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ABSTRACT Voltage-gated sodium channels undergo transitions between open, closed, and inactivated states, enabling
regulation of the translocation of sodium ions across membranes. A recently published crystal structure of the full-length pro-
karyotic NavMs crystal structure in the activated open conformation has revealed the presence of a novel motif consisting of
an extensive network of salt bridges involving residues in the voltage sensor, S4-S5 linker, pore, and C-terminal domains.
This motif has been proposed to be responsible for maintaining an open conformation that enables ion translocation through
the channel. In this study, we have used long-time molecular dynamics calculations without artificial restraints to demon-
strate that the interaction network of full-length NavMs indeed prevents a rapid collapse and closure of the gate, in marked
difference to earlier studies of the pore-only construct in which the gate had to be restrained to remain open. Interestingly, a
frequently discussed ‘‘hydrophobic gating’’ mechanism at nanoscopic level is also observed in our simulations, in which the
discontinuous water wire close to the gate region leads to an energetic barrier for ion conduction. In addition, we demon-
strate the effects of in silico mutations of several of the key residues in the motif on the open channel’s stability and func-
tioning, correlating them with existing functional studies on this channel and homologous disease-associated mutations in
human sodium channels; we also examine the effects of truncating/removing the voltage sensor and C-terminal domains
in maintaining an open gate.
INTRODUCTION
The opening of voltage-gated sodium channels (Navs) ini-
tiates the action potential in excitable cells. This is charac-
terized by selective, rapid, and transient ion conduction,
accompanied by a gating cycle involving conformational
channels between open, closed, and inactivated states. In
humans, mutations in different sodium-channel isoforms
can cause a wide range of diseases, including epilepsy,
cardiac arrhythmia, and chronic pain syndrome; hence,
these channels have been the subject of extensive struc-
tural and functional studies and are key targets for drug
development (1). The structure of a eukaryotic sodium
channel from cockroach (determined by cryo electron-mi-
croscopy at relatively low resolution) has been deter-
mined, but it has not been shown to be functional (2).
However, prokaryotic sodium channels have been shown
to provide good structural and functional models for hu-
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man sodium channels. They have high sequence identities
to human Navs (25–30%) and common folds consisting of
four regulatory voltage sensor domains surrounding an
eight-helix pore bundle, which is responsible for ion trans-
location (3). Functionally, a number of these prokaryotic
channels have been shown to exhibit similar ion flux char-
acteristics and selectivities (3–7) and, in one case, very
closely related sensitivity to human sodium-channel-
blocking compounds (8). Different crystal structures of
prokaryotic sodium channels exhibit features associated
with different functional states—including activated and
preactivated voltage sensors, and open and closed pore
gates (5,6,8–15). In addition, the sodium ion locations
within the selectivity filter have been defined crystallo-
graphically in one of these prokaryotic channels, NavMs
(16). An important difference between eukaryotic Navs
(which are monomeric four-domain structures) and pro-
karyotic Navs (which are tetramers with each monomer
corresponding to a domain of a eukaryotic Nav) is that
prokaryotic Navs also possess a C-terminal domain
(CTD) that extends from the end of the S6 pore helix
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FIGURE 1 Comparison of the simulations of the open full-length NavMs structure (PDB: 5HVX) (14) (top), the structure without the voltage sensor

(noVSD, middle), and the structure without the C-terminal domain (noCTD, bottom). (a) RMSD comparisons of the trajectories of different segments in

the pore domain. The plots are color-coded to match the portions of the structures shown in (b). (b) Snapshots of structures of the full-length (top), noVSD

(middle), and noCTD (bottom) constructs at the beginning (0 ms) (left) and end (1 ms) (right) of the simulations with the different regions colored as follows:

cyan, S5; yellow, the transmembrane part of S6; red, the C-terminal part of S6; pink, the loop between the C-terminal part of S6 and the coiled-coil; green,

coiled-coil. Only two opposite subunits of the tetramer are shown in each case for clarity. (c) Comparisons of the lengths of different segments of S6 at the

beginning and end of the simulations of the three different constructs. To see this figure in color, go online.

