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The voltage-gated Na+ channel regulates the initiation and propagation of the action
potential in excitable cells. The major cardiac isoform NaV1.5, encoded by SCN5A,
comprises a monomer with four homologous repeats (I-IV) that each contain a voltage
sensing domain (VSD) and pore domain. In native myocytes, NaV1.5 forms a
macromolecular complex with NaVβ subunits and other regulatory proteins within the
myocyte membrane to maintain normal cardiac function. Disturbance of the NaV complex
may manifest as deadly cardiac arrhythmias. Although SCN5A has long been identified as
a gene associated with familial atrial fibrillation (AF) and Brugada Syndrome (BrS), other
genetic contributors remain poorly understood. Emerging evidence suggests that
mutations in the non-covalently interacting NaVβ1 and NaVβ3 are linked to both AF and
BrS. Here, we investigated the molecular pathologies of 8 variants in NaVβ1 and NaVβ3.
Our results reveal that NaVβ1 and NaVβ3 variants contribute to AF and BrS disease
phenotypes by modulating both NaV1.5 expression and gating properties. Most AF-linked
variants in the NaVβ1 subunit do not alter the gating kinetics of the sodium channel, but
rather modify the channel expression. In contrast, AF-related NaVβ3 variants directly affect
channel gating, altering voltage-dependent activation and the time course of recovery from
inactivation via the modulation of VSD activation.
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INTRODUCTION

Electrical excitation of cardiomyocytes, the cardiac action potential, is initiated and propagated from
myocyte to myocyte by the rapid conduction of inward Na+ current through voltage-gated Na+

(NaV) channels. NaV channels in native myocytes comprise a macromolecular complex that contains
the primary pore-forming α-subunit NaV1.5, and a myriad of accessory proteins that include the NaV
β-subunits, calmodulin and intracellular fibroblast growth factors (iFGFs) (Abriel and Kass, 2005;
Abriel, 2010). The NaV channel α-subunit is a pseudo-tetrameric protein, composed of four
homologous repeats (I-IV). Each repeat contains six transmembrane segments (S1–S6), with the
voltage sensing domain (VSD) formed by S1–S4 and the channel pore that is cooperatively defined by
S5 and S6. The fourth segment (S4) carries multiple positively charged amino acids that activate by
translocating across the membrane upon the change in membrane potential. VSD activation is
coupled to pore dynamics, leading to a precise control of NaV channel activation and inactivation
kinetics. NaV channel dysfunction caused by inherited variants can result in conduction diseases and
deadly cardiac arrhythmias including atrial fibrillation (AF), long-QT syndrome (LQT), and Brugada
syndrome (BrS) (Wang et al., 1995; Chen et al., 1998; Schott et al., 1999; Tan et al., 2001; Olson et al.,
2005; Ellinor et al., 2008). Gain-of-function variants that increase persistent Na+ current by
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disrupting NaV channel inactivation are diagnosed as LQT
syndrome Type 3 (Wang et al., 1995). The opposite loss-of-
function mutation resulting in less inward Na+ current is
typically registered as conduction disease (Schott et al.,
1999; Tan et al., 2001) and BrS (Chen et al., 1998),
although there are several reports of overlapping
phonotypes (Sandhu et al., 2017). Some mutations that alter
NaV channel gating properties and affect the duration of action
potential are also found to predispose patients to AF (Olson
et al., 2005; Ellinor et al., 2008).

The NaV channel β-subunits have been previously shown to
regulate NaV channel function through multiple mechanisms
including the modulation of expression at the myocyte
membrane (Calhoun and Isom, 2014), altered kinetics (Fahmi
et al., 2001; Watanabe et al., 2009; Calhoun and Isom, 2014), the
mediation of cell adhesion (Isom et al., 1995; Malhotra et al.,
2000; Yu et al., 2003) and the recruitment of cytosolic proteins
(Winters and Isom, 2016). The co-expression of NaV β-subunits
also affects the channel’s pharmacological response (Lenkowski
et al., 2003; Uebachs et al., 2010; Zhu et al., 2021). It is therefore
unsurprising that an increasing number of genetic variants have
been identified in NaV β-subunits among patients with cardiac
arrhythmias.

In humans, there are 5 isoforms of NaV β-subunits (β1–β4 and
β1b), encoded by SCN1B-SCN4B (Winters and Isom, 2016). All
β1–β4 subunits share the same topology with an extracellular
N-terminal immunoglobulin (Ig) domain, a transmembrane
segment, and an intracellular C-terminus (Calhoun and Isom,
2014), except for β1b subunit that contains only the N-terminal
domain (Patino et al., 2011). The β2 and β4 subunits interact with
NaV α-subunit through covalent disulfide bonds, whereas β1 and
β3 subunits interact with α-subunit non-covalently (Isom et al.,
1992; Morgan et al., 2000). In human heart, the most abundant
isoforms are NaV1.5 and β1 subunit (Gaborit et al., 2007; Zhu
et al., 2021), while other β isoforms are found to have distinct
subcellular localization (Maier et al., 2004) with differential
expression profile over embryonic development (Domίnguez
et al., 2005; Okata et al., 2016). Recent studies show that β1
and β3 subunits employ different molecular mechanisms to
regulate NaV channel gating, leading to distinct NaV channel
kinetics and unique cell excitability profile (Zhu et al., 2017;
Salvage et al., 2019; Zhu et al., 2019). Their distinct regulation
mechanisms lead to differential NaV channel pharmacological
responses, contributing to chamber-specific drug profiles where
they show a unique expression pattern of β1 and β3 subunits
between atrial and ventricular cardiomyocytes (Fahmi et al., 2001;
Watanabe et al., 2009; Yuan et al., 2014; Zhu et al., 2021).

Mutations in β-subunits were reported among patients with
inherited arrhythmias including BrS (Watanabe et al., 2008; Hu
et al., 2012), long-QT syndrome (Medeiros-Domingo et al.,
2007; Riurό et al., 2014), sudden infant death syndrome (Hu
et al., 2012; Calhoun and Isom, 2014) and AF (Watanabe et al.,
2009; Olesen et al., 2011; Li et al., 2013). However, the
underlying mechanism of how these variants cause different
disease phenotypes are not well understood. Here, we
systematically characterized 8 variants linked to AF or BrS
on NaV β1 and β3 subunits. We employed voltage-clamp

fluorometry and biochemistry methods to dissect the
underlying mechanisms related to each variant.

MATERIALS AND METHODS

Molecular Biology
The cDNAs encoding the human NaV β3 subunit (UniProtKB/
Swiss-Prot accession no. Q07699.1) and human NaV β1
(UniProtKB/Swiss-Prot accession no. Q9NY72) were inserted
into the pBSTA plasmid. The cDNA for human NaV1.5 was
produced from the pMAX vector. Point mutations were
introduced via the QuikChange II site-directed mutagenesis kit
(Agilent) with primers from Sigma-Aldrich. Colonies were picked
and plasmids were isolated using the NucleoSpin plasmid
miniprep kit (Macherey-Nagel) before sequencing (Genewiz).
A single clone containing the designated mutation was then
expanded with Midiprep preparation (NucleoBond Xtra Midi,
Macherey-Nagel). Each plasmid was linearized with NotI or
EcoRI restriction enzymes and purified with the NucleoSpin
Gel and PCR Clean-up kit (Macherey-Nagel). The linearized
DNA was then used to synthesize the capped mRNA with the
mMessage mMachine T7 Transcription Kit (Life Technologies).
The mRNA was finally purified via phenol-chloroform extraction
and reconstituted to a concentration of ∼1 μg/μl.

