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Abstract Detailed three-dimensional structures at atomic res-
olution are essential to understand how voltage-activated K*
channels function. The X-ray crystallographic structure of the
KvAP channel has offered the first view at atomic resolution of
the molecular architecture of a voltage-activated K* channel
[Jiang et al. (2003) Nature 423, 33]. In the crystal, the voltage
sensors are bound by monoclonal Fab fragments, which appar-
ently induce a non-native conformation of the tetrameric chan-
nel. Thus, despite this significant advance our knowledge of the
native conformation of a Kv channel in a membrane remains
incomplete. Numerous results from different experimental ap-
proaches provide very specific constraints on the structure of
K™ channels in functional conformations. These results can be
used to go further in trying to picture the native conformation of
voltage-gated K* channels. However, the direct translation of
all the available information into three-dimensional models is
not straightforward and many questions about the structure of
voltage-activated K* channels are still unanswered. Our aim in
this review is to summarize the most important pieces of infor-
mation currently available and to provide a critical assessment
of the model of Shaker recently proposed by Lainé et al. [Neu-
ron 39 (2003) 467].

© 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

Voltage-gated K" channels are transmembrane proteins
that control and regulate the flow of K* ions across cell
membranes. They activate in response to changes in mem-
brane potential and are essential for the propagation of action
potentials in excitable cells. The Shaker K* channel from
Drosophila melanogaster [1] is one of the most studied vol-
tage-activated Kt channels. At the cell surface Shaker chan-
nels are tetramers [2], and each subunit consists of six trans-
membrane segments, S1-S6. The first four segments of each
subunit, S1-S4, act as a ‘voltage sensor’, which detects the
potential across the membrane and controls the gating of
the channel [3-9]. The pore, which is responsible for rapid
and selective ion conduction, is formed by the close associa-
tion of the last two segments from each of the four subunits
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around a central axis. Electrophysiological [10-15], crystallo-
graphic [12,16,17] and computational studies [18-20] have
helped elucidate the basic mechanism of K* permeation.
The molecular conformations of the voltage sensor and how
they are coupled to the central pore domain are less well
understood.

Recently, a first view of the three-dimensional (3D) struc-
ture of a voltage-gated channel at atomic resolution was ob-
tained using X-ray crystallography for the KvAP channel [21].
Two independent X-ray structures were obtained. The full
tetrameric channel was crystallized in complex with a mono-
clonal Fab antibody fragment bound to the S3-S4 loop (Fig.
1A). In addition, the isolated voltage sensor, consisting of S1—
S4, was also crystallized, again with a monoclonal Fab anti-
body bound to the S3-S4 loop. The conformations of the
voltage sensor in the two X-ray structures are quite different.
Furthermore, recognizing that the structure of the full channel
was not entirely consistent with the expected architecture of
the functional channel based on numerous experimental re-
sults, the authors concluded that the X-ray structure was
probably distorted to some extent [21,22]. Thus, although
these crystal structures have provided valuable information,
our knowledge of the native conformation of a voltage-gated
K" channel is incomplete. The occurrence of such a non-na-
tive conformation in protein crystallography appears to be
highly unusual, but in this case may be due to the combined
effect of the detergent and the interaction of the large, rigid
Fab fragment with the highly flexible voltage sensor domain.

Additional experiments were performed to probe the move-
ment of the voltage sensor in lipid membranes by tethering
biotin to various positions and assessing whether avidin could
access the biotin from either side of the membrane [23]. In
addition, the significance of the distortion in the full-length
channel structure was examined by docking the X-ray struc-
ture of the isolated voltage sensor (from the beginning of S2
to the end of S4) onto the central pore domain by superposing
S2 (Fig. 1B); comparison with the full-length structure (Fig.
1A) led the authors to conclude that the crystallographic
structure of the full-length channel was not very far from its
membrane-bound conformation [22]. Models of the resting
and activated functional states of the channel in its membrane
environment were then developed accordingly, on the basis of
the information from the X-ray structures and the biotin ac-
cessibility data [23]. A representation of the open state is
shown in Fig. 1C.

