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Abstract

The voltage-gated sodium channel Navl.5 initiates the cardiac action potential. Germline mutations that
disrupt Nav1.5 activity predispose affected individuals to inherited cardiopathologies. Some of these Nav1.5
mutations alter amino acids in extracellular turret domains DIl and DIII. Yet the mechanism is unclear. In the
rat Nav1.5 structure determined by cryogenic electron microscopy, the wild-type residues corresponding to
these mutants form a complex salt-bridge between the DIl and DIl turret interface. Furthermore, adjacent
aromatic residues form cation-1 interactions with the complex salt-bridge. Here, we examine this region using
site-directed mutagenesis, electrophysiology and in silico modeling. We confirm functional roles for the salt-
bridges and the aromatic residues. We show that their disruption perturbs the geometry of both the DEKA
selectivity ring and the inner pore vestibule that are crucial for sodium ion permeability. Our findings provide
insights into a class of pathological mutations occurring not only in Nav1.5 but also in other sodium channel
isoforms too. Our work illustrates how the sodium channel structures now being reported can be used to
formulate and guide novel functional hypotheses.
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Introduction

The voltage-gated sodium channel isoform Navl1.5 (the product of the SCN5A gene) is mainly expressed in
cardiac muscle, where it initiates the depolarizing phase of the action potential (1). The structure of rat Nav1.5
has been determined by cryogenic electron microscopy (cryo-EM) to a resolution of 3.2-3.5A (2). This single,
250 kDa protein contains four homologous domains (DI-DIV), each of which contains six transmembrane a-
helices (S1-S6), arranged with four-fold rotational pseudosymmetry. In each domain, helices S1-S4 form an
outer voltage-sensing segment. Helices S5 and S6, together with re-entrant P loop helices, P1 and P2, form
the central ion-conducting pore (Figure 1A and B).

Each S4 helix contains a series of positively charged amino acids that sense the membrane potential,
such that they are displaced in the extracellular direction following membrane depolarization. This movement
induces a series of conformational changes In domains DI, DIl and DIll, that leads to the widening of the
inner pore between the intracellular faces of the S6 helices and thus initiates channel activation (3). However,
movement of the DIV S4 helix - which occurs a few milliseconds after channel opening - facilitates binding of
the intracellular fast inactivation gate (Figure 1A) to a site between the intracellular faces of the DIV, S5 and
S6 helices. This binding drives the channel into an inactivated state. As the resting potential is restored, all
four S4 helices return to their original positions and the inactivated channel is reset into the closed state,
where it can again respond to further depolarization signals (4).

On the extracellular face of the pore, the re-entrant P1 and P2 helices from each domain assemble
into an inverted and truncated cone-like structure. At its narrowest point (the constriction site), lie the highly
conserved residues: Asp (DI); Glu (Dll); Lys (DlII) and Ala (DIV). These form the DEKA selectivity ring, whose
sequence and geometry is critical for selective sodium ion permeability (5). In the rat Nav1.5 channel, the
selectivity ring residues are D373; E901; K1421 and A1713 (Figure 1B). Within each domain, the extracellular
loop regions between the S5 helix and P1 and between P2 and the S6 helix extend outward, such that they
form an exterior turret surrounding and shielding the outer pore vestibule (Figure 1 A and B) (6).

Germline SCN5A mutations that reduce or abolish channel activity are associated with inherited,
autosomal dominant cardiopathologies, including Brugada syndrome (BrS) and sinus node dysfunction
(SND). BrS is characterized by familial atrial fibrillation, ventricular tachyarrhythmias and syncope. SND is
also associated with tachyarrhythmias involving the sinus node. Although in practice, the BrS and SND
phenotypes can clinically overlap. Together, these syndromes account for a significant fraction of sudden
death in young to middle-aged patients (7). Because almost all BrS and SND patients are heterozygous, they
typically exhibit about a 50% reduction in the level of functional Nav1.5 compared to phenotypically normal
individuals. This reduction can compromise action potential conduction velocities and precipitate
arrhythmogenicity (8).

Several SCN5A deletion and missense mutations associated with BrS and SND, prevent the folding
of the Navl.5 channel and lead to its retention in the endoplasmic reticulum (ER) (9). Other missense
mutations do not prevent folding but disrupt channel activity because they occur in regions known to be
functionally important, such as the S4 helices or the inactivation gate (10). However, some BrS/SND
missense mutations occur in regions whose association with sodium channel function is less clear. Such
mutations are likely to be particularly informative, both structurally and therapeutically, as they may reveal
new insights into Nav channel behavior. This class of mutation is exemplified in an individual with a BrS/SND-
like pathology who was heterozygous for the Nav1.5 missense mutation R878C, a residue located on the DIl
extracellular turret loop connecting the S5 helix and P1. When tested by heterologous expression, the mutant
displayed a complete loss of function, despite normal Nav1.5 expression on the plasma membrane (11). Two
similar BrS-associated Nav1.5 mutations, D1430N and E1441Q are located on the DIII extracellular turret
loop connecting P2 to the S6 helix (Figure 1 A and B). The D1430N mutant displays a complete loss of
function (12). In the case of E1441Q, no experimental analysis of its gating behavior has yet been described
(13). The human R878, D1430 and E1441 residues and their immediate neighbours are conserved in the rat
Navl.5 sequence (Figure 1C). Thus, by using the rat structure as a guide, the functional significance of these
pathological mutations can now be examined in their broader structural context. It should be noted, however,
that there are small insertions and deletions between the two sequences, so the corresponding residue
positions are not identical. Thus, human R878 is equivalent to rat R881, human D1430 corresponds to rat
D1432 and human E1441 corresponds to rat E1443. For clarity, both the human and the equivalent rat Nav1.5
residues that we have experimentally studied are indicated in Figure 1A and are summarized in Table 1.
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Interestingly, in the rat Nav1.5 structure, the positively charged guanidinium group of R881 on the DlII
turret lies less than 4A from the negatively charged carboxylate groups of D1432 and E1443 on the adjacent
DIl turret (Figure 1B) (2). This arrangement is consistent with a complex salt-bridge, in which more than two
charged residues interact (14, 15). Moreover, the charged residues are sandwiched between the side chains
of rat Y1428 (equivalent to human Y1426) and rat W1442 (equivalent to human W1440) on the DIII turret,
such that both the aromatic rings lie in register with, and less than 4A from, the delocalised positive charge
on the R881 guanidinium group. This is consistent with cation-r interactions (16). In the rat structure, residue
Y1428 on the DIl turret also forms a hydrogen bond with W882 (equivalent to human W879) on the DII turret
(Figure 1B). It is reasonable to assume that the corresponding residues in human Nav1.5 adopt the same
structural relationships as they do in rat Nav1.5; that they act together to stabilise the DII, DIII turret interface
and that the contacts are required for Nav1.5 function.

Here we show that mutational changes to these residues in human Nav1.5 abolish or modify channel
activity, yet do not affect surface expression of the mutant channels. Using molecular dynamics (MD)
simulations based on the rat Nav1.5 structure (2), we show that the disabling mutations alter the geometry
and stability of the DII-DIII turret interface loop and induce longer-range destabilizing changes to the geometry
of the DEKA selectivity ring and the inner pore vestibule. Consequently, these changes are likely to prevent
the passage of sodium ions through the pore.

