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Interaction of Diverse Voltage Sensor Homologs with Lipid Bilayers
Revealed by Self-Assembly Simulations
Younes Mokrab and Mark S. P. Sansom*
Department of Biochemistry, University of Oxford, Oxford, United Kingdom
ABSTRACT Voltage sensors (VS) domains couple the activation of ion channels/enzymes to changes in membrane voltage.
We used molecular dynamics simulations to examine interactions with lipids of several VS homologs. VSs in intact channels in
the activated state are exposed to phospholipids, leading to a characteristic local distortion of the lipid bilayer which decreases its
thickness by ~10 Å. This effect is mediated by a conserved hydrophilic stretch in the S4–S5 segment linking the VS and the pore
domains, and may favor gating charges crossing the membrane. In cationic lipid bilayers lacking phosphate groups, VSs form
fewer contacts with lipid headgroups. The S3–S4 paddle motifs show persistent interactions of individual lipid molecules, influ-
enced by the hairpin loop. In conclusion, our results suggest common interactions with phospholipids for various VS homologs,
providing insights into the molecular basis of their stabilization in the membrane and how they are altered by lipid modification.
INTRODUCTION
Voltage-gated ion channels underlie various physiological
processes, most notably the generation and propagation of
action potentials (1). Having a basic topology of six trans-
membrane (TM) helices (S1–S6), they form a diverse super-
family which include voltage-activated potassium (Kv),
sodium and calcium channels, in addition to more distant
homologs such as hyperpolarization-activated cyclic-nucle-
otide-gated, cyclic nucleotide-gated, and transient receptor
potential channels (2). They are either tetrameric or, in the
case of sodium and calcium channels, monomers of four
similar repeating subunits. Each subunit is equipped with
a voltage sensor (VS) domain (S1–S4) which switches
from a resting to an activated state in response to membrane
depolarization, leading to the opening of a central pore
domain (S5–S6) (Fig. 1 A). Recently VS domains have
been found to regulate enzymes such as Ci-VSP phosphatase
fromCiona intestinalis (3) or even to function as independent
voltage-gated Hþ channels such as Hv1 from human (4–6).

The S4 helix of the VS domain contains several Arg or
Lys residues which during the gating process move toward
the external membrane surface carrying positive charges
across the membrane electric field, making sequential inter-
actions with acidic side chains at a central site capped by
a highly conserved phenylalanine (Phe233 in Kv1.2) side
chain on S2 (7–15). Each adjacent pair of these basic resi-
dues is separated by two hydrophobic residues, which seems
to be crucial for shaping the electrical field around the VS
domains (16).

Despite their high sequence diversity, VS domains share
a common fold as revealed by the x-ray structures of several
Kv and related channels, namely KvAP from Aeropyrum
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pernix (17), rat Kv1.2 (18,19), a chimeric channel consisting
of the Kv2.1 paddle hairpin transplanted into Kv2.1 (Kv
paddle chimera) (20), and a cyclic-nucleotide-gated channel
from Mesorhizobium loti, Mlotik1 (21). That is also sup-
ported by spin-labeling and electron paramagnetic reso-
nance data from the bacterial voltage-gated Naþ channel
NachBac (22).

VS domains have been perceived as forming independent
modules (17) because, for example, transplanting VS
domains from Kv channels to KcsA confers voltage-sensi-
tivity (23). However, only the central part of S3–S4 paddle
motif can be transplanted among some Kv channels, Nav
channels, and the VS proteins Ci-VSP and Hv1 (24,25),
whereas other regions of the VS domain including the C-
terminal part of the S4 helix cannot (24).

The membrane environment plays a key role in VS struc-
ture and function (26–30). For example, electron paramag-
netic resonance studies of KvAP revealed exposure of the
VS domains to the surrounding lipids (31). In addition,
the Kv paddle chimera x-ray structure revealed several
bound lipid molecules: at the interface between the VS
and the pore domains, and between adjacent VS domains
(20). Phospholipids such as DOPC (1,2-dioleoyl-glycero-
3-phosphocholine) are necessary for KvAP function and
can rescue nonfunctional channels which have been recon-
stituted into lipid bilayers lacking phosphate headgroups
such as DOTAP (1,2-dioleoy-3-trimethylammonium
propane) (26). Consistently, sphingomyelinase D (which re-
moves positively-charged choline groups from the zwitter-
ionic lipid sphingomyelin) leads to a stabilization of the
activated VS domains of Kv2.1 (27), appearing to
strengthen the interaction between exposed S4 Arg residues
and lipid phosphate groups. In contrast, sphingomyelinase C
(which removes the entire headgroup of the sphingolipid)
immobilizes the VS in the resting state (28). Interestingly,
in addition to influencing the VS function, lipid
doi: 10.1016/j.bpj.2010.11.049
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FIGURE 1 Voltage sensor (VS) domains share a common fold despite

having highly divergent sequences. (A) Crystal structure of Kv paddle

chimera (20) illustrating the architecture of the VS domain. One of the

four subunits is colored, highlighting the paddle motif (red), the conserved

positively charged residues (blue spheres), and the segment linking the VS

to the pore (yellow). The other subunits are also shown (white, gray, and

black). For clarity, the VS domain projecting toward the viewer is omitted.