In the KvAP structural models, it is proposed that the S4
segment is located at the periphery of the protein, where pos-
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Fig. 1. Structures of the KvAP channel from Jiang et al. [21,23]; S1
(light blue), S2 (yellow), S3 (red), S4 (dark blue) and S5-S6 (green).
Only two subunits are shown for the sake of clarity. A: X-ray
structure of the full-length KvAP channel viewed from the side with
the intracellular solution below [21]. B: Identical view with the
X-ray structure of the isolated voltage sensor (S1-S4) docked ac-
cording to the position of S2 in the X-ray structure of the full-
length channel (obtained by superposing the backbone of S2 from
the two X-ray structures) [21]. C: Representation of the modeled
open state structure of KvAP based on the paddle depth and orien-
tation [23].

itively charged S4 residues that sense changes in membrane
potential are in contact with the hydrocarbon lipids while S2
lies close to the pore (Fig. 1C). The location of S4 was moti-
vated by the observation that channels biotinylated along S4
appear to be able to drag biotin and its linker all the way
across the membrane [23]. Nonetheless, such a structural fea-
ture departs considerably from most previous models of vol-
tage-gated channels, which typically assumed that S4 is a
transmembrane segment surrounded by other parts of the
protein, and it is fair to say that there is a lack of consensus
on this matter at the present time (for a review, see [24]).
One can try to go further by exploiting all the information
that is available. A wide variety of experimental approaches
including electrophysiology, biochemistry, site-directed muta-
genesis, resonance energy transfer, and electron microscopy
have also been used to probe the structure and function of
voltage-gated K* channels. Undoubtedly, the large number of
available experimental results put very specific constraints on
the architecture of voltage-gated K* channels, although often
indirectly. However, the ‘translation’ of all the available in-
formation into a 3D structure is not a straightforward (or
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risk-free!) exercise because it entails a critical assessment of
the significance of experimental results obtained from widely
different methods. Nonetheless, it is a worthwhile exercise
because the resulting models provide a unified basis upon
which the data from various sources can be compared and
assessed. Our hope is that such models can play a useful
role in the design of future experiments by indicating the areas
of greatest uncertainty in the structure, and by helping to
identify possible inconsistencies between the existing data.
The focus of the present paper is to regroup and review the
available experimental data and to provide a critical assess-
ment of a model of Shaker in the activated state that was
recently proposed [25]. This model is shown in Fig. 2. In
the model, the S1-S4 segments forming the voltage sensor
domain are transmembrane o-helices. More specifically, the
S4 segment is located near the groove formed at the interface
between pore regions of adjacent subunits, nearly halfway
between neighboring S5 helices. The assumption that the
S1-S4 segments adopt a helical conformation is consistent
with the X-ray structure of the KvAP channel [21]. Although
the model shown in Fig. 2 differs markedly from the model
proposed by Jiang et al. [23] (Fig. 1C), the organization of the
voltage sensor is quite similar to that seen in the X-ray struc-
ture of the isolated voltage sensor domain of KvAP [21], with
S1-S4 packed in a counterclockwise fashion when viewed
from the extracellular side of the membrane [26]. Therefore,
the general organization of S1-S4 in the model is consistent
with part of the structural information from X-ray crystallog-
raphy. In the following, we will review the most important
experimental results upon which the Shaker model shown in

Fig. 2. Top (A) and side (B) view of the model of Shaker in the ac-
tivated state proposed by [25]. S1 (light blue), S2 (yellow), S3 (red),
S4 (dark blue) and S5-S6 (green). Only two subunits are shown in
B for the sake of clarity.
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Fig. 3. Trp-tolerant positions of S1-S3 from the scanning studies of [27,28] are highlighted (dark gray). A side view from the lipid membrane
(A) and a view of the voltage sensor S1-S4 seen from the pore (B) are shown. It is seen in B that no Trp-tolerant positions of S1-S3 are at
the buried interface between the voltage sensor and the pore domain. S1 (white), S2 (yellow), S3 (red), S4 (blue) and S5-S6 (green).

