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ABSTRACT The atomic models of the Kv1.2 potassium channel in the active and resting state, originally presented elsewhere,
are here refined using molecular dynamics simulations in an explicit membrane-solvent environment. With a minor adjustment of
the orientation of the first arginine along the S4 segment, the total gating charge of the channel determined from >0.5 us of
molecular dynamics simulation is ~12—-12.7 e, in good accord with experimental estimates for the Shaker potassium channel,
indicating that the final models offer a realistic depiction of voltage-gating. In the resting state of Kv1.2, the S4 segment in the
voltage-sensing domain (VSD) spontaneously converts into a 314 helix over a stretch of 10 residues. The 34 helical conformation
orients the gating arginines on S4 toward a water-filled crevice within the VSD and allows salt-bridge interactions with negatively
charged residues along S2 and S3. Free energy calculations of the fractional transmembrane potential, acting upon key charged
residues of the VSD, reveals that the applied field varies rapidly over a narrow region of 10—15 A corresponding to the outer
leaflet of the bilayer. The focused field allows the transfer of a large gating charge without translocation of S4 across the

membrane.

INTRODUCTION

Voltage-gated potassium (Kv) channels are membrane pro-
teins that respond to changes in the transmembrane potential
by altering their conformation to allow the passage of K*
ions across the cell membrane. These channels are tetrameric
proteins, in which each subunit comprises six transmem-
brane helical segments (S1-S6). The first four helical seg-
ments (S1-S4) in each subunit form a voltage-sensing
domain (VSD) that is located in the lipid membrane at the
periphery of the central pore domain. The ion conduction
pore is located at the center of the tetrameric pore domain,
formed by the S5 and S6 helices from the four subunits.
Upon depolarization of the membrane, the VSD in each
subunit undergoes a voltage-dependent transition from
a resting to an active conformation, which then leads to the
opening of the intracellular gate of the ion conduction
pore (1-3).

The conformational changes associated with the activation
of Kv channels result in the transfer of an electric charge AQ
across the membrane, which can be measured experimen-
tally as a small transient capacitive current (4,5). In the
Shaker K* channel, the gating charge corresponds to the
transfer of 12—14 elementary charge (e) across the transmem-
brane electric field (6,7). Correspondingly, a change V in the
membrane potential shifts the relative free energy of the
closed and open conformations by VAQ. The gating charge
AQ is, thus, a key concept to explain how channel activation
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is coupled to the membrane potential. Initially postulated
by Hodgkin and Huxley in 1952, the gating charge was first
detected and measured more than 20 years later by Arm-
strong and Bezanilla (4).

Structural information about the different conformational
states of K™ channels is a prerequisite to explain the mecha-
nism of voltage-gating. Crystallographic studies have pro-
vided atomic resolution structures of KvAP (8), Kv1.2 (9),
and a Kv1.2/Kv2.1 chimera (10) in their putative open con-
formation. The VSD, where the voltage function sensing
lies, is a small bundle of four antiparallel helices (S1-S4)
packed in a counterclockwise fashion (seen from the extra-
cellular side). Four highly conserved arginine residues,
located at every third position along the S4 segment, underlie
the dominant contributions to the total gating charge (7,11).
Negatively charged amino acids on S2 and S3 also affect
voltage-sensing, but to a lesser degree. The discovery of
similar domains in unrelated proteins lacking a conduction
pore has established the concept of the VSD as an indepen-
dent functional module (12-14).

Voltage-dependent changes in the conformation of the
VSD have been detected in the Shaker K channel (15-18),
as well as in the KvAP channel (19,20). The observations
gave rise to three mechanistic models for the voltage-sensing
motion in Kv channels, namely the paddle model (20,21), the
helical-screw model and its variants (22—24), and the trans-
porter model (17). The magnitude of the predicted motion
for the key S4 segment varies between 2 A and 20 A among
these models. However, as no atomic-resolution crystal
structure of a Kv channel in the closed/resting state is cur-
rently available, experimental studies in combination with
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modeling have sought to complement the missing structural
information (16,17,19,20,25-30).

