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Coupling of S4 Helix Translocation and S6 Gating Analyzed
by Molecular-Dynamics Simulations of Mutated Kv Channels
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Department of Laboratory Medicine, Teikyo University School of Medical Technology, Tokyo 173-8605, Japan

ABSTRACT The recently determined crystal structure of a chimeric Kv1.2-Kv2.1 Kv channel at 2.4 A resolution motivated this
molecular-dynamics simulation study of the chimeric channel and its mutants embedded in a DPPC membrane. For the channel
protein, we used two types of C-terminus: E+ and Eo. E+ contains, and Eo lacks, the EGEE residue quartet located distal to the
S6 helix. For both E+ and Eo, the following trend was observed: When S4 helices were restrained at the same position as in the
x-ray structure (S4gn), the S6 gate remained open for 12 ns. The results were similar when the S4 helices were pulled downward
7 A (S4ow). However, S4iqqie (Or S4ion) facilitated the S6 gate-narrowing for the following mutated channels (shown in order of
increasing effect): 1), E395W; 2), E395W-F401A-F402A; and 3), E395W-F401A-F402A-V478W. The amino acid numbering
system is that used for the Shaker channel. Even though all four subunits were set at S4,,,, S6 gate-narrowing was often brought
about by movements of only two opposing S6 helices toward the central axis of the pore, resulting in a twofold symmetry-like
structure. A free-energy profile analysis over the ion conduction pathway shows that the two opposing S6 helices whose peptide
backbones are ~10.4 A distant from each other lead to an energetic barrier of ~25 kd/mol. S6 movement was coupled with trans-
location of the S4-S5 linker toward the central axis of the same subunit, and the coupling was mediated by salt bridges formed
between the inner (intracellular side) end of S4 and that of S6. Simulations in which S4 of only one subunit was pulled down to
S4,,,, showed that a weak intersubunit coordination is present for S5 movement, whereas the coupling between the S4-S5 linker
and S6 is largely an intrasubunit one. In general, whereas subunit-based behavior appears to be dominant and to permit hetero-
meric conformations of the pore domain, direct intersubunit coupling of S5 or S6 is weak. Therefore, the “concerted transition” of
the pore domain that has been predicted based on electrophysiological analyses is likely to be mediated mainly by the dual
effects of S4 and the S4-S5 linker; these segments of one subunit can interact with both S5 of the same subunit and that of

the adjacent subunit.

INTRODUCTION

Voltage-gated ion channels open and close in response to
changes in transmembrane potential due to the motion of
the voltage sensor domains, controlling the flow of ions
through the membrane (1). The voltage-gated potassium
(Kv) channels are tetramers, with each subunit containing
six-transmembrane segments, termed S1-S6. The voltage
sensor domain of Kv channels consists of segments contain-
ing four transmembrane helices S1-S4 (2-5). A single pore
domain is formed by the S5-S6 regions from the four
subunits. S6 segments have been shown to form the intracel-
lular gate (S6 gate). For the Shaker channel, a tight closure
against ions is enabled by the intracellular gate (6,7).

The movement and conformational change of segments
S1-S4 within the voltage-sensing domain in response to
membrane depolarization is coupled to the S6 gate of the
pore domain (S5-S6) to open and close the channel (8,9). A
number of experimental analyses have been done to elucidate
the closed-state structure, and several different models for the
closed state have been proposed (4,9—13). In general, current
arguments point to a model that falls somewhere between the
helical screw model and the transporter model (9,10). Most
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recently, it was shown that 1241C (of S1) and 1287C (of S2)
can form disulphide and metal bridges with R362C, implying
a vertical movement of ~6.5 A of the residue upon the open/
closed transition of the Shaker channel (14).

The kinetics of voltage gating of Kv channels has been
studied by electrophysiological approaches. In the model
proposed by Hodgkin and Huxley (15), four independent
and identical K channel subunits convert individually
between a resting state (R) and an activated state (A), and
four subunits in the A state make an open channel (O). Based
on gating-current measurements (16) and other analyses,
Zagotta et al. (17) introduced a model with two sequential
voltage-dependent conformational changes per subunit.

Such models suggest that voltage-dependent gating
involves two sequential conformational changes. First is the
independent motion of each voltage sensor domain, which
transfers most of the gating charge between the resting state
and an activated-not-open state (9,18-22). Second is the
concerted opening transition of the voltage sensor domain
and the pore domain, comprising the transition from the acti-
vated-not-open-state to the open state that opens the intracel-
lular gate (7,9,17,22-24). Prompted by recent developments
in understanding the K channel structure, researchers have
proposed the allosteric model (25,26), where different confor-
mations of the voltage sensor lead to differences in the open-
close equilibrium of the pore domain (22,25). For further
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understanding, it is essential to know the atomic details of the
mechanism by which movement of S4 is coupled to the move-
ments of S6.