Fig. 2 is based. The paper concludes with a brief discussion of
the strengths and pitfalls of the current efforts.

2. Scanning mutagenesis of S1-S3

Miller and co-workers have performed site-directed substi-
tution of all residues in S1-S3. Helical periodicity of func-
tional alteration in the voltage—activation curves and gating
kinetics was observed throughout S1 and S2. The function of
the channel was significantly affected after Trp substitution at
a number of positions [27,28]. However, channel function was
not affected in many other positions. In the case of S3, the
observations were similar but more complex. The distribution
of Trp-tolerant positions was roughly consistent with a helical
secondary structure for the amino-terminal end of S3,
although the results were not as clear towards the carboxy-
terminus [27]. Results from Ala [29] and Lys scanning [30]
with the Kv2.1 (drk1) K* channel suggest that the S3 segment
is entirely helical, but that the amino-terminal part interfaces
with both lipid and protein, whereas the carboxy-terminal
part interfaces with water. Interestingly, comparison of the
amino acid sequence of several channels in the Kv family
showed that the Trp-tolerant sites exhibit a high level of se-
quence variability, whereas the Trp-intolerant sites are highly
conserved [27]. This observation further reinforces the sugges-
tion that Trp-tolerant positions in the Shaker K™ channel are
exposed to the hydrocarbon region of the lipid bilayer [27,28],
while the Trp-intolerant residues are involved in protein—pro-
tein contacts. As shown in Fig. 3, the Trp-tolerant positions
are all clustered on a single face of the putative o-helical seg-
ments and are projecting towards the hydrocarbon region of
the lipid bilayer in the model of Lainé et al. [25]. Remarkably,
the break in S3, observed also in the X-ray structure of
KvAP, had been previously deduced on the basis of scanning
mutagenesis experiments [30,31]. Such a break in S3 was not
incorporated in our model for simplicity.

3. Interactions between S2, S3 and S4

Many experimental studies have provided information on
the relative position of the S1, S2, S3 and S4 segments. Using
an intragenic suppression strategy, Tiwari-Woodruff et al. [32]
showed that charge reversal mutations of E283 in S2 and

K374 in S4 disrupt maturation of the protein. Maturation
was specifically and efficiently rescued by second-site charge
reversal mutations, strongly suggesting that electrostatic inter-
actions exist between E283 in S2 and R368 and R371 in S4,
and between K374 in S4, E293 in S2, and D316 in S3. Further
investigation suggested that the interaction between E283 in
S2 and R368 in S4 is likely to be important in an intermediate
closed conformation along the activation pathway, whereas
the interaction between E283 and R371 in S4 is probably
important for the activated conformation of the voltage sen-
sor [33]. In ether-a-go-go (eag), Tang et al. [34] showed that
extracellular Mg?t directly modulates the activation process
by binding simultaneously to D278 in S2 (corresponding to
1287 in Shaker) and D327 in S3 (corresponding to F324 in
Shaker). Furthermore, evidence has been presented that the
detailed molecular rearrangements that contribute to voltage-
dependent activation in eag and Shaker channels are con-
served, justifying the combination of constraints derived
from these channels in one structural model [35]. As observed
in Fig. 4, the identification of this additional pair of residues
from eag constrains considerably the packing of the segments

Fig. 4. Tertiary interactions that determine the relative packing of
S2 (yellow), S3 (red) and S4 (blue). Based on [26,32-35].
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S2-S4 in the voltage sensor of K* channels [26,34-36], leading
to a unique arrangement of all the transmembrane segments
except S1. Although no experimental data define its location
relative to the other transmembrane segments, surveys of
membrane proteins indicate that transmembrane helices gen-
erally pack against neighbors in the sequence [37]. This would
suggest that S1 should be near S2, which is the arrangement
observed in the structure of the isolated voltage sensor of
KvAP [21].

