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ABSTRACT The ability to sense transmembrane voltage underlies most physiological roles of voltage-gated sodium (Nav)
channels. Whereas the key role of their voltage-sensing domains (VSDs) in channel activation is well established, the molecular
underpinnings of voltage coupling remain incompletely understood. Voltage-dependent energetics of the activation process can
be described in terms of the gating charge that is defined by coupling of charged residues to the external electric field. The shape
of the electric field within VSDs is therefore crucial for the activation of voltage-gated ion channels. Here, we employed molecular
dynamics simulations of cardiac Nav1.5 and bacterial NavAb, together with our recently developed tool g_elpot, to gain insights
into the voltage-sensing mechanisms of Nav channels via high-resolution quantification of VSD electrostatics. In contrast to
earlier low-resolution studies, we found that the electric field within VSDs of Nav channels has a complex isoform- and
domain-specific shape, which prominently depends on the activation state of a VSD. Different VSDs vary not only in the length
of the region where the electric field is focused but also differ in their overall electrostatics, with possible implications in the
diverse ion selectivity of their gating pores. Due to state-dependent field reshaping, not only translocated basic but also relatively
immobile acidic residues contribute significantly to the gating charge. In the case of NavAb, we found that the transition between
structurally resolved activated and resting states results in a gating charge of 8¢, which is noticeably lower than experimental
estimates. Based on the analysis of VSD electrostatics in the two activation states, we propose that the VSD likely adopts a
deeper resting state upon hyperpolarization. In conclusion, our results provide an atomic-level description of the gating charge,
demonstrate diversity in VSD electrostatics, and reveal the importance of electric-field reshaping for voltage sensing in Nav
channels.

SIGNIFICANCE Voltage-gated sodium (Nav) channels play essential roles in electrical signaling in neurons and muscle.
Channel gating relies on the coupling between transmembrane voltage and voltage-sensing domains (VSDs), whose
activation leads to opening of the central pore. This coupling and thereby the energetics of channel activation are defined
by the distribution of the applied voltage across a VSD. Here, we reveal a complex isoform-, domain-, and state-dependent
shape of the electric field within VSDs of Nav channels and discuss implications of this variability in various roles of VSDs in
Nav functions. Our study emphasizes the impact of electrostatics on functional properties and unveils biophysical details
that will lead to a deeper understanding of Nav channels in health and disease.

INTRODUCTION transmembrane voltage via specialized voltage-sensing do-
mains (VSDs). Each Nav channel contains four VSDs that
are either homologous as in eukaryotic channels or identical
as in tetrameric bacterial homologs. Membrane depolariza-
tion induces conformational changes in VSDs, which in turn
convey to the pore module of the channel and trigger its
opening. The overall VSD structure is quite conserved
across many voltage-dependent proteins such as voltage-

Voltage-gated sodium (Nav) channels form a key compo-
nent of electrical signaling in excitable cells by triggering
the upstroke phase of the action potential in response to
membrane depolarization. Ion conduction of Nav channels,
and of other voltage-gated cation channels, is coupled to
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bundle, where S4 plays the main role in voltage sensing. Ac-
cording to the widely accepted “helical-screw” model, acti-
vation of Nav channels is caused by vertical translation of
S4 across the membrane, which is accompanied by rotation
along the helical axis (2). Transmembrane electric field gov-
erns the S4 translocation by acting on a stretch of conserved
basic residues (mainly arginines) that are regularly distrib-
uted along S4. The rotation of the helix is proposed to ensure
formation of a proper network of salt bridges between these
basic residues and acidic residues on S1-S3 that remain
relatively immobile upon VSD activation (3). The inner vol-
ume of the VSD has an hourglass shape, where hydrated
vestibules of the gating pore are separated by a hydrophobic
constriction site (HCS) that is formed by multiple hydropho-
bic residues and a conserved bulky phenylalanine or tyro-
sine residue. During activation, the basic residues are
translocated across the HCS, leading to an upward helical-
screw motion of the VSD (2). Subsequent changes in the
pore module of the channel result in its opening and thereby
initiate ion conduction through the central pore.

The S4 translocation is associated with a prominent redis-
tribution of charges within a VSD, which leads to a transient
gating current that can be measured experimentally (4). By
knowing the total number of channels in the system, the in-
tegrated gating current can be in turn used to obtain the
gating charge Q,—a charge associated with the activation
of a single channel (5). Furthermore, the contribution of
an individual residue to the gating charge can be obtained
from the change in the gating charge induced by neutral-
izing substitution of residues (6,7). From an energetics point
of view, the gating charge can be considered a measure that
links transmembrane voltage to the energy difference be-
tween resting and activated states of the channel (8,9). In
this case, the gating charge associated with a single residue
can be inferred from the state- and voltage-dependent
change in the electrostatic potential sensed by the residue
(8,9). Thus, the distribution of the electrostatic potential
across the VSD in different states directly relates to the
gating charge and energetics of channel activation. In accord
with that, experimental studies on potassium channels
demonstrated that VSD geometry and ionic strength of the
solution affect the gating charge by changing the distribu-
tion of the electric field (10). A number of experimental
methods have been used to measure the electric field within
the VSD (11-13). Yet, none of them have been used to
estimate contributions of individual residues to the gating
charge. Furthermore, additional mutations together with
rather bulky reagents to probe the electric field would likely
disturb native dynamics and electrostatic properties of the
VSD, thus biasing such estimation.

Atomistic molecular dynamics (MD) simulations based
on high-resolution structures of voltage-dependent proteins
offer an alternative for obtaining insights into electrostatics
of native VSDs. Previous studies on voltage coupling in Kv
channels (14—17), as well as in Nav channels (18), and in the
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VSP from C. intestinalis Ci-VSP (18) found no notable
change in voltage-fraction distribution across VSDs from
different channels (18) nor between different activation
states of a single VSD (16,18). Specifically, in these studies,
the transmembrane voltage appeared to drop linearly across
the central part of the VSD. Yet, the predicted extent of the
region with the focused electric field was longer than previ-
ous experimental estimates of about 4 A (13,19). Notably,
these results were based on low-resolution electrostatics cal-
culations that, as we have shown recently (20), could result
in qualitatively poor electrostatic-potential distributions.
For reliable and convergent quantification of electrostatics
from MD simulations, we have recently developed the
g_elpot tool (20), which provides high-resolution insights
into biomolecular electrostatics (20-23). Hydration of
charged residues and vestibules of VSDs justifies usage of
g_elpot, which requires the presence of water molecules
in the analyzed regions, for obtaining information on elec-
tric-field distribution in voltage-sensitive regions of VSDs.
Here, we additionally extended functionality of the tool so
that it could extract the potential within an arbitrary atom
group, e.g., at the charged tip of a residue, to directly mea-
sure voltage fraction sensed by individual residues. Apart
from quantification of voltage coupling, detailed analysis
of VSD electrostatics yields insights into ion selectivity of
so-called gating pores that can be formed by VSDs either
in response to pulsed electric fields (24) or upon introduc-
tion of certain VSD mutations implicated in a number of
channelopathies (25-29).

In addition to high-resolution quantification of electro-
statics, MD simulations can be used to calculate the overall
gating charge given that the structures of different states
are available. Several approaches for gating-charge calcula-
tions have been suggested (30,31), among which a method
based on charge-displacement calculations (the so-called
Q-route) is the most widely used one (15,16,30,32-34),
and the approach utilizing computational electrophysiology
(CompEL) (35) simulations most closely resembles experi-
mental conditions (31,36-38). Such analysis is perfectly
suitable for directly relating structurally resolved states of
a channel with experimental measurements of the gating
charge. Thus, recent progress in structural characterization
of Nav channels (39-47), and in particular the first
resting-state structure of a bacterial NavAb channel from
Arcobacter butzleri (43), make it now possible to assess de-
tails of voltage coupling and gating charge in Nav channels
with atomistic resolution.

