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Abstract:

Background: We identified a novel SCN5A variant, E171Q, in a neonate with very
frequent ectopy and reduced ejection fraction which normalized after arrhythmia suppression
by flecainide. This clinical picture is consistent with multifocal ectopic Purkinje-related
premature contractions (MEPPC). Most previous reports of MEPPC have implicated SCN5A
variants such as R222Q that neutralize positive charges in the S4 voltage sensor helix of the
channel protein Nay1.5 and generate a gating pore current.

Methods and Results: E171 is a highly conserved negatively-charged residue located in
the S2 transmembrane helix of Nay1.5 domain |. E171 is a key component of the Gating Charge
Transfer Center, a region thought to be critical for normal movement of the S4 voltage sensor
helix. We used heterologous expression, CRISPR-edited induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs), and molecular dynamics simulations to demonstrate that E171Q
generates a gating pore current, which was suppressed by a low concentration of flecainide
(IC50 = 0.711£0.07 uM). R222Q shifts voltage dependence of activation and inactivation in a
negative direction but we observed positive shifts with E171Q. E171Q iPSC-CMs demonstrated
abnormal spontaneous activity and prolonged action potentials. Molecular dynamics
simulations revealed that both R222Q and E171Q proteins generate a water-filled permeation
pathway that underlies generation of the gating pore current.

Conclusion: Previously identified MEPPC-associated variants that create gating pore
currents are located in positively-charged residues in the S4 voltage sensor and generate
negative shifts in the voltage dependence of activation and inactivation. We demonstrate that
neutralizing a negatively charged S2 helix residue in the Gating Charge Transfer Center
generates positive shifts but also create a gating pore pathway. These findings implicate the
gating pore pathway as the primary functional and structural determinant of MEPPC and widen
the spectrum of variants that are associated with gating pore-related disease in voltage-gated
ion channels.

Keywords: SCN5A, MEPPC, structural model, human mutation
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Introduction

Nav1.5 (encoded by SCN5A) is the major cardiac voltage-gated sodium channel. Variants
in SCN5A are associated with multiple arrhythmia disorders, including loss of function diseases
(Brugada syndrome and progressive cardiac conduction defect) and long QT syndrome
(enhanced late current).! SCN5A mutations have also been associated with the rarer phenotype
of multifocal ectopic Purkinje-related premature contractions (MEPPC).2* MEPPC presents with
frequent junctional or ventricular ectopic beats, often early in childhood, and frequently leading
to dilated cardiomyopathy. MEPPC is important to recognize since suppression of the frequent
ectopy can reverse the associated cardiomyopathy.?*

Voltage gated sodium channels including Nay1.5 pass through the plasma membrane 24
times, forming 4 major domains (I through 1V). Within each domain, transmembrane helices S1-
S4 contribute to voltage sensing and S5 and S6 largely form the central pore through which
sodium passes. The S4 helices contain positively charged residues (arginines or occasionally
lysines) at every third residue. The S4 helix moves in response to changes in membrane voltage
and this movement underlies the channel’s voltage sensitivity. Charge neutralizing mutations of
the voltage-sensing positively charged residues (arginines) of the S4 helices are the most
common SCN5A variants associated with MEPPC.> The most common variant in this class is
R222Q,%* and R219H,% R225W, R225P,” and R814W? have also been reported. These mutations
are thought to generate a second (non-physiologic) ion permeation pathway in the S1-54 gating
region, leading to a “gating pore” current or omega current.®®1° Several additional variants that
are not in S4 arginines have been described in MEPPC (A204E,! L828F,'> G213D,* and
M1851V*4) and these variants are mainly thought to act through alternate mechanisms such as
shifts in the voltage-dependence of channel activation and/or inactivation generating an
increased “window current”.

Studies in the Drosophila Shaker potassium channel identified a “gating charge transfer
center” (GCTC), critical for movement of the voltage sensor; key features included positively
charged residues in S4, two negatively charged residues in S2 and S3, and a key phenylalanine
(tyrosine in the analogous position in Nay1.5).2>% This motif is highly conserved across voltage-
gated ion channels, and mutations at S4 arginines have been reported not only in MEPPC but
also in sodium and calcium channel-related hypokalemic and normokalemic periodic paralysis,
familial hemiplegic migraine, malignant hyperthermia, and familial epilepsy.® It is thought that
the GCTC helps form a barrier that separates intracellular and extracellular water-filled crevices.
Mutations can disrupt this barrier, creating a water-filled channel that generates the gating
pore current through a pathway separate from the ion channel’s central permeation pore.*®

We report a neonate with MEPPC resulting from a novel SCN5A variant, E171Q. This
variant, unlike other variants that result in a gating pore current, neutralizes a negative charge
in the S2 helix of domain |, a previously unrecognized disease mechanism in MEPPC. We use
patch clamping to characterize E171Q in heterologous expression and CRISPR-edited iPSC-
derived cardiomyocyte models, and identify a large gating pore current generated by the
variant channel and blocked by low concentrations of flecainide. We model this variant with
molecular dynamics simulations and propose a structural model that explains our findings.
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Methods

The patient’s clinical course is described below (Results).
Overview of in vitro methods

Variants were studied using patch clamping in two in vitro systems: (1) Plasmids with
SCN5A mutations of interest were generated and the mutant cDNAs were expressed in Human
Embryonic Kidney 293 (HEK293) cells. (2) Induced pluripotent stem cells (iPSCs) were CRISPR-
edited to generate SCN5A E171Q and differentiated into cardiomyocytes (iPSC-CMs). iPSCs
were obtained from a healthy volunteer under IRB approval as previously described.’

HEK293 cells and plasmid mutagenesis:

Electrophysiologic studies were performed independently at laboratories at Vanderbilt
University Medical Center (VUMC) and at Simon Fraser University (SFU).