Ultimately, explaining the voltage-gating mechanism of
Kv channels in molecular terms requires gaining knowledge
of the active and resting conformations, and then showing
how those conformations are able to account for the experi-
mentally observed gating charge AQ. One possible purely
computational approach is to simulate, directly, the transition
from the (putatively open) x-ray structure to the closed/resting
state with all-atom molecular dynamics (MD) under the influ-
ence of an applied negative membrane potential. Unsurpris-
ingly, even with microsecond trajectories, previous efforts
were able to simulate only small Angstrom-scale structural
response of the channel to an applied potential (31-33).
No spontaneous and complete transition from the open to
the closed channel state has been observed in brute-force
all-atom MD simulations with explicit solvent and membrane.
The difficulties are further compounded by the fact that the
X-ray structure probably represents a VSD-relaxed conforma-
tion of the channel, which returns very slowly to the resting
state at a negative potential (34). Simulations of the transition
from an active to a resting state conformation is essentially out
of reach for all-atom MD due to the slow dynamics of Kv
channels (on the order of ~10-100 ms).

An alternative strategy adopted here is to start from care-
fully constructed atomic models of both active and resting
states that are consistent with all available experimental
information using protein structure prediction algorithms
(26). Recently, Pathak et al. (30) have generated detailed
atomic models of Kv1.2 in the open/active and closed/resting
states using the Rosetta-Membrane structure prediction
program (26). The model of the open/active state comple-
ments the information missing from the x-ray structure of
the Kv1.2 channel (9) used as a template, while the interhel-
ical loops of the VSD S1-S2 were modeled de novo (26).
Confidence in the modeling methodology was strengthened
by the subsequent x-ray structure of the Kv1.2/Kv2.1 chi-
mera channel, which confirmed that the model of the open/
active state was accurate, especially in the transmembrane
region. The model of the closed/resting state is more uncer-
tain, although it is broadly constrained by a wide range of
experimental data (see discussion in (30)). Remarkably, the
model was found to be consistent with two metal bridges
engineered experimentally to stabilize the closed state, which
were subsequently established in an independent study (27).
The resulting models suggest a voltage-activated transition
from the closed/resting to the open/active state in which
the S4 segment moves outward by ~6-8 A relative to the
membrane and rotates clockwise along its main axis as
viewed from the extracellular side. The gating charge AQ
for this transition was calculated to be 14e (30) using a
continuum dielectric approximation based on a modified
Poisson-Boltzmann theory (35).

These results offer a promising starting point to expand
our understanding of voltage gating in Kv channels. How-
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ever, some critical issues must be addressed. In particular,
the stability of the structural models in the complex dynam-
ical environment of the lipid bilayer has not been ascer-
tained. Furthermore, the gating charge associated with the
models was only evaluated within a continuum approxima-
tion where water and membrane were treated as featureless
dielectric media. There are strong suggestions that the hydra-
tion of the VSD is complex, with narrow aqueous crevices,
where a representation of the water molecules as a featureless
continuum may be questionable. In addition, it is known that
lipid membranes are necessary for the stability and function
of the protein, and several studies have suggested that direct
salt-bridge interactions between the charged residues of the
VSD and the lipid phosphate headgroups were implicated
in the function of Kv channels (36,37). This raised funda-
mental questions regarding the possibility of a direct partic-
ipation of the lipids molecules in the voltage-gating process.
These issues cannot be addressed without using all-atom
models with explicit solvent and membrane.

Our goal is to refine the atomic models of the closed/resting
and open/activated states and test their ability to account for
the experimentally observed gating charge using all-atom
MD and an explicit representation of the lipid membrane envi-
ronment. We have performed extensive computations on the
Kv1.2 channel, for a total aggregate simulation time longer
than 1.3 us. The refined models are consistent with a wide
range of experimental observations, and proved to be stable
in the presence of external voltage biases (lasting >50 ns
each). The models are validated by carrying out explicit all-
atom MD calculations of the gating charge for the full-length
and isolated VSD of Kv1.2. The contribution of individual
VSD residues to the gating charge is determined via free
energy perturbation (FEP). The results show that the hydra-
tion in the interior of the VSD causes a local focusing of the
transmembrane electric field and that, for this reason, move-
ment of the S4 segment over a distance of ~7 A is sufficient
to account for the expected gating charge.

