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Eukaryotic voltage-gated sodium channels (VGSCs) are essential for the initiation and propagation of action poten-
tials in electrically excitable cells, and are important pharmaceutical targets for the treatment of neurological disorders
such as epilepsy, cardiac arrhythmias, and chronic pain. Evidence suggests that small, hydrophobic, VGSC-blocking drugs
can gain access to binding residues within the central cavity of these channels by passing through lateral, lipid-filled
“fenestrations” which run between the exterior of the protein and its central pore. Here, we use molecular dynamics
simulations to investigate how the size and shape of fenestrations change over time in several bacterial VGSC models
and a homology model of Nav1.4. We show that over the course of the simulations, the size of the fenestrations is primar-
ily influenced by rapid protein motions, such as amino acid side-chain rotation, and highlight that differences between
fenestration bottleneck-contributing residues are the primary cause of variations in fenestration size between the 6 bac-
terial models. In the eukaryotic channel model, 2 fenestrations are wide, but 2 are narrow due to differences in the amino
acid sequence in the 4 domains. Lipid molecules are found to influence the size of the fenestrations by protruding acyl
chains into the fenestrations and displacing amino acid side-chains. Together, the results suggest that fenestrations pro-
vide viable pathways for small, flexible, hydrophobic drugs.

Introduction

Voltage-gated sodium channels (VGSCs) are a class of trans-
membrane ion channels that regulate the passage of sodium ions
(Na*) across the plasma membrane of a cell. A depolarization of
the local membrane potential activates VGSCs toward an open
state, allowing the passive influx of Na* into the cell through the
channel’s central pore. As such, eukaryotic VGSCs are crucial for
the initiation and propagation of action potentials in neurons and
other electrically excitable cells.! Mutations in the genes encoding
for eukaryotic VGSCs can cause electrical signals to be propa-
gated too often or in an irregular manner, leading to neurologi-
cal disorders such as epilepsy and cardiac arrhythmias, as well as
conditions of chronic and acute pain.? Currently, the best treat-
ment for VGSC-related conditions involves the use small organic
molecules, such as local anesthetics, which impede the flow
of Na* through the channels and regulate the rate of electrical
signal propagation.®> However, due to high sequence and struc-
tural homology between the 9 subtypes of mammalian sodium
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channels, drugs which are used to target a specific sodium chan-
nel subtype often block the flow of Na* through non-target
channels, leading to adverse side effects.* The development of the
next generation of drugs which selectively target certain VGSC
subtypes relies on a detailed understanding of how these drugs
interact with the channels, and how compounds gain access to
the water-filled interior of the channel, where most of the known
drug-binding sites occur.’®

The pore-forming a-subunit of eukaryotic VGSCs is a large,
single-chained macromolecule which forms a pseudo-tetramer
composed of 4 linked homologous domains (DI-DIV).” Each
domain is made up of 6 a-helices (S1-S6) which form a voltage
sensor (§1-S4), and a pore-forming domain (S5-S6). The pore-
forming domains of DI-DIV are arranged around the central
Na*-conducting pore of the channel which contains a narrow
selectivity filter essential for discriminating between ions,'" and
an “activation” gate at the cytosolic end of the protein that opens
and closes the pore in response to changes in the transmembrane
potential."® As a consequence, VGSCs can exist in 3 distinct
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functional states. In the closed state, the activation gate occludes
the central pore and blocks the passage of Na* through the chan-
nel. In the open state, the activation gate is open and Na* can
flow unimpeded through the channel. In the inactivated state
an additional tethered cytoplasmic loop between DIII and DIV
rapidly blocks the cytosolic end of the pore following channel
activation, preventing the flow of Na*.!

Most VGSC-blocking drugs bind to residues in the central
water-filled cavity of the central pore’® While it is possible for
drugs to reach this site through the activation gate when the
channel is open, some neutral drugs are able to block or leave
the channel even when it is closed.'* Given that (1) the size and
charge of the selectivity filter prevents access of most drugs via
the extracellular side of the pore, (2) charged drugs are unable
to yield this so called “tonic block” of resting channels,” (3) the
channel-inhibiting properties of these compounds diminishes
within tens of seconds even in closed-state channels, and (4) the
rate of activity loss increases with drug hydrophobicity, this pro-
vides evidence for an alternative “hydrophobic” pathway for neu-
tral compounds to reach the interior of the channel." Although
use-dependent block is critical to the therapeutic action of many
channel-blocking drugs, in this study we focus on the nature of
the hydrophobic pathway that is essential for tonic block.