Results

Electrophysiological properties of the wild-type and mutant Navl.5 channels. A summary of the human
Navl.5 mutants generated for the electrophysiological experiments is presented in Table 1. We first
examined the human pathological BrS/SND mutation, R878C (11) and the putative human BrS mutation,
E1441Q (13). In agreement with previous work (11), we failed to detect any electrophysiological activity from
the R878C mutant (Figure 2A). The E1441Q mutation was similarly inactive, thus corroborating its previously
inferred role as causative for BrS (13) (Figure 2A). Given the structural insights noted above, this data
supports a functional role for a salt-bridge between human R878 and E1441. Previous work had established
that the conservative, human Navl.5 mutant R878K was also completely inactive (11), suggesting strict
structural constraints on the salt-bridge. To extend this observation and guided by the rat Nav1.5 structure,
we generated individual conservative mutations in human Nav1.5: E1441D and D1430E and tested them for
electrophysiological behavior compared to wild-type human Nav1.5. The E1441D mutant displayed a 93%
reduction in peak current activity, compared to the wild-type value. Nevertheless, the currents were large
enough to measure additional gating parameters. Compared to wild-type Navl.5, the E1441D mutant
displayed a significantly increased slope factor (k) for activation. However, there was no effect of the E1441D
mutation on the steady-state Vi, of activation or inactivation or the slope factor (k) for inactivation. By
contrast, there was no detectable current from the D1430E mutation (Figure 2A-C; Figure 3A and B; Table
2).

A charge-swap approach has been previously used to study ion channel salt bridges (17, 18). Here,
the positively and negatively charged residues are reversed by site-directed mutagenesis. The extent to
which a given function is maintained or modified by this procedure reflects the structural constraints on the
salt bridge in the wild-type protein. We generated a double mutation in human Nav1.5: R878E with E1441R
and a separate double mutation: R878D with D1430R. Strikingly, neither of the charge swap mutants
exhibited any detectable currents (Figure 2).

As a complementary approach, we also used cysteine-substitution. This method has provided
important structural and functional insights into ion channel behavior (19, 20). Here, the D1430 and E1441
residues of the human R878C mutant were separately replaced with cysteine. We expected that if any activity
was restored in these mutants, it would indicate that a disulfide bond could form between the two DIl and DIl
turret interface cysteines and provide a functional replacement for the salt bridges (20). However, neither
mutation (either with or without prior reduction) exhibited any detectable current (Figure 2D). Taken together,
these experiments emphasize the tight functional constraints that apply to the complex salt bridge residues
(see Discussion).

We next examined the functional importance of the aromatic residues surrounding the complex salt
bridge (Figure 1B). The human W1440Y mutation was functional and showed no statistically significant
differences in peak current, or steady-state gating parameters compared to human wild-type Navl1.5 In
contrast, the human W1440A mutation, which lacked any aromatic residue at this position, had a significantly
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(~80%) reduced peak current relative to wild-type human Navl.5 and a significantly increased slope factor
(k) for activation. Again, however, the W1440A mutation had no significant effect on steady-state gating
parameters for inactivation (Figure 2A-C; Figure 3A and B; Table 2). The functional importance of the Y1426
aromatic residue in human Navl.5 was similarly investigated by replacing it with alanine. The Y1426A mutant
displayed a 70% reduction in peak current relative to wild-type Navl.5 and a significant increase in (k)
activation, but with no significant effect on steady-state gating parameters (Figure 2A-C; Figure 3A and B;
Table 2). Thus, the separate removal of each of the aromatic groups that form the putative cation-1r
interactions with the R878 guanidinium group, significantly reduced but did not abolish channel activity.

Based on the rat Nav1.5 structure, we infer that human Y1426 on the DIII turret additionally forms a
hydrogen bond with human W879 on the DIl turret (Figure 1B). To test the importance of this interaction, we
first replaced the human Y1426 residue with a bulkier tryptophan residue. This change would be expected
both to abolish the hydrogen bond with human W879 and to also perturb the packing at the DIl and DIl turret
interface, whilst retaining the cation-m bond itself. The human Y1426W mutation displayed a significant
reduction in peak current and an increase in the slope factor (k) for activation (Figure 2A-C; Figure 3A and
B; Table 2). To specifically test the role of the hydrogen bond, we generated a human Y1426F mutant. This
mutant should largely retain its cation-1r bonding potential relative to wild-type human Nav1.5, with minimum
disturbance to side chain packing, whilst being unable to form a hydrogen bond with W879. The human
Y1426F mutant displayed a 50% reduction in peak current, with no significant effect on steady-state gating
parameters (Table 2). Finally, we examined the role of the human W879 residue by generating a human
W879A and a W879Y mutant. No current responses could be detected in either of these cases (Figure 2A).
Since this was a more severe phenotype than displayed by the Y1426F mutant, it suggests an important
stabilising role for the tryptophan residue at position 879 of human Nav1l.5, acting in addition to its hydrogen
bonding potential with Y1426.

In addition to steady-state parameters, we also examined recovery from inactivation kinetics (Figure
4A and B). As noted previously (21), recovery from inactivation was best fitted to a double exponential curve
corresponding to a fast and slow component. However, there were no statistically significant differences in
the kinetics of either of these components between any of the mutants and wild-type channels (Table 3).

The Navl.5 mutants are expressed on the plasma membrane. A major effect of the mutations is on
the magnitude of their peak currents relative to wild-type Nav1.5 (Table 2). This could indicate that severely
compromised mutants, particularly those mutants that lack detectable gating activity, fail to traffic to the
plasma membrane. To test this possibility, we measured the fraction of human Nav1.5 channels on the
plasma membrane of the transfected HEK293F cells, using a surface biotinylation approach (22, 23). Both
the wild-type human Nav1.5 and all the mutant channels were detected on the plasma membrane and to a
similar extent. There was no correlation between surface expression and peak currents for any of the
channels (Figure 5A and B). This result agrees with the previous report that the R878C mutant was expressed
on the plasma membrane (11). We conclude that the mutations introduce relatively subtle structural changes
into the Nav1.5 channel and do not significantly compromise global folding. Yet at the same time, they impair
one or more steps in the gating mechanism.

Veratridine fails to rescue the human Navl1.5 null-mutations. The steroidal alkaloid Nav channel
activator veratridine inhibits channel transitions from the open to the inactivated state (24). Veratridine binds
to an intracellular site, located between DI and DIV, that is distinct and quite separate from the extracellular
DII-DIlI turret interface (25). If the turret null-mutations were driving the channel into the inactivated state,
then we would expect veratridine to overcome, or at least attenuate inactivation and hence restore some
activity. If on the other hand, the mutations were preventing the earlier activation step, then veratridine should
not influence these channels. We found that 100 uM veratridine, a concentration that is known to be saturating
for wild-type Nav1.5 (26), induced a clear tail current in the wild-type human Nav1.5 channel, but failed to
rescue any of the human Nav1l.5 null-mutants (Figure 6A and B). Therefore, the Nav1.5 mutations most likely
interfere with conformational movements normally required for the activation step, for example pore opening.

