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Abstract

Familial episodic pain syndrome (FEPS) is an autosomal-dominant inherited disor-
der characterized by paroxysmal pain episodes. FEPS appears in early childhood,
gradually disappearing with age, and pain episodes can be triggered by fatigue,
bad weather, and cold temperatures. Several gain-of-function variants have been
reported for SCN9A, SCNI10A, or SCNI11A, which encode the voltage-gated sodium
channel a subunits Nav1.7, Nav1.8, and Nav1.9, respectively. In this study, we con-
ducted genetic analysis in a four-generation Japanese pedigree. The proband was a
7-year-old girl, and her brother, sister, mother, and grandmother were also experi-
encing or had experienced pain episodes and were considered to be affected. The
father was unaffected. Sequencing of SCN9A, SCN10A, and SCN11A in the proband
revealed a novel heterozygous variant of SCNI1A: g.38894937G>A (c.2431C>T,
p-Leu811Phe). This variant was confirmed in other affected members but not in
the unaffected father. The affected residue, Leu811, is located within the DII/S6
helix of Nav1.9 and is important for signal transduction from the voltage-sensing
domain and pore opening. On the other hand, the ¢.2432T>C (p.Leu811Pro) vari-
ant is known to cause congenital insensitivity to pain (CIP). Molecular dynamics
simulations showed that p.Leu811Phe increased the structural stability of Nav1.9
and prevented the necessary conformational changes, resulting in changes in the
dynamics required for function. By contrast, CIP-related p.Leu811Pro destabilized
Nav1.9. Thus, we speculate that p.Leu811Phe may lead to current leakage, while
p-Leu811Pro can increase the current through Nav1.9.

Keywords Familial episodic pain syndrome - SCN//A gene - Nav1.9 - Molecular
dynamics

Chioko Nagao, Hiroko Okuda and Shinji Akioka contributed equally to this work.

Extended author information available on the last page of the article

Published online: 25 July 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10528-024-10888-1&domain=pdf

Biochemical Genetics

Abbreviations

ACMG American College of Medical Genetics
CIP Congenital insensitivity of pain

DRG Dorsal root ganglion

FEL Free energy landscape

FEPS Familial episodic pain syndrome

MD Molecular dynamics
PC Principal component
PCA Principal component analysis

PEM Primary erythromelalgia

PEPD  Paroxysmal extreme pain disorder

SEN Small fiber neuropathy

POPC  1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
VGSC  Voltage-gated sodium channel

VSD Voltage-sensing domain

Introduction

Chronic pain is a global health condition that decreases the quality of life in all gen-
erations, from newborns to the elderly. Pain sensations are generated by sensory
neurons in the dorsal root ganglion (DRG), which transmit peripheral pain signals to
the central nervous system. The DRG contains neurons with various receptors that
transform both noxious and non-noxious stimuli into pain sensations, such as with
cold exposure and low atmospheric pressure.

The voltage-gated sodium channels (VGSCs) Navl.7, Navl.8, and Navl.9,
encoded by SCN9A, SCNIOA, and SCNIIA, respectively, play pivotal roles in
the generation of pain sensation in DRG neurons. Recent genomic analyses have
revealed that VGSC variants cause the human Mendelian forms of pain-related
syndromes (Bennett and Woods 2014; Shen et al. 2022). These syndromes include
familial episodic pain syndrome (FEPS), small fiber neuropathy (SFN), paroxys-
mal extreme pain disorder (PEPD), primary erythromelalgia (PEM), and congenital
insensitivity to pain (CIP) (Bennett and Woods 2014; Shen et al. 2022). FEPS, SEN,
PEPD, and PEM are generally associated with gain-of-function variants in Nav1.7,
Nav1.8, and Nav1.9, while CIP is related to loss-of-function variants in Nav1.7 and
gain-of-function variants in Nav1.9 (Bennett and Woods 2014; Shen et al. 2022).
FEPS is an autosomal-dominant inherited disorder characterized by paroxysmal pain
episodes. This disorder appears in early childhood, gradually disappearing with age.
Episodes are often triggered by fatigue, bad weather, or cold temperatures (Shen
et al. 2022). In our previous studies, we identified several gain-of-function variants
of SCNI1IA in Japanese families with FEPS (FEPS3:0MIM615552) (Kabata et al.
2018; Okuda et al. 2016).