(B) Alignment of the VS domains homologs studied indicating the common

topology. Residues are colored on the Taylor hydrophobicity scheme (91).

Positions corresponding to R1, R2, R3, and R4 in Kv1.2 are highlighted

(asterisks). Percentage sequence identity relative to Kv1.2 (Rattus norvegi-

cus) are: Kv paddle chimera (Rattus norvegicus) 84.3%; KvAP (Aeropyrum

pernix) 23.6%; Mlotik1 (Mesorhizobium loti) 12.6%; NachBac (Bacillus

halodurans) 17.7%; Ci-VSP (Ciona intestinalis) 15.3%; and Hv1 (Homo

sapiens) 19.9%.
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modifications also alter sensitivity to tarantula toxins which
specifically target the paddle domain (32). However, lipid-
modifying enzymes have been observed to affect certain
types of Kv channels only, and sphingomyelin lipase C
was also found to inhibit other non-VS channels such as
KcsA and Kir1.1. Therefore, not all phospholipid interac-
tions may be specific.

The polar nature of VS domains have resulted in some
debate on how they are stabilized in a lipid bilayer environ-
ment. While spectroscopic and functional studies suggest
that the electric field is focused across the VS domains
(33,34), it is not entirely clear whether this focusing is
caused by a perturbation of the structure of the surrounding
lipids or by the structure/chemistry of the protein. Neutron
diffraction and solid-state NMR studies showed that
Biophysical Journal 100(4) 875–884
KvAP VS domains cause some local reshaping of the
surrounding bilayer while being largely hydrated (35).

Molecular dynamics (MD) simulations of VS domains of
Kv channels, either as individual domains or as part of the
intact channel, revealed how they might be stabilized in
the membrane bilayer, showing close interactions between
the Arg residues in the S4 helix and phosphate headgroups
(36–43).

In this study, we use coarse-grained (CG) MD simulations
(44–53) to study the nature of these VS-lipid interactions
and the extent into which they are conserved among various
distantly-related homologs of voltage-gated ion channels
and other VS proteins. We compare how the interactions
differ between conventional phospholipid bilayers (DOPC)
and bilayers formed by cationic lipids (DOTAP). Our results
point to a common mechanism by which phospholipid
membranes adapt to VS domains by substantial distortion
of the lower (intracellular) bilayer leaflet, reducing the
bilayer thickness and ultimately lowering the barrier for
gating charge movements.
METHODS

Homology models

Homology models for the activated Hv1 VS monomer (UniProt Q96D96),

Ci-VSP VS monomer (Q4W8A1) and NachBac channel tetramer

(Q9KCR8) were built based on the x-ray structure of the KvAP VS domain

(PDB ID 1ORS) (17), Kv paddle chimera VS domain (20), and Kv paddle

chimera tetramer, respectively. Hv1 and Ci-VSP models also contained the

S4–S5 linker segments. Homologous sequences were obtained for each of

the target sequences and structures from UniRef100 (54) using noniterative

BLAST (e value < 10). Each protein was aligned against its homologous

sequences using MAFFT (55) based on the BLOSUM62 substitution matrix

(56). Next, structural profiles (i.e., position-specific substitution matrices)

were calculated for the structures and sequence profiles were calculated

for the target sequences. The structural profiles were then aligned against

the sequence profiles using FUGUE (57). The resulting structure-sequence

alignments were manually adjusted to ensure conservation of key residues,

then used as input for MODELER (58) generating 10 models per alignment.

The best models was selected based on the energy and constraint violation

values of MODELER and the sequence-structure compatibility scores of

pG (59), PROSA2003 (60), and VERIFY3D (61). Any unreliable regions

in the models were improved by altering the alignments manually using

ViTO (62).
Coarse-grain molecular dynamics simulations

CG parameters are as described previously for proteins (48,49), lipids, and

water (47). For Kv paddle chimera, Kv1.2, KvAP, Mlotik1, and KcsA the

CG models were generated starting from the atomistic x-ray structures,

having, respectively, the following PDB IDs: 2R9R (resolution 2.4 Å),

2A79 (2.9 Å), 1ORS (1.9 Å), 3BEH (3.1 Å), and 1K4C (2.0 Å). Missing

side chains in Kv1.2 were modeled based on the Kv paddle chimera using

MODELER (58). CG models for Hv1, Ci-VSP, and NachBac were gener-

ated from homology models as described above. In the CG representation

adopted here and previously tested (47–49,63), the protein main chain

was represented by a single particle whereas various types of amino-acid

side chains were represented by 0–4 particles. Aromatic side chains of

Phe, Trp, and Tyr were represented by planar rings of three particles
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(49). To maintain structure, an elastic network model was applied in which

a harmonic restraint is between any two backbone particles which are

within 7 Å, with force constant of 10 kJ mol�1 Å�2. Unless stated other-

wise, water molecules, detergents, and other cofactors from the original

PDB structures were not considered in the CG representations.

