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Summary

Voltage-dependent ion channels open and conduct
ions in response to changes in cell-membrane volt-
age. The voltage sensitivity of these channels arises
from the motion of charged arginine residues located
on the S4 helices of the channel’s voltage sensors. In
KvAP, a prokaryotic voltage-dependent K+ channel,
the S4 helix forms part of a helical hairpin structure,
the voltage-sensor paddle. We have measured the
membrane depth of residues throughout the KvAP
channel using avidin accessibility to different-length
tethered biotin reagents. From these measurements,
we have calibrated the tether lengths and derived the
thickness of the membrane that forms a barrier to avi-
din penetration, allowing us to determine the magni-
tude of displacement of the voltage-sensor paddles
during channel gating. Here we show that the voltage-
sensor paddles are highly mobile compared to other
regions of the channel and transfer the gating-charge
arginines 15–20 Å through the membrane to open
the pore.

Introduction

The activity of voltage-dependent ion channels under-
lies the rapid, long-range electrical signaling of the ner-
vous system (Hille, 2001). These channels contain volt-
age sensors that regulate or “gate” the passage of ions
through the pore depending on the value of the mem-
brane voltage. This functional property endows volt-
age-dependent ion channels with the ability to generate
action potentials and propagate them rapidly over the
neuronal membrane. How is the membrane voltage
“sensed” in these channels? Four voltage-sensing do-
mains surround a central ion-conduction pore. Highly
conserved basic amino acids termed “gating charges”
are concentrated on the S4 segment of each voltage
sensor. The S4 gating-charge residues move under the
influence of the membrane’s electric field, a voltage-
dependent conformational change that is coupled to
opening of the pore (Sigworth, 1994). Electrical mea-
surements in the Shaker voltage-dependent K+ (Kv)
channel indicate that in total w12-14 positive elemen-
tary charge units cross the membrane’s electric field
during channel activation (Schoppa et al., 1992; Aggar-
wal and MacKinnon, 1996; Seoh et al., 1996). The large
valence of the gating charge contributes to the exqui-
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site voltage-sensitivity of these channels, allowing them
to gate open in response to small changes in the mem-
brane voltage.

A detailed understanding of the mechanics of gating
charge movement is essential in order to understand
the structural basis of the voltage-dependent gating
process. How S4 moves within the membrane’s electric
field has remained controversial. Different technical ap-
proaches have been used to measure the voltage-
dependent motions of the S4 segment and have
yielded conflicting conclusions on the extent that S4
moves, leading to widely disparate models of how S4
transfers gating charges across the membrane. In
eukaryotic voltage-dependent ion channels, the mo-
tions of the S4 segment have been partially inferred
from the accessibility of introduced cysteines to small
hydrophilic thiol reactive compounds (Yang and Horn,
1995; Mannuzzu et al., 1996; Yang et al., 1996; Larsson
et al., 1996; Yusaf et al., 1996; Baker et al., 1998). In
these experiments, channel function was measured
prior to and after treatment with thiol reactive com-
pounds to evaluate the accessibility of S4 cysteine mu-
tants. Most residues on the S4 segment of the Shaker
Kv channel exhibit large changes in accessibility de-
pending on whether the channel is in a closed or
opened conformation. A stretch of 10 amino acids
within the N-terminal half of S4 moves from an inacces-
sible to an externally accessible location with mem-
brane depolarization while, at the same time, a stretch
of 12 amino acids within the C-terminal half moves from
an internally accessible to an inaccessible location
(Larsson et al., 1996; Baker et al., 1998).

What does the extensive state-dependent accessibil-
ity of residues in the S4 segment tell us about the
mechanism of gating-charge movement? A cysteine
residue can react with a small hydrophilic thiol-reactive
compound if the cysteine lies at the surface of the pro-
tein or if it lines a crevice formed within the membrane
that would provide an aqueous pathway to allow diffu-
sion of the compound to the cysteine sulfhydryl (Figure
1A). Thus, there are two possible explanations for the
pervasive accessibility of residues on the S4 segment
to small thiol-reactive compounds. The first is that the
S4 segment translates a large distance (w15 Å) perpen-
dicular to the plane of the membrane with membrane
depolarization. The second interpretation, favored in
many models of voltage-dependent gating, is that the
S4 helix lies within deep aqueous crevices that pene-
trate the protein from both sides of the membrane and
the state-dependent accessibility of introduced cys-
teines arises from rotations of the S4 helix, with little
or no translational motion (Bezanilla, 2000; Gandhi and
Isacoff, 2002). This latter interpretation attempts to rec-
oncile the state-dependent accessibility of S4 residues
with conclusions from luminescence resonance energy
transfer (LRET) experiments that S4 undergoes only
small transverse motions (Cha et al., 1999). Accessibil-
ity measurements using small thiol-reactive com-
pounds cannot distinguish between these possible S4
motions.



