1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

/ HHS Public Access

Author manuscript

j J Phys Chem B. Author manuscript; available in PMC 2019 September 28.

Published in final edited form as:
J Phys Chem B. 2018 November 08; 122(44): 10126-10142. doi:10.1021/acs.jpch.8b09678.

Molecular Dynamics of lon Conduction Through the Selectivity
Filter of the NavAb Sodium Channel

Karen M. Callahan?, Benoit Roux”
Department of Biochemistry and Molecular Biology, Gordon Center for Integrative Science, The
University of Chicago, Chicago, lllinois 60637 USA

Abstract

The determination of the atomic structures of voltage-gated bacterial sodium channels using X-ray
crystallography has provided a first view of this family of membrane proteins. Functional
measurements indicate that the members of this family display only slight selectivity for sodium
over potassium. Molecular dynamics simulations offer one approach to clarify the underlying
mechanism of permeation and selectivity in these channels. However, it appears that the
intracellular gate of the pore domain is either closed or only open partially in the available X-ray
structures. The lack of structure with a fully open intracellular gate poses a special challenge to
computational studies aimed at simulating ion conduction. To circumvent this problem, we
simulated a model of the NavAb channel in which the transmembrane S5 and S6 helices of the
pore domain have been truncated to provide direct open access to the intracellular entryway to the
pore. Molecular dynamics simulations were carried out over a range of membrane potential and
ion concentration of sodium and potassium. The simulations show that the NavAb selectivity filter
is essentially a cationic pore supporting the conduction of ions at a rate comparable to aqueous
diffusion with no significant selectivity for sodium. Conductance and selectivity vary as a function
of ion concentration for both cations. Permeation occurs primarily via a knock-on mechanism for
both sodium and potassium, although the ion ordering in single file along the pore is not strictly
maintained. However, at high concentrations, there is an increase in the time it takes individual
sodium ions to traverse the selectivity filter toward the intracellular side, with more double
occupancy of the pore region near leucine 176. The character of the outward current appears quite
different from the inward current, with a build up on ions in the selectivity filter prior to escape
toward the extracellular side, indicating the presence of a rectification effect that is overcome by
non-physiological applied voltages.
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Graphical Abstract

l. INTRODUCTION

In recent years, crystallographic X-ray structures of bacterial voltage-activated sodium
(Nay) channels have tremendously increased our knowledge of this crucially important
membrane protein family.1~13 Of particular interest are the structural features underlying the
mechanism of ion selectivity and conduction. Unlike the asymmetric DEKA collar their
eukaryotic counterparts, 14 bacterial Nay channels present a four-fold symmetric pore
selectivity filter. The latter differs significant from the selectivity filter of tetrameric
potassium channels,12-16 being wider and allowing direct coordination of the permeant ions
by various side chains in addition to backbone carbonyls. The extracellular end of the pore is
lined by serine and glutamic acid side chains. However, while the available X-ray structures
have provided a wealth of information, they leave a number of issues about the conformation
of a fully open and active channel unresolved. The first crystal structure of the NavAb
channel from Arcobacter butzleri showed a closed interacellular gate despite the four voltage
sensing domains in a putatively activated conformation.! Subsequently, a crystal structure of
the pore domain NavMs of Magnetococcus sp. was also published, for which the inner gate
was at least partially open.? In the intervening time, additional structures of NavAb, NavMs,
and few related channels have become available.3-13 Very recently, an open structure of
NavAb was published, with an intracellular gate slightly open, just enough to permit sodium
to pass with an almost intact first solvation shell, a similar diameter to structures of NavMs.
12 The structure of the selectivity filter, and the radius of its opening is generally similar
across the structures assigned as non-inactivated bacterial sodium channels, whether they are
in an open or closed state, differing by only tenths of an angstrom across species (or perhaps
across methodology).8 In structures of NavMs, three sodium ion binding sites are seen in the
selectivity filter: one at the level of the carboxylic acid groups of glutamate, one between
there and the carbonyl of leucine, and a third at the carbonyl of leucine. However similar
sodium binding sites have not yet been observed in structures of NavAb.1: 3: 6-7. 9, 11-13 Thjg
brings up the question of whether the absence of sodium results from some difference of
protocol, or if NavMs could actually differ in some subtle and yet profound way.

lon selectivity has been measured through reversal potentials for full channel and pore-only
constructs of bacterial Nay, channels. NaChBac from Bacillus halodurans is the most
selective of the Nay, channels studied, with a permeability ratio Pn,/Pk between 24 and 171,
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although Finol-Urdaneta et a/. found that selectivity was greater when sodium was on the
intracellular side and potassium was on the extracellular side.1”-18 NavMs has a similar,
high, selectivity with a permeability ratio Pn,/Pk larger than 24.: 12 The pore-only construct
of NavSplp from Salicibacter pomeroyihas lower permeability ratio Pya/Pk of 3.7-4.5, and
only 1.7 if determined from the conductance of sodium and potassium rather than the direct
competition of reversal potentials.2%-21 The full channel of NavAb has a similar, relatively
low selectivity, with a permeability ratio Py,/Pk of about 6.1 In comparison to the other
channels mentioned, the selectivity filter of NaChBac has a second ring of serine above the
selectivity filter. This is thought to contribute an additional cation-binding site. The potential
for an additional binding site may increase the selectivity of NaChBac relative to the others.
Differences in selectivity between NavMs, NavSplp, and NavAb are more astounding, as
the selectivity filter sequence (TLESWSM) is identical and the RMSDs of their crystal
structures differ so little. While reversal potential of NavSplp was obtained from bilayers of
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), that of NavMs and NavAb were
both determined in cells derived from human kidney. Therefore, differences in NavMs and
NavAb may be significant.

Variation in ion selectivity also implies variation in the conductance of sodium and
potassium. However, the conductance of an ion channel can vary as a function of
environmental conditions. The bacteria of interest live in a variety of habitats. While
Bacillus halodurans, isolated from soil, can grow under warm (30-60°C), basic (pH 9-12),
and saline (up to ~2 M NaCl) conditions, Magnetococcus sp. and Arcobacter butzleri are
found in freshwater, brackish water, and marine environments, pH 7, and survives
temperatures ranging roughly from 5-35°C, with variation among strains.22-25
Magnetococcus sp. was found in an estuary with ~0.3 M NaCl and some strains of A.
butzleri can survive in up to ~0.7 M NaCl.23-24 In addition, Arcobacter butzleriis a
pathogen of humans and animals, while Magnetococcus has no known pathogenicity and is
actually used to deliver drugs to tumors.23: 26-28 Because the bacteria survive in a variety of
environments, particularly in terms of salinity, the behavior of bacterial Nay, channels as a
function of salt concentration becomes of interest. Experimentally reported conductance
values of sodium through Nay, channels mostly vary from 10-40 pS over a range of
extracellular concentrations from 100 — 500 mM Na™, for both asymmetric ion conditions in
cells or symmetric ion conditions in bilayer experiments.}: 17: 19-21.29 The conductance of
NaChBac rises from 12 pS to ~40 pS as concentration increases from 140 mM to 500 mM
[Na*]external-1” 22 The conductance of NavMs, which is 33 pS at 150 mM NaCl, approaches
its concentration of maximum conductance at 445 mM NaCl.1® Two notable exceptions to
this are in bilayer experiments, where both NaChBac and the NavSplp pore are reported to
have conductances of 120 pS and 106 pS respectively.30-31 However, this isn’t simply a
feature of all bilayer experiments, as other measurements exist of NavSplp conductance in
bilayers give a more comparable conductance of ~30 pS (200 MM [Na*Jexternal)-2%2* The
unitary conductance of NavAb has been reported only once (37 pS), this was not only on the
high end of the conductance range, but was obtained at the low end of the concentration
range at 100 mM [NaCl]exiernal- The conductance of potassium through NavSplp was
reported to be 18.4 +/- 2.1 pS (110 mM KCI). While the values for selectivity would
suggest that conductance of potassium in the other channels may be less than this, direct
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measurements of single channel conductance for potassium have not been reported in the

other channels and there is no study of potassium concentration dependence on conductance.
21

In addition to concentration, mixtures of ions or asymmetric conditions can affect
conductance. In NaChBac, it was observed that extracellular solutions of sodium and
potassium had a greater conductance than solutions of just one or the other, when the
intracellular solution contained either sodium or potassium, but this effect was removed
when the intracellular solution contained primarily cesium, which is impermeant.1® In
contrast, no anomalous mole fraction effect was observed in NavMs.% 19 The selectivity
filter of NaChBac does differ from NavMs and NavAb, because of a ring of serine three
residues above the top of the TLES motif that may play a role in the anomalous mole
fraction effect of NaChBac which potentially adds a binding site.2 No experimental study
has been published exploring potential anomalous mole fraction effects in NavAb, although
recent advances may make this more possible.13

An additional variable which varies from human cells is the resting membrane potential of
bacteria. The alkalophilic bacteria Bacillus has a resting membrane potential of —170 mV.32
While the resting membrane potentials may not be known for the other bacteria from which
channels are well-characterized by crystallography or electrophysiology, the voltages at
which bacterial Nay, channels activate and inactivate give a general indication of relevant
membrane potentials. Nay, channels activate upon cell depolarization. The voltage of half-
maximal activation of NavAb is —97.8 +/- 1.3 mV at pH 7.4 and ~25°C in Hi5 cells and
NavMs it is ~—90 mV near pH 7 and 22°C in HEK293T cells.11-12. 19 The \/, of activation
is much more depolarized for NaChBac (~ —43 +/- 2 at pH 7.4 and ~20°C in HEK293T
cells), but it increases dramatically with both temperature and pH, to reach -102 mV at pH
9.4 and 37°C.19. 33-34 The voltage dependence of inactivation occurs at similarly more
polarized potentials for NavMs (~125 mV at pH ~7.5 and 22°C in HEK293T cells) and
NavAb (-119.3 +/- 0.8 mV at pH 7.4 and 25-27°C in Hi5 cells), than for NaChBac (-60 +/
- 3atpH 7.5 and 22°C in HEK293T cells).11-12, 17,19

One feature of NavAb that is not observed in NaChBac, NavMs, or pore-only constructs of
bacterial sodium channels, is use-dependent rundown of the current resulting from
incomplete recovery from inactivation even at holding potentials of —180 mV.3: 19.35-37 Thjs
is an inactivation involving residue-residue interactions in the voltage sensor, and can be
removed with a single point mutation.3> Recovery from this inactivation in wild-type NavAb
has been achieved using a prepulse at —240 mV.13 However, it serves as a reminder that the
physiological conditions of human cells are not those of bacteria, which when considered
individually, may be viewed as relatively extreme in terms of salt concentrations, pH, and
even membrane potential 32-33. 38 While the observed inactivation is attributed to the voltage
sensor, the membrane potential may also affect charged residues in the selectivity filter.