At VUMC, the wild-type plasmid included the SCN5A cDNA, an internal ribosomal entry
site, mCherry, and a blasticidin selection cassette (SCN5A wildtype:IRES:mCherry-blasticidinR).
The SCN5A mutations E171Q (Ensembl transcript ENSTO0000333535 ¢.511G>C) and R222Q
(c.665G>A) were introduced with a QuikChange Multi Lightning kit (Agilent) with primers
5’ttcaccgccatttacacctttCagtctctggtca (E171Q) or 5’'ttacgcaccttccAagtectecgggee (R222Q). All
cDNA coordinates are presented for Ensembl transcript ENSTO0000333535, which includes
Q1077; however, the wildtype plasmid used in this study has a deletion of Q1077 to match the
most common splice isoform in the heart.'® We first mutagenized plasmids containing a small
region of SCN5A (DNA bases 1-727) and verified the mutations by Sanger sequencing. Next, we
subcloned the small plasmid with restriction enzymes Agel and BssHIl (New England Biolabs)
into a plasmid with full length SCN5A and again Sanger sequence verified the plasmids. The
resulting plasmids (SCN5A wildtype:IRES:mCherry-blasticidinR, SCN5A E171Q:IRES:mCherry-
blasticidinR, or SCN5A R222Q:IRES:mCherry-blasticidinR) were integrated into Human
Embryonic Kidney 293 (HEK293) landing pad cells.'® Stable lines expressing a high level of the
SCN5A variant were generated and validated by flow cytometry as we have previously
described.!®

At SFU, the E171Q variant was introduced into an SCN5A expression plasmid
(PCDNA3.1) using the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent). HEK293T
cells were grown at pH 7.4 in filtered sterile DMEM nutrient medium (Life Technologies),
supplemented with 5% FBS and maintained in a humidified environment at 37°C with 5% CO2.
Cells were transiently co-transfected with the human cDNA encoding the Nav1.5 a-subunit, the
B1-subunit, and eGFP. Transfection was done according to the PolyFect transfection protocol
(Qiagen). A minimum of 8-hour incubation was required after each set of transfections. The
cells were subsequently dissociated with 0.25% trypsin—EDTA (Life Technologies) and plated on
sterile coverslips.

CRISPR editing of iPSC cells:

A CRIPSR guide for the SCN5A E171Q mutation was designed using the CRISPOR online
tool.?° We cloned the guide sequence (AATCTTGACCAGAGACTCAA-AGG) into SpCas9-2A-GFP
(pX458, Addgene #48138)?! by annealing complementary primers
5’CACCGAATCTTGACCAGAGACTCAA and 5’AAACTTGAGTCTCTGGTCAAGATTC, phosphorylating
the primers using T4 PNK (NEB) and digesting and ligating the insert into the pX458 plasmid
using Bbsl (NEB) and T4 Ligase (NEB). This process created a new guide RNA expression plasmid
SpCas9-2A-GFP-E171Q. A 150-base single stranded rescue DNA was designed with SCN5A
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genomic sequence with two mutations present: E171Q (c.511G>C) and a synonymous mutation
(c.507C>A) to disrupt the PAM site and prevent re-cutting by Cas9. The guide plasmid and the
rescue DNA were electroporated into population control iPSC-CMs using a Neon transfection
system. After two days, GFP-positive cells were FACS-sorted and plated sparsely. After ~1 week
of growth, single colonies were picked, DNA was isolated using QuickExtract (BioSearch
Technologies), and PCR was performed using primers 5° GTTGAAGGGAGCTTTGTGGG and
5’GAAGCCAGAAAGAGAGGGGT. PCR products were cleaned with ExoSap It (Applied Biosystems)
and Sanger sequenced to identify clones with the desired mutations in heterozygous form. iPSC
cells were grown and differentiated to iPSC-derived cardiomyocytes as previously described.?’
Cells were studied 35-40 days post-differentiation. We did not generate R222Q iPSC-CMs
because that mutation is in exon 6B, which undergoes alternate splicing; an alternate fetal exon
(6A) is the predominant isoform in iPSC-CMs.??
Patch clamping:

Detailed electrophysiological methods for voltage- and current-clamping experiments
are presented in Supplemental Methods.
Structural simulation of Nay1.5 voltage sensing domain |

We simulated the voltage sensing domain (S1-S4) of domain | (VSD1) for wildtype,
E171Q, and R222Q. The R222Q variant was selected as a positive control because it has been
shown to result in gating pore current through VSD1 and it is the most common MEPPC
mutation.® The wildtype Nay1.5 VSD1 was simulated as a negative control as it lacks a gating
pore current. For each system, we ran three replications with different initializations of starting
atom velocities. Further details of the simulated systems can be found in Table S2.
Statistical analysis

Data are presented as mean * standard error. Comparisons between WT and E171Q
groups of cells were performed using a t-test (two-sample assuming unequal
variances), implemented in Excel. Multiple comparisons were performed using Dunnett’s test.
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Results
Clinical presentation

The proband was born at term to a healthy woman during her first pregnancy. At birth,
the proband exhibited salvos of a rapid irregular rhythm (Figure 1A). The native QRS was
difficult to define due to a limited number of normally conducted QRS complexes. Most beats
were wide complex (for age) with ventriculo-atrial dissociation. There were also episodes of
non-conducted sinus beats and rare conducted sinus beats (Figure 1B). The rhythm was
predominantly an accelerated wide complex rhythm with runs of ventricular tachycardia of a
different morphology (Figure 1C). Occasional periods of Wenckebach atrioventricular
conduction were captured. Despite the rhythm, the child remained asymptomatic and thrived,
even tolerating an elective craniosynostosis repair. The ejection fraction at birth was 55%, at
the low end of the normal range, but by 7 months of age it had fallen to 31%. He was then
admitted for a trial of flecainide at 20 mg bid (2 mg/kg/dose). Holter monitoring subsequently
demonstrated a reduction in his ventricular ectopy and average rates, and echocardiography
showed an improvement in his ejection fraction to 66%. He remains on flecainide and is
asymptomatic with an average heart rate on Holter monitor of 100 bpm.

The proband and parents underwent sequencing using a 217 gene cardiac panel
(Blueprint Genetics). Three variants of interest were identified in the proband: (1) SCN5A
¢.511G>C (p.Glul71GlIn, referred to here as E171Q), which was de novo and classified by the
testing company as a variant of uncertain significance (VUS). (2) FLNC c.2377G>A (p.Glu793Lys),
a paternally inherited VUS. (3) DMD ¢.2911G>A (p.Asp971Asn), a maternally inherited VUS. The
parents were phenotypically normal. Based on the phenotypic findings of ventricular
tachycardia, cardiomyopathy, and a positive response to flecainide, the patient was diagnosed
with multifocal ectopic Purkinje-related premature contractions (MEPPC), suggesting the SCN5A
variant might be causative. AlphaMissense?? predicted that the VUS in SCN5A was likely
pathogenic while those in FLNC and DMD were likely benign (Table S1).