While the general structure of eukaryotic sodium channels is
well understood, there are currently no crystal structures avail-
able to elucidate the hydrophobic drug entry pathway or to high-
light the finer structural details which are needed to guide the
development of the next generation of sodium channel-blocking
drugs. However, several structures of bacterial VGSCs have
been published which can provide a basis for understanding
the mechanisms of VGSC-blocking drugs. Bacterial VGSCs—
including NaChBac,” NavAb,'® NavMs,"” and NavRh'"*—share
a similar overall architecture to eukaryotic VGSCs but differ
in that they are a tetramer consisting of 4 separate homolo-
gous subunits.'® Several bacterial VGSC structures have been
published which may highlight the different functional states
of the channel. These include the putative pre-open NavAb,'
inactivated NavAb,"” open NavMs'”?" and inactivated NavRh."
An interesting feature observed in these structures is the lateral
lipid-filled openings, which run between the membrane bilayer
and the central pore of the VGSCs (Fig. 1A). These “fenestra-
tions” may represent the alternate hydrophobic access pathway
for small hydrophobic Na*-blocking drugs which bind to resi-
dues in the central pore of VGSCs. Similar fenestrations were
predicted in models made prior to the bacterial structures® and
have been observed in more recent homology models of eukary-
otic VGSCs,* and subsequent structural studies on bacterial
VGSCs have indicated that the size of the fenestrations may dif-
fer between functional states.”" This latter observation led to
the suggestion that differences between fenestration sizes could
be exploited in the design of drugs which stabilize certain func-
tional states.” However, it remains questionable as to whether
the differences in fenestration size observed between published
crystal structures are caused by changes in the functional state
or are simply variations due to sequence differences in the crys-
tallized proteins. These variations could also be an artifact of the
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static nature of crystallographic structures, which capture only
one of many possible protein conformations.

While experimental and computational studies suggest that
small, hydrophobic compounds can move through VGSC fenes-

2224 it remains unclear whether larger compounds could

trations,
traverse these pathways. The ability of drugs to pass through
the fenestrations depends on several factors, including the extent
of hydrophobic and electrostatic interactions with fenestration-
lining residues, but is primarily limited by the size of the fenes-
trations, and in particular the physical “bottlenecks” that occur
within the fenestrations. That physical constrictions in the fenes-
trations limit drug movement is reinforced by the fact that larger
analogs of benzocaine show slower rates of dissociation.”” The
size of the fenestrations in published crystal structures has been
compared recently.”® However, crystal structures only capture
a snapshot of the protein and do not show the effect that pro-
tein dynamics—ranging from fast side-chain rotations to slower
whole-protein movements—or protein-lipid interactions have
on the size and shape of the fenestrations. Here, we use molecu-
lar dynamics (MD) simulations to investigate the factors that
contribute to variations in fenestration size and shape in several
bacterial and eukaryotic VGSC models, including the influence
of key bottleneck-contributing residues, protein dynamics, the
amino acid sequence, and protein-lipid interactions.

Results and Discussion

Bacterial VGSC dynamics and fenestration size

The size and shape of the VGSC fenestrations is likely to be
influenced by protein dynamics occurring on a range of time
scales. Visual inspection showed that for each bacterial struc-
ture the protein remained intact for the whole trajectory and
4 fenestrations could be seen between the S5 and S6 helices of
neighboring subunits. Fast vibrational motions of the VGSCs
were observed throughout the simulations, including the rapid
interconversion between amino acid side-chain rotamers. In each
system, backbone RMSD values did not exceed 2.4 A during the
MD simulations (Fig. S2), suggesting that the protein structures
remained relatively stable. Although the value of the RMSD
shows larger fluctuations during periods of the trajectory, consis-
tent with larger conformational changes of the protein, the larg-
est structural motions were observed distant to the fenestrations
at the cytosolic end of S5 and terminal end of S6, and there was
no clear link between these motions and changes to the fenestra-
tion size. Considering that there was limited evidence of larger
scale motions in the VGSCs during the simulations, it is likely
that fenestration size is primarily influenced by faster motions—
such as amino acid side-chain rotations—over the time-course of
these simulations.