The mechanism of selective ion conduction in bacterial Nay, channels is unresolved. While
physiological concentrations of NaCl in humans are approximately ~100 mM, many of the
crystallized bacterial Nay, channels originate from halophiles, living in salt concentrations
potentially reaching 0.5-2 M NaCl. Individual molecular dynamics studies of ion
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conduction in bacterial Nay, channels have been performed using concentrations ranging
from 100mM to 500 mM NaCl.19: 3%-44 However, there has been no individual concerted
study of the effect of concentration on conduction and the conditions of existing studies in
the existing literature are too varied (different force fields, different channels, etc) to provide
insight into the concentration dependence of the conduction of sodium and potassium in
these channels, and through this the concentration dependence of the selectivity of the
NavAb channel. To simulate a sustained flux of ions with an applied membrane potential is
only possible with an atomic channel structure that is in an open conductive state. Most of
the available structures of sodium channel have an intracellular gate in the closed state. Even
the crystallographic structure reported by Lenaeus et a/12 displays a partially open
intracellular hydrophobic gate that may limit the overall rate of ion permeation. One possible
strategy is to construct a model of the channel with an open inner gate from the
crystallographic structure. However, the details of the modeled inner gate may have an
impact on the access resistance and affect the ion conduction properties of the channel,
which would undermine the significance of the simulation results. A different strategy,
adopted here, is to simply truncate the TM helices forming the inner gate to expose the
selectivity filter directly to the bulk solution. Aside from its conceptual simplicity, the main
advantage of the truncated model is that it eliminates any effect from the access resistance
though the inner gate, exposing the “bare” filter to the bulk solution.

In the following, we establish the general features of a truncated model of the pore based on
the crystal structure 3RVY. Then, using potential of mean force calculations of one and two
sodium ions penetrating the system, we show that truncation does not alter the properties of
the selectivity filter. Using this truncated model of NavAb, we then explore ion conduction
of sodium and potassium as a function of concentration, separately and in direct
competition.

. COMPUTATIONAL METHODS

a) Simulations of a truncated model of the NavAb pore domain

The pore domain of the 3RV structure of NavAb, obtained from the RBSC PDB databank
and oriented using the orientations of proteins in membranes (OPM) method, was truncated
to residue 143 to 199, in order to form an open pore without perturbing the selectivity filter.
1,45 The backbone, heavy atoms of the remaining portions of the S5 and S6 helices (residues
143 to 152 and 193 to 199) were harmonically restrained with a force constant of 10
(kcal/mol/A2). The membrane was represented by a 14 A-thick planar slab of Lennard-Jones
(LJ) particles that were weakly restrained in place by harmonic potentials. The side chain of
glutamate 177 of all four monomer were deprotonated, consistent with pKas calculated
using PROPKA on the basis of the 3RVY crystal structure, and with previous analysis by
Chakrabarti er al. using a Poisson-Boltzmann continuum-electrostatics approximation.*4: 46
A number of computational studies have directly probed the effect of Glu77 protonation.
39,43,47 1t was observed that protonation of a single glutamate may greatly reduce, but
perhaps not prevent, conduction3? 4347 protonation of three or more glutamates leads to a
barrier in the region above Glu77 side-chains called the high field site (HFS), rendering the
filter non-conductive.43: 47
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The matrix and protein were solvated in aqueous solutions of 1 M NaCl, 1 M KCI, 0.5 M
NaCl + 0.5 M KCI, 0.15 M NaCl, 0.15 M KClI, or 0.15 M NaCl + 0.15 M KCl and
equilibrated using the CHARMM program version ¢36a6.48 Simulations contained roughly
25,000 atoms, 1 M corresponding to 140 cations, 128 chlorides and ~6,800 water molecules,
0.15 M corresponding to 28 cations, 16 chlorides and ~7,100 water molecules. The force
field used were CHARMMZ27 for the protein, -0 CHARMMS36 for the lipid,> TIP3 for the
water,*? the potassium and chloride LJ parameters from Beglov and Roux,>2 and the sodium
LJ parameters from Noskov et a/.53 with pair-specific parameters (NBF1X) for the
carboxylic acid — sodium interactions to reproduce osmotic pressure data.>* MD simulations
were carried out in the absence of any applied electric field for at least 100 ns using the
NAMD program (version 2.9) to first equilibrate the different systems.®® The resulting
systems were then used to generate for non-equilibrium MD simulations of the truncated
model channel in the NVT ensemble in the presence of a membrane potential via a constant
applied electric field applied across the Z-dimension of the simulation cell, the value in kcal/
(mol A e), determined by the desired voltage and the box length along Z (Table S1).
Pressure perpendicular to the plane of the bilayer was controlled using the Langevin piston
of Feller et al. during equilibration, but constant volume simulations were applied in the
presence of the external electric field.>® A time step of 2 fs was used. The length of bonds
involving hydrogen atoms was kept fixed by SHAKE.®’ The van der Waals cutoff was 12.0
A, and the switching distance was 10 A, and the pairlist distance was 16 A. Particle-mesh-
Ewald (PME) was used to calculate electrostatic interactions.58 Temperature was controlled
with the Langevin thermostat. More than a microsecond of continuous data was produced
for seventeen of the voltage/concentration conditions. All analysis was performed using
codes written by KMC in VMD/TCL, python, or perl, except for WHAM. Figures were
plotted using gnuplot or matplotlib in python. Visualization of the coordinates was
performed with VMD.

b) Potential of mean force calculation

The potentials of mean force (PMFs) of ions in the selectivity filter of the truncated channel
model were calculated using umbrella sampling MD simulations. The umbrella sampling
simulations were carried out with CHARMM (version c36b1)#8 using the Hamiltonian
replica-exchange (US/H-REMD) method.>® The on-dimensional (1D) and two-dimensional
(2D) PMF follow the movement of one or two tagged sodium ions inside the selectivity
filter, respectively. Thus, these 1D and 2D-PMF calculations correspond to 1-ion and 2-ion
occupying the filter. To insure a well-defined number of ions in the pore during the PMF
calculations, additional (untagged) sodium ions not involved with the US window biasing
were excluded from the pore region; a half-harmonic repulsive spherical region of 10.25 A
radius with a force constant of 10 kcal/mol/AZ2 centered at the center-of-mass of the Ca. of
residues 175 to 180 was used. No membrane potential was applied during the umbrella
sampling simulations. Because of the harmonic restraints holding the LJ membrane slab in
place, these simulations were carried out under constant volume conditions. Hoover
temperature control was employed with a reference temperature of 303.15 K.%0 For the
calculation of the PMFs with 1 M and 0.15 M NacCl, the harmonic restraints on the LJ
membrane slab and outer helices was 20 kcal/mol/AZ. Initial coordinates were taken from
the end of approximately 1-microsecond ion conduction simulation for 1 M NaCl (0 mV),
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and 0.15 M NaCl (=200 mV). As appropriate, ion and water coordinates were swapped in
the selectivity filter to create a series of starting coordinates along the z-axis for one and two
ions. The 1D-PMF covers the movement of one tagged sodium ion from Zsop = -10.25 A
to 10.25 A, for a total of 42 US windows each spaced at 0.5 A. The 2D-PMF of the
truncated pore covers the displacement of two tagged sodium ions, Zsop1 ranged from
-10.25 A t0 10.25 A and Zsppy = —6.25 A to 2.25 A. A harmonic restraint forming a
cylinder of radius 8 A is additionally imposed on the tagged sodium permeating the
truncated channel to avoid unbound lateral displacements of the tagged ion in the bulk
region. To adapt to the number of available compute nodes used for the US/H-REMD
calculation, the area of the reaction coordinates was divided into two regions for the 2D-
PMFs, the first region extending from Zsop, = —6.25 A to —1.75 A, and the second region
extending from Zsopy = —2.25 A t0 2.25 A. Zsopy ranged from —10.25 A to 10.25 A and all
replicas were spaced at 0.5 A for a total of 420 replicas in each region, for a total of 840
replicas. The overlap of two windows along the Zsop2 axis between the two set of US/H-
REMD simulations allowed us to omit the windows along the inner edges when calculating
the PMF to avoid any potential effects of having uneven ability for replicas to exchange
along an edge. The 2D-PMF calculation comprises 756 windows (42 across Zsopi X 18
across Zsopy)- To obtain the PMFs, the US windows were unbiased using the weighted
histogram analysis method (WHAM).61-63

For comparison, the PMFs of the full-length NavAb pore domain in a lipid membrane were
also calculated, although for these calculations the NBFIX parameters for carboxylic acid -
sodium interaction were not used, the effect of this interaction is visible in an increase in the
barrier at Zsop1 = Zsopz = 0 — 2 A, but it doesn’t affect the basic characteristics of the
conduction pathway. These are the subsets of a larger 1D and 2D-PMF calculation, where
umbrella windows along Zspop1 and Zsppy ranged from —12.25 A to 13.25 A for the 2D-
PMF, and Zspps ranged from —10.75 to 12.75 for the 1D-PMF. The pore domain of the
3RVY crystal structure was hydrated using CHARMM, and then the channel was embedded
in a POPC bilayer surrounded by a 0.15 M NaCl aqueous solution using the CHARMM-
GUL.54 The atomic system contained 6707 water molecules, 27 sodium ions, and 11 chloride
ions and the volume of the dimensions of the periodic cell are 68.5 A x 68.5 A x 78.4 A. US
windows were created along the pore axis (z) at an interval of 0.5 A, for a total of 2704
replicas. The umbrella potential had a force constant of 10 kcal/mol/AZ2. As in the PMF of
the truncated channel, sodium ions not involved with the US window biasing were excluded
from the pore region via a half-harmonic repulsive spherical region. Constant pressure along
the z direction was controlled by the extended system algorithm with a Langevin piston.>®
Hoover temperature control was employed with a reference temperature of 303.15 K.50

lll. RESULTS AND DISCUSSION

Most previous MD simulations were carried out on the basis of the available crystal
structures of NavAb with a closed intracellular gate. These studies focused on the features of
the selectivity filter and the binding sites experienced by ions moving in and out of the pore
from the extracellular side, since net ion conduction through the entire pore cannot occur.