Conservation and computational predictions of SCN5A E171Q

E171 is located in Domain | of Nav1.5, a domain which contains most of the known
MEPPC-associated variants (Figure 2A). However, E171 is located in the Domain | S2 helix,
whereas most of the MEPPC-associated variants alter arginines in the S4 helix. The amino acid
homologous to Nay1.5 E171 is conserved across all nine voltage-gated sodium channel proteins
(Nay1.1-1.9), several voltage-gated calcium channels, and the potassium channels Shaker and
Kv7.1 (Figure 2B). In the gnomAD v4 dataset of 807,162 individuals, Nay1.5 E171Q was not
present. In addition, no other missense variants at the E171 position in Nay1.5 were observed in
gnomAD, in contrast to many other positions in the S2 helix (Figure 2C). The initial study in
Shaker describing the GCTC identified a key role for a phenylalanine residue at the position
analogous to Y168 in Nay1.5, another residue with no variants reported in gnomAD (Figure 2C).
Nav1.5 E171Q generates a late current and a gating pore current in HEK cells

HEK293 cells expressing R222Q or E171Q generated inward sodium current (Figure 3A).
E171Q reduced peak current magnitude and caused a rightward shift in the voltage
dependence of activation and inactivation (Figure 3A-B); the “window” of overlap between the
activation and inactivation curves was larger and shifted in a positive direction, in contrast to
the negative shift previously reported for R222Q.>*?* At a depolarizing potential of -30 mV, an
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enhanced “late” sodium current was observed, and abolished with the late current blocker
ranolazine (Figure 3C-E); this result was also seen in E171Q iPSC-CMs (Figure 3F-H).

With pulses to more positive potentials, both variants also generated a time-
independent outward current that was not seen in wildtype channels (Figure 4A-C).
Replacement of external sodium with N-methyl-d-glucamine (NMDG), a cation that does not
enter the central pore, resulted in the loss of the inward current but the maintenance of the
outward current in R222Q and E171Q (Figure 4D-F). Figure 4G shows current recorded 200
msec after a depolarizing pulse from -120mV: there was enhanced inward “late” current
maximal at -50mV, and a gating pore current at potentials greater than -20mV. Gating pore
current magnitudes measured in the presence of NMDG were similar in R222Q and E171Q
experiments (Figure 4H). The enhanced late current, the outward (gating pore) current in
HEK293 cells, and the positive shift in activation were observed at both the VUMC and SFU
sites.

Flecainide reduces peak and gating pore currents

In HEK293 cells stably expressing E171Q, 3 uM flecainide abolished both peak current
and gating pore current (Figure 5). To evaluate flecainide sensitivity of the gating pore current
in the absence of overlapping current through the canonical pore, we used an NMDG-
containing extracellular solution (as in Figure 4D-F); under this condition, the 1Cso for block of
the gating pore current was 0.71+0.07 uM (Figure 5G). As shown in Supplementary Figure 1, 1
1M flecainide produced minimal block of peak sodium current.

Gating pore current in E171Q iPSC cardiomyocytes

As in the HEK293 cell experiments, E171Q heterozygous iPSC-CMs also demonstrated
outward gating pore currents, whereas the isogenic control cells did not (Figure 6A-C). In iPSC-
CMs, action potential durations (APDg) in E171Q were significantly prolonged to 779+91 ms
(n=12, p=0.0048), compared to 455+30 ms (n=8) in WT cells (Figure 5D, E). In 9/12 E171Q
cardiomyocytes, there was beat-to-beat variability in spontaneous depolarization rate, and
3/12 cells showed early afterdepolarizations (Figure 6F).

Molecular dynamics simulations indicate formation of gating pores in E171Q and R222Q but
not wild-type channels

We performed ps-scale molecular dynamics simulations of VSD1 (S1-54) for wildtype,
R222Q, and E171Q (n=3 simulations/variant; 1 ps per simulation). Cross sections of simulated
proteins showed extracellular and intracellular water-filled clefts that were not connected in
the wild-type channel. By contrast, with the R222Q and E171Q variants, the clefts were
connected to create a water-filled channel (Figure 7A-C). We took snapshots of the simulations
at 1 ns intervals (3000 snapshots in total) and calculated the distances in the simulations
between salt bridges involving the mutated residues (E161-R222 and E171-K228; Figure 7D).
Wildtype channels spent a large fraction of their time (35.2% of snapshots) with both salt
bridges being well maintained, defined here as < 4.0 A distances between the residue pairs
(Figure 7E and Table S3). Overall, wildtype channels spent 93.5% of their time with at least one
of the salt bridges being well maintained. By contrast, R222Q resulted in an increased Q222-
E161 distance (> 4.0 A in 99.9% of snapshots) while still maintaining the E171-K228 distance (<
4.0 A in 90.4% of snapshots) (Figure 7F and Table S4), suggesting that neutralization of the
positive charge by variant R222Q disrupted its interaction with E161. Interestingly, E171Q
resulted in the disruption of both salt bridges (Figure 7G and Table S5), with 68.8% of snapshots
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having both distances > 4.0 A. Thus, the simulations recapitulated the in vitro behavior of the
channels with respect to generating the water filled channel (Figure 7B, C) that underlies the
gating pore current, and suggested that the E171Q variant produced gating pore that was more

persistent than that seen with R222Q.
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Discussion
Clinical case presentation

We report an infant with frequent ectopy and development of ventricular dysfunction in
whom flecainide suppressed arrhythmias and restored normal ejection fraction. While these
are the hallmarks of MEPPC, the child also displayed high grade AV block which has occasionally
been reported in older subjects**2?°> but is not a common feature of the syndrome. The finding
of an SCN5A missense mutation was consistent with MEPPC. However, unlike many other
mutations reported in this condition, E171Q did not neutralize a positive charge in an S4 helix
but rather neutralized a negative charge in S2. At initial presentation, the variant could have
been classified as “likely pathogenic” based on AlphaMissense and other in silico predictors
(PP3, using the ACMG criteria®®28), the lack of representation in gnomAD (PM2), and the de
novo status (PS2). The addition of the functional data we report now results in a classification of
E171Q as pathogenic. We cannot rule out the possibility that the FLNC and DMD VUS may have
modified the clinical course, but the correction to normal ejection fraction by flecainide argues
that E171Q is sufficient to generate the child’s phenotype.

Electrophysiological properties of E171Q: comparison to previous studies

The electrophysiologic features of E171Q channels differ somewhat from those reported
for R222Q. Cellular electrophysiologic studies of R222Q using heterologous expression
reported a consistent negative shift in the overlap between steady state activation and
inactivation, generating a larger “window current” at more negative potentials.>* Similar
findings were reported with R225P,” and we also observed this change in cardiomyocytes from
R222Q heterozygous mice.?* Such a negative shift was predicted to increase sodium influx near
the resting potential and thus account for the ectopy characteristic of MEPPC. By contrast, we
observe a larger and but positively-shifted window of overlap between steady activation and
inactivation curves. The findings thus suggest a common role for the gating pore current, rather
than the shift in the window current, in MEPPC. We also find that E171Q generates reduced
peak sodium current and this may account for the intermittent AV block.