Here we address two questions: First, to what extent is the
movement due to within-subunit (as opposed to between-
subunits) coupling between S4 and S5 (and S6) important
for voltage gating? A recent study of two tandemly connected
subunits carrying distinct types of mutations showed the inde-
pendence of individual subunits from other subunits (27). The
analysis showed that the S4/S6 intersubunit interactions play
arelatively minor role. Second, is the sequential transmission
of force from S4 to the S4-S5 linker, then to S5, and finally
to S6 important, or does the direct coupling between S4 and
S6 and/or that between the S4-S5 linker and S6 play a
more dominant role? Of note, several studies on the human
ether-a-go-go-related (HERG) K* channel, hyperpolarization-
activated cyclic nucleotide-modulated (HCN) channel, and
Shaker have suggested direct coupling between the S4-S5
linker and residues in the C-terminal part of S6 (25,27-30).

Recent improvements in molecular-dynamics (MD) simu-
lations have allowed increasingly complex systems,
including ion channels, to be studied (31-35). MD simula-
tions have been used to analyze Kv1.2 channel dynamics
within a lipid bilayer (36,37). For the previous simulation
analysis of Shaker K channel (35), due to the limited struc-
tural information at the time, a model based on the KvAP
channel was used, yet the applied electric field induced
upward movement of S5 as well as precession movements
of S5 and Sé6.

The structure of a Kv1.2-Kv2.1 chimeric channel crystal-
lized in a membrane environment was recently determined
at 2.4 A resolution (10). The chimeric channel, which
comprises the S3b—S4 segment of Kv2.1 and the S1-S3a and
S5-S6 segments of Kv1.2, has been shown to function as
a Shaker-type Kv channel (10) (see Fig. S1 in the Supporting
Material). Here we report our analyses of the chimeric Kv
channel and its mutated derivatives. The results delineate the
subunit-based movements of the S4-S5 linker and S6, as
well as the intrasubunit coupling between them. S5 movements
exhibit a slight degree of concertedness between subunits.

MATERIALS AND METHODS

The Gromacs 3.3.1 program was used for the MD simulations. For DPPC,
the parameters modified by Tieleman and Berendsen (38) were used.
For the protein, the GROMOS96 parameter set was used. For the 1,4 inter-
actions each set was used, whereas for the nonbonded Lennard-Jones param-
eters between lipid and protein molecules, the geometric mean was used as
the combination rule. For water, the SPC model was used (39).

Our choice of the Kv1.2-Kv2.1 chimera (10) is based on the relatively
high resolution of the crystal structure. The chimera channel exhibits
a voltage dependence of macroscopic current similar to the Kv1.2 channel
(10). For the initial coordinates we used PDB ID code 2R9R, which is
considered to be the open-state structure. For mutants such as E395W, we
used SwissPDBViewer (http://www.us.expasy.org/spdbv) for substituting
the side chain. The N-terminus was truncated before the F, which is 16
residues upstream of the S1 helix (Fig. S1). We used two types of
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C-terminus: E4 and Eo. E+ has the EGEE residue quartet, which is just
downstream of the S6 helix, at its end. For Eo, the C-terminus is truncated
before the EGEE. EGEE is aligned with D**°QEE*” of Shaker (Fig. S1). A
previous x-ray structural study was not able to determine the structure of the
EGEE segment (10). During our preliminary 2 ns simulations in which
EGEE was initially modeled as an a-helix extending from S6, the EGEE
segments unfolded and its conformation varied among subunits. Therefore,
a conformation randomly sampled at the end of the 2 ns simulations was
used for the initial structure of EGEE. All N- and C-termini were capped
with an acetyl and amino group, respectively, and thus had no net charge.
(The conditions and procedure used to set up the simulation system are
described in Section 1 of the Supporting Material.)