Cut-Open Oocyte Voltage-Clamp
The mRNAs for the human α-subunit Nav1.5 and β1 or β3
subunits were injected at a 1:3 M ratio (50–56 ng per cell total)
into Xenopus oocytes. Oocytes were then incubated at 18°C in
ND93 solution (mM: 93 NaCl, 5 KCl, 1.8 CaCl2, 1 MgCl2, 5
HEPES, and 2.5 Na-pyruvate, and 1% penicillin-streptomycin,
pH 7.4). 3–7 days after injection, cut-open recordings (Siefani
and Bezanilla, 1998; Rudokas et al., 2014) were performed using a
cut-open amplifier (CA-1B, Dagan Corporation) coupled to an
A/D converter (Digidata 1440; Molecular Devices). Clampex
software (v10, Molecular Devices) was used for data
acquisition. During records the temperature was maintained at
19°C with a controller (HCC-100A, Dagan Corporation). The
internal recording solution was composed of (mM): 105 NMG-
Mes, 10 NaMes, 20 HEPES, and 2 EGTA, pH 7.4, and the external
recording solution was (mM): 25 NMG-Mes, 90 Na-Mes, 20
HEPES, and 2 Ca-Mes2, pH 7.4.

Prior to recording, membrane capacitance compensation and
P/–8 leak subtraction were applied. Ionic currents were recorded
using a standard current-voltage (I-V) protocol: from −100 mV
holding potential, cells were stepped to a 100 ms pre-pulse of
−120 mV, then stepped to test potentials ranging from −120 to
60 mV with 10 mV increment, followed by a 100 ms post-pulse of
−120 mV. For steady-state inactivation, cells were held at the test
potential for 200 ms, then availability was measured by a
depolarizing pulse of −20 mV. For recovery from inactivation,
cells were depolarized to −20 mV for 200 ms to induce
inactivation, then after various recovery durations at −120 mV,
ranging from 1–1000 ms, cells were tested at −20 mV to record
the fraction of channels recovered and available to conduct
current.
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Voltage Clamp Fluorometry
Before recording, oocytes were subjected to fluorescence labeling
using methanethiosulfonate-carboxytetramethylrhodamine
(MTS-TAMRA, Santa Cruz Biotechnology) at 10 μmol/L in a
depolarizing solution (mM: 110 KCl, 1.5 MgCl2, 0.8 CaCl2, 0.2
EDTA and 10 HEPES, pH 7.1) for 30 min on ice. Fluorescence
emission and ionic current were recorded simultaneously on a
custom rig that combines cut-open voltage clamp and an
epifluorescence upright microscope (FN1, Nikon) via a 40X
water-immersion objective with 0.8 NA (CFI Plan Fluor,
Nikon). A green, high-powered LED (Luminus, PT-121)
provided the excitation source and was controlled through a
driver (Lumina Power, LDPC-20-6-24VDC) by Clampex
software. The emitted fluorescence signal was detected by a
photodiode (PIN-040A, United Detector Technology) which
then was amplified by a patch clamp amplifier (Axopatch-
200A, Molecular Devices). The recording was repeated about
7–10 times for each cell to average the fluorescence traces
recorded. The internal solution was (mM): 105 NMG-Mes,
10 Na-Mes, 20 HEPES, and 2 EGTA, pH 7.4, and the external
solution contained (mM): 25 NMG-Mes, 90 Na-Mes, 20 HEPES,
and 2 Ca-Mes2, pH7.4.

Immunofluorescence
Oocytes were fixed using a protocol adapted from Gagnon and
Mowry (2011). Four days after RNA injection, Na+ currents
were recorded from Xenopus oocytes using cut-open voltage
clamp to confirm normal channel expression. Subsequently,
oocytes were treated with proteinase K solution (0.1M Tris-
HCL pH 7.5, 10 mM EDTA, 50 μg/ml Proteinase K) for 3 min
and fixed by shaking for 1 h in 4% formaldehyde in MEM
solution (0.1 M MOPS, 2 mM EGTA, 1 mM MgSO4). After
fixation, oocytes were washed 3 times, each time for 15 min, by
rocking in PBT solution (1X PBS, 0.2% BSA, 0.1% Triton) at
room temperature. The oocytes were then transferred to
blocking solution (1X PBT, 2% BSA, 2% goat serum) and
rocked for 2 h at room temperature. After blocking, oocytes
were incubated with a mouse monoclonal Pan-NaV antibody
(S8809, Sigma), diluted 1:200 in blocking solution overnight at
4°C. On the following day, oocytes were again washed 3 times,
each time for 30 min in PBT solution, and subsequently
incubated with an Alexa 488-tagged goat-anti-mouse
secondary antibody (A-11001, Invitrogen), diluted 1:200 in
blocking solution for 1 h at room temperature. Oocytes were
then washed 3 times, each time for 30 min in PBT solution. For
oocytes expressing the myc-tagged β1, 1:400 rabbit anti-myc
antibody (PA1-981, Thermo Fisher), diluted 1:400 in blocking
solution, was used (4°C overnight incubation). Oocytes
expressing NaVβ3 were incubated in the rabbit anti-NaV β3
antibody (Wong et al., 2005) at 1:300 dilution in blocking
solution at 4°C overnight. After washing 3 times, at 30 min
each in PBT, oocytes were incubated with an Alexa 633-tagged
goat-anti-rabbit secondary antibody (A-21070, Invitrogen)
diluted 1:500 in blocking solution for 1 h at room
temperature. Following additional 3 washes, oocytes were
dehydrated and stored in methanol. For imaging, oocytes
were mounted and pressed on microscope slides. Mounted

slides were then imaged with a confocal microscope (Zeiss
LM700) with a 63X oil immersion objective. The green channel
was illuminated with 488 nm laser, while the red channel was
illuminated with 633 nm laser. Merged images were generated
by overlaying the two channels using ImageJ.

Data Analysis
The fluorescence traces were analyzed with Clampfit (v11,
Molecular Devices). The signals were low-pass filtered at
1 kHz and then corrected for photo-bleaching by baseline
subtraction, using the fluorescence trace obtained at −120 mV
which is the resting potential as a model to calculate traces
with no change in fluorescence at other potentials. The
voltage-dependent activation (G-V) and steady-state
inactivation (SSI) curves were fitted to a Boltzmann
function (y � 1/[1 + exp ((V-V1/2)/k)]). The channel
recovery from inactivation curves were fitted to bi-
exponential functions, accounting for both fast and slow
recovery time constants. The current traces at −20 mV were
fitted for activation and inactivation kinetics by an
exponential and bi-exponential function accordingly. The
raw fluorescence traces after 50 ms were exponential fitted
for the deactivation time constants. The error bars
represented the standard errors of mean (S.E.M). One-way
analysis of Variance (ANOVA) followed by Dunnett’s post-
hoc test was used to compare values of multiple variants to the
control wild type. The independent t-test was used for other
statistical comparisons.