An increased window current at positive potentials, generating a “late” sodium current,
is the hallmark of type 3 long QT syndrome, while QT prolongation and typical polymorphic
ventricular tachycardia are not features of the case we report. Moreau et al also observed that
the MEPPC-associated mutations R222Q and R225W generated a striking outward gating pore
at positive potentials.' This current was originally described in cases of hypokalemic periodic
paralysis caused by mutations in voltage sensor arginines in the skeletal muscle channel
Nav1.4.?° Gating pore current in periodic paralysis and MEPPC was most readily detected at
positive depolarizing potentials in typical patch clamp experiments but they suggested the
pathway could also be open even at negative potentials and could elicit repetitive
depolarizations.

R222Q is encoded in SCN5A exon 6 but iPSC-CMs express predominantly a fetal splice
variant which uses an alternate exon 6; thus usual iPSC-CM culture methods may miss an effect
of variants in exon 6.3° Recently, Wauchop et al used a “biowire” approach to generate mature
R222Q iPSC-CMs; they found slightly shorter action potentials than wild-type, and striking
contractile dysregulation.3! The clinical implications of the contractile abnormality is not clear
since suppression of ectopy by flecainide also corrects the ventricular dysfunction in MEPPC.
Similarly, Campostrini et al have reported that adult type splicing could be restored to iPSC-CMs
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by culturing them in a three-dimensional microtissue environment and by overexpressing the
splicing factor MBNL1.%?
Proposed structural basis for MEPPC

The Initial mutagenesis experiments in Shaker potassium channels that described the
GCTC identified a set of negatively charged and hydrophobic residues (including a
phenylalanine at the position corresponding to Y168 in NaV1.5; Figure 2) near the voltage
sensor that stabilize the mobile $4 helix and prevent a water filled gating pore.*® Jiang et al
proposed a structural model for hypokalemic and normokalemic periodic paralysis in which
mutations of arginine residues in sodium or calcium channel voltage S4 sensors generated a
water-filled permeation pathway distinct from the ion channel’s pore.3? They proposed that
mutations in arginines toward to extracellular aspect of S4 generated this gating pore current
pathway only in the resting state, but that the pathway was present both in resting and
activated states with mutations deeper in the channel.3?33 To date, the vast majority of reports
of gating pore current as a disease mechanism in MEPPC, and in other ion channel diseases like
periodic paralysis, epilepsy, hemiplegic migraine, or malignant hyperthermia, have been
confined to charge neutralizing mutations in voltage sensor arginines.'>34 One variant, G213D
which substitutes a bulky aspartate for a small glycine in the Nay1.5 domain 1 S3-54 linker, has
been reported to generate both a large window current and a gating pore current at negative
potentials.’3> G213D iPSC-CMs displayed afterdepolarizations that were corrected with
flecainide; whether G213D interacts with the GCTC was not addressed.

The data we present here demonstrates that neutralization of an S2 negative charge
that interacts with S4 positive charges can also generate a water filled channel and the MEPPC
phenotype. The molecular dynamics simulations suggest that E171 interacts not with an
arginine but with the lysine at position 228 in the S4, and that Q171 generates a more
persistent and larger gating pore than Q222. Interestingly, the original description of the GCTC
in Shaker® suggested that a lysine rather than an arginine at the analogous position near the
intracellular face of the channel® plays a critical role in occluding a potential gating pore. The
data with extracellular NMDG show that while the peak current (i.e., that through the
conventional pore) is abolished, the gating pore current is increased (Figure 4); that finding
supports the idea that the E171Q gating pore does not display cation selectivity.

Limitations

Jiang et al identified the flecainide binding site on Nay1.5 in the central pore of the
channel,® but whether flecainide binding to this site allosterically modifies the gating pore or
has a distinct binding site in/near the gating pore region is unknown. The E171Q iPSC-CMs we
generated displayed unusually long action potentials and afterdepolarizations. These findings
can be explained by the enhanced window current at positive potentials but leave unanswered
the question of why QT values in our patient are not unusually long; it may be that the gating
pore current serves to limit action potential prolongation in a syncytium.

Summary

The vast majority of MEPPC cases arise from neutralization of a positive charge in the S4
voltage sensor of the cardiac sodium channel. We report a case of MEPPC due to E171Q, a
negative charge neutralization in the S2 helix, that presented with very frequent ectopic beats
and decreased ejection fraction, corrected by flecainide. We show that the mutant cardiac
sodium channel generates enhanced window current at positive potentials as well as a gating
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pore current and we use molecular dynamics simulations to demonstrate that E171Q creates a
water-filled permeation pathway that underlies the gating pore current. An expanded
understanding of the genetic and mechanistic basis for this condition is enabling for effective
personalized therapy.
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Figure 1: Patient phenotype. A) 12-lead ECG demonstrating AV block dissociation with
ventricular tachycardia at ~214/min. B) 12-lead ECG showing predominant junctional or
ventricular ectopy, with a sinus beat (14™ QRS). C) Rhythm strip demonstrating both
tachycardia as well as bradycardia due to second and third degree AV block.
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Figure 2: Conservation of Nay1.5 E171 and low prevalence of variation in the population. A)
Top and side views of Nay1.5 structure. Domain | is indicated in pink, the Domain | S4 helix in
green, known MEPPC-associated variants in red, and E171 in yellow. B) Multiple sequence
alignment of the Domain I, S2 helix of Nay1.5 and other voltage gated cation channels. All
channels are from humans except for Shaker, which is from Drosophila melanogaster. C)
Missense variants in the Domain |, S2 helix of Nay1.5 in the genome aggregation database
(gnomAD v4) in >800,000 individuals. E171 and two hydrophobic residues that also act in the
Gating Charge Transfer Center are indicated.
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Figure 3: Electrophysiological properties of E171Q in HEK cells and in iPSC-CMs. Panels A-E
show HEK293 cells and panels F-H show iPSC-CMs. A) Current-Voltage relationship for WT,
R222Q, and E171Q. E171Q has reduced peak current. B) Activation and inactivation curve for
WT and E171Q. E171Q has right-shifted activation and inactivation curves. C) Wild-type sodium
current (HEK cell). The clamp protocol is shown in the inset. D) E171Q shows enhanced late
sodium current which is inhibited by the late current blocker ranolazine. E) HEK cell late current
summary data. P<0.0001 overall, with P=0.2 for WT vs E171Q and P=0.09 for E171Q vs E171Q
with ranolazine by Dunnett’s test. F-H) Sodium current in population control iPSC-CMs, using
the same protocol as in D and E. G) E171Q in an iPSC-CM isogenic to the control. H) Late current
summary data in iPSC-CMs.
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Figure 4: E171Q generates gating pore current in HEK293 cells. A-C) Sodium current traces
from SCN5A wildtype (A), R222Q (B), and E171Q (C) in an external 140 mM sodium solution.
The voltage protocol for A-F is shown in the inset of panel A. OQutward pore gating currents are
indicated with a red asterisk. D-F) Example sodium current traces from SCN5A wildtype (D),
R222Q (E), and E171Q (F) in an external 140 mM N-methyl-d-glucamine (NMDG) solution to
eliminate inward central pore currents. G) Current density-voltage curve. The data that is
plotted is measured at the end of a 200 ms pulse to voltages ranging from -100 mV to 40 mV. H)
Gating pore current (quantification of internal NMDG 140 mM traces shown in D-F). The