GROMACS was used for all simulations (64,65). Lenard-Jones and elec-

trostatic interactionswere shifted to 0 between 9 and 12 Å and between 0 and

12 Å, respectively. A relative dielectric constant of 20 was used. The list of

nonbonded neighbors was updated every 10 steps. Simulations were run in

constant temperature, pressure, and number of particles. The temperature

of protein, lipids, and solvent was coupled separately at 323 K using the

Berendsen algorithm (66), with a coupling constant tT ¼ 40 ps. The system

pressure was anisotropically coupled at 1 bar using the same algorithm with

a coupling constant tP ¼ 40 ps and compressibility of 10�5 bar.

In setting up the simulations, the protein was aligned along the z axis of

the simulation box, adding randomly placed lipids and water molecules.

Cl� or Naþ countercharge ions were then added if necessary to ensure there

was no net charge for the overall system (see Table S1 in the Supporting

Material). Next, the protein and lipids were energy-minimized to relax

any steric clashes, using the steepest descent method up to a maximum

of 100 steps. Production simulations (three repeats, each for 320 ns) were

run. Molecular structure images were produced using PyMOL (DeLano

Scientific, Palo Alto, CA).
Bilayer distortion analysis

For the analysis of bilayer distortion, the bilayer was centered on the protein

center of mass and divided into 5 � 5 Å bins. For each bin, the distance

between the phosphate atoms from the inner and outer leaflets (dPP) was

calculated, in addition to the distance of phosphates from either leaflet rela-

tive to the central plane of the membrane (dZ). The physiological ion/out

orientation was preserved for each protein. The calculations were made

over the last 220 ns of each simulation and the mean values were taken

together with 95% confidence intervals (1.96 � mean 5 SE).
FIGURE 2 CG self-assembly MD simulations reveal protein-lipid inter-

actions for various VS homologs. Snapshots of the self-assembly of

a DOPC bilayer along with the associated insertion of the Kv paddle

chimera channel. Lipid phosphate groups (orange), choline (blue), and

glycerol (yellow). The lipid tails and water particles are omitted for clarity,

and the protein is shown (green). Starting from protein, lipids, water, and

ions placed in the simulation box (0 ns), the membrane bilayer starts to

self-assembly around the protein (30 ns) and the process is typically

complete in <60 ns.
RESULTS

Models and simulations

We examined a representative set of structures which
comprise:

1. X-ray structures of Kv1.2 (18), the Kv paddle chimera
(20), the cyclic-nucleotide gated 6-TM channel Mlotik1
(21), and the VS domain from KvAP (17); and

2. Homology models of the bacterial voltage-gated Naþ

channel NachBac (67), of the VS domains of the
voltage-sensitive phosphatase Ci-VSP (3) and of the
voltage-activated proton channel Hv1 (4).

Apart from the high sequence identity between Kv1.2 and
the Kv paddle chimera (84.3%), these VS homologs share
relatively low similarity, ~20% on average (Fig. 1 B). There-
fore, they form a suitable set for studying protein-lipid inter-
actions in the context of divergence among VS sequences.
The non-voltage-gated channel KcsA (68) was included as
a control.

Starting from randomly positioned protein, lipids
(DOPC), waters, and ions, we simulated the self-assembly
of the membrane bilayer and the simultaneous insertion of
the protein, which occurs typically within 30–40 ns of the
start of the simulation (Fig. 2). As well as the intact native
tetramers for Kv paddle chimera, Kv1.2, NachBac, and
MlotiK1, individual VS domains from these channels
were also simulated alone, to allow direct comparison to
the VS proteins Ci-VSP and Hv1 (Table S1).
Lipid bilayer distortion is a characteristic of
voltage-gated channels

Structures of the VS domains examined here are considered
to be in the channel-activated conformation because the
x-ray structures were solved in the absence of an electrical
field (i.e., equivalent to a depolarized membrane) (17,20).
To see how the various activated VS domains are accommo-
dated in phospholipid (DOPC) bilayer, we examined local
distortions of the membrane surrounding the protein by
measuring the distance of the phosphate groups in either
the upper or lower leaflets relative to a central plane of the
membrane and the distance between phosphate groups in
the two leaflets (Figs. 3 and 4).