Interaction Motif Open Sodium Channel
into the cytoplasmic domain. This CTD consists of a
membrane-proximal negatively charged region termed
the ‘‘neck’’ region and a ‘‘coiled-coil’’ region at the end
of the polypeptide chain and apparently plays a role in sta-
bilizing the tetramers (17,18).

Until recently, nearly all Nav crystal structures have
exhibited closed conformations of the pore gate
(2,5,10,11,13,15) and hence did not represent ion-con-
ducting forms of the channels. The NavMs pore-only
construct was the first structure that exhibited an open
gate (6,9) and hence was the subject of molecular dynamics
(MD) studies investigating the process of ion translocation
in an open channel (7,19). However, because that structure
included neither the voltage sensor nor a visible C-terminal
domain, under simulation conditions the gate tended to
close unless specifically constrained, suggesting that one
or both of the missing structural elements in the crystal
structure might play an important role in the gating process.
An ‘‘open’’ prokaryotic Nav structure (15)—that of the
NavAb ortholog which includes a voltage sensor (VS) but
in which the CTD has been deleted—has been shown to
have a very similar structure to the earlier NavMs open
pore structures (6,9). There have been numerous MD studies
in recent years, most of which have utilized closed forms of
the pore (20–33). In addition, MD simulations were exten-
sively adopted in addressing small-molecule channel inter-
actions (34–38).

Recently, the first full-length sodium-channel structure
(NavMs) has been determined, which not only exhibits an
open pore but includes both an activated voltage sensor, a
selectivity filter with sodium ions visible, an open pore
gate, and a visible C-terminus (14). This structure reveals
a novel ‘‘interaction’’ motif between the domains—an
extensive network of hydrogen bonds and ion pairings,
which appear to stabilize and be responsible for its open
gate. This motif includes two regions that are conserved
across prokaryotic and eukaryotic sodium channels: the
W77 of the voltage-sensor S3 helix, which forms interac-
tions with Q122 in the S4-S5 linker helix, and E229 near
the end of the S6 helix, which forms a hydrogen-bonded
interaction with R119, also in the S4-S5 linker. As the VS
is in the activated conformation, this structure provides the
first view of an activated open channel and the opportunity
to utilize computational methods to investigate the translo-
cation of sodium ions through a complete channel. In this
study, equilibrium MD simulations have elucidated key in-
terplays between the S4-S5 linker and hydrogen-bonded res-
idues in the S6 and S3 helixes, the VS, and the CTD,
shedding light on their mechanistic roles during channel
gating.
Biophysical Journal 115, 1920–1930, November 20, 2018 1921
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METHODS

MD simulations

The symmetric homotetrameric full-length open-conformation crystal

structure of NavMs from Magnetococcus sp. (strain MC-1) (14) (Protein

Data Bank (PDB): 5HVX) was used as the starting model in these simula-

tions. The full-length model included residues 1–262, encompassing trans-

membrane helices S1–S6 and the C-terminal domain. Crystallographically

disordered residues missing at the extramembrane end of helix 4 (92–99)

were reconstructed using MODELER 9.15 (39) (using MODELER’s auto-

model module), and partial side-chain information for residues 6, 12, 74,

100, 233, 250, 254, 256, 257, 258, 261, and 262 was restored by

SWISSPDB viewer automatically using a library of allowed rotamers taken

from a database of structures in the PDB (40). All charged residues were

treated to keep their charge states at physiological pH 7.4. The same proto-

col was adopted for the noVSD construct (consisting of residues 132–262

included in the structure, with terminal residues neutrally capped) and the

noCTD construct (which included residues 1–222, with terminal residues

neutrally capped). The protein was inserted into a pre-equilibrated mem-

brane composed of 374 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

lipids using the g_membed method (41) in the presence of 0.5 M NaCl salt

and equilibrated for 10 ns. MD simulations were performed using the super-

computers in Shanghai Jiao Tong University (Pi) and The Maryland

Advanced Research Computing Center with CHARMM27 protein (42),

CHARMM36 lipid force fields (43), Amber99sb-ildn force field (44), and

TIP3P water models (45). Simulations were generated by Gromacs version

5.0.5 (46). All covalent bonds were constrained using the LINCS algorithm

(47), allowing for an integration time step of 2 fs when updating potential

energy function during simulation. A 10-Å cutoff was adopted for calcu-

lating short-range electrostatic interactions and Van der Waals interactions;

