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Voltage-gated Na* channels play an essential role in electrical sig-
naling in the nervous system and are key pharmacological targets
for a range of disorders. The recent solution of X-ray structures for
the bacterial channel Na,Ab has provided an opportunity to study
functional mechanisms at the atomic level. This channel’s selectiv-
ity filter exhibits an EEEE ring sequence, characteristic of mamma-
lian Ca%*, not Na*, channels. This raises the fundamentally impor-
tant question: just what makes a Na* channel conduct Na* ions?
Here we explore ion permeation on multimicrosecond timescales
using the purpose-built Anton supercomputer. We isolate the
likely protonation states of the EEEE ring and observe a striking
flexibility of the filter that demonstrates the necessity for ex-
tended simulations to study conduction in this channel. We con-
struct free energy maps to reveal complex multi-ion conduction
via knock-on and “pass-by” mechanisms, involving concerted ion
and glutamate side chain movements. Simulations in mixed ionic
solutions reveal relative energetics for Na*, K*, and Ca?* within
the pore that are consistent with the modest selectivity seen ex-
perimentally. We have observed conformational changes in the
pore domain leading to asymmetrical collapses of the activation
gate, similar to proposed inactivated structures of Na,Ab, with
helix bending involving conserved residues that are critical for
slow inactivation. These structural changes are shown to regulate
access to fenestrations suggested to be pathways for lipophilic
drugs and provide deeper insight into the molecular mechanisms
connecting drug activity and slow inactivation.

Voltage—gated Na* (Na,) channels are responsible for the
generation of action potentials in electrically excitable cells,
allowing critical physiological functions (1). Their functional
selectivity identifies them as effective targets in the treatments of
a wide range of pathologies spanning all major therapeutic areas
(2). However, a full molecular-level description of Na, function
has yet to be provided and is essential for future developments in
anticonvulsants, antiarrhythmics, and local anesthetics (3).

Mammalian Na, channels are complex proteins composed of
more than 2,000 amino acids and have eluded structural deter-
mination for decades. The discovery of the bacterial ion channel
family Na,Bac (4, 5), and subsequent solution of high-resolution
structures (6, 7), has given us an opportunity to begin to un-
derstand Na, function at the molecular level. The homotetra-
meric Na,Bac structures are far simpler to study structurally and
functionally and are modulated by drugs in similar ways to their
mammalian counterparts (8), making them ideal systems to ex-
plore the molecular mechanisms of Na, function.

The structure of the bacterial Na,Ab channel from Arcobacter
butzleri (6) is reminiscent of the voltage-gated K (Ky) channels,
with four identical monomers comprised of a voltage sensor
domain (VSD) and a pore domain (PD), symmetrically orga-
nized around a central pore (Fig. 1 A and B). In contrast to the
narrow, ion-sized selectivity filter (SF) of the K* channel, the
Na,Ab SF is wider and lined not only by protein backbone
(residues 175-178) but also by the side chains of a ring of four
glutamates (E177) (Fig. 1C). Curiously, this ring is conserved
within the Na,Bac family, but is indicative of a Ca®*-selective
and not of a Na*-selective mammalian channel, which has a con-

3454-3459 | PNAS | March 4,2014 | vol. 111 | no.9

served DEKA locus (9). Despite the EEEE-lined SF, bacterial
channels nominally favor Na* over Ca®* or K*, with relative per-
meabilities 5 < Pna/Px < 171 and 7 < Pna/Pca < 70 in NaChBac
(4, 10, 11) (depending an order of magnitude on experimental
conditions; 11). This Na* selectivity emerging from a Glu-lined
pore leads us to question the mechanism by which these channels
optimally conduct Na™ ions. Simple physical models have pro-
posed a charge/space competition theory to explain the variable
Na*/Ca?" selectivity of Glu-lined SFs, where the volume and
electrostatic environment both play a role in the number of ions
that the channels can bind and efficiently conduct (10, 12, 13).
Selectivity between the monovalent cations Na* and K* may be
interpreted in terms of ligand field strength (14), where amide
carbonyls provide weaker fields that favor larger ions, like K*,
whereas carboxylates create a high field strength site (Sgrs) (6)
favorable to Na™.