39, 42-44, 47, 65-69 \While the intracellular gate is closed, it has generally been assumed that
the selectivity filter corresponds to a representative ion conductive conformation. More
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recently, a channel structure with a partially open gate allowing the passage of a sodium with
minimal dehydration was reported by Lenaeus er /.12 Simulations based on the partially
open structure indicated the selectivity filter is unaffected by the conformation of the
intracellular gate.12 Simulations were also carried out on the basis of the bacterial sodium
channel NavMs, with a partially open intracellular gate. However, the gate would close
spontaneously during the simulations and harmonic restraints applied to the protein were
necessary to keep the gate open.19 41 For the sake of simplicity, a truncated model of the
pore domain in which the S5 and S6 helices were truncated below the level of the pore helix
was simulated in the present study. This allows for unhindered ion conduction through the
selectivity filter directly into the solvent, removing the influence of the aqueous cavity and
intracellular gate. An alternative strategy would be to try to model the conformation of the
intracellular helical bundle region in an open state. Even though the crystal structures of
some other channels could have served as templates to create an open NavAb channel
model, such an exercise remains generally fraught with uncertainty. Amaral et a/.”
attempted to activate the voltage sensors to open the intracellular gate of NavAb using
steered MD (SMD). In these SMD simulations, the pore did not spontaneously open, though
it would remain open if the VSDs were fully activated. This “fully-activated open” model of
Amaral et al. was further used by Stock et al. to investigate conduction of sodium.42 In a
similar study, Barber et a/. used homology modeling of NaChBac onto the NavAb crystal
structure and found that kinking at two glycine residues commonly conserved in the S6 helix
(only the upper one is present in NavAb and NavMs) were behind opening of the
intracellular gate, suggesting different opening mechanisms are possible within the
NaChBac family of channels.”* The simple truncation adopted here allows the narrowest
part of the pore, the “selectivity filter”, to directly experience the environment of the bulk
solutions without the additional risk of inducing unwanted structural modification in this
sensitive region of the channel via allosteric coupling with an arbitrarily open gate. Our
reduced model, based on the crystal structure of NavAb (3RVY) maintains as much of the
protein as possible, truncating the S5 and S6 helices beneath the selectivity filter to create an
open-like pore directly exposed to the bulk solution (Figure 1). The residues of the S5 and
S6 helices that block the intracellular entryway were deleted. The reduced model was then
embedded in a support planar slab of harmonically restrained LJ particles, exposing the
selectivity filter directly to the two bulk solutions. The model does not possess the typical
water cavity seen in tetrameric channel pore domains made of four identical “TM-loop-TM”
subunits disposed symmetrically around a common axis.1 72 However, such a water cavity
is really well defined only when the intracellular gate is closed. Channels with a widely open
intracellular gate present a wide aqueous vestibular entrance rather than an enclosed water
cavity.”3 The reduced model bears some similarity with a previous study,*® with the notable
difference that the truncated model also includes part of S5 and S6 is embedded in a
membrane to simulate ion conduction. Assuming that the bulk region, the intracellular entry,
and the selectivity filter act as a set of resistor in series, the model has retained only that of
the selectivity filter. In that sense, the MD simulations simply report on the ionic
conductance of the most distinctive ion-conducting region of the NavAb pore, which is its
narrow selectivity filter. Thus, while the present truncated model may appear to be
somewhat artificial, it has the obvious virtue of probing directly the ionic conduction
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through the narrowest part of the channel, unimpeded by the diffusional access resistance
through the intracellular gate.

Simulations were carried out in two concentration regimes. Simulations with 1 M salt are
designed to approach maximal conductance. The reported saturating concentration was 445
mM for full-length NavMs.19 The concentration dependence of the NavAb conductance has
not been reported. The high concentration regime is relevant to the highly alkaline
conditions of related channels,”* and conceptually comparable to some lipid bilayer
experiments.30-31. 75 Additional simulations, at concentrations approaching the
physiological regime (0.15M-0.3M), are relevant to other electrophysiological studies of
prokaryotic sodium channels expressed heterologously in cells, as well as some studies in
lipid bilayers and giant unilamellar vesicles.: 18-21 Experimental measurements of
selectivity are typically performed under asymmetric concentration conditions. However, it
is also imperative to point out that the conductance of sodium through NaChBac and NavSp,
including their pore-only constructs, has a strong dependence on sodium concentration in the
mM range.39-31 No comparable measurements have been published for potassium. Lipid
dependence of conductance also exists in prokaryotic sodium channels, however the
presence of channel-specific, negatively-charged lipids affects the conductance of full
channels more strongly than the pore-only constructs.”8

a) Free energy landscape of ions in the selectivity filter

Characterizing the potential of mean force (PMF) or free energy landscape of ions in the
selectivity filter provide important information about the energetics associated with the
dominant states underlying ion permeation. For the sake of clarity, we consider situations
with either one or two ions located within the pore region. Additionally, by comparing the
PMFs of the full pore and the truncated pore system the effects of truncation, if any, on the
free energy surface of ion permeation is visible.

The 1D-PMF of a single tagged sodium ion entering the selectivity filter of the full-length
pore domain NavAb at 0.15 M and of the truncated open model at both 0.15 M and 1 M
computed from US/H-REMD simulations is shown in Fig. 2 (top). The PMF covers the
pathway of an ion traversing from the extracellular funnel (Z=5 A) to the intracellular side
(Z=-5A). In the case of the full-length pore domain, the lowest value at Z=-10 A
corresponds to the aqueous intracellular cavity; in the reduced model, this corresponds to the
aqueous intracellular solution. The different environments account for differences in the two
PMFs in the region Z< 0 A. lon concentration also appears to have some effect on the value
of the barrier on the extracellular side (+2), potentially owing to ionic screening of charged
residues in the extracellular funnel above the region sampled in the PMFs. The PMFs of the
open truncated-pore model are more featured than that of the closed full-length pore. The
absolute minimum of the 1D-PMF of a sodium in the truncated pore in 1M NaCl is at Z =
-1 A, where it is coordinated by Leu176 and sometimes Glu177; this minimum is near —2.5
A for 0.15 M where the ion is coordinated by Leu176. In contrast, the broad minimum of the
PMF of the full-length pore domain encompasses both. The predominant feature is the
remarkable depth of each of these PMFs, suggesting that a single cation occupying the
selectivity filter would be at the bottom of a well of 5-10 kcal/mol deep. A number of
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single-ion PMFs calculations have been reported for sodium entering NavAb, displaying
some considerable variability.18: 39 47. 65-68 | contrast with the previous calculations, it is
important to note that the present 1D-PMF purely reflects a 1-ion situation, as all other ions
in the bulk are prevented from entering the filter region. In spite of this important difference,
the strong binding of sodium to the filter of the present 1D-PMFs most resemble the
previous results by Furini er a/,8° Qui et a/.,%” and Finol-Urdaneta et a/.,18 though some like
Ke et a/58 might look similar if they were extended to a broader range of the range of the
reaction coordinate,18. 47. 65, 67-68, 77

The 2D-PMFs show the free energy surface as a function of the movement of two sodium
ions along the z-axis in the filter. The center panel of Figure 2 shows a PMF of the full-
length pore domain of NavAb (intracellular gate closed). The bottom panel of Figure 2
shows the 2D-PMF of two ions passing through the truncated open model of NavAb that is
used for the conduction simulations. The two-sodium PMFs share general structural
features. The binding of the second sodium ion is also quite energetically favorable,
suggesting that more than one ion is involved in conduction. In particular, two sodium ions
are able to pass each other within the selectivity filter near Leu176 (Z~ -2.5 A) in both 2D-
PMFs, consistent with previous PMFs and MD trajectories.18: 42. 47 This suggests that an
ordering of the ions in single file—a necessary feature to support a knock-on mechanism—
may not be strictly enforced by the NavAb pore. Some published 2-ion PMFs show sodium
ions passing each other around and above Glu177 (Z=2.5-7.5 A) in NavAb rather than
near Leul76. This is energetically prohibitive in our calculations, particularly in the PMFs of
the truncated model.3% 66 The binding of the second sodium to the selectivity filter appears
to be slightly more favorable in the full pore than the truncated-pore model. This is likely
due to the differences in the electrostatic and dielectric environments. While an aqueous salt
solution is in direct contact with the bottom of the truncated-pore model, a small aqueous
cavity devoid of ions abuts to the selectivity filter of the full pore domain. This reasoning is
supported by comparing the PMF of a sodium moving through the selectivity filter when a
second sodium is at Z=10 A or Z=- 10 A, per the left and right edge of the 2-ion PMFs.
The difference between the PMF of an ion traveling these two paths for the PMF of the full
channel shows that the presence/absence of an ion in the intracellular cavity (Z=-10 A)
influences the free energy surface felt by a permeating ion. However, this observation may
be unique to the closed pore. For a channel in a true open state, cations could enter and leave
the aqueous intracellular cavity through the intracellular gate resulting in a free energy
surface resembling that of the truncated pore. The 1- and 2-ion PMFs of the full channel and
the truncated pore suggest that truncating the pore above the intracellular gate does not
drastically change the local free energy surface of ions passing through the selectivity filter,
and that the truncated model is valid for exploring ion conduction in NavAb. It is possible
that there are some long-range electrostatic effects due the dielectric environments in the
truncated pore model compared to the “true” NavAb channel with open intracellular gate.
However, differences in dielectric environment would be expected to equally affect ions with
the same charge such as Na* and K*. In that sense, it seems unlikely that the relative free
energy of Na* versus K* in the selectivity filter could be altered by the reduced truncated
pore model.
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b) Current voltage relationship and selectivity for sodium and potassium

Non-equilibrium MD simulations were used to study the conduction of cations through the
selectivity filter of the truncated NavAb selectivity filter under an applied membrane
potential. Simulations were carried out in two concentration regimes, high concentrations to
approach the give maximal conductance (1 M), and lower concentrations relevant to the
physiological regime (0.15M-0.3M). Membrane potentials ranging from +700 mV to
—-700mV were examined (negative voltage is defined such that the net movement of the
cations is inward toward the intracellular side of the pore). Figure 3 shows the current-
voltage curves determined from continuous trajectories lasting hundreds of nanoseconds to
microseconds in timescale, in the presence of NaCl, KCI, or both. The sodium current (top)
is plotted separately from the potassium current (center) for solutions of one salt or both.
Conductance was computed for sodium and potassium in each concentration condition from
the slope of a line fit by linear least squares fit of the data in the current-voltage plot from
Figure 3, these values are plotted in Figure 3 (bottom) and reported in Table 1 (error bars are
the standard deviations from the linear fit).

The most striking observation from the ion conduction data reported in Figure 3 and Table 1
is the lack of any significant sodium selectivity in nonequilibrium conduction through the
NavAb selectivity filter itself. In fact, the sodium to potassium conductance ratio is
systematically smaller than 1.0 for all the conditions simulated here. The ratio is closest to
unity (0.81) when the conductance of 0.15 M of NaCl and KCI are compared, although the
ratio falls back to ~0.6 when simulating a combined mixture of ions. According to the data
in Table 2, such a conductance ratio is very close to the ratio of the coefficient of self-
diffusion for sodium and potassium in water. While these computational results may appear
surprising, they appear to be generally consistent with the limited available experimental
data on the selectivity of the NavAb channel. In fact, both the NavAb and the NavMs
channels are less selective than the NaChBac channel according to experiment. Furthermore,
the apparent lack of selectivity observed in the current simulations is unlikely to be related to
the truncation of the intracellular gate. The latter is certainly expected to have some long-
range effects on the global energetics of cations in the pore, as reflected in the PMF shown
in Figure 2. But the conformation of the selectivity filter remains very close to the original
X-ray structure in the current simulations, and it seems unlikely that the truncation of the
TM helices and the removal of the aqueous cavity on the intracellular side could affect the
ion selectivity in the narrowest part of the pore.