Atomistic molecular dynamics (MD) simulations of rat Nav1.5 wild-type and mutant structures. Based
on the electrophysiological, biochemical and pharmacological evidence presented above, we hypothesized
that mutations in the DII-DIII turret interface of Nav1.5 perturb the turret structure, which then allosterically
disrupts pore geometry and/or global channel flexibility, to impair sodium ion permeability. To address this
guestion, we carried out atomistic MD simulations (27, 28) of the available wild-type rat Nav1.5 structure and
mutants generated by in silico mutagenesis (29). Since it was impractical to simulate all the mutants that we
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characterised experimentally, we chose to model a sub-set of specific mutants, both pathological and
artificial, that together represent illustrative examples from the range of recorded gating activities. For these
experiments, we used the existing rat Nav1.5 structure as a template (2). The mutations that we examined
by MD simulation are summarized in Table 1 and represent three functional classes, as informed by the
electrophysiological data (Table 2). They are:

0] Rat W1422Y. This is the rat equivalent to human W1440Y, a mutation that incorporates a
natural Nav channel isoform polymorphism into a Navl.5 background and whose
electrophysiological gating behavior does not differ from the wild-type protein.

(i) Rat E1443D. This is the rat equivalent to human E1441D, a mutation with a conservative
charge replacement, yet with a significantly reduced peak current and altered slope factor.

(iii) Rat E1443Q and rat R881D/D1432R. These mutants are equivalent to the human putative
BrS mutant E1441Q and the human R878D/D1430R mutant respectively. Both human
mutants produce inactive channels.

For all structures simulated, we assessed channel stability as measured through Root-Mean Square
Deviation (RMSD) values. Pore and turret interface stabilities were assessed through RMSD values,
energies, and residue distances in each structure.

Mutations of the turret interface affect both global and local stability of the Nav1.5 structure. The
RMSD backbone value for the wild-type structure stabilized at about 7A for the latter half (5 ns and onwards)
of the time course. Hence, we used a 15 ns duration as the minimum length of our comparative simulation
work. In our models, we examined the structural flexibility of the whole channels (Figure 7A); the residues of
the S5-S6 helices that line the inner pore (Figure 7B) and the residues within the turret interface (Figure 7C).
For the case of global stability and the stability of the S5-S6 pore residues, the E1443D, E1443Q and
R881D/D1432R showed evidence of reduced stability relative to the wild-type model, whilst the W1442Y
mutant was most similar to the wild-type channel (Figure 7A and B). This is consistent with the
electrophysiological data for the human W1440Y mutant, which shows no significant differences with the
wild-type channel in any gating parameter, including peak current.

The RMSD backbone values for the turret interface residues (Figure 7C) provided a finer-grained
analysis. For example, the flexibility of the E1443D mutant was comparable to the wild-type and the W1442Y
mutant and was now distinct from the higher flexibility shown by the R881D/D1432R and E1443Q mutations.
The human versions of R881D/D1432R and E1443Q were devoid of any detectable gating behavior, whilst
the human version of E1443D retained some peak current activity (Figure 2A, Table 2). Hence, the modeled
stability of the turret interface region provides the clearest relationship with function, even in the presence of
some global destabilization.

Mutant-specific destabilization of the turret interface. To better understand how the mutations affect
the local stability at the DII-DIII turret interface, we applied MD simulations to calculate both energy and
distance values for the rat R881-E1443 and R881-D1432 salt-bridges and their cation-1r interactions with
W1442 and Y1428. Firstly, we analysed these values across the entire time course of the simulation, to trace
their evolution (Figure 8A). Secondly, for each bond simulated, we plotted the energy against distance values
from the last 5 ns of the simulation. The resulting cluster diagrams emphasize, for each of the mutants, both
the local dispersion of these values and their deviation from the wild-type values (Figure 8B).

The bond energies and distances exhibited by the W1442Y mutant were almost indistinguishable
from the wild-type (Figure 8A and B). This is again consistent with the electrophysiological data showing no
differences in gating behavior for the human W1440Y mutant compared to the human wild-type Nav1.5 (Table
2). For the case of the modeled E1443D mutant, the salt bridge it formed with R881 was weakened compared
to the wild-type protein. This occurred despite E1443D retaining a negatively charged residue. The E1443D
mutant also slightly reduced the stability of the salt-bridge between residues R881 and D1432 and the cation-
T interaction between R881 and W1442. However, the rat E1443Q mutant (equivalent to the human BrS
mutant E1441Q), severely perturbed the interaction between residue 1443 an R881 and now also disrupted
the R881-W1442 cation-1r bond, to the point where it was unlikely to be maintained. The salt-swapped
mutant, (R881D/D1432R), exhibited both higher energy and increased distance profiles for the ionic
interactions within the complex salt-bridge and also a perturbed the R881-W1442 cation-m bond. These
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results, when correlated with the electrophysiological data for the equivalent human mutations, suggest that
the salt-bridge between E1443 and R881 and the cation-1r bond between R881 and W1442 are the most
important in maintaining a functionally permissive structure to the DII-DIIlI extracellular loop regions. In
contrast, the R881-Y1428 cation-1r bond was relatively unaffected by any of the modeled mutations (Figure
8A and B).

Mutations in the turret interface perturb the geometry of the DEKA selectivity ring, reduce the radius
of the pore and reduce sodium ion penetration. We hypothesize that the mutation-induced instability within
the DII-DIII turret region may allosterically distort the selectivity filter and/or the inner pore geometry, thereby
inhibiting sodium ion flux. We calculated the distance between each pair of residues in the selectivity ring of
the wild-type and mutant channels using MD simulation. Here, the W1442Y mutant exhibits a DEKA ring
geometry only slightly different from that in the wild-type Nav1l.5. By contrast, each of the other mutations
displays distinct and shorter distance geometries compared to the wild-type channel (Figure 9A and B). The
effects of these changes on sodium ion penetration were studied using simulations in 150 mM NaCl. The
positions of individual sodium ions within the outer vestibule of the pore were tracked for the wild-type and
each of the mutants over 15 ns (Figure 9C; Supplemental Figures 1 A-E). In all cases, sodium ion diffusion
along the z-axis became constrained within about 2 ns. In the case of the wild-type simulation, the sodium
ion co-localized with the position of the DEKA ring (Figure 9C). A closer examination of the simulation
revealed that a sodium ion was transiently chelated by the two DEKA acidic residues D373 and E901, before
moving into the inner vestibule, to be replaced by a second incoming sodium ion (Figure 9D; Supplemental
Figure 1A). This is broadly consistent with previous MD simulations and evidence from the cryo-EM structure
of the cockroach Nav channel (28, 30, 31). Interestingly, however, in the mutants, the sodium ion
predominantly remained in the outer vestibule, constrained between 10 and 15 A above the DEKA ring
(Figure 9C). This suggests that in the mutants, the diffusion of the sodium ions through the outer vestibule
was compromised compared to the wild-type channel (Figure 7C).