Permeation of ions through the filter is expected to be mod-
ulated by the protonation states of ion-coordinating ligands.
Although exhibiting the different DEKA sequence, mammalian
Na, channels exhibit reduced conductances at lower extracellular
pH (15)—interpreted as proton block (16). Importantly, external
pH has been observed to have the same effect on Ca®* channels
and is significantly altered by mutation of the EEEE locus (17).
This effect in mammalian channels is of particular interest, be-
cause pH is known to be modulated by neuronal activity (18) and
to drop substantially when ischemia occurs in the brain or the
heart (19). Although the influence of pH has not yet been char-
acterized in bacterial Na,, the binding of protons to the EEEE ring
is expected to be a critical factor in its ion conduction mechanism.

In this study, we carry out extensive molecular dynamics (MD)
simulations, using the fully atomistic system shown in Fig. 1, to
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Fig. 1. (A) Na,Ab channel embedded in a hydrated DPPC bilayer (light blue
sticks), surrounded by water (red and white sticks) with Na* and CI~ ions
(yellow and cyan balls). One of the four monomers shows the VSD in purple/
blue and the PD in green/yellow/red. (B) Zoomed view of two monomers of
the PD showing S5 (green) and S6 (red), and pore helices P1 (yellow) and P2
(orange) for one of them. The SF and key S6 residues are represented by
sticks and labels. (C) Top view of the pore showing the EEEE ring.

describe Na* permeation and competitive binding of Na*, K™,
and Ca”" ions. Although the channel has been solved in a pre-
open state, with active voltage sensors and closed gate (6), the
pathway through the SF and hydrophobic cavity (Fig. 1B) is in
a conducting state, allowing for studies of multiple ion move-
ments. We examine the effects of EEEE protonation and reveal
extensive protein fluctuations, unseen in previous simulations on
shorter timescales (11, 20-22), but suggested to play a role in
a recent study (23). We will demonstrate that protein fluctua-
tions away from the published crystal structure are critical for
describing ion conduction mechanisms.

Another important feature of Na, function is its ability to
terminate conductance under sustained depolarization via in-
activation (24, 25). Inactivation is associated with numerous
neuronal and cardiac pathologies (26). Bacterial channels display
slow inactivation reminiscent of C-type inactivation in K, chan-
nels (27), involving its PD (28, 29), and is known to be modulated
by local anesthetics (8). Interestingly, there is recent evidence
that mammalian channels are also affected by this process (30—
32), despite a historical focus on fast inactivation (33). Our
multimicrosecond simulations reveal conformational fluctua-
tions in common with proposed inactivated crystal structures
(34), which allow us to begin to describe the molecular mecha-
nisms of inactivation and its relation to Na, drug inhibition.

Results

lon Occupation and the Role of Protonation States. The E177 ring
lining the SF produces a high charge density that attracts cations
into the pore. Although the aqueous pK, of Glu is 4.4 (35), the
interactions between these side chains, ions, and a nonaqueous
environment will lead to unknown pK, shifts. Fig. 2 shows that
protonation states dramatically influence the distribution of Na*
ions in the channel. For protonation states PS, (no E177 pro-
tonated) and PS; (one protonated), ion densities are continuous,
reflecting a substantial exchange between the SF and bulk. For
PS, and PSy, there are 2-3 ions in the SF (SI Appendix, Fig. S1),
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suggesting a mechanism involving interconversion between two
and three ions, whereas this number decreases to just one ion
for other protonation states (PS,, PS;, and PS, with 2-4 pro-
tonated), where a reduction in ion density appears at the level of
the EEEE ring, preventing conduction via intrapore proton
block (16, 17).

The 1D free energy projection (Fig. 2, Right) for PS, is con-
sistent with the proposed binding site locations in the Na,Ab
crystal structure (6). These sites are shifted slightly in PS;, with
a double well in the Sygs site due to E177 rotational isomer-
izations, resulting in an almost barrier-less profile. Only Siy
(inner site) is common to all protonation states, with shifts owing
to reduced electrostatic attraction to E177 in PS; and PS,.
Furthermore, CI™ ions enter the SF for both PS; and PS; on
numerous occasions, being stable for tens of nanoseconds in
Surs for PS, (Fig. 2, Lower). In the case of PS,, although still
attractive for Na™, pairs of protonated/deprotonated E177 form
H bonds that close the SF (Fig. 2, Lower and SI Appendix, Figs. S2
and S3). Therefore, PSy and PS; are the protonation states likely
to be involved during channel conduction.