Here, we used MD simulations of NavAb and Nav1.5 to
quantify electrostatics of Nav VSDs, thereby obtaining
atomic-level insights into their voltage coupling and gating
charge. We found that the shape of the electric field within
VSDs varies prominently across different isoforms and do-
mains, with notable reshaping upon transition between the
activation states. Moreover, the quantification of electro-
statics allowed us to shed some light on ion selectivity of



VSD pores and energetics of the gating-pore conduction.
Finally, we used multiple approaches to calculate Q, be-
tween the resolved activated and resting states of NavAb
to demonstrate that knowing the electrostatic-potential pro-
file along the hydrated regions of a VSD is sufficient to es-
timate its gating charge. We found that the resulting Q, of
about 8e is significantly lower than experimental values,
suggesting that at least one of the resolved structures repre-
sents only an intermediate activation state. Based on the
analysis of electrostatic-potential distribution within the
VSD, we propose that a hyperpolarization-induced deeper
resting state would be electrostatically more favorable
than a depolarization-induced higher activated state.

MATERIALS AND METHODS
Protein models

The activated and resting states of NavAb were modeled based on a crystal
structure with PDB: 6P6X and a cryo-electron microscopy (cryo-EM) struc-
ture with PDB: 6P6W, respectively (43). The cysteine mutations in these
structures (G94C and Q150C) were retained as well as the disulfide bond
between these residues in the resting-state structure. For the sake of
consistency between the protein models, we reverted the KAV mutations
(N49K, L109A, and M116V), which were used to shift the voltage depen-
dence of NavAb to determine its resting-state structure (43). The final
NavAb model covered residues 1 to 230. Cardiac Navl.5 was modeled
based on the cryo-EM structure with PDB: 6UZ0 (44), where only protein
atoms were retained. The disulfide bonds were imposed between the
cysteine pairs C281-C336, C327-C342, C909-C918, C1365-C1386, and
C1730-C1744. Residues N319, N329, N1382, and N1390 were glycosy-
lated according to the cryo-EM structure (44). The long intracellular loops
unresolved in the original structure were omitted so that the final Navl.5
model contained three polypeptide chains corresponding to domains 1,
domain 2, and domains 3 and 4 together, covering residues 121-424,
699-945, and 1190-1780, respectively. The reverse mutations as well as
completion of all the models with the atoms missing in the structures
were obtained using Modeller v.9.18 (48). In all protein models, the N
and C termini were capped with acetyl and N-methylamine, respectively.
The standard protonation state at neutral pH was assigned to all residues
in all models, except for D1282 in Nav1.5, which points to the membrane
interior and was, therefore, modeled in the neutral form.

The following naming convention is used for the gating residues: in
NavAb, gating arginines 99, 102, 105, and 108 correspond to R1-R4,
respectively. In Nav1.5, VSDs have various numbers of gating residues
so that VSD3 and VSD4 have an additional gating residue that precedes
those four that are conserved in NavAb. For consistency, the gating residues
in VSD3 and VSD4 of Nav1.5 were numbered starting from O so that in the
resolved activated-state structures of both bacterial and mammalian chan-
nels, R3 is located just above the HCS. In VSDI, residues R220, R223,
R226, and K229 correspond to R1, R2, R3, and K4. In VSD2, residues
R809, R812, R815, K818, and K821 correspond to R1, R2, R3, K4, and
KS. In VSD3, residues K1302, R1305, R1308, R1311, R1314, and R1318
correspond to KO, R1, R2, R3, R4, and RS. In VSD4, residues R1625,
R1628, R1631, R1634, R1637, and 1640 correspond to RO, R1, R2, R3,
R4, and RS5.

Simulation details

The simulations were performed using GROMACS 2021 (49) with a time
step of 2 fs. A pressure of 1 bar was applied semiisotropically with a
time constant of 5 ps using the Parrinello-Rhaman barostat (50) in zero-
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voltage simulations and the Berendsen barostat (51) in all the other simula-
tions. A temperature of 310 K was maintained with the v-rescale thermostat
(52) using a time constant of 0.5 ps. van der Waals interactions were calcu-
lated with the Lennard-Jones potential and a cutoff radius of 1.2 nm,
with forces smoothly switched to zero in the range of 1-1.2 nm without a
dispersion correction. Electrostatic interactions were calculated by the
smooth particle mesh Ewald (SPME) method (53,54), with a real-space
cutoff distance of 1.2 nm. The protein and lipids were described by the
CHARMM36m (55) and CHARMM36 (56) force fields, respectively. All
hydrogen-involving bonds were constrained with LINCS (57). Ions were
described using CHARMM parameters with the NBFIX correction (58),
and the CHARMM TIP3P model was used for water molecules. The protein
was embedded in a 1-palmitoyl-2-oleoyl-phosphatidylcholine bilayer using
the g_membed function (59) in GROMACS. Na' and Cl -~ were added to
the solution with a bulk concentration of approximately 150 mM NaCl.
An example of a NavAb simulation system is shown in Fig. | A.

Each system was equilibrated for 102 ns in four steps: 2 ns with position
restraints on all heavy atoms of the protein (in all dimensions) and of the
lipids (in the z dimension), 80 ns with only protein heavy atoms restrained,
10 ns with the restrains on the backbone atoms only, and 10 ns with all re-
straints released. In production runs, each system was simulated for 500 ns.
Constant electric-field and CompEL (35) simulations were started from the
configuration of the system after 100 ns of the zero-voltage simulations. In
the constant electric-field simulations, a field of +10 mV/nm along the z
dimension was applied, resulting in the overall transmembrane voltage of

-300 mV &

o 300 mV

FIGURE 1 NavAb system and distribution of electrostatic potential
through its VSD. (A) Simulated system of NavAb. Four domains are colored
differently. Lipids are shown as sticks, and their phosphorus atoms as or-
ange spheres. C1~ and Na™ ions are shown as green and blue spheres,
respectively. (B) An illustrative example of electrostatic potential distribu-
tion within a VSD of NavAb. Shown are water-occupancy maps contoured
at 0.1 and colored according to the electrostatic potential as obtained with
g_elpot. The VSD in the resting and activated states is shown as white
cartoon (helices S2 and S4 are labeled). Orange spheres represent phos-
phorus atoms of lipid headgroups around the VSD. To see this figure in co-
lor, go online.
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around =110 and *140 mV in the NavAb and Navl.5 systems, respec-
tively. This field was mild enough not to induce any considerable charge
translocation across the HCS in any of VSDs, ensuring that the original acti-
vation state was preserved. In double bilayer systems used for the Q, cal-
culations via the CompEL simulations (31), two copies of the system are
stacked, with one of them mirrored about the xy plane. The charge imbal-
ance between the compartments was created by an unequal number of
Cl ™ ions in them.