Navl.9, a tetrodotoxin-resistant subtype of VGSC, contributes to the generation
of a persistent inward current at subthreshold voltages (Bennett et al. 2019). Interest-
ingly, gain-of-function variants of Nav1.9 are associated with two different pheno-
types, FEPS3 and CIP (HSAN7: OMIM 615548) (Bennett et al. 2019; Shen et al.
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2022). By sharp contrast, Navl.7 gain-of-function variants cause FEPS, whereas
loss-of-function variants cause CIP (Bennett et al. 2019). Physiologically, gain-of-
function variants of Nav1.9 are characterized by a shift in the resting membrane
potential toward depolarization, making cells more excitable. Variants related to
FEPS induce hyperpolarization shifts in the activation curve of less than 10 mV. By
contrast, the CIP-related variant p.Leu811Pro induces a large hyperpolarization shift
(more than 20 mV) in the activation voltage (Baker and Nassar 2020). Slight shifts
in channel properties are considered to result in neuronal hyperexcitation, while
extensive shifts are speculated to cause neuronal hypoexcitability or refractoriness
(Huang et al. 2017a).

However, the intriguing nature of Nav1.9 gain-of-function variants still requires
a full explanation. Gain-of-function variants related to CIP, namely c.1187T>C
(p.Leu396Pro), p.Leu811Pro, and c.3904C>T (p.Leul302Phe), are located in the
transmembrane segment 6 of domain I (DI/S6), DII/S6, and DIII/S6, respectively,
being in proximity to the cytosolic pore obstructing the hydrophobic gate. In silico
analyses showed that PEM-associated gain-of-function variants of Navl.7 chemi-
cally destabilized the channels, leading to a lower activation threshold relative to the
wild-type or impaired steady-state fast inactivation (Huang et al. 2017b; Lampert
et al. 2008).

Here, we report a four-generation pedigree with FEPS3 in which affected mem-
bers have a novel variant of Nav1.9, p.Leu811Phe in DII/S6. We conducted molecu-
lar dynamics (MD) simulations of Nav1.9 to evaluate the effects of the p.Leu811Phe
variant on molecular stability and conformation in the DII/S6 region, which con-
stitutes the cytosolic pore obstructing the hydrophobic gate. Moreover, to obtain a
functional insight into the potential impact of the p.Leu811Phe variant, we com-
pared its functional effects with those of the wild-type (WT) protein and the CIP-
related variant p.Leu811Pro.

Material and Methods
Human Subject and Consent Approval

The proband was from a 7-year-old girl. According to a family survey, we identi-
fied family members in which similar episodes of pain attacks had occurred since
infancy. We diagnosed this family with FEPS based on pain phenotype, physi-
cal examinations, and family history. Written informed consent was obtained from
all participants in compliance with the Ethics Review Board at Kyoto University
(Approval No. G0501). The pedigree is shown in Fig. 1.

Genetic Analysis

Genomic DNA was extracted from the peripheral blood of the participants. All
exons and intron—exon boundaries of SCN9A, SCN10A, and SCN11A were amplified
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Fig. 1 Pedigree of a four-generation family with episodic pain syndrome, familial, 3 (FEPS3). Filled
symbols represent affected individuals, open symbols represent unaffected individuals, squares represent
males, and circles represent females. Diagonal lines indicate deceased individuals. The proband is indi-
cated by an arrow. Genotypes of the variants are indicated at the bottom of the pedigree for each exam-
ined individual

by PCR using the indicated primer sets (Supplementary Table 1) and subjected to
Sanger sequencing.