The tetrameric channels Kv paddle chimera, Kv1.2, Nach-
Bac, andMlotik1 all show a common pattern of large (~10 Å)
deformation of the inner membrane leaflet close to the
protein. This is attributed to a common cluster of polar and
charged residues in the S4–S5 linker, connecting the VS
domains to the pore region, which form close contacts with
lipid headgroups from the inner leaflet pulling them upwards.
In addition, there are prominent sites of deformations of the
outer leaflets near the outer parts of theVS domains (Fig. S1).
A lesser degree (~3 Å) of membrane distortion was also
observed for the VS monomers of Ci-VSP and Hv1 and the
isolatedVS domains from the channel tetramers (all of which
included the S4–S5 linker; Fig. S2). Here, the unrestricted
S4–S5 linker has the freedom to adjust itself in the
membrane-lipid interface/solvent, allowing the VS domains
to adapt more favorably to the membrane. On the other hand,
the non-voltage-gated channel KcsA does not locally distort
the bilayer. This suggests that membrane distortion is
Biophysical Journal 100(4) 875–884



FIGURE 3 VS domains cause a major local distortion of the phospho-

lipid bilayer. (Left) CG structures are shown with the S4 helix (red). (Right)

Also viewed down the bilayer normal, contour plots show the phosphate-

phosphate distance between the two membrane leaflets (dPP) as a function

of position in the bilayer (xy) plane, averaged over the last 220 ns of the MD

simulations. KcsA, a potassium channel lacking a voltage sensor domain, is

shown for comparison. See also Fig. S1.

FIGURE 4 VS domains cause greater distortion to the lipid bilayer in the

absence of lipid phosphate groups, as seen by comparing DOPC and

DOTAP. (A) Covalent structures of the lipids DOPC and DOTAP lipids

and their corresponding CG models (orange, phosphate; blue, choline;

yellow, glycerol; gray, carbon; black, carbon particle with a double

bond). (B) The average positions (dZ) of phosphate groups in the upper

leaflet (top), the lower leaflet (middle) (both relative to the bilayer center

at z ¼ 0), and bilayer thickness (bottom), each as a function of the radial

distance from the protein center of mass. The bilayer thickness is calculated

as the phosphate-phosphate (dPP) and choline-choline (dCC) distance for

DOPC and DOTAP, respectively. (Error bars) 95% confidence intervals.

See also Fig. S2.
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a distinctive property of (activated) VS domains, imposing
specific pattern of interactions with the surrounding lipids.
This may facilitate the movement of voltage-sensing charges
across the membrane.
Environment and modularity of VS domains

To measure the extent to which each VS homolog is acces-
sible to the surrounding lipids during the simulations, we
calculated the average number of contacts made between
individual amino acids and lipid head- or tail groups
sampled over the last 220 ns of the simulations. By mapping
these values on each structure, the various homologs can be
seen to have a common spatial distribution of residues span-
ning the membrane interface and hydrocarbon regions
Biophysical Journal 100(4) 875–884
(Fig. 5 A). The contacts made by VS domains to either the
lipid headgroups or tails are broadly similar among the
homologs, although slightly fewer interactions can be seen
for NachBac and Mlotik1 (12% and 15% less than Kv
paddle chimera, respectively) (Fig. 5 B). Compared to the
VS domains, the pore domains in the tetrameric channels
are less accessible to lipid headgroups yet make similar
levels of contact with lipid tails (Fig. S3 A).

To examine how loosely the VS domains are packed
against the pore regions in the channels, we compared VS
domains simulated in their intact native tetramers and on
their own in lipid bilayers (Fig. 5C). In all of the intact chan-
nels, the VS domains are largely exposed to the lipid bilayer,
making ~80% of the total lipid interactions they make in
isolation. This also indicates that similar areas of contact
exist in various tetrameric channels between the VS domains
and the pore regions, which ensure functional coupling
between voltage sensing and ion conduction. The S3–S4
paddle regions are a little less exposed to the lipid bilayer
in the tetramers relative to the isolated VS domains, suggest-
ing that they form part of this functional interface (Fig. S3B).
Interaction with lipid phosphate groups

To understand how the absence of phosphate groups affects
the channels, we performed simulations similar to those in



FIGURE 5 Patterns of protein lipid contacts are

conserved among VS homologs. (A) Average

number of contacts over the MD simulations

between amino-acid side chains and DOPC head/

tail groups mapped onto the channel and VS CG

structures. Densities range from low contact

number (blue) to high contact number (red). A

cutoff distance of 6 Å was used to score a contact

(as is standard for CG models). (B) Average

number of contacts between the VS domains of

various homologs and DOPC heads or tail groups.

(C) Average number of contacts between the VS

domains and DOPC heads or tail groups,

comparing the VS domain simulated in isolation

versus being part of the intact native channel

tetramer. See also Fig. S3 B.
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DOPC (above) but instead using the cationic lipid DOTAP,
which lacks a phosphate group (Fig. 4 A). DOTAP has been
shown to form stable bilayers, to form mixed PC/DOTAP
bilayers (69), and to lead to loss of function of KvAP
(26). Thus, the absence of the anionic phosphate group in
DOTAP was anticipated to alter VS/bilayer interactions.