particle mesh Ewald summation (48) was used for calculating long-range

electrostatic interactions. Protein, hydrated ions, and lipids were each

coupled separately to a heat bath with a time constant of tT ¼ 0.1 ps using

weak temperature coupling (49). An atmospheric pressure of one bar was

maintained using weak semi-isotropic pressure coupling with compress-

ibility kz ¼ kxy ¼ 4.6� 10�5 bar–1 and time constant tP ¼ 1 ps (50). Struc-

tures were displayed using VMD software (51) and demonstrations of the

accessible area in the pore were done using the program HOLE (52). The

simulation data were analyzed and presented by Python-based analyzing

tools MDTraj (53) and Matplotlib (54).
FIGURE 2 The key residues of the novel interaction motif (after (14)).

The intrasubunit hydrogen bond betweenW77 and Q122 and the salt bridge

between R119 and E229 are depicted. To see this figure in color, go online.
RESULTS

Factors involved in the stability of the open pore
domain

The new, full-length open NavMs structure (PDB: 5HVX)
(14) has been characterized in the present MD simulation
study, examining its ability to maintain an open gate without
artificial constraints being required. Of particular interest
was the role of the interaction motif in maintaining an
open gate: when this motif was present in the structure,
the gate remained open, but when it was subjected to a num-
ber of modifications, the gate closed during the simulations,
an important demonstration of its essential role in gating. To
examine the roles of different segments of the novel interac-
tion motif in stabilizing the gate in the open state, three
separate 1-ms simulations were performed: 1) with the
full-length open NavMs structure, 2) the structure without
the voltage sensor domain (noVSD), and 3) the structure
without the C-terminal domain (noCTD).
1922 Biophysical Journal 115, 1920–1930, November 20, 2018
In the simulation of the full-length wild-type structure,
the pore structure remained stable with an RMSD (root
mean square distance) below 3 Å over the entire simula-
tion (Fig. 1 a, top). The trajectory shows that the RMSDs
plateau early in the simulation and then slightly decrease,
demonstrating that convergence has been achieved. The
interaction motif structure remained intact and stable
during the full simulation. In contrast, when the VS and
S4-S5 linker were removed (noVSD), making a construct
that was essentially pore- only with a CTD (similar to the
structure in the previous simulation (7) of the NavMs
structure of the open pore (6), except with the CTD pre-
sent), the lower part of the S6 helix (Fig. 1 a, middle,
red) deviated markedly from its original conformation
during the simulation. The removal of the VSD resulted
in the CTD neck region becoming mobile and unpinned
from the gate region. These structural changes led to the
extension of the length of the S6 helix along the mem-
brane normal (Fig. 1 b, middle). Additionally, the trans-
membrane part of S6 (Fig. 1 a, bottom, yellow) in the
noCTD simulation (reminiscent of previous resolved
transmembrane-only structures (9–11)) revealed a larger
destabilizing shift when compared to full-length simula-
tion (Fig. 1 a, top, yellow).



FIGURE 4 Contact maps for residue 77 from 1.8 ms simulations between

full-length wild-type, W77A, and W77M simulations. All residues in con-

tact with W77 in more than 5% of the simulation time are shown in a radar

chart. Each vertex represents one interacting residue; the radial value is the

probability (calculated as number of contacts divided by total frame

numbers) of this residue to be in contact with residue 77 over 1.8 ms simu-

lation time (every 100 ps were saved for analysis). Dotted lines represent

individual monomers; red line and fill represent the mean over four mono-

mers. To see this figure in color, go online.

FIGURE 5 Comparison of S6_ctd segments’ backbone fluctuations be-

tween full-length wild-type, W77A, and W77M simulations in 1.8 ms sim-

ulations. This plot summarizes the averaged backbone root mean square

fluctuation plots of each residue in the S6-ctd segment. Compared to full-

length simulation (black), the lower part of the S6_ctd segment became

less stable in both W77A (red) and W77M (blue) simulations. To see this

figure in color, go online.