The size and shape of the fenestrations were analyzed using
CAVER, which successfully identified the 4 fenestrations in each
of the simulation systems. It also successfully identified tunnels
leading out from the central cavity of the protein via the extracel-
lular selectivity filter and via the cytosolic activation gate (Fig. 1;
Table S2); however, these pathways were not analyzed in detail
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Figure 1. Finding and clustering the fenestrations. A cut through of the protein surface of the NavMs_SYM structure viewed from (A) the side and (B) the
top (extracellular side) shows 2 and 4 fenestrations extending from the central cavity of the channel to the membrane, respectively. In (A) the selectivity
filter and activation gate are visible at the top and bottom of the structure. Similar views showing the size and shape of the fenestrations found using
CAVER are indicated in (C and D). The fenestrations found in each snapshot of the simulation trajectory are clustered (E and F) to allow for the dimen-
sions of each fenestration to be plotted vs. time. Here, each fenestration cluster is represented by a different color, with each line representing the center
of the largest fenestration pathway identified in each snapshot. Each cluster was assigned with a fenestration ID (F).

here. In rarer cases, channels leading out from the central cav-
ity to the bulk solvent via other pathways were identified, such
as between the S5 and S6 helices of single subunits (data not
shown). These tunnels were identified much less frequently and
were significantly smaller than the pathways offered by the fen-
estrations and central pore. Therefore, it is unlikely that these
pathways would offer a viable drug access pathway, and so only
the 4 primary fenestrations were investigated further.
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The average and maximum fenestration bottleneck radii
observed in each bacterial VGSC system are outlined in Table 1
and the distributions of bottleneck radii sampled by the fenes-
trations during each of the simulations are shown in Figure 2.
Fenestrations with a minimum radius of at least 0.8 A were iden-
tified in nearly all analyzed frames of the bacterial channel MD
simulations. Therefore, it is evident that over the time course
of the simulations the fenestrations very rarely, if ever, close up
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Table 1. Summary of fenestration properties

Structure Av.BR (A) sD (A) Max. BR (A)
NavAb_CLOSED 1.68 0.32 2.60
NavAb_INACT 1.62 0.35 2.60
NavAb_F203A 1.73 0.27 2.59
NavRh 2.13 0.26 2.83
NavMs 2.1 0.22 2.81
NavMs_SYM 2.20 0.19 2.76

Values for the average and maximum bottleneck radii (BR) for each
fenestration as calculated by CAVER. Standard deviations (SD) about the
mean are shown for the average bottleneck values. The data from all 4
fenestrations in each structure are pooled in each case. Data for individual
fenestrations is given in Table S2.
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Figure 2 (opposite page). Bottleneck radii distributions. The frequency at which each bottleneck radius is sampled in each system is shown to give an
indication of the average fenestration radius and fluctuation in size. Data from all 4 fenestrations in each structure are pooled in each case.
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Figure 3. Time evolution of fenestration bottlenecks. The time evolution of the fenestration bottleneck radii (represented by color) are shown for each

sufficient for the passage of aromatic rings (diameter ~4.4 A).
The passage of larger drugs through the fenestration may require
further distortion of either the protein or the drug. Indeed, a
positive correlation between the flexibility of a drug and its
ability to pass through VGSC fenestrations has been observed
elsewhere,? suggesting that the flexibility of compounds should
be considered when designing new sodium channel-blocking
compounds.
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The average and maximum bottleneck radii for the NavAb sys-
tems (NavAb_CLOSED, NavAb_INACT, and NavAb_F203A)
were significantly smaller and sample a wider range of values
than those of the NavRh and NavMs systems. Figures 3 and 4
show how the bottleneck size and fenestration profiles change
over the course of the simulations, respectively. Again, these
highlight the more restricted nature of the NavAb_CLOSED,
NavAb_INACT, and NavAb_F203A systems. It can be seen
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Figure 4. Time evolution of fenestration radius profiles. The time evolution of the profile of one representative fenestration of each system is shown.
Distances along the length of the fenestration are given on the y-axis and the width at each position is indicated by the color.

from Figures 3 and 4 that fenestrations tend to go through peri-
ods of a few nanoseconds where they become more restricted,
suggesting that protein dynamics on the nanosecond scale are
influencing fenestration size.