In all channel tetramers, there is a clear increase in the
degree of local bilayer distortion of both the inner and outer
leaflets in DOTAP relative to DOPC, drastically reducing
the local thickness of the bilayer adjacent to the protein
by up ~20 Å (Fig. 4 B). Therefore, activated channels are
still accommodated in such cationic bilayers but with exten-
sive rearrangement of the surrounding lipids that is likely to
destabilize the VS domain in the active state where the
gating charges need to have access to the outer membrane
leaflet interface. This agrees with KvAP being nonfunc-
tional when in DOTAP bilayers (26), and with recent simu-
lation studies (70) indicating that the free energy of transfer
of an arginine side chain from bulk water to the interface of
a DOTAP membrane is þ4 kcal/mol compared to �3 kcal/
mol for a DOPC membrane.
VS domains interact less with membrane
in absence of phosphate groups while pore
domains are unaffected

To identify which parts of the channels are most affected by
the absence of the phosphate groups in the membrane, we
plot the average number of contacts made between the VS
or pore domains and either DOPC or DOTAP (Fig. 6 A,
Fig. S3 A). The VS domains show a systematic decrease
in interaction with the lipid headgroups in DOTAP
compared to DOPC (22% lower) while interactions with
lipid tail groups are unaltered (3% lower). This effect is
uniform over the four VS domains in each channel
(Fig. S4 B). On the other hand, lipid interactions for the
pore domains are shown to be similar between DOPC and
DOTAP (Fig. S3 A).
Loop affects lipid-head interactions of the S3-S4
paddle motif

The S3–S4 paddle motif of the VS domain has been sug-
gested to undergo substantial movement during VS activa-
tion (71). Its transferability between Kv, Nav channels and
VS proteins (24,25) and its targeting by tarantula toxins
known to partition into the membrane (72) suggests it moves
largely within a lipid environment (24). When the paddle
motifs from the various homologs are compared, they
show a similar decrease in the number of contacts to lipid
headgroups between DOPC and DOTAP except for Nach-
Bac and Mlotik1 (Fig. 6 B), both of which are lower than
for the other VS domains regardless of lipid species. It
can be noted the loop regions connecting S3 to S4 in these
two homologs are shorter and contain a smaller number of
charged/polar residues compared to the other VS homologs
(Fig. 1 B). Therefore, the loop is likely to be an important
component of the paddle motif and may affect the way it
moves in the membrane.
Where do lipids bind?

Lipid interactions with specific residues of the paddle region
(in S3 facing the membrane and on S4 facing S5) have been
Biophysical Journal 100(4) 875–884



FIGURE 6 VS domains interact less strongly

with lipid heads in the absence of phosphate

groups. (A) Average number of contacts between

VS domains and lipid heads or tails in MD simula-

tions in which the VS is part of the intact native

tetramer and either in a DOPC or DOTAP bilayer.

(B) Average number of contacts between the

paddle motif (S3–S4) and the lipid headgroups in

simulations of the intact native channel tetramers

in either DOPC (dark blue) or DOTAP (light

blue). Contacts made to the phosphate groups of

DOPC (plotted in green). (Error bars) 95% confi-

dence intervals. See also Fig. S3 A.
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inferred based on sphingomyelinase D perturbation of sensi-
tivity to tarantula toxins (32). To examine which residues of
the VS sequence interact with phospholipids, we calculated
the average number of interactions made for each residue
with either lipid head- or tail groups (Fig. S5). The VS
domains in all homologs show common trends in which
the cores of TM segments interact extensively with lipid
tails whereas the ends of helices and loops interact with lipid
headgroups. The S3–S4 paddle in particular makes compa-
rable interactions to other segments, but binds persistently to
individual lipids (binds to at least one lipid for >50 ns). For
the pore regions, the S5 helices seem to be as much exposed
to the lipid tail groups as other helices in the VS whereas
only the N-terminal half of the S6 helix seem to be exposed.
For the VS proteins Ci-VSP and Hv1, similar patterns are
observed as for the channel tetramers although the number
of contacts is generally higher, presumably reflecting the
difference in the oligomerization states.
DISCUSSION

We used extended CG self-assembly MD simulations to
study protein-lipid interactions in a number of homologs
of voltage-gated ion channels. The activated-state structures
of all of the tetrameric channels cause a characteristic distor-
tion of the DOPC phospholipid bilayer, leading to substan-
tial thinning of the membrane (Fig. 4). Although the
exposed positive side chains on S4 helices are involved,
most of this distortion is caused by a common cluster of
hydrophilic side chains in the S4–S5 segments. These
segments, which mechanistically link the VS and the pore
domains, and are thought to move relatively toward the
external side upon channel activation (71), may have the
extra role of reshaping the local membrane environment to
favor gating charge movement across the membrane. These
segments are also present in VS proteins which lack conven-
tional pore domains, suggesting they could play an equiva-
lent role.