In many models proposed for the Shaker channel, it is accepted that the S1
and S2 segments do not move extensively upon gating (9,13,44). To reduce
between-subunit difference due to drift, the z-positions of the C, of S1 and
S2 were restrained. For the S1 and S2 helices, the dihedral angles (¢ and )
were harmonically restrained with the coefficient of 125.6 kJ/mol(rad)?
during all production runs. To move S4 to S4yign, S4miqdie, OF Siow (Se€
Results), we used the steered-dynamics procedure. We pulled the C, of
R2, R3, R4, and K5 downward without restraining the x- and y-coordinates
of the S4 atoms, whereas the atoms of the pore domain were restrained (as
Fig. S1 shows, Q of Kv2.1 corresponds to R1 of Kv1.2). During productive
runs, positional restraint of S4 at S4pign, S4middies OF S41ow Was accomplished
by restraining the z-coordinates of the C,s of the gating charge carrying R
and Ks (i.e., R365, R368, R371, and K374). The two K™ ions were placed
at the S,S; configuration and harmonically restrained (for the K* configura-
tion, see Shrivastava and Sansom (45)). After the energy minimization was
completed, an equilibration run was carried out for 2 ns to restrain the
peptide C,, followed by a free productive run. (We acknowledge that we
have not evaluated the potential biases on the results caused by the artificial
restraints on S1, S2, and S4; much longer equilibration and production runs
should be necessary for these helices and lipid molecules to undergo full
relaxation after the forced movement of S4). We analyzed the movement
of the peptide using Gromacs utilities and our own programs.

In their kinetics model, Zagotta et al. (17) proposed a small degree of
voltage dependency in the final concerted transition. To mimic the resting
membrane potential, we applied an inward electric field of 0.05 V/nm for
all the simulations listed in Table 1. Each charged atom “feels” a local field
that is the sum of the externally introduced field and the field due to the
charges of the neighboring atoms (34,46).

For pore radius analyses, we used our own source code based on the
HOLE algorithm developed by Smart et al. (47), with the modification
that the simulated annealing-based search of the center of the sphere to probe
the pore was repeated five times to reduce the chance of being trapped in the
local minima. Umbrella sampling was performed with the Gromacs suite
(for details, see the legend for Fig. S4). The data were analyzed using the
weighted histogram analysis method (48).

RESULTS

Mutations facilitate narrowing of the S6 gate

in silico

For our simulations, we chose the recently studied chimeric
Kv1.2 channel (10). In the chimeric channel, the helix-turn-
helix motif comprising the S3b and S4 helices was replaced
by the corresponding segment from rat Kv2.1 channel
(Fig. S1).

One problem in approaches like ours is that it has not been
precisely determined how long it takes for the pore domain to
close after membrane repolarization brings about the S4 trans-
location. Some perturbations may facilitate the transition in
MD simulations, and thus can be helpful for such studies.
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TABLE 1 Simulation summary

Pore radius
Simulation Mutant* S4 Position (A) + SD!
1 wt-chimera-Eo S4high 436 = 0.26
2 wt-chimera-Eo S4 hiddle 3.86 + 0.32.
3 wt-chimera-Eo Shiow 3.92 + 0.23
4 E395W-Eo S4pigh 3.37 £ 0.17
5 E395W-Eo S4 niddle 2.14 = 0.20
6 E395W-Eo S4104 3.66 = 0.26
7 E395W-F401A-F402A-Eo S4pigh 3.09 = 0.23
8 E395W-F401A-F402A-Eo S4 niddie 3.06 = 0.22
9 E395W-F401A-F402A-Eo S4iow 1.69 = 041
10 E395W-F401A-F402A-V478W-Eo  S4pign 1.91 = 0.37
11 E395W-F401A-F402A-V478W-Eo  S4,iqdie 144 + 0.13
12 E395W-F401A-F402A-V478W-Eo  S4y4w 1.44 = 0.10
13 wt-chimera-E+ S4high 3.98 = 0.30
14 wt-chimera-E+ S4 hiddie 4.05 = 0.28
15 wt-chimera-E+ S4iow 3.41 = 0.33
16 E395W-E+ S4pigh 2.87 = 0.26
17 E395W-E+ S4 iddie 1.94 = 0.33
18 E395W-E+ S4104 2.83 = 0.28
19 E395W-F401A-F402A-E+ S4igh 244 + 0.21
20 E395W-F401A-F402A-E+ S4 iadie 2.70 = 0.23
21 E395W-F401A-F402A-E+ S4iow 1.66 = 0.31
22 E395W-F401A-F402A-V478W-E+ Sdy;qp 1.59 = 0.23
23 E395W-F401A-F402A-V478W-E+ S4,i4die 1.62 = 0.29
24 E395W-F401A-F402A-V478W-E+ S44w 1.55 = 0.15

*The amino acid number denotes the corresponding amino acid of Shaker.
The wt-chimera was used as the template for all of the mutants. For all simu-
lations, an inward (resting) electric field of 0.05 V/nm was applied.

"The mean and SD calculated from the 10 frames covering the final 1 ns.