4. Location of S4 relative to the pore

Cha et al. [38] used lanthanide-based resonance energy
transfer (LRET) to measure distances between Shaker potas-
sium channel subunits at specific residues. Specific sites in the
channel were labelled by substituting a cysteine for particular
residues and attaching a cysteine-reactive compound of either
a donor (a terbium-chelate maleimide) or an acceptor (fluo-
rescein maleimide). In particular, a distance of 45 A between
two V363 residues in S4 segments across the tetramer was
estimated using this approach. As observed in Fig. 5, the S4
segment must be localized near the groove between adjacent
subunits to satisfy this distance. Importantly, the estimated
distances from LRET are completely consistent with the re-
sults from Blaustein et al. [39] who used a method based on
tethered quaternary ammonium (QA) pore blockers. To local-
ize the S1-S4 segments relative to the central pore, a series of
compounds of varying length were tethered to specific test
residues using site-directed cysteine mutations. By examining
the probability of blockade as a function of the length of the
compounds, it was shown that the extracellular ends of Sl
and S3 are approximately 30 A from the external opening
of the pore while the S3-S4 linker is located at 17-18 A
from the pore.

The atomic proximity of S4 to S5 was also revealed via the

Fig. 5. Circle of 45 A diameter corresponding to the distance be-
tween V363 (CB shown in yellow) residues located in S4 segments
in opposite subunits across the pore axis as estimated by LRET
[38].
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Fig. 6. Location of S4 at the interface between adjacent subunits
from [25]. The S4 segment (in blue) and the central pore domain
formed by S5 (yellow) and S6 (green) are shown. The red spheres
represent the CB atoms of R362 and A419 [25], and the orange
spheres represent the Cp atoms of R377 and Y483 corresponding to
the position of D540 and R665 in the HERG channel [48].

spontaneous formation of intersubunit disulfide bonds be-
tween R362 and F416 and between R362 and A419 when
cysteines were introduced at these positions [25]. Circular tet-
ramers of Shaker subunits were specifically observed by so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis when
these residues were substituted by cysteine, indicating that the
contacts occurred between residues in adjacent subunits. In
contrast the corresponding single cysteine mutants or other
double cysteine mutants in this same region did not form
disulfide-bonded tetramers. Furthermore, after reduction of
the disulfide bonds, the cysteines in the double mutant
362C+419C formed a high affinity Cd?>* binding site
([Cd**1o.5s =190 nM) that stabilized the Shaker channel in
an activated conformation. Reduced R362C+F416C channels
also bound Cd** with high affinity. Similarly, a high affinity
Zn** binding site (~400 nM) was formed when R362 and
A419 were substituted by His. Of particular importance, the
measured affinities are comparable to those measured in ex-
periments involving an engineered binding site with two (in-
stead of three) His residues in the active site of human car-
bonic anhydrase II [40], suggesting that no significant
structural distortions of the channel are induced by the metal
bridge introduced between S4 and the pore domain. It was
confirmed that the contacts involved residues from two differ-
ent subunits by electrophysiological characterization of co-in-
jected single mutants (R362H and A419H). Formation of
similar disulfide bonds between pairs of cysteine residues in-
troduced at position 416 and at variable positions in the S3-
S4 linker confirmed the proximity of S4 in relation to the pore
domain [41,42].

These experimental results place S4 in proximity with the
pore domain near the groove that is formed at the boundaries
of two subunits. The location of S4 in the model is depicted in
Figs. 6 and 7. The carboxy-terminus of the S4 segment from
one subunit makes contact with the neighboring subunit in the
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Fig. 7. Top (A) and side (B) view of Shaker showing how the car-
boxy-terminus of S4 from one monomer makes contact with S5 of
the neighboring subunit in the clockwise direction as seen from the
extracellular side. Based on [25]. Each subunit is shown as a differ-
ent color.

clockwise direction when seen from the extracellular side of
the membrane. Interestingly, scanning mutagenesis of the
Shaker pore domain identified a number of residues with large
effects on channel gating that map directly under the position
of S4 in the model [43]. Residues that mapped to the ‘surface’
of the central pore domain based on the X-ray structure of
KcsA were mutated. Mutations that significantly shifted the
gating charge-voltage relationship were found to cluster near
the interface between adjacent pore domain subunits, suggest-
ing that this is one region where the voltage sensor contacts
the pore. The residues displaying the largest perturbations in
channel gating are highlighted in Fig. 8.