Highlighting key fenestration bottleneck residues in bacte-
rial VGSCs

While it has been suggested that the size of VGSCs fenes-
trations may change between functional states, it is likely that
amino acid differences between NavAb, NavRh, and NavMs
contribute to the differences in fenestration size between these
simulations. In order to investigate this in more detail, the resi-
dues contributing to the fenestration bottlenecks were identified.
Representative heat maps showing the time evolution of fenes-
tration profiles (Fig. 4) highlight that bottlenecks occur around
halfway along the length of the fenestration. The typical position
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of the bottleneck is also highlighted in Figure 5A and B, which
shows the profiles of a single fenestration occurring in 2 snap-
shots of the NavAb_CLOSED simulation along with the residues
contributing to the fenestration bottleneck. Key bottleneck-con-
tributing residues in each system are shown in Figure 5C.

In the NavAb_CLOSED and NavAb_INACT structures, 5
key residues act together to create the fenestration bottleneck:
M174, T175, F203, T206, and M209. These key bottleneck
residues lie in S6 and the P-loop region. The Thr and Met resi-
dues encircle the fenestration, and movement of their side-chains
restricts and widens the pathway. F203 appears to act as a key
gating residue of the fenestrations, lying on S6 near the exter-
nal mouth of the fenestrations. Attention has been given to this
residue in previous studies, since crystal structures capture it in a
position in which it blocks the pore of the fenestration.'®" Here,
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Key bottleneck residues

NavAb_CLOSED T206*
NavAb_INACT T206*
NavAb_F203A T206*

NavRh S208*
NavMs T82*
NavMs_SYM T82*

M174
M174
M174
L177
M50
M50

tures are shown, aligned according to their sequence position.

Figure 5. Key bottleneck residues in bacterial VGSCs. The residues lining the fenestration bottleneck in NavAb are shown. Rotation of F203 results in (A)
a“closed” conformation and (B) a more “open” fenestration. The red surface shows the volume of the fenestration found using CAVER and the backbone
of one subunit is shown. Asterisked (*) residues come from the subunit shown. The central cavity of the channel is indicated by the large red volume on
the right side of each picture and the external entrance of the fenestration is on the left. (C) The key bottleneck residues in each of the bacterial struc-

we observe that the largest pathways identified by CAVER pass
underneath F203, and that rotation of the phenyl ring dramati-
cally changes the shape of the fenestration. When the plane of
the phenyl ring lies in line with the fenestrations, the external
mouth of the fenestration is reasonably wide (Fig. 5B; Fig. S4A).
When the phenyl ring rotates so that it lies perpendicular to
the plane of the fenestrations, the mouth of the fenestration is
blocked, the bottleneck of the fenestration restricts, and the main
pathway defined by the fenestration becomes more bent (Fig. 5A;
Fig. S4B). Rotation of the phenyl ring occurs rapidly and fre-
quently throughout the simulations, consistent with the pattern
of fenestration restriction seen in Figures 3 and 4. Occasionally,
larger movements completely change the position of F203 mov-
ing it toward the bottom of the fenestration mouth (Fig. S4C).
The NavAb_F203A mutant shows wider and straighter fen-
estrations (Fig. S4D) compared with the NavAb_CLOSED
and NavAb_INACT structures due to the loss of the bulky Phe

residue. However, a bottleneck near the Thr and Met residues
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is still present, which is the reason why the average bottleneck
radius for this system is not much larger than that of the other
NavAb systems (Table 1). However, it is likely that the reduced
curvature of the fenestration resulting from this mutation would
allow drugs to enter and pass through the fenestrations more eas-
ily. Indeed, the F203A mutation allows the passage of isoflurane
through the fenestrations in MD simulations with a NaChBac
homology model.? Further, reducing the size of an equivalent
gating residue in eukaryotic channels through the 11761A muta-
tion enhances tonic block at a given local anesthetic concentra-
tion in eukaryotic VGSCs.¢ Therefore, residues at this position
greatly influence the extent to which drugs can enter and pass
through the fenestrations.

A structural alignment revealed that the backbone position
of key bottleneck residues are well conserved among the NavAb,
NavRh, and NavMs structures (Fig. S83). Therefore, differences
between fenestration sizes are likely due to differences in amino
acid side-chains. The NavRh and NavMs structures contain an
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are shown above the alignment.