Na* Conduction Mechanism. With an average number of 2.3 ions in
the PSy SF (SI Appendix, Fig. S1), permeation of Na* involves
transitions between two- and three-ion states, from which we
compute potential of mean force (PMF) maps. In the presence
of two ions, the PMF (Fig. 34) reveals three states: A (and A’
due to E177 mobility), B,, and C,. In each state, ion 2 (upper
ion) is bound to E177 and occupies Sygs, whereas ion 1 (lower
ion) moves more freely from Sy (A with ion 2 in high Sygs, A’
with ion 2 in low Sygs) to Sygrs (Cy) via Scen (central site; By).
Although the highest energy barrier encountered is ~1.5 kcal/
mol (~+0.5 kcal/mol; SI Appendix, SI Text), ions appear trapped
in the absence of a third ion.

In Fig. 3B, we show the three-ion PMF for PSy as a function of
the position of the bottom ion (ion 1) and the center of mass
(COM) of the two upper ions (2, 3). Four states—A, B;, C;, and
F—can be identified, with state C’; related to Cs. State A, with
two ions in the SF (Syrs and Syn) and one approaching from the
extracellular solution, is common to both two- and three-ion
maps. In B, ion 3, initially extracellular, moves down, whereas
ion 1 remains in Sy (Cs/C’3), before being pushed into the
cavity, leading to state F.

The projection shown in Fig. 3B reveals the conduction of an
ion, but does not detail the involvement of ions 2 and 3 in the

Free energy (kcal.mol™)

-10 3 3 P PSg-eer
T F v PS: -

0 5100 5100 5100 510 0 5 10 2-10 1 2
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FoL RREBA Tt 1Y g

Fig. 2. Radial-axial Na* free energy surfaces for protonation states PS, to
PS4, (with PS,4 and PS,g averaged; breakdown provided in S/ Appendix, Fig.
S3), with 1D projections and initial SF structure shown to the right (binding
sites Shrs, Scen, Or Siy indicated with horizontal lines). Dashed curves indicate
incomplete sampling for PS; and PS;. Representative conformations are
shown beneath with Na* and CI~ ions as yellow and cyan balls (for clarity
only three monomers shown, with all four shown for PSyg to highlight
distortion).
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Fig. 3. 2D PMF projections for Na* ions in PS, (see S/ Appendix, Fig. S6 for
PS; results), when two (A) or three ions (B and C) occupy the SF, with z53
corresponding to the COM of the upper ions (2, 3). Contouring is at 0.5 kcal/
mol, with lowest free energy pathways as dashed curves. The permeation
mechanism is shown on the right, with free energies relative to state A and
barriers (indicated on the arrows) in kcal/mol (~+0.5 kcal/mol; negative
values implying no barriers).

upper part of the SF. An alternative projection, as a function of
only the top two ions, is shown in Fig. 3C and reveals an in-
teresting competition of conduction mechanisms. One possibility
involves the upper ion entering the SF from above, joining the
lower ion at the EEEE ring, and then knocking the bottom ion
downward, whereas the alternative is for one ion to pass the other
via state E (on the diagonal), coexisting at the EEEE ring before
pushing the bottom ion into the cavity. These direct knock-on (36)
and pass-by mechanisms encounter similar low (<1 kcal/mol) free
energy barriers and would both contribute to conduction.

Ion permeation in NayAb, in its fully charged PS, state, can
therefore be described as a two-stage process, alternating be-
tween three- and two-ion occupancy states (Fig. 3, Right). During
the entire conduction process, the largest free energy barrier
encountered is ~1.2 kcal/mol during the transition from C; to F

3456 | www.pnas.org/cgi/doi/10.1073/pnas.1320907111

(perhaps slightly elevated due to the closed gate), allowing for
rapid conduction. This three-ion mechanism is supported by
previous studies of simplified Glu-lined pores (13), and by recent
simulations (23), but not in other studies that focused on a two-
ion process (21, 22).