METHODS

Calculations of the gating charge

The gating charge AQ represents the strength of the coupling between the
applied membrane potential and the conformational changes of the channel.
When the voltage changes by AV, the relative free energy of the closed and
open conformations shifts by AQAV. Three theoretical methods (Q-route,
G-route, and W-route) have been formulated to characterize how a mem-
brane protein is coupled to an applied voltage (38), the first two routes being
employed here. The most straightforward estimate of AQ is obtained by
considering averages of the linearly weighted displacement charge Q4 within
the simulation system (the Q-route),

N u
doat) (1)

i=1 [ sy

<Qd>s,v =

where L, is the length of the periodic box in the z direction, g; is the partial
charge of atom i, N is the number of atoms in the system, and z"; is the
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unwrapped coordinate of atom i along the z axis (i.e., not folded back within
the interval [0, L,] corresponding to the limits of the periodic system
along z). The notation (---), v stands for the ensemble average with channel
state s and imposed voltage V, which is evaluated as the mean value over the
time series from the corresponding equilibrium simulations. The sum over i
in Eq. 1 runs over all atoms in the system, including the protein, the mem-
brane lipids, the solvent, and the counterions. It can be shown that, as in
experimental measurements of the gating charge (4,5), the shift in the
average displacement charge as expressed in Eq. 1 tracks the net capacitive
charge AQ flowing through the external circuit comprising the EMF and the
electrodes when the conformation of the channel converts from the closed
(c) to the open (o) state (38),

AQ = <Qd>c, V_<Qd>07 v (2)

For a given state s, the average displacement charge varies linearly as
(Q4)e. 0 + CV, where C is the capacitance of the system. The gating charge
AQ is the offset constant between the two linear relations.

Averages of the displacement charge were computed from 50-ns trajecto-
ries. The autocorrelation function of the displacement charge relaxes in
<10 ns for the VSD and full-channel simulations, indicating that our trajec-
tories are sufficiently long to obtain statistically converged averages.
To avoid a residual effect of the previous runs on (Q)s v (after abrupt
changes in V), snapshots from the first 10 ns of the simulations are not
included in the calculation of (Q); .

A detailed decomposition of the contribution from individual residues to
the total gating charge can be achieved by considering the charging free
energies of a residue as a function of applied membrane potential and protein
conformation (the G-route) (38). Accordingly, the contribution of a residue
carrying a charge ¢; to the total gating charge AQ is expressed as ¢;[f.(i) —
fo()], where the dimensionless quantities f;(7)

_ AG(V2,q:) — AG(V1, q:)
qi(Va—W1)

correspond to the fraction of the transmembrane potential acting upon
residue i when the channel is in the open-active (s=o0) and closed-resting
(s=c) conformations, respectively. The expression AG(V, g;) is the charging
free energy of the residue / with charge ¢; with the channel in state s and
applied voltage V. Details of the derivation are given in (38). Equation 3
is obtained perturbatively by recognizing that the total free energy of the
system comprises an intrinsic contribution arising from the molecular envi-
ronment affecting a residue even in the absence of an applied voltage, and
a contribution reflecting the coupling to the applied membrane potential
V. To lowest order in V, the latter is linear and can be estimated by calcu-
lating the charging free energy of a residue at two different voltages V;
and V,. Calculating f,(i) and f.(i) necessitates free energy perturbation
molecular dynamics (FEP/MD) simulations at two different membrane volt-
ages for each residue that is probed. Details of the FEP/MD calculations are
given in the Supporting Material.

£00) (©)

Molecular dynamics simulations

All MD simulations were carried out using the program NAMD (39) and the
CHARMM?27 force field for proteins (40,41), ions (42), and phospholipids
(43,44), with the TIP3P water model (45). All simulations were performed
with periodic boundary conditions at constant temperature and constant
pressure, with a fixed cross-sectional area. The computation of long-range
electrostatic forces was done with the particle-mesh Ewald technique (46).
Langevin dynamics with a very weak friction coefficient was used to keep
the temperature constant. The Langevin Nosé-Hoover method (47) was
used to maintain the pressure at 1 atm. The membrane potential was
emulated by applying a constant electric field (normal to the plane of
membrane) to every atom carrying a partial or a full charge in the system
(38). The simulations of the full channel involved ~350,000 atoms and
covered altogether 805 ns (including FEP simulations); simulations of indi-
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vidual VSDs involved ~94,000 atoms and covered altogether 515 ns
(including FEP simulations).

RESULTS
Refined Kv models in the resting and active states

The active and resting state models of Kv1.2 are refined
using MD simulations of the full tetrameric channel and
the isolated VSD in an explicit membrane-solvent environ-
ment. During equilibration simulations (50-100 ns each),
water molecules hydrate the VSD and new contacts are
formed between charged residues of the VSD to stabilize
these highly charged protein domains inside the lipid bilayer.
Snapshots of the full tetrameric channel and the isolated
VSD are shown in Fig. 1 A and Fig. S1 in the Supporting
Material, respectively.