Figure 6. Multiple sequence alignment. A sequence alignment of 4 bacterial VGSCs and the 4 domains of the eukaryotic Nav1.2 and Nav1.4 channels
are shown. The positions of key bottleneck residues are highlighted, and colors correspond to those shown in Figures 5 and 8. Structural features

Ile and Met in the same position as NavAb’s F203, respectively
(Fig. 5C; Fig. S4E and F). Both of these are less bulky than
Phe and do not contain an aromatic ring, yielding a wider and
straighter fenestration in each of these structures when compared
with NavAb. In addition, NavMs also has a shorter Val in the
position equivalent to T209 in NavAb while in NavRh a shorter
Leu (L177) is in the place of a Met conserved in the NavAb and
NavMs structures (M174 and M50, respectively), and a shorter
Ser residue (S208) replaces a conserved Thr residue (T206 in
NavAb, T82 in NavMs). The presence of these smaller and more
flexible bottleneck-contributing residues in NavRh and NavMs
contribute to the widening and straightening of the fenestrations
compared with the NavAb structures. These sequence differences
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appear to be more significant than the functional state of the
protein in dictating fenestration size.

In addition to the residues previously discussed, several other
residues line the fenestrations near the bottleneck region in the
bacterial VGSC models. For example, in NavAb F171 acts as a
“roof” to the fenestrations near the bottleneck region and 1202 is
situated near the side wall of the fenestrations. However, these are
conserved between NavAb, NavMs, and NavRh channels, and do
not appear to contribute to changes in the bottleneck radius as
much as the other residues mentioned above.

The fact that some fenestration-lining residues are highly con-
served while others vary among VGSCs raises questions about the
physiological role of fenestrations. Barber et al.*” have suggested
that fenestrations may simply allow for the flexibility of the pore
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domain which is required for gating. Interestingly, while fenes-
trations seem to be relatively highly conserved among sodium
channels, they are less conserved among other ion channels such
as potassium channels.*

Fenestrations in eukaryotic VGSCs

Are the fenestrations seen in the bacterial VGSC structures
also present in eukaryotic channels? If so, could differences in
any of the key bottleneck-lining residues be used to design new
channel-blocking compounds which specifically target specific
VGSC subtypes? Unlike in bacterial channels, the size of indi-
vidual fenestrations within a single eukaryotic VGSC would be
expected to vary significantly due to the heterologous nature
of eukaryotic VGSC repeat sequences. Indeed, this has been
observed in a recent homology model MD study where hydro-
phobic drugs were observed to preferentially enter through the
wider fenestrations in hNavl1.5, a human cardiac VGSC.?? Several
key differences can be noted when the sequences of Navl.2 (a
eukaryotic VGSC expressed in neurons of the central nervous
system), and Navl.4 (a eukaryotic VGSC primarily expressed
in skeletal muscle) are aligned with bacterial VGSC sequences
(Fig. 6). For example, while a Phe residue is found in DI at the
position equivalent to NavAb’s F203 in both Navl.2 and Navl.4,
all other repeats have a smaller, non-aromatic residue at this posi-
tion. The Thr residue equivalent to NavAb’s T175 is conserved
in 3 of the 4 repeats, but is replaced with a shorter, nucleophilic
Cys residue in DII in both eukaryotic channels. Residues in
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positions equivalent to other key bottleneck-contributing amino
acids in bacterial VGSCs vary between DI and DIV. It is likely
that the 4 fenestrations in Navl.2 and Navl.4 are differentially
sized as a consequence of such amino acid differences between
the 4 repeats, but since there may be significant structural dif-
ferences between eukaryotic and bacterial VGSCs, it is difficult
to tell if residues at other positions in the sequence contribute
to fenestration bottlenecks in eukaryotic VGSCs or if structural
differences contribute to a widening or restriction of the fenestra-
tions in other ways.

To gain an appreciation of what the fenestrations might look
like in a eukaryotic VGSC, we examined simulations conducted
on a homology model of Navl.4. In Figure 7A and B we show
the distribution in size of each of the 4 fenestration bottlenecks
during a 20 ns simulation. From this, a plot of how the bottle-
neck radius in each fenestration changes with time (Fig. 7C),
and a table of the average fenestration radii (Table S3), we can
immediately see that 2 of the fenestrations are very narrow, while
the other 2 have a similar size to those found in the bacterial
channels. The size of each fenestration fluctuates with time in
a similar manner to that seen in the bacterial channels but the
fenestrations between domains DI and DII (Fenestration ID 1),
and DIII and DIV (Fenestration ID 3) are always considerably
wider than the other 2.

To help understand the reasons for the different fenestra-
tion sizes, we show the residues which line the fenestrations of
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to those shown in the sequence alignment (Fig. 6; Fig. S5).