Cell
464
Figure 1. Using Tethered Biotin and Avidin to
Measure the Depth of Channel Amino Acids
within the Membrane

(A) Small hydrophilic thiol-reactive com-
pounds like methanethiosulfonate (MTS) rea-
gents can bind to a cysteine residue on the
channel (red X) that lies within a crevice in
the membrane (left). Avidin is too large to fit
into crevices and so cannot bind a biotiny-
lated cysteine residue if the tether is too
short (right).
(B) The KvAP pore (two opposing subunits,
white ribbon) is viewed from the side, with
the approximate external membrane bound-
ary that forms a barrier to avidin marked. A
biotinylated cysteine residue on the channel
can only bind avidin (blue wire, Cα trace) if
the α-carbon of the cysteine residue lies
within the effective tether length of the mem-
brane surface (the zone of accessibility).
(C) Extended chemical structures of the teth-
ered biotin reagents employed in this study.
Biotin and w7 Å of the tether become buried
when bound to avidin (red). The remainder of
the tether defines the effective tether length
(black) for the biotin reagent.
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An alternative approach to examine the topology and
dynamics of channel proteins is to measure the acces-
sibility of avidin to tethered biotin reagents linked to
cysteine residues on the channel (Slatin et al., 1994; Qiu
et al., 1996; Senzel et al., 1998; Jiang et al., 2003b).
Avidin is a large rigid protein (Pugliese et al., 1993)
(w56 by 50 by 40 Å) and so will not fit into crevices
formed within the channel (Figures 1A and 1B). The ac-
cessibility of a biotinylated cysteine residue on the
channel will therefore depend only on the length of the
biotin tether and the depth of the cysteine residue be-
low the surface of the membrane. Consequently, this
accessibility technique has an advantage in that it can
detect translational motions of the S4 segment relative
to the membrane surface without the possibility of al-
ternative interpretations.

In a previous study, this second approach was used
to investigate the gating motions of the S4 segment in
KvAP, a prokaryotic Kv channel (Jiang et al., 2003b).
The crystal structure of KvAP revealed that the S4 seg-
ment forms part of a helix-turn-helix structure, termed
the voltage-sensor paddle, located at the channel’s
outer perimeter (Jiang et al., 2003a). The voltage-sen-
sor paddles are attached to the body of the channel
through flexible connections, suggesting that the gat-
ing-charge residues might be carried through the mem-
brane’s electric field by the rigid-body motions of the
paddles at the protein-lipid interface. This hypothesis
for gating-charge movement was tested by labeling in-
dividual paddle residues with a single-length biotin
tether and then evaluating the accessibility of the bioti-
nylated residue to avidin in the solution on either side
of the membrane. These functional experiments led to
the proposal that the S4 segment translates a large dis-
tance (w20 Å) through the membrane, driven by the
membrane voltage (Jiang et al., 2003b).

Here we use multiple biotin tethers of different
lengths to measure the membrane depth of amino
acids throughout the entire KvAP channel, including the
pore and all four transmembrane segments of the volt-
age sensor. The measurements provide an internally
consistent data set that tightly constrains the limits of
amino acid depth change associated with channel gat-
ing. We find that the voltage-sensor paddle, and the S4
segment in particular, is a uniquely mobile part of the
channel that moves the gating-charge arginine residues
more than 15 Å through the membrane.

Results

Using Tethered Biotin to Measure Membrane Depth
A basic assumption underlying this analysis is that the
protein avidin is too large and hydrophilic to penetrate
beneath the surface of the membrane (Figure 1B).
Therefore, in order for a biotinylated residue on the
channel to be able to capture avidin in the solution out-
side the membrane, the α-carbon of the cysteine resi-
due to which biotin is attached must lie within the effec-
tive tether length of the membrane surface (zone of
accessibility, Figure 1B). Biotinylated cysteine residues
that reside deeper beneath the membrane surface
(zone of inaccessibility, Figure 1B) will be unable to
capture avidin because the biotin tether will be too
short to allow the biotin moiety to reach its binding site
deep within the avidin protein. Thus, the binary out-
come of accessibility or inaccessibility to avidin gener-
ates a distance constraint for the depth of the biotiny-
lated residue within the membrane, relative to the
membrane surface.

Figure 1C shows the chemical structure of the four
biotin reagents used in this study. When bound to avi-
din, the biotin moiety plus an additional w7 Å of the
tether (colored red) will be buried within the binding
pocket of avidin. Therefore, this region of the biotin
tether must be positioned fully outside the membrane
surface in order to allow avidin binding to occur (Figure
1B). The remainder of the tether, from the α-carbon of
the cysteine to the surface of the avidin protein, defines
the effective tether length of the biotin reagent (colored
black, Figures 1B and 1C). We estimate the effective
tether length to be w1 Å for PDTE biotin, w9 Å for
MCAP biotin, w10 Å for IPEO biotin, and w17 Å for
BCAC biotin. These distances correspond to the length
of the maximally extended tether.

Calibration of Distances Using the Pore
Our goal is to determine the voltage-dependent dis-
placement of components of the channel within the
membrane when the channel gates. To accomplish this
goal, we must first examine the assumption that the
membrane is a strict barrier to avidin penetration and
that the effective tether lengths do indeed correspond
to their extended chemical structures, taking into ac-
count the dimensions of the biotin binding pocket in-
side avidin. Therefore, we used the KvAP pore, a rigid
and essentially immobile (with respect to translation
perpendicular to the membrane plane) part of the chan-
nel, whose structure and orientation within the mem-
brane are known, to calibrate our measurement.

