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Interactions Between a Voltage Sensor and a Toxin via Multiscale
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ABSTRACT Gating-modifier toxins inhibit voltage-gated ion channels by binding the voltage sensors (VS) and altering the
energetics of voltage-dependent gating. These toxins are thought to gain access to the VS via the membrane (i.e., by partitioning
from water into the membrane before binding the VS). We used serial multiscale molecular-dynamics (MD) simulations, via
a combination of coarse-grained (CG) and atomistic (AT) simulations, to study how the toxin VSTx1, which inhibits the archea-
bacterial voltage-gated potassium channel KvAP, interacts with an isolated membrane-embedded VS domain. In the CG
simulations, VSTx1, which was initially located in water, partitioned into the headgroup/water interface of the lipid bilayer before
binding the VS. The CG configurations were used to generate AT representations of the system, which were subjected to AT-MD
to further evaluate the stability of the complex and refine the predicted VS/toxin interface. VSTx1 interacted with a binding site on
the VS formed by the C-terminus of S1, the S1-S2 linker, and the N-terminus of S4. The predicted VS/toxin interactions are
suggestive of toxin-mediated perturbations of the interaction between the VS and the pore domain of Kv channels, and of the
membrane. Our simulations support a membrane-access mechanism of inhibition of Kv channels by VS toxins. Overall, the
results show that serial multiscale MD simulations may be used to model a two-stage process of protein-bilayer and protein-

protein interactions within a membrane.

INTRODUCTION

Gating-modifier toxins inhibit voltage-gated ion channels by
binding the voltage-sensing domain of their target channels
and altering the energetics of voltage-dependent gating (1).
One such toxin is voltage sensor toxin 1 (VSTxI), a
34-residue peptide toxin from tarantula venom that inhibits
the archeabacterial voltage-gated potassium (Kv) channel
KVAP by binding the voltage sensors (VS) (2,3). Gating-
modifier toxins such as VSTx1 are small globular proteins
with an amphipathic molecular surface. One-half of the
surface is predominantly hydrophobic, and the other half
consists of polar and charged residues (1,4). It is thought
that VS toxins gain access to the VS via the membrane,
i.e., by first partitioning into the headgroup/water interface
of the membrane (4-8). This is consistent with the amphi-
pathic nature of these toxins. Once at the interface, VS toxins
diffuse laterally in the plane of the membrane before binding
the VS.

Which regions of the VS do VS toxins target? The VS
domain of Kv channels is comprised of four putative trans-
membrane (TM) «a-helices, termed S1-S4. The S4 helix,
with its array of positively charged residues (primarily
arginines), is thought to be the principal voltage-sensing
element. Together with the C-terminus of S3 (S3b), the
N-terminus of S4 (S4a) forms a helix-turn-helix structural
motif termed the VS paddle (9,10). The paddle motif has
been proposed in structural models of Kv channel gating
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(9-12) to move ~15 A as a semirigid body from the intracel-
lular (IC) to the extracellular (EC) side of the membrane
during membrane depolarization to open the pore of the
channel (12). Scanning mutagenesis data suggest that VS
toxins target the paddle motif (2). When the paddle region
(i.e., S3b/S4a) of the KvAP VS was scanned, a combination
of polar and hydrophobic residues located primarily on S3b
was found to be important for binding VSTx1 (2). System-
atic mutagenesis of SGTx1, a closely related gating-modifier
toxin that inhibits the Kv2.1 channel, identified a number of
polar and hydrophobic residues that are crucial for binding
the VS (13). The discoveries of a voltage-sensitive enzyme
with a VS domain (14) and a voltage-gated proton channel
with a fold similar to that of an isolated VS (15,16) suggest
the VS domain is an evolutionary-conserved, voltage-
sensing module (2,12). The VS domain of KvAP has been
shown to form a stable TM protein when in isolation in a lipid
bilayer (17,18). VS toxins, which are known to interact
promiscuously with different families of voltage-gated ion
channels (1), appear to have evolved to target the VS. It is
therefore of considerable interest to better understand how
VS toxins interact with the VS.

