screw motion also
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the residues that face the pore in each state. The resi-
dues predicted to face the pore domain in the activated
state by the helical screw model were found in our
FRET study to point toward the pore (Glauner et al.,
1999), whereas residues predicted to face S2/S3 are de-
duced by FRET to point away from the pore domain
(Fig. 4), supporting the model.

(b) Ratchet steps via semistable intermediates. The
helical screw model predicts that the screw motion may
stop at stable intermediate positions during activation
as each basic charge ratchets into the position formerly
occupied by the charge ahead of it. A nine residue axial
translation of a pure helical screw produces three
ratchet steps with two intermediate stopping points.
Each ratchet step carries 1/3 of the total gating charge
per subunit, i.e., one charge (Figs. 2 B and 4). An elec-
trostatic model based on this idea accounts well for the
steady-state voltage dependence of the gating charge in
wild-type channels and in channels with neutralization
mutations in S4 (Lecar and Larsson, 1997). This struc-
tural prediction is consistent with the 3 + 2" model of
Schoppa and Sigworth (1998), in which activation also
occurs in three sequential charge carrying steps in each
subunit. However, in the 3 + 2’ model the steps dis-
place more gating charge in the first step, moving, se-
quentially, 1.0, 0.6, and 0.6 charges per subunit in the
first three independent steps and a total of 1.8 charges
per channel (all four subunits) in the last two coopera-
tive steps. These values are likely an underestimate,
since the total charge of the model accounts for only
75% of the measured charge.

Experimental data also indicate the existence of in-
termediate positions. Gating current measurements de-
tect two prominent phases of gating charge motion
(section 6). Moreover, a mutation that stabilizes the
gating charge intermediate stabilizes S4 in an interme-
diate topology (Baker et al., 1998). Together, these
findings show that S4 stops at least at one intermediate
point as it moves its charges across the gating canal. But
why is only one kinetic intermediate readily observed in
wild-type channels? Perhaps the ratchet steps are not
equivalent and one of the intermediates is more stable
than the other. Such a difference could be due to varia-
tions in how particular amino acid side chains of S4
pack in the canal. It may also point to the existence of
an additional conformational rearrangement, which
could explain why the first step of the 3 + 2’ model car-

predicts R1 and R2 to face the pore domain in the activated state
and explains their electrostatic interaction in that state with
E418. Note also that the ILT residues (three open squares),
shown by Ledwell and Aldrich (1999) to influence coupling be-
tween activation and opening, are predicted by the helical screw
model to all enter the canal only in the activated state and inter-
act with the pore domain.



ries more charge. We consider the latter possibility in
the final section of this Perspective.

(c) Turning the gating canal into a proton pore. An-
other piece of evidence explained by the helical screw
model is the finding that histidine substitution at two
S4 arginines turn the gating canal into a proton pore.
RIH turns the gating canal into a proton pore in the
resting state, and R4H does so in the activated state
(Starace and Bezanilla, 1999, 2001). What does R1H in
the resting state have in common with R4H in the acti-
vated state? The helical screw model predicts that in
these opposite states they occupy the same location in
the middle of the gating canal (Figs. 2 B and 4). If cor-
rect, this would imply that a water pathway for proton
conduction exists from the internal solution to the ex-
ternal solution on the charged (S2/S3) side of the ca-
nal — a plausible expectation given the charged nature
of this environment — and that this pathway is disrupted
when an arginine is located in the middle of the canal.
However, when histidine replaces arginine there is ei-
ther enough room to form a continuous water wire
along that face of the canal, or the histidine provides a
bridge between internal and external water wires. It is
not surprising that protons can penetrate deep into a
crevice that was not detected by the thiol reagents used
to determine the gating canal boundaries (sections 3
and 4; Fig. 3 A), since protons can conduct along a wa-
ter wire of =2 A (Pomes and Roux, 2002), whereas the
thiol reagents used were 6 A or greater in size.

(d) Electrostatic interaction between R1/R2 and
E418 in turret. The helical screw motion of activation
predicts R1 and R2 to move from the canal at rest,
where they face S2/S3, into the external solution to
face the pore domain (Fig. 4). This is consistent with
R1 and R2 having electrostatic interaction with turret
residue E418, but only in the activated state (Elinder et
al.,, 2001).

An additional attraction of the helical screw model is
that it provides a possible structural explanation for the
behavior of mutants that disrupt coupling between
activation and opening. Three such mutations in S4
("ILT”) studied by Ledwell and Aldrich (1999) are pre-
dicted by the helical screw model to fully enter the gat-
ing canal only in the activated state and to interact with
the pore domain (Fig. 4).