number of studied cells for each mutant in panels G-H is shown in parentheses. G-H) Error bars
indicate standard error of the mean.
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Figure 5: Flecainide effects. A-F) Representative current traces prior to and during flecainide (3
KM) in the two SCN5A variants E171Q and R222Q. Flecainide-sensitive currents were obtained
by digital subtraction of current traces prior to and post drug. Panel G is the concentration-
response curve for flecainide block of the pore gating current (in the presence of NMDG to
block permeation through the canonical pore) in E171Q cells. The inset shows increasing block
of gating pore current with increasing concentrations of flecainide. The numbers of cells at the
different test concentrations are indicated. Figure S1 shows that 1 uM flecainide had a minimal
effect on peak sodium current.
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Figure 6: Gating pore current in a CRISPR iPS-cardiomyocyte model of E171Q. A-B) Examples
of sodium and pore gating current traces from control (A) and E171Q (B) iPSC-CMs with an
external 50 mM sodium solution. The time-independent pore gating current is indicated by a
red star (Panel B). Summarized I-V relations for the pore gating currents. The voltage protocol
for A-B is shown in the inset of Panel C. D-F) Examples of non-paced spontaneous (D/E) and
paced (F) action potentials recorded from two groups of cardiomyocytes. E171Q iPSC-CMs
display abnormal (E) and prolonged (F) action potentials. Panel F shows data of APDgo. The

number of studied cells for each group is indicated. Error bars indicate standard error of the
mean.
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Figure 7: Structural modeling of E171Q and R222Q mutations. A-C) Simulated Domain | voltage
sensing domain (S1-S4) of Nay1.5. Wildtype (A), R222Q (B), and E171Q (C) structures are shown.
Left: view from extracellular region, right: side view. In the extracellular view, wildtype does not
have a gating pore, but R222Q and E171Q do. In the side view, water molecules are shown.
Both the R222Q and E171Q simulated proteins have water molecules in an extra permeation
pathway. D) Ribbon view of the voltage-sensing domain of Nay1.5 demonstrating key residues
and distances plotted in panels E-G. E-G) Heatmaps of 1) the distance between residues 161
and 222 (x-axis) and 2) the distance between residues 171 and 228 (y-axis). Data are aggregated
across all replicate simulations for the entire duration of the simulation, i.e. 1000 snapshots
captured at 1 ns intervals for each replicate, resulting in 3000 snapshots in total. R222Q
specifically increases the 161-222 distance, whereas E171Q increases both distances. See Table
S2 for additional simulation details and Tables S3-5 for quantification of the fraction of

snapshots in each quadrant in panels E-G.

Density
lo.s
“los

02

00

Density
0.08

I0.06
0.04

0.02
0.00


https://doi.org/10.1101/2024.02.13.580021
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.13.580021; this version posted February 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. Wilde AAM, Amin AS. Clinical Spectrum of SCN5A Mutations: Long QT Syndrome,
Brugada Syndrome, and Cardiomyopathy. JACC Clin Electrophysiol. 2018;4:569-579

2. Laurent G, Saal S, Amarouch MY, Beziau DM, Marsman RF, Faivre L, Barc J, Dina C,
Bertaux G, Barthez O, Thauvin-Robinet C, Charron P, Fressart V, Maltret A, Villain E,
Baron E, Merot J, Turpault R, Coudiere Y, Charpentier F, Schott JJ, Loussouarn G, Wilde
AA, Wolf JE, Baro |, Kyndt F, Probst V. Multifocal ectopic Purkinje-related premature
contractions: a new SCN5A-related cardiac channelopathy. J Am Coll Cardiol.
2012;60:144-156

3. Mann SA, Castro ML, Ohanian M, Guo G, Zodgekar P, Sheu A, Stockhammer K,
Thompson T, Playford D, Subbiah R, Kuchar D, Aggarwal A, Vandenberg JI, Fatkin D.
R222Q SCN5A mutation is associated with reversible ventricular ectopy and dilated
cardiomyopathy. J Am Coll Cardiol. 2012;60:1566-1573

4, Nair K, Pekhletski R, Harris L, Care M, Morel C, Farid T, Backx PH, Szabo E, Nanthakumar
K. Escape capture bigeminy: phenotypic marker of cardiac sodium channel voltage
sensor mutation R222Q. Heart Rhythm. 2012;9:1681-1688 e1681

5. Moreau A, Chahine M. A New Cardiac Channelopathy: From Clinical Phenotypes to
Molecular Mechanisms Associated With Na(v)1.5 Gating Pores. Front Cardiovasc Med.
2018;5:139

6. Gosselin-Badaroudine P, Keller DI, Huang H, Pouliot V, Chatelier A, Osswald S, Brink M,

Chahine M. A Proton Leak Current through the Cardiac Sodium Channel Is Linked to
Mixed Arrhythmia and the Dilated Cardiomyopathy Phenotype. PloS one. 2012;7:e38331

7. Beckermann TM, McLeod K, Murday V, Potet F, George AL, Jr. Novel SCN5A mutation in
amiodarone-responsive multifocal ventricular ectopy-associated cardiomyopathy. Heart
Rhythm. 2014;11:1446-1453

8. Zakrzewska-Koperska J, Bilinska ZT, Truszkowska GT, Franaszczyk M, Elikowski W,
Warminski G, Kalin K, Urbanek P, Bodalski R, Orczykowski M, Szumowski L, Ploski R,
Bilinska M. A combination of quinidine/mexiletine reduces arrhythmia in dilated
cardiomyopathy in two patients with R814W SCN5A mutation. ESC Heart Fail.
2020;7:4326-4335

9. Moreau A, Gosselin-Badaroudine P, Boutjdir M, Chahine M. Mutations in the Voltage
Sensors of Domains | and Il of Nav1.5 that are Associated with Arrhythmias and Dilated
Cardiomyopathy Generate Gating Pore Currents. Front Pharmacol. 2015;6:301