FIGURE 1 Kvl.2 in the open state embedded in a patch of DPPC lipid
bilayer. The pore domain and the voltage sensor domains (VSD) of the tetra-
meric structure are shown for two of the four subunits. Each subunit is
colored differently. Two K* ions in the selectivity filter are shown. Water
molecules are shown in transparent blue surface representation; lipid mole-
cules are represented by lines. An individual VSD highlighted in panel A is
shown in the active (B) and resting (C) state conformation. The S1, S2, and
S4 segments are shown in silver, yellow, and blue, respectively, while the S3
segment is omitted for clarity. The S4-S5 linker connecting the VSD to the
pore is colored in light blue. R1, R2, R3, and R4 (on S4), D3 (on S3), E1 and
E2 (on S2), and EO (on S1) are shown in licorice representation.
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During equilibration simulations, the C, root mean-square
deviation with reference to the initial structures rapidly
increases, but levels off during the last 10-20 ns of each trajec-
tory (Fig. S3 A and Fig. S4 A). To assess the stability of the
final conformations obtained from equilibration simulations,
the C, root mean-square fluctuations (RMSF) of each pro-
tein residue is calculated for four 50 ns-trajectories that
followed the equilibration simulations. The RMSF profiles
(Fig. S3 B and Fig. S4 B and C) show that the transmembrane
helical region of the VSDs remain stable (RMSF < 3 A).
The peaks in the profile correspond to the S1-S2 loop, the
N-terminal segment of S3, and the S3—S4 loop. The S1-S2
loop on the extracellular side of the membrane is more flexible
in the active state of the VSD in comparison to the resting
state. Previous simulations of an open state model of Kv1.2
have also identified the S1-S2 loop to be highly flexible
(31). However, as shown in Fig. S3 and Fig. S4, the stability
of S1 and S2 segments is not affected by the high mobility of
the S1-S2 loop connecting these two transmembrane seg-
ments. The refined models of the VSD are shown in Fig. 1, B
and C. Details of the structural models, in particular the gating
charges, are given below.

Aqueous crevice at the center of the VSD

In all the simulations, water molecules diffuse from the bulk
solution into the empty crevice at the center of the S1-S4
helical bundle, forming a narrow water-filled pore pinched
near the center of the membrane. This is observed in the
simulations of the active and resting conformations for
both the full tetrameric channel and the isolated VSD. As a
result, all the charged residues of the VSD become rapidly
hydrated. The hourglass-shaped aqueous crevice running
through the VSD is a recurring feature that has been
observed in all previous MD simulations of Kv1.2 (31—
33,48), as well as of isolated VSDs (49,50). The existence
of an aqueous porelike region at the center of the S1-S4
helical bundle has experimentally been inferred by mutations
enabling the rapid conduction of H* and cations through the
VSD (51,52).

Salt-bridge interactions within the VSD

Several salt-bridge interactions form spontaneously within
the VSD during the simulations of the active and resting state
conformations. Fig. 1, B and C, show snapshots of the resting
and the active states of the VSD after equilibration and high-
light the key basic and acidic residues: R294 (R1), R297
(R2), R300 (R3), and R303 (R4), K306 (K5), R309 (R6)
along S4, E183 (E0) along S1, E226 (E1) and E236 (E2)
along S2, and D259 (D3) along S3. Salt-bridge interactions
within the VSD and between charged residues of the VSD
and phospholipid headgroups are summarized in Table S4.
In the active state conformation (Fig. 1 B), a salt-bridge is
formed between R4 and E1. Transient interactions between
R3 and E1 or EO are also seen in all subunits. A network
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of salt-bridge interactions between E2 on S2, D3 on S3,
and K5 is seen to be present in all the trajectories of the active
state, shaping the interior structure and gluing together three
helical segments of the VSD. Similar interactions were previ-
ously identified experimentally in the open state conforma-
tion of the homologous Shaker K* channel (53,54), where
they correspond to E283 (in S2) with R368 and R371 (in
S4), and K374 (in S4) with E293 (in S2) and D316 (in S3).