Single cysteine mutations were introduced into a cys-
teine-less KvAP channel. The cysteine mutant channels
were expressed, purified in detergent, reacted with
tethered biotin reagents, and reconstituted into planar
membranes in order to evaluate avidin accessibility in
the functioning channels. To detect avidin binding to
biotinylated channels, we compared current records
elicited by depolarization prior to and after addition of
avidin to each side of the membrane. Because avidin
is so large, we expect that, when it binds, it should have
some detectable effect on channel function. This ex-
pectation turns out to be correct. Absolute rates of re-
activity (avidin capture of tethered biotin) were variable
at different sites on the channel. Even known surface-
exposed positions can exhibit slow rates of reactivity
(e.g., position Y173 on the turret outside S5, Figure 2A).
Since many factors can influence the rates of reactivity,
we simply want to know whether or not the reaction
occurs. This binary assay reports accessibility: reactiv-
ity or nonreactivity tells us whether a biotinylated resi-
due on the KvAP channel lies close enough to the sur-
face of the membrane to be able to bind avidin or not.

Figure 3A shows representative experiments for a
series of residues staggered along the length of the S5
helix. Control experiments show that avidin nonspecifi-
cally inhibits up to w20% of channel current when
added to the internal side of the membrane (Jiang et
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Figure 2. Avidin Binding to Biotinylated
Channels Robustly Affects Channel Function

Currents were elicited by depolarization and
normalized to the average control prior to
(black circles) or after addition of external
(red circles) or internal (blue circles) avidin.
(A) Comparison of the effect of external avi-
din on 2 nearby residues on S5, both labeled
with the 1 Å biotin tether.
(B) Comparison of the effect of internal avi-
din on H152C on S5 labeled with a shorter
(left) and longer (right) biotin tether.
(C) Comparison of the effect of avidin on 2
nearby residues on S2 labeled with the 17 Å
biotin tether.
(D) Comparison of the effect of internal avi-
din on 2 nearby residues on S4 labeled with
the 17 Å biotin tether.
(E) External avidin inhibits a paddle residue
prior to depolarization when labeled with a
17 Å biotin tether (right) and only after depo-
larization when labeled with a 1 Å biotin
tether (left).
al., 2003b). However, this nonspecific background inhi-
bition does not obscure the robust functional effects
that occur when avidin binds to biotinylated cysteine
mutant channels, allowing us to differentiate readily be-
tween accessible and inaccessible sites (Figure 2).

As we move from sites at the N terminus to sites at
the C terminus of S5 (see Figure 3), traversing the mem-
brane, how does avidin accessibility change? At the N
terminus of S5, I148C channels labeled with the 10 Å
(IPEO) tether are completely inhibited by internal but
not external avidin. I148C channels labeled with the
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hort 1 Å (PDTE) tether are similarly inhibited by internal
vidin, constraining this site to lie very near to the in-
ernal membrane boundary.

H152C lies one helical turn further into the membrane
n S5. When H152C channels are labeled with the 10 Å

IPEO) tether, channel currents are again inhibited by
nternal avidin only. However, intracellular avidin has no
ffect on H152C channels when labeled with the 1 Å
PDTE) tether. This lack of effect is not due to deficient
iotinylation, which was evaluated with protein gel as-
ays for all cysteine mutants studied (see Figure S1 in
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Figure 3. Calibration with the KvAP Pore

(A) Representative experiments showing the effects of avidin binding on S5 residues labeled with a longer (left) and shorter (right) biotin
tether. Current traces were elicited with depolarizing steps in the absence (black traces) or presence of internal (blue traces) or external (red
traces) avidin. Each current trace is the average of three to five measured traces.
(B) Accessibility of biotinylated residues mapped onto the pore structure. Red residues are accessible to only external avidin, blue residues
are accessible to only internal avidin, and black residues are inaccessible to avidin. A 31 Å membrane is shown. Zones of accessibility for
the different biotin reagents (17 Å deep, top panel; 9 Å deep, middle panel; 1 Å deep, bottom panel) are colored gray. Scale bar at right is
in angstroms.
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the Supplemental Data available with this article on-
line). “Silent” binding of avidin without any conse-
quence on channel function is unlikely in the context of
the complete inhibition that occurs when avidin binds
to H152C labeled with a longer biotin tether. We must
conclude that the 1 Å (PDTE) tether attached to H152C
is simply too short to allow biotin to reach its binding
site in avidin in the intracellular solution.

F154C, lying even deeper beneath the surface of the
membrane on the S5 helix, is able to bind intracellularly
applied avidin but only when labeled with the 17 Å
(BCAC) tether; the 9 Å (MCAP) biotin tether attached
to F154C is too short to capture avidin in the internal
solution. A similar pattern of differential accessibility to
avidin is observed for residues near the C terminus of
the S5 helix that are located at different distances from
the external surface of the membrane (L162C, Y169C,
and Y173C in Figure 3A.) The important point illustrated
from this scan of residues within S5 is that avidin ac-
cessibility depends on the position of the residue within
the helix and the length of the biotin tether (Figures 2A
and 2B and 3A and 3B).

The accessibility data for the four biotin tethers is
mapped onto the structure of the KvAP pore in Figure
3B. Data from channels labeled with the 9 Å (MCAP)
and 10 Å (IPEO) biotin tethers have been grouped to-
gether due to the similar length of the tethers. Residues
in Figure 3B are color coded according to their accessi-
bility to avidin: red, external only; blue, internal only;
and black, inaccessible. We observe an internally con-
sistent pattern of accessible and inaccessible residues
that is related to the membrane layer. How thick is the
membrane as reported by these data? All S5 residues
labeled with the 17 Å (BCAC) tether can bind avidin
from one side of the membrane or the other but never
from both sides. The minimum thickness of the mem-
brane is defined by the accessibility of sites on the pore
labeled with this longest biotin tether. M158C labeled
with the 17 Å (BCAC) tether can only bind avidin in the
internal solution and so must lie greater than 17 Å from
the external surface of the membrane. Conversely,
L162C labeled with the 17 Å (BCAC) tether can only
bind avidin in the external solution and so must lie
greater than 17 Å from the internal side of the mem-
brane. M158 and L162 are separated by 5 Å. Therefore,
the membrane as a barrier to avidin is minimally 29 Å
thick (e.g., 2 × 17 Å − 5 Å). This conservative estimate
assumes that residues L159–V161 would be accessible
to avidin from both sides of the membrane when la-
beled with the 17 Å (BCAC) biotin tether.