We next modeled the pore topology, for each structure after 15 ns simulation, from the DEKA ring to
the intracellular activation gate, using two computational approaches. Firstly, we used the MOLE 2 program
(32) to provide a pseudo-three dimensional rendering of the pore profile (Figure 10A). Secondly, we
calculated the pore radius along its z-axis (Figure 10B). In the wild-type structure, the DEKA constriction point
and the inner vestibule (4) were clearly identified (Figure 10A and B). In contrast, the E1443D and E1443Q
mutants both showed a reduced pore radius throughout the length of the channel, but with the E1443Q
mutant showing a higher degree of constriction than the E1443D mutant (Figure 10B). This supports the
electrophysiological results that the human equivalent mutant E1441D, shows a reduced but still detectable
conductance, whilst the human E1441Q BrS mutant has no detectable electrophysiological activity (Figure
2A). Strikingly, we could not compute any pore through the modeled rat R881D/D1432R mutant, using either
approach (Figure 10A and B). Hence, the occlusion of sodium is predicted to be particularly severe in this
mutant and is consistent with the complete absence of gating activity for the human equivalent mutant.

Discussion

In this work, we highlight a conserved, complex salt-bridge with associated cation-1r bonds, that
connects the DIl and DIl extracellular turret loops and helps encase the Navl1.5 outer vestibule. Using the
combined approaches of mutagenesis, electrophysiology and MD simulations, we show that targeted
mutations to these residues significantly compromise Navl.5 gating behavior and provide new structural
insights into the pathological human BrS/SND mutations that occur in this region (11, 13).

All the human mutants that we have studied, including the mutants that displayed no activity in
electrophysiological recordings, were nevertheless expressed on the plasma membrane to the same extent
as the wild-type channel (Figure 5). The previously reported human D1430N BrS-associated null-mutant is
similarly expressed on the plasma membrane (12). There are multiple and extensive quality-control
mechanisms within the secretory pathway that can efficiently detect and destroy aberrantly-folded proteins
before they reach the plasma membrane (33). Hence, the compromised gating behavior of the mutant Nav1.5
channels is unlikely to be explained by a large-scale misfolding of the channels. Rather, the mutations are
more likely to introduce relatively subtle structural changes, which block one or a small number of gating
steps.

For the human mutants that retained some gating activity, only the peak currents and steady-state
activation parameters were significantly different from those of the wild-type channel. Steady-state
inactivation parameters and recovery from inactivation kinetics were not affected (Table 2; Table 3). Taken
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together with the failure of veratridine to rescue the null-mutants, this suggests that disruption of the
extracellular DII-DIll interface on the outer vestibule turrets selectively inhibits one or more of the
conformational changes that underlie channel activation. Yet channel activation depends on conformational
changes that occur deeper within the pore and within the peripheral voltage-sensors, which are physically
distant from the DII-DIII interface on the extracellular turret (2). Hence, the DII-DIlIl mutations are likely to
induce longer-range, allosteric perturbations.

Complex salt-bridges play an important role in stabilizing secondary structures and adjacent domains
within proteins (34). The appropriate ionic contacts between residues of the complex salt-bridge depend not
only on their charge but also on their precise geometry and orientation. In these situations, arginine is
significantly more common than lysine as the cation partner. This is because the delocalized positive charge
on the arginine guanidinium group can simultaneously facilitate multiple electrostatic interactions (14). Thus,
in the wild-type rat Nav1.5 structure, the n1 and n2 nitrogens of the R881 guanidinium group individually
contact the carboxylate groups of residues D1432 and E1443 respectively, whilst the € nitrogen lies over the
aromatic group of Y1428, contributing to the cation-1r interaction (Figure 2B). The positive charge on a lysine
side chain cannot do this as easily because it is more tightly localised. These considerations probably explain
why even lysine cannot functionally substitute for residue R878 in human Nav1.5 (11).

Of the nine null-mutations studied, seven were targeted to the complex salt-bridge. Of the six mutants
that retained some gating activity, five were targeted to the cation-1m bonds (Figure 2A). Thus, the complex
salt-bridge is likely to provide the major quantitative stabilization for the DII-DIII turret interface, whilst the
cation-1r bonds contribute secondary, although still functionally important reinforcement. The MD simulations
enable a further examination of these interactions. For example, in the modeled rat E1443Q mutant
(equivalent to the putative human BrS null-mutant E1441Q, Table 1), the normal salt-bridge between residues
881 and 1443 cannot form. This effectively abolished the cation-1r bond between residues R881 and W1442
and yet the salt-bridge between residues R881 and D1432 and the cation-11 bond between R881 and Y1428
were unaffected (Figure 8A and B). The second null-mutant examined by MD simulation was R881D/D1432R,
in which the charged residues R881 and D1432 were reciprocally swapped. This arrangement weakened but
did not eliminate, the normal salt-bridge between these two residues. Strikingly, however, the R881-E1443
salt-bridge as well as the R881-W1442 cation-1 bond were largely abolished (Figure 8A and B). A close
examination of the final equilibrium residue positions from the relevant MD simulation for the R881D/D1432R
mutant suggests a possible explanation. Here the new position of the guanidinium group on the repositioned
R1432 residue can maintain a hydrogen bond to the D881 residue but is now too far away from the E1443
residue to make a strong contact. In consequence, both the E1443 and the W1442 residues can no longer
be constrained (Supplemental Figure 2A).

The individual replacement of each of the aromatic residues, human W1440 and Y1426 with alanine
significantly reduced peak current, but with no significant effects on steady-state gating or kinetic parameters.
However, the replacement of human W1440 with tyrosine showed no significant gating effects compared to
wild-type human Nav1l.5 (Table 2). Neither were there any major differences in the structural stabilities of the
modeled rat wild-type Navl1.5 and W1442Y mutant (Figure 8; Figure 9; Supplemental Figure 1). Thus, the
precise form of the aromatic amino acid at this position is not critical and indeed, tyrosine not tryptophan is
present at this position in most Nav channel isoforms (Supplemental Figure 2C). By contrast, there are more
constraints on the second cation-tr-forming aromatic residue (human Y1426/rat Y1428). For example, even
the replacement of this tyrosine with phenylalanine reduced peak current by about 50% for the human mutant
(Table 2). This suggests that the tyrosine hydroxyl group is functionally important and in the rat structure,
Y1428 forms a hydrogen bond with the DIl W882 residue (Figure 2B), thus holding either or both the W882
and Y1428 residues in a constrained orientation that may further stabilize the DII DIl turret interface.

To investigate the effect of the turret mutations on the DEKA ring and pore geometry, we performed
additional MD simulations. In the channel structure on which these simulations were based, the cytoplasmic
inactivation gate (Figure 1A) is engaged with its DIV binding site and the intracellular pore activation gate is
closed. The structure is therefore thought to represent the inactivated state (2), and so we do not expect the
sodium ions to fully traverse the channel in this conformation. However, given the differences in pore
geometries between the wild-type and mutant structures, important insights are still likely to be obtained. For
example, previous MD simulations of Nav channels have typically used inactivated state structures as
templates (35).