In the resting state conformation (Fig. 1 C), R1, the first
arginine along S4, interacts with E1 and EQ. The latter is
located near the extracellular end of S1 and corresponds to
E247 in the Shaker K* channel. Deeper inside the mem-
brane, R3 forms a salt-bridge with E2 in two of the four
subunits, and D3 in a third subunit. The forth gating arginine,
R4, interacts with E2 in one of the four subunits. Most likely,
the structural variations between the different VSDs and
the absence of fourfold symmetry in the tetrameric channel
configuration reflect an incomplete averaging in these
simulations.

Phospholipid headgroups interact with the first two gating
arginines, R2 and R1, in the active state conformation. In the
resting state conformation, R6 forms salt-bridge interactions
with the headgroups.

S4 converts to a 34 helix in the closed
state simulation

In the resting conformation of the channel, the S4 segment,
originally modeled as an a-helix by ROSETTA (26,30), con-
verted spontaneously to a 3;(-helical conformation during
MD. As shown in Fig. 2, a stretch of 10 residues on S4 fluc-
tuate as a stable 31¢-helix during the resting state simulation
of the full tetrameric channel. By virtue of the 3;(-helical
configuration, the gating arginines (R1-R4) along S4 are
aligned on the same helical face. Fig. 2 shows snapshots of
the VSD in the active and resting state highlighting several
charged residues of the VSD. In the resting state conforma-
tion, the R1-R4 side chains favorably point toward the
aqueous crevice at the center of the VSD. Furthermore, as
illustrated in Fig. 1, B and C, this configuration allows salt-
bridge interactions with negatively charged residues in S2
(E1 and E2) and S3 (D3). It is worth noting that the
CHARMM force field for a simple poly-alanine peptide in
vacuum energetically favors the a-helix over the 3¢ helix.
Therefore, the observed shift in the secondary structure of
S4 is directly caused by the arginines seeking a more favorable
local environment. The high propensity of the S4 segment
to adopt a 3;p-helical conformation appears to be supported
by two recent x-ray structures of other Kv channels (10,55)
in which the inner-half of the S4 segment (~11 residues)
appears as a 3¢ helix, in the open state conformation.

Gating charge

Two independent theoretical methods were employed to
characterize, quantitatively, the gating charge of the channel
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A B
FIGURE 2 Extracellular view of the voltage-
sensor domains in the active (A) and resting (B)
state conformations, after equilibration. R1-R4
(S4), EO (S1), El and E2 (S2), and D3 (S3) are
shown. In the resting state conformation (B), the
c 1 D 1 S4 segment adopts a 3o helical conformation,
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from all-atom MD simulations (38). In the first method (the
Q-route based on Eqgs. 1 and 2), the total gating charge is
extracted from all-atom MD simulations by calculating the
average displacement charge Q4 as a function of the applied
membrane voltage and the protein conformation. Changes in
the displacement charge of the system between active and
resting state conformations correspond to the gating charge
of the channel. In addition, the individual contribution of
key residues of the VSD to the gating charge was calculated
by performing FEP/MD simulations (the G-route based on
Eq. 3).

Fig. 3 shows the time-averaged displacement charge of the
isolated VSD and the full-channel at different transmem-
brane potentials V. For the conformational state s, (Qq)s.v
varies as a function of the external voltage applied. For a
sufficiently small membrane potential, the capacitive charge
is a linear function of the applied voltage, CV, and thus, can
be eliminated (38). The gating charge AQ is then calculated
as the offset between the voltage-dependent displacement

Residue Number

charge of the two channel states (active and resting). The
magnitude of the gating charge calculated for the isolated
VSD, and the full tetrameric channel, are 2.38 = 0.07 and
10.25 = 0.35e, respectively. The calculated gating charge
for the refined models of the full channel is in good accord
with the experimental estimates of 12—14e measured for
the Shaker K* channel (6,7,11). The reason why AQ might
be slightly underestimated is discussed below.

The fraction of the transmembrane potential felt by spe-
cific key residues carrying a charge was calculated according
to Eq. 3 using FEP/MD simulations. The calculations were
performed for nine key residues, including six positively
charged residues (R1, R2, R3, R4, K9, and R6), and three
negatively charged residues (E1, E2, and D3) of the VSD.
These residues are highly conserved in Kv channels, and
their mutation affects voltage-sensing of the channel (7,11).
The location of these residues is highlighted in Fig. 1, B and
C. In the case of the full tetrameric channel, the FEP/MD
simulations were performed on five snapshots, taken at
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FIGURE 3 Displacement charge of the full tetrameric channel (fop) and
voltage-sensor domain (bottom) calculated from the active and resting state
simulations. Each data point corresponds to the average displacement charge
over 40 ns (40,000 snapshots) of simulation based on Eq. 1. The error bars at
each point correspond to standard errors in the calculations.