5. Accessibility measurements

Gandhi et al. [41] examined the solvent accessibility of res-
idues from S1 through S3. Cysteine residues were introduced
at specific positions in S1-S3 and labeled with tetramethylrho-
damine maleimide, a fluorescent molecule, to probe the acces-
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sibility of those positions. Since this reagent is known to be
membrane-impermeable, any voltage-dependent changes in
fluorescence relative to the wild-type channel are indicative
that the position is accessible from the external solution.
The most important fluorescent changes were observed at
the C-terminal side of S1 (residues 246-254), the N-terminal
side of S2 (residues 274-280) and the C-terminal side of S3
(part of S3b, residues 330-340). No significant change in fluo-
rescence was observed from residues 235 to 246 in S1, or
residues 281 to 329 in S2-S3. These results show that each
helix has an extremity that is exposed to the external solution.

Starace et al. [44,45] used histidine scanning mutagenesis of
the S4 segment to address the state-dependent accessibility of
S4 residues from the external or internal side of the mem-
brane. Histidine mutations introduced minimal interference
of voltage sensor motion and therefore their titration pro-
vided extensive information regarding charge movement of
the voltage sensor across the membrane. In the presence of
a pH gradient histidine introduced at position R365, R368, or
R371 showed that each of these residues traverses entirely
from internal exposure at hyperpolarized potentials to exter-
nal exposure at depolarized potentials. The most remarkable
result from these experiments is the observation that substitu-
tion of Arg at position 371 by a histidine transforms the vol-
tage sensor into a proton-conducting pore at depolarized
membrane potentials.

Voltage-dependent changes in the sidedness of exposure
have also been observed for S4 residues in KvAP. Site-specific
biotinylation of the KvAP channel and inhibition by avidin
was used to probe the accessibility of the S3—S4 loop [23]. The
results indicated that residues from G101 (corresponding to
position F324 in Shaker) to L122 (corresponding to V367 in
Shaker) were accessible from the extracellular side of the
membrane when the channel is in the activated state [23].
Two positions, L121 and L122, located near the center of
S4 were also accessible from the internal side when the chan-
nel is in the resting state.

These experimental results are highlighted in Fig. 9 using
our model of Shaker in the activated state. The idea that the
S1-S4 helices span the membrane appears to be consistent

Fig. 8. Residues at the surface of the pore domain formed by S5-S6
(green) shown by site-directed mutagenesis to significantly affect the
gating charge-voltage relationship of Shaker [43] are highlighted in
magenta (R394, L398, V408, L409, F433, 1457, V458, A465, L468,
1477). S1 (white), S2 (yellow), S3 (red) and S4 (blue) are also
shown.
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Fig. 9. Side view of Shaker highlighting the residues of S1 (white),
S2 (yellow), S3 (red) and S4 (blue) that are accessible from the ex-
ternal side based on the data from [23,41]. The inaccessible residues
are shown in dark gray. The pore domain S5-S6 is depicted as a
thin wire (green). The residue R371 of S4, which confers a proton
conductance to Shaker in the activated state when substituted by a
His, is depicted in sticks [44,45].

with all available accessibility measurements for the activated
state. Furthermore, the Arg at position 371, which yields a
proton-conducting pore in the activated state when substi-
tuted by a histidine, is located near the middle of the mem-
brane, between S3 and S4. It is conceivable that this configu-
ration could constitute a passage for proton flux.