Many mutants that perturb the G-V relationship of the Shaker
K™ channel in favor of the closed state are known (19,21,
22.,49). To be safe, we included mutants that harbor multiple
mutations that, when combined, cause a strong bias toward
the closed state (Table 1). The mutations were introduced
onto the original Kv1.2-Kv2.1 chimera (wt-chimera). Muta-
tion E395W (E327W of Kv1.2) shifts the G-V relationship
in a positive direction to +210.9 mV (22). Similarly,
F401A and F402A shifts the G-V curve by >80 mV
(22,49). We also included a triple mutant, E395W-F401A-
F402A, and a quadruple mutant, E395W-F401A-F402A-
V478W. V478 (V410 of Kv1.2) has been proposed to create
a tight closure in the closed state (6,9). V478W significantly
shifts the closed-to-open equilibrium toward the closed state,
causing the phenotype to become nonconducting (50). Note
that E395W-F401A-F402A modifies the G-V relationship,
but only slightly perturbs the Q-V relationship, reflecting
the voltage dependency of S4 translocation. The C-terminus
was also varied. For sim1-12, the C-terminus was truncated
just after T of HRETEGEE (which we refer to as Eo), whereas
for sim13-24 the C-terminus contained the four extra residues
EGEE (E+). This HRETEGEE corresponds to HygsRE-
TDGEE,93 of Shaker (Fig. S1). We did not include the
C-terminus region located downstream of EGEE, although
they play an important role in modulating the dynamics
of S6 (51).
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For each mutant, three 12-ns simulations, each with S4
positioned differently (i.e., S4nigh, S4midaies and Sdioy),
were performed (Table 1). For S4y;e,, the z-position of the
center of mass (COM) of the C,s of the S4 helix was
restrained to the reported position. To prepare S4,,;qqe and
S40w, the S4 helix was moved by steered-dynamics proce-
dures and restrained at 3 and 7 A, respectively, downward
from S4yign (Fi%. 1 B; also see Materieals and Methods).
The choice of 7 A is greater than the 6.5 A derived by recent
experiments (14) and 6.7 A by our simulation study (52).
However, the S4 position in the activated state for the
chimera channel, which has been crystallized in a lipid envi-
ronment, is likely to be ~2.4 A higher than in the Kv1.2
crystal structure (53).

For the trajectories, inspection showed that all well-defined
helical segments remain conserved (data not shown). Confor-
mational changes during simulation were mostly accounted
for by rigid-body movements of the S4-S5 linker, S5, and
S6. Of importance, the pore radius measured at the height of
the C, of V478 exhibited a decrease over the trajectory in
many simulations (Fig. 2). For both wt-chimera-Eo and
-E+, no significant narrowing of the S6 gate occurred for all
three S4 positions. For E395W-Eo-S4, 441, the S6 gate
narrowed quickly (~3 ns), resulting in a radius of ~0.2 nm.
Neither E395W-Eo-S4,,,, nor E395W-Eo-S4ys, showed
clear narrowing, yet the radius reached 0.35 nm, which is
narrower than that of the wt-chimera (~0.4 nm). It should be
noted that although S4qqi exhibited a more prominent
narrowing than S4,,,, in this particular set of simulations, S6
behavior appears to be fairly stochastic and unpredictable,
and therefore more simulation runs (perhaps >10) may be
necessary to figure out which is more effective. Similarly,
for E395W-E+, S4,4qq.e and S4,, simulations showed
a mild degree of narrowing, although S4,4qic €xhibited
fluctuation in the pore radius. Inspection showed that the S6
helices of two opposing subunits moved toward and then
away from each other. For E395W-F401A-F402A (i.e., the
triple mutant)-Eo, S4p;,, and S4.,qqie Tesulted in a slight
narrowing of the S6 gate (~0.3 nm), whereas S4,,, resulted
in a further narrowing of ~0.15 nm. For the triple mutant-
E+, all simulations exhibited a slight narrowing to ~0.25 nm.
For both Eo and E+, the quadruple mutant exhibited a signifi-
cant narrowing of the conduction pathway that occurred
quickly (~300 ps~1 ns) for all three S4 positions.

The pore radius profile at the end of the simulation (12 ns) is
shown along with the graphical image of S6 at 12 ns (Fig. 3).
For wt-chimera-Eo and -E+, the profile was largely similar
for S4nigh, S4middie> and S4,y,. For E395W-E0-S4,,;4q1e, Nar-
rowing at the segment PVPVIV (i.e., P473-V478) is evident
(gray line) and, intriguingly, the central cavity is also
narrowed; for a segment located at —1 to —0.5 nm from the
bilayer center, the radius decreased to ~0.2—0.3 nm (Fig. 3 A).
For the triple mutant-Eo, the S4,,,, simulation showed nar-
rowing (to ~0.2 nm) of the PVPVIV segment and also the
upstream segment located at —1 to —0.5 nm from the bilayer
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S4 middle

center. For the triple mutant-Eo-S4,;gp, and -S4 iqq1e, @ modest
amount of narrowing was observed. On the other hand,
a comparison between the triple mutant-Eo-S4,;,, and the
quadruple mutant-Eo-S4y,;,, showed that although the central
cavity narrowed to a similar degree, narrowing at the PVPVIV
segment was very strong for the quadruple mutant. This
difference was also observed for the S4 ;441 Simulation and
the corresponding E4- simulations. Thus, for the quadruple
mutant, narrowing was relatively limited to the short segment
containing V478W.