10. Moreau A, Gosselin-Badaroudine P, Delemotte L, Klein ML, Chahine M. Gating pore
currents are defects in common with two Nav1.5 mutations in patients with mixed
arrhythmias and dilated cardiomyopathy. J Gen Physiol. 2015;145:93-106

11. Doisne N, Waldmann V, Redheuil A, Waintraub X, Fressart V, Ader F, Fosse L, Hidden-
Lucet F, Gandjbakhch E, Neyroud N. A novel gain-of-function mutation in SCN5A
responsible for multifocal ectopic Purkinje-related premature contractions. Hum Mutat.
2020;41:850-859

12. Ter Bekke RMA, David M, Krapels IPC, Crijns H, Volders PGA. Beauty and the beat: A
complicated case of multifocal ectopic Purkinje-related premature contractions.
HeartRhythm Case Rep. 2018;4:429-433


https://doi.org/10.1101/2024.02.13.580021
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.13.580021; this version posted February 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

13. Calloe K, Geryk M, Freude K, Treat JA, Vold VA, Frederiksen HRS, Broendberg AK,
Frederiksen TC, Jensen HK, Cordeiro JM. The G213D variant in Nav1.5 alters sodium
current and causes an arrhythmogenic phenotype resulting in a multifocal ectopic
Purkinje-related premature contraction phenotype in human-induced pluripotent stem
cell-derived cardiomyocytes. Europace. 2022

14. Lieve KV, Verkerk AO, Podliesna S, van der Werf C, Tanck MW, Hofman N, van Bergen
PF, Beekman L, Bezzina CR, Wilde AAM, Lodder EM. Gain-of-function mutation in SCN5A
causes ventricular arrhythmias and early onset atrial fibrillation. International journal of
cardiology. 2017;236:187-193

15. Moreau A, Gosselin-Badaroudine P, Chahine M. Biophysics, pathophysiology, and
pharmacology of ion channel gating pores. Front Pharmacol. 2014;5:53

16. Tao X, Lee A, Limapichat W, Dougherty DA, MacKinnon R. A gating charge transfer
center in voltage sensors. Science. 2010;328:67-73

17. Wada Y, Yang T, Shaffer CM, Daniel LL, Glazer AM, Davogustto GE, Lowery BD, Farber-
Eger EH, Wells QS, Roden DM. Common Ancestry-Specific lon Channel Variants
Predispose to Drug-Induced Arrhythmias. Circulation. 2022;145:299-308

18. Glazer AM, Wada Y, Li B, Muhammad A, Kalash OR, O'Neill MJ, Shields T, Hall L, Short L,
Blair MA, Kroncke BM, Capra JA, Roden DM. High-Throughput Reclassification of SCN5A
Variants. Am J Hum Genet. 2020;107:111-123

19. Matreyek KA, Stephany JJ, Chiasson MA, Hasle N, Fowler DM. An improved platform for
functional assessment of large protein libraries in mammalian cells. Nucleic Acids Res.
2020;48:e1

20. Haeussler M, Schonig K, Eckert H, Eschstruth A, Mianne J, Renaud JB, Schneider-
Maunoury S, Shkumatava A, Teboul L, Kent J, Joly JS, Concordet JP. Evaluation of off-
target and on-target scoring algorithms and integration into the guide RNA selection
tool CRISPOR. Genome Biol. 2016;17:148

21. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering using the
CRISPR-Cas9 system. Nat Protoc. 2013;8:2281-2308

22. Campostrini G, Kosmidis G, Ward-van Oostwaard D, Davis RP, Yiangou L, Ottaviani D,
Veerman CC, Mei H, Orlova VV, Wilde AAM, Bezzina CR, Verkerk AO, Mummery CL,
Bellin M. Maturation of hiPSC-derived cardiomyocytes promotes adult alternative
splicing of SCN5A and reveals changes in sodium current associated with cardiac
arrhythmia. Cardiovasc Res. 2023;119:167-182

23. Cheng J, Novati G, Pan J, Bycroft C, Zemgulyte A, Applebaum T, Pritzel A, Wong LH,
Zielinski M, Sargeant T, Schneider RG, Senior AW, Jumper J, Hassabis D, Kohli P, Avsec Z.
Accurate proteome-wide missense variant effect prediction with AlphaMissense.
Science. 2023;381:eadg7492

24. Daniel LL, Yang T, Kroncke B, Hall L, Stroud D, Roden DM. SCN5A variant R222Q
generated abnormal changes in cardiac sodium current and action potentials in murine
myocytes and Purkinje cells. Heart Rhythm. 2019;16:1676-1685

25. Basile P, Napoli G, Anaclerio M, Forleo C, Guaricci Al. Multifocal Ectopic Purkinje-Related
Premature Contractions Syndrome in R222Q-SCN5A Gene Mutation Carriers Treated
With Flecainide. JACC Clin Electrophysiol. 2022;8:1334-1336


https://doi.org/10.1101/2024.02.13.580021
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.13.580021; this version posted February 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

26. Abraham JM, Saliba WI, Vekstein C, Lawrence D, Bhargava M, Bassiouny M, Janiszewski
D, Lindsay B, Militello M, Nissen SE, Poe S, Tanaka-Esposito C, Wolski K, Wilkoff BL.
Safety of oral dofetilide for rhythm control of atrial fibrillation and atrial flutter.
Circulation. Arrhythmia and electrophysiology. 2015;8:772-776

27. Pejaver V, Byrne AB, Feng BJ, Pagel KA, Mooney SD, Karchin R, O'Donnell-Luria A,
Harrison SM, Tavtigian SV, Greenblatt MS, Biesecker LG, Radivojac P, Brenner SE,
ClinGen Sequence Variant Interpretation Working G. Calibration of computational tools
for missense variant pathogenicity classification and ClinGen recommendations for
PP3/BP4 criteria. Am J Hum Genet. 2022;109:2163-2177

28. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon E,
Spector E, Voelkerding K, Rehm HL, Committee ALQA. Standards and guidelines for the
interpretation of sequence variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association for Molecular Pathology.
Genet Med. 2015;17:405-424

29. Sokolov S, Scheuer T, Catterall WA. Gating pore current in an inherited ion
channelopathy. Nature. 2007;446:76-78

30. Veerman CC, Mengarelli |, Lodder EM, Kosmidis G, Bellin M, Zhang M, Dittmann S, Guan
K, Wilde AAM, Schulze-Bahr E, Greber B, Bezzina CR, Verkerk AO. Switch From Fetal to
Adult SCN5A Isoform in Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes
Unmasks the Cellular Phenotype of a Conduction Disease-Causing Mutation. J Am Heart
Assoc. 2017;6