Quantification of electrostatics

Electrostatics and voltage coupling was quantified with g_elpot (20); source
code, installation instructions, and usage recommendations can be found at
https://jugit.fz-juelich.de/computational-neurophysiology/g_elpot. Briefly,
g-elpot relies on the SPME method and employs explicit water molecules
to extract convergent distribution of electrostatic potential of high resolu-
tion from atomistic MD simulations. First, the raw potential is calculated
on a dense grid by the SPME method using a sufficiently high inverse
Gaussian width B of typically 20 nm~'. In this study, the SPME potential
was calculated on grids of 304 x 304 x 216 and 312 x 312 x 264 points
in NavAb and Nav1.5 systems, respectively. Second, each water molecule
is assigned with the potential averaged over a sphere around the water-
molecule center of geometry. It is a combination of the high B value
together with the exclusion volume of a water molecule that allows for
convergent calculation of the electrostatic potential, while taking only its
long-range part into account. Finally, the trajectory frame is fitted onto
the reference one, and water-molecule potentials are interpolated onto the
nodes of the final electrostatic-potential map, which is built around a pro-
tein region of interest. The procedure described above is repeated for
each frame to extract the average potential distribution. In the present study,
we built a map of 0.5 A resolution around the VSD and used the Ca. atoms
of S1-S4 as the fitting group. In addition to the electrostatic-potential map,
g-elpot generates a water-occupancy map that reports on the fraction
of frames with a node occupied by water. The electrostatic-potential and
water-occupancy maps can be easily combined with, for example, the
gridData module of the MDAnalysis library (60) to convert potential distri-
bution into one-dimensional profiles, as described previously (20). Briefly,
the water-occupancy map was first normalized by the bulk occupancy
defined as an average over the most extracellular slab, and the electro-
static-potential map was then masked by the normalized water-occupancy
map with a threshold of 0.1. The masked electrostatic-potential map was
converted into a one-dimensional profile by averaging the potential in
each slab. The potential profile obtained by g_elpot reports only on the re-
action part of the potential created by the charge distribution in the system.
Therefore, in the case of the electric-field application, the profiles were cor-
rected by the potential created by the field with respect to the outermost
edge of the electrostatic-potential map in the z dimension. In turn, the
voltage-fraction profiles were calculated by subtracting the electrostatic-po-
tential profiles upon electric-field application from those at zero voltage and
dividing the result by the value of transmembrane voltage.

Originally, g_elpot quantified electrostatics only in the hydrated regions
of the system. To measure voltage coupling directly for individual residues,
we implemented a new functionality to the tool so that the time course of
the potential at the center of any atom group could be computed. In partic-
ular, the following atom groups (CHARMM naming convention) were used
to calculate the potential at ARG (NE, CZ, NH1, NH2), LYS (NZ, HZI,
HZ2, HZ3), GLU (CD, OEl, OE2), ASP (CG, OD1, OD2), TYR (CG,
CD1, CD2, CEl, CE2, CZ), and PHE (CG, CDI, CD2, CEl, CE2, CZ).
Since only the relative change of the residue potential is relevant for calcu-
lating voltage coupling, omission of the residue-specific short-range part of
the potential is fully justified. Moreover, for the sake of convenience, the
residue potential was subtracted with its value in a bulk solution, which
was obtained from a simulation of an isolated amino acid in 150 mM
NaCl solution. These bulk values of the potential were —306.6, 3,738.4,
—2,052.2, —1,955.7, —880.4, and —1,452.0 mV for Arg, Lys, Glu, Asp,
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Tyr, and Phe, respectively. Similar to water-molecule potential, that of
the residues required correction when an external electric field was applied.
However, in the case of the residue potentials, the choice of the reference
point for this correction was more arbitrary (see results for details). In prac-
tice, it was chosen such that the voltage fractions sensed by the outermost
and the innermost charged residues of the VSD were simultaneously as
close as possible to zero and one, respectively.

Gating-charge calculations

Here, we used four different approaches to calculate the gating charge asso-
ciated with the transition of NavAb between its resolved resting and acti-
vated states. The first two are based on computing voltage fraction f;,
also known as electrical distance (8,10), sensed by each charged residue i
in the VSD as

0D,
fi‘“’Wv ey

where ®; is the potential on residue i and V is the transmembrane voltage.
The contribution dg; of each charged residue into the gating charge is then
defined as

0q; = Qi(ﬁ —ﬁ”) = qilf;, 2

where ¢; is the charge of residue i and Af; is the difference in voltage frac-
tion sensed by this residue in the resting (f]) and activated (f) states. The
sum of contributions of individual residues gives the overall gating charge

Q, = > o, 3)

where the sum goes over charged residues within the VSD and the super-
script r indicates calculation of the voltage fraction directly sensed by the
residue.

In addition to the directly measured voltage fraction for a residue, we
estimated the gating charge using the voltage fraction sensed by water mol-
ecules, whose position along the z dimension corresponded to that of a res-
idue tip:

Q; = Y (=), @)

where Af" was defined as the difference in voltage fraction sensed by water
molecules, whose positions along the z dimension correspond to that of the
residue, in the resting and activated states. In practice, the voltage fraction
was obtained by interpolating the voltage-fraction profile of water at the
average z position (z;) of the tip of the residue i.

In the third method, we evaluated the gating charge via the Q-route
(15,30), which is based on calculating the displacement charge Q, as

@:Z%, 5)

where the sum goes over all the atoms in the system, ¢; is the charge of atom ,
L. is the length of the simulation box in the z dimension, and z{ is the
z coordinate of the atom i in an unwrapped trajectory. The latter means
that no correction for periodic boundary conditions is applied so that upon
crossing a box boundary, atoms are not brought back into the box. Based
on the displacement charge, the gating charge can be obtained as (15,30)

0% = (Qalay — (Qary (6)

where averaging (...),; and (...),y is done for systems at voltage V with
the channel in the resting (@) or activated (r) state, respectively. In practice,
the dependence of O, on V was fit by linear function, and the difference
in the intercept values provided an estimate of Qg .
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Finally, we used the CompEL method (35) to estimate the gating charge
from a double-membrane system (31). Briefly, the dependence of the trans-
membrane voltage Von an ionic charge imbalance g.,. between compart-
ments separated by the membranes is fitted by

v o Qe 29,

2C,

where g, is the contribution of the protein into the charge imbalance and C,,
is the membrane capacitance. In practice, both represent fitting parameters
in linear fit of the dependence of transmembrane voltage on the charge
imbalance g... The ¢, value is then extracted from the fitting separately
for the channel in the resting (¢;,) and activated (¢;) states, and the gating
charge is calculated as

)

0, =4, — 4, ®)

Transferable displacement-charge calculations

Calculation of the displacement charge according to Eq. 5 requires trajec-
tory unwrapping to properly account for periodic boundary conditions
(15,30). However, the resulting charge displacement would depend on the
initial configuration of the system, which is to be used for the trajectory un-
wrapping. In particular, positions of mobile ions could have a drastic impact
on the charge displacement. For example, if two starting configurations
differ in the position of a single ion, being located just below the upper
edge of the simulation box in one configuration and just above the lower
edge in another, the initial values of the displacement charge in these sys-
tems will differ by about le. Notably, since ions remain in one half of the
space separated by the bilayer due to the unwrapping, this difference will
retain along the whole trajectory, resulting in a seemingly non-zero gating
charge for the transition between identical states of the channel. Thus, the
direct application of the method requires that the systems differ only in
conformation of the protein but not in positioning or the number of nonpro-
tein atoms. In our case, however, not only were the systems with the channel
in different states prepared independently, but also our simulations with
applied electric field were initiated from the 100 ns frame of the zero-
voltage simulations, implying a difference in instantaneous atomic config-
urations and precluding us from the direct usage of the method.