Intriguingly, for simulations that exhibit narrowing of the S6
gate (e.g., for E395W-Eo0-S4,,4q1e, the triple mutant-Eo-S4,,,,
and E395W-E+--S4,,;441e), motion of the four subunits was not
equivalent (Fig. 3). For example, in the cases of E395W-Eo-
S4 miaale and the triple mutant-Eo-S4,,,, the S6 segment of
only two opposing subunits moved toward the central axis,
resulting in a conformation somewhat like a twofold symmet-
rical structure. This gave us a chance to examine whether
S5 (and the S4-S5 linker) exhibits strong coordination with
S6 in the same subunit or in the adjacent subunit.

Gate-closing movement of S6 is associated with
translocation of the S4-S5 linker of the same
subunit

The translocation of various segments of the channel protein
over the simulation time was analyzed. Strikingly, the gate-
narrowing translocation of V478 is associated with the
S4-S5 linker of the same subunit. For example, for
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FIGURE 1 The simulation box. (A
detailed version of this part of the legend
is given in Section 4 of the Supporting
Material.) (A) The view from the bottom
(left) and side (right) of the initial config-
uration for the wt-chimera channel with
S4yign settings is shown. (B) The initial
conformation for wt-chimera-S4y;,,,
'S4middle N and -S4|0W. Only subunit 1
(blue) is shown, along with S5 and S6
of the adjacent subunit 2 (green).

E395W-E0-S4 ,iq41e, the overall feature of the four-subunit
data of toward-central-axis movement of V478 C, (Fig. 4 A,
second column) resembles that of the COM of the S4-S5
linker (Fig. 4 B). Such a resemblance is evident for several
other simulations (Fig. 4, A and B). For the quadruple
mutant-Eo, the resemblance is not obvious, but this can be
explained by the relatively local effect of W on the gate-nar-
rowing movement of S6. In general, the horizontal move-
ments of the S4-S5 linker and S6 are tightly coordinated
and exhibit a subunit-based behavior.

The translocation of the S4-S5 linker toward the central
axis of the channel is more or less accompanied by a down-
ward translocation (Fig. 4, B and C). This implies an oblique
direction of the linker translocation, but because there is
a substantial difference between Fig. 4, B and C, the direction
of movement of the linker is not the same among subunits. As
Fig. S2 shows, upon the gate-narrowing movement of S6, the
typical translocation of the S4-S5 linker is clockwise (when
viewed from the bottom) and also directed somewhat down-
ward and toward the central axis. The distance of S5 from
the central axis remained largely unchanged during the S6
gate narrowing (data not shown). For S4 ;441 and S4ow, S5
exhibited a trend of downward translocation (Fig. 4 D) as
well as precession clockwise when viewed from the bottom
(Fig. 4 E).

Fig. 4, A and D appear to be different, suggesting that the
vertical motion of S5 is not tightly coupled to the gate-narrow-
ing movement of S6 in the same subunit. This and inspection
of Fig. 4 D may reflect a tendency of S5 toward concerted

Biophysical Journal 97(1) 90—100
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movement among subunits. However, we cannot rule out the
possibility that the vertical movement of S5 may simply
reflect its propensity to follow that of S4, because S4 of four
subunits is held at the same position in our case.

To address this issue, we performed simulations in which
S4 of only one subunit was held at S4,,,,. The left column of
Fig. 5 shows a representative simulation, in which S4 of the
blue subunit was held at the S4,, position. The S4-S5 linker
and S6 can move in a subunit-based manner (Fig. 5, A-C).
Intriguingly, S5 of the same subunit exhibits precession,
whereas S5 of the other subunits also exhibits precession
as well as downward movement (Fig. 5, D and E). Therefore,
S5 movements are concerted: the motion of one subunit
influences the movement of adjacent subunits. However,
inspection did not show any obvious structural feature that
could allow S5-S5 coupling or S6-S6 coupling among
subunits (details not shown). Of note, S5 of the green
subunit, which interacts with S4 of the blue subunit, under-
went the downward motion more quickly than the other
subunits (Fig. 5 D, left column). Moreover, when we pulled
down the S5 of only one subunit and held S4 at Sy, it did
not lead to downward motion of the adjacent subunit S5
(Fig. 5, right column). These results suggest that the direct
S5-S5 coupling between subunits is not strong. It is possible
that the concerted movement of S5 is mediated by the dual
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FIGURE 2 The pore radius over the simulation trajectory
measured at the height (the average for four subunits) of the
C, in V478.

effect of S4 and the S4-S5 linker, which have inter- and
intrasubunit interactions with S5 (see Discussion).