Molecular Dynamics Simulations and Structural Analysis

As no experimental structure of Nav1.9 was available within the Protein Data Bank,
we obtained a predicted model from AlphaFold DB (Varadi et al. 2022) for Uni-
Prot ID Q9UI33. To simplify the simulations, the voltage-sensing domains (VSDs)
and regions with low confidence scores were removed, leaving the segments
Leu239-Ala416, Pro685-Leu823, Thr1148-Ser1341, and Argl481-Ser1614. We
created three systems from this model: the WT plus two variants, p.Leu811Phe and
p.Leu811Pro. Each system was embedded in a hexagonal membrane consisting of
70% 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 30% choles-
terol (Bekker et al. 2021a). Subsequently, water was added, along with 0.1 M of
NaCl and additional ions to neutralize each system. MD simulations were performed
using the Amber99SB-ILDN force field (Lindorff-Larsen et al. 2010), lipid14 (Dick-
son et al. 2014), monovalent ion parameters (Joung and Cheatham 2008), and TIP3P
(Jorgensen et al. 1983) to parameterize the protein segments, membrane molecules,
ions, and water molecules, respectively. Energy minimizations, followed by 100 ps
NVT and NPT simulations with position restraints on the heavy solute atoms, were
used to prepare the system, with the final WT system shown in Fig. 4. Gromacs
2022.3 [https://doi.org/10.5281/zenodo.7037338] was used to prepare and perform
the simulations. For each system, a production run was executed lasting 1 us per
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trajectory, with three trajectories per system, initialized with a short, restrained
100 ps NVT simulation and random velocities. The production run simulations were
performed with the NPT ensemble, and snapshots were saved at 10 ps intervals, giv-
ing 300,000 structures per system.

We performed principal component analysis (PCA) and K-means clustering as
described previously (Bekker et al. 2020, 2021a, b; Bekker and Kamiya 2021, 2022).
The array consisted of intramolecular Ca atoms between i (Leu396-Ca, 11e807-Ca,
Ile1304-Ca, 1le1600-Ca, Tyr375-Ca, Tyr1198-Ca) and all Ca atoms j in the struc-
ture, excluding the highly flexible extracellular loop region (Leu281-Asp343,
Gly724-Trp755, Gly1202-Asn1242, Ser1269-Asn1281, Asnl51-Thr1536,
Ser1558-11e1579), as well as excluding Ca atoms of residues j within i+ 3. The
structures were projected onto the first two principal components (PCs), yielding a
2D histogram from which the probability of each bin (P;) could be calculated. Using
P,, the free energy as the potential of mean force was calculated, and 2D free energy
landscapes (FELs) were obtained.

After the PCA, we performed K-means clustering on the data, using &'=100 clus-
ters and a set of PC dimensions such that the sum of the contributions to the vari-
ance exceeded 90%, corresponding to PC1-PC20. For each cluster, one representa-
tive structure was then selected, and the clusters were ranked based on the number
of structures assigned to each cluster, £’ (i.e., the probability of each cluster). Using
these representative structures, we performed a direct analysis of structural similar-
ity using R-value analysis (Bekker et al. 2019a, b). The R-value quantifies the degree
to which intra- and/or inter-molecular contacts are preserved with respect to a ref-
erence structure. Starting from the most stable cluster, k'=1, in order of the size
of each cluster, representative structures with an R-value >0.925 were merged. This
gave us k number of clusters and the corresponding representative structures r;, for
each system.

We determined the pore radius using the HOLE program (Smart et al. 1996).
Using the data from the final 400 ns of each trajectory, snapshots at 10 ns intervals
(0.1% of the trajectory data) were superposed using all Ca atoms and analyzed using
the HOLE program. For additional details, see supplementary information.