The Helical Screw Compared with a Rotation in Place

The observations described above are all compatible
with a helical screw motion. They are not compatible
with a simple S4 rotation since this would have pre-
dicted a swap between internally and externally accessi-
ble faces of S4. For example, during activation posi-
tions R1 and R2 move from an inaccessible position in
the gating canal to the external solution. A simple rota-
tion would predict that the intervening positions on

the opposite face of the helix would demonstrate the
reverse change in accessibility. However, what is mea-
sured instead is an exposure upon activation of a con-
tinuous segment representing almost three helical
turns of S4 (Fig. 3 A; Larsson et al., 1996; Yusaf et al.,
1996; Baker et al., 1998; Wang et al., 1999; Schonherr
et al., 2002; also see Horn, 2002, this issue). In addi-
tion, a rotation from an internal water-filled crevice to
an external one provides no obvious basis for the ob-
served early and late phases of the gating current, while
the helical screw provides intermediate stopping points
at each ratchet step.

The helical screw motion could work in two ways.
The original model conceived by Guy and Seethara-
mulu (1986) and Catterall (1986) moves S4 through a
fixed gating canal. S4 undergoes an outward axial
translation accompanied by a lefthanded rotation
along the charged thread. In this case S4 acts as a screw
turning through an immobile bolt formed by the gat-
ing canal. A plausible alternative is that a rotation oc-
curs in S4 but part or all of the translation occurs in the
canal. This would be akin to turning the screw in place
and having the bolt slide down. Alternatively, the activa-
tion rearrangement may look nothing like a screw and
bolt, even if it is driven by the S4-canal interactions
that we have discussed for the helical screw model. Re-
arrangements of the other transmembrane segments
around S4 may produce the same S4 exposure change.
The actual activation rearrangement may involve a re-
orientation of S2 and S3 that opens access to the exter-
nal end of S4 while closing access to the internal end of
S4. To distinguish between these models, one would
need to determine whether S4 or the canal undergoes
an axial translation relative to an immobile reference,
perhaps the membrane, and measure state-dependent
accessibility changes of S2, S3, and the outer surface of
the pore domain.

Does S4 Undergo an Axial Translation?

Three commendable efforts have been made to detect
S4 axial translation or to determine the impact of con-
straining such motion, but they have not led to a con-
clusive answer. Cha et al. (1999) used FRET to measure
voltage dependent distance changes between identical
sites in different subunits at a site approximately mid-
way in the S3-54 linker. They found that the distance-
voltage relation rose monotonically with depolarization
and followed closely the charge-voltage relation. This
observation does not support a pure outward transla-
tion perpendicular to the membrane (i.e., with no rota-
tion), since the distance would be expected to be the
same when all subunits are either resting (“in) or acti-
vated (“out”) and maximal at the midpoint of the
charge-voltage relation where some S4s are at rest and
others are activated. However, for several reasons this
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observation does not rule out outward translation.
First, as one moves a reporter probe further away from
S4 and into the S3-54 linker, any outward translation of
S4 should be lessened since at some point the linker
must turn back toward the membrane. Second, even in
the absence of an axial translation, a helical rotation of
S4 predicts that the distance between the tested posi-
tions is greatest when all of the subunits are either in
the resting or activated state. The proper test of transla-
tion, therefore, is not for pure translation, but for
translation accompanied by rotation. In this case the
distance would increase with voltage without hitting a
maximum at the midpoint of the charge-voltage rela-
tion, but simply rise more sharply than the charge-volt-
age relation. Indeed, a tendency of this kind was ob-
served (Cha et al., 1999). A third weakness of the argu-
ment is that if S4 lies at a tilted angle, as has been
proposed (Tiwari Woodruff et al., 1997; Glauner et al.,
1999; Li-Smerin et al., 2000b), then, depending on the
tilt angle, even a pure axial translation might produce
little or no distance maximum at the mid-point of the
charge voltage relation.

An alternative approach to the question, such as
transmembrane FRET between GFP near the internal
end of S6 and tetramethylrhodamine maleimide at the
outer end of S4 (Starace and Bezanilla, 2002), encoun-
ters the same problem described above if S4 is tilted.
There are also two additional complications. First, gat-
ing motions are thought to occur at the internal end of
S6 (Yellen, 1998; Jiang et al., 2002). Such motions
are large enough to change the fluorescence of GFP
attached 20 residues after the internal end of S6
in Shaker (Siegel and Isacoff, 1997; Guerrero et al.,
2002). This means that the GFP may not act as an im-
mobile reference to measure the motion of S4. Second,
the transmembrane distance is much greater than R,
so that one is in a flat part of FRET efficiency-distance
relation, where even large changes in distance cannot
be measured accurately.