Horizontal movement of the voltage sensor domains was
also observed. Fig. S3 A shows the COM positions of the
S1-S4 helices viewed from the extracellular side. Intrigu-
ingly, for the S4,,,, simulations, each voltage-sensor domain
is slightly rotated counter-clockwise. This is in accordance
with a recent model (9), although the extent of translocation
is much less in our studies, possibly because of the short simu-
lation time. For reference, Fig. S3 B shows the COM positions
of the open- and closed-state models reported previously (9).
Pathak et al. (9) predicted that S4 approaches the N-terminus
segment of S1 upon transition to the closed state, creating
a sharp (i.e., concave) bend at the joint between S4 and the
S4-S5 linker (red line of Fig. S3 B). Intriguingly, although
the movement of S4 toward S1 was weak, it was observed
in all S4,,,, simulations (Fig. S3 A). More extended simula-
tions are necessary to examine whether the sharp bend
predicted in the model is indeed created.

Umbrella sampling analysis of S6 gate closure

To examine the effect of gate narrowing on the K* ion
passage, we carried out free-energy analyses based on the
umbrella sampling procedure. As shown in Fig. 6, we chose
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FIGURE 3 Conformation of the intracellular S6 gate at the end of the simulations. (A) Results for the Eo simulation series (sim1-12 in Table 1). Left:
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three conformations from those presented in Fig. 3. The
curve for E395W-Eo-S4y;,, shows that two opposing
S6 helices located ~5.5 A distant from each other (based
on the pore radius measurement) can act as a barrier of
~25 kJ/mol. For this conformation, the distance between
the two opposing S6 helices measured by the C,—C, distance
exhibited the minimum value (~10.4 A) at P475, which is the
second P of the PVP motif. The E395W-E0-S4,,,;qq1c Shows
that even two opposing S6 helices located ~4 A distant
from each other lead to two alternative results depending
on the number of water molecules that remain in the pore
(Fig. 6 B). Here, the distance between the two opposing S6
helices measured by the C,—C, distance again exhibited
the minimum value (~5.6 A) at P475. Although we rehy-
drated the pore before performing the umbrella sampling,
some water molecules occasionally moved out during the
sampling. For this structure, we repeated the umbrella
sampling six times and found that, whereas the central cavity
always contained a reproducible number of water molecules
(~15), the number of water molecules that remained at the
height of A471 and 1472 varied among trials, exhibiting

somewhat of an all-or-nothing feature (the number of water
molecules for the six trials was 1,2, 2, 10, 11, and 13, respec-
tively). That is, for three of the six trials, water near A471
and L472 was almost depleted, whereas for the remaining
three trials, this portion of the pore remained hydrated. As
Fig. 6 B shows, the water-depleted cases exhibited a higher
energetic barrier compared with the case with the hydrated
pore. Of note, even for the latter cases, the barrier was as
high as ~50 kJ/mol. This level of energy barrier was not
observed for the conformation taken from the wt-chimera-
Eo0-S4yi¢h, Which has a ~0.4 nm pore radius (Fig. 6 C). These
findings suggest that the physiologically relevant S6 gate
closure can be realized not only by the tight binding of the
four V478 side chains, but also by the two opposing S6
helices approaching one another to within ~5.5 A, which is
likely to create an energetic barrier of ~25 kJ/mol.

Internal motions of S6

Previous studies have modeled or simulated the internal
motions of S6 conformation upon the open-/closed-state
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transition (9,35,54). We tried various procedures and found
it useful to examine the change in distance of the S6 residues
from the central axis relative to the initial structure (Fig. S4).
(See Section 2 of the Supporting Material for further
comments.)

DISCUSSION

We performed simulations on the Kv1.2-Kv2.1 chimera and
its mutated analogs. Despite the relatively short simulation
time (~12 ns), S6 gate-narrowing was observed for mutated
channel simulations carried out with S4 placed at lower
positions than in the reported x-ray structure. It is experimen-
tally difficult to measure the time lag, after the downward
movement of S4, required for the pore domain to undergo
conformational change toward the closed state. Therefore,
the finding that MD simulation can reproduce the effects
of at least some mutations is important.