FIGURE 3 Formation and breaking of key residue-residue contacts dur-

ing the simulation of the full-length construct. (a) A side view and (b) a top

view of the structure. (c) An enlarged region showing the intrasubunit

hydrogen bond between W77 and Q122, with cyan sticks and spheres

shown for the side chains; the other salt bridge, R119-E229, is shown as

white sticks. (d) The salt bridge between R119 and E229 is depicted

(cyan sticks and spheres are shown for the side chains, and the other

H-bond, W77-Q122, is shown with white sticks). (e) (top) Distances of

the W77 and R118 side chains in each of the four different subunits during

the course of the simulation; (center) lengths of the W77-Q122 H-bond in

each of the four different subunits during the course of the simulation and

(bottom) lengths of the E119-R229 salt bridge of four different subunits

over the course of the simulation. The distribution (over all four chains)

is shown on the right. To see this figure in color, go online.

Interaction Motif Open Sodium Channel
Key interactions of the full-length structures
remain stable during the simulations

Several key interactions appear to be responsible for the
differences in stability encountered (Fig. 2) between the
full-length structure and the modified structures. Firstly,
the conformational stability of the network of interactions
involving the conserved W77 residue (present in the se-
quences of all prokaryotic and human sodium channels)
was investigated. The important role of this residue in
channel gating has been identified (14), and its potential
role in human channels has been postulated based on sin-
gle-site mutations of the residue that lead to disease states
in humans (55). To aid in our understanding of the nature of
its involvement in the dynamics of the system has been a
major focus of this study. In the simulation of the full-
length wild-type structure, in which all the components
of the novel interaction motif exist, W77 is sandwiched
Biophysical Journal 115, 1920–1930, November 20, 2018 1923



FIGURE 6 The intersubunit salt bridge between D220 and K226. (a–c) A view of the intersubunit hydrogen bond between D220 (yellow sticks and

spheres) and K226 (cyan sticks and spheres) in the adjacent subunit. (d) Distances of the four D220-K226 salt bridges over the course of the simulation,

with a histogram over all four pairs on the right. To see this figure in color, go online.
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by R118 (hydrophobic packing) and Q122 (H-bond interac-
tion) (Fig. 3 top and center); as a result, all W77 side chains
from four subunits remained largely stable. Selected substi-
tutions (W77A and W77M) at position 77, which abolished
channel conductance as reported by Sula et al. (14), were
simulated for 1.8 ms under 200 mV membrane potential.
The higher driving force enhanced the sampling and aided
in distinguishing mutants from wild-type channels. These
mutants, which bear smaller side chains, led to less intense
interactions between S3 and the S4-S5 linker (i.e., Q122
and R118 in Fig. 4); these impaired interactions further de-
stabilized the S6_ctd, as shown in Fig. 5, in which all gating
residues started to become mobile in mutant simulations.
Nonetheless, mutants at position 77 only had mild effects
on other segments of the transmembrane part of the
channel.

The second motif that was examined was that involving
the EEE sequence of the extended S6 helix (neck region of
the CTD). This is a sequence that had previously been iden-
tified by electrophysiology as having a potential functional
role when all of the residues were changed to QQQ in
studies of the pore-only structure (6). More recent sequence
comparisons (55) suggested that the E229 of this motif
might be the responsible residue because it formed a strong
salt bridge with the conserved R119 in the linker. In the
simulations in this study, it stayed predominantly intact
1924 Biophysical Journal 115, 1920–1930, November 20, 2018
in each of the four subunits (Fig. 3). This residue (but not
the other Es) has also been recently identified as being
mutated in several human mutations (55). The final site
that was identified in these simulations was an intersubunit
salt bridge formed between D220 and K226 of the adjacent
subunit (Fig. 6). These interactions (which were not previ-
ously identified in the structure) also appear to be stable
and may aid in enabling the pore gate to remain continu-
ously open.
Features of the gate in simulations of the different
constructs

The full-length structure (but not the mutant or truncated
structures) retained a fully open gate throughout the sim-
ulations: the backbone radius of pore-lining residues was
almost unchanged over the 1-ms simulation time (Fig. 7,
a–c, black), except for a small deviation at a series of hy-
drophobic residues (I215 and V219). However, when the
novel interaction motif was not intact (by removing either
the VSD or the CTD), the gate collapsed during the simu-
lation (Fig. 7, red and blue). In the noVSD simulation, the
removal of the VSD initiated a rapid narrowing of the
pore-lining radius (I215 and V219 (Fig. 7, b and c,
red)), which resulted from equivalent residues from two
opposite subunits moving toward each other while the