Another argument against outward translation came
from a study that found that deletion of the entire S3-
S4 linker in Shaker does not prevent activation (Gonza-
lez et al., 2000). This seems incompatible with the idea
of an axial S4 translation, regardless of tilt angle. How-
ever, one does not know what happens to the trans-
membrane segments when a linker is deleted, and it
is possible that the outer end of S3 (S3C) unwinds
to form a substitute linker. Arguing against this was
the finding that for linkers less than six residues in
length, sequentially adding back residues to the dele-
tion yielded a periodic impact on the conductance-volt-
age relation, consistent with an a-helix (Gonzalez et al.,
2001). At first glance, this seems like a good argument
for S4 rotation without translation, since a half turn
would be a motion of ~5 A of the a-carbon and this is
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not that different from the 7.5 A axial length of a six
residue a-helix. However, to be readily interpreted, the
determining factor in the impact of linker length on
gating should be the length and not the amino acid se-
quence. Unfortunately, when other minimal linkers of
less than six residues were used, with different amino
acid identities, the impact pattern was very differ-
ent and the periodic dependence of perturbation on
length was lost even though the sequences seemed
likely to have a similar helical propensity. It therefore
seems that sequence is more important than length, an
intriguing finding, but one that does not lead to a
ready conclusion about the type or magnitude of S4’s
motion.

Rearrangement of the Gating Canal

We have obtained evidence for one kind of canal rear-
rangement in the EAG Kv channel (Schonherr et al.,,
2002). EAG channels switch from a fast to slow gating
mode at negative voltage in the presence of external
Mg?*. We found that switching to the slow gating mode
occurs due to a slowing of S4’s outward motion. The
molecular mechanism appears to be as follows. Accessi-
bility analysis indicates that the sequence of EAG’s S4
that occupies the gating canal at rest has ~30% smaller
side chain volume than the sequence which resides in
the canal in the activated state. Moreover, EAG lacks R1
(Fig. 2 A), so S4 motion changes the positive charge oc-
cupancy of the canal from one in the resting state to
three in the activated state (see Figs. 2 B and 4). The
combination of the change in charge occupancy and
side chain volume requires a change in canal confor-
mation, especially in the first two activation ratchet
steps. We hypothesize that activation of S4 causes the
gating canal to widen in order to accommodate the
change in side chain volume. Fluorescence measure-
ments support the prediction of canal rearrangements
and show that an S4 probe that faces the protein walls
of the canal, but not the lipid wall, senses the mode
switching rearrangement. This indicates that mode
switching is due to a motion of the canal, rather than of
S4. A specialized feature of EAG allows Mg?* coordina-
tion between EAG-specific acidic residues in S2 and S3
to stabilize the narrow canal conformation, and thus to
trap S4 in its resting state (Silverman et al., 2000). We
think that cross-bridging of S2 and S3 via Mg?* holds
the gating canal in the narrow conformation, and that
for S4 to activate Mg?* must first dissociate, permitting
the canal to widen.

Other Kv channels are not predicted to have as dra-
matic a change in the character of canal occupancy as a
result of activation (Fig. 2), and so would not need
large rearrangements of the canal. In Shaker, S4-posi-
tive charge occupancy and volume change occur only
in the first ratchet step (Figs. 2 and 3A). If this drove a



canal rearrangement it could explain the larger gating
charge associated with the first of the three subunit
steps of the Schoppa and Sigworth (1998) model. This
could also account for the detection of an early phase
of gating charge motion by fluorescence just outside
S2 (Cha and Bezanilla, 1997). It remains to be seen
whether specialized gating canal motions in early
ratchet steps alter S4 exposure.

Conclusion

Similar to the short (~12 A) and narrow ion selectivity
filter, which is open to water at either end, the short
(~13.5 A) gating canal has water-filled vestibules at its
ends. The short length of the canal focuses the electric
field on a small sequence of S4, minimizing the contact
surface and the number of charges placed in the low
dielectric environment, while still providing a large gat-
ing charge. The full activation rearrangement is pre-
dicted to carry the helical screw through three ratchet
steps, with each step moving an S4 charge into the posi-
tion of the one ahead of it and carrying a charge of ~1,
for a total gating charge of ~3. This helical screw mo-
tion—a 180° rotation plus 9 residue (13.5A) axial trans-
lation—may occur entirely in S4 or alternately S4 may
rotate while the equivalent of an axial translation oc-
curs as a result of a rearrangement of the gating canal.
Further studies will be needed to resolve this issue.
More relevant to channel function will be to define the
motion of S4 with respect to the pore domain, since it
is this rearrangement that in a still unknown way con-
trols the gating state of the pore.

We would like to thank Lidia Mannuzzu, Medha Pathak, Arnd
Pralle, and Camin “Blondie” Dean for helpful comments on the
manuscript and for valuable discussion.
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