The DEKA ring acts as a constriction point and selectively favors sodium ion permeability over other
cations. Site-directed mutagenesis experiments have identified an important role both for the acidic groups
and the lysine residue of the DEKA ring (36, 37). The cryo-EM structure of the cockroach Nav channel, solved
in the presence of 300 mM NaCl contains a region of electron density consistent with a largely dehydrated
sodium ion, coordinated by the two DEKA acidic residues (38). Previous MD simulations of the mammalian
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Nav channel DEKA rings used a homology modeling approach but used prokaryotic sodium channels as
templates. These simulations suggest that the DIlI lysine residue acts in part to repel an incoming sodium
ion and facilitate its transient capture by the adjacent DI and DIl acidic residues, whose relative positions
favor a sodium ion compared to a larger potassium ion (28, 30). It is proposed that a second, incoming sodium
ion displaces the captured sodium ion, which is then free to pass through the DEKA constriction site (28). In
these previous MD simulations, the protonated lysine residue adopted two distinct conformational categories:
an ‘off-state’, in which the lysine side chain interacts with the adjacent DIl glutamate residue and blocks the
pore; and an ‘on-state’, in which the lysine side chain is sequestered perpendicularly, to allow sodium ion
permeation (28, 30). Our MD simulations were based on the rat Nav1.5 structure. They predict that in the
wild-type Navl.5, the K1421 residue predominant adopts a perpendicular, ‘on’ conformation, allowing
unobstructed access of the sodium ions for the pore (Figure 9A and B). In the permeation simulations of the
mutants, the misalignments of the K1421, D373 and E901 residues and possible steric interference from the
enhanced flexibility of the DII-DIII turret, could explain why sodium ions were largely restricted to locations
above the DEKA ring (Figure 9C; Supplemental Figure 1 A-E). A particularly striking example was the rat
R881D/D1432R mutant. Here, the K1421 residue predominantly adopted a less perpendicular conformation,
reminiscent of the ‘off’ states (28, 30), such that the lysine side chain lies across the pore partially obstructing
it (Figure 9A). Of all the simulated mutants examined, the rat W1442Y showed the least discrepancy in DEKA
ring and pore geometry compared to the wild-type channel and the electrophysiological properties of the
human equivalent mutant were not significantly different from the human wild-type channel (Table 2).
Nevertheless, in the simulation, the movement of sodium ions was largely constrained to the outer vestibule
and above the DEKA ring (Figure 9C). A clearer understanding of this observation may require a further
comparison between open and inactive channel state conformations.

It is conceivable that perturbation of the DEKA ring may relax ion selectivity. However, this is unlikely
to be the case for those human mutants that display a complete absence of current gating since the external
bath solution contained 2 mM KCl and 1.5 mM CacCl.. For those human Nav1.5 channels that retained some
gating activity, the ion-selectivity of the channel can be investigated by comparing their reversal potentials
(36, 39). Importantly, the reversal potentials of the functional mutants were not significantly different from the
wild-type value (Figure 2A). This supports the view that the DEKA rings in each of the active human mutants
retained selectivity for sodium ions, despite their altered geometry.

The most dramatic changes predicted from the MD simulations occurred in the dimensions,
geometries and stabilities of the inner pore, comprising the S5 and S6 helices from each domain. In particular,
the increased pore radius corresponding to the inner vestibule was prominent in the rat wild-type and W1442Y
mutants. In contrast, the inner vestibule was significantly attenuated in the rat E1443Q and absent altogether
in the rat R881D/D1432R mutant (Figure 10A and B). Both equivalent human mutations were
electrophysiologically inactive (Figure 2A). This attenuation in the inner vestibule radius was less dramatic in
the modeled rat E1443D mutant (whose human equivalent retained about 6% of the wild-type peak current
activity) but was still noticeable compared to the wild-type and W1442Y profiles (Figure 10A and B). Hence,
the degree of pore constriction in the MD simulations for the mutants — particularly within the inner vestibule
— broadly correlated with the gating activity of the equivalent human mutants.

Except for the human W1442Y and Y1426F mutants, all other human activity-retaining mutants
exhibited significantly higher values of the slope-factor, k (activation) compared to the wild-type channel
(Table 2). This slope factor is inversely proportional to the effective charge (z) transferred across the
membrane during activation (40, 41). The larger values of k (activation) therefore imply that the voltage-
sensing movements in the VSDs of the mutants are restricted relative to the wild-type channel. These
movements are normally tightly coupled to pore opening (4). Each of the four S6 helices lining the inner pore
vestibule contains a highly conserved asparagine residue, that is essential for this coupling. However, the
underlying molecular mechanism is unclear (42). In rat Nav1.5, these residues are: N407 (DI); N935 (DllI);
N1465 (DIIl) and N1767 (DIV). We note that in the rat MD simulations, the displacements between the
asparagine residues of the wild-type and W1442Y structures lie between 1.99 and 3.55A. In contrast, the
asparagine residues on the S6 helices from the rat E1443D, E1443Q and R881D/D1432R mutants show a
much greater displacement of up to 8.71A, relative to the wild-type channel (Supplemental Figure 2B). It is
possible that in these mutants, the misalignment of the critical asparagine residues obstructs the opening of
the pore, which in turn, restricts the movement of the VSD S4 helices. A rigorous test of this hypothesis will
require significant further work. For example, the application of biophysical methods that can monitor the S4
helix movements within the individual VSDs of each mutant (21, 43).

The presence of a similar cation-m bonded complex salt-bridge at the DII-DIII turret interface in
Navl.2, Navl.4 and Navl1.7 (31, 44, 45), together with their strong sequence conservation in all Nav channel
isoforms (Supplemental Figure 3A), suggests that all Nav channel isoforms will display this structural feature.
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Interestingly, several independent missense mutations corresponding to these residues in human Navl.1 are
associated with inherited epileptic encephalopathy (46) (Supplemental Figure 3A). In addition, an arginine to
glutamine missense null-mutation in human Navl.7 is associated with congenital insensitivity to pain. This
Navl.7 residue is designated R896 (47) or R907 (46), depending on the alternatively spliced Nav1.7 isoform,
and is equivalent to human Navl.5 R878 (Supplemental Figure 3 A and B). Finally, eukaryotic voltage-gated
sodium channels and voltage-gated calcium channels are derived from a common ancestor by gene
duplication (48). The Cavl.1 family of voltage-gated calcium channels similarly contains a salt-bridge,
bounded by likely cation-1r bonds at the DIl and DIII extracellular turret interface (Supplemental Figure 3C).
To our knowledge, there are no clinical reports of mutations affecting these Cavl.1 residues. However, if
such mutations are discovered, we predict that the channels will either be non-functional or severely
compromised and are likely to have pathological consequences. Hence our current work provides general
insights, not just into Navl.5-associated cardiopathologies but also into a variety of distinct and previously
unconnected ion-channelopathies.

Methods

DNA constructs and mutagenesis. Bicistronic plasmids encoding hNa,1.5 (pIRES2-EGFP-hNavl.5; also
called hH1, accession no. M77235) and the R878C mutant (pIRES2-EGFP-R878C) together with a
separately expressed EGFP were a gift from Dr Ming Lei (University of Oxford, UK). All further mutations
were introduced by site-directed mutagenesis (QuikChange Lightning kit, Agilent) according to the
manufacturer’s instructions and checked by DNA sequencing.

Cell culture and transient transfections. Human embryonic kidney (HEK293F) cells were cultured in
DMEM/F-12 GlutaMAX medium (Invitrogen) supplemented with 10% fetal bovine serum (Sigma—Aldrich) at
37 °C and 5% CO.. For patch-clamp experiments, 0.5 ug of Na,1.5 wild-type (WT) or appropriate mutant
were transiently transfected using polyethylenimine (PEI, 1 pg/ul) at a DNA/PEI ratio of 1:4, on 18 mm
coverslips in 6-well plates. For the biotinylation assays, HEK293F cells were transiently transfected in
100 mm dishes with 8 ug of Na,1.5 WT, mutant or empty vector pEGFP-N1 as a negative control,
using a DNA/PEI ratio of 1:3.