We recently used molecular-dynamics (MD) simulations
to study how VSTx1 interacts with lipid bilayers (19,20).
On the basis of atomistic (AT) simulations over nanosecond
timescales, we showed that VSTx1 preferred to be positioned
at the headgroup/tail interface of the membrane. Nishizawa
and Nishizawa (22) used AT-MD simulations to study how
Hanatoxin (HaTx), the first VS toxin to be identified (21),
interacts with lipid bilayers. Recent coarse-grained (CG)
simulation methodologies (23-29) permit simulations of
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larger systems over extended (approximately microsecond/
millisecond) timescales. Despite the inherent simplification,
CG simulations appear to be robust and can be used to
make predictions of protein-bilayer (23,30-33) and
protein-protein (34,35) interactions. CG simulations suggest
that when VSTx1 interacts in isolation with lipid bilayers,
it is thermodynamically favorable (with a AG of —26 to
—34 kcal/mol depending on the lipid species) for VSTx1
to partition from water into the headgroup/water interface,
where the polar and charged residues of the toxin are
positioned to interact with the lipid headgroups, with the
hydrophobic residues exposed to the lipid tails (20). The
amphipathic nature of VS toxins is consistent with the head-
group/tail interface of lipid bilayers, and it has been sug-
gested that a significant fraction of the apparent free energy
of VS/toxin binding could be accounted for by the free
energy of toxin partitioning into the membrane (5), espe-
cially if the VS/toxin interface consists of only several
residue pairs (2).

In this study, we performed serial multiscale MD simula-
tions (36) with explicit membrane and solvent CG and AT
simulations to investigate how VSTxI, initially located in
water and outside the membrane, interacts with an isolated
membrane-embedded VS molecule of KvAP. We investi-
gated the mechanism by which VSTx1 binds the VS, and
whether a combination of CG and AT simulations can be
used to predict the VS/toxin interface. Thus, CG simulations
were used to model the longer-timescale dynamics of
membrane partitioning and eventual VS binding, and AT
simulations were used to refine the predicted VS/toxin inter-
face. Our results suggest that VSTx1 binds to one major site
on the VS of KvAP, at least when the toxin interacts with the
VS in isolation (i.e., without the pore domain). The VS/toxin
interface as derived from CG and AT simulations is consis-
tent and is suggestive of toxin-mediated perturbations of the
interaction between the VS and the pore domain of Kv chan-
nels, and the membrane.

MATERIALS AND METHODS
CG-MD simulations

We modeled a KvAP VS molecule in a palmitoyl-oleoyl phosphatidylcho-
line (POPC) membrane using a self-assembly protocol (30). A VS molecule
was placed in the center of a simulation box with 549 randomly placed
POPC lipids. A lipid bilayer with dimensions ~135 x 135 A? formed
with the VS adopting a TM orientation, consistent with AT (17) and CG
(37) simulations of the isolated VS, and a model of KvAP in lipid bilayers
(38). One molecule of VSTx1 was placed in the EC solvent, ~25 A from the
membrane surface (Fig. 1). Five repeat, unrestrained CG-MD simulations
(each of 3 us duration, with different initial velocities) were performed.
For the CG simulations, we used a local modification of the MARTINI force
field, which was originally developed for semiquantitative lipid simulations
(24) and subsequently extended to protein simulations (23,39), in a similar
spirit to other recent MARTINI developments (25-28). It is based on a
4-to-1 mapping of heavy atoms, with each amino acid modeled with one
CG backbone particle, and one to two CG side-chain particle(s) depending
on the residue size. The CG protein model has been parameterized on exper-
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FIGURE 1 Snapshots from CG simulation 5. VSTx1 partitioned from
water into the headgroup/water interface of the POPC bilayer before binding
the isolated VS. The backbone of helices S1-S3 and S4 of the VS are
colored white and cyan, respectively, with Arg and Lys side chains of S4
shown in blue and red, respectively. The polar and charged, and hydro-
phobic residues of VSTx1 are colored purple and green, respectively.
POPC lipid phosphates are colored orange. All other particles are omitted
for clarity. The snapshots at 0.8 us depict side (left) and EC (right) views.

imental partitioning free energies of side-chain analogs (23), and success-
fully used to predict the orientation of membrane proteins in lipid bilayers
(30). We used AT coordinates from the Protein Data Bank (KvAP VS,
PDB code: 10RS (40); VSTx1, PDB code: 156X (4)) to build the CG VS
and toxin models. The seventh member of the NMR-derived ensemble of
VSTxI structures was used because it was annotated as being the most repre-
sentative conformer in the ensemble (4). Protein secondary and tertiary
structures were maintained in the CG simulations by means of an elastic
network model utilizing a distance cutoff of 7 A (force constant of 10 kJ
mol~" A~?). Further details of the CG parameters are described in Bond
et al. (23) and Marrink et al. (24).