It is useful to compare our results with a recent study of
the biophysical properties of an isolated VS domain in a lipid
bilayer (35). In the latter study, neutron scattering was used
to provide an average profile across a membrane into which
Biophysical Journal 100(4) 875–884
the KvAP VS domain had been reconstituted. The presence
of the VS domain resulted in a decrease in the bilayer thick-
ness of Dd ¼ �3 Å at a high protein/lipid ratio (P/L ¼
1:100). This may be compared to the local decrease in
bilayer thickness close to the protein in a number of simula-
tion studies. Thus, for the KvAP VS domain, coarse-grained
simulations (73) with P/L ¼ 1:250 yielded Dd ¼ �3 Å at
a distance of 10 Å from the center of the protein domain,
whereas all-atom simulations (39) with P/L¼ 1:125 yielded
Dd ¼ �4 Å at the same distance from the center of the
domain (albeit with poorer statistics due to shorter simula-
tions). Comparable more-recent all-atom simulations (35)
gave Dd ¼ �5 Å for lipids in the first and second solvation
shell of the protein. Thus, experiment and simulations (both
CG and all-atom) are in good agreement for the isolated VS
domain. In this study, at a P/L 1:350, Dd ¼ �7 Å at 15 Å
from the center of the protein. This is for an intact Kv
channel, not just the isolated VS domain and as discussed
below, this results in a somewhat more pronounced local
distortion.

The smaller level of membrane distortion observed
around isolated VS domains (~3 Å, Fig. S2) is remarkably
consistent with the neutron diffraction and solid-state
NMR experiments performed on isolated KvAP VS
domains (35). Our results show that a greater level of distor-
tion is caused by the native quaternary structures, which is
both an accumulative effect from multiple VS domains
and importantly due to the conformational restrictions on
the S4–S5 linker. The view that the conformation of active
state VS causes effective membrane thickness to decrease
reconciles between the ranges of motion of S4 during acti-
vation inferred from accessibility and toxin-binding studies
suggesting a movement of ~15 Å perpendicular to the
membrane plane (14,74), and fluorescence distance
measurements pointing to somewhat smaller motions (up
to ~5 Å (75–77)).

VS domains from various homologs make similar number
of contacts overall with phospholipid head- or tail groups
(Fig. 5, A and B). The VS of the channels are effectively
symmetrical, as expected from the homotetrameric structure
(Fig. S4 A). They are all substantially exposed to the
membrane, which supports experimental data (31), and
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uniformly show that 20% of the total interface is hidden
from the membrane (Fig. 5 C). Therefore, although VS
domains are largely embedded in lipids, they form a persis-
tent interface with the pore domains, which might explain
the limited portability of full-length VS domains, and high-
lights the potential use of this specialized interface as a target
for small molecules.

In a DOTAP bilayer which lacks phosphate groups, VS
homologs are accommodated but with a considerably higher
distortion of the membrane. When comparing interaction
with DOPC versus DOTAP, pore domains contacts are
shown to be largely unaffected, whereas the VS domains
make significantly fewer contacts with DOTAP headgroups
but show similar interaction to lipid tail groups (Fig. 6 A).
This distorted lipid interaction is likely to destabilize of acti-
vated VS, because the enzymatic removal of phosphate
headgroups from sphingomyelin bilayer containing Kv
channels abolishes VS function. Our observation that the
central pore domains are highly accessible to the lipid tails
suggests that they might be more sensitive to the modifica-
tion of the lipid hydrocarbon chain rather than the
headgroup.

The paddle motifs of the VS homologs show various
levels of contacts with DOPC headgroups, especially in
their interaction with phosphate groups. This is associated
with differences in the composition and length of the loop
regions between S3 and S4. In particular, NachBac and
Mlotik1, which have short loops, make relatively fewer
contacts with phosphate groups and do not show a significant
difference between DOPC and DOTAP (Fig. 6 B). Based on
this observation, these two channels may well be unaffected
by the absence of phosphate groups. By interacting with
lipid headgroups, the S3–S4 loop could form a conforma-
tional restraint on paddle movement during VS activation.
Therefore, the nature of the paddle loop and presumably,
the number of positive charges on S4, might ultimately
determine the level of sensitivity of the VS function to the
removal of phospholipid headgroups from the membrane.
In the case of a smaller number of charges needing to be
exposed during activation, water and/or polar groups of
the lipid head molecules would be sufficient to stabilize
them. This would explain why not all voltage-gated chan-
nels are sensitive to sphingomyelinase C.