During the simulation of PS;, the SF is occupied by two ions
most of the time (SI Appendix, Fig. S1), with shorter appearances
of a third. The details of the permeation process for the PS; state
are described in SI Appendix, SI Text. Inspection of SI Appendir,
Fig. S64 reveals that, in the presence of two ions, the upper ion is
bounded below z = 6 A in this simulation, essentially ruling out
a two-ion conduction mechanism. In contrast, the PS; PMF for
three ions reveals a complete conduction path (A-F; as seen for
PSy) that is nearly barrier-less (SI Appendix, Fig. S6B). Thus,
both protonation states PSy and PS; display a conduction mech-
anism involving transitions between two- and three-ion occu-
pancy states. The main difference is the change in net SF charge,
reducing the affinity of the pore for three ions in PS;. We suggest
that optimal conduction requires greater three-ion occupancy, as
occurs with a fully charged EEEE ring.

Competitive Na*, K*, and Ca®* lon Binding. Equilibrium sampling of
mixed electrolytes can reveal the competition for ion binding
sites, coordination, and differences in free energy to help under-
stand experimental relative permeabilities. Independent simu-
lations with different ion placements led to exchanges of Na*
and K* between the SF, bulk, and cavity (ST Appendix, Fig. S7).
In the case of Ca?*, however, stronger E177 binding led to little
exchange (SI Appendix, Fig. S7), but enough movement to ex-
amine its binding locations. Fig. 4 shows results for PS, (see SI
Appendix, Fig. S8 for PS; and SI Appendix, Fig. S9 for conver-
gence). Na™ ions occupy the same binding sites as in pure NaCl
solution (Surs, Scen, and Sin; magenta curves), shifted slightly
due to the other ions. K* ions (green curves) bind to comparable
sites, separated by similar barriers, but with marginally lower
affinity (by <1 kcal/mol). The K* ions interact with slightly more
protein oxygen atoms than Na*t in Scgn and Sy and slightly less
in the carboxylate-lined site Sprs (SI Appendix, Fig. S10), as antic-
ipated. Results for PS; (SI Appendix, Fig. S8) are similar, offering
little evidence for discrimination against K*. Acknowledging
kcal/mol statistical errors, and up to ~2 kcal/mol error due to the
choice of ion parameters (SI Appendix, SI Text and ref. 37), this
result is consistent with lower experimental estimates of relative
permeability, as well as recent biased sampling calculations (11).

Free energy (kcal/mol)

Fig. 4. PMFs for Na* (magenta), K* (green), and Ca** (blue) ions during
simulations of PS, (see S/ Appendix, Fig. S8 for PS;) in mixtures of Na*/K*
(Left) and Na*/Ca®* (Right), with two independent simulations shown as
solid and dashed curves.
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Ca?* jons in PSy (Fig. 4, blue curves) occupy a Syrs-like site,
which we call Sc,, formed by 5-6 E177 oxygens and just two
water molecules (SI Appendix, Fig. S10). The Sc, site consists of
a broad free energy well, including two local minima, reaching
down to Scgn (displacing nearby Na™ ions), corresponding to
different E177 orientations that allow Ca®* to remain always
coordinated by carboxylates, and demonstrating poor affinity for
other parts of the SF. In PS; (SI Appendix, Fig. S8), these minima
involve either two charged and one protonated Glu, with addi-
tional contribution from the V176 carbonyl (lower minimum), or
by three charged Glu side chains (upper minimum). The stronger
binding of Ca** ions in the presence of Na* could help explain
experimental measures of selectivity (4, 10, 38). In fact, it has
been shown that additional negative protein charges are needed
to favor Ca** (10), consistent with our inability to sample addi-
tional Ca”* entry that would promote ion movements.

Conformational Flexibility of the PD. With its wide pore and Glu-
lined SF, subject to the rotational isomerizations, the Na,Ab
pore displays more flexibility than that familiar in K* channels.
We have observed large movements of Glu side chains, which are
closely correlated with ion translocation through the SF (Movie
S1 and Movie S2), as also described in a recent study (23). Fig.
5A, Left shows the 2D rmsd maps comparing SF structures at two
different times (SI Appendix, SI Methods) and represents a state
map for the protein’s SF conformation. We see by comparing
PS, (top) and PS; (bottom) that the protonation of a single
residue can impact significantly on the flexibility of the protein.
In the initial X-ray structure, E177 carboxylates form H bonds

time (Pf)

time (us)

o
2]

time (us) time (us)