AT-MD simulations

We converted the CG systems to an AT representation using a fragment-
based approach (P. J. Stansfeld and M. S. P. Sansom, unpublished results).
We clustered each CG trajectory over 1-3 us (the equilibrated period, i.e.,
after VSTx1 had partitioned into the membrane and bound the VS; see
Results) using the full linkage algorithm (41). Only the CG backbone parti-
cles of the VS and toxin were clustered. The median of the cluster, which
corresponds to system with the most frequently observed VS/toxin complex,
was converted to AT. To convert the CG lipid to an AT model, energy-
minimized AT lipid fragments were aligned to the CG particles, and the
missing atoms between each particle were extracted and appended to the
CG lipids. The AT lipids were then energy-minimized to remove any clashes
that resulted from the conversion. We used Pulchra (42) to build initial AT
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models of each peptide using the CG protein backbone and side-chain coor-
dinates as the template. Modeler v9 (43) was used to optimize secondary
structure in the AT models, on the basis of the experimental structures
(4,40). Each converted system was subjected to 1 ns equilibration
AT-MD, with positional restraints (force constant of 10 kJ mol™! A7?)
applied on the VS and toxin to allow the lipids and solvent to relax around
the complex. This was followed by an unrestrained production simulation of
20 ns duration. AT simulations utilized the GROMOS96 force field (44) and
Berger parameters for POPC lipids (45,46).

Simulation protocols

MD simulations were performed using GROMACS 3.3.3 (http://www.
gromacs.org). The AT systems were solvated with SPC waters (47). C1™
counterions were added to keep all systems electrically neutral. In the AT
simulations, electrostatic interactions were calculated using the particle
mesh Ewald method (48), employing a grid spacing of ~1 A~! and an inter-
polation order of 4. A cutoff of 12 A was used for the real space portion of
the Ewald sum and the Lennard-Jones interactions. The LINCS algorithm
(49) was used to constrain all covalent bonds, and the SETTLE algorithm
(50) was used to maintain the geometry of the water molecules. In the CG
simulations, electrostatic interactions utilized a relative dielectric constant
of 20, which was smoothly shifted to zero between 0 and 12 A, and van
der Waals interactions were smoothly shifted to zero between 9 and 12 A
(24). Each system was temperature-coupled with a Berendsen thermostat
(51) to a reference temperature of 310 K, with a coupling constant of 0.1
and 1.0 ps in AT and CG, respectively. Semiisotropic pressure coupling
in x and y (membrane normal along z) at 1 bar with a coupling constant of
1.0 ps and a compressibility value of 4.6 x 107> and 5.0 x 10" bar~ ' in AT
and CG, respectively, was used. Ionizable side chains were kept in the
default protonation (i.e., charged) state for pH 7.

RESULTS

CG simulations of the encounter between
the toxin and VS

The interaction between the toxin and the lipid bilayer was
monitored by measuring the distance between the centers
of mass (COMs) of VSTx1 and the POPC bilayer, as pro-
jected onto the bilayer normal (the bilayer center is at ~0 A;
Fig. 2 A). As anticipated from previous simulation studies
(20), VSTxI partitioned into the headgroup/water interface
of the membrane, at a distance of 19-21 A from the bilayer
center within the first 0.2 us, where it remained until the end
of each simulation. While VSTx1 was located at the water/
bilayer interface, its polar and charged residues were
exposed to lipid headgroups and waters, with the hydro-
phobic residues directed toward the lipid tails.

To follow the encounter between the toxin and the VS, we
measured the distance between the COMs of VSTx1 and the
VS projected onto the plane of the membrane (Fig. 2 B).
VSTx1 did not encounter the VS immediately upon binding
to the membrane in any of the simulations. Instead, the toxin
diffused laterally within the plane of the membrane for up to
~0.6 us after binding to the membrane/water interface, before
binding to the VS. Each VS/toxin complex stayed intact for
the remainder of the simulation.