Mlotik1 is unique in that it lacks most of the positive resi-
dues on S4 found in other Kv channels, which has led to the
suggestion it belongs to the non-voltage-gated family of
cyclic-nucleotide-gated channels (21). However, based on
its high Kþ selectivity and its substantial basal activity in
the absence of cAMP, it is also possible that it is a member
of hyperpolarization-activated cyclic nucleotide-gated
channels (78). Although this Mlotki1 lacks many of the
characteristic positive residues from the N-terminal part of
S4, it has Arg and Lys at the C-terminus which could, in
principle, sense hyperpolarizing potential and drive the
movement of S4 (79–81). If Mlotik1 is indeed voltage-
sensitive, in the current x-ray structure the VS would be in
the up-state and the main pore in the closed state. For
Motik1 we observe that its lipid bilayer surrounding is simi-
larly distorted that around the other VS homologs. This is
consistent with recent studies showing that voltage-sensi-
tivity in hyperpolarization-activated cyclic nucleotide-gated
channels can be reversed to that of Kv channels by changing
the coupling between the S4–S5 liner and S6 (82). This
suggests that reducing the effective membrane thickness is
a common mechanism for facilitating movement of S4 in
both the inward and outward directions. However, addi-
tional functional data are needed for this channel before
a more detailed interpretation can be made.

Examination of the lipid interaction of individual amino-
acid side chains show that the VS interact canonically with
the membrane. On the other hand, the paddle region in
particular binds intimately to specific lipids, which high-
lights the current view on the special role of lipids in VS
function. Furthermore, the large accessibility of the S5 helix
of the pore to the membrane also raises the possibility that
mutations in S5 affecting VS activation (83) may be acting
indirectly through the membrane, highlighting again the
complexity of interplay between membrane and voltage-
gated channel function.

It is important to consider the possible limitations of the
CG model used, derived from the widely used MARTINI
(84) CG force field for lipids and peptides. As has been
noted (85), CG models such as MARTINI do not fully repro-
duce the thermodynamics of Arg side chain insertion into
a lipid bilayer. For example., a detailed comparison using
our CG model (63) suggested an approximately twofold
underestimation of the free energy barrier for burying
a single Arg side chain in the bilayer core. However,
comparisons of CG (73) and atomistic (36) simulations of
the S4 helix from Kv channels (with its multiple Arg side
chains) suggest that CG simulations are capable of (qualita-
tively) reproducing the local bilayer distortions caused by
Arg insertion into a bilayer. Furthermore, CG simulations
of model peptide helices containing an arginine side chain
at different positions within the hydrophobic host sequence
yielded good agreement with solid-state NMR experiments
(86) suggesting that CG simulations are capable of correctly
capturing the structure and interactions of Arg side chains
with lipid molecules, despite approximations to the ener-
getics of such interactions.

Our observations concerning the membrane lipid interac-
tions with various VS domain homologs fit well with the
accumulating evidence for the crucial role played by lipid
molecules in the function of membrane proteins (87). Exam-
ples of such interactions include not only Kv channels, but
also a number of receptors and transporters, as exemplified,
respectively, by the interaction of cholesterol with the nico-
tinic acetylcholine receptor (88), and interactions with car-
diolipin with the bacterial translocon (89). Therefore, the
membrane protein function could be modulated by changes
Biophysical Journal 100(4) 875–884
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in bilayer properties, exploiting compositional and other
differences between various subcellular membrane domains
(90).
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16. González-Pérez, V., K. Stack, ., D. Naranjo. 2010. Reduced voltage
sensitivity in a Kþ-channel voltage sensor by electric field remodeling.
Proc. Natl. Acad. Sci. USA. 107:5178–5183.

17. Jiang, Y., A. Lee, ., R. MacKinnon. 2003. X-ray structure of
a voltage-dependent Kþ channel. Nature. 423:33–41.
Biophysical Journal 100(4) 875–884
18. Long, S. B., E. B. Campbell, and R. Mackinnon. 2005. Crystal structure
of a mammalian voltage-dependent Shaker family Kþ channel.
Science. 309:897–903.

19. Chen, X., Q. Wang,., J. Ma. 2010. Structure of the full-length Shaker
potassium channel Kv1.2 by normal-mode-based x-ray crystallo-
graphic refinement. Proc. Natl. Acad. Sci. USA. 107:11352–11357.

20. Long, S. B., X. Tao, ., R. MacKinnon. 2007. Atomic structure of
a voltage-dependent Kþ channel in a lipid membrane-like environment.
Nature. 450:376–382.

21. Clayton, G. M., S. Altieri, ., J. H. Morais-Cabral. 2008. Structure of
the transmembrane regions of a bacterial cyclic nucleotide-regulated
channel. Proc. Natl. Acad. Sci. USA. 105:1511–1515.

22. Chakrapani, S., P. Sompornpisut, ., E. Perozo. 2010. The activated
state of a sodium channel voltage sensor in a membrane environment.
Proc. Natl. Acad. Sci. USA. 107:5435–5440.