The maximum thickness of the membrane is defined
by the accessibility of Y173C labeled with the 1 Å
(PDTE) tether to external avidin and the accessibility of
I148C labeled with the 1 Å (PDTE) tether to internal avi-
din. These two residues are separated by 31 Å, and so
the membrane as a barrier to avidin could be as thick
as w33 Å (e.g., 2 × 1 Å + 31 Å). Similar arguments can
be worked through for different pairs of accessible and
inaccessible residues on the KvAP pore labeled with
the different tethers, but all arrive at the same essential
conclusion: the boundaries of the lipid bilayer that ex-
clude a large soluble protein like avidin are 29–33 Å
apart. We cannot more fully constrain the membrane
thickness only because we have not determined the ac-
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essibility of every site on the KvAP pore with every
ength of biotin tether.

How does this estimate of membrane thickness re-
ate to known physical parameters of the lipid mem-
rane? X-ray and neutron diffraction experiments show
hat the thickness of the hydrocarbon core of a fluid
ioleoylphosphatidylcholine (DOPC) bilayer is w29 Å

Wiener and White, 1992; Hristova and White, 1998),
ery close to our functional measurement for the frac-
ion of the lipid bilayer that avidin cannot access. The
orrespondence of these two measurements makes
hysical sense: a soluble protein like avidin likely can
enetrate much of the polar head-group layer of the

ipid membrane but is excluded from its oily hydrocar-
on core. Moreover, our estimate for the thickness of
he membrane from the biotin-avidin accessibility data
s in good agreement with the expected boundaries of
he membrane’s hydrophobic core suggested by the
vAP pore structure (Jiang et al., 2003a).
From these accessibility measurements of pore

mino acids, this binary assay reports that the mem-
rane is a barrier to avidin penetration and that the
hemical distances of the different tethers in an ex-
ended conformation provide an accurate ruler to mea-
ure the thickness of the membrane’s hydrocarbon
ore and the depth of amino acids within it. The use of
ifferent tether lengths has provided an internally con-
istent data set that tightly constrains the distance de-
ermination. These data provide a calibration with
hich we next investigate components of the voltage
ensor.

he Voltage-Sensor Helices S1 and S2
e next determined the avidin accessibility of residues
ithin the S1 and S2 helices of the voltage-sensor do-
ain labeled with different-length biotin tethers (Figure
2). Several important aspects of the accessibility of

esidues in S1 and S2 are similar to what we observe
n the pore. As in the pore, no residues in S1 or S2 are
ccessible to avidin from both sides of the membrane
ven when these residues are labeled with the longest
iotin tether used. In fact, I67C lying in the middle of the
2 helix labeled with the 17 Å (BCAC) is inaccessible to
vidin from either side of the membrane (Figure 2C). An
xplanation for this result is that the 17 Å (BCAC) tether

s less than half the thickness of the membrane and
hat I67C labeled with this biotin tether lies squarely in

narrow region in the middle of the membrane that
s unable to reach avidin in either the intracellular or
xtracellular solution. If this is true, the actual mem-
rane thickness must be at least 34 Å, closer to the
pper limit of our estimate based on the calibration with
he KvAP pore.

However, more significant than the accessibility of
ny single site is the overall coherent pattern of avidin
ccessibility that emerges from studying multiple sites
long the length of the S1-S2 helices labeled with the
ifferent biotin tethers. In Figure 4, amino acids on the
1 and S2 helices of the voltage sensor are labeled
ccording to the color scheme used for accessibility
f pore amino acids. The basic correspondence of the
attern of avidin accessibility for residues in the S1 and
2 helices with residues in the pore allows for two im-
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Figure 4. Accessibility of Amino Acids on the S1 and S2 Helices of
the Voltage Sensor

S1 and S2 helical segments from the crystal structure of the KvAP
isolated voltage-sensor domain are positioned within the membrane
boundaries and zones of accessibility (gray regions) derived from the
calibration with the pore. Red residues are accessible to only external
avidin, blue residues are accessible to only internal avidin, and black
residues are inaccessible to avidin. Scale bar at right is in angstroms.
portant conclusions. First, the membrane thickness as
a barrier to avidin defined by the accessibility of resi-
dues within the S1 and S2 helices is consistent with our
estimate derived from the KvAP pore. Second, the S1
and S2 helices, like the helices of the pore, apparently
do not undergo large displacements perpendicular to
the membrane plane (see below).