To make the displacement charge transferable across different systems,
we propose a particular treatment of a starting configuration and simula-
tions trajectories used for the displacement-charge calculation. We start
with translating all the atoms in the system along the z dimension so that
the center of the lipid bilayer is located at zero. Then, we apply periodic
boundary conditions to the translated system while keeping all molecules
whole. As a result, the system has the extracellular leaflet of the bilayer
together with the protein at the bottom of the box, whereas the intracellular
leaflet is placed at the top. Provided that a channel does not conduct ions, all
of them remain inside the simulation box enclosed by two leaflets of the
bilayer, relieving the problem of initial ion positioning. The final unwrap-
ping of the trajectory is, thus, needed only for proper accounting for neutral
water molecules crossing the borders of the box. After such pretreatment,
the displacement charge calculated by Eq. 5 can be compared between sys-
tems started from unequal atomic configurations. Instructions for trajectory
preparation as a sequence of gmx commands using the GROMACS simula-
tion package (49) can be found in the supporting material.

General analysis details

All quantities were averaged over the last 400 ns of a simulation trajectory.
Trajectories were sampled every 100 ps in all the analyses except for the
displacement-charge calculations, in which the sampling interval of 20 ps
was used, to ensure proper trajectory unwrapping. Data for NavAb were
averaged over four protomers from one simulation, and data for Navl.5
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were averaged over three independent simulation replicas. All the profiles
along the VSD axis were centered at the Ca. atom of the aromatic residue
forming the HCS. GROMACS tools, g_elpot (20), and in-house python
scripts using the MDAnalysis library (60) were used for all analyses. All
visualizations were done using PyMOL v.1.8.

RESULTS
Electrostatic potential within VSD of NavAb

We started with quantification of electrostatic potential in-
side the VSD of NavAb. Fig. |1 B illustrates distribution
of the electrostatic potential within the hydrated interior of
the VSD in resting and activated states, as calculated from
the simulations in the absence of voltage. To quantify the
difference in electrostatic-potential distributions, we con-
verted the maps into one-dimensional profiles along the
z dimension of the system, as shown in Fig. 2, A and B. Since
reliable quantification of electrostatics requires persistent
hydration (20), the potential in the poorly hydrated central
part of the VSD was associated with high error and therefore
was omitted in the profiles. In the resting state, the potential
is quite shallow in the intracellular half of the VSD, indi-
cating efficient balancing of positively charged arginines
by acidic residues (Fig. 2 A). At the same time, only one
extracellular arginine (R1) cannot effectively compensate
the negative charge of the extracellular acidic residues, so
the potential is notably negative in the extracellular vesti-
bule of the VSD in the resting state (Fig. 2 A). Upon transi-
tion to the activated state, R2 and R3 reduce the depth of the
potential well in the extracellular part of the VSD while
deepening it in the intracellular part (Fig. 2 B). Note that
the accumulation of gating arginines in the extracellular ves-
tibule also results in a prominent surge in the potential close
to the HCS. Thus, the overall electrostatic potential is less
balanced in the activated compared with the resting state
of the VSD, in accordance with the energetic cost needed
for the channel activation. Finally, concerning the ion selec-
tivity of the VSD, the prominent gradients in the potential in
the activated state would create energetic barriers for both
anions and cations, whereas the nonpositive potential along
the whole VSD in the resting state would imply a stronger
cation-selective gating-pore current.

We then analyzed distribution of the electrostatic poten-
tial along the VSD upon transmembrane voltage applica-
tion. Following the electrophysiological convention, we
assumed the system to be grounded in the extracellular
half, so we set the potential to zero in the most extracellular
point of the electrostatic-potential map. The transmembrane
potential was induced by applying a constant electric field
E, of =10 mV/nm along the z dimension to all atoms in
the system (30), resulting in about +110 mV transmem-
brane voltage (Fig. 2, A and B). Note that the potential
computed by g_elpot is defined by atom distribution and
therefore represents a reaction potential (61) created by
the system in response to the external electric field. To
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correct the potential profiles for the electric-field applica-
tion, we added a linear term between endpoints of the profile
with the slope of E.. As can be seen in Fig. 2, A and B, the
potential profiles keep their overall form upon voltage appli-
cation, with a rather stable shift in the potential in the intra-
cellular half of the VSD. Note that in the activated state—in
contrast to the resting state—the potential remains negative
in the region below the HCS even at +110 mV so that it
roughly equals that of the extracellular vestibule (Fig. 2
B). The region below the HCS corresponds to a so-called
gating charge transfer center (GCTC), which is formed by
a pair of acidic residues that catalyze translocation of the
gating arginines (62). In the resting state, the GCTC is occu-
pied by R2, which is electrostatically destabilized when pos-
itive voltage is applied (Fig. 2 A). At the same time, a
notably negative potential well in the extracellular vestibule
of the VSD favors VSD activation by stimulating upward
translocation of R1, which is located just above the HCS
(Fig. 2 A). Application of the negative transmembrane
voltage, in turn, reduces the potential in the GCTC, making
it electrostatically similar to the extracellular vestibule
(Fig. 2 A). As a result, a downward translocation of R1 be-
comes thermodynamically plausible. In the activated state,
the potential is negative in the GCTC regardless of the
applied voltage (Fig. 2 B). Thus, R4 is electrostatically sta-
bilized in the GCTC even at positive voltages, hindering a
further upward motion of S4. At the negative voltage, the
potential is substantially lower in the GCTC than in the
extracellular vestibule, favoring downward translocation
of R3 and therefore deactivation of the VSD.

Previous studies (34,63) as well as our analyses of the
gating charge, which are discussed in the following sections,
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resting state X K i
kinetically favors a deeper resting state over a

higher activated state. To see this figure in color,
go online.

indicate the existence of more extreme activation states of
the VSDs in NavAb than those resolved experimentally
(43). Considering this possibility, we thus propose that a
further upward translocation of S4 from the activated state
upon depolarization (i.e., at voltages higher than the voltage
of half activation of —98 mV (64,65)) would be electrostat-
ically unfavorable compared with a downward translocation
from the resting state upon hyperpolarization. Moreover,
a high barrier of positive electrostatic potential across
the HCS would prevent transition of the VSD to a higher
activated state. We thus conclude, from the electrostatics
perspective, a deeper resting state at a hyperpolarizing trans-
membrane voltage would be both thermodynamically and
kinetically more favorable than a higher activated state
of NavAb at the depolarizing voltage as illustrated in
Fig. 2 C. Moreover, a deeper resting state would be in per-
fect agreement with a recently resolved resting-state struc-
ture of VSDI1 in Navl.7 (46).

Voltage coupling in the VSD of NavAb

We then used our electrostatic-potential profiles to calculate
voltage coupling within the VSD of NavAb. For each profile
at applied electric field, we subtracted a zero-voltage profile
and divided the result by the transmembrane voltage. As a
result, we obtained the distribution of the voltage fraction
sensed by water molecules within the VSD, as shown in
Fig. 3 (black profiles). Similar to that of the electrostatic po-
tential, the distribution of the voltage coupling demonstrates
dependence on the activation state of the VSD. In particular,
the voltage fraction sensed by the VSD starts to increase at
about 10 A above the HCS in the resting state and at about
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FIGURE 3 Voltage coupling within the VSD of NavAb. (A and B) Frac-
tion of transmembrane voltage sensed by water and selected residues within
the VSD in the resting (A) and activated (B) states are shown together with
the structure of the VSD in the corresponding state. The S3 helix is omitted
for clarity. Profiles of the voltage fraction sensed by water molecules within
the VSD are shown in black. Data points report on the voltage fraction
sensed by labeled charged residues of the VSD. Data for positively and
negatively charged residues are shown in blue and red, respectively. Whis-
kers and shaded areas indicate the standard error of mean as calculated for
four NavAb domains. Dashed lines are drawn for visual guidance through
the low-hydrated (hydrated in <2 domains) region, which is characterized
by high (> 0.3) standard error of mean voltage fraction. The VSD axis is
centered at the HCS. To see this figure in color, go online.