Results
Clinical Phenotype

A 7T-year-old girl (IV-2 in Fig. 1) born to nonconsanguineous parents was referred to
our clinic because she had been experiencing persistent pain in both hands and feet
since the age of two.

The pain was paroxysmal, happening suddenly, unrelated to exercise, and lasting
20-30 min before abruptly disappearing. The attacks would happen any time of day,
being more common during the evening but not uncommon during the morning.
When a pain attack occurred, the girl was immobilized and had to crouch down. She
experienced pain localized to the wrist and leg (from the thigh to the ankle joint),
occurring in multiple areas simultaneously, or within a single site. Oral non-steroidal
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anti-inflammatory drugs were ineffective for the pain, but acetaminophen enabled
her to move unassisted within 30 min of ingesting medication. She did not experi-
ence coldness, burning sensations, numbness, paresthesia, or motor paralysis at the
site of pain. The attacks occurred approximately twice a week and the frequency
was only slightly influenced by external factors such as weather, season, and outside
temperature. No other type of pain (such as headache or abdominal pain) was noted.
Physical examination did not reveal any other abnormalities throughout the body.
According to a family survey, while the father (III-2) of the proband was unaffected,
her siblings (IV-1 and IV-3), mother (III-3), maternal grandmother (II-2), and great-
grandfather (I-1) all experienced similar pain attack episodes since infancy. Within
the family, attack frequency gradually diminished with age, and the mother, grand-
mother, and great-grandfather had experienced only a few attacks in adulthood.
Based on the characteristic episodes of pain attacks and family history, the family
was suspected to be suffering from FEPS, an inherited pain disorder.

Genetic Analysis via Sanger Sequencing

Sequencing of SCN9A, SCNI10OA, and SCNIIA in the proband (IV-2) revealed
a  heterozygous variant of SCNIIA: NC_000003.12:2.38894937G>A,
(NM_001349253.2:¢.2431C>T, NP_001336182.1:p.Leu811Phe) (Fig. 2).

This novel single nucleotide variant was not present in the gnomAD population
database (https://gnomad.broadinstitute.org/), Exome Variant Server (https://evs.gs.
washington.edu/EVS/), dbSNP (https://www.ncbi.nlm.nih.gov/snp/), 1000 Genomes
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Fig.2 Sanger sequencing chromatograph. a Sequence from the affected proband (IV-2) showing the
heterozygous SCNIIA variant g.38894937G>A (c.2431C>T, p.Leu811Phe). b Sequence from the unaf-
fected father (III-2), without the Leu811 variant
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Project (https://www.internationalgenome.org/), or ClinVar disease database (https://
www.ncbi.nlm.nih.gov/clinvar/). No other coding variants or structural changes such
as deletions or copy number variations were found in any of the sequenced regions
in SCNY9A, SCNI0A, or SCNI11A. This variant was also identified in IV-1, 3, III-3,
and II-2, who had experienced similar pain attack episodes, but not in III-2, who did
not exhibit the pain phenotype. I-1 was not available for genomic analysis. Align-
ment of the Nav1.9 amino acid sequence with other sodium channels and Nav1.9
proteins from other species indicated that the Leu811 residue was highly conserved
(Fig. 3). The pathogenicity prediction programs PolyPhen-2 (Adzhubei et al. 2010)
and SIFT (Ng and Henikoff 2003) predicted this p.Leu811Phe change to be probably
damaging (score: 1) and deleterious (score: 0.01), respectively. The CADD score for
this variant is 25.4 (Schubach et al. 2024). In addition, this variant was classified as
“pathogenic” (PS4, PM1, PM2, PMS5, PP1, PP3 and PP4) according to the American
College of Medical Genetics (ACMG) guidelines (Richards et al. 2015). Therefore,
this variant is likely to be pathogenic.