The Voltage-Sensor Paddle
If the large translational motion of the voltage-sensor
paddle is true, we should find a very different pattern
of avidin accessibility for residues in the paddle (the
helical hairpin formed by S3b and S4) in comparison
with stationary regions of the channel (Figure S3). Fig-
ure 5 summarizes the avidin accessibility of residues
within the voltage-sensor paddle from G101C on the
S3b segment to I127C on the S4 segment and maps
the data onto the helical hairpin structure. Positions as-
sayed for avidin accessibility are color coded in Figure
5B as in previous figures. However, now a new color
must be introduced specifically for residues on the volt-
age-sensor paddle. Yellow residues on the paddle rep-
resent a class of accessible sites not seen anywhere
else on the channel, residues that can bind avidin from
both sides of the membrane. The accessibility of bioti-
nylated residues on the voltage-sensor paddle is
unique and unlike what is observed for residues in the
pore or the S1 and S2 helices of the voltage sensor in
several respects, which we consider below.

From the calibration with the pore, S1, and S2, we
know that residues labeled with the 1 Å (PDTE) biotin
tether must lie very close to the membrane surface in
order to be accessible to avidin. Avidin in the extracel-
lular solution can capture biotinylated residues on the
tip of the paddle and on the first helical turn of S4 in-
cluding L118C (Figure 5A). Just two helical turns away
on S4, L125C labeled with the 1 Å (PDTE) tether binds
avidin from the internal side of the membrane (Figure
5A). Remarkably, L118 and L125 are separated by just
10 Å on the S4 helix. Recall that the closest residues
labeled with the 1 Å (PDTE) tether on the KvAP pore
that bind avidin from opposite sides of the membrane
are 31 Å apart. Because avidin cannot penetrate the
membrane, the only explanation for the accessibility of
these two nearby residues on S4 is to invoke that the
voltage-sensor paddles move through the membrane
to bring L125C within w1 Å of the internal membrane
boundary and L118C within w1 Å of the external mem-
brane boundary in different gating states of the channel
(Figure 5B, bottom panel). To account for the accessi-
bility of biotinylated sites on S4 labeled with the 1 Å
(PDTE) tether, this region of the paddle must move a
minimum of 17 Å perpendicular to the plane of the
membrane, assuming the minimum membrane thick-
ness of 29 Å. If the membrane is actually 34 Å thick,
the displacement of this portion of the S4 segment will
be 22 Å.

The large displacement of the S4 segment suggested
by the accessibility data using the 1 Å (PDTE) biotin
tether predicts that there should be multiple residues
on S4 that are accessible to avidin from both sides of
the membrane when labeled with the longer biotin teth-
ers. In a previous study, we found that two residues
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Figure 5. Accessibility of Voltage-Sensor-Paddle Residues Invokes Motion

(A) Representative experiments showing the effects of avidin on paddle residues labeled with the indicated biotin tether. Traces show
averaged currents in response to depolarizing steps prior to (black) and after addition of external (red) or internal (blue) avidin.
(B) Depth of the voltage-sensor paddle within the membrane in the closed (left) and opened (right) conformation of the channel, positioned
according to the constraints of the biotin-avidin accessibility data. The membrane boundaries are derived from the calibration with the pore.
Zones of accessibility for the different biotin reagents derived from the pore, S1, and S2 are colored gray and extrapolated to the 10 Å biotin
tether (middle panel) since the 9 Å tether was not used to label paddle residues. Red residues are accessible to only external avidin, blue
residues are accessible to only internal avidin, black residues are inaccessible, and yellow residues are accessible to avidin from both sides
of the membrane. Scale bar at right is in angstroms.
within the S4 segment (L121C and L122C), when la-
beled with the 10 Å (IPEO) biotin tether, are in fact able
to grab avidin in the solution on both sides of the mem-
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rane (Jiang et al., 2003b) (Figure 5B, middle panel). We
an now understand the dual accessibility of these two
esidues on S4 in the context of the accessibility of resi-
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dues elsewhere on the channel. In the KvAP pore and
the S1-S2 helices of the voltage sensor, we find that no
sites are accessible to avidin from both sides of the
membrane even when labeled with the longer 17 Å
(BCAC) biotin tether. The dual accessibility of residues
labeled with a 10 Å biotin tether exclusively in S4 sub-
stantiates our previous conclusion that movement of
the S4 segment is large and can actually drag the bulky
10 Å (IPEO) biotin tether fully through the lipid mem-
brane as the channel gates. The accessibility data
using the 10 Å (IPEO) tether indicate that the S4 seg-
ment translates between 11–21 Å as the channel moves
from a closed to an opened conformation. This esti-
mate for the paddle displacement has a broader range
due to the granularity of the measurement—the acces-
sibility of every residue on S4 labeled with the 10 Å
(IPEO) biotin tether was not determined.

The pattern of accessibility for residues on the volt-
age-sensor paddle labeled with the 10 Å (IPEO) tether
is unique in another respect. All residues on S3b and
S4 are accessible to avidin from one side of the mem-
brane or the other when labeled with the 10 Å (IPEO)
biotin tether. In comparison, on the pore, S1, and S2,
we find multiple residues that are inaccessible to avidin
on either side of the membrane when labeled with this
biotin tether or the similar-length 9 Å (MCAP) biotin
tether. Again, this suggests that the voltage-sensor
paddle must undergo a sizable motion in order to bring
the α-carbon of all residues within 10 Å of either the
internal or external membrane boundary.

Consistent with the large displacement of the S4 seg-
ment, we find a region of S4 spanning at least 10 resi-
dues that can bind avidin from both sides of the mem-
brane when labeled with the 17 Å (BCAC) tether (L118–
I127, Figure 5B, top panel). For these residues, avidin
addition to either side of the membrane resulted in
complete inhibition (Figure 5A). In contrast to the dual
accessibility of residues in the voltage-sensor paddle,
no sites on the pore, S1, or S2 were found to be acces-
sible to both external and internal avidin when labeled
with the 17 Å (BCAC) biotin tether. In fact, a residue in
the middle of S2 biotinylated with the 17 Å tether is
unable to reach avidin from either side of the mem-
brane. This result indicates that much of the S4 helix
must move fully between the lower and upper mem-
brane leaflet during channel gating.