Many mutants that modify the kinetics of the voltage gating
of Shaker, perturbing the G-V relationship in favor of the
closed state, are known (19,21,22,49). It has been shown
that there are two clusters (external and internal) of residues
critical for gating kinetics (22). The external cluster consists
of V408, L409, A413, 1457, and V458, and affects the
dynamics of the voltage sensor. On the other hand, the
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mutations E395W, L398W, F401A, F402A, I405W,
L472W, and S479W, which alter residues in internal clusters,
have pronounced effects on the concerted opening transition.
For example, E395W slightly shifts the Q-V curve while
strongly altering the G-V curve (4+210.9 mV), indicating
a shift in favor of the closed state. FA01 A and F402A show a
—8.9 mV and —3.8 mV shift of the Q-V curve, respectively,
and both shift the G-V curve by >+80 mV.

Inspection suggested two possible mechanisms for the
E395W effect. First, the direct or indirect (mediated by lipid
headgroups) interaction between E395 of one subunit and S4
of the adjacent subunit may provide an attractive force,
keeping S5 away from the central axis. (Note that polar head-
groups and water are more abundant outside than inside the
S6 helices.) The E395W mutation appears to weaken this
attractive force, causing S5 to be closer to the central axis
of the channel. Second, the side chain of the introduced W
tends to be located between S5 and S6 of the same subunit,
pushing S6 toward the channel axis (Fig. S5).

F401A and F402A and the ILT mutant (V369I, 1372L, and
S376T (of S4)) cause a similar degree of perturbation in
favor of the closed state (21,22,55). Because F401A and
F402A are located near or facing V369 and 1372 of the adja-
cent subunit S4 (Fig. 1), it seems possible that F401 A-F402A
and V369I-1372L exert an effect by a common mechanism,
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the legend is given in Section 5 of the Supporting Material.)

namely, weakening hydrophobic interactions between S5
and the adjacent subunit S4 (and the S4-S5 linker), as noted
in the legend for Fig. S5. However, our simulations are
clearly insufficient for a quantitative evaluation.

The V478 in Shaker (V410 in Kv1.2) faces the inside of
the pore and has been implicated in hydrophobic seal forma-
tion (6). It has been proposed that V478W causes a profound
shift of the closed-to-open equilibrium toward the closed
state, rather than creating a local steric hindrance to ion
conduction (50,56). In our cases, the quadruple mutants
showed a strong trend toward the S6 gate narrowing. This
is not caused solely by the bulkiness of W; when V478 is
replaced with W without changing the peptide backbone
structure, the pore radius is smaller by only ~0.13 nm
(e.g., when the pore radius was 0.48 nm for the wt-chimera,
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it was 0.35 nm for the V478 W mutant; details not shown).
For both Eo and E+, the position of S5 is similar between
the triple mutant-S4 ,,;qqie and the quadruple mutant-S4 ;q4ie
(not shown). It appears that S6 is not strongly attached to S5
of the same subunit, and therefore the substitution of V478
with W appears to be sufficient for promoting the toward-
the-center movement of S6. On the other hand, despite the
strong attractive force of W, the quadruple mutant simula-
tions ended with a >0.1 nm pore radius, with two W side
chains opposite from one another being at least 2 A apart.
At present, we cannot rule out the possibility of simulation
artifacts, but it is tempting to envision the closed state corre-
sponding to a pore with a small radius and effectively
reduced conduction, and not to conformations with a tight
contact between hydrophobic side chains.

Direct interaction between the S4-S5 linker
and the C-terminus of S6

Although S5 showed a weak degree of concertedness
between subunits, the movement of the S4-S5 linker and
S6 within the same subunit is largely independent from those
of other subunits (Fig. 4). Several studies on HERG, HCN,
and Shaker have suggested direct coupling between the
S4-S5 linker and residues in the COOH-terminal part
of S6 (25,27-30). In the case of HCN, a mutational study
suggested that Arg of the S4-S5 linker directly interacts
with Asp of the C-linker, which is immediately downstream
of S6 (30). A specific pairing of the S4-S5 linker with the
C-terminal portion of S6 was indicated in a study where
the voltage-sensing domain of Shaker was transplanted
onto the KcsA (25). In addition, F484C and several other
mutants of Shaker shift the Q-V curve negatively, suggesting
coupling between S4 gating-charge movement and aromatic
residues at the S6 tail (29).