8-ns intervals from four 50-ns trajectories at +500 mV and
—500 mV voltages that followed the equilibration simula-
tions. For a given channel state, the electrostatic charging
free energies, AGy(V, ¢;), were averaged over the five snap-
shots for residue i of charge ¢; at each voltage bias V. The
standard deviation in the FEP/MD calculation represents
local fluctuations of the residue side chain while the channel
is in state s. The results are shown in Fig. 4; in all these
figures, the potential on the extracellular side is kept
grounded at V = 0.

In the active state of the channel the three outermost argi-
nines (R1, R2, and R3) are positioned near the extracellular
solution at ~0.1 of the transmembrane potential. Deeper
inside the VSDs, E1 on S2 and R4 on S4 are located at
~0.2 of the transmembrane potential. Further along S4, K5,
is located at ~0.6 of the potential in the isolated VSD, and
at ~0.9 of the potential in the full tetrameric channel. Near
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the intracellular membrane-solution interface are E2 on S2,
D3 on S3, and R6 on S4, which are positioned within 0.8
of the transmembrane potential.

In the resting state of the channel, R1 is located at the
membrane-solution interface, at the same transmembrane
potential as the extracellular solution. E1 on the S2 segment
is located near R1 at ~0.2 of the transmembrane potential.
R2 is positioned near the center of the bilayer at ~0.8 of
the potential in the isolated VSD, and at ~0.4 of the potential
in the full tetrameric channel. R3 and R4 are positioned
near the (intracellular) membrane-solution interface, and
are located at the same potential as the intracellular solution.
E2 on S2, D3 on S3, and K5 and R6 on S4 are also posi-
tioned within 0.9 of the potential.

The contribution to the total gating charge AQ from resi-
dues carrying a charge ¢; can be calculated from the state-
dependent fraction of transmembrane potential shown in
Fig. 4 as qlf,(i) — f.(i)]. Table 1 shows the contribution to
the gating charge from nine key residues in the VSD. The
calculations were performed for the isolated VSD and the
full tetrameric channel. The results indicate that the main
contributions to the gating charge are from the three basic
residues of S4 (R2, R3, and R4). R1, the outermost arginine
along S4, makes only a negligible contribution to the gating
charge of the active and resting conformations tested here.
Of the three acidic residues examined (E1, E2, and D3),
none contributes significantly to the gating charge.

As mentioned above, the calculated gating charge for the
entire channel appears to be slightly smaller (by 2—4¢) than
the experimental estimates for the Shaker K* channel (6,7).
The individual contribution of the VSD residues to the gating
charge (Table 1) indicates that the outermost arginine R1
makes a negligible contribution, whereas R2 makes only a
contribution of 0.7e. This is not in accord with experiments,
which show that these two arginines contribute significantly
to the total gating charge (6,7,56). As shown in Fig. 4, in the
resting state R1 and R2 experience ~0.0 and 0.6 of the mem-
brane potential, respectively. To make a larger contribution
to the total gating charge, these two arginines need to
move deeper in the membrane field toward the intracellular
solution.

To explore this possibility, steered molecular dynamics
(SMD) simulations (57,58) were performed starting from
the resting state models, described above. SMD was per-
formed on the full tetrameric channel and on the individual
VSD, in which R1 residue side chains were pulled toward
the intracellular side within 30 ns. The displacement charge
of the system, Q4, was monitored over the course of the SMD
simulation, the results being shown in Fig. 5. The variation in
Q4 is equal to the increase in the gating charge that is trans-
ferred across the membrane as the R1 side chains are pulled
down. After 20 ns of simulation, Q4 reaches a plateau corre-
sponding to a gating charge of 12.7¢. A similar plateau is
observed in the case of the individual VSD, where this
time the plateau corresponds to a gating charge of 3.0e.
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Most importantly, the salt-bridge interactions between R1
and EO in S1 are disrupted in all four subunits during the
first 10 ns of the SMD simulation. As the arginine side chains
are pulled further down, a strong salt-bridge interaction is
formed between R1 and E1 on S2. These interactions remain
present for the rest of the simulation in two of the four
subunits, and appear to block the entry of water molecules
from the extracellular side. Otherwise, the conformation
reached during the SMD simulations does not differ consid-
erably from the refined resting state. The z direction displace-
ment of C, atoms of S4 (after 15 ns) is ~2.5 A for R1,
whereas the average displacement is 0.5 A near the intracel-
lular end of S4, indicating that the change in the gating
charge arises mainly from the orientation of residue side
chains of the VSD. When considering this alternate resting
conformation obtained by SMD, the total gating charge is
12.7e, which is in excellent agreement with experimental
estimates.