1 2
RMSD SF (A) RMSD PD (A)

Fig. 5. Fluctuations of the PD. (A) 2D rmsd maps for PSy (Upper) and PS,
(Lower), considering the SF (backbone of residues 175-179, Left) and PD
(backbone of residues 130-220, Right). The black dashed lines delimit blocks
of stable conformations (labeled with roman numerals) with representative
conformations as insets (S/ Appendix, Figs. S5 and S13). Bottom views of the
PD in the initial conformation (PDB ID code 3rvy) (B), after 2.5 ps in PS; (C),
and in the proposed inactivated conformation (PDB ID code 4ekw, chains
AB) (D), aligned on the S6 helices, are displayed beneath.
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with S178 hydroxyls (SI Appendix, Figs. S4 and S5), orienting one
oxygen per group inward to form Sygs. In PS, this conformation
is maintained for much of the first microsecond of simulation,
but then the rupture of two of these H bonds allows two E177
side chains to orient downward (SI Appendix, Fig. S5), promoting
the entrance of a third ion (with 2-3 ion exchanges continuing
throughout the rest of the simulation; SI Appendix, Fig. S1). We
note that previous studies (21, 22) relied on biased sampling on
the time scale of just 0.1-0.5 ns per simulation, far too short to
allow for the conformational changes observed here. The situa-
tion is different in PS;, where the SF displays a succession of
short-lived states, with E177 side chains moving freely (SI Ap-
pendix, Fig. S4). Regardless of the protonation state, it is clear
that the X-ray structure, or any short simulation based on that
structure, provides just one snapshot of the protein, inadequate
for describing ion conduction.

The behavior of the SF is strongly correlated with the dy-
namics of the PD. This is evident in the comparison of state maps
for the SF (Left) and PD (Right) in Fig. 54. In PS, two states of
the SF are associated with two conformations of the PD, defined
by bending of an S6 helix at the level of residues P200-F203, at
the same time the SF exhibits some distortion (at ¢t ~ 1 ps). In
PS,, five PD states (I to V) can be identified, associated with
more extensive S6 bending (Movie S3), with all but state II
having well-defined corresponding states in the SF.

Our observations suggest that increased fluctuations of the SF
caused by single protonation in PS; (Movie S2) may expedite
transitions between states for the whole PD. In PS;, the transi-
tion from state I to state I (t ~ 0.25 ps) corresponds to an initial
bending of S6, in association with a tilt of P2 (SI Appendix, Fig.
S13) that pulls on the SF from above. Transition II-IIT (t ~ 0.75
ps) sees helix S6 bend further, causing 1202 and V204 to press on
the base of the SF (via 1202-V173 and V204-M174, SI Appendix,
Fig. S13), contributing to SF distortion, involving subunit dislo-
cation (Fig. 54, Right), although maintaining hydration and ca-
pacity for three ions (SI Appendix, Fig. S1). Helix deformation
reaches a maximum in state I'V, then reduces in state V, whereas
the SF remains distorted and asymmetrical.

Analysis of S6 backbone dihedral fluctuations (SI Appendix,
Fig. S11A4) suggests instability between V196 and P200, and at
1202, to differing degrees in all simulations (SI Appendix, Fig.
S11B). The structure of S6 at the level of F203 is strongly as-
sociated with the breaking of backbone 1202-T206 H bonding as
well as the interfering 1202-T206 (backbone to side chain) H
bond. Rupture of these H bonds is consistently observed when S6
bends (notably in PS;, PS,, and PSy; SI Appendix, Fig. S11C).
Thr’s mechanism of interfering with secondary structure is like
that of Ser (a known helix breaker) (39, 40), also known to
modulate bending due to Pro (41). Here, the Thr methyl group
(that distinguishes it from Ser) is well solvated by intersubunit
nonpolar side chains that help direct the hydroxyl group into S6
(SI Appendix, Fig. S124), leading to weakening of the «-helix
forming H bond (SI Appendix, Fig. S12 B and C). In S6, P200
induces deformation that breaks F198-1202 and subsequently
the weakened 1202-T206 H bond, leading to bending.