To characterize the VS/toxin interface, we calculated the
frequency of contacts between VS and toxin residues over
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FIGURE 2 (A) Distance between the COMs of VSTx1 and the POPC
bilayer projected along the bilayer normal in the CG simulations. The inset
shows the distances over the first 0.5 us. (B) Distance between the COMs of
VSTx1 and VS projected along the plane of the membrane surface in the CG
simulations.

1-3 us of each simulation (i.e., after VSTx1 binds the VS).
We used a distance cutoff of 7 A to define a contact, as in
recent CG simulations of protein/protein docking (34). In
simulations 1, 3, and 5, the pattern of contacts between the
VS and toxin were similar in that VSTx1 interacted predom-
inantly with VS residues on the C-terminus of S1, the S1-S2
linker, and S4a (Fig. 3). The VS/toxin interface was
comprised of a combination of charged and hydrophobic
residues. The COMs of the VS and toxin in the complex,
projected along the plane of the membrane, were 13-14 A
apart (Fig. 2 B; simulations 1, 3, and 5).

In simulation 2, the VS residues that contacted VSTx1
were similar to those in simulations 1, 3, and 5, but the resi-
dues on the toxin were different. In contrast, in simulation 4,
VSTx1 interacted with a different region of the VS corre-
sponding to the S1-S2 linker, the N-terminus of S2, and
S3b. The frequencies of interactions in simulation 4 were
substantially lower than in the other simulations, and the
distance between the COMs of the VS and toxin (~17 A;
Fig. 2 B) was higher than in the other simulations (~14 A),
indicative of weaker interactions. Of interest, in simulation
4 the toxin did not bind as deeply into the membrane (~23 A
vs. ~19 A in simulations 1-3 and 5; Fig. 2 A). Overall, this
suggests that in simulation 4, the toxin and VS domain did
not form a stable complex.

AT simulations of the toxin/sensor complex

To refine the toxin/sensor complexes and compare the com-
plexes from the various CG simulations, we converted the
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FIGURE 3 Analyses of the VS/toxin interface in the CG simulations,
showing the frequency of contacts (expressed as a percentage) between
VS and toxin residues over 1-3 us (i.e., after VSTx1 binds the VS).
A distance cutoff of 7 A was used to define a contact. Basic and acidic
residues are labeled in blue and red, respectively.

complexes and the lipid bilayer to AT resolution and used
the resulting configurations as the starting point for relatively
short (20 ns) AT-MD simulations. We monitored the struc-
tural stability of the AT models of the VS and toxin by calcu-
lating the root mean-squared deviation (RMSD) of the Ca
atoms of the complex and its components (i.e., the VS and
the toxin) with respect to the initial structure (i.e., at O ns;
see Fig. S1 in the Supporting Material). The RMSDs of
the complexes did not exceed ~3.5 A, and those of the VS
and toxin individually did not exceed ~3.5 A and ~3 A,
respectively. Thus, there were no large changes in conforma-
tion over the course of the 20 ns simulations, indicating
that the CG-to-AT conversion had resulted in locally stable
structures.

Visualization of the complexes (Fig. 4) and analysis of the
toxin-sensor COM distances (Fig. S2) suggest two types of
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AT (20 ns)

FIGURE 4 Snapshots of the VS/VSTx1 complex in the CG and AT
simulations. (fop to bottom: simulations 1 to 5) Views from the side of the
membrane and from the EC solvent are provided. The color scheme identical
is to that in Fig. 1. The lipid bilayer is not shown. In simulations 1- 3 and 5,
the toxin bound to the C-terminus of S1, the S1-S2 linker, and S4a of the VS.

behavior. For simulations 1-3 and 5, the distance is fairly
constant at ~16 A for the duration of the simulation. In
contrast, for simulation 4, the toxin/sensor distance is up to
~28 A over the course of the simulation. Visualization of
simulation 4 does not show complete dissociation of the
complex. However, examination of residue-residue contacts
for simulation 4 reveals almost none closer than 3.5 A
(Fig. S3). Thus, we may conclude that the complex formed
in CG simulation 4 is relatively unstable, and we may
exclude it from further consideration.