Figure 8. Fenestration lining residues in Nav1.4. A side view of each fenestration in Nav1.4 showing key fenestration-lining residues. Fenestrations corre-
sponding to fenestration IDs 1 (DI-DII), 2 (DII-DIl), 3 (DIII-DIV), and 4 (DIV-DI) are shown in (A, B, C, and D), respectively. The volume of the fenestration
is shown by the solid surface and the backbone of 1 domain is shown: DII, DIlI, DIV, and DI for (A, B, C, and D), respectively. Colors of residues correspond

Navl.4 in Figure 8. In the wider fenestrations—fenestrations 1
(between DI and DII; Fig. 8A) and 3 (DIII-DIV; Fig.8C)—a
small bottleneck occurs about halfway along the fenestration,
with bottleneck-contributing residues aligning with those of the
bacterial channels (Fig. 6). In particular, the main bottleneck of
fenestration 1 is encircled by N790, L438, and M786. Movement
of the sidechain of M786 has the greatest effect on the fenestra-
tion bottleneck size, and correlates with periods of widening and
restriction seen in Figure 7C. This fenestration has a wide mouth
to the lipid bilayer, since the short Val is in place of NavAb’s
F203 in the gating position. The bottleneck of fenestration 3
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is encircled by residues in similar positions (Fig. 8C), and has
a medium-sized 11583 residue in the gating position. Rotation
of residue F1586 has the largest effect on the fenestration size.
The mutation of another residue lining this fenestration, 115824,
allows for charged compounds to block the pore when applied
externally,® but how this change would alter the fenestration size
or filter position is not clear.

In contrast, the bottlenecks of the narrower fenestrations 2
and 4 occur closer to the external side of the protein (Fig. 8B and
D). Unlike fenestrations 1 and 3, the size of these fenestrations
is also influenced by residues of S5 (Fig. S5). In fenestration 4,
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Figure 9. The influence of lipids on fenestration size. (A-C) In the NavAb_CLOSED and NavAb_INACT VGSCs, F203 (orange) can prevent lipids from enter-
ing the fenestrations. Lipids can more easily extend past gating residues in NavAb_F203A (D), NavRh (E), and NavMs (F).

the gating residue F432 has the most influence on fenestration
size. Fenestration 3 is narrow throughout and has 11280 in the
position of NavAb’s F203. The bulky F755 blocks the fenestra-
tion further.

While these results suggest fenestrations 2 and 4 of Navl.4
would likely be too restricted to act as alternate drug-access
pathways, the size of the wider fenestrations 1 and 3 are com-
parable to those found in NavAb and would be large enough to
allow the passage of small compounds. Therefore, mutations in
this region would likely affect the passage of such drugs, which
would affect tonic block of these VGSCs. The highlighted fen-
estration contributing residues are conserved between Navl.2
and Navl.4, and it is likely that the size of the fenestrations of
Navl.2 is influenced by similar residues. The mutation 11760A
in Navl.2 (equivalent to 11582 in Navl.4) has been found to
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enhance tonic block by QX314.° Mutation I1761A also affects
tonic block in Nav1.2.°

The role of lipids in regulating fenestration size

Bacterial VGSC function has been shown to be strongly
lipid-dependent;*! however, most structural and simulation
studies have focused solely on the protein. Here, we investigate
the effect of lipids on the size of fenestrations. In each simula-
tion, lipid acyl chains (“tails”) extended past the gating residues
and into the fenestrations for more than 90% of the trajectory,
with occasional interchange of lipid molecules, consistent with
previous observations.** Interestingly, there were clear differ-
ences between each of the simulation systems, and the extent
to which lipids extended into the fenestration was tightly cor-
related with fenestration size and the orientation of key bottle-
neck residues.
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In the NavAb_CLOSED and NavAb_INACT systems, lip-
ids extended reasonably far into the fenestrations when the phe-
nyl ring of F203 lay in the plane of the fenestration (Fig. 9A).
When the phenyl ring lay perpendicular to the fenestration, the
lipids did not extend past it (Fig. 9B). In some cases, the lipid
tail seemed to “trap” the Phe side-chain in certain positions
(Fig. 9C). In comparison, lipid tails extended much further into
the fenestrations in the NavRh and NavMs systems (Fig. 9D and
E) which lack the Phe gating residue. In the NavAb_F203A sys-
tem, lipid tails extended past the gating residue more often than
in NavAb_CLOSED and NavAb_INACT, but did not extend as
far into the fenestration as seen in the NavRh and NavMs sys-
tems (Fig. 9F), presumably due to the narrowness of the fenestra-
tion discussed previously.