The large motion of the voltage-sensor paddle has
been derived in this study independently of any consid-
erations of the gating state of the channel that we are
measuring. We have used the robust binary measure of
accessibility or inaccessibility to avidin alone to deduce
the motion of the voltage-sensor paddles relative to the
surface of the membrane. However, the motion of the
paddle depicted in Figure 5B implies that most sites
labeled with the shorter biotin tethers will be able to
reach avidin only in some gating states of the channel
and not in others and, therefore, avidin binding will de-
pend on membrane voltage. Consistent with this idea,
all externally accessible residues labeled with the 10 Å
(IPEO) biotin tether were shown to require membrane
depolarization to allow avidin binding to occur and
could be protected from binding by holding the channel
closed with negative membrane voltages (Jiang et al.,
2003b). As expected, externally accessible residues la-
beled with the shorter 1 Å (PDTE) biotin tether similarly
show state-dependent accessibility to extracellular avi-
din (Figure 2E). This state dependence is due to the
length of the biotin tether because when the same pad-
dle residues are labeled with the longer 17 Å tether,
avidin can bind prior to membrane depolarization (Fig-
ure 2E).

Discussion

The accessibility data using avidin capture of biotiny-
lated channels indicate that the voltage-sensor paddle
is uniquely mobile compared to other regions of the ion
channel and that the conserved S4 arginine residues
move 15–20 Å through the thickness of the membrane.
Even if local crevices or deformations of the lipid mem-
brane near the transmembrane helices exist, because
avidin is so large, it would be unable to penetrate into
such regions (Figure 1B). Therefore, there is no escap-
ing the basic conclusion that the mobile regions of the
voltage sensor are moving 15 to 20 Å in the biotin-avi-
din accessibility assay.

However, one caveat that we must consider is the
following: could it be that such large motions result in
this assay because extreme conformations of the sen-
sor are captured due to the nearly irreversible binding
of biotin to avidin? Several aspects of the data suggest
that it is unlikely that avidin is capturing rare conforma-
tions or fluctuations of the channel in the membrane. If
it were, first of all, it would be very difficult to explain
the observed pattern of accessibilities for the pore, S1,
and S2, which are quantitatively consistent with the ex-
tended linker lengths and the known membrane bilayer
thickness (Wiener and White, 1992; Hristova and White,
1998) (Figures 1, 3, and 4). Of course, one could still
argue that the pore, S1, and S2 are static components
of the channel and that capture of rare conformations
will only involve intrinsically mobile components of the
channel, that is, that the voltage-sensor paddle is mo-
bile and has the capacity to undergo large movements
but does not normally do so. The data point against
this interpretation: there are sharp transitions between
accessible and inaccessible positions on the voltage-
sensor paddle and elsewhere (Figures 2C and 2D). Cap-
ture of rare conformations due to thermal fluctuations
of the protein would be expected to follow some rea-
sonably continuous distribution along a helix (i.e., if a
given position is captured readily by avidin, nearby
sites should also exhibit some measurable capture),
but what we observe instead are positions separated
by a single amino acid on S4 going from full reactivity
by the first depolarization to no reactivity over 30 min
(Figure 2D). Such sharp transitions are completely in-
consistent with the idea that avidin is capturing rare
conformations. Finally, and perhaps most importantly,
the state-dependent accessibility of paddle residues la-
beled with the shorter biotin tethers indicates that avi-
din binding is coupled to channel opening (Figure 2E)
(Jiang et al., 2003b). Based on these aspects of the
data, it is likely that the data presented here reflect the
true depth of amino acid positions within the mem-
brane and the changes in depth that occur in associa-
tion with gating of the Kv channel.
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How do the large voltage-sensor movements de-
duced in this study of KvAP compare with movements
deduced using other techniques applied to other Kv
channels? In addition to the biotin-avidin method used
here, three predominant approaches have been used to
estimate the sensor motion in Kv channels: accessibil-
ity of site-directed cysteine residues to small thiol-
reactive compounds (Mannuzzu et al., 1996; Larsson et
al., 1996; Yusaf et al., 1996; Baker et al., 1998), accessi-
bility of inhibitory spider toxins to the voltage sensor
(Phillips et al., 2005), and fluorescence or luminescence
resonance energy transfer (FRET or LRET) changes as-
sociated with gating (Glauner et al., 1999; Cha et al.,
1999; Posson et al., 2005). As discussed earlier, the per-
vasive state-dependent accessibility of cysteine resi-
dues on S4 to thiol-reactive compounds is subject to
two possible interpretations, one of which is in good
quantitative agreement with the large conformational
changes deduced from the biotin-avidin accessibility
measurements. The ability of spider toxins to bind to
both the closed and open conformation of the voltage
sensor has been argued by Swartz and colleagues to
be evidence that the voltage sensor does not undergo
very large movements (Phillips et al., 2005), but their
argument is not supported by the data. The voltage-
sensor toxins insert into the outer leaflet of the lipid
membrane (Lee and MacKinnon, 2004; Suchyna et al.,
2004), and they interact with residues on S3 (Swartz
and MacKinnon, 1997), which remains in the mem-
brane’s outer leaflet (Figure 5B). Furthermore, S3 in
Kv2.1—the channel in which most of the toxin studies
have been carried out—most likely extends for nearly
two additional helical turns toward the extracellular
surface compared to S3 in KvAP (based on the crystal
structure of Kv1.2; Long et al., 2005a). The spider-toxin
data are indeed completely compatible with the kind
of voltage-sensor-paddle depth changes shown in Fig-
ure 5B.