Thus, the implication is that the NavAb selectivity filter is essentially a cationic pore
supporting the conduction of ions at a rate comparable to aqueous diffusion, though the
blockage effect displayed by sodium at high concentration appears to be more pronounced
than the concentration-dependent change in diffusion. For a concentration of 0.15 M, the
calculated conductance of the channel in sodium chloride and in potassium chloride is on the
order of 23 and 28 pS, respectively. There is no significant difference in the chord
conductance of sodium versus potassium at the nearest approximation of human
physiological conditions, 0.15 M NaCl or 0.15 M KCI and —200 mV. These values are on the
order of magnitude of experimental values reported for the conductance of prokaryotic
channels under asymmetric concentration conditions: NavSp1p 31.1 pS,2! NaChBac 12 pS,
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17 NavAb 37pS.1 However, a conductance of 106 pS has been reported for the pore
construct of NavSplp at 0.5 M NaCl, and 120 pS for NaChBac in 150 mM NaCl under
symmetric conditions in lipid bilayers.30-31

An intriguing observation is the difference in concentration dependence for sodium and
potassium. While potassium current increases with concentration, sodium current decreases,
indicative of some type of self-blocking mechanism. One may note, however, that the
coefficient of self-diffusion of sodium also drops by 20% from 0.1 to 1M (Table 2) for the
same potential function. The decrease as a function of concentration contrasts with
experimental observations for the NavMs channel, which increases with sodium
concentration for concentrations up to 0.445M.1° However, mixing sodium and potassium in
equal proportion appears to recover the conductance of the potassium solution over the range
of concentrations. When the cations are in direct competition, the potassium/sodium
selectivity from slope conductance is similar at both concentrations. In general, the
conductance of potassium varies more with the concentration and co-dissolved species than
that of sodium, which is always small.

concentration, and cation alter the behavior of NavAb

The difference in concentration dependence of conduction of sodium and potassium ions
through NavAb suggests that they may not be conducted through the selectivity filter
according to the same mechanism. To examine the permeation mechanism, a comparison is
made of several time-averaged features of the selectivity filter. For this purpose, the pore
region is defined as a cylinder of 5 A radius, extending from -7.5 A below to 10 A above the
center-of-mass of the Cas of residues 175 to 178. The probability of finding the pore
occupied by nions, An), is plotted in Figure 4. The mean and sigma of these distributions is
reported in table S2. Few values exist for selectivity filter occupancy of NavAb by Na* (2.09
+/- 0.5 by Chakrabarti et al.*4 and 2.3 by Boiteux et al.#3, both in agreement with our value
at 0 mV), and none have been reported for K*.”8 To demonstrate the significance of results,
two-tailed t-tests of the hypothesis that pairs of distributions have the same mean (or
different) are reported in table S3 for concentration dependence, S4 for voltage dependence,
and S5 and S6 to compare occupancy of sodium with potassium in single species and mixed
cation simulations.”® Hypotheses are tested with a 95% confidence interval and 100 degrees
of freedom (N —1) and means were accepted as “Same” if t < tuitical = 1.984, and
“Different” otherwise. An increase in sodium concentration correlates with an increased
average number of sodium in the selectivity filter (Figure 4 and Table S2 and S3). However,
the potassium concentration has no significant effect on the number of potassium in the
selectivity filter. Similarly, for simulations containing both cations, most concentration-
dependent differences are not significant. The average number of cations in the pore is
between 1.1 and 1.6 for all conditions of negative applied potential (Figure 4 and Table S2),
and for NaCl simulations, is slightly larger for —200 mV than for more negative potentials
(Table S4). However, the number of cations in the pore increases when a positive voltage is
applied. In addition, at 0 mV and positive voltages, differences in occupancy between Na*
and K* occupancy are significant (Table S5, S6). This correlates to conformational changes
of the Glul77 side chains, however the degree to which either aspect is the cause and
symptom of the other is difficult to separate. There is more glutamate flipping at positive
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voltage, but higher ion occupancy may also contribute to stabilize the dunked conformation.
The pore is readily occupied by up to three sodium ions or four potassium ions. The average
occupation of the pore at 0 mV and positive voltages is in agreement with previous MD
studies.*3-44 However, at negative voltages, the occupation of the truncated model is slightly
lower than that observed in MD studies based on the complete NavMs or NavAb pore.
19,41-44 The |ower average occupation of the truncated selectivity filter at negative potentials
than of open models and structures of the full pore could originate in the hydrophobic cavity
which has a lower barrier to enter (for one ion) than the aqueous solution, per the region
between -5 and —10 A in the one and two ion PMFs, although the full pore domain in this
calculation was closed. In 0.15 M NaCl + 0.15 M KCI solutions, when there is only one
cation in the filter, it is more likely to be potassium and when two cations are present, it is
most likely to be one sodium and one potassium.

The voltage-sensitivity of ion occupancy observed in the present simulations is intriguing.
Generally, voltage-sensitive occupancy of a pore can occur if, as a function of applied
voltage, the entry rate of ions is accelerated while the exit rate is slowed down. The
truncated pore mode presents no energy barrier to an ion moving from the solution all the
way to the edge of the selectivity filter. Nonetheless, it is possible that some barrier would
oppose the entry of ions through the intracellular gate in the case of the “true” open state of
the full-length channel. However, these differences would be unlikely to greatly affect ion
occupancy, as continuum electrostatic calculations show that the membrane potential across
the intracellular gate of similar tetrameric potassium channels is fairly small.89-81 |t is
difficult to compare the voltage-dependent ion occupancy observed in the present
simulations from previous MD results on the NavAb channel. Ngo et al. previously reported
a self-blocking mechanism observed during steered MD simulations driving the ions in the
inward direction. There was no actual membrane potential and no steady state ion
conduction. In contrast, the voltage-dependent occupancy properties describe here are
deduced from genuine non-equilibrium steady state conditions with sustained ion
conduction. Therefore, we think that the voltage-sensitive ion occupancy is a genuine feature
of the selectivity filter of the NavAb channel.

The average density profiles from the non-equilibrium trajectories with applied membrane
potential projected onto the Z-axis for sodium and potassium (grey solid) and the average
coordination number water and channel oxygen atoms with cations (colored lines) are
plotted in Figure 5. Sodium and potassium are both coordinated by Ser178, Glul77, and
Leul76 in the selectivity filter. In the extracellular funnel, coordination of the cations is also
strongly affected by Glu165 (red line, Z= 10— 15 A).

The density profiles projected in grey onto the Z~axis in Figure 5 (and directly compared in
Figure S1) were extracted from the nonequilibrium trajectories with applied membrane
potential and the profiles for the 0 mV simulations can be compared to PMFs in the
literature created from the inverse density of sodium projected onto the pore axis (1D or 2D,
with an unrestricted number of cations in the pore region).*3 The PMFs show weaker
binding to the selectivity filter than PMFs from biased simulations with strictly 1 or 2 ions in
the SF. Comparable PMFs have also been computed from ion density for NavMs.19: 41
Boiteux et a/*3 and Finol-Urdaneta et a/18 performed related calculations of the 1D-PMFs
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based upon sampling of the selectivity filter with two ions in the selectivity filter. To
compute a 1D-PMF along the pore axis of NavAb truncated to include only the p-loop,
Domene et a/*0 use a bias-exchange method that considered different numbers of ions in the
pore. Densities profiles of sodium and potassium taken radially and along the pore axis are
plotted in supplemental Figure S2 and S3. Binding sites are apparent, and their numbers
grow with the number of ions in the pore. For a single cation there are two binding sites in
nearly each simulation one at approximately Z=0-2 Aandr=~0-1 A, and one slightly
beneath this near r = 1 — 2 A. When two sodium or potassium ions are present in the pore,
there are 3 to 4 distinct binding locations, as well as a continuum of density along the pore
axis. The binding sites for sodium and potassium are generally similar, although the
frequency of their occupation may differ between simulation conditions.

Glul65 appears to coordinate sodium and potassium to a similar degree independent of
concentration and voltage, although it is mobile. It strongly influences the concentration of
ions above the selectivity filter. This residue is not conserved in NavMs, NavSp, or
NaChBac. This glutamate is offset from the selectivity filter, but beneath Glu165 the cation
is fully hydrated, although the density in this region is very low. The cation is partially
coordinated by two Ser178 near Z=5 A, which gives way to Glu177 as it moves into the
selectivity filter. The coordination of both sodium and potassium to Ser178 is greater at 1 M
than at 0.15 M in solutions of NaCl or KCI. lon coordination by Glul177 is voltage
dependent, as well as cation dependent. Glutamate coordinates potassium more than sodium
under all conditions, but this is particularly evident at 0 mV and +200 mV and 1 M, where
potassium is strongly coordinated by the side chain of Glu177 including the entire region
where potassium is coordinated by Leul76 as well as above it. In contrast, sodium is
consistently coordinated by a single carbonyl of Leul76 in 1 M NaCl between Z=-1.5-0
A. at all voltages. At 0.15 M NaCl there is a region near Z= -1 A where sodium is
coordinated by ~1.5 Leul76. In general, potassium is coordinated more by Leul76 and
Ser178 than sodium, in agreement with previous studies of NavAb.18: 39 The most populated
binding sites are coordination to Leul76 or simultaneously Leul76 and Glul77 in all of the
simulations of NaCl or KCI. At 0 mV and +200 mV in 1 M NaCl, another binding site at Z=
5—7 Ais populated with much higher probability than at the other conditions. The
coordination of sodium and potassium agree best with the results from the simulation studies
on NavAb at 0 mV by Chakrabarti et a/** and Finol-Urdaneta et a/.18. However, a direct
comparison of coordination numbers reported in other studies is complicated by differences
in concentration and applied voltage.19: 39: 41, 66. 68 Fyrthermore, it is possible that ion
coordination differs in NavMs and NavAb. The regions of near full hydration between
Leul76 and Glul77 as well as at and above Ser178 in Figure 5 are not analogous to the
positions of hydrated sodium determined from the crystal structure of NavMs.?