31. Wauchop M, Rafatian N, Zhao Y, Chen W, Gagliardi M, Masse S, Cox BJ, Lai P, Liang T,
Landau S, Protze S, Gao XD, Wang EY, Tung KC, Laksman Z, Lu RXZ, Keller G,
Nanthakumar K, Radisic M, Backx PH. Maturation of iPSC-derived cardiomyocytes in a
heart-on-a-chip device enables modeling of dilated cardiomyopathy caused by R222Q-
SCN5A mutation. Biomaterials. 2023;301:122255

32. Jiang D, Gamal EI-Din TM, Ing C, Lu P, Pomes R, Zheng N, Catterall WA. Structural basis
for gating pore current in periodic paralysis. Nature. 2018;557:590-594

33. Jiang D, Shi H, Tonggu L, Gamal El-Din TM, Lenaeus MJ, Zhao Y, Yoshioka C, Zheng N,
Catterall WA. Structure of the Cardiac Sodium Channel. Cell. 2020;180:122-134 €110

34. Peters S, Thompson BA, Perrin M, James P, Zentner D, Kalman JM, Vandenberg JI, Fatkin
D. Arrhythmic Phenotypes Are a Defining Feature of Dilated Cardiomyopathy-Associated
SCN5A Variants: A Systematic Review. Circ Genom Precis Med. 2022;15:e003432


https://doi.org/10.1101/2024.02.13.580021
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.13.580021; this version posted February 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Multifocal Ectopic Purkinje Premature Contractions due to neutralization of an SCN5A
negative charge: structural insights into the gating pore hypothesis
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Figure S1: 1 uM Flecainide has minimal effect on peak sodium current
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Table S1: AlphaMissense predictions of variant effects
Initial clinical AlphaMissense AlphaMissense

Gene Variant

classification score category
SCNSA :;')s.cli:llfl;iGln) Vvus 0.9043 I;-)i:tel:zgenic
FLNC (C:.g:g;‘?_ys) VUS 0.1676 Likely benign
DMD (C:Z:;S;fmn) VUS 0.0757 Likely benign

Table S2: Summary of simulated systems

Mutation Composition # Atoms Duration (us) # Replicates
VSD1 (132 residues) + 107 DMPC

Wildtype lipids + water + NaCl 36,291 1.0 3

E171Q YSPl (132 residues) + 107 DMPC 36,381 1.0 3
lipids + water + NaCl

R222Q VSD1 (132 residues) + 107 DMPC 36,515 1.0 3

lipids + water + NaCl
VSD1: Voltage sensor, domain 1
DMPC: Dimyristoylphosphatidylcholine lipid
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E161-R222 < 4.0 A

E161-R222 > 4.0 A

E171-K228 < 4.0 A

35.2%

30.6%

E171-K228> 4.0 A

27.7%

6.5%

Table S4: Fraction of snapshots for each distance quadrant (R222Q)

E161-Q222 < 4.0A

E161-Q222 > 4.0 A

E171-K228 < 4.0 A

0.1%

90.3%

E171-K228> 4.0 A

0.0%

9.6%

Table S5: Fraction of snapshots for each distance quadrant (E171Q)

E161-R222 < 4.0 A

E161-R222 > 4.0 A

Q171-K228 < 4.0 A

8.5%

5.2%

Q171-K228> 4.0 A

17.5%

68.8%
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Supplemental Methods
Electrophysiologic recordings (VUMC):

To record peak currents, late currents, and gating pore currents in HEK293 cells and
iPSC-CMs, two extracellular bath solutions were used. In HEK293 cells, sodium and pore gating
currents were recoded in a normal Tyrode’s solution, containing (in mmol/L): NaCl 135, KCl 4,
CaCl; 1.8, glucose 10 and HEPES 10, with a pH of 7.4 adjusted by NaOH. The pipette
(intracellular) solution contained (in mmol/L) NaF 5, CsCl 120, EGTA 10 and HEPES 10, with a pH
of 7.3 adjusted by CsOH. Endogenous outward potassium and chloride currents in HEK-293 cells
were eliminated by adding ML-252 (1 uM, to block an endogenous potassium current
generated by KCNQ2), 4-aminopyridine (200 uM, to block transient outward K* current Ito) and
9-AC (200 uM, to block chloride current).

The pore gating current was also recorded in an external sodium-free and potassium (4
mM)-containing solution that also include NMDG (140 mM). Endogenous currents were blocked
as above.

In the iPSC-CM experiments the external Ca?*-free solution was modified to lower the
sodium concentration to improve voltage control: (in mmol/L) NaCl 50, NMDG 85, glucose 10
and HEPES 10, with a pH of 7.4 adjusted by NaOH. In the experiments to measure the pore
gating current only, a Na*-free external solution of 140 mM NMDG was used with or /without 4
mM KCI. To record late sodium current in WT- and E171Q-expressed HEK-293 cells, a K*- and
Ca?*-free external solution with 135 mM NaCl was used to optimize late sodium current, which
was recorded by 200-ms depolarization pulses to -30 mV from the holding potential of -120 mV.
The amplitude of late sodium current was measure at a time window of 195-198 ms before the
ending of test pulses. Ten continuous current traces were averaged for analysis of the late
sodium current level. A range of concentrations of flecainide (Sigma-Aldrich, USA) was used to
test effects on the gating pore currents in HEK-293 cells expressing E171Q or R222Q.

Action potential recordings (VUMC):

In current-clamp mode, action potentials (APs) in WT- and E171Q-iPSC-CMs were
elicited by injection of a brief stimulus current (1-2 nA, 2-6 ms) at a stimulation rate of 0.5 Hz.
For AP experiments, the bath (extracellular) solution was normal Tyrode’s, containing (in
mmol/L) NaCl 135, KCl 4.0, CaCl, 1.8, MgCl, 1.0, HEPES 5.0 and glucose 10, with a pH of 7.4. The
pipette-filling (intracellular) solution contained (in mmol/L) KCI 130, ATP-K; 5.0, MgCl, 1.0,
CaCl; 1.0, BAPTA 0.1 and HEPES 5.0, with a pH of 7.3. Ten successive AP traces were elicited
with a stimulation rate of 0.5 Hz and averaged for analysis of AP duration at 90% repolarization
(APDgp).