Cell surface biotinylation assay. Biotinylation assay was adapted from (22) with slight
modifications. 48h after transiently transfecting HEK293F cells with appropriate plasmids, cells were
washed twice with cold 1X PBS solution, then incubated with freshly prepared 0.5 mg/ml EZ-link™ Sulfo-
NHS-SS-Biotin (Thermo Scientific) in cold 1X PBS for 15 min at 4 °C. To quench and remove excess biotin
the cells were washed twice with 200 mM glycine (in cold 1X PBS), and then twice with cold 1X PBS. Cells
were then lysed in 1 ml of lysis buffer (50 mM HEPES pH7.4; 150 mM NaCl; 1.5 mM MgCl;; 1 mM EGTA
pH 8; 10% Glycerol; 1% Triton X-100) supplemented with 1X Complete Protease Inhibitor Cocktail (Roche,
Sigma-Alrdrich) at 4°C for 1 h, and then clarified by centrifugation; 16,000 X g for 15 min at 4 °C. 500 ug of
the supernatant was incubated with 50 yl Pierce™ Streptavidin Agarose beads (Thermo Scientific) overnight
at 4°C, while the remaining supernatant volume was kept as input fraction. Following the overnight
incubation, the Streptavidin beads were pelleted at 1000 X g for 1 min and washed thrice with cold 1X lysis
buffer and then eluted with 50 pl of NUPAGE LDS Sample Buffer (4X; Invitrogen) supplemented with 100 mM
DTT at 37 °C for 30 min. The input fractions were similarly treated in LDS buffer + 100 mM DTT at equal final
concentrations to function as a loading control indicating the total Nav1.5 expression, while the biotinylated
fractions represent just the Na,1.5 expression at the cell surface.

Western blotting. The input (total Navl.5 expression) and biotinylated (cell surface-expressed
Navl1l.5) samples were separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen, ThermoFisher) and
transferred to nitrocellulose membrane (iBlot transfer system, Invitrogen, ThermoFisher). Membranes were
blocked with 5% milk in TBS-Tween (0.1%) for 45 mins at room temperature before overnight incubation
of primary antibody at 4 °C. Primary rabbit polyclonal anti-(human Na,1.5), (residues: 1978-2016) (#ASC-
013, Alomone Labs) and rabbit polyclonal anti-(actin) (A2066, Sigma), both used at a concentration of
1:200 were followed by a one-hour incubation with secondary Goat anti-(Rabbit 1gG-HRP conjugate)
(#1706515, Bio-Rad) at a concentration of 1:8000 at room temperature. Amersham ECL Western Blotting
Detection Reagent (GE Healthcare) was used to activate the HRP and the chemiluminescent signal
detected on Amersham Hyperfilm ECL (GE Healthcare). Immunoblot intensities were quantitated using
Image J and normalized against their loading controls.

Electrophysiology. Electrophysiological experiments were carried out as previously described (21)
with slight modifications. GFP fluorescence from pIRES vector helped visualize the efficiently transfected
cells chosen for the whole-cell patch-clamp recordings which were made 48h post-transfection. For all
measurements, of inactivation, activation and recovery from inactivation, the whole-cell configuration of the
patch-clamping technique was employed using an Axopatch 200 amplifier (Axon Instruments, USA),
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Digidata 1322A digitizer (Axon Instruments, USA), and the Strathclyde Electrophysiology Software Package
(WIinWCP, Department of Physiology and Pharmacology, University of Strathclyde). All the experiments were
performed at room temperature (20-22°C). The extracellular bath solution used to superfuse the cells was
set at a flow-rate of 2-3 ml min™" and was composed of 60 mM NaCl, 2mM KCI, 1.5 mM CacCl,, 10 mM
glucose, 1 mM MgCl;, 90 mM CsCl;, 10 mM HEPES, pH 7.40 + 0.01 adjusted with NaOH. The internal
solution contained 35mM NaCl, 105mM CsF, 10mM EGTA, 10mM HEPES, pH 740 =
0.01 adjusted with CsOH and filter sterilized (0.22 um). Patch pipettes were prepared from borosilicate glass
capillaries (1.2mm OD, Harvard Apparatus) using electrode puller model P87 (Sutter Instrument Co.,
USA) with pipette resistance maintained between 1.5-2.5 MQ. Signals were low-pass Bessel filtered at a cut-
off frequency of 5 kHz and sampled at 125 kHz. Series resistance compensation (70—-85%) was set for each
recording, and leak currents were subtracted using a P/4 protocol. All recordings were made after allowing
at least 3 minutes after membrane rupture. The liquid junction potential (typically close to 2 mV) was not
corrected for and data from cells with a clear loss of voltage control as demonstrated by poor I/V relationships
were removed.

Voltage protocols. All protocols employed a holding potential of -120 mV. The voltage
dependences of steady-state activation and inactivation were examined using a 100 ms duration pulse, to
activating test voltages ranging between - 140 mV to + 45 mV in 5 mV increments with each sweep, followed
immediately by a pulse to a fixed voltage of -40 mV, of 50 ms duration. For measurements of steady-
state inactivation, peak currents elicited by each of the latter -40 mV pulses, were normalized to the
maximum peak current generated and then plotted against the voltage of the preceding 100 ms conditioning
pulse. The data assumed a sigmoid function, decreasing with positive shifts of membrane potential. For the
activation protocol, peak current densities (pA/pF) were calculated by dividing the peak current amplitude
by whole-cell capacitance and the current-voltage relationship plotted. Both inactivation and activation data
were fitted with a single Boltzmann function:

G/Gmax =1/(1+exp((V-V1ir) /k) (Eg. 1)

where G/Gmax is the normalized conductance or current, Vi, is the voltage of half-maximal activation or
inactivation, k is the slope factor, and V is the test voltage or conditioning voltage. The G terms for each
voltage V, were calculated from observed peak currents Ina and their reversal potential Ena observed at large
depolarizing activating test voltages as:

GNa = |Na/(V'ENa) (Eq 2)

The recovery from inactivation protocol employed a standard two-pulse protocol (P1) and (P2) both
at -40 mV for 50 ms but separated by a return to the holding potential (-120mV) of varying time courses
between 1 to 200 ms. The ratio P2/P1 was then calculated to normalize the peak current, which indicated the
fraction of current available for activation after depolarizations at varying durations. These plots were fitted
with a double exponential function as follows:

y = —Asexp(-t/11) — Az exp(-t/12) (Eq. 3)

Where A: and A are the amplitudes of the fast and slow components respectively, 11 and 1, are the time
constants of recovery from inactivation for the fast and slow components respectively and t is time.

Application of veratridine. 100 uM veratridine (Abcam, ab120279) was applied in the bath solution
and continuously perfused during the whole-cell recording of HEK293F cells transiently transfected with the
wild-type Navl.5 or those mutants which showed no detectable activation current (49). Veratridine was
allowed at least 5 minutes to perfuse the bath before starting the recording. Effects of washing out the drug
were not performed.