Molecular Dynamics Simulations

To evaluate the structural effects of the SCNIIA variants, we prepared model sys-
tems of the pore regions of the WT protein (Fig. 4), p.Leu811Phe variant, and
CIP-related p.Leu811Pro variant, and performed MD simulations. The FELs of the
structural ensembles projected onto the first two PCs are shown in Fig. 5. The WT
and p.Leu811Phe FELs both consisted of two connected basins, which were more
closely connected in the p.Leu811Phe FEL, whereas the p.Leu811Pro system con-
sisted of three unconnected basins. These results suggested the p.Leu811Phe variant
to be more stable than the WT, as all parallel trajectories sampled the same region
in the PC1/PC2 space. By contrast, the three unconnected basins in the p.Leu811Pro
system, where each basin corresponded to a different parallel trajectory, suggested
that p.Leu811Pro was less stable than the WT protein. This was especially notable
in the initial conformation at the start of the simulations, as each trajectory quickly
diverged, finally ending up at these different semi-stable conformations. As inspec-
tion of representative structures around the variant site can also provide some detail
regarding the motion captured by each PC, we selected three structures each for the
WT and p.Leu811Phe systems and five for the p.Leu811Pro system for further anal-
ysis (Fig. 5). Comparing the structures WT_r; and p.Leu811Phe_r, (Fig. 6a), which
had similar PC2 values but differed considerably in their PC1 values, suggested
that the DIII/S6 helix had moved upwards (i.e., away from the intracellular side)
in p.Leu811Phe. Moreover, as the conformation of the terminal of the DII/S6 sec-
tion (S815) also differed between the structures, the fold of this section also seemed
to correlate with PC1. Comparing WT_r,/p.Leu811Phe_r, and p.Leu811Pro_r,
(Fig. 6b), which differed greatly along PC2 and somewhat along PC1, showed a
deformation near Leu811, along with several other changes.

We also analyzed the effects of the variants on pore radius along the pore of the mol-
ecule (ensemble averages and standard deviations are plotted in Fig. 7a, b, respectively),
with each system showing different characteristics. Leu811 was located at around
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SCN8A Nav1.6 AMCL | VFMMVMV IGNLVVLNLFLALLLSSFSADN 984
SCN5A Nav1.5 SLCLLVFLLVMVIGNLVVLNLFLALLLSSFSADN 946
SCN4A Nav1.4 AMLLTVFLMVMV IGNLVVLNLFLALLLSSFSADS 809
SCN3A Nav1.3 TMCLIVFMLVMV IGNLVVLNLFLALLLSSFSSDN 991
SCN2A Nav1.2 TMCLTVFMMVMV IGNLVVLNLFLALLLSSFSSDN 990
SCN1A Nav1.1 AMCLTVFMMVMV IGNLVVLNLFLALLLSSFSADN 999
DIll/S6 1302
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SCN11A Nav1.9 VYGYI YFVVFI I FGSFFTLNLFI GVI | DNFNQQQ 1315
b
Organism Gene DII/S6 811
H.sapiens SCN11A SLCVIVFILITVIGKLVVLNLFIALLLNSFSNEE 818
P.troglodytes SCN11A SLCVIVFILITVIGKLVVLNLFIALLLNSFSNEE 819
M.mulatta SCN11A SLCVIVFILITVIGKLVVLNLFIALLLNSFSNEE 757
C.lupus SCN11A TLCIVVFLLIMVIGKLVVLNLFIALLLNSFSNEE 818
B.taurus SCN11A TLCVIVFLSIMVIGKLVVLNLFIALLLNSFSNEE 817
M.musculus Scnti1a PLCVIVFVLIMVVGKLVVLNLFIALLLNSFSNEE 806
R.norvegicus Scntia PLCIIVFVLIMVIGKLVVLNLFIALLLNSFSNEE 805