The side chain of Glul77 located in in the selectivity filter has been observed in previous
MD studies to dynamically flip its orientation.#4 The majority of states occupied by
individual side chains at any given time can be described as: upward and downward (or
dunked), corresponding to side chain dihedral 1 = 50°-180°, x» = 0°-100° and 1 = 150°
-210°, x2 = 290°-330°, respectively. In Figure 6, the average number of glutamate in the
upward and downward conformations are plotted as a function of applied voltage for each of
the concentration conditions. We note that other conformations are possible, including, but
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not exclusively, the moments during the transition between these two states, however they
are less frequent, less well-defined, and presented here only as the disparity between the sum
of the average number of glutamates in the up and down states and the number of glutamates
in the selectivity filter (four). All four glutamate side chains are usually in the upward
position under all simulation conditions with negative potential except 1 M KCI. The
Glul77 side-chains are anions, and move in the opposite direction to the permeating cations.
When there is a large positive voltage, the negative Glu177 move down and adopt a so-called
“dunked” conformation. A strong positive potential can induce transitions of the side chain
toward the downward position independent of which cation is in the simulation. However, 1
M KCI correlates with an increased variability of the glutamate side chain positions over the
range from —700 mV to 200 mV, including positions that are not defined as either the
upward or downward states. Figure 5 shows that relative to negative voltages, both sodium
and potassium are coordinated by Glu177 over a longer region (-2.5 A < Z< 5 A) and are
coordinated by more Glul77 at positive voltages. Ke et a/. had observed a similarly small
propensity of the glutamate side chains to enter the “dunked” conformation at negative
voltages in molecular dynamics simulations of NavAb at 100 mM NaCl and NavMs in 500
mM NacCl, although at positive voltages our model shows fewer side chains in the dunked
conformation, but also fewer in the up conformation.41: 68 At positive voltages the number of
cations in the pore increases, occupation of the selectivity filter by three cations has been
correlated to an increase in glutamate flipping by Domene et a/40 Comparison with Figure 4
confirms this correlation. In the present simulations, we see less downward conformation of
the glutamate side chains 0 mV and 1 M NacCl than observed by Chakrabarti et a/. in the full
NavAb pore at 0 mV and 150 mM NaCl using either the CHARMM or OPLS force fields.*4
Ke et al. have hypothesized that they may have seen less glutamate flipping in simulations of
NavMs because of the presence of an ion in the hydrophobic cavity of NavAb in the study of
Chakrabarti er a/*! Alternatively, it is possible that the open state is correlated with less
conformational variability of the glutamate.

and potassium conduction through the NavAb selectivity filter

In order to draw statistically relevant conclusions about the mechanism of ion conduction,
only successful and productive permeation events were analyzed in terms of their duration
and sequence of ion positions in the selectivity filter. For the sake of simplicity, the analysis
was limited to the inward conduction, which corresponds to the physiological function of
sodium channels in excitable membranes. A conduction event was defined to occur from the
moment an ion entered a cylindrical region 10 A above the center of mass of the Ca of
residues 175-178, until it exited the cylinder 7.5 A below it. This is the same region used to
define the number of ions in the selectivity filter in Figure 4. For the purpose of this analysis,
the cylinder defining the selectivity filter was subdivided into 7 equal region of 2.5 A thick
along the Z-axis, as illustrated in the top panel of Figure 7. Region 1 is just beneath
threonine and is the lowest region of structured sodium density, leading to the intracellular
vestibule of the channel (truncated in the present model). Region 2 is the threonine-binding
site (inner site). Region 3 is the leucine-binding site (central site). Region 4 corresponds to
site S2, a local minimum on the barrier, in NavMs.19 41 However, in studies of NavAb this
region seems to be lumped into either the central site or the high field site (Glu77).
Furthermore, in some published PMFs of NavAb but not others, a barrier is present in the
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region of state 4 (0 A < Z< 2.5 A).18: 42 Wiith its long flexible side chain, Glu177 can reach
both regions 5 and 6 along the pore. Region 7 marks the uppermost region of the narrow
constriction of sodium density, opened to the external bulk solution. The extracellular funnel
continues above this, but is considerably wider than the cylinder used to demarcate the
selectivity filter. One ion may only be in one region of the pore as defined by its center of
mass at that instant in time. However multiple ions can occupy the pore simultaneously.
Occupancy states of the pore are defined by the presence of cations in one or more of these
regions. For example, in state 3,7 a first ion is in region 3 and a second ion is in region 7.
Furthermore, multiple ions can be present in a single region (e.g., in state 3,3,4 there would
be two ions in region 3 and a third in region 4). While the ion crossing the pore from one
side to the other is tagged for determining the duration of a conduction event, the sequence
of states during the permeation event was recorded by treating the ions as indistinguishable
such that information about the actual identity and order of the ions inside the selectivity
filter was not preserved. For the sake of simplicity, a single state was defined for the
infrequent situations where 4 ions were present in the selectivity filter, and another state for
5 ions. These rare situations are sometimes observed under positive voltage conditions
(supplemental Figure S4).

The state of the selectivity filter defined by the coordinates of all the ions in the pore was
recorded every 40 ps from the time an ion enters to when it leaves (from the top to the
bottom for negative potentials and from the bottom to the top for positive potentials).
Multiple cations present in the selectivity filter results in conduction events that overlap in
whole or in part, but the series of states of the selectivity filter experienced by each
individual ion being conducted is the important quantity for describing the mechanism. So
the normalized distribution of states experienced over the course of each conduction event
for the simulations under physiological concentrations of NaCl and KCI (0.15 M) is reported
in Figure 7. All states observed with a probability of 0.6% or more are reported. Similar
plots for 1 M NaCl and 1 M KCI under applied voltages ranging from —700 mV to —200 mV
are provided in Figure 8, while data for non-negative voltages is given in the Supplementary
Information (supplemental Figure S4).

Figure 7 shows that at 0.15 M under voltages of =200 mV and —500 mV, the most
commonly occupied state of both sodium and potassium is a single cation in site 3, the
leucine-binding site. The remainder of the time the systems are in a series of singly and
doubly occupied sites. Figure 8 shows that at 1 M KCI, state 3 has the highest occupation,
although in 1 M NaCl state 4 also figures prominently consistent with the single and double
peaks near Z=0 A in Figure 5 for sodium and potassium at 1 M, respectively. Most of the
states sampled involve one or two ions in the pore, but at =200 mV three ions are
occasionally observed in the selectivity filter in both NaCl and KCl at 1 M. Also notable, the
1 M NaCl system samples the state 33 at —200 mV and —500 mV more than 10% of the
observed time. This state is sampled much less frequently in 1 M KCI and at lower
concentrations. Figure S4 shows that several ions in the selectivity filter are observed at 200
mV, although the number is greater for potassium than sodium. This is consistent with the
pore occupancies reported in Figure 4.
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An example of the time-course of an ion being conducted through the pore under conditions
of 0.15 M NaCl and an applied voltage of —200 mV, described in terms of the states as
defined, is provided in Figure 9 and an additional example is provided in the SI (Figure S5).
Images of the trajectory are used to illustrate examples of the position of sodium ions (white
spheres) and protein side chains (threonine carbonyl oxygen green, leucine carbonyl oxygen
brown, glutamate carboxylate oxygens purple, and serine hydroxyl carbons orange) and their
corresponding defined states. When an ion enters the uppermost region of the pore, there is
frequently already one cation in the pore in the leucine-binding site (region 3). The upper ion
moves into the high field site and the lower ion moves lower, into region 2. Both ions may
end up near leucine, but one ion will later leave out the bottom of the selectivity filter while
the other ion remains either in region 3 or 4. At this point a new cation could enter region 7,
restarting the process.

The dominant ion conducting process for sodium and potassium is depicted in Scheme 1 in
terms of discrete states. The scheme was built from MD permeation data collected at 0.15 M
and —200 mV. These conditions offer a limited number of states compared to the simulations
at 1 M, but are closest to the conditions in electrophysiological experiments. Defining a
small set of discrete states allows the relative frequency of transitions between these states to
be determined from the simulations. All transitions between states for all productive
conduction events of a simulation were collected and sorted in terms of which occurred most
frequently. (e.g, what part of the transitions 100% total was an individual transition). The
ratio between the frequency of the forward (downwards/outwards on the scheme) and
reverse (upwards/inwards) transition is reported as the number to the side of the arrows. This
is a measure that takes into account the movement between states but not the length of time
spent in any state. A large number of transitions originating between two states would
suggest that there is little energy barrier between them (compared to the applied potential of
—-200 mV), and perhaps these would not be distinct states in a less arbitrary scheme.
Considerable asymmetry in the forwards and back transitions would imply one state to be
favored over another.

On the basis of Scheme 1, the ion conduction process may be summarized by the following
sequence of events. Initially, a single sodium or potassium occupies the leucine-binding site
(state 3). A second cation enters the selectivity filter from the extracellular side (state 3,7),
and then starts to progress inward along the pore (states 3,6 — 3,5) until it “knocks” the
lower sodium into the second region (3,5 —2,5), and proceeds to the release of the ion
toward the intracellular side (2,4 — 2,3 — 1,3 — 3). The knock-on mechanism is not
strictly enforced however, as there can be some jostling around Leul76 corresponding to
states 2,3 and 3,3, allowing the possibility of switching the order of the two ions along this
region of the pore. This observation is also consistent with the 2D-PMF of Figure 2, which
shows that the free energy surface corresponding to the state 3,3 (-2.5 A < 2< 0.0 A for
both ions) does not strictly prohibit such ion-ion exchange.

Potassium conduction covers a somewhat larger variety of states, but for both sodium and
potassium, the state 1,3 is typically visited just before the ejection of the lowest cation. The
system then returns to state 3. This mechanism is not consistent with that proposed for
NavMs, which allows for occupation of the high field site (region 5 and 6) by two cations,
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and in the case of potassium requires it.1® The same mechanism predicted for NavMs has
been proposed from PMFs of NavAb3® 42: however, it was not actually observed in
simulations of conduction of an artificially opened NavAb pore in NaCl. The traces of actual
conduction events reported by Stock et a/. resemble the mechanism described here, which
allows for double occupancy near leucine, but not in the high field site.2 The only time we
observe a state that could potentially be described as containing two cations in the high field
site is at +200 mV and 1 M (NaCl or KCI), when region 4 can be occupied along with 5 or 6.
There is always at least a third cation in the pore in these instances.

Figure 10 shows the distribution of durations of the individual conduction events for
solutions of NaCl and of KCI both at 1M and 0.15 M in nanoseconds at two voltages. Only
conduction of cations that did not begin the simulation in the selectivity filter was
considered. Dwell times for sodium in the SF are roughly consistent with values obtained by
Ke et al. for NavMs under charge a displacement protocol of ~-565 mV (13.5 +/- 0.6 ns).*!
However, the comparison of full-pore NavMs dwell times in the work of Ke et a/*! to that
of Ulmschneider er a/1® using applied electric fields to drive conduction suggest differences
in the average dwell time between the two works is on the order of the difference observed
for sodium versus potassium in the later. We do note that average conductance and
occupation of the selectivity filter were in agreement in those two works, suggesting that the
definition of dwell time may differ in some unspecified way.1% 41 At both —200 mV and
=500 mV, 1 M KCI has a much greater proportion of conduction events that occur within 5
ns than 0.15 M KCI, or NaCl at either concentration, correlating with the larger conductance
of NavAb in 1 M KCI. At 0.15 M, the distribution of duration of conduction events for
simulations with sodium and with potassium are much more similar.

IV. CONCLUSION

The conduction of sodium and potassium through the selectivity filter of the NavAb channel
was studied using computational methods based on truncated model of the pore domain
embedded in planar nonpolar membrane. The simplified model enabled us to probe directly
the ionic conduction through the narrowest part of the channel, unimpeded by the diffusional
access resistance through the intracellular gate. The most striking observation from
nonequilibrium simulations over a range of ion concentrations with an applied membrane
potential is the lack of any significant sodium selectivity. The sodium to potassium
conductance ratio is systematically smaller than 1.0 for all the simulations. The results
indicate that the NavAb selectivity filter is essentially a cationic pore supporting the
conduction of ions at a rate comparable to aqueous diffusion. The mechanism dominating
the productive ion conduction events was analyzed.