Disulfide locking experiment. Double cysteine mutations were carried out on the charged residues
likely taking part in salt bridge formation (human R878C/E1441C and R878C/D1430C). Whole-cell recordings
of HEK293F cells transfected with the wild-type Nav1.5 or either of these two mutants were performed after
continuously perfusing the bath solution with freshly prepared 1 mM B-mercaptoethanol (BME), allowing at
least 5 minutes before the start of recording (20).

Molecular dynamics simulations. The cryo-EM structure for rat Nav1.5 (PDB ID: 6UZ3) (2) was used
for molecular dynamics simulations. A few residues were not well-resolved in the structure and so were not
modeled. These include residues: 213, 291, 298-303, 799-805 as well as residues: 425-698 and 945-1189,
which correspond to intracellular domains of the channel. MD simulations were performed using NAMD
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2.9 (50) with CHARMM36 force fields (51). All simulations were conducted at 310 K and 1 atm. For the wild-
type structure, simulations were run on the original PDB structure: 6UZ3. Each of the mutants was
engineered using the “Mutator” plugin of VMD 1.9.4 (29).

To model the dynamics of each system, the protein was embedded into a lipid bilayer. Each protein
was inserted into the palmitoyl-oleoyl-phosphatidylcholine (POPC) bilayer (containing 229 lipid molecules),
which was then solvated by TIP3P waters (~ 36000 water molecules) and neutralized by 150 mM NacCl (50,
51). Simulations were preceded by pre-equilibration steps. Firstly, the system was energy-minimized for 2000
steps and then equilibrated using a time step of 1 fs for 0.5 ns. To relax the lipid-protein interactions, all atoms
were constrained except the lipid tails. Non-bonded Fix (NBFIX ) parameters were utilised for this step as
they are optimized for the specific case of ions interacting with carbonyl oxygen atoms (52). The next step of
pre-equilibration was a minimization run, that lets the system move to the lowest energy conformation. This
was followed by equilibration with the constrained protein so the environment can relax. This was also energy
minimized for 0.2 ns run and equilibrated for 0.5 ns at a time step of 1 fs. These steps ensured the simulation
ran smoothly and the starting velocity of atoms was not too high. Subsequently, productive simulations were
run for a duration of 15 ns with the same time step of 1 fs.

Analysis. On successfully running the simulations, trajectory files (with a dcd extension) were
generated and subsequently analysed to investigate properties of the channel and region of interest. The
RMSD values were generated through VMD’s “RMSD Visualiser” tool which generated a value for every fs.
VMD was used in the analysis of the DEKA ring. With VMD’s ‘Tkconsole’ (53), a tcl script was run to compute
the atomic distances between the alpha carbons of the residues for every 1000 frames. For the distances
between residues of interest, distances between relevant charged groups on each residue was used.
Correspondingly, to calculate the energy of salt-bridge and cation-pi interactions, the NAMD energy plugin of
VMD was used. Pore analysis of every system was carried out with MOLE2.0 (32). The last frame of every
trajectory file was extracted into a pdb file using VMD. Thereafter, using these pdb files, appropriate pore
profiles were obtained using MOLE2.0. A Tcl script was developed and used to track the z-position of the
sodium ion to track its relative position to the DEKA ring. Dynamic sodium ion movements within the pores
were modeled using VMD movie maker.

Statistical analyses. Data from electrophysiological experiments were graphically presented using
GraphPad Prism 9 software and expressed as mean z SEM. Statistical comparisons were performed
using One-Way ANOVA followed by Dunnett post-hoc tests and statistical significance was assumed when
p < 0.05.
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Habib et al., Table 1

Equivalent human and rat

Nav1l.5 residues

Human Rat
R878 R881
W879 W882
Y1426 Y1428
D1430 D1432

W1440 W1442
E1441 E1443

Human Nav1.5
mutations used in
functional assays

Equivalent rat Nav1.5
mutations modeled
by MD simulation

W1440Y

W1442Y

W1440A

Y1426F

Y1426W

Y1426A

E1441D

E1443D

D1430E

E1441Q

E1443Q

R878C

W879Y

WB879A

R878E/E1441R

R878C/E1441C

R878D/D1430R

R881D/D1432R

R878C/D1430C

12

Table 1. Summary tables. Left: The equivalent human (h) and rat (r) residues for the
amino acids studied in this current work are listed. Right: The human (h) Navl.5
mutations used in the electrophysiological and biochemical assays and the equivalent

rat (r) Nav1l.5 mutants examined by MD simulation are shown.
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Habib et al., Table 2

Activation Inactivation
Peak I, V,5(mV) k(mV) n Vip(mV) k(mV) n
HEK293F cells

WT -332.29+ 3629 -46.89+2.43 522+035 -84.75+1.702  -7.925+0.235 14
hw1440Y -342.46 £ 42.15 -47.89+ 147 527 +045 -82.52 +2.593 -.351 +0.326 9
hW1440A -560.85 + 13.00** 4177 +1.51 7.85 + 0.40* -80.49 +3.272 -7.606 +0.455 9
hY1426F -180.47 + 40.13* -44.4+0.95 598028 -85.57+ 1958  -7.894 +0.238 9
hY1426W -44 23 + 7 .54™** -41.83+184 7.86 + 047 7848 + 3273 -7.942 +0.364 8
hY1426A -68.44 + 11.25"™ 4161+ 1.41 722017 -79.81+3474  -7.888 +0.461 8
hE1441D -24.83 £ 2237 -4057+155 8.16 + 0.64* 821724 -7.394 + 0.457 12

Table 2. Parameters from whole-cell patch clamp steady-state activation and
inactivation data. Both activation and inactivation data were fit using a Boltzmann
function to deduce all the parameters. The data are expressed as mean + SEM and
One-Way ANOVA statistical analysis followed by Dunnett post-hoc tests performed
to determine the statistical significance between each mutant and the wild-type
Navl.5 channel. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.


https://doi.org/10.1101/2021.01.15.426807

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.15.426807; this version posted January 17, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Habib et al., Table 3

Recovery from Inactivation

Ktast Ksiow Trast (MS) Tsiow (MS) 112 tast (ms) ti2 siow (MS) n
HEK293F
cells
WT 0.122 +0.008 0.022 +0.002 8611 +0524 A8 AT + 3747 5969 + 0.363 3360+2597 12
hw1440Y 0.183 £ 0.021 0.029 = 0.004 5.905 + 0.669 39.05+521 4.003 + 0.464 2707+3610 7
hW1440A 0.144 £0.015 0.026 = 0.002 7472 +£0.709 3999 + 3.431 5179 + 0.492 2772+2378 8
hY1426F 0.120 £0.010 0.020 = 0.002 8658 £ 0.757 5445 + 5037 6.000 £ 0.524 3774+3492 6
hY1426W 0.185 +0.040 0.026 + 0.005 6.709 + 1.332 4808 £ 1054 4650 +0.923 33337302 6
hY1426A 0.152 £ 0.020 0.035+0.011 T377 £1.234 4264 £ 1025 5113 £0.855 2055+7107 6
hE1441D 0.160 £ 0.020 0.022 £ 0.002 6.999 £ 1.221 4904 + 4993 4.852 £ 0.846 3399 + 3.461 6

14

Table 3. Parameters form whole-cell patch clamp recovery from inactivation
data. A double exponential function was used to fit the data and expressed as mean
+ SEM. Statistical significance was analysed using a one-Way ANOVA, followed by
Dunnett post-hoc tests performed to determine the statistical significance between

each mutant and the wild-type Navl1l.5 channel.
****¥n<0.0001.