15 A in the activated state when approaching the HCS
from the extracellular side (Fig. 3, A and B). Therefore,
the increase in the voltage fraction is steeper in the resting
compared with the activated state. Moreover, in contrast to
the activated state, the voltage fraction in the resting state
was characterized by a local bump in the intracellular part
of the VSD. The average voltage fraction in that region
was higher than one, indicating an excessive focusing of
the electric field (Fig. 3 A). In other words, upon voltage
application, the change in the potential sensed by water mol-
ecules in that region exceeded the overall transmembrane
voltage.

The results discussed so far are based on the electrostatic
potential calculated within water molecules that populate
the interior of the VSD. To test if voltage coupling of water
molecules is representative of that of VSD residues, we then
calculated voltage fraction sensed by individual residues. To
this end, we extended original functionality of g_elpot,
which had been limited to water-molecule potentials, to
measure the time course of the potential within any group
of atoms, e.g., heads of side chains (see materials and
methods for details). Note that according to Eq. 1, only rela-
tive change in the electrostatic potential is needed to calcu-
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late voltage fraction, justifying usage of only the long-range
part of the potential, as done in g_elpot (20). Once the po-
tential on a residue has been calculated at different trans-
membrane voltages, its voltage dependence can be linearly
fitted, with the slope of this fit representing the voltage frac-
tion sensed by the residue (Fig. S1). Similar to water poten-
tial, that of the residues has to be corrected for the direct
contribution from the applied electric field. However,
whereas any point in the bulk solution can be used as a refer-
ence for the water-potential correction, the choice of the
reference point for the residue potential can be arbitrary.
The correction potential (®.,,) is defined by the distance
from the reference point (Az) as ®{*" = E.Az;, and, taking
into account that V. = E.L,, the contribution of the correc-
tion potential to the voltage fraction is
0P Az;

A A ©)

Thus, the position of the reference point along the
z dimension directly affects the slope of the potential-
voltage dependence and therefore the resulting voltage frac-
tion. To set the reference point for the residue potentials, we
first identified RO4 and K35 as charged residues with the
most intracellular and the most extracellular locations in
the VSD, respectively. These residues were assumed to
sense either full (R04) or no (K35) transmembrane voltage.
We then iteratively changed the position of the reference
point along the z dimension and calculated the voltage frac-
tion of these two residues. The iterations were considered
finished once the voltage fraction, averaged over four do-
mains, was as close as possible to one for R04 and to zero
for K35 at the same time. The obtained reference points
(5.7 and 5.3 nm above the HCS in the resting and activated
systems, respectively) were used to correct the potential of
other VSD residues, resulting in the potential-voltage
dependence shown in Fig. S1 for charged residues located
in the transmembrane region of the VSD as well as for
F56 that forms the HCS.

The resulting voltage fraction sensed by charged residues
pointing to the VSD interior is shown in Fig. 3 for the resting
and activated states. Notably, the gating arginine located in
the GCTC just below the HCS (R2 in the resting state and
R4 in the activated state) senses only half of the transmem-
brane voltage, indicating an incomplete voltage drop across
the HCS. Furthermore, in the activated state, R3 and R4
demonstrate similar levels of voltage coupling, suggesting
that the S4 downward translocation upon membrane polari-
zation would be governed by both these residues. Impor-
tantly, the voltage fraction calculated for individual
residues follows all the trends in the profile calculated based
on the water potential (Fig. 3). In particular, in the resting
state, residues E59 and D80, which form a so-called intra-
cellular negatively charged (INC) center (3), sense a voltage
that is higher than the transmembrane one. Despite
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pronounced interdomain variation of the voltage fraction in
the INC, D80 experienced a voltage fraction higher than one
in three out of four NavAb domains. In line with the higher
error of mean voltage fraction, the same effect was observed
in only two domains in case of ES9. Yet, the average voltage
sensed either by water molecules in the INC or by its resi-
dues demonstrates a clear trend in exceeding the transmem-
brane voltage. In accord, high voltage sensitivity of the INC
residues has been previously detected in a global voltage-
sensitivity analysis (66). Upon closer inspection of this re-
gion, we found that voltage application slightly changes
the arrangement of a salt-bridge network between residues
E59, D80, R2, and R63 (Fig. S2 A). More specifically, anal-
ysis of the distance between these residues demonstrated
that an increase in voltage stabilized the bridge between
D80 and R2 while destabilizing that between D80 and
R63 (Fig. S2 B). In agreement with the data on voltage frac-
tion, a less pronounced voltage dependence was observed in
the case of the bridge formed by E59 with R2 but not with
R63 (Fig. S2 B). No clear signs of voltage-induced salt-
bridge stabilization/destabilization were observed in the
activated-state simulations (Fig. S2 C). We therefore pro-
pose that the salt-bridge rearrangement could strengthen
the electric field sensed by the INC in the resting state. To
test this, we conducted an additional simulation of NavAb
in the resting state, where the protein structure was
restrained. Analysis of this simulation demonstrated that
although the main features of the electrostatic-potential pro-
file across the VSD remain similar to the unrestrained sim-
ulations (Fig. S3 A), the voltage-fraction distribution alters
significantly (Fig. S3 B). In particular, in the restrained sys-
tem, the voltage fraction sensed by the INC was < 1, under-
scoring the significance of the voltage-dependent side-chain
rearrangement for the excessive focusing of the elec-
tric field.

Gating charge of NavAb

Once the voltage coupling of charged residues within VSD
was evaluated in both activation states, we could calculate
its gating charge via Eq. 3. For each charged residue, we
calculated its contribution to the gating charge using the
voltage fraction either sensed by the residue directly or
interpolated from the profiles of water-molecule potential
(see materials and methods for details). Table 1 shows the
gating-charge contributions calculated either via the first
(064") or via the second (0¢") approach. Despite a certain
level of deviation between the two approaches, the main fea-
tures of the gating charge distribution remain the same. In
particular, R2 and R3 account for the largest portion of
the gating charge among all the gating arginines, similar
to the Shaker K" channel (15,67). The total gating charge
associated with translocation of R2 and R3 is, however,
lower than 2e, indicating that these residues cross only
part of the transmembrane voltage upon transition between
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TABLE 1 Contribution of charged residues within the VSD of
NavAb to the gating charge

Residue oq" (e) 0q" (e)

R1 0.16+0.20 0.44+0.38
R2 0.43+0.19 1.13+£0.17
R3 0.68+0.13 0.62+0.33
R4 0.32+0.24 0.27+0.30
R63 0.06 +0.09 0.11+0.13
E32 0.36:0.26 0.10+0.09
E59 — 0.41+0.36 — 0.46+0.28
E9%%6 0.34+0.21 0.08+0.03
D80 — 0.65+0.29 — 0.37+0.20

The contribution of each residue was calculated using voltage fraction
either directly sensed by a residue (6g") or by nearby water molecules (6¢").

the resting and activated states. Contribution of the other
two gating arginines, R1 and R4, is less pronounced and
constitutes less than le. Interestingly, E32 and E96, which
are located at the extracellular part of the VSD, have
moderate positive contributions to the gating charge,
whereas E59 and D80, which point to the intracellular ves-
tibule, exhibit negative gating charges (Table 1). The nega-
tive gating charge of ES9 and D80 compensates about 0.8-1e
of the gating charge associated with S4 translocation. Note
that these residues are located on the relatively immobile S2
and S3 helices, respectively, so that they do not cross the
electric field upon the activation (Fig. 3). Thus, their prom-
inent contribution to the gating charge results mainly from
the electric-field reshaping in the intracellular vestibule of
the VSD.