TABLE 1 Gating charge contribution from key charged
residues

Residue Ag (Full-channel) Ag (Isolated VSD)
R1 (S4) —0.12 = 0.13 -0.20
R2 (S4) 0.67 = 0.10 0.70
R3 (S4) 0.92 + 0.09 1.01
R4 (S4) 0.70 = 0.10 0.81
K5 (S4) 0.08 + 0.09 0.31
R6 (S4) 0.13 = 0.10 0.25
El (S2) —0.02 + 0.12 0.15
E2 (S2) 0.08 + 0.09 —0.13
D3 (S3) 0.16 + 0.12 0.10

Gating charge for each residue is calculated from the displacement of the
residue side chain along the transmembrane potential (Fig. 4) between the

active and resting state conformations (which are based on Eq. 3).

-40 -30 -20 -10 O 10 20 30 40

z(A)

CONCLUSION AND DISCUSSION

Active and resting state models of Kv1.2 (30) were refined
through MD simulations of the channel in an explicit
membrane-solvent environment. Each model was equili-
brated for 50 or 100 ns in the presence of a transmembrane
potential to obtain stable conformations of each channel
state. An hourglass-shaped aqueous pore running across
the VSD appears in all the simulations, as observed in
previous simulations (31-33,48-50). Furthermore, several
salt-bridges within the VSD and between charged residues
of the VSD and lipid headgroups stabilize the configuration
of the VSD. The salt-bridge interactions observed in the
closed and active conformations reflect an overall movement
of the S4 segment in which this segment undergoes a sliding
motion with respect to a set of countercharges of the VSD-
membrane complex. Those countercharges, which include
the polar lipid headgroups at the membrane solution inter-
faces as well as some highly conserved acidic residues in
S2 (E1 and E2) and S3 (D3), provide a set of favorable elec-
trostatic interactions complementing the positively charged
residues along S4.

During the simulation of the resting state model, the extra-
cellular end of S4 spontaneously converted into a 3;9-helix
over a stretch of 10 residues. The 3¢ helical conformation,
which places the gating charges, located at every third
residue, on the same face of S4, is energetically advanta-
geous because it orients the positively charged side chains
of S4 toward the water-filled crevice within the VSD where
they can also form favorable salt-bridges with the negatively
charged residue along S2 and S3. Thus, it appears that the 3
helical conformation of S4 in the resting state is dictated
by the highly heterogeneous and anisotropic environment

Biophysical Journal 98(10) 2189-2198
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experienced by the charged residues of the VSD. Partial
conversion of the S4 segment to a 3;9-helix has also been
observed in MD simulations of the open state of Kv1.2
(31), and in recent crystal structure of the related MlotiK 1
channel (55). These results, together with the present simula-
tions, support the notion that S4 adopts a 31¢-helical confor-
mation in the resting state of the channel. Interestingly,
kinetic and thermodynamic analyses of the voltage-sensitive
phosphatase Ci-VSP have suggested that the existence of
additional inactive substates is a generic property of all
VSD proteins (34). On a speculative note, it is possible
that the interconversion of S4 from an « to a 3 helix under-
lies some of the substates of VSDs.