*p<0.05, **p<0.01, ***p<0.001,
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Figure 1. A complex salt bridge and cation-m interactions within the Nav1.5 DII-DIIl
extracellular turret. (A) Schematic representation of the Nav1.5 channel. The four homologous
domains, DI-DIV are indicated. The helices S5 and S6 line the channel pore and the positively-
charged S4 helices function as the voltage sensor. The positions of amino acid residues at the
extracellular turret DII-DIII interface studied in this paper are indicated for both human (h) and rat (r)
Nav1.5 sequences. (B) A cartoon representation of the rat Na,1.5 structure (PDB ID: 6UZ3), showing
the topology of the channel from the side and from above. With the DII-DIII turret interface residues
and the DEKA selectivity ring highlighted. Note the different domain orientations in the two expanded
inserts. Distances between amino acids are indicated in A. (C) primary sequence alignments of
human Navl.5 (Uniprot ID: Q14524-1) and rat Nav1.5 (Uniprot ID: P15389-1). Residues discussed
in the text are highlighted.
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Figure 2. Steady-state activation properties of wild-type and mutant human Nav1.5 channels.
(A) Typical whole-cell current traces from HEK293F cells transfected with human (h), wild-type or
mutant Navl1l.5 channel under the activation protocol as outlined in Methods. (B) Currents,
normalized to whole-cell capacitance, versus voltage curves for the wild-type and active mutants. (C)
Channel conductance as a function of voltage for wild-type and active mutants. Curves were fit to a
Boltzmann function as outlined in Methods. The data are means + SEMs. (n = 7). Statistical
significance was tested with one-way ANOVA. Compared to wild-type channels, no differences were
observed in V,,(activation). However, the slope factor (k), of human: W1440A, Y1426W, Y1426A
and E1441D were significantly different from the wild-type value. See Table 2 for individual values.
(D) The disulfide reducing agent B-mercaptoethanol does not rescue human: R878C/E1441C or the
human: R878C/D1430C double mutants.
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Figure 3. Steady-state inactivation properties of wild-type and the functional mutant human

Navl.5 channels. (A) Typical whole-cell current traces from HEK293F cells transfected with human
(h), wild-type or mutant Nav1.5 channel under the steady-state inactivation protocols described in
Materials. Only those mutants that produced detectable current traces in Figure 2A were examined.
(B) Current-voltage curve with peak I, of each step normalized with maximum peak I, and plotted
against test pre-pulse potential. The data are means + SEMs (n = 8, See Table 2 for individual
values) and statistical significance was tested with one-way ANOVA. No shifts in the steady-state
inactivation properties were observed in the mutants when compared to the wild-type channel (see
Table 2 for individual values).
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Figure 4. Recovery from inactivation properties of wild-type and the active mutant human
Navl1l.5 channels. (A) Representative whole-cell traces from recovery from the inactivation protocol
as outlined in Methods. (B) The fraction of human (h), wild-type or mutant Nav1l.5 channel I,
recovering from the inactive state plotted against the increasing time duration between the two
depolarizing pulses. Only those mutants that produced detectable current traces in Figure 2A were
examined. No significant differences were observed between the wild-type and mutant channels
(see Table 3 for individual values).
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Figure 5. Cell surface biotinylation assay. (A) Representative western blots of biotinylated cell
surface fraction and total lysate of HEK293F cells transiently transfected with wild-type or mutant
human (h), wild-type and mutant Nav1.5 channels. Actin was used as a loading control. (B)
Quantitation of the Nav1l.5 intensities (n=3). Normalized intensities for each channel are presented
relative to the normalized intensity for the wild-type Navl.5. No significant differences were seen
between the wild-type and mutant channels.
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Figure 6. The sodium channel activator veratridine does not rescue human Navl1l.5 null-
mutants. The gating responses of the human (h), Navl,5 wild-type (WT) and null-mutants were
tested (A), in the absence or (B), in the presence of 0.1 mM veratridine (VTD) (0.1 mM).
Representative traces for the wild-type Navl.5 channel show the classic tail current, caused by
veratridine-induced stabilization of the active Nav channel state (26). However, none of the mutants
showed any sign of re-activation.
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Figure 7. MD simulations of the global and local stabilities of the simulated rat Navl.5
channels. RMSD values of C(a) atoms of the wild-type (WT) and mutant rat (r) Navl.5 channels.
The first frame of the MD simulation as a function of time was examined for, (A) all residues in the
protein, (B) residues of the S5-S6 helices lining the pore of the channel and (C) residues of the
complex salt-bridge and cation-1r bonds connecting the DII-DIlI turret interface.
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Figure 8. Comparative analyses of energy values and distances for specific pairs of residues
in the DII-DIII turret interfaces of the simulated rat Nav1.5 channels. (A) Graphical depiction of
the interactions studied across the entire time course of the simulation for the wild-type (WT) and
mutant rat (r) Nav1.5 channels. Energy and distance values are presented for every 0.1 ns frame of
the MD simulation as indicated. (B) Comparative cluster plots of energy values compared to
distances, between pairs of residues in the DII-DIll turret interface, for each mutant, individually
compared to the wild-type channel as indicated. Note: for presentational clarity, the numbers refer to
the wild-type structure, although the identity of the residues may differ for the individual mutants.
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Figure 9. Effect of the DII-DIIl turret mutations on the geometry of the DEKA selectivity ring of
the simulated rat Navl.5 channels. (A) Diagrammatic representation of the contraction of the
DEKA selectivity ring at 15 ns, for the simulated wild-type (WT) and mutant rat (r) Nav1.5 channels,
as indicated. (B) Distances between pairs of residues in the DEKA ring, as indicated, equilibrated
throughout a 15 ns simulation.
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Figure 9. Effect of the DII-DIIl turret mutations on the geometry of the DEKA selectivity ring of
the simulated rat Nav1.5 channels. (C) Tracking the position of sodium ions in the outer vestibule
of the channel before they travel down the pore. The dotted line corresponds to the mean position of
the DEKA residues along the z-axis and the traces represent the position of the sodium ions along
the z-axis across the time course of the simulation. (D) Frame from the wild-type simulation
(Supplemental Figure 1), showing a sodium ion transiently trapped between the D373 and E901
residues of the DEKA selectivity ring, with their negatively charged carboxylate groups facing the ion.
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Figure 10. Effect of the DII-DIll turret mutations on pore geometry of the simulated rat Nav1.5
channels. (A) Cross-section of the last-frame of each MD simulation for wild type (WT) and mutant

rat (r) Navl.5 channels as indicated. Pore profiles, as predicted using MOLE 2 are highlighted in
purple. The locations of key regions within the pore are indicated for the wild-type channel. The
DEKA ring and DII-DIII turret interface residues are highlighted as stick format for wild-type and each
mutant. (B) Pore radius profiles for the simulated wild-type (WT) and mutant rat (r) Nav1.5 channels
are as indicated and computed to the intracellular surface of the channel. The distance along the
pore starts from the DEKA selectivity ring (0) to the intracellular activation gate (50A).
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