There has been considerable disagreement as to the mechanisms of sodium selectivity of
prokaryotic Nav channels. The discrepancies have been attributed to differences in force
fields, but could also be due to differences in ion concentration and applied membrane
potential. An example of unresolved issues is whether two cations can reside in the region
just above Glul77 or at the level of Leul76. Under conditions of 1 M NaCl, two sodium
ions visit the region #3 simultaneously far more frequently than in any of the other
conditions examined (state 3,3). This situation allows an ion to pass-by another, an action
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previously observed in several simulation studies.*2-44 82 Thijs is often described as a
mechanism by which one ion can pass-by another to exit the selectivity filter first. However,
because these events are energetically equivalent, repeated ion-ion passing are unproductive,
or “redundant”, in contrast with the progressive movements of ions through the pore
according to a single file knock-on mechanism. Under high concentration, the increased
sodium occupancy and particularly the increased occupancy of the state 3,3 may indicate
that the sodium ions spend time making the aforementioned redundant motions, which are
more infrequent in the case of potassium (or at low sodium concentration)s. Conduction in
the outward direction, particularly of sodium, may exhibit some rectification. The lower
conductance in the outward direction correlates with larger numbers of cations in the
selectivity filter, and may also be attributed to the effects of a positive voltage on the
conformational distribution of Glu177, which can be pulled down by voltage.

The mechanisms of conduction through the NavAb selectivity filter, and models of it are
likely complex and depending on multiple factors. Both membrane potential and
concentration and identity of cations influence the orientation of Glu177 as well as the
average number of cations in the pore. Under conditions of 0.15 M NaCl or KCI, and
biologically relevant applied voltages of =200 mV, negligible sodium/potassium selectivity
is observed. Permeation occurs primarily via a loose knock-on mechanism for both sodium
and potassium, although a single file ordering of the ion is not strictly enforced along the
NavAb pore. Weak potassium selectivity even in the lower concentration range is seen at
-500 mV. The effect of voltage on occupancy of the pore is more dramatic. The average
number of cations in the selectivity filter is greater in the absence of an electric field than in
the presence of a negatively applied voltage, and much greater at positive voltages,
consistent with asymmetric conductance or rectification. Higher concentrations of sodium,
frequently corresponds to slightly larger average number of cations in the pore, but this is
not unanimous. Higher concentrations of sodium also correspond to increased sampling of a
state where two sodium ions simultaneously occupy the region of the Leul76 carbonyl,
which is implicated in a bypass mechanism, but can also work as a rotary, potentially
contributing to the low conductance observed for simulations of NavAb at 1 M NaCl.
Occupancy of this state in solutions of KCI is far more rare. Further, the presence of
potassium in mixed solutions (NaCl/KCI) allows NavAb to retain the conductance of the
same concentration of KCI, predicting an unusual anomalous mole fraction effect.
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Acknowledgements

This work was supported by the National Institute of Health (NIH) through grant R01-GM062342. This research
was supported in part by NIH through resources provided by the Computation Institute and the Biological Sciences
Division of the University of Chicago and Argonne National Laboratory, under grant 1S100D018495-01. We are
grateful to Wonpil Im for helpful comments about the data in Table 2. We specifically acknowledge the support of
Lorenzo Pesce.

J Phys Chem B. Author manuscript; available in PMC 2019 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Callahan and Roux

References

1.

Page 20

Payandeh J; Scheuer T; Zheng N; Catterall WA, The Crystal Structure of a Voltage-Gated Sodium
Channel. Nature 2011, 475, 353-358. [PubMed: 21743477]

. McCusker EC; Bagnéris C; Naylor CE; Cole AR; D’Avanzo N; Nichols CG; Wallace BA, Structure

of a Bacterial \Voltage-Gated Sodium Channel Pore Reveals Mechanisms of Opening and Closing.
Nat. Commun 2012, 3, 1102. [PubMed: 23033078]

. Payandeh J; Gamal EI-Din TM; Scheuer T; Zheng N; Catterall WA, Crystal Structure of a Voltage-

Gated Sodium Channel in Two Potentially Inactivated States. Nature 2012, 486, 135-139. [PubMed:
22678296]

. Zhang X; Ren W; DeCaen P; Yan C; Tao X; Tang L; Wang J; Hasegawa K; Kumasaka T; He J, et

al., Crystal Structure of an Orthologue of the Nachbac Voltage-Gated Sodium Channel. Nature
2012, 486, 130-134. [PubMed: 22678295]

. Tsai C-J; Tani K; Irie K; Hiroaki Y; Shimomura T; McMillan DG; Cook GM; Schertler GFX;

Fujiyoshi Y; Li X-D, Two Alternative Conformations of a \oltage-Gated Sodium Channel. J.
Membr. Biol 2013, 425, 4074-4088.

. Bagnéris C; DeCaen P; Hall BA; Naylor CE; Clapham DE; Kay CWM; Wallace BA, Role of the C-

Terminal Domain in the Structure and Function of Tetrameric Sodium Channels. Nat. Commun
2013, 4, 2465. [PubMed: 24051986]

. Bagnéris C; DeCaen PG; Naylor CE; Pryde DC; Nobeli I; Clapham DE; Wallace BA, Prokaryotic

Navms Channel as a Structural and Functional Model for Eukaryotic Sodium Channel Antagonism.
Proc. Natl. Acad. Sci. U. S. A 2014, 111, 8428-8433. [PubMed: 24850863]

. Shaya D; Findeisen F; Abderemane-Ali F; Arrigoni C; Wong S; Nurva SR; Loussouarn G; Minor

DL, Structure of a Prokaryotic Sodium Channel Pore Reveals Essential Gating Elements and an
Outer lon Binding Site Common to Eukaryotic Channels. J. Membr. Biol 2014, 426, 467-483.

. Naylor CE; Bagnéris C; DeCaen PG; Sula A; Scaglione A; Clapham DE; Wallace BA, Molecular

Basis of lon Permeability in a Voltage-Gated Sodium Channel. EMBO J. 2016, 35, 820-830.
[PubMed: 26873592]

10. Arrigoni C; Rohaim A; Shaya D; Findeisen F; Stein RA; Nurva SR; Mishra S; McHaourab HS;

11.

12.

13.

Minor DL Jr., Unfolding of a Temperature-Sensitive Domain Controls Voltage-Gated Channel
Activation. Cell 2016, 164, 922-936. [PubMed: 26919429]

Sula A; Booker J; Ng LCT; Naylor CE; DeCaen PG; Wallace BA, The Complete Structure of an
Activated Open Sodium Channel. Nat. Commun 2017, 8, e14205.

Lenaeus MJ; Gamal EI-Din TM; Ing C; Ramanadane K; Pomes R; Zheng N; Catterall WA,
Structures of Closed and Open States of a Voltage-Gated Sodium Channel. Proc. Natl. Acad. Sci.
U. S. A 2017, 114, E3051-E3060. [PubMed: 28348242]

Irie K; Haga Y; Shimomura T; Fujiyoshi Y, Optimized Expression and Purification of Navab
Provide the Structural Insight into the Voltage Dependence. FEBS Lett. 2018, 592, 274-283.
[PubMed: 29274127]

14. Hille B, lon Channels of Excitable Membranes, 3, illustrated ed.; Sinauer: Sunderland, MA, 2001,

15.

16.

17.

p 814.

Doyle DA; Morais-Cabral J; Pfuetzner RA; Kuo A; Gulbis JM; Cohen SL; Chait BT; MacKinnon
R, The Structure of the Potassium Channel: Molecular Basis of Kt Conduction and Selectivity.
Science 1998, 280, 69-77. [PubMed: 9525859]

Zhou Y; Morais-Cabral JH; Kaufman A; MacKinnon R, Chemistry of lon Coordination and
Hydration Revealed by a K* Channel-Fab Complex at 2.0 A Resolution. Nature 2001, 414, 43-48.
[PubMed: 11689936]

Ren D; Navarro B; Xu H; Yue L; Shi Q; Clapham DE, A Prokaryotic Voltage-Gated Sodium
Channel. Science 2001, 294, 2372-2375. [PubMed: 11743207]

18. Finol-Urdaneta RK; Wang Y; Al-Sabi A; Zhao C; Noskov SY; French RJ, Sodium Channel

Selectivity and Conduction: Prokaryotes Have Devised Their Own Molecular Strategy. J. Gen.
Physiol 2014, 143, 157-171. [PubMed: 24420772]

19. Ulmschneider MB; Bagnéris C; McCusker EC; DeCaen PG; Delling M; Clapham DE;

Ulmschneider JP; Wallace BA, Molecular Dynamics of lon Transport through the Open

J Phys Chem B. Author manuscript; available in PMC 2019 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Callahan and Roux

Page 21

Conformation of a Bacterial \oltage-Gated Sodium Channel. Proc. Natl. Acad. Sci. U. S. A 2013,
110, 6364-6369. [PubMed: 23542377]

20. Kovacsova G; Gustavsson E; Wang J; Kreir M; Peuker S; Westenhoff S, Cell-Free Expression of a
Functional Pore-Only Sodium Channel. Protein Expression Purif. 2015, 111, 42-47.

21. Shaya D; Kreir M; Robbins RA; Wong S; Hammon J; Briiggemann A; Minor DL, \oltage-Gated
Sodium Channel (Nav) Protein Dissection Creates a Set of Functional Pore-Only Proteins. Proc.
Natl. Acad. Sci. U. S. A 2011, 108, 12313-12318. [PubMed: 21746903]

22. Takami H; Horikoshi K, Reidentification of Facultatively Alkaliphilic Bacillus Sp. C-125 to
Bacillus Halodurans. Biosci., Biotechnol., and Biochem 1999, 63, 943-945. [PubMed: 27385575]

23. Miller WG; Parker CT; Rubenfield M; Mendz GL; Wdsten MMSM; Ussery DW; Stolz JF;
Binnewies TT; Hallin PF; Wang G, et al., The Complete Genome Sequence and Analysis of the
Epsilonproteobacterium Arcobacter Butzleri. PLOS ONE 2007, 2, e1358. [PubMed: 18159241]

24. Bazylinski DA; Williams TJ; Lefevre CT; Berg RJ; Zhang CL; Bowser SS; Dean AJ; Beveridge
TJ, Magnetococcus Marinus Gen. Nov., Sp. Nov., a Marine, Magnetotactic Bacterium That
Represents a Novel Lineage (Magnetococcaceae Fam. Nov., Magnetococcales Ord. Nov.) at the
Base of the Alphaproteobacteria. Int. J. Syst. Evol. Microbiol 2013, 63, 801-808. [PubMed:
22581902]

25. van Driessche E; Houf K, Survival Capacity in Water of Arcobacter Species under Different
Temperature Conditions. J. Appl. Microbiol 2008, 105, 443-451. [PubMed: 18298536]

26. Felfoul O; Mohammadi M; Taherkhani S; de Lanauze D; Zhong Xu Y; Loghin D; Essa S; Jancik S;
Houle D; Lafleur M, et al., Magneto-Aerotactic Bacteria Deliver Drug-Containing Nanoliposomes
to Tumour Hypoxic Regions. Nat. Nanotechnol 2016, 11, 941-947. [PubMed: 27525475]

27. Rice EW; Rodgers MR; Wesley IV; Johnson CH; Tanner SA, Isolation of Arcobacter Butzleri from
Ground Water. Lett. Appl. Microbiol 1999, 28, 31-35. [PubMed: 10030029]

28. Hilton CL; Mackey BM; Hargreaves AJ; Forsythe SJ, The Recovery of Arcobacter Butzleri Nctc
12481 from Various Temperature Treatments. J. Appl. Microbiol 2001, 91, 929-932. [PubMed:
11722672]

29. Guardiani C; Rodger PM; Fedorenko OA; Roberts SK; Khovanov IA, Sodium Binding Sites and
Permeation Mechanism in the Nachbac Channel: A Molecular Dynamics Study. J. Chem. Theory
Comput 2017, 13, 1389-1400. [PubMed: 28024121]

30. Studer A; Demarche S; Langenegger D; Tiefenauer L, Integration and Recording of a
Reconstituted Voltage-Gated Sodium Channel in Planar Lipid Bilayers. Biosens. Bioelectron 2011,
26, 1924-1928. [PubMed: 20609576]

31. Saha SC; Henderson AJ; Powl AM; Wallace BA; de Planque MRR; Morgan H, Characterization of
the Prokaryotic Sodium Channel Navsp Pore with a Microfluidic Bilayer Platform. PLoS ONE
2015, 10, e0131286. [PubMed: 26147601]

32. Hirota N; Imae Y, Na*-Driven Flagellar Motors of an Alkalophilic Bacillus Strain Yn-1. J. Biol.
Chem 1983, 258, 10577-10581. [PubMed: 6885795]

33. DeCaen PG; Takahashi Y; Krulwich TA, Ito M; Clapham DE, lonic Selectivity and Thermal
Adaptations within the Voltage-Gated Sodium Channel Family of Alkaliphilic Bacillus. eLife
2014, 3, e04387.