We can not reconcile the accessibility data presented
here with the LRET data, which have led Bezanilla, Sel-
vin, and colleagues to conclude that the voltage sensor
undergoes transverse movements no greater than 2.0 Å
(Cha et al., 1999; Posson et al., 2005). However, several
aspects of the LRET data lead us to wonder exactly
what distances are being measured in those studies,
especially since we now have determined a crystal
structure of a Shaker family channel, Kv1.2, with which
to evaluate their method (Long et al., 2005a). First, the
absolute distance measured between equivalent S4
positions on adjacent subunits using LRET does not
agree with the crystal structure (e.g., Shaker V363 by
LRET was reported to be 32 Å; the equivalent residue
on Kv1.2, V295, by crystallography is 48 Å) (Cha et al.,
1999; Long et al., 2005b). Second, when the caged Tb3+

in the LRET studies is moved to different positions on
the voltage sensor—which, according to the Kv1.2
crystal structure, should be at very different distances
relative to the pore—little variation in distance (to a ref-
erence toxin) by LRET is observed (Posson et al., 2005),
suggesting a lack of sensitivity in the LRET assay espe-
cially as the distances become longer. In the biotin-avi-
din accessibility studies presented here, we have dis-
tributed “probes” over the entire channel protein in
order to use regions of known structure to calibrate our
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ethod. We suggest that similarly rigorous controls be
arried out to determine the true range of accurate dis-
ance measurement allowed by the LRET method in a
embrane bound Kv channel.
How do the physical distances of movement de-

uced in the present study correlate with electrical
easurements in Kv channels? In the Shaker Kv chan-

el, the first four arginines distributed along the S4 seg-
ent account for most of the channel’s measured gat-

ng charge (Aggarwal and MacKinnon, 1996; Seoh et
l., 1996). Displacement of the KvAP paddle as shown
Figure 5B) would enable 3 of the 4 conserved arginine
uanidinium groups (R120, R123, and R126) to ap-
roach the intracellular phospholipid head-group layer

n the closed (“down”) position and 3 out of 4 (R117,
120, and R123) to approach the extracellular phos-
holipid head-group layer in the opened (“up”) position

f one takes into account the length of the arginine side
hain. These large motions are nicely consistent with
xperiments in the Shaker channel showing that each
f the first 4 S4 arginine residues contributes approxi-
ately 1 elementary charge unit to the gating charge

Schoppa et al., 1992; Aggarwal and MacKinnon, 1996;
eoh et al., 1996).
In contrast to the large displacement of the S4 seg-
ent, S3b never descends beneath the midpoint of the
embrane. Even in the closed conformation, S3b re-
ains in the membrane’s outer leaflet, closer to the ex-

racellular solution, and we imagine that, when it is
own (closed), it causes the membrane to dimple, or
istort locally, so that lipid-head groups and water
olecules remain “above” it (and the disordered loop
etween S3 and S4 in some Kv channels would remain

n the extracellular solution; Long et al., 2005a). This
ould account for the accessibility of small thiol rea-
ents to cysteine residues on S3b even in the closed
onformation (Gandhi et al., 2003; Gonzalez et al.,
005). Could S3b and S4 open to some extent during
ating? The biotin-avidin data do not preclude this pos-
ibility, but they are reasonably consistent with the
igid-body motion presented in Figure 5B. On this point,
e note that the region of accessibility with the 10 Å

IPEO) linker covers 3.5 helical turns on S3b versus up
o only 2 helical turns everywhere else (intracellular and
xtracellular sides of S1, S2, and S5) (Figure 5). This
bservation, together with the state dependence of
any sites on S3b with the shorter linkers (Figure 2E)

Jiang et al., 2003b), leads us to conclude that S3b
hanges its depth substantially in the membrane. Fur-
hermore, we have not observed a deviation from the
elical hairpin conformation in numerous crystal struc-
ures (Jiang et al., 2003a; Lee et al., 2005). Therefore,
ntil we obtain data that indicate otherwise, we pro-
ose that S4 moves as part of a voltage-sensor paddle

an antiparallel helix with S3).
X-ray crystallographic studies of a mammalian mem-

er of the Shaker Kv channel family (Kv1.2) have re-
ently revealed a native structure of the voltage sen-
ors in an open conformation (Long et al., 2005a). New
rystal structures of the KvAP channel, combined with
iochemical studies, suggest that KvAP is very similar
o Kv1.2 in its native three-dimensional structure (Lee
t al., 2005). Figure 6 shows a model of one subunit of
vAP based on these new data. A key feature of this
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Figure 6. Summary of the Biotin-Avidin Accessibility Data

Stereo view of a single subunit of KvAP with accessibility data mapped onto the model (Lee et al., 2005). Membrane boundaries (solid lines)
and zones of accessibility (hatched lines) are derived from calibration with the KvAP pore and S1 and S2 segments of the voltage sensor.
Numbers in the upper panel mark the helical segments S1, S2, S3b, and S4. Each amino acid evaluated is represented as a colored sphere.
Red residues are accessible to only external avidin, blue residues are accessible to only internal avidin, black residues are inaccessible, and
yellow residues are accessible to avidin from both sides of the membrane.
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model is that the voltage sensors are mechanically cou-
pled to the pore through a single helix, the S4-S5 linker
helix, but otherwise the sensors make very little contact
with the pore. Consequently, the voltage sensors are
suspended in the membrane as essentially indepen-
dent domains. This fascinating feature of the structure
probably explains why it has been possible to attach
with impunity bulky biotin tethers throughout the volt-
age sensor (S1–S4) and S5: a channel with separate
voltage-sensor domains surrounding the pore creates
a large protein surface area exposed to the lipid mem-
brane into which the biotin tethers can project.