23. Lu, Z., A. M. Klem, and Y. Ramu. 2001. Ion conduction pore is
conserved among potassium channels. Nature. 413:809–813.

24. Alabi, A. A., M. I. Bahamonde, ., K. J. Swartz. 2007. Portability of
paddle motif function and pharmacology in voltage sensors. Nature.
450:370–375.

25. Bosmans, F., M. F. Martin-Eauclaire, and K. J. Swartz. 2008. Decon-
structing voltage sensor function and pharmacology in sodium chan-
nels. Nature. 456:202–208.

26. Schmidt, D., Q. X. Jiang, and R. MacKinnon. 2006. Phospholipids and
the origin of cationic gating charges in voltage sensors. Nature.
444:775–779.

27. Ramu, Y., Y. Xu, and Z. Lu. 2006. Enzymatic activation of voltage-
gated potassium channels. Nature. 442:696–699.

28. Xu, Y., Y. Ramu, and Z. Lu. 2008. Removal of phospho-head groups of
membrane lipids immobilizes voltage sensors of Kþ channels. Nature.
451:826–829.

29. Milescu, M., and K. J. Swartz. 2007. Influence of membrane alterations
on the inhibition of K-v channels by voltage sensor toxins. Biophys. J.
1 (Suppl Pt):295A–296A.
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61. Lüthy, R., J. U. Bowie, and D. Eisenberg. 1992. Assessment of protein
models with three-dimensional profiles. Nature. 356:83–85.

62. Catherinot, V., and G. Labesse. 2004. ViTO: tool for refinement of
protein sequence-structure alignments. Bioinformatics. 20:3694–3696.

63. Bond, P. J., C. L. Wee, and M. S. P. Sansom. 2008. Coarse-grained
molecular dynamics simulations of the energetics of helix insertion
into a lipid bilayer. Biochemistry. 47:11321–11331.
64. Lindahl, E., B. Hess, and D. van der Spoel. 2001. GROMACS 3.0:
a package for molecular simulation and trajectory analysis. J. Mol.
Model. 7:306–317.

65. Van Der Spoel, D., E. Lindahl,., H. J. Berendsen. 2005. GROMACS:
fast, flexible, and free. J. Comput. Chem. 26:1701–1718.

66. Berendsen, H. J. C., J. P. M. Postma, ., J. R. Haak. 1984. Molecular
dynamics with coupling to an external bath. J. Chem. Phys. 81:3684–
3690.

67. Ren, D. J., B. Navarro, ., D. E. Clapham. 2001. A prokaryotic
voltage-gated sodium channel. Science. 294:2372–2375.

68. Zhou, Y., J. H. Morais-Cabral, ., R. MacKinnon. 2001. Chemistry of
ion coordination and hydration revealed by a Kþ channel-Fab complex
at 2.0 Å resolution. Nature. 414:43–48.

69. Cinelli, S., G. Onori,., M. Diociaiuti. 2007. Properties of mixed DO-
TAP-DPPC bilayer membranes as reported by differential scanning
calorimetry and dynamic light scattering measurements. J. Phys.
Chem. B. 111:10032–10039.

70. Johansson, A. C. V., and E. Lindahl. 2009. Protein contents in biolog-
ical membranes can explain abnormal solvation of charged and polar
residues. Proc. Natl. Acad. Sci. USA. 106:15684–15689.

71. Pathak, M. M., V. Yarov-Yarovoy,., E. Y. Isacoff. 2007. Closing in on
the resting state of the Shaker Kþ channel. Neuron. 56:124–140.

72. Milescu, M., J. Vobecky, ., K. J. Swartz. 2007. Tarantula toxins
interact with voltage sensors within lipid membranes. J. Gen. Physiol.
130:497–511.

73. Bond, P. J., and M. S. P. Sansom. 2007. Bilayer deformation by the Kv
channel voltage sensor domain revealed by self-assembly simulations.
Proc. Natl. Acad. Sci. USA. 104:2631–2636.

74. Jiang, Y., V. Ruta, ., R. MacKinnon. 2003. The principle of gating
charge movement in a voltage-dependent Kþ channel. Nature. 423:
42–48.

75. Glauner, K. S., L. M. Mannuzzu,., E. Y. Isacoff. 1999. Spectroscopic
mapping of voltage sensor movement in the Shaker potassium channel.
Nature. 402:813–817.

76. Cha, A., G. E. Snyder, ., F. Bezanilla. 1999. Atomic scale movement
of the voltage-sensing region in a potassium channel measured via
spectroscopy. Nature. 402:809–813.

77. Posson, D. J., and P. R. Selvin. 2008. Extent of voltage sensor move-
ment during gating of Shaker Kþ channels. Neuron. 59:98–109.

78. Nimigean, C. M., T. Shane, and C. Miller. 2004. A cyclic nucleotide
modulated prokaryotic Kþ channel. J. Gen. Physiol. 124:203–210.
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