34. DeCaen PG; Yarov-Yarovoy V; Zhao Y; Scheuer T; Catterall WA, Disulfide Locking a Sodium
Channel Voltage Sensor Reveals lon Pair Formation During Activation. Proc. Natl. Acad. Sci. U.
S. A 2008, 105, 15142-15147. [PubMed: 18809926]

35. Gamal EI-Din TM; Martinez GQ; Payandeh J; Scheuer T; Catterall WA, A Gating Charge
Interaction Required for Late Slow Inactivation of the Bacterial Sodium Channel Navab. J. Gen.
Physiol 2013, 142, 181-190. [PubMed: 23980192]

36. Tang L; Gamal EI-Din TM; Payandeh J; Martinez GQ; Heard TM; Scheuer T; Zheng N; Catterall
WA, Structural Basis for ca?* Selectivity of a Voltage-Gated Calcium Channel. Nature 2013, 505,
56-61. [PubMed: 24270805]

37. Catterall WA, Structure and Function of Voltage-Gated Sodium Channels at Atomic Resolution.
Exp. Physiol 2014, 99, 35-51. [PubMed: 24097157]

J Phys Chem B. Author manuscript; available in PMC 2019 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Callahan and Roux

Page 22

38. Ito M; Xu H; Guffanti AA; Wei Y; Zvi L; Clapham DE; Krulwich TA, The Voltage-Gated Na*t
Channel Navbp Has a Role in Motility, Chemotaxis, and Ph Homeostasis of an Alkaliphilic
Bacillus. Proc. Natl. Acad. Sci. U. S. A 2004, 101, 10566-10571. [PubMed: 15243157]

39. Corry B; Thomas M, Mechanism of lon Permeation and Selectivity in a Voltage Gated Sodium
Channel. J. Am. Chem. Soc 2012, 134, 1840-1846. [PubMed: 22191670]

40. Domene C; Barbini P; Furini S, Bias-Exchange Metadynamics Simulations: An Efficient Strategy
for the Analysis of Conduction and Selectivity in lon Channels. J. Chem. Theory Comput 2015,
11, 1896-1906. [PubMed: 26574394]

41. Ke S; Timin EN; Stary-Weinzinger A, Different Inward and Outward Conduction Mechanisms in
Nayms Suggested by Molecular Dynamics Simulations. PLoS Comput. Biol 2014, 10, e1003746.
[PubMed: 25079564]

42. Stock L; Delemotte L; Carnevale V; Treptow W; Klein ML, Conduction in a Biological Sodium
Selective Channel. J. Phys. Chem. B 2013, 117, 3782-3789. [PubMed: 23452067]

43. Boiteux C; Vorobyov I; Allen TW, lon Conduction and Conformational Flexibility of a Bacterial
\oltage-Gated Sodium Channel. Proc. Natl. Acad. Sci. U. S. A 2014, 111, 3454-3459. [PubMed:
24550503]

44. Chakrabarti N; Ing C; Payandeh J; Zheng N; Catterall WA; Pomés R, Catalysis of Nat Permeation
in the Bacterial Sodium Channel Nayab. Proc. Natl. Acad. Sci. U. S. A 2013, 110, 11331-11336.
[PubMed: 23803856]

45. Lomize MA,; Lomize AL; Pogozheva ID; Mosberg HI, Opm: Orientations of Proteins in
Membranes Database. Bioinformatics 2006, 22, 623-625. [PubMed: 16397007]

46. Olsson MHM; Sondergaard CR; Rostkowski M; Jensen JH, Propka3: Consistent Treatment of
Internal and Surface Residues in Empirical Pka Predictions. J. Chem. Theory Comput 2011, 7,
525-537. [PubMed: 26596171]

47. Furini S; Barbini P; Domene C, Effects of the Protonation State of the Eeee Motif of a Bacterial Na
*_Channel on Conduction and Pore Structure. Biophys. J 2014, 106, 2175-2183. [PubMed:
24853746]

48. Brooks BR; Brooks lii CL; Mackerell AD Jr; Nilsson L; Petrella RJ; Roux B; Won Y; Archontis G;
Bartels C; Boresch S, et al., Charmm: The Biomolecular Simulation Program. J. Comput. Chem
2009, 30, 1545-1614. [PubMed: 19444816]

49. MacKerell AD Jr; Bashford D; Bellott M; Dunbrack RL Jr; Evanseck JD; Field MJ; Fischer S; Gao
J; Guo H; Ha S, et al., All-Atom Empirical Potential for Molecular Modeling and Dynamics
Studies of Proteins. J. Phys. Chem. B 1998, 102, 3586—3616. [PubMed: 24889800]

50. MacKerell AD Jr; Feig M; Brooks 111 CL, Improved Treatment of the Protein Backbone in
Empirical Force Fields. J. Am. Chem. Soc 2004, 126, 698-699. [PubMed: 14733527]

51. Klauda JB; Venable RM; Freites JA; O’Connor JW; Tobias DJ; Mondragon-Ramirez C; Vorobyov
I; MacKerell AD; Pastor RW, Update of the Charmm All-Atom Additive Force Field for Lipids:
Validation on Six Lipid Types. J. Phys. Chem. B 2010, 114, 7830-7843. [PubMed: 20496934]

52. Beglov D; Roux B, Finite Representation of an Infinite Bulk System: Solvent Boundary Potential
for Computer Simulations. J. Chem. Phys 1994, 100, 9050-9063.

53. Noskov SY; Roux B, Control of lon Selectivity in Leut: Two Na* Binding Sites with Two Different
Mechanisms. J. Membr. Biol 2008, 377, 804-818.

54. Venable RM; Luo Y; Gawrisch K; Roux B; Pastor RW, Simulations of Anionic Lipid Membranes:
Development of Interaction-Specific lon Parameters and Validation Using Nmr Data. J. Phys.
Chem. B 2013, 117, 10183-10192. [PubMed: 23924441]

55. Phillips JC; Braun R; Wang W; Gumbart J; Tajkhorshid E; Villa E; Chipot C; Skeel RD; Kalé L;
Schulten K, Scalable Molecular Dynamics with Namd. J. Comput. Chem 2005, 26, 1781-1802.
[PubMed: 16222654]

56. Feller SE; Zhang Y; Pastor RW; Brooks BR, Constant Pressure Molecular Dynamics Simulation:
The Langevin Piston Method. J. Chem. Phys 1995, 103, 4613-4621.

57. Ryckaert J-P; Ciccotti G; Berendsen HIC, Numerical Integration of the Cartesian Equations of
Motion of a System with Constraints: Molecular Dynamics of N-Alkanes. J. Comput. Phys 1977,
23, 327-341.

J Phys Chem B. Author manuscript; available in PMC 2019 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Callahan and Roux

Page 23

58. Essmann U; Perera L; Berkowitz ML; Darden T; Lee H; Pedersen LG, A Smooth Particle Mesh
Ewald Method. J. Chem. Phys 1995, 103, 8577-8593.

59. Jiang W; Luo Y; Maragliano L; Roux B, Calculation of Free Energy Landscape in Multi-
Dimensions with Hamiltonian-Exchange Umbrella Sampling on Petascale Supercomputer. J.
Chem. Theory Comput 2012, 8, 4672-4680. [PubMed: 26605623]

60. Hoover WG, Canonical Dynamics: Equilibrium Phase-Space Distributions. Phys. Rev. A 1985, 31,
1695-1697.

61. Kumar S; Rosenberg JM; Bouzida D; Swendsen RH; Kollman PA, Multidimensional Free-Energy
Calculations Using the Weighted Histogram Analysis Method. J. Comput. Chem 1995, 16, 1339—
1350.

62. Grossfield A Wham: The Weighted Histogram Analysis Method, 4359; 2005.

63. Souaille M; Roux B. t., Extension to the Weighted Histogram Analysis Method: Combining
Umbrella Sampling with Free Energy Calculations. Comput. Phys. Commun 2001, 135, 40-57.
64.Jo S; Kim T; lyer VG; Im W, Charmm-Gui: A Web-Based Graphical User Interface for Charmm. J.

Comput. Chem 2008, 29, 1859-1865. [PubMed: 18351591]

65. Furini S; Domene C, On Conduction in a Bacterial Sodium Channel. PLoS Comput. Biol 2012, 8,
€1002476. [PubMed: 22496637]

66. Corry B, Nat/Ca2* Selectivity in the Bacterial Voltage-Gated Sodium Channel Navab. PeerJ 2013,
1, e16. [PubMed: 23638350]

67. Qiu H; Shen R; Guo W, lon Solvation and Structural Stability in a Sodium Channel Investigated by
Molecular Dynamics Calculations. Biochim. Biophys. Acta, Biomembr 2012, 1818, 2529-2535.

68. Ke S; Zangerl E-M; Stary-Weinzinger A, Distinct Interactions of Na* and Ca2* lons with the
Selectivity Filter of the Bacterial Sodium Channel Nayab. Biochem. Biophys. Res. Comm 2013,
430, 1272-1276. [PubMed: 23261433]

69. Carnevale V; Treptow W; Klein ML, Sodium lon Binding Sites and Hydration in the Lumen of a
Bacterial lon Channel from Molecular Dynamics Simulations. J. Phys. Chem. Lett 2011, 2, 2504—
2508.

70. Amaral C; Carnevale V; Klein ML; Treptow W, Exploring Conformational States of the Bacterial
\oltage-Gated Sodium Channel Nayab Via Molecular Dynamics Simulations. Proc. Natl. Acad.
Sci. U. S. A 2012, 109, 21336-21341. [PubMed: 23150565]

71. Barber AF; Carnevale V; Raju SG; Amaral C; Treptow W; Klein ML, Hinge-Bending Motions in
the Pore Domain of a Bacterial Voltage-Gated Sodium Channel. Biochim. Biophys. Acta,
Biomembr 2012, 1818, 2120-2125.