Gating charges of the whole channel calculated from the
voltage fraction sensed by residues (Q,) or by water mole-
cules (Qy) are shown in Table 2. Although these two
methods provide the average values of Q, that differ by
more than 2e, this difference lies within the range of rather
high errors of mean, which result from strong (hundreds of
millivolts) fluctuations in the underlying -electrostatic
potential (20). Due to the steep dependence of the electro-
static potential on distance, these fluctuations are mainly
caused by atoms closest to the point where the potential is
calculated. In the high-resolution quantification of electro-
statics with g_elpot, the contribution of these atoms is
properly taken into account so that even small atomic rear-
rangements lead to prominent change in the potential as we

TABLE 2 Gating charge associated with the transition of
NavAb between the structurally resolved resting and activated
states

. ()
5.07+2.60

0! (@
7.67+3.19

07 (o)
8.21+0.17

o (@)
7.94+0.14

The gating charge was estimated either through the voltage fraction directly
sensed by VSD residues according to Eq. 3 (Qy), through the voltage frac-
tion sensed by water molecules according to Eq. 4 (Qy), through the
displacement-charge calculations according to Eq. 6 (Q;f), or through the
CompEL method according to Eq. 8 (Qf).



demonstrated in the previous section (Fig. S3). To obtain a
more confined estimate of the gating charge, we then used
two system-level approaches, which, however, provide no
detailed information on the gating-charge distribution.

First, we followed the Q-route (30) and calculated the
displacement charge (Q,) in our systems. Briefly, the gating
charge Qﬁ is defined according to Eq. 6 as the difference in
Q. between systems containing the channel in the resting
and activated states. Importantly, this approach requires un-
wrapping of a simulation trajectory before the calculations
to properly account for periodic boundary conditions
(15,30). However, the unwrapping itself and the resulting
displacement charge depend on the initial configuration of
mobile ions in the system. To make the displacement charge
transferable across different systems, we propose a partic-
ular treatment of a starting configuration and simulations
trajectories used for the displacement-charge calculation
(see materials and methods for details). Briefly, we virtually
confine mobile ions within the unit cell by translating the
system along the z dimension so that membrane leaflets
are located at the opposite edges of the cell (Fig. 4 A). As
aresult, the displacement charge Q, calculated from the un-
wrapped trajectory can be compared between systems with
unequal starting positions of ions. Fig. 4 B shows time
courses of O, in the systems with NavAb in the resting
and activated states at different voltages. Clearly, voltage
application leads to redistribution of mobile charges in the
system and altered displacement charges. Dependence of
the average displacement charge (Q,) on the applied voltage
is shown in Fig. 4 C. The constant term in the linear fit of
this dependence corresponds to the state-dependent contri-
bution of the protein to the displacement charge. Difference
in the constant terms between the resting and activated states
of NavAb according to Eq. 6 gives us an estimated gating
charge Qg of 8.21+0.17e.

As a second approach to estimate gating charge for the
whole channel, we used the method that employs
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CompEL simulations (31). This approach relies on simu-
lating double-bilayer systems constructed from two copies
of a single-bilayer system such that one of them is mirrored
against the xy plane (Fig. 5 A). The number of ions in the
compartments separated by the membranes is set to different
values so that one compartment has an excess charge of ¢,,..
The CompEL algorithm retains this charge imbalance and
thereby induces a sustainable transmembrane voltage,
which can be inferred from the one-dimensional profiles
of the electrostatic potential along the z axis of the system.
We calculated the potential profiles at various values of ¢y
by double integration of the overall charge distribution (31)
as shown in Fig. 5 B and defined transmembrane voltage as
the difference in the bulk potential between the compart-
ments. As described by Eq. 7, the transmembrane voltage
is induced by the intercompartment charge imbalance that
consists of the ionic (g..) and the protein-associated (q,)
contributions. Since the latter depends on the activation
state, different levels of ¢.,. have to be imposed to reach a
comparable level of the transmembrane voltage in the sys-
tems with the channel in the resting and activated states
(Fig. 5 B). Fig. 5 C shows dependence of the transmembrane
voltage on g, Fitting of these data by Eq. 7 allows for
extraction of g, values associated with the resting and acti-
vated states of NavAb. In turn, the difference in g, between
the states reports on the gating charge according to Eq. 8.
The membrane capacitance C,,, as an independent fitting
parameter in Eq. 7, was found largely independent of
the protein activation state, with values of 8+0.9 and
7.5+0.3 ¢/V in the resting and activated states, respec-
tively. Linear fits of the data by Eq. 7 gave values of
g, = —1448%0.13¢ and ¢, = —6.54%+0.07¢ for the
resting and activated states, respectively. Finally, the gating
charge Qg was found to be of 7.94 =0.14e.

Note that the two system-level methods give similar esti-
mates of the gating charge of around 8e. This value is close
to the mean value of Q;’ obtained via water-molecule
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FIGURE 4 Gating charge of NavAb calculated through the displacement-charge method. (A) Positioning of the system in the simulation box for trans-
ferrable displacement-charge calculations. The protein is shown as white surface, and Cl1 = and Na™ as green and blue spheres, respectively. Edges of the
box are highlighted. (B) Time course of the displacement charge in the systems with NavAb in the resting and activated states at 0 (black), —110 (red),
and +110 mV (blue) transmembrane voltages. (C) Dependence of the average displacement charge on transmembrane voltage applied to NavAb in the acti-
vated (gold) and resting (gray) states. Gating charge (Q,) was calculated as the difference between constant terms in linear fittings (indicated by dashed lines)
of the data for the activated and resting states. Error bars indicate standard deviation. To see this figure in color, go online.
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FIGURE 5 Gating charge of NavAb calculated through the CompEL method. (A) A snapshot of a CompEL system. The protein is shown as white surface,
and C1~ and Na™ as green and blue spheres, respectively. Two copies of the protein are embedded into the membranes in an antiparallel orientation. The
excess charge ¢, is induced by replacing an according number of Cl ~ ions between the compartments separated by the membranes. The CompEL algorithm
sustains the resulting charge imbalance during the simulation. (B) Distribution of the electrostatic potential along the z dimension of the system, as calculated
by double integration of the overall charge distribution, is shown for the systems with NavAb in the resting (gray) and activated (gold) states. Values of ¢,..
are indicated. (C) Dependence of transmembrane voltage on g, is shown for systems with NavAb in the resting (gray) and activated (gold) states. The
dependence was fitted by Eq. 7, and the difference in the resulting g, values was used as an estimate of the gating charge (Q,). The fit is shown as dashed
line, and error bars indicate standard deviation. To see this figure in color, go online.

voltage fraction and is higher than the residue-based estima-
tion @, (Table 2). The latter is likely underestimated due to
lower contribution of R1 and R2 compared with the water-
based scheme (Table 1). The gating charge of 8e is notice-
ably lower than experimental estimates of Q. around 12e
in eukaryotic (68) or 16¢ in bacterial (69) Nav channels,
indicating incomplete representation of the VSD activation
cycle by the existing activated and resting state structures
of NavAb (43). Considering the difference in the electro-
static-potential distribution between these structures, we
propose that a deeper resting state would be more favorable
than a higher activated state (Fig. 2).