The fraction of the membrane potential felt by key charged
residues in the VSD was calculated using FEP/MD simula-
tions. Across a perfectly homogeneous, planar membrane,
the potential drops linearly from the intracellular side to
the extracellular side. However, the irregular shape and
dielectric inhomogeneity of the VSD with its complex
water-filled crevices modulates the spatial variations of the
membrane potential. As shown in Fig. 4, the calculations
reveal that the transmembrane potential drops rapidly over
a distance of ~10-15 A within the VSD. In the active state
(left), the potential acting on the gating residues along S4
drops sharply between the center of the bilayer and the extra-
cellular solution. The membrane potential roughly varies
from its full value to zero over the extracellular half of the
membrane bilayer. This trend is also seen for the resting
state. The sharp drop in the transmembrane potential is due
to the presence of a water-filled crevice located within the
VSD, which provides a high-dielectric medium in contrast
to the low-dielectric medium of the surrounding protein
and lipid molecules. The field is even more markedly
focused in the case of the tetrameric channel (Fig. 4, top),
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FIGURE 5 Snapshots of the voltage-sensor
domain (A-D) taken from SMD simulations of
the full tetrameric channel. During the simulation,
the salt-bridge between EO (S1) and R1 (S4) is
broken, and a new salt-bridge is formed between
E1 (S2) and R1 on S4. Time-dependent variations
of the displacement charge Q4 of the isolated
VSD (E) and the full tetrameric channel (F) during
SMD simulations. Blue lines represent Q4 values
calculated at every 10 ps in each trajectory. The
thick black lines represent the Q4 values block-
averaged over every 300 ps.

20 25 30 35
Time (ns)

due to the high dielectric vestibular cavity at the intracellular
entrance of the open channel (48).

The present results show that, rather than being spread
over the width of the entire bilayer, the transmembrane field
is focused over a fairly narrow region corresponding roughly
to the outer leaflet of the bilayer. A striking example is
provided by R4 and K35 for the active state. These two basic
residues experience 0.16 and 0.89 of the potential, respec-
tively, even though they are separated by less than one helix
turn along S4. The concept of a focused field across the VSD
is supported by experimental evidence for a proton-conduct-
ing pore in the R1H mutant of the Shaker K* channel (51).
Dynamic fluorometric measurements of the electrostatic field
inside the VSD (59) and tethered measurements of the move-
ment of S4 residues (56) also show that the transmembrane
electric potential falls within a distance of 4-10 A around
S4. Most importantly, a strong salt-bridge interaction formed
during the SMD simulation between R1 and E2 on S2
appears to seal, dielectrically, the extracellular side of the
VSD, preventing the penetration of water molecules. Pre-
sumably, this salt-bridge locks the VSD in the fully resting
state and helps further focus the membrane field. From
a functional and mechanistic point of view, the focused field
is a critical feature that makes it possible to achieve the trans-
fer of a large effective gating charge without requiring a full
translocation of S4 across the membrane.

The magnitude of the gating charge AQ that is effectively
transferred across the membrane upon the activation of
the tetrameric channel is critical for explaining the strong
coupling between the conformation of the channel and the
applied membrane potential. It was calculated from the
displacement charge Q4 as defined in Eq. 1. The calculated
gating charge obtained for the refined models of the active
and resting states of the full tetrameric Kv1.2 channel is
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10.25 += 0.35e. Consistent with this value, the calculated
gating charge obtained for the refined models of the active
and resting state of the isolated VSD is approximately one-
fourth of the AQ for the tetramer (2.38 = 0.07¢). The calcu-
lated gating charge is a little bit smaller than the experimental
estimates of 12—14e measured for the Shaker K* channel
(6,7,11). The difference can be accounted for by considering
the individual contribution of key residues of the VSD to the
gating charge (Table 1), indicating that the contribution from
the two outermost arginines, R1 and R2, is underestimated
compared to experiments (6,7,56). However, a relatively
small motion of the side chains of R1 and R2 pulled down
by SMD is sufficient to increase the gating charge by
~2.45¢e (Fig. 5). The total gating charge is 12.7¢ for the alter-
nate resting conformation obtained by SMD, in excellent
agreement with experiment. Because of the focused field
across the VSD, the increase in gating charge with SMD is
achieved with a relatively small motion of the side chains
of R1 and R2. The result suggests that, rather than being
the true inactive/resting state that exists under hyperpolariz-
ing conditions, the (stable) closed state model in the MD
simulations corresponds to an intermediate substate appear-
ing early during channel activation. The existence of such
intermediate substates during the activation of Kv channels
is supported by a variety of experiments (60,61). For
instance, it has been noted that the activation of Kv channels
is accompanied by a very fast (<10 us) jump in the gating
charge by ~4e, corresponding to the transition from the
resting state to an intermediate closed conformation (61).
Of particular interest, the calculated contribution from the
lipids to the total gating charge is only ~0.28e. This shows
that, despite the important interactions between some resi-
dues along S4 and the lipid headgroups, lipid charges do
not participate actively in the voltage-gating mechanism.

SUPPORTING MATERIAL
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