FIGURE 7 (a) View of the pore at the start (0 ms)

and end (1 ms) of the simulations for the full and

noVSD structures. The solvent-accessible volume

(by side chain) of the interior of the pore is depicted

by HOLE (52) calculations (color code for the

radius: red, hole radius < 1.15 Å; green, hole

radius < 2.30 Å; blue, hole radius > 2.30 Å). The

small thinning of the pore at the hydrophobic region

above the gate, leading to the hydrophobic gating,

can be seen in the full structure. The collapse of

the gate is visible in the noVSD simulation. (b)

The interior radius of the pore for protein backbones

between the beginnings and ends of the simulations.

The shaded area depicts key residues in the selec-

tivity filter (E178) and the gate region (I215 and

V219). (c) A comparison of residues’ backbone radii

(I215 and V219) over time between full-length,

noVSD, and noCTD construct simulations. To see

this figure in color, go online.

Interaction Motif Open Sodium Channel
two orthogonal residues departed from each other. As a
result, the dihedral angles of F214 of two closing subunits
were shifted (Fig. S1). At the end of the 1-ms simulation,
the gating residues encompassed an even smaller cylinder
when compared to the selectivity filter (SF), indicating a
nonconductive collapsed gate. This configurational change
is facilitated by the formation of new intersubunit salt
bridges in the neck region (E227 interacts with K226
and K233 from the subsequent subunit) (Fig. S2). Instead
of a fourfold symmetry when the gate is open, this
collapsed conformation was more likely to be rendered
in a twofold configuration (Fig. 8, middle). Similarly, un-
like the full-length simulation, the pore radius at the
position of V219 was also largely reduced at the end of
the 1-ms noCTD simulation, resulting in a collapsed gating
configuration (Fig. 7 blue and Fig. 9, right). Taken
together, the two negative control simulations suggest
the important role of the novel interaction motif in stabi-
lizing the pore in the open state.
Experimentally consistent conduction values
in simulations of an L211A and I215A double
mutant

Using previous channel constructs in which not all key do-
mains were resolved (9,10), it was difficult to capture stable
conducting events by MD simulations without any har-
monic restraints (7). Here, we attempted to investigate
this mechanism in the current full-length open structure
(14) using equilibrium simulations (Table S1). In all of
the full-length simulations without restraints, the channel
gate opening was stable, as described above, and sodium
ions were preferably bound to each of the binding sites pre-
viously identified inside the selectivity filter using MD (7),
Biophysical Journal 115, 1920–1930, November 20, 2018 1925



FIGURE 8 Comparisons of pore gate symmetries.

(a) Comparison of V219 Ca atom distances of two

opposite chains between full-length, noVSD, and

noCTD simulations; (b) comparison of the differ-

ences of orthogonal distances between full-length,

noVSD, and noCTD simulations; and (c) bottom

view snapshots after 1-ms simulations for full-length,

noVSD, and noCTD constructs, respectively (only

the transmembrane regions were shown for clarity).

To see this figure in color, go online.
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which correspond well with the experimentally determined
sites (6,16).

However, the conducting sodium ion passage was
occluded by a dewetting vacuum at the open gate (Fig. 9).
Closer inspection revealed that the origin of this dewetting
is a tiny conformational relaxation from the crystal coordi-
nates over the 1-ms time scale. This leads to a reduction of
the volume available for water molecules at this position
(Figs. 7 and 9). Although the gate remains wide enough to
accommodate water molecules, the water molecules in the
simulation nevertheless avoided this hydrophobic region
because of its hydrophobicity. This ‘‘hydrophobic gating’’
has previously been observed in many other ion-channel
and transporter simulations, as reviewed by Aryal et al.
(56). The hydrophobic gate of these membrane proteins
tends to be dewetted or nonconductive even when the diam-
eter of the gate is more than three times that of a typical wa-
ter model (9 vs. 3 Å). This area was only hydrated when two
long-chain hydrophobic pore-lining residues (I215 and
L211) side chains were replaced by shorter chain alanines;
this simulation then gave an experimentally consistent
conductance rate (Fig. 10) as we observed previously in
the simulation of the pore-only construct (7). Again, the
1926 Biophysical Journal 115, 1920–1930, November 20, 2018
mutant simulations used no restraints of any type, and the
gate did not collapse and remained open. Other simulations
of truncated closed pores did not observe such an effect
because they did not include these residues that are at the
exit of the pore.
DISCUSSION