6. Concluding discussion

Experimental evidence from a wide variety of indirect ap-
proaches constrains the structural organization of voltage-de-
pendent K* channels in the native, functional state. Although
the evidence is indirect, data sets obtained from different ap-
proaches are strikingly compatible, resulting in an approxi-
mate model for the structure of the channel that is quite
different from the KvAP X-ray structure and the proposed
models (see Fig. 1). Given the limited amount of information
presently available, any structural model of a voltage-gated
K™ channel is necessarily ‘low-resolution’. The purpose of
such structural models must be, therefore, to delineate and
clarify, as objectively as possible, the current state of knowl-
edge about K channels. Our hope is that such models can
play a useful role in the design of future experiments.

The difficulties in attempting to deduce a structural model
from indirect experimental data are illustrated by the case of
the lactose permease of Escherichia coli (LacY), for which a
crystallographic X-ray structure has recently been obtained
[46]. Functionally, LacY can adopt two main conformations,
‘inward-facing’ or ‘outward-facing’, and the crystal structure
clearly represents the inward-facing conformation. For years,
this membrane transporter resisted efforts at crystallization
and structural models were constructed using spatial con-
straints deduced indirectly from a multitude of experimental
approaches including thiol cross-linking studies [47]. In retro-
spect, it appears that most of the previously deduced spatial
restraints were indeed meaningful, although they cannot be all
satisfied simultaneously since they correspond to a mixture of
the two conformational states of LacY. Therefore, an impor-
tant lesson from LacY is that the functional state for which
such spatial constraints are relevant must be identified as
clearly and unambiguously as possible. From this point of
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view, one advantage of studying K* channels is the possibility
to control the functional state of the channel via the trans-
membrane potential.

The current model places S4 near the groove between ad-
jacent subunits. This position differs considerably from the
models proposed by Jiang et al. [23] who placed S4 at the
periphery of the protein, in contact with the hydrocarbon
lipids (see Fig. 1). Nevertheless, the results from LRET (Fig.
5) [38], the tethered QA pore blockers [39], the engineered
intersubunit disulfide bonds and metal bridges between S4
and the pore domain [25,41,42] all indicate that S4 is located
in proximity to the central pore domain. Despite the fact that
many of these experiments are burdened by intrinsic limita-
tions, the evidence indicating the general location of S4 in the
activated state seems compelling. The proposed model of
Shaker in the activated state (Fig. 2) appears to be completely
consistent with all the available functional data. This includes
the position of the Trp-tolerant residues in S1-S3 (Fig. 3), the
pairs of residues involved in likely tertiary interactions in S2—
S4 (Fig. 4), the formation of an intersubunit contact between
S4 and S5 (Fig. 6), the residues in S5-S6 affecting gating (Fig.
8), and the patterns of accessibility of S1-S4 (Fig. 9). Finally,
examination of the model shown in Fig. 2 reveals that S4 can
be exposed to the lipids, at least in part, leaving sufficient
space to drag biotin and its long linker across the membrane
(see also Fig. 3).

One of the most ad hoc assumptions in modeling Kv chan-
nels, prior to the KvAP crystallographic X-ray structures, was
that the transmembrane segments S1-S4 adopted an a-helical
conformation. Indeed, these segments are o-helices in both the
X-ray structure of the complete channel and the X-ray struc-
ture of isolated voltage sensor [21]. This observation strength-
ens considerably the hypothesis that S1 and S4 are o-helices
(though S3 has clearly more complexity). Nonetheless, such
helical conformations are not an absolute and must be viewed
critically. In particular, it should be emphasized that informa-
tion concerning the resting (closed) state remains scarce and
insufficient to construct a unique model. More information
about both the active and the resting states of the channel
will be essential to elucidate the mechanism of voltage gating.

7. Note added in proof

Recent results from single particle electron microscopy re-
construction with the KvAP channel suggest that S4 is located
near the pore domain, in a configuration that appears to be
compatible with the model shown in Figs. 5 and 6 (Q.-X.
Jiang and R. MacKinnon, 118-Plat, Biophysical Society Meet-
ing, Baltimore, MD, 2004).
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