These conformational changes have led to protein structures
that resemble the proposed inactivated structures of Payandeh
et al. (34) (compare Fig. 5C to Fig. 5D). These X-ray structures
present asymmetrically collapsed S6 activation gates (asymmetry
5 A at the level of residues 215-218) and associated narrower SF
and reshaped cavity. We have observed similar gate asymmetry,
reaching as high as 12 A after ~1.5 ps in PS; (SI Appendix, Fig.
S14). We postulate that S6 bending is a natural property of the
protein on this microsecond timescale. Although slow inactivation
occurs on longer timescales (millisecond to second) (42), the
transition from a conducting to an inactivated state may be as-
sociated with rapid conformational fluctuations, as seen in these
simulations, but require stabilization on longer timescales.
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Importantly, the conformational changes can be traced to key
residues associated with slow inactivation. Residue 1202 is well
conserved within the Na, family (2), as is T206 in the Na,Bac family
(6). Mutation of the helix-weakening T206 (T220 in NaChBac)
prevents slow inactivation (43), whereas the mutation of the
equivalent of residue 1202 in Nav1.4 domain IV dramatically affects
slow inactivation (44). In addition, mutation of Phe at that same
level (F203 in Na,Ab) strongly inhibits slow inactivation in mam-
malian Na, (28, 31), reinforcing the significance of the S6 bend
around this residue. It is also of much interest that changes in gate-
forming helices are correlated with changes in the SF, as suggested
by NaChBac studies (10), and akin to C-type (slow) inactivation in
K" channels (27), although apparently via a different mechanism.

Fenestrations and Pore Accessibility. At the level of the bending
between residues 202 and 206, the S6 helices are known to form
openings between the membrane and the central cavity (6).
These openings have been described as potential pathways to
a binding site somewhere within the PD for lipophilic drugs, such
as local anesthetics or antiepileptics, to inhibit Na™ current (8).
Lipid tails were seen to enter these openings and to exchange
with different lipids frequently (Fig. 64; on average ~9 times in
2.5 ps). Fig. 6B shows the distribution of fenestration radii for
PSy and PS;, with time series for individual fenestrations (S/
Appendix, Fig. S15) revealing rapid fluctuations between 0 and 4
A. Fig. 6C shows how the size of the openings is controlled by the
orientation of the F203 side chain (y5; red curves), whose phenyl
group acts as a lid closing the pathway (indicated in Fig. 6C,
Left), but which is strongly modulated by helix bending (blue
curves), acting to favor the rotamer that closes the fenestration.

Therefore, fenestration access is regulated by the behavior
of residues associated with helix bending (F203, 1202, T206, as
well as P200), which are also linked to s!ow inactivation in Na™*
channels (8, 28, 44). At their widest (~4 A), the fenestrations are
large enough to fit typical Na, inhibitor drugs, such as phenytoin
(illustrated in SI Appendix, Fig. S15; see also Fig. 6B, which
shows openings are large enough to fit an aromatic ring ~10% of
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Fig. 6. (A) Top view of the PD showing different colored lipids seen within
lateral openings during the PS; simulation. (B) Normalized distributions of
fenestration radius for PSy (green) and PS; (blue), with red line marking the
radius of benzene (~2.47 A). (C) Dihedral x2 of F203 (red curve) and bending
angle 056 (blue curve) for segments D and B in PSy and PS4, respectively, with
corresponding fenestration size as a function of time.
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the time and thus easily adapted with strain energies of less than
kgT; SI Appendix, SI Text). This demonstrates that these fenes-
trations are possible pathways for lipophilic drugs.

The key role of the Phe (203 in Na,Ab) in drug activity has
been observed in numerous channels, such as F1764 in rNav1.2
(45), F1710 in rNav1.3 (46), F1579 in hNav1.4 (47), and F1760 in
hNavl.5 (28). It has been suggested that drugs can enter the
cavity (48) and physically block the channel (49), or bind at the
level of the opening via n—n stacking of aromatics (47) and inhibit
the current by favoring a nonconductive inactivated state (46).
Moreover, it is known that slow inactivation is affected by local
anesthetics or antiepileptics drugs (30-32) and by the mutation
of the same Phe involved in drug binding (28). Evidence suggests
that drug binding affinity varies depending on the conducting
state of the channels (46), corroborating our own observations
that accessibility of both the Phe and cavity openings are co-
dependent and correlated with changes in the S6 helix and gate
collapse, suggesting a transition to the inactivated state.