RESULTS

Mapping of Cardiac Arrhythmogenic
Variants on NaV β-Subunits
Recently, the cryo-EM structures of multiple isoforms of human
NaV channels have been resolved as a complex between α- and
β-subunits, including hNaV1.1-β1, hNaV1.2-β2, hNaV1.4-β1, and
hNaV1.7-β1-β2 (Pan et al., 2018; Pan et al., 2019; Shen et al., 2019;
Li et al., 2021a; Li et al., 2021b; Pan et al., 2021). The structures are
highly similar among different human homologs. In human
NaV1.4-β1 structures (PDB: 6AGF), β1 is tethered near VSD-
III. Its transmembrane segment appears to interact with the VSD-
III, while its Ig domain docks onto the surface constituting the
extracellular loop of IV S6 and III S1-S2 (Figure 1A). Both the β1
and β3 subunits are known to express in human heart, interact
non-covalently with NaV α-subunit and show high similarities in
their sequences (Morgan et al., 2000; Brackenbury and Isom,
2011) (Figure 1B). The structures of cardiac NaV1.5, both human
and mouse, are also resolved, and superimpose well with the
structures of other human isoforms (RMSD of Cα ∼0.7–1.4 A),
except for the missing β1-subunit even when it is co-expressed,
potentially due to the weak binding between β1 and NaV1.5
channel compared to other NaV isoforms (Jiang et al., 2020;
Angsutararux et al., 2021).

To understand the mechanisms of dysregulation connected
to diseased-linked variants, we mapped all 8 arrhythmogenic
variants on both β1 and β3 (β1: R85H, E87Q, D153N, T189M,
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and β3: R6K, L10P, V110I, M161T) in this study onto the
structures of β1-hNaV1.4 complex. These variants are spatially
located across the β-subunits, encompassing the Ig loop, the
transmembrane segment, and the intracellular domain
(Figure 1A). It should be noted that the structure of β1
from hNaV1.4- β1 only resolved residues 20–192. Thus, two
BrS-linked variants (β3s R6K and L10P) were not mapped onto
the structures. We aligned the sequences of β1 and β3 subunits
(Figure 1B) and identified the β3 variants on the β1 structure
accordingly. Most variants occur at the residues that are well
conserved between mammalian NaVβ1 and NaVβ3. Most
variants are located within the extracellular domain which
constitutes an extensive portion of the β-subunit and plays an
important role in the regulation of NaV channel expression and
modulation of channel gating (Makita et al., 1996; McCormick
et al., 1998; McCormick et al., 1999; Yu et al., 2005). These Ig
domain variants, however, are not located in the vicinity of
interacting interface with α-subunit. Rather, they are
associated with β-sheet folding, implying a role in
determining the integrity of the Ig structure. The D153N
variant in β1 constitutes the linker between the Ig and the
transmembrane domain, where it can influence the orientation
of Ig loop relative to the transmembrane segment (Glass et al.,
2020). The transmembrane variant M161T is found within β3
where its transmembrane domain is engaged in the binding to
α-subunit (Salvage et al., 2019). Lastly, T189M in β1 is found
within the intracellular domain of β1-subunit that is required

for its association with the α-subunit (Meadows et al., 2001;
Zhu et al., 2017).

Differential Effects of AF-Linked β1 and β3
Variants on NaV1.5 Channel Gating
Screening in lone AF patients identified three associated variants
in β1, R85H and D153N (Watanabe et al., 2009) and T189M
(Hayashi et al., 2015). A separate study also found β1 T189M in
patients with sudden unexplained nocturnal death syndrome
(SUNDS), or the death of healthy young males at night during
sleep, a condition prevalent in the Southeast Asia (Liu et al.,
2014). We co-expressed β1 containing these variants with human
NaV1.5 in Xenopus oocytes at a molar ratio of 3:1 and examined
their effect on NaV channel gating, relative to theWT β1-subunit.
The overexpressed ratio of β- to α-subunits is to ensure the
saturation behavior of the β-subunit on the modulation effects of
NaV1.5, as identified in a past study (Zhu et al., 2017). Consistent
with our previously reported findings, we found that the co-
expression of WT β1 caused a depolarizing shift in channel
steady-state inactivation (SSI) compared to α-subunit
expressed alone (Figure 2A, left; Supplementary Table S1;
Zhu et al., 2017). Here, we observed that relative to the WT
β1, none of the three AF-linked variants caused a significant shift
in the half-maximal voltages of SSI curves, but the slope factor (k)
was altered by R85H (p � 0.001) (Figures 2B–D, left; Table 1).
Only T189M β1 altered the conductance-voltage (G-V) curve

FIGURE 1 | Mapping of cardiac disease-linked variants in β1 or β3 subunits onto a structure of hNaV1.4-β1 complex. (A) A structure of human muscle sodium
channel and β1-subunit (hNaV1.4- β1 complex) (PDB: 6AGF) shown with the point mutations related to atrial fibrillation (AF) and Brugada syndrome (BrS) on either β1 or
β3 subunits. (B) The alignment of human β1 and β3 subunits marked with cardiac disease-linked variants in this study.
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relative to WT β1, by inducing a depolarizing shift (Figure 2D,
left; Table 1). Two variants, D153N and T189M β1s were found
to facilitate recovery from inactivation, while R85H β1 did not

affect the channel inactivation recovery rate relative to WT
(Figures 2A–D, middle; Table 2). Consistently, the charge-
voltage (Q-V) graph showed distinct effects between these

FIGURE 2 | AF-linked β1 variants show diverse effects on NaV channel activation and inactivation curves, when compared to WT β1. Groups of 3–5 cells are
reported as mean ± SEM. Data are fit with a Boltzmann equation. (A) Left: Voltage dependence of channel activation (G-V) and steady-state inactivation (SSI) curves of
NaV1.5 alone (opened circle) and with WT β1 co-expression (filled circle). Middle: Time dependent NaV channel recovery from inactivation of NaV1.5 alone and with WT
β1 co-expression. The channel recovery is recorded as the ratio of channel available post 200 ms-conditioning pulse at −20 mV after varying recovery intervals of
−120 mV. Right: Voltage dependence of steady-state fluorescence (F-V) curves of VSD-III LFS alone and with WT β1 co-expression. (B) The G-V and SSI curves (left),
recovery from inactivation (middle) and VSD-III F-V curve (right) of NaV1.5 co-expressed with R85H β1 (▲), in comparison to WT β1 (dashed line). (C) The G-V and SSI
curves (left), recovery from inactivation (middle) and VSD-III F-V curve (right) of NaV1.5 co-expressed with D153N β1 (◆), in comparison to WT β1 (dashed line). (D) The
G-V and SSI curves (left), recovery from inactivation (middle) and VSD-III F-V curve (right) of NaV1.5 co-expressed with T189M β1 (■), in comparison to WT β1 (dashed
line).
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variants. There was no change in the Q-V graph when β1 bears
D153N or T189M variants, in comparison to WT β1
(Supplementary Figures S1B,C; Supplementary Table S2).
The Q-V curve for R85H β1, in contrast, falls between the
curves of WT β1 and of NaV1.5 alone (Supplementary Figure
S1A; Supplementary Table S2). This effect suggests that R85H
variant potentially alters β1 regulation of the channel gating
charge.