Electrostatics and voltage coupling in Nav1.5

In contrast to bacterial Nav channels, which are formed by
four identical subunits, VSDs of eukaryotic Nav channels
differ in their primary sequence, although they preserve the
overall structural organization. To eventually test whether
the variation in amino acid composition of VSDs could
lead to a difference in their voltage coupling, we first quanti-
fied electrostatics in a mammalian cardiac channel Nav1.5.
Fig. 6 A shows the distribution of the electrostatic potential
along VSDs of the activated Navl1.5 that was simulated at
different transmembrane voltages. In the intracellular vesti-
bule of VSD1 and VSD2, the potential is negative, dropping
below —200 mV just below the HCS, when no voltage is
applied (Fig. 6 A). The potential well in this region is less pro-
nounced in VSD3 and almost vanishes in VSD4 (Fig. 6 A). In
the extracellular half, the potential distribution is rather
shallow in all VSDs, with a moderate potential well at about
15 A above the HCS. Concerning the central part of the
VSDs, both VSD3 and VSD4 have a prominent surge in the
potential at both intracellular and extracellular sides of
the HCS (Fig. 6 A). The resulting peak in the potential, which
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rises higher than 300 mV, would create an energetic barrier
for cation permeation through the gating pores formed by
these VSDs, in contrast to VSD1 and VSD2 that lack such
a barrier. Thus, our data indicate clear separation of VSDs
of Navl.5 into two classes defined by their electrostatic-po-
tential distribution. On the one hand, the negative-potential
well in the intracellular vestibule together with the absence
of a prominent peak in the potential in the HCS suggest a
cation-selective gating-pore current for VSD1 and VSD2 in
the activated state. On the other hand, the shallow potential
distribution in the vestibules and prominent electrostatic bar-
rier for cations in the HCS suggests less pronounced cation
conduction through VSD3 and VSD4 in the activated state.
Furthermore, the presence of the electrostatic barrier in
VSD3 and VSD4 might contribute, in addition to the immo-
bilization by the inactivation particle, to their slower deacti-
vation kinetics compared with the barrierless VSD1 and
VSD2 (70). Interestingly, comparison of NavAb (Fig. 2 B)
with Navl.5 (Fig. 6 A) in the activated state demonstrates
that the intracellular half of the NavAb VSD with its nega-
tive-potential well is more similar to VSD1 and VSD2,
whereas its positive peak in the extracellular part is more
like VSD3 and VSD4, thus indicating variation in the electro-
statics between bacterial and eukaryotic VSDs.

Using the electrostatic-potential profiles, we then calcu-
lated the profiles of voltage fraction sensed by water within
the VSDs of Nav1.5 (Fig. 6 B). Similar to the activated VSD
of NavAb, the voltage fraction deviated from its bulk values
in the central part of the Nav1.5 VSDs starting from around
8 A below to about 15 A above the HCS. Howeyver, the de-
tails of the voltage-fraction distribution differ across the
VSDs. In particular, in the intracellular half, VSDI,
VSD3, and VSD4 demonstrate a drop in the voltage fraction
that rises again, in contrast to VSD2, whose voltage fraction
goes down monotonically upon approaching the HCS
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FIGURE 6 Distribution of electrostatic potential and voltage fraction within VSDs of Nav1.5. (A) Electrostatic potential in the hydrated regions of VSDs
of Nav1.5 in the activated state at O (black), —140 (red), and +140 mV (blue) transmembrane voltages. Average positions of the gating arginines that flank the
HCS are indicated by vertical lines. (B) Fraction of voltage sensed by water and selected residues within the VSDs. Profiles of the voltage fraction sensed by
water molecules are shown in black. Data points report on the voltage fraction sensed by labeled charged residues of the VSDs. Data for positively and nega-
tively charged residues are shown in blue and red, respectively. (A and B) Shaded areas and whiskers indicate the standard error of mean, as calculated for
three independent replicas. Dashed lines are drawn for visual guidance through the low-hydrated (hydrated in < 2 replicas) region, which is characterized by
high (> 150 mV for the potential and > 0.3 for voltage fraction) standard error of mean. The VSD axis is centered at the HCS. To see this figure in color,

go online.

(Fig. 6 B). Together with a steady increase in voltage frac-
tion in its extracellular part toward the HCS, this makes
VSD2 the most similar to the VSD of NavAb. A monotonic
increase in the voltage fraction is also observed in the extra-
cellular part of VSD3, whereas the profiles of VSD1 and
VSD4 demonstrate alternating directions upon reaching
the HCS from the extracellular side. Finally, in VSD1, the
whole transmembrane voltage drops across a region of about
5 A width, indicating the strongest focusing of the electric
field among all the Nav1.5 VSDs.

The voltage fraction measured directly for residues
pointing toward the VSDs’ interior of Nav1.5 is shown in
Fig. 6 B. Except for three outliers (K4 in VSD2, and
D1245 and E1227 in VSD3), the residue-sensed voltage
fractions match well with the profile calculated for water
molecules within the VSDs. In particular, a conserved
pair of a glutamate and aspartate that form the INC senses
full transmembrane voltage in VSD4 (E1576 and D1597),
its major part in VSD1 (E172 and D198) and VSD3
(E1255 and D1277), and only half of it in VSD2 (E764
and D786). A resting-state structure of Navl.5 is still
missing, thus precluding comparison of the activated and
resting states of the channel. However, the variability in
the voltage fraction sensed by the INC in the activated state
in the four VSDs may suggest different contributions of
this pair of acidic residues to the overall gating charge of
Navl.5. Furthermore, assuming similar voltage-fraction
distributions for the resting states of the VSD2 of Navl.5
and the VSD of NavAb, we propose that the INC would
contribute prominently to the gating charge of at least

one domain in the eukaryotic channel as it does in the bac-
terial one (Table 1). Interestingly, the third gating arginine,
R3, situated just above the HCS, experiences roughly half
of the transmembrane voltage in VSD3 and VSD4, a
slightly smaller fraction in VSD2, and virtually no voltage
in VSDI. In excellent agreement with our results, an earlier
experimental study on Navl.4 reported a voltage fraction
of 0.44 for S1427 that is located close to R3 of VSD4 in
the activated state (12). Recently, VSD1 of Navl.7 has
been resolved in a deactivated state (46), where all the
gating arginines were located below the HCS. Based on
this structure as well as on our analysis of the resting-state
structure of NavAb, we predict that a full downward tran-
sition of R3 in VSDI1 of Nav1.5 would result in an about le
contribution to the whole gating charge. In other VSDs,
this contribution will be smaller, constituting around 0.5¢
in VSD3 and VSD4. Such qualitative speculations are,
however, precluded in the case of the gating residues above
R3, as the voltage fraction that they would experience in
the resting state can be affected by state-dependent elec-
tric-field reshaping as in the case of NavAb.