72. Roux B; MacKinnon R, The Cavity and Pore Helices the Kcsa K+ Channel: Electrostatic
Stabilization of Monovalent Cations. Science 1999, 285, 100-102. [PubMed: 10390357]

73.Jiang Y; Lee A; Chen J; Cadene M; Chait BT; MacKinnon R, The Open Pore Conformation of
Potassium Channels. Nature 2002, 417, 523-526. [PubMed: 12037560]

74. Koishi R; Xu H; Ren D; Navarro B; Spiller BW; Shi Q; Clapham DE, A Superfamily of Voltage-
Gated Sodium Channels in Bacteria. J. Biol. Chem 2004, 279, 9532-9538. [PubMed: 14665618]

75. Kalsi S Shaped Apertures Enhance the Stability of Suspended Lipid Bilayers. Dissertation,
University of Southampton, Southampton, 2014.

76. D’Avanzo N; McCusker EC; Powl AM; Miles AJ; Nichols CG; Wallace BA, Differential Lipid
Dependence of the Function of Bacterial Sodium Channels. PLoS ONE 2013, 8, e61216.
[PubMed: 23579615]

77.He Z; Zhou J; Lu X; Corry B, Bioinspired Graphene Nanopores with \oltage-Tunable lon
Selectivity for Na* and K*. ACS Nano 2013, 7, 10148-10157. [PubMed: 24151957]

78. Ing C; Pomes R, Chapter Eight - Simulation Studies of lon Permeation and Selectivity in Voltage-
Gated Sodium Channels In Curr. Top. Membr, French RJ; Noskov SY, Eds. Academic Press: 2016;
\ol. 78, pp 215-260. [PubMed: 27586286]

79. Devore JL, Probability and Statistics for Engineering and the Sciences; Duxbury: United States,
2000, p 775.

80. Roux B; Berneche S; Im W, lon Channels, Permeation, and Electrostatics: Insight into the Function
of Kcsa. Biochemistry 2000, 39, 13295-13306. [PubMed: 11063565]

J Phys Chem B. Author manuscript; available in PMC 2019 September 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Callahan and Roux

81.

82.

83.

84.

Page 24

Jogini V; Roux B, Electrostatics of the Intracellular Vestibule of K+ Channels. Journal of
Molecular Biology 2005, 354, 272-288. [PubMed: 16242718]

Ngo V; Wang Y; Haas S; Noskov SY; Farley RA, K+ Block Is the Mechanism of Functional
Asymmetry in Bacterial Nav Channels. PLoS Comput. Biol 2016, 12, e1004482. [PubMed:
26727271]

Im W The Role of Electrostatics in lon Permeation and Selectivity of Biological Membrane
Channels. Cornell University, 2002.

Flyvbjerg H; Petersen HG, Error Estimates on Averages of Correlated Data. J. Chem. Phys 1989,
91, 461-466.

J Phys Chem B. Author manuscript; available in PMC 2019 September 28.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Callahan and Roux Page 25

FIGURE 1.
Image of the model of NavAb with the S5 (green) and S6 (cyan) helices truncated to form an

open pore and harmonically restrained within a supporting lattice made from inert particles
(neon, white). The selectivity filter and pore helices (purple and gold) are free to move, as
are water (transparent, cyan), chloride ions (yellow spheres), and cations (mauve). The front
and rear subunits of the protein are removed for clarity. A cross region of the support and
water and the ions in and behind it are presented for clarity. The image was taken from a
simulation with 0.15 M KCI.
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FIGURE 2.
Potential of mean force of sodium in the NavAb channel. (A) PMFs of a single sodium ion

through the truncated-open and full pore (closed) domain models of NavAb. (B) 2D-PMF of
two sodium ions entering the selectivity filter of the full pore NavAb (top) and open
truncated-pore model (bottom), both at 0.15 M. Z= 10 A is above the selectivity filter and
can be near Glul65. Each colored level corresponds to 2 kcal/mol. A dashed line in the
bottom two plots is drawn to indicate the plane of symmetry.
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FIGURE 3.
lon conduction through a model of NavAb from nonequilibrium MD simulations. (A)

Current-voltage curves; (B) Slope conductances and their associated error bars. Data from
neat solutions of 1 M and 0.15 M of either salt are provided, as are data from solutions
containing 0.15 M of each salt (total 0.3 M salt) or 0.5 M of each salt (total 1 M salt). Each
data point is determined from 1.3-1.8 microseconds of simulation, since symmetric ion
conditions are employed, the Nernst potential is zero and the data points correspond to chord
conductances. The error bars are obtained by using the method of blocking transforms on the
time series of instances of conduction. The fit lines are obtained from a linear least squares
fit of the current of a system at multiple voltages and the y-intercept was set to 0. The slopes
of the lines correspond to the slope conductance and errors for the slope conductance are
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determined from both the fit and the error bars of chord conductances. Slope conductances
and their associated error bars are presented in the bottom graph as well as in Table 1. Chord
conductances and their associated error bars are provided in the supplement (Table S1).
Error bars on the conductance of individual simulations are 2o determined using the method
of blocking transforms to remove time correlation and reported along with the average
values in Table S1.84
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Probability of the number of ions occupying the selectivity filter as a function of
concentration and voltage. (A) in NaCl, (B) in KCI, and(C) in simulations containing a
mixture of NaCl and KCI. (Lines are meant as a guide to the eye.)
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Figure 5.
Density profiles and ion coordination numbers in the pore. Filled lines are the density

profiles of sodium and potassium in the truncated model of NavAb for solutions of 1 M (A)
and 0.15 M (B). Units are arbitrary, but comparable between subfigures. Colored lines are
the coordination number of water and protein oxygen atoms solvating sodium and potassium
where cutoff distances have been determined from the first minimum of the radial
distribution function. Each of the oxygen atoms of the glutamate carboxylic acid side chain
are counted separately. Glul165 is located in the wide extracellular funnel above the
selectivity filter. The side chains of Ser178 and Glul77 line the selectivity filter along with
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the carbonyl of Leu leucine. Minimal coordination of sodium and potassium to the carbonyl
of Thrl75 occurs and it is not shown.
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The probability of observing N Glu77 sidechain in the defined upward (Up) or downward
(Down) conformation. Note that with the exception of 1 M KCI, the points at -500 mV and

—200 mV overlie each other.
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FIGURE 7.
Discrete region in the selectivity filter and their probability. (A) Depiction of the selectivity

filter divided into 7 regions used to define the states. The protein backbone is illustrated in
gray, while the serine side chain is orange, the glutamate side chain is purple and the
carbonyl groups of leucine 176 and threonine 175 are brown and green respectively. The
ions are treated as interchangeable. A single ion in region 3 would be denoted as state 3,
while two ions in region 3 would be denoted as the state 33, and a configuration of one ion
in region 2 and two in region 3 would be state 233. 4444 and 55555 are an exception to this,
these states are defined by 4 and 5 ions in the pore respectively, independent of their
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positions. (B) Density of states, for 0.15 M NaCl and 0.15 M KClI in the presence of an
applied electric field of —200mV and —500mV, respectively. Only states that account for
>0.6% of states sampled in a system are included in this chart. (13 states remain).
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—200mV 1 M NaCl  m—]
1MKCl  —

—-500mV 1 M NaCl  n—]
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—700 mV1 M NaCl| ]
1 M KCI —

AN NNOOOOOMM 0
QAN

State

Density of states, for LM NaCl (red) and 1M KCI (blue) at negative voltages. The top, center
and bottom graphs show data from simulations with an applied voltage of —200 mV, -500
mV, and —700 mV, respectively. Only states that account for >0.6% of states sampled during
the conduction events of at least one of these systems are included in this chart. 17 states are
shown, but not all are sampled by all voltages. The ions are treated as interchangeable for
the determination of the state but not for keeping track of the conduction events. Because the
distribution of states is summed from each conduction event, and multiple ions are
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frequently in the pore, states with more than one ion are counted from the perspective of
each ion.
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FIGURE 9.

Analysis of a complete conduction event of a sodium cation in the system with 0.15 M NaCl
and a voltage of —200 mV. (A) Sequence of configuration in the pore. Sodium ions are
represented by white spheres, the side chains of the selectivity filter are represented by balls
on sticks, serine is orange, glutamate is purple, and the leucine carbonyls are brown spheres,
and the threonine carbonyls are green spheres. The cylinder of seven equal regions used to
define the states is drawn and the state defined by the center of sodium ions for each image
is marked on the graphic. (B) The trajectory of the particular conduction event the images
are taken from. Occupational states are reported at 40 ps intervals. Note that additional ions
leave or enter the SF during the time a particular ion takes to traverse the SF. Horizontal

gridlines are meant to guide the eye.
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Distribution of time taken by individual (identifiable/non-interchangeable) ions to pass from
10 A above the COM of the selectivity filter to 7.5 A beneath it, binned in 5 ns increments.
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SCHEME 1.
The most common transitions between states (those responsible for 99.5% of observed

transitions), their relative frequency, and the asymmetry between the forwards and
backwards transitions are mapped for simulations of 0.15 M NaCl (left scheme) or 0.15 M
KCI (right scheme) under an applied voltage of —200 mV.
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Table 1.

Values of slope conductance of sodium and potassium through model NavAb pore.

lon concentration Na* Conductance | Simulation K* Conductance | Na*/K*
(pS) (pS)

0.15 M NaCl 22.8 +/- 2.7 0.15 M KClI 28.3 +/- 0.7 0.81

1 M NaCl 7.4 +/-3.0 1 MKCI 50.6 +/- 2.4 0.15

0.15M NaCl +0.15 M KCI | 11.9+/-0.3 0.15M NaCl +0.15 M KCI | 20.7 +/- 3.3 0.57

0.5 M NaCl + 0.5 M KCI 17.1 +/- 0.04 0.5 M NaCl + 0.5 M KCI 295 +/-7.2 0.58

Slopes are taken from data in the range of =700 mV to 300 mV, where available
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Table 2.

Coefficient of self-diffusion for sodium and potassium in NaCl and KCI solutions

Concentration | Dy, (A%ps) | Dks+ (A%/ps) | Da+/Di+
0.1M 0.236 0.301 0.78
05M 0.190 0.300 0.63
1.0M 0.186 0.288 0.65

1duosnuey Joyiny

MD results no salt solutions taken from Wonpil Im.83 All the simulated systems consist of 2750 water molecules in a periodic cubic box of ~44 A
with different number of ions according to different concentrations; 5 ion pairs (0.1M), 25 (0.5M), 50 (1M). The MD simulations were performed

using the CHARMM program48 with the TIP3 water model49 and LJ parameters for the ions from Beglov and Roux.52 Water geometry was kept
fixed with SHAKE.®” MD trajectories were generated with a time step of 2 fs at constant pressure (1 atm) and temperature (300 K) in the CPT

1duosnuey Joyiny 1duosnuen Joyiny
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ensemble using PME.58
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