Three β3 variants, R6K, L10P and M161T, were also identified
in patients with lone AF (Olesen et al., 2011). The L10P β3 variant
was additionally reported prior in a patient with BrS (Hu et al.,

2009). The co-expression of WT β3 with α-subunit shifts the
sodium channel steady-state inactivation curves towards
depolarized potential (Figure 3A, left; Supplementary Table
S1). We found that there was no modulatory effect from these
AF-linked β3 variants on the channel availability curves in relative
to WT β3 (Figures 3B–D, left). The channel activation curve,
however, was shifted towards positive potentials by R6K, whereas
L10P variant caused a hyperpolarizing shift compared to WT β3
(Figures 3B,C, left; Table 3). M161T did not significantly affect
half-maximal activation potential but increased the slope factor (k)
of the activation curve (p � 0.04) (Figure 3D, left; Table 3). In

TABLE 1 | Parameters of Boltzmann fit to G-V, SSI and F-V curves for Nav1.5 expressed with WT or mutant β1s and p-values computed from one-way ANOVA followed by
Donnett’s post hoc test (*, **, and *** indicate p-values of less than 0.05, 0.01, and 0.001 accordingly).

WT β1 R85H β1 D153N β1 T189M β1 E87Q β1

G-V
V1/2 −37.6 ± 0.7 −33.6 ± 1.2 −40.7 ± 2.4 −28.7 ± 3.0 −38.9 ± 2.6
ΔV1/2 4.0 −3.1 8.9 −1.3
p-value 0.55 0.69 0.027 (*) 0.98
k [n] 8.8 ± 0.4 [5] 7.3 ± 0.1 [4] 7.8 ± 0.5 [5] 8.8 ± 0.8 [5] 6.7 ± 1.0 [4]

SSI
V1/2 −71.4 ± 0.3 −77.0 ± 1.1 −72.7 ± 0.2 −72.1 ± 1.3 −61.7 ± 2.0
ΔV1/2 −5.6 −1.3 −0.7 9.7
p-value 0.064 0.94 0.99 <0.001 (***)
k [n] −6.0 ± 0.1 [4] −9.3 ± 0.3 [4] −8.6 ± 0.5 [4] −7.9 ± 0.2 [5] 4.6 ± 0.4 [5]

DIII F-V
V1/2 −134.6 ± 6.4 −137.8 ± 5.1 −133.8 ± 2.4 −133.0 ± 6.8 −144.3 ± 0.3
ΔV1/2 −3.2 0.8 1.6 -9.7
p-value 0.98 0.99 0.99 0.52
k [n] 31.3 ± 0.5 [4] 25.6 ± 2.3 [4] 25.5 ± 2.6 [3] 27.6 ± 1.4 [4] 21.2 ± 1.0 [4]

DIV F-V
V1/2 −67.9 ± 3.1 −61.6 ± 1.3 −63.8 ± 0.4 −60.4 ± 1.5 −71.6 ± 2.6
ΔV1/2 6.3 4.1 7.5 −3.8
p-value 0.18 0.52 0.093 0.50
k [n] 15.1 ± 0.4 [4] 16.4 ± 3.5 [4] 11.6 ± 2.0 [4] 11.6 ± 0.3 [4] 11.1 ± 0.9 [6]

TABLE 2 | The recovery time constants (ƬR) were computed from the bi-exponential fit of the inactivation recovery curves for Nav1.5 co-expressed with WT or mutant β1s.
The inactivation time constants (ƬI) and the half-activation times (Ƭ1/2) for NaV1.5 co-expressed with WT or mutant β3s were fitted bi-exponentially and exponentially to
the sodium current traces at −20 mV. Results were statistically tested by one-way ANOVA followed by Dunnett’s post-hoc test.

WT β1 R85H β1 D153N β1 T189M β1 E87Q β1

Recovery ƬR 1 48.6 ± 2.6 47.1 ± 6.4 30.7 ± 4.6 19.3 ± 2.3 11.7 ± 1.5
p-value 0.99 0.035 (*) <0.001 (***) <0.001 (***)
ƬR 2 5.2 ± 0.4 4.7 ± 0.5 3.2 ± 0.5 2.4 ± 0.2 1.5 ± 0.2
p-value 0.92 0.05 (*) 0.0052 (**) <0.001 (***)
N 3 3 3 3 5

WT β3 R6K β3 L10P β3 M161T β3

Inactivation
ƬI 1 6.8 ± 0.3 10.2 ± 1.1 9.4 ± 0.3 7.7 ± 0.8
p-value 0.005 (**) 0.04 (*) 0.65
ƬI 2 1.0 ± 0.1 1.9 ± 0.2 1.1 ± 0.1 1.0 ± 0.02
p-value 0.001 (***) 0.84 >0.99
N 6 4 3 3

Activation
Ƭ1/2 0.29 0.50 0.37 0.34
p-value <0.001 (***) 0.048 (*) 0.38
N 4 4 5 4
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FIGURE 3 | AF-linked β3 variants alter the NaV1.5 voltage dependence activation and VSD-III fluorescence emission curves relative to WT β3. Groups of 3-5 cells
are reported as mean ± SEM. Data are fit with a Boltzmann equation. (A) Left: The G-V and SSI curves of NaV1.5 alone (opened circle) and with WT β3 co-expression
(filled circle). Middle: Time dependent NaV channel recovery from inactivation of NaV1.5 alone and with WT β3 co-expression. Right: Voltage dependence of steady-state
fluorescence (F-V) curves of VSD-III VCF alone and with WT β3 co-expression. (B) The G-V and SSI curves (left), recovery from inactivation (middle) and VSD-III F-V
curve (right) of NaV1.5 co-expressed with R6K β3 (▲), in comparison to WT β3 (dashed line). (C) The G-V and SSI curves (left), recovery from inactivation (middle) and
VSD-III F-V curve (right) of NaV1.5 co-expressed with L10P β3 (◆), in comparison to WT β3 (dashed line). (D) The G-V and SSI curves (left), recovery from inactivation

(Continued )
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comparison to WT β3, two AF-linked β3 variants, R6K and L10P,
showed slower current activation and inactivation kinetics as
observed by the increased half activation time and inactivation
time constants fit to the sodium current traces at −20mV (Table 2;
Supplementary Figure S3A). The Q-V curves for channels co-
expressed with AF-linked β3 variants showed depolarizing shift
compared to WT β3 co-expression (Supplementary Figures
S1D–F; Supplementary Table S2), suggesting that the β3
variants enhance the regulation of VSD movement.
Furthermore, the recovery from inactivation observed in all
three AF variants is distinct from that of WT β3 co-expression
but resembles the phenotype of overexpressed β3 (at 6 to 1M ratio)
(Zhu et al., 2017), with the number of available channels after a
short recovery period (10–300 ms) exceeding channel availability
following the initial control pulse (Figures 3A–D, middle).