There was a clear connection between the presence of lipids
in the fenestrations and fenestration size. For example, fenestra-
tions reduced in size when lipids retracted from the fenestrations
(compare Fig. 9A and B). A widening of the protein fenestration
resulting from either conformational changes or amino acid dif-
ferences would likely make it easier for lipids to enter the fen-
estration. In turn, the lipid tails were observed to force amino
acid side-chains toward the sides of the fenestrations, resulting
in a larger pore. In several cases, lipids extended into some, but
not all, of the fenestrations in one VGSC at a given time. This
corresponded to times when the fenestrations were differentially
sized (see Fig. 3). The types of lipids found in plasma membranes
differs substantially between tissues,” and therefore there may be
different protein-lipid interactions occurring in different parts of
the body. There is scope for future MD studies to investigate how
different lipids affect the dynamics of VGSC fenestrations.

Previous simulation studies have shown that lipid tails are
displaced when drugs enter the fenestrations.”> When passing
through the fenestrations, it is likely that drugs would need to
enlarge the fenestration by displacing side-chains, which are no
longer displaced by the lipids. But, since the lipids and hydropho-
bic drugs would experience similar energetic barriers when pass-
ing through the fenestrations, it is likely that the ease of which
lipids protrude into the fenestrations reflects how readily drugs
could diffuse through the fenestrations.

Methods

Six bacterial VGSC structures were studied: a closed 1217C
NavAb (“NavAb_CLOSED”), a wild-type putatively inacti-
vated NavAb (“NavAb_INACT”), a F203A mutant of the closed
1217C NavAb (“NavAb_F203A”), NavRh (“NavRh”) contain-
ing a closed activation gate and putatively inactivated selectivity
filter, an asymmetric structure of NavMs (“NavMs”), and a sym-
metrical putatively open model of NavMs (“NavMs_SYM”). The
[217C NavAb mutant was used for the NavAb_CLOSED and
NavAb_F203A systems rather than the wild-type structure as the
crystal structure was solved at a higher resolution.'® The 1217C
mutation is situated near the lower part of the activation gate
and is unlikely to affect dynamics of the fenestrations. Protein
coordinates were obtained from the RCSB Protein Data Bank?”
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using the PDB accession codes 3RVY,'® 4EKW," 4DXW,'"® and
4F4LY for the closed NavAb, inactivated NavAb, NavRh, and
asymmetric open NavMs, respectively. The symmetrical open
NavMs channel, similar to that reported to represent an open
channel in McCusker et al.,”” was produced by creating a tetra-
mer from 4 copies of the most “open” subunits of the 4F4L struc-
ture. NavAb_F203A was constructed by introducing the F203A
mutation to each of the 4 subunits of the closed NavAb structure
using the VMD Mutator Plugin.?® In each system, the voltage-
sensing domain of the VGSC was removed in order to reduce
the computational demand of the system. Previous experimental
studies have indicated that pore can still represent a functional
channel after removal of the voltage sensors.””?* No crystal-
lographic waters were included in the initial VGSC structures;
however water molecules were able to diffuse into cavities of the
protein during equilibration. Ionizable residues were set to their
charge configuration at neutral pH in aqueous solution.

Each protein structure was inserted into a pre-equilibrated
1-palmytoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)
lipid bilayer. A 72 x 72 x 82 A box of TIP3P water molecules
with 250 mM NaCl was used to solvate the system (Fig. S1).
The system was equilibrated by restraining the a-carbons of the
protein while allowing all other atoms in the system to remain
unrestrained. The restraint on the a-carbons was defined by a
harmonic potential function with a force constant 10 kcal/mol.
Once the root mean square deviation (RMSD) values of the pro-
tein a-carbons had equilibrated (after 3 ns), the force constant
was subsequently reduced to 1 kcal/mol (for an additional 3 ns)
and then to 0.1 kcal/mol (for another 3 ns). Following equilibra-
tion, each system was simulated unrestrained for 160 ns.

Analysis of a Navl.4 made use of a homology model and simu-
lation generated by Chen, Robinson, and Chung (personal com-
munication). They constructed the model using NavAb 3RVY
as the template and equilibrated the system using similar proce-
dures as described above for the bacterial channels. They ran the
system unrestrained for 30 ns prior to 20 ns of data collection.