The biotin-avidin accessibility data mapped onto the
KvAP model in Figure 6 convey the following important
information. The pattern of accessibility for the different
biotin reagents on S1, S2, and S5 emphasizes that this
assay accurately measures the depth of an amino acid
inside the hydrophobic core of the membrane. The only
rational interpretation of these data is that S1, S2, and
S5 are static within the membrane with respect to
transverse motion. In contrast, the charged region of S4
must move through a large fraction of the membrane’s
hydrophobic core. Its motion could be such that certain
arginine residues on S4 could be stabilized in the open
(Long et al., 2005b) and closed states by negative
countercharges from the static S1 and S2 helices. It
is easy to envision how a negative membrane voltage
(negative inside), by exerting a force on the positive
gating-charge arginines, would draw the mobile paddle
inward to position the blue and yellow residues on S4
close to the same membrane depth as blue residues
on S1, S2, and the pore, a translation of 15–20 Å. Depo-
larization of the membrane (positive inside) would exert
an outward force on the arginines, causing the mobile
paddle to adopt a position something like that shown
in Figure 6, with the red and yellow residues on the
paddle aligned with the red residues on S1, S2, and
the pore. These motions would directly influence the
position of the S4-S5 linker and hence the S6 inner helix
of the pore (Long et al., 2005b).

The most important conclusion from the biotin-avidin
accessibility experiments presented here is that the
voltage-sensor paddle is distinctively mobile. The ac-
cessibility of biotinylated residues on the KvAP S4 seg-
ment is fully compatible with previous accessibility
studies of eukaryotic Kv channels using small thiol-
reactive compounds but allows for only one interpreta-
tion. In response to membrane depolarization, the
movement of the voltage-sensor paddle translates the S4
segment and its gating-charge residues 15 to 20 Å across
the membrane to bring about pore opening.

Experimental Procedures

Preparation of Reconstituted Biotinylated Channels
All accessibility studies were carried out using a KvAP channel in
which the single endogenous cysteine was mutated to serine
(C247S). Single cysteine mutations were introduced onto the KvAP
C247S background channel using the QuikChange method (Strata-
gene) and confirmed by sequencing the entire gene. Mutant chan-
nels were expressed and purified as described (Ruta et al., 2003)
except that, prior to gel filtration, mutant KvAP channels were incu-
bated with 1 mM Tri(2-carboxyethyl)phosphine hydrochloride
(TCEP) for 1 hr. Immediately after gel filtration, mutant channels (at
0.5–1.0 mg/ml) were incubated with either 4 mM PDTE biotin (bio-
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in-[2-(2-pyridyldithio)ethylamide], Toronto Research Chemicals,
nc.), 4 mM MCAP biotin (N-biotinylcaproylaminoethyl methanethi-
sulfonate, Toronto Research Chemicals, Inc.), 4 mM IPEO biotin

(+)-biotinyl-iodoacetamidyl-3, 6-dioxaoctanediamine, Pierce), or 2
M BCAC biotin (biotinylcaproylaminocaproylaminoethyl meth-

nethiosulfonate, Toronto Research Chemicals, Inc.) at room tem-
erature for 4–5 hr. Biotinylated channels were reconstituted into

ipid vesicles as described (Heginbotham et al., 1999) to give a final
rotein concentration of between 0.8 and 1.2 mg ml−1.
Gel shift assays were performed by adding either avidin (w5- to

0-fold molar excess) or an equal volume of buffer to aliquots of
econstituted biotinylated channels. SDS-containing sample buffer
as then added to lyse vesicles and prevent underestimation of
iotinylation due to the sidedness of channel orientation within
esicles. The extent of avidin-channel-complex formation was then
nalyzed by SDS-PAGE.

lectrophysiology
lectrophysiology of biotinylated KvAP channels was performed as
escribed (Ruta et al., 2003). Biotinylated channels were incorpo-
ated into planar membranes and studied using various voltage
rotocols prior to and after addition of 40–100 �g/ml avidin (Pierce)

o the solution on one side of the membrane. For most biotinylated
hannels, the effects of avidin binding on channel function were
valuated with 200 ms depolarizing pulses to +100 mV from a hold-

ng voltage of −100 mV repeated every 120 s. Some biotinylated
hannels exhibited shifted voltage-dependent activation and re-
uired more strongly negative holding voltages (up to −150 mV) or
ore strongly positive depolarizing voltages (up to +200 mV). Also,

ome biotinylated channels showed more rapid recovery from inac-
ivation and could be tested with depolarizing pulses as frequently
s every 30 s.

upplemental Data
upplemental Data include three figures and can be found with this
rticle online at http://www.cell.com/cgi/content/full/123/2/463/
C1/.
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