This MD simulation study of the recently published crystal
structure of the full-length prokaryotic NavMs crystal struc-
ture in the activated open conformation (14) has revealed the
critical importance of the extensive network of salt bridges
involving residues in the voltage sensor, S4-S5 linker, pore,
and C-terminal domains first revealed in that structure.
Because these domains were absent in earlier crystal struc-
tures, the main focus of prior MD simulations was the role
of the selectivity filter and its mode of action in distinguish-
ing between different cations. Instead, the focus here is on
the structurally much more complex gate region and its
link with the VSD. The simulations have revealed that
numerous residue pairs are critical: the interactions of
W77 and R118 and Q122, R119 and E229, and D220 and
K226 on the adjacent subunit. Our MD studies have shown



FIGURE 9 Illustration of the origin of the hydrophobic gating phenomenon at 1 ms of the full-length simulation. (a) The view down the axis of the pore.

The channel slightly closes at the narrow hydrophobic region (snapshots at 0, 1 ms, and overlay) during the 1 ms simulation time. (b) This narrowing is clearly

visible when plotting cross-subunit distances at this location. (c) Although enough space remains even after the narrowing, the hydrophobic side chains lead

to a dewetting vaccum. Two opposite subunits are shown as a rainbow cartoon for clarity. Water surfaces are transparently shown, and water models are

shown with thin lines. Orange spheres depict the phosphate atoms of lipid head groups, and green spheres depict sodium ions. To see this figure in color,

go online.
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that these residue contacts are important for maintaining an
open conformation. This is clearly demonstrated if these in-
teractions are removed: omitting or truncating domains re-
sults in rapid loss of structure at the gate region, which
leads to collapse and closure of the gate.

Of particular interest is the hydrophobic dewetting
observed in our simulations. This ‘‘hydrophobic gating’’
was first observed in simulations of model nanopores, which
exhibit liquid-vapor oscillations below a critical radius,
switching stochastically between wet and dry states
(57–59). These liquid-vapor phase transitions are highly
sensitive to the chemical environment, temperature, and
pressure and involve a large change in heat capacity. Tiny
changes in radius and/or polarity can drastically alter the hy-
dration and thus the energetic barrier not only to water but
also to ions. Since those early model studies, hydrophobic
gating has been reported in a plethora of other MD simula-
tions with a range of different ion channels (56,60–64). This
intriguing observation raises the question of how physiolog-
ical stimuli may affect the conformations of the gate and
subsequently how the structural dynamics can influence
the mechanism of the channel gate. The consensus MD sim-
ulations data allow us to speculate that a subtle hydrophobic
gating mechanism may also exist here.

Although we observe hydrophobic dewetting, it is unclear
if this a genuine effect for sodium channels. Another
possibility is that this is a convergence issue. Because of
the system being very large, we could only achieve time-
scales of 1–1.8 ms. The small conformational deviation
from the crystal coordinates at the hydrophobic region
(Fig. 9) that causes the dewetting could well be a long-
time equilibration issue that is dissolved on timescales of
10–100 ms. All simulations of membrane protein crystal
structures placed in artificial membranes show an initial
rapid RMSD rise with respect to the starting conformation.
Some of these changes occur because of improper lateral
pressure by choosing too few or too many lipid molecules
in the two respective leaflets, exerting dissimilar lateral
pressure on the pore domain that would not occur otherwise.
When harmonic restraints to the crystal coordinates are em-
ployed, no dewetting is observed, and the channel retains its
continuous water wire and conduction properties (Fig. 7,
HOLE plot a). However, the main goal of our work was to
not bias results via use of any restraints, so we discuss
only unrestrained simulation results.

In addition, side-chain positioning could be significant: if
the hydrophobic side chains of these residues are experi-
mentally predicted to reach too much into the pore, a subtle
rearrangement could render this location less hydrophobic.
For example, the rotation of a single side chain promotes hy-
dration of the central pore in TRPV1, in which hydrophobic
gating is directly observed (65).