DISCUSSION

Coupling of VSDs to the transmembrane voltage underlies
the mechanism of activation and deactivation in voltage-
gated ion channels. The complex shape of the electric field
within VSDs and its important role in the activation process
and associated gating charge has long been recognized (10).
However, previous computational studies reported only a
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minute difference of the voltage-coupling distribution
across VSDs in different channels and activation states
(15,16,18). Using low-resolution electrostatics calculations,
these studies exhibited virtually featureless profiles of
voltage coupling that monotonously decreased across the
VSD (15-18). By contrast, high-resolution quantification
of VSD electrostatics with g_elpot allowed us to detect
prominent state-, isoform-, and domain-specific reshaping
of the electric field within VSDs of Nav channels. In partic-
ular, we found that the region of the focused electric field
can noticeably vary across different VSDs in the range of
5 A as in VSD1 of Nav1.5 to more than 20 A as in VSD2.
Whereas the former length is close to early experimental
predictions (10,13), the latter is closer to previous low-reso-
lution calculations (15-18). Such unequal distribution un-
derlies variation in the voltage coupling of gating residues.
Due to wider focusing region, both R3 and R4 of NavAb
in the activated state sense roughly half of the applied
voltage (Fig. 3), implying that the VSD deactivation would
be directly governed by both of these residues. Similarly, R3
is well primed to respond to the applied voltage in VSD2,
VSD3, and VSD4, but less so in VSDI1, of Navl.5
(Fig. 6 B). Note the case of R3 in VSD4, where our calcu-
lated voltage fraction of about 0.5 sensed in the residue-
localization site is in excellent agreement with an
experimental value of 0.44 measured in Nav1.4 (12).

Strikingly, we observed a dramatic reshaping of the elec-
tric field in the VSD of NavAb upon transition between the
structurally resolved activation states (Fig. 3). In particular,
the excessive sensitivity of the INC in the resting state to
the transmembrane voltage (Fig. 3 A), likely caused by the
voltage-induced rearrangement of salt bridges (Fig. S2), re-
sulted in a pronounced negative contribution of E59 and
D80 to the gating charge in NavAb (Table 1). This leads
to an about le reduction in the overall gating charge that
is otherwise created by gating arginines, mainly by R2
and R3 (Table 1). Thus, state-dependent reshaping of the
electric field notably affects the observed gating charge
not only via gating residues but also by relatively static
elements of the VSD.

Our calculations show that the gating charge associated
with the transition of NavAb between the structurally
resolved resting and activated states constitutes about 8e
(Table 2). This value is significantly lower than experi-
mental estimates of about 16¢ in a bacterial NaChBac (69)
and of about 12e¢ in skeletal muscle Nav channel (68).
Thus, our results indicate that at least one of the resolved
structures might represent an intermediate state of the
VSD activation in NavAb. Similarly, a recent study (34)
on a voltage-gated phosphatase Ci-VSP demonstrated that
its VSD could adopt both a deeper resting (“down-minus”)
and higher activated (“up-plus”) conformations relative to
the resolved structures (33). Moreover, these results are in
accord with another study on NavAb that proposed the exis-
tence of a higher activated and deeper resting state based on
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in-silico-generated models of the VSD to comply with the
gating-charge measurements (63). Based on the analysis
of the electrostatic-potential distribution (Fig. 2), we pro-
pose that a deeper resting state would be both kinetically
and thermodynamically more plausible than a higher acti-
vated state. Notably, such a deeper resting state has been
recently resolved for VSD1 of Nav1.7, where the outermost
gating arginine R1 occupies the GCTC below the HCS (46),
similar to the resting state of potassium channels
(16,17,32,71-74). We would like to note that in the case
where VSD activation starts from the deeper resting state,
the detailed contribution of the residues into the gating
charge could deviate from those obtained here (Table 1),
owing to a possible electric-field reshaping upon transition
between different resting states. Although cross-linking ex-
periments (75) on another bacterial homolog NaChBac and
in silico models (76) guided by these experiments propose
extracellular localization of R1 in the resting state, gating-
pore currents were detected in R1C mutants, indicating
localization of R1 deeper in the HCS (77). Thus, we propose
that similar to Kv channels (74), VSDs of Nav channels can
adopt multiple resting states at different levels of membrane
polarization.

Our analysis of electrostatics reveals further details of
the mechanism of the gating-pore current, which is associ-
ated with a number of channelopathies (28), e.g., dilated
cardiomyopathy caused by mutations in VSDs of the car-
diac Nav1.5 (78,79). Although electrostatics plays a critical
role in ion conduction and selectivity of ion channels
(80-82), we note that our discussion on ion conduction
through the gating pore omits effects of shorter-range inter-
actions that may modify energetics of ion permeation. Our
results, however, provide information that can be used in
studies focused on the gating-pore conduction to decom-
pose energetics of ion permeation into electrostatic and
nonelectrostatic contributions. We observed state-depen-
dent electrostatic-potential distributions along the VSD of
NavAb (Fig. 2). Specifically, the smoothly distributed
negative potential in the resting state contrasts with the
one in the activated state that is characterized by a promi-
nent positive barrier in the center of the VSD (Fig. 2). This
barrier coincides with the one identified for Na* perme-
ation in the R3G mutant of NavAb in the activated state
(29). These results suggest that the energetics of ion perme-
ation through the gating pore could depend on the activa-
tion state of the VSD. Furthermore, we observed a
notable variation in the VSD electrostatics not only be-
tween different isoforms of Nav channels but also between
homologous domains within a single channel. Based on the
features in their electrostatic-potential distribution, VSDs
of Navl.5 can be split into two classes. In particular,
VSDI1 and VSD2 demonstrate notably negative potential
in the intracellular vestibules and lack a clear barrier in
their central parts. By contrast, VSD3 and VSD4 have
a shallow potential distribution in the vestibules but



demonstrate prominent peaks at the HCS. Thus, we pro-
pose that in the activated state, VSD1 and VSD2 of
Navl.5 are more susceptible to gating-pore conduction
than VSD3 and VSD4, in line with a higher number of
naturally occurring R3 mutations associated with cardiac
pathologies in the first two VSDs (78,79). Of note, VSD-
mediated current can be induced by pulsed electric field
in wild-type channels (24), with the pores partially formed
by lipids, implying that their ion selectivity could addition-
ally be affected by membrane lipid composition as in pro-
teolipidic pores of ion-conducting lipid scramblases (83).
However, naturally occurring gating-pore currents are
mainly associated with charge-neutralizing mutations of
the gating residues (28). Thus, R3 mutations (84,85) that
lead to gating-pore currents through VSDI1 and VSD2 in
the activated state would further decrease the electrostatic
potential in the HCS, leading to a more pronounced cation
conduction. Although negative potential in the vestibules of
all VSDs studied here clearly indicates their preference for
cations, the demonstrated variation of the VSD electro-
statics implies that ion selectivity of the gating-pore current
could also vary across different VSDs. In line with this
notion, a recent study on a mutant Ci-VSP reported a
unique anion-selective gating-pore conduction (86), high-
lighting the impact of the detailed electrostatic distribution
on the ion selectivity of gating-pore currents. Our findings,
therefore, emphasize the fact that each VSD possesses a
unique fingerprint of electrostatic distribution and voltage
coupling that affects its ion selectivity and activation
energetics.

CONCLUSIONS

In this study, we scrutinized electrostatics of VSDs in Nav
channels to get insight into their voltage coupling and gating
charge of activation. We found that each VSD is character-
ized by a unique distribution of the electric field that addition-
ally depends on the activation state. This leads not only to
variations in the strength of electric-field focusing across
different domains and isoforms but also to prominently var-
iable distributions of voltage coupling among VSDs. We
also found that state-dependent reshaping of the electric field
could result in prominent contributions of relatively static
acidic residues to the overall gating charge. Moreover, our
gating-charge calculations and electrostatics quantification
suggest existence of a deeper resting state of NavAb upon hy-
perpolarization, with respect to the resolved structures.
Finally, the notable variation of electrostatic-potential distri-
bution observed here implies variation in ion-conduction
properties of gating-pore currents mediated by VSDs in
different states and isoforms. In conclusion, our results reveal
effects of electric-field reshaping on the energetics of VSD
activation and highlight the importance of a detailed quanti-
fication of electrostatics for a better understanding of ion-
channel function in health and disease.
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