Regulation of VSD-III Activation is Altered
by AF-Linked Variants on β3, But Not on β1
The voltage clamp fluorometry (VCF) technique relies on a
fluorescent molecule (MTS-TAMRA) to track the
conformation of specific VSD in response to multiple voltage
pulses and correlates its kinetics to the gating of ionic current. The
Q-V curve can be reconstructed from the valence-weighted
average midpoint of all VSD voltage-dependence fluorescence

(F-V) curves (Varga et al., 2015). VCF thus provides valuable
insights on the regulatory mechanisms of ion channels (Cha et al.,
1999; Chanda and Bezanilla, 2002). Previous investigation on the
mechanism of non-covalent β-subunits on the regulation of
hNaV1.5 identified two important VSDs. NaVβ1 caused a
depolarizing shift in VSD-IV F-V curve, that estimates the
change in VSD conformation (Figure 2A, right;
Supplementary Figures S2A,B; Supplementary Table S1; Zhu
et al., 2017), whereas NaVβ3 altered both VSD-III and VSD-IV
activation (Figure 3A, right; Supplementary Figures S3B,C;
Supplementary Table S1; Zhu et al., 2017). We employed
the same VCF constructs to examine the AF variants effect on
VSD-III (NaV1.5 M1296C) and VSD-IV (NaV1.5 S1618C)
(Supplementary Figures S2D,E; Varga et al., 2015). The co-
expressions of AF-linked β1 variants did not cause any significant
difference in the F-V curves of VSD-IV when compared toWT β1
(Table 1; Supplementary Figure S2C). We observed no shift in
the half-activation voltage by β1 variants in VSD-III F-V curves
relative to WT β1, but an altered slope factor (k) by R85H (p �
0.03) (Figures 2B–D, right; Table 1). This steeper slope results in
more activated VSD-III in the higher voltage range, agreeing with
the finding from the Q-V curve that R85H causes a
hyperpolarizing shift in the gating charge movement. Overall,
AF variants on β1 do not drastically affect the β1’s effect on NaV
channel α-subunit gating.

TABLE 3 | Parameters of Boltzmann fit to G-V, SSI and F-V curves for Nav1.5 expressed with WT or mutant β3s and p-values computed from one-way ANOVA followed by
Donnett’s post hoc test.

WT β3 R6K β3 L10P β3 M161T β3 V110I β3

G-V
V1/2 −31.9 ± 0.4 −22.6 ± 3.3 −42.1 ± 3.1 −28.9 ± 2.7 −35.4 ± 1.5
ΔV1/2 9.3 −10.2 3.0 −3.5
p-value 0.035 (*) 0.021 (*) 0.76 0.65
k [n] 7.2 ± 0.2 [4] 12.6 ± 0.4 [4] 7.0 ± 0.9 [4] 9.4 ± 1.5 [4] 6.3 ± 0.8 [4]

SSI
V1/2 −72.4 ± 1.5 −75.9 ± 4.1 −78.4 ± 1.1 −76.5 ± 1.5 −70.2 ± 0.7
ΔV1/2 −3.5 −6.0 −4.1 2.2
p-value 0.42 0.081 0.30 0.71
k [n] −8.2 ± 0.3 [3] −9.2 ± 0.7 [4] −6.3 ± 0.3 [4] −7.4 ± 0.7 [4] −6.4 ± 0.5 [5]

DIII F-V
V1/2 −88.0 ± 3.2 −56.6 ± 3.5 −80.1 ± 5.9 −97.7 ± 3.4 −71.3 ± 0.4
ΔV1/2 31.4 7.9 −9.7 16.7
p-value <0.001 (***) 0.31 0.17 0.0043 (**)
k [n] 24.0 ± 2.0 [7] 16.6 ± 1.4 [4] 18.8 ± 1.5 [4] 34.3 ± 1.1 [4] 22.8 ± 1.3 [5]

DIV F-V
V1/2 −73.7 ± 1.4 −70.8 ± 7.0 −74.1 ± 4.0 −64.9 ± 1.5 −75.7 ± 1.6
ΔV1/2 2.9 -0.4 8.8 −2.0
p-value 0.95 0.99 0.33 0.98
k [n] 20.5 ± 1.2 [4] 19.8 ± 3.0 [4] 15.2 ± 2.7 [4] 18.1 ± 1.8 [4] 20.6 ± 3.5 [4]

FIGURE 3 | (middle) and VSD-III F-V curve (right) of NaV1.5 co-expressed with M161T β3 (■), in comparison to WT β3 (dashed line). (E) A bar graph shows the VSD-III
deactivation time constants exponential fitted to the fluorescence traces after 50 ms (* and ** indicate p-values of less than 0.05 and 0.01 accordingly). p-values
calculated from one-way ANOVA followed by Dunnett’s post-hoc test are 0.002, 0.02, and 0.07 for R6K, L10P ,and M161T accordingly. Representative fluorescence
traces during VSD-III deactivation obtained from VCF recordings at 20 mV of VSD-III LFS co-expressed with R6K (red), L10P (yellow) and M161T (blue) β3 variants
relative to WT β3 (black).
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FIGURE 4 | AF-related β1, but not β3 variants affect the NaV channel surface expression, as illustrated by immuno-fluorescence staining of NaV1.5 α- and
β-subunits. 4 days after injection, Xenopus oocytes were fixed, stained and imaged with confocal microscope. Scale bars represent 5 µm. (A) Xenopus oocytes co-
injected with NaV1.5 and WT, R85H, D153N, or T189M β1-cmycs were immuno-stained with mouse anti-PanNaV antibody and rabbit anti-myc antibody. The surface
expression of NaV1.5 and β1were labeled in green and red accordingly. The last row showed the combined images of NaV1.5 and β1 labeling. (B) Xenopus oocytes
co-injected with NaV1.5 and WT, R6K, L10P or M161T β3s were immuno-stained with mouse anti-PanNaV antibody and rabbit anti-scn3b antibody. The surface
expression of NaV1.5 and β3 were labeled in green and red accordingly. The last row showed the combined images of NaV1.5 and β3 labeling.
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The measurement of VSD-III in the presence of AF-linked β3
variants, however, revealed a depolarizing shift in the F-V curves
caused by the extracellular variant, R6K (Figure 3B, right;
Table 3; Supplementary Figure S3E, left). The other
extracellular variant L10P caused a depolarizing shift at
negative potentials without significantly altering the F-V V1/2

(Figure 3C, right; Supplementary Figure S3E, middle). This
additional depolarizing shift compared to WT β3 suggests that
these two extracellular AF-related variants accentuate the β3
interaction with VSD-III. The M161T variant decreased the
slope of the F-V curve (p � 0.01) (Figure 3D, right;
Supplementary Figure S3E, right), suggesting an alteration in
the number of charge or the trajectory of charge movement upon
VSD-III activation. The depolarizing shifts in VSD-III activation
from R6K and L10P β3 variants were consistent with slowed
current activation kinetics (Supplementary Figure S3A) when
VSD-III activation becomes rate-limiting step for activation gate
opening. The half activation times of currents at −20 mV were
prolonged by these two variants relative to WT β3 (Table 2). The
raw fluorescence traces also show the slowed VSD-III
deactivation of R6K and L10P β3 variants, as quantified by the
increased deactivation time constants exponential fitted to the
fluorescence traces, in comparison to theWT β3 (Figure 3E). The
return of VSD-III upon the end of depolarization determines the
channel recovery from inactivation as VSD-III and VSD-IV are
immobilized by the inactivation gate during fast inactivation in
NaV1.5 (Hsu et al., 2017). The slowed return of VSD-III by β3
variants can facilitate channel opening and leads to increased

ionic current over 10–300 ms recovery duration. The activation of
VSD-IV was not affected by any of the AF-linked β3 variants
(Table 3; Supplementary Figures S3D,F).