Another possibility is that the hydrophobic dewetting is
caused by deficiencies in the simulation model. To check
the influence of force fields, we repeated the simulations us-
ing two different protein force fields (Table S1), but the
dewetting was also observed for these. As MD timescales
have become much longer, there is now a large amount of
Biophysical Journal 115, 1920–1930, November 20, 2018 1927



FIGURE 10 Conductance of sodium ions through the channel at a mem-

brane voltage of 200 mV. (a) An overview of the key ion binding sites in the

selectivity filter, as described previously (7). (b) Individual positions of all

permeating Naþ (varying colors) along the membrane normal (x axis)

versus simulation times, showing the ions hopping between the binding

sites S0 and S4 in the SF and in the cavity. (c) The multi-ion number density

histogram over the entire simulation. Because the simulations of the whole

channel are not restrained, the histogram is less sharp than in our previous

studies in which NavMs was restrained, because of channel thermal motion

along the membrane normal smearing out the distribution. Binding loca-

tions are shifted up by 5 Å, as the full-size channel sits higher in the mem-

brane than the truncated channel simulated previously. Sodium ions (red)

also loiter in the cavity, where they are joined by chloride anions diffusing

in through the open gate (green). (d) The overall conductance of ions

through the unrestrained full-length channel is calculated as 24 pS, close

to the previously determined value 34 pS for the pore-only model (7). To

see this figure in color, go online.
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new evidence that protein-protein interactions could in gen-
eral be modeled as too sticky and protein-water interactions
underestimated. For example, Petrov and Zagrovic have re-
ported on the difficulties of current force fields in reproduc-
ing the precise hydration properties in a hydrophobic
environment (66). We are currently investigating the hydro-
phobic gating using a much larger combination of protein
and water force fields. The chief difficulty is that the
phenomena we observe only occur during very long MD
simulations in the multi-ms range. Thus, these confor-
mational changes cannot reliably be studied by alternative
short nonequilibrium potential-of-mean-force calculations
because the phenomenon would not be observable. Further
functional, structural, and computational approaches will
be collectively required to address these issues.

The simulations presented here can be considered a first
glimpse, to our knowledge, into the role of the observed
1928 Biophysical Journal 115, 1920–1930, November 20, 2018
interaction networks. In earlier MD simulations of ions in
or near the SF, only side-chain movements of the SF-lining
residues needed to be sampled, allowing for converged sta-
tistics in �500 ns. In contrast, the study of the interaction
network at the gate and linker regions involves timescales
on the order of multi-ms, with long-lived residue-residue
contacts, salt bridges. and hydrogen bonds triggering gate
movements and conformational transitions. Our simulations
convincingly show that the full system, the pore domain,
linker, VSDs, and the C-terminal domain need to be simu-
lated to faithfully represent this interaction network. This re-
sults in system sizes of �200,000 atoms, making multi-ms
simulations challenging. The simulations here took a sub-
stantial time to compute and are thus limited to 1–1.8 ms.
The ultimate goal is to capture the long-scale transitions
in these networks during gating, which will require time-
scales of 100 ms or more.

Regarding mutant simulations, we hypothesize that W77
is stabilized by position 118 and acts like a stationary
hydrogen bond donor with different residues in the
linker, i.e., Q122 during gating; therefore, the W77-Q122
interaction may not be very specific because S4-S5 is
largely flexible during gating. Although Q122 and R118
may not be very well conserved across different species,
similar aliphatic side chains were found in equivalent posi-
tions in both eukaryotic and prokaryotic analogs (2,5,6,9–
14), which on the one side stabilize W77 and on the other
provide the flexible sliding/screwing interactions mecha-
nisms during gating. Replacement of W77 resulted in a sig-
nificant altering of the contact interactions of that residue.
Here, also, the 1.8 ms timescale revealed only the initial
loss of contacts, with much longer simulations needed to
show the more substantial conformational changes such mu-
tations entail. With the key interactions identified here,
future simulations are underway, including the EEE-QQQ
mutants, which will greatly complement and enhance struc-
tural and functional studies that contribute to our under-
standing of the gating sodium channels.
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