In most of the E+ simulations, E residues of the EGEE
segment were interacting with the S4-S5 linker (Fig. 1 B;
data not shown). However, even without EGEE (i.e., Eo
mutants), inspection showed that the K residue located at
the inner end of S4 (K380 of Shaker) could make a salt bridge
with the E488 that is located two residues upstream of the
C-terminus of S6. The overall features of the sim1-12 and
sim13-24 results were similar (Table 1), arguing against the
idea that EGEE motif solely determines the binding energy
between the K380 and S6 C-terminus. Moreover, our cumu-
lative radial distribution function analysis showed that even
for the E+4 simulations, E488 is subjected to a frequent
interaction with K380 (with about three out of four subunits
forming the salt bridge), whereas the Es of the EGEE segment
are involved in the interaction less frequently (with about one
to two subunits forming a salt bridge). These findings suggest
that E488 accounts for a major part of the coordination of
S4-S5 the linker and S6 movements.

S5 concerted movements (downward and precession) are
also likely to affect the S6 movements. However, when we
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pulled down the S5 of one subunit and held S4 at S4y,, it
did not lead to downward motion of the adjacent subunit
S5 (Fig. 5, right), suggesting that the direct S5-S5 coupling
between subunits is not strong.

Implications for short-lived closed states
and heteromeric closed states

Several models, including allosteric models, have been
proposed to link voltage-dependent activation and channel
opening (57-61). In allosteric models, the probability that
the pore domain will visit the open state increases with the
number of activated subunits (where ‘‘activated”” means
that the voltage sensor domain is in the activated state;
Fig. S6 A). In the complete Modod-Wyman-Changeux
model shown in Fig. S6 B (63,64), heteromeric pore confor-
mations are permitted in which some, but not all, subunits are
in the open-state structure (rows H1-H3; this presentation is
based on work by Chapman and VanDongen (62).

For wild-type Kv2.1, at least two short-lived subconduc-
tance levels are visited when the gate moves between the
closed and fully open states (65). The subconductance levels
may correspond to transient heteromeric pore conformations
in which some, but not all, subunits are in the open state
(62,65). It is likely that activation of one or two subunits
can partially open the pore of the Kv2.1 channel (62). Subcon-
ductance levels have been reported for T442 of Shaker (66).

In our case, even though S4 in all four subunits was held at
the same z-position, the S4—S5 linker and the position of S6
showed a between-subunit difference. However, we did not
restrain x- and y-coordinates for S4, allowing for between-
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subunit differences in the S4 location. Further between-
subunit differences may originate from the ambiguity in
the choice of E residues near the C-terminal end of S6 for
the salt bridge formation with K380. However, it is possible
that much longer simulations may reduce the between-
subunit difference in the S4 and S4-S5 linker position.
(Implications for the short-lived closed states Cf and Ci
(67) are given in Section 3 of the Supporting Material.)

Finally, we would like to consider the cooperativity
between subunits (26). As we note in the legend for
Fig. S6, Hill analysis should place a large weight on S4
movement, and therefore the Hill coefficient is not a good
index of the concerted movement of the pore domain.
Another factor that may lead to the small Hill coefficient is
that the between-subunit coupling is weak and merely depen-
dent on the dual effect of S4 and the S4-S5 linker. Fig. S6 D
presents our hypothesis of the dual control of S6 by S4 trans-
location. S4 and the S4-S5 linker can directly control the S6
in the same subunit (Fig. S6 C). At the same time, S4 and the
S4-S5 linker can control the S5 position in the same and
adjacent subunit (Fig. S6 D). This enables, to some extent,
concerted S5 movement, which is likely to be a factor influ-
encing the probability of S6 translocation.

CONCLUSIONS

Our study shows that by combining the mutations and S4
positions that can be expected to facilitate the closing transi-
tion, one can study gate-narrowing conformational changes
in 12 ns MD simulations. The final structure for many simu-
lations that exhibited narrowing was often not the fourfold
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symmetry-like structure, but a heteromeric one in which one
or two opposing S6s approached the central axis.

Coupling between the S4-S5 linker and the segment distal
to S6 is largely an intrasubunit one and is mediated by
several charged residues near the S4-S5 linker. The S4-S5
linker and S6 are largely independent of individual subunits.
S5 movements (precessional and vertical) proceed in a rela-
tively concerted manner, which is likely to be mediated by
S4 and the S4-S5 linker.

The nonuniqueness and heteromeric conformation may be
an inherent property of the closed-state structure of the pore
domain. However, many more simulation studies consid-
ering various closed-state models are necessary to address
this issue.

SUPPORTING MATERIAL

Six figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)00847-9.

We thank Dr. Yarov-Yarovoy for providing the coordinates of the Kv1.2
open- and resting-state models.
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