Altered NaV1.5 Expression by AF-Related β1
Variants, But Not AF-Related β3 Variants
NaV β-subunits were previously found to promote the cell surface
expression of NaV channel complex, resulting in an increase in
current density (Calhoun and Isom, 2014). NaV α-subunit also
assembles into cluster on the plasma membrane, whose sizes and
distances between neighboring clusters are regulated by β3-
subunit (Salvage et al., 2020). We examined the channel
expression of NaV1.5 α- and β-subunits on the surface
membrane of Xenopus oocytes to study the effects of AF
variants on NaV channel trafficking. A myc-tag was added to
the C-terminus of all β1-subunits since none of the commercially
available SCN1B antibodies yield detectable signal (Cell Signaling
Technology 14684S, Abcam ab107370). The additional myc-tag
does not affect the gating regulation of the NaV1.5 (data not
shown). Through immunostaining, both D153N and T189M
variants increased the surface expression of NaV α- and
β-subunits, while the R85H variant showed the opposite effect
(Mean fluorescence intensity/pixel (n � 3): WT β1 � 30.8 ± 2.4,
R85H β1 � 13.7 ± 0.3, D153N β1 � 33.2 ± 2.6, T189M β1 � 43.1 ±
4.3) (Figure 4A). Comparison illustrates the parallel expression
between NaV α- and β-subunits, except for R85H variant where
only β-subunit surface expression is affected but not NaV1.5. We

FIGURE 5 | BrS-linked β1 variant alters the NaV channel steady-state inactivation, and VSD-III activation relative to WT β1. Groups of 3–5 cells are reported as
mean ± SEM. Data are fit with a Boltzmann equation. (A) The G-V and SSI curves (left), recovery from inactivation (middle) and VSD-III F-V curve (right) of NaV1.5 co-
expressed with E87Q β1 ( ), compared to WT β1 (dashed line). (B) The G-V and SSI curves (left), recovery from inactivation (middle) and VSD-III F-V curve (right) of
NaV1.5 co-expressed with V110I β3 ( ), in comparison to WT β3 (dashed line).
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also observed the larger puncta in T189M variant where α- and
β-subunits assemble. The merged image of D153N variant shows
the colocalization of α- and β-subunit, but the spots remain small.

Unlike AF-linked β1 variants, the AF-linked β3 variants, R6K,
L10P, andM161T, did not alter NaV1.5 or β3-subunits expression
level, compared to the WT β3 (Figure 4B). There was an overall
increase in expression of NaV1.5 when β3 subunits are co-
expressed, compared to the β1 subunits. In un-injected
oocytes, we observed minimal staining by the Pan-NaV, Myc,
and NaV β3 antibodies, suggesting the immunofluorescence
signals observed are specific for the NaV, β1 and β3 proteins
(Supplementary Figure S4).

BrS-Linked Variants on β1 and β3 Subunits
Show Different Underlying Mechanisms
One β1 variant, E87Q, on the extracellular domain is linked to
BrS (Watanabe et al., 2008). Its co-expression with NaV1.5 caused
a depolarizing shift in SSI curves relative to WT β1 (Figure 5A,
left; Table 1). The channel recovery from inactivation was also
faster than WT (Figure 5A, middle; Table 2). This faster
recovery could explain the increase in channel availability.
Investigation of the E87Q β1 effect on VSD-III and VSD-IV
F-V curves showed no shift in half-activation voltages when

compared to WT β1, but an altered slope factor of VSD-III F-V
curve (p � 0.001) (Figure 5A, right; Table 1; Supplementary
Figure S5A, right). The peak current density across multiple
membrane potential was not reduced by the E87Q variant
(Figure 6A, top), but we observed the reduction in the window
current, or the area under the overlapping curves of G-V and
SSI due to the shift in SSI, suggesting a loss of function in NaV
current.

The BrS-linked V110I variant on β3 is also found within the
extracellular domain. Unlike E87Q β1, V110I β3 caused no
significant shift in the G-V and SSI curves compared to WT
β3 (Figure 5B, left; Table 3). The variant also did not alter the
channel inactivation recovery rate, in comparison to WT β3 (WT
β3: ƬR 1 � 15.2 ± 3.8, ƬR 2 � 1.6 ± 0.2, V110I β3: ƬR 1 � 14.2 ± 1.2,
ƬR 2 � 1.8 ± 0.2) (Figure 5B, middle). Nevertheless, there was a
significant reduction in the current amplitude to almost half of
WT β3 across all membrane potentials (Figure 6A, bottom),
while retaining the same peak current voltage relationship. This
reduction in the peak current amplitude is consistent with
decreased cell membrane expression level of NaV1.5 and
β-subunits bearing V110I variant as illustrated by
immunofluorescence staining (Figure 6B). No significant
change in the activation of VSD-IV (Supplementary Figure
S5B, right), but a depolarizing shift of VSD-III activation was

FIGURE 6 |BrS-linked β3 variant reduces the peak current amplitude and the cell membrane expression of NaV channel complex, while BrS-linked β1 variant does
not. Current is recorded by cut-open voltage clamp with the same cell area. Groups of 3–5 cells are report as mean ± SEM. Immunofluorescence staining is imaged by
confocal microscope 4 days after an RNA injection. (A) The top graph shows the peak current-voltage relationships of NaV1.5 co-expressed with WT β1 (black) and
E87Q β1 (blue), illustrating the comparable peak current amplitude. The bottom graph shows the peak current-voltage relationships of NaV1.5 co-expressed with
WT β3 (black) and V110I β3 (blue). (B) The expression of NaV1.5 α- and β3-subunits on the Xenopus oocytes membrane immunostained by specific antibodies for
NaV1.5 (green) and β3 (red).
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observed upon co-expression of V110I β3, relative to WT β3
(Figure 5B, right; Table3). None of the BrS-linked variants
affected the sodium current kinetics (Supplementary Figure
S5A,B, left).

DISCUSSION

The NaV β-subunits play a critical role in the regulation of cardiac
NaV channel function, as demonstrated in SCN1B- and SCN3B-
null mice whose ventricular cardiomyocytes exhibit abnormal
electrophysiology and propensity to ventricular arrhythmias
(Lopez-Santiago et al., 2007; Hakim et al., 2008; Lin et al.,
2015). Multiple SCN1B and SCN3B mutations are associated
with cardiac arrhythmia (O’Malley and Isom, 2015; Bouza and
Isom, 2018). In this study, we investigated 8 arrhythmogenic β1
or β3 variants to probe their regulation of VSD activation and its
impact on NaV1.5 gating. The results of this investigation provide
insight to the association of the β-subunits with NaV1.5 and
mechanisms of arrhythmia.

Structural Insights From Arrhythmogenic
Non-Covalent β-Subunit Variants
The absence of β1-subunit in the cryo-EM structures of NaV1.5
suggests a weaker interaction with cardiac isoform than other NaV
homologs (Jiang et al., 2020; Li et al., 2021a; Li et al., 2021b). The
substitutions of heavily glycosylated Asn-319 and Leu-316 onNaV1.5
potentially interfere with β1 Ig binding, and the formation of
supporting hydrogen bonds (Jiang et al., 2020). Nevertheless,
strong NaV1.5 interaction with the β3-subunit is likely conserved
near VSD-III, through β3 extracellular loop (Zhu et al., 2017) and
transmembrane helix (Salvage et al., 2019; Villa-Diaz et al., 2020).
Such distinct interactions of β1 and β3 subunits with NaV1.5 results
in their unique regulatorymechanisms (Zhu et al., 2017) and possible
synergistic co-regulation (Ko et al., 2005; Yereddi et al., 2013).