All simulations were run using NAMD 297 the
CHARMM27-CMAP force field** with torsional cross-terms
for the protein, and the CHARMMS36 force field® for lipids.
Ion parameters were taken from Joung and Cheatham.* Periodic
boundary conditions were used in all simulations, and electro-
static interactions were calculated using the particle mesh Ewald
method.*® Temperature and pressure were kept constant at 298
Kand 1 atm, respectively (i.e., an isothermal—isobaric ensemble)
using Langevin dynamics and a Langevin piston. A time step
of 2 fs was used and bond lengths to hydrogen atoms were kept
fixed. The van der Waals cutoff was set to 12 A. All figures of the
simulation system were produced using VMD 1.9.1.%8

The program CAVER 3.0°° was used to analyze the size and
profile of the fenestrations using aligned structural coordinate
(.pdb) files corresponding to every 0.1 ns of the MD simula-
tion. In this program, the outer surface of the protein is calcu-
lated by rolling a large spherical probe around the surface of the
protein and then internal cavities are identified using a smaller
spherical probe (a radius of 0.8 A was used here). All identified

tunnels are grouped into clusters based on relative proximities.
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Other parameter values used in CAVER are shown in Table S1.
The typical clustering of identified tunnel systems is shown in
Figure 1E and F. As shown in this figure, fenestration clusters
were assigned cluster IDs of 1-4, going around the protein in a
clockwise manner when looking from the extracellular side of
the protein.

A multiple sequence alignment of NaChBac, NavAb, NavMs,
NavRh, and the 4 repeats (DI-DIV) of Navl.2 and Navl.4 was
performed using ClustalW2.>” All FASTA sequence files were
obtained from the RCSB Protein Data Bank.

Conclusion

In this study we have used MD simulations to investigate the
factors contributing to the variations in the size and shape of
VGSC fenestrations, including the influence of key bottleneck-
contributing residues, protein dynamics, and protein—lipid
interactions. Results indicate that over the time course of the
simulations, changes in fenestration size were primarily caused
by fast protein motions such as amino acid side-chain rotations
rather than larger conformational changes. Further, key amino
acid differences between the NavAb, NavRh, and NavMs chan-
nels result in variations in the fenestration size and shape, with
gating residues playing a key role in determining the size of the
fenestrations. There does not appear to be a clear difference
in fenestration size due to channel functional state. Due the
computational effort involved, our simulations last only 160 ns
each, much shorter than the timescale of the structural changes
involved in channel gating and the therapeutic action of local
anesthetics. These results do, however, give an indication of
the likely size of the fenestrations for a given channel state and
whether rapid protein motions will influence the likelihood of
drug entry. Furthermore, by comparing the fenestration size in
the different crystal structures which are suggested to repre-
sent different functional states of the channel it is possible to
see that protein conformational changes between these states
which take place on a longer timescale are not likely to signifi-
cantly influence the potential for drugs to move through the
lateral fenestrations.

A homology model of the eukaryotic VGSC Navl.4 has 2 fen-
estrations that are very narrow and unlikely to be able to allow
drugs to pass, but also has 2 fenestrations that are of similar size to

those found in the bacterial models. A strong correlation between
fenestration size and the presence of lipids which extend into the
fenestrations suggest that lipids may play a key role in determin-
ing fenestration size, and indicate that drugs would likely need
to displace amino acid side-chains in order to pass through the
fenestrations.

We hope that highlighting the key residues lining the fenestra-
tions will help to design tests to show if drugs take this route to
enter the channel and to help identify sequence difference among
the VGSC subtypes that may help to guide the design of the next
generation of VGSC-blocking drugs. Although our studies give
an indication as to whether compounds can enter the pore via
the lateral fenestrations, direct simulation of this process would
give a much better appreciation as to what compounds can make
use of this pathway, whether specific amino acids lining the fen-
estrations control the process as well as further elucidating the
likely binding sites in the channel. Ultimately the development
of subtype selective channel blockers requires a better apprecia-
tion as to how well the bacterial homologs can model blockage
of human channels and more concrete structural information
about the eukaryotic channels. Improved structural information
would allow a more in-depth analysis of how the fenestrations
differ among the channel subtypes. This information may then
be exploited to find compounds that have different rates of pas-
sage through the channels and thus display differing abilities to
yield tonic block.
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