Turning to the remaining four AT-MD simulations (simu-
lations 1-3 and 5), secondary structure analyses of the VS
over the time course of each simulation showed that helices
S1, S2, S3b, and S4 remained «-helical, whereas S3a showed
some degree of flexibility (Fig. S4). In each case, the VS
remained embedded in the membrane, with evidence of local
membrane deformation around the S4 helix and the forma-
tion of water-filled crevices in the VS, consistent with
previous simulations of the KvAP VS in lipid bilayers
(17,37). In each of the four simulations, the toxin remained
at the bilayer headgroup/water interface (~20 A from the
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bilayer center) and the VS/toxin complex remained intact,
with inter-COM distances of 12-16 A (Fig. S2).

We analyzed the VS/toxin interface by calculating the
frequency of contacts (using a distance cutoff of 3.5 A)
between VS and toxin residues over the latter half (i.e.,
10-20 ns) of each of the four simulations (Fig. 5). VSTx1
shows a consistent pattern of contacts with VS residues on
the C-terminus of S1, the S1-S2 linker, and S4a. On S3b,
the toxin interacted with E107 in simulations 1 and 2. Over-
all, the pattern of contacts observed in the AT simulations
was consistent with those in the preceding CG simulations.

An example of a refined VS/VsTX1 complex structure
(the 20 ns snapshot of simulation 5) is shown in Fig. 6. It
can be seen that the VS and toxin locations within the bilayer
(Fig. 6 A) are the same as those observed in simulations of
the isolated components (17,19,20,37,52), and that the toxin
contacts S1/S2 and S4. The toxin binds between the
C-terminus of S1 and the S3b-S4a paddle (Fig. 6 B). This
is somewhat in contrast to the proposal of Alabi and Swartz
(53) based on alanine-scanning experiments, but appears to
be broadly consistent with more recent data (54), as dis-
cussed in more detail below.
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FIGURE 5 Analyses of the VS/toxin interface in AT simulations 1-3 and
5, showing the frequency of contacts (expressed as a percentage) between
VS and toxin residues over 10-20 ns. A distance cutoff of 3.5 A was used
to define a contact. Basic and acidic residues are labeled in blue and red,
respectively.
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FIGURE 6 Example of a refined VS/VsTX1 complex structure, showing
the 20 ns snapshot of simulation 5. (A) Complex in a bilayer showing the VS
in beige (with the S3b and S4a helices of the paddle in green and blue,
respectively), VsTx1 in red, and the phosphorus atoms of the lipid head-
groups in purple. (B) View of the complex with the consensus interaction
side chains of S4a (i.e., consensus between simulation and experiment;
see text for details) in pale blue in space-filling format.

DISCUSSION AND CONCLUSIONS

In this work, we combined CG and AT simulations serially
to study how a VS toxin, initially located in water, binds
to a membrane-embedded VS domain of KvAP. The CG
simulations showed VSTx1 partitioning from water into
the headgroup/water interface of the membrane (20) before
binding to the VS. An interfacial location for VSTxI is
consistent with a variety of experimental data (4—7) and
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with free-energy calculations of toxin-membrane interac-
tions (20). Using a CG simulation as a starting point, we per-
formed multinanosecond AT simulations to further evaluate
the stability of the toxin when bound to the membrane-
embedded VS, and to refine the interactions at the VS/toxin
interface.

In four of the five simulations (simulations 1-3 and 5), we
see a consistent pattern of interactions between the toxin and
the VS involving the C-terminus of S1, the S1-S2 linker and
S3b, and especially S4a of the voltage-sensing paddle. In
particular, the first four arginines of S4a (R117, R120,
R123, and R126) interacted with the toxin. This differs
somewhat from the earlier results of alanine-scanning muta-
genesis of the S3b-S4a paddle (2), but is in broad consensus
with more recent data (54).