Data acquisition (VUMC)

Glass microelectrode recording pipettes with a tip resistance of 0.5 ~ 1.5 MQ were used.
All data acquisition was carried out using a MultiClamp 700B patch-clamp amplifier and
software pCLAMP 9.2. Currents were filtered at 5 kHz (-3 dB, four-pole Bessel filter) and
digitized using an analog-to-digital interface (Digidata 1550B, Molecular Diagnostics). To
minimize capacitive transients, capacitance was compensated ~80%. Series resistance was 1-4
MQ. In all voltage-clamp experiments, the protocols are presented schematically in the figures.
Linear leakage currents were digitally subtracted online by the P/N protocol. All ion currents
and action potential (AP) parameters were analyzed using pCLAMP9.2 software. All
experiments were conducted at room temperature (~23°C).
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Electrophysiologic recordings (SFU):

Whole-cell patch clamp recordings from Nay1.5 expressed in HEK 293T cells were made
using an extracellular solution composed of NaCl (140 mM), KCI (4 mM), CaCl2 (2 mM), MgCl2
(1 mM), HEPES (10 mM). The extracellular solution was titrated to pH 7.4 with CsOH. Pipettes
were fabricated with a P-1000 puller using borosilicate glass (Sutter Instruments, CA, USA),
dipped in dental wax to reduce capacitance, then thermally polished to a resistance of 1.5-2.5
MQ. Pipettes were filled with intracellular solution, containing: CsF (120 mM), CsCl (20 mM),
NaCl (10 mM), HEPES (10 mM) titrated to pH 7.4.%

All recordings were made using an EPC-9 patch-clamp amplifier (HEKA Elektronik,
Lambrecht, Germany) digitized at 20 kHz via an ITC-16 interface (Instrutech, Great Neck, NY,
USA). Voltage clamping and data acquisition were controlled using PatchMaster/FitMaster
software (HEKA Elektronik, Lambrecht, Germany) running on an Apple iMac (Cupertino,
California). Current was low-pass-filtered at 5 kHz. For peak and late currents, leakage and
capacitive currents were automatically subtracted using a P/4 procedure following the test
pulse. For measurement of gating pore current with peak current P/4 leak subtraction was not
performed. Gigaohm seals were allowed to stabilize in the on-cell configuration for 1 min prior
to establishing the whole-cell configuration. Series resistance was less than 5 MQ for all
recordings. Series resistance compensation up to 80% was used when necessary. All data were
acquired at least 5 min after attaining the whole-cell configuration, and cells were allowed to
incubate 5 min after drug application prior to data collection. Before each protocol, the
membrane potential was hyperpolarized to -130 mV to insure complete removal of both fast-
inactivation and slow-inactivation.. All experiments were conducted at 22 °C.

Voltage protocols (SFU):
Activation protocols

To determine the voltage-dependence of activation, we measured the peak current
amplitude at test pulse voltages ranging from -130 to +80 mV in increments of 10 mV for 19 ms.
Channel conductance (G) was calculated from peak Ina:

Gna= INa/(V‘ENa) (Eq 1)

where Gy, is conductance, Iy, is peak sodium current in response to the command
potential V, and Ena is the Nernst equilibrium potential. The midpoint and apparent valence of
activation were derived by plotting normalized conductance as a function of test potential. Data
were then fitted with a Boltzmann function:

G/Gmax = 1/(1+exp(-zeo(VM-V1,2)/kT)) (Eq. 2)

where G/Gmaxis normalized conductance amplitude, Vm is the command potential, z is
the apparent valence, eg is the elementary charge, V1,2 is the midpoint voltage, k is the
Boltzmann constant, and T is temperature in K.

To determine the presence of gating pore current, we performed an offline subtraction
of the linear leak, fit using current measured at end of activation epoch between -100 mV and -
60 mV and extrapolated to all voltages.

Steady-state fast inactivation protocols

The voltage-dependence of fast-inactivation was measured by preconditioning the
channels to a hyperpolarizing potential of -130 mV (to insure complete channel availability) and
then eliciting pre-pulse potentials that ranged from -170 to +10 mV in increments of 10 mV for
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500 ms, followed by a 10 ms test pulse during which the voltage was stepped to 0 mV.
Normalized current amplitude as a function of voltage was fit using the Boltzmann function:

I/1max = 1/(1+exp(-zeo(Vm-V1/2)/kT)) (Eq. 3)

where Inax is the maximum test pulse current amplitude. z is apparent valence, e is the
elementary charge, Vm is the prepulse potential, V1,2 is the midpoint voltage of SSFI, k is the
Boltzmann constant, and T is temperature in K.

Persistent current protocols

Late sodium current was measured between 45 and 50 ms during a 50 ms or between
145 and 150 ms during a 200 ms depolarizing pulse to 0 mV from a holding potential of
-130 mV (to insure complete channel availability). Fifty pulses were averaged to increase signal
to noise ratio.3
Molecular dynamics simulations

We used molecular dynamics simulations to investigate the possibility and extent of
spontaneous formation of the gating pore in wild-type and variant Nay1.5 Voltage Sensing
Domain | (VSD1). We started with a structure of Nay1.5 bound to the antiarrhythmic drug
quinidine (Protein Databank ID 6LQA; resolution 3.30 A). We extracted a region (residues 119-
250) with domain | pre-S1, S1, S2, S3, S4 and S4-S5 linker sequence. We prepared our
simulation systems using the Membrane Builder module* of CHARMM-GUI,> a web-based
interface that simplifies building of complex biological simulation systems. Briefly, the VSD1
structure was placed at the center of a rectangular box and the minimum distance between the
surface of VSD1 and box boundaries was set to 10 A. The orientation of Nay1.5 with respect to
the membrane was obtained from the Orientation of Proteins in Membranes database,® which
provides pre-computed protein coordinates with respect to the membrane normal. The system
was solvated with water molecules and salted with 0.150 mM NaCl.

We performed all molecular dynamics simulations using the 2020.3 release of the
GROMACS simulation package.” We used the all-atom CHARMM36 force field to model protein
in conjunction with the CHARMM TIP3P water model.® Before the ps-scale production run, the
systems were first relaxed to lower energy through steepest descend energy minimization with
a convergence of 1000.0 kJ/mol/nm, a step size of 0.01 nm and a maximum of 5,000 allowed
steps. We then equilibrated the systems by following the multi-cycle equilibration scheme as
prepared by the Membrane Builder module* of CHARMM-GUI.> We used an integration step of
1 fs in all equilibration cycles to ensure better system stability, but 2 fs in production-run
simulations to enable better efficiency. We carried out the ps-scale production-run simulations
under the NPT ensemble at 303K and 1 bar with the Nosé-Hoover thermostat®° and Parrinello-
Rahman barostat.!! The fast smooth Particle-Mesh Ewald (PME) method!? was used for
calculating electrostatic interactions with a cut-off value of 1.2 nm, and bonds to hydrogen
atoms were constrained using the LINCS algorithm?'3 with default parameters. We performed
three replicate simulations each of 1 pus long (totalling 3 us) for each system (i.e. wild-type,
R222Q, and E171Q).
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