Most disease-linked variants in this study, 3 out of 4 for each
β-subunit (β1: R85H, E87Q, andD153N; β3: R6K, L10P, and V110I),
were found in the extracellular domains of the β-subunits. This is not
surprising given that its Ig domain resembles the Ig superfamily of cell
adhesion molecules (CAMs) (Isom and Catterall, 1996) and plays a
significant role in the interactions with other proteins including NaV
α-subunit. The extracellular domain is also necessary for the
β-subunit modulatory effect on NaV channel gating (Makita et al.,
1996; McCormick et al., 1998; McCormick et al., 1999; Yu et al.,
2005). These variants, however, do not localize to the interface of
α-subunit interaction, but rather affect the conformation of the Ig
loop. Since β3 Ig domains can interact and form trimers (Namadurai
et al., 2014), Ig loop variants might affect the formation of the NaV
channel complex. Two β1 residues, R85 and E87, were proposed to be
involved in the trans Ig domain interactions between two β1-subunits
at the intercalated disk of adjacent cardiomyocytes, stabilizing NaV1.5
channels on the cell membrane in the perinexus, andmaintaining the
width necessary for ephaptic conduction beyond direct Na+

movement (Veeraraghavan et al., 2018).
One β3 variant (M161T) is found in the transmembrane

segment whereas no disease-linked β1 variants have been

reported in this region. This observation further supports the
notion that the alpha helical transmembrane segment is critical
for β3 regulation of VSD-III activation (Salvage et al., 2019)
whereas β1 interaction is not dependent on this region. Instead,
the β1 intracellular domain has been identified by past studies as
essential for the NaV channel regulation. So far, no disease-linked
β3 variants have been identified within the C-terminal tail,
suggesting its reduced significance with regard to the β3
regulatory mechanism. The variants in this study are not an
inclusive list of all reported disease-linked variants, but it does
represent the overall distribution (O’malley and Isom, 2015),
providing insight into differences in β1 and β3 regulation of the
NaV channel.

AF-Related Variants Reveal Unique
Diseased Mechanisms of β1 and β3
Subunits
Three β1 variants (R85H, D153N and T189M) found in lone AF
patients cause varying effects on the regulation of NaV channel
activation and inactivation gating relative to WT β1. R85H alters
the slope of the VSD-III F-V curve, facilitating its activation over
the range of hyperpolarized potentials where a reduction in
channel availability is also observed at the same voltage range.
The hyperpolarizing shift in VSD-III activation or a faster VSD-
III activation at negative potentials is correlated with an enhanced
fraction of NaV channels undergoing closed-state inactivation
(Hsu et al., 2017; Angsutararux et al., 2021) and hence the
reduction in steady-state availability. The T189M variant
induces a depolarizing shift in the voltage dependence of
activation, while D153N β1 shows no significant difference
from WT β1.

All AF-linked β1 variants, however, modify NaV channel
expression on the cell surface, and their corresponding
recovery from inactivation. Immunofluorescence staining
shows a significant increase in the membrane expression of
both α- and β-subunits by D153N and T189M, that is
accompanied by enhanced inactivation recovery, relative to
WT. The accelerated channel recovery from inactivation can
shorten the refractory period and render the cells more
susceptible to irregular excitation, creating an arrhythmogenic
substrate (Clancy et al., 2003).

Interestingly, a reduction in the R85H β1 surface expression
does not alter the expression of the α-subunit, suggesting an
altered interaction in agreement with the change in the slope of
VSD-III activation and the shift in the half-maximal voltage of
Q-V curve. The pattern of β1 overexpression is also distinct
between D153N and T189M variants. The large clusters formed
by NaV1.5 and T189M β1 suggest a role for the β1 intracellular
domain in its association with cytoskeletal proteins (Meadow
et al., 2001; McEwen et al., 2004). Past studies show that β1
facilitates NaV channel trafficking to the cell surface after its
assembly with the α subunit in the endoplasmic reticulum
(Zimmer et al., 2002). In cardiomyocytes, phosphorylation of
β1 Y181 changes the NaV channel interaction with cytoskeletal
proteins such as Ankyrin-G and N-Cadherin, and determines the
subcellular localization (Malhotra et al., 2004). NaV β1s, unlike
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β3, do not form trimers on their Ig domain, but through the
recruitment of intracellular protein scaffold they can regulate NaV
channel clustering.

In contrast to the AF-related β1 variants, none of the β3
variants alter the surface expression of NaV1.5 nor β3-subunits
relative to WT. Instead, β3 variants directly alter VSD-III
activation. Two extracellular variants, R6K and L10P, enhance
VSD-III contribution to pore opening, shifting the VSD-III F-V
curve to positive potentials. Previous studies showed that the
activation gate opening requires concerted activation of several
VSDs, namely VSD-I, II and III (Chanda and Bezanilla, 2002). In
NaV1.5, VSD-III activates at highly negative potentials (Varga
et al., 2015), and thus is not rate limiting for activation gate
opening. The depolarizing shift in VSD-III activation caused by
β3 variants may render it the limiting transition for NaV channel
activation gate opening, and hence the slower sodium current
activation kinetics observed in this study. The inactivation
kinetics of sodium currents upon these two AF-linked β3
variant co-expression are also affected. The tightly coupled
inactivation process might be decelerated by the altered
channel activation kinetics. Vice versa, slowed activation
kinetics could be caused by decelerated rate of inactivation
(Aldrich et al., 1983). The slowed activation and inactivation
kinetics can potentially cause the delayed conduction velocity and
prolonged action potential duration. The alteration in the slope of
VSD-III F-V curve by M161T variant implied its effect on the
VSD-III activation trajectory as well.

The differential regulation of VSD-III activation has
implications for their response to antiarrhythmic treatments,
as past studies have shown that various antiarrhythmic drugs
i.e. mexiletine, lidocaine, and ranolazine are sensitive to the VSD-
III conformation. β-subunits can modulate the drug response
through VSD-III regulation. Similarly, VSD-III activation is
susceptible to drug binding (Moreno et al., 2016; Wang et al.,
2016; Zhu et al., 2019; Zhu et al., 2021). Various modes of VSD-III
modulation by these AF-linked variants may thus result in
differences in drug response.

Channel recovery from inactivation of AF-linked β3 variants is
also highly distinct from WT β3. Typically, the normalized current
between testing and conditioning pulse monotonically increases over
recovery duration to the maximum value of 1. The co-expression of
AF-related variants, however, leads to recovery exceeding 1 over the
short period of 10–300ms. This phenomenon is likely a consequence
of slow VSD-III deactivation which results in slow ionic current
deactivation, leading to a large number of channels that remain
activated upon recovery from inactivation. This feature has been
previously reported when β3 is overexpressed in the excess ratio with
NaV α-subunit (Zhu et al., 2017). The roles of β3 in determining the
distribution of NaV channel clustering upon its co-assembly (Salvage
et al., 2020) might also explain the resemblance of these mutational
effects to that of overexpressedWT β3. The unusual channel recovery
from inactivation implies that the amplitude of INa increases over the
brief recovery period of high excitation frequency (>5 Hz), and hence
these channels are more prone to re-opening. Additionally, the
accelerated recovery may shorten the refractory period and
contribute to the AF phenotype.