It is important to consider the origin of the differences
between the contacts between toxin and the isolated VS iden-
tified in the simulations, and the residues that result in func-
tional perturbations in alanine-scanning mutagenesis (2).
There are several possibilities. It could be that the CG
method does not reveal the physiologically relevant interac-
tion. However, it has been shown that CG simulations posi-
tion proteins correctly relative to a lipid bilayer (30), and that
they can reveal aspects of protein-protein interactions. For
example, CG-MD revealed correctly the two interaction
modes of the cohesin/dockerin complex (34). Furthermore,
when CG simulations generated an unstable mode of interac-
tion of the toxin and VS (i.e., simulation 4), this was revealed
as such in the subsequent AT-MD simulations. Alterna-
tively, one might consider possible complications in the
interpretation of the alanine-scanning data for the S3b-S4a
paddle (53). For example, the effects of the mutations could
be indirect (i.e., allosteric) in the intact channel protein,
rather than revealing directly the accessibility of residues.
However, a more likely possibility is that the environment
(broadly construed) of the VS may be linked to the mode
of interaction of VsTXI1. In this regard, we would include
considerations of the isolated VS domain (in this study,
and also recently characterized experimentally (18)) versus
the intact channel (which can adopt different conforma-
tional/gating states), although it is known that the toxin binds
to isolated VS experimentally (3), as well as the nature (both
chemical and physical) of the lipid bilayer, which is known
to modulate Kv channel gating (8,55,56). We noted that two
or three lipid molecules were able to bridge the toxin/VS
complex in channel snapshots. It is therefore of considerable
interest that recent experiments (54) suggest that lipids play
a key role in VS paddle-toxin interactions.

A consensus view would perhaps favor the third (environ-
mental) explanation, indicating the need for further simula-
tion studies of toxin-VS interaction as a function of the
channel state and bilayer composition. In particular, by
comparing those residues in the KvAP S4a that show signif-
icant coupling between the effects of channel mutations and
lipid modifications (54) with those that show significant
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toxin/sensor contacts during the simulations (Fig. 5), one
can arrive at four consensus residues in S4a (F116, F124,
L125, and 1127) that are implicated by both experiment
and simulations (Fig. 6 B). Significantly, these consensus
residues of S4a interact not only with the toxin, but also
with lipid molecules during the AT-MD simulations.

It might be argued that the proposed docking surface of the
VS is not likely to be available to a toxin in the membrane
when the VS forms part of the intact ion channel, as a compar-
ison with the x-ray structure of Kv1.2/2.1 (PDB code: 2R9R
(57)) suggests that this surface would be largely hidden from
the surrounding membrane by the pore domain. However,
given the ability of the isolated VS domain to exist as an inde-
pendent, stable TM protein (18), it is important to model toxin
interactions with the isolated VS. Furthermore, it is likely that
the packing of the VS domain and the pore domain of Kv
channels in the membrane differs from that in the crystal
structure, depending on the functional state of the channel.

Thus, we may conclude that the pore domain and the tetra-
meric arrangement of monomers in KvAP may place addi-
tional constraints on toxin access to the VS. Indeed, if we
superimpose the VS of the VS/VSTx1 complex seen in simu-
lations 1-3 and 5 on the VS domain of the Kv1.2/2.1 chimera
(PDB code: 2R9R (57)), the toxin sits between the VS and
the pore domain, partly overlapping in space with the latter.
This indicates that toxin binding could perturb the VS-pore
interaction, thus altering the gating properties of the channel.
Recent experimental studies have shown that the membrane
environment is important for Kv channel gating (8,55,56).
It has been proposed that VSTx1 inhibits Kv channels by
perturbing the interaction forces that exists between the
channel and the membrane (8). This is consistent with our
simulations, which support a membrane-access mechanism
of inhibition. Overall, our results suggest that VSTx1 targets
the S4a helix of the VS paddle motif of KvAP, and the VS/
toxin interface is made up of both charged and hydrophobic
residues.

More generally, serial multiscale MD simulations (36),
with initial CG simulations (which are well sampled but
use an approximate force field) subsequently refined by
AT simulations (where sampling is more of an issue, but
for which the force field is more accurate), may be used to
model the binding of a small peptide toxin to the VS of a
Kv channel, and to make predictions about the subsequent
complex. It may be of interest to use such a multiscale
approach to simulate the whole channel (i.e., with the pore
domain) with the toxin bound.

SUPPORTING MATERIAL

Four figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(10)00089-5.
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