Conclusion

Multimicrosecond simulations of the Na* channel Na,Ab have
been used to investigate Na, channel function on timescales that
are physiologically relevant for conduction and sufficient to be-
gin to observe the conformational flexibility of the protein re-
lated to channel activity. We have reported flexibility of protein
conformation, influencing both conduction and key structural
features associated with inactivation and lipid accessibility, with
implications for understanding Na, drug activity.

The Na* conduction process in Na,Ab has been elucidated
from unbiased MD simulations on long timescales. Despite the
channel having a closed intracellular gate, these simulations map-
ped out the multiple ion movements that govern Na™ conduction
across the channel’s SF. The process involves the movements of
three ions via a knock-on mechanism, reminiscent of conduction
in K* channels, or via a pass-by mechanism, made possible by
the larger and more flexible Na,Ab SF. We predict conduction
in channels with fully charged or singly protonated EEEE rings,
but hypothesize that reduced affinity for a third ion due to pro-
tonation may lead to lower conductance, suggesting proton block
(17). Interestingly, the dependence of ion occupation on those
Glu charges conversely suggests that protonation/deprotonation
could occur during conduction events, where SF occupation dy-
namically switches between two and three ions.

Our simulations with ionic mixtures have suggested a slightly
lower affinity for K ions and tighter binding of Ca** ions,
consistent with the nominal relative permeabilities measured
experimentally (6, 10). However, dedicated free energy simu-
lations would be needed to capture the differing multiple-ion
mechanisms of permeation for each ion type, as well as anom-
alous mole fraction effects in ionic mixtures. The challenge
remains to incorporate the extensive fluctuations of the channel
while elucidating those mechanisms.

Bending of helix S6 at the level of P200-T206 appears as
a long-timescale fluctuation, leading to an asymmetric arrange-
ment that resembles the inactivated state proposed by Payandeh
et al. (34). This is somewhat surprising given that inactivation in
bacterial channels occurs on millisecond timescales, but suggests
that microsecond conformational fluctuations may be related to
a change in state on longer timescales. In addition, we have
observed a connection between pairs of residues 1202-V173 and
V204-M174, as well as P2 helix tilting, communicating structural
changes between the gate and the SF, reminiscent of C-type
inactivation in K* channels (27).

The behavior of S6 affects the openings to the membrane
interior, thought to be involved in the binding of Na, drugs (3, 8).
The size of these fenestrations is controlled by rotational isom-
erization of F203, a residue that is key to inactivation and drug
binding (28, 45-47). Fenestration size is modulated by S6 bending,
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which we have proposed may be associated with a collapse into an
inactivated state. These observations suggest that the binding of
drugs at this crucial site could modulate conversion to a slow-
inactivated state, as suggested experimentally (28, 31, 32, 46).
These simulations have therefore proven to be important for ex-
ploring the roles of protein flexibility in ion conduction mecha-
nisms and have given us clues as to the molecular-level processes
that underscore inactivation and drug inhibition of Na, channels.

Methods

The Na,Ab protein [Protein Data Bank (PDB) 3rvy (6)] was embedded in
a dipalmitoylphosphatidylcholine (DPPC) membrane with explicit three-
point transferable intermolecular potential (TIP3P) water molecules. All
six possible protonation states—PS,, PS;, PS;a (neighboring), PS,g (op-
posing), PS3, and PS;—with 0-4 glutamates (E177) protonated were
considered for the EEEE SF ring. Systems were simulated in 150 mM NacCl
solution, and protonation states PSo and PS; were additionally simulated
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in mixtures of NaCl/KCl (300/300 mM) and NacCl/CaCl, (150/300 mM).
Systems were built and relaxed initially with Chemistry at Harvard
Macromolecular Mechanics (CHARMM) (50), then further equilibrated
with NAMD (51) before long production runs on Anton supercomputer
(52), summarized in S/ Appendix, Table S1. PMFs were calculated from
unbiased simulation as W= —kgTInp+C, where p is the unbiased prob-
ability distribution as a function of axial (z) and/or radial (Ry,) positions
of one or more ions and Cis a constant. Permeation free energy maps are
a function of two or three ionic coordinates—z;, z,, or z;—being the z
components of the distance to the SF COM (residues 175-178). See S/
Appendix, SI Text for full details.
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