Distinct Non-Covalent β-Subunit
Regulations Leading to BrS Phenotypes
A rare inherited disorder, BrS, is caused primarily by the loss-
of-function mutations in the SCN5A gene, resulting in the
reduction of the peak INa amplitude. BrS-linked mutations
either disrupt NaV channel trafficking and decrease surface
expression or alter the regulation of channel gating (Hedley
et al., 2009). We found that the β3 variant, V110I, co-
expression with NaV1.5 leads to noticeable loss in the peak
INa across all membrane potential, and in the NaV channel
membrane expression. In contrast, the E87Q β1 variant alters
the NaV channel steady-state availability and recovery from
inactivation.

Even though the average peak INa amplitude of E87Q β1 is
not different from WT β1, we observed high variability among
recordings as shown by a large standard deviation. This
suggests a dynamic β1 interaction with NaV α-subunit. This
same variant was previously shown to reduce the peak current
density and the NaV channel cell surface expression in
mammalian CHO cells (Baroni et al., 2017). Possibly, the
amount of β1 expressed with NaV1.5 determines its
modulation of NaV channel density (Moran et al., 2000).
Since the method of DNA transfection cannot precisely
control the ratio of NaV α- to β-subunits, the mutation
effect of the peak INa density might depend on the amount
of binding β1s. Multiple β-subunits can interact with the NaV
channel, and co-regulate the channel function. In our study,
we saturate the ratio of β-to α-subunits and this might lead to
the different results from past work.

Limitations
The characterization of electrophysiological functions in this
study are measured in the Xenopus oocytes. Unlike
mammalian cells, proteins expressed in Xenopus oocytes do
not undergo post-translational modification such as
N-glycosylation, which constitutes an essential part of NaV α-
and β-subunits. The glycosylated channel displays modified
electrophysiology (Ufret-Vincenty et al., 2001; Ednie et al.,
2013). Different β-subunits can also promote distinct form of
α-subunit glycosylation (Leadermann et al., 2013). Interpretation
of results from our study thus does not incorporate the
complexity of sugar moiety attached to the NaV channel
extracellular domain, and the possible mechanism of
β-subunits modifying surface charges (Johnson et al., 2004;
Ferrera and Moran, 2006).

Our results might not match with previous reports
(Watanabe et al., 2009; Olesen et al., 2011; Ishikawa et al.,
2013; Hayashi et al., 2015), due to the different experimental
conditions. The ratio of β-subunits to the α-subunits, the type of
cells used, and the composition of recording solution can all
affect the NaV channel electrophysiology, and thus complicating
the comparisons when make across studies. We take advantage
of the same experimental setup, to compare results across
different diseased-related β variants. An extrapolation of our
findings to other cell system should be done with careful
consideration.
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CONCLUSION

Results from this study lead to three important conclusion. First,
arrhythmia-linked variants on β1 and β3 subunit affect NaV channel
regulation through different mechanisms. This finding further
supports the recent insight that β1 and β3 subunits exert
differential regulation of the NaV channel VSDs. Second, AF-
linked variants on β3 subunit tend to directly affect its regulation
on the VSD of NaV α-subunit, while β1 variants show more subtle
effects on channel gating, by rather modulating α-subunit or β1
expression. Lastly, AF-linked variants exhibit a wide range of effects
on NaV channel function, instead of commonly defined features
such as decreased INa as in BrS-linked variants, suggesting diverse
molecular mechanisms responsible for the arrhythmia phenotype.
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Supplementary Figure S1 | Voltage dependence of gating charges movements
(Q-V) for all AF-linked β1 and β3 variants. Gating currents of WT-LFS channels were
recorded using the same protocol as voltage dependence of channel activation (GV).
The mean ± SEM is reported for groups of 3-5 cells. Left: The Q-V curves of
NaV1.5 co-expressed with β1 variants, R85H (A), D153N (B) or T189M (C), relative
to NaV1.5 alone and NaV1.5 with WT β1. Right: The Q-V curves of NaV1.5 co-
expressed with β3 variants, R6K (D), L10P (E) or M161T (F), relative to NaV1.5 alone
and NaV1.5 with WT β3.

Supplementary Figure S2 | AF-linked β1 variants show no further alteration on the
VSD-IV activation, in relative to WT β1. (A) The F-V curves of VSD-IV LFS alone
(opened circle) and with WT β1 co-expression (filled circle). (B) The representative
fluorescence traces of VSD-III (top) and VSD-IV (bottom) LFS, with or without WT β1
recorded at various voltages (−160 to 40 mV). (C) The F-V curves of VSD-IV LFSwith
AF-linked β1 variants, R85H (left), D153N (middle) and T189M (right), relative to
WT β1. (D) The representative fluorescence traces of VSD-III LFS, co-expressed
with AF-linked β1 variants, R85H (left), D153N (middle) and T189M (right), relative
to WT β1. (E) The representative fluorescence traces of VSD-IV LFS, co-expressed
with AF-linked β1 variants, R85H (left), D153N (middle) and T189M (right), relative
to WT β1.

Supplementary Figure S3 | AF-linked β3 variants show no alteration on the VSD-IV
F-V curve, in relative to WT β1. (A) The representative sodium current traces
recorded upon the depolarization at −20 mV for NaV1.5 co-expressed with WT
(black) or AF-linked β3 variants, R6K (red), L10P (yellow), and M161T (blue). (B) The
F-V curves of VSD-IV LFS alone (opened circle) and with WT β3 co-expression (filled
circle). (C) The representative fluorescence traces of VSD-III (top) and VSD-IV
(bottom) LFS co-expressed with WT β3 recorded at various voltages (−160 to
40 mV). (D) The F-V curves of VSD-IV LFS with AF-linked β3 variants, R6K (left),
L10P (middle) and M161T (right), relative to WT β3. (E) The representative
fluorescence traces of VSD-III LFS, co-expressed with AF-linked β3 variants,
R6K (left), L10P (middle) and M161T (right), relative to WT β3. (F) The
representative fluorescence traces of VSD-IV LFS, co-expressed with AF-linked
β3 variants, R6K (left), L10P (middle) and M161T (right), relative to WT β3.

Supplementary Figure S4 | Immunofluorescence staining of uninjected oocytes
with Pan NaV, Myc and NaV β3. Uninjected oocytes were fixed, stained and imaged
with the same settings as in Figure 4 and Figure 6. Minimal non-specific binding of
these antibodies to oocytes proteins was detected.

Supplementary Figure S5 | BrS-linked β variants show no alteration on the VSD-IV
F-V curve, in relative to WT β1.(A) Left: Representative sodium current traces of
NaV1.5 co-expressed with WT and E87Q β1s. Middle: The F-V curve of VSD-IV LFS
co-expressed with E87Q β1, relative to WT β1. Right: Representative fluorescence
traces of VSD-III and VSD-IV LFS co-expressed with E87Q β1 at various voltages
(−160 to 40 mV). (B) Left: Representative sodium current traces of NaV1.5 co-
expressed with WT and V110I β3s. Middle: The F-V curve of VSD-IV LFS co-
expressed with V110I β3, relative to WT β3. Right: Representative fluorescence
traces of VSD-III and VSD-IV LFS co-expressed with V110I β3 at various voltages
(−160 to 40 mV).
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