Fig.3 Schematic diagram of Nav1.9 and locations of variants in pain and painless disorders. a The Nav chan-
nel consists of four domains (DI-DIV), with each domain consisting of six transmembrane segments (S1—
S6). The novel painful p.Leu811Phe variant and painless p.Leul302Phe variant are indicated by the red and
green dots, respectively. The lower panels show the alignment of the S6 transmembrane segments of DII
(light blue background) of human Nav1.1-1.9 and DIII (light green) of human Nav1.9. Leu811 in DII (red)
and Leul302 in DIII (green) of Nav1.9 are highly conserved hydrophobic amino acid residues in DII/S6 and
DIII/S6, respectively. The reference sequences are as follows: Nav1.9, NP_001336182.1; Nav1.8, NP_006505.4;
Nav1.7, NP_001352465.1; Nav1.6, NP_001317189.1; Navl.5, NP_000326.2; Navl.4, NP_000325.4; Nav1.3,
NP_008853.3; Nav1.2, NP_001035232.1; and Nav1.1, NP_001159435.1. b Multiple sequence alignment of the
DII/S6 conserved regions of seven Nav1.9 orthologs using CLUSTALW?2. The leucine residue (L; red) is highly
conserved in each ortholog. The reference sequences are as follows: H.sapiens, NP_054858.2; P.troglodytes,
XP_003309747.1; M.mulatta, XP_001083888.1; C.lupus, XP_542712.5; B.taurus, XP_002696965.1;
M.musculus, NP_036017.3; R.norvegicus, NP_062138.1. (color figure online)
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Fig.4 Overview of the prepared WT system. a The WT system viewed from the intracellular side with
Leu811 shown as a stick model (light blue). b Side view of the system along the pore. Navl.9 segments
are shown as green tubes, and the POPC and cholesterol molecules are shown as stick models with CPK
coloring. The images were produced using Molmil (Bekker et al. 2016), a WebGL based molecular
viewer developed by PDB;j (Bekker et al. 2022; Kinjo et al. 2017). (color figure online)
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Fig.5 Free energy landscapes in WT Nav1.9 and variants. The panels on the top show the free energy
landscape (FEL) of each system (WT, p.Leu811Phe, and p.Leu811Pro); the panels on the bottom show
the FELs, along with the location on the FELs of representative structures selected from each ensemble.
The FELs have been normalized so that the densest region of all three systems corresponds to 0 kcal/mol

36 A, which corresponds to the location of the pore gate in the WT, and the minimum
observed radius was also located here. On the other hand, for the p.Leu811Pro sys-
tem, the minimum radius was slightly closer to the intracellular region, at around 34 A.
For p.Leu811Phe, the minimum radius was located in between that of the WT and
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Fig.6 Conformational changes observed among representative structures selected from the system
ensembles. a Comparison between WT_r; (green) and p.Leu811Phe_r,, (cyan), with the Ca atom of
Leul302 indicated as a sphere and the location of DIII/S6 indicated. b Comparison between WT_r,
(green), p.Leu811Phe_r, (cyan), and p.Leu811Pro_r, (magenta), with the sidechain of Leu811/Phe811/
Pro811 shown as a stick model and DIII/S6 indicated. (color figure online)
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Fig. 7 Comparison of pore radius along the channel in WT, p.Leu811Phe, and p.Leu811Pro. a Average
pore radius measured over the MD ensemble of the WT (blue), p.Leu811Phe (green), and p.Leu811Pro
(orange) systems along the channel. b Standard deviation of the pore radius measured over the MD
ensemble of the WT, p.Leu811Phe, and p.Leu811Pro systems along the channel. (color figure online)

p.Leu811Pro systems and was not as narrow. Furthermore, looking at the fluctuation
of the pore radius suggested that the WT was quite flexible around the pore gate, while
p-Leu811Pro was the most stable and p.Leu811Phe was in between them in terms of
the stability of the pore gate. Notably, p.Leu811Phe showed higher fluctuation of the
pore radius next to the pore gate (at around 38 10\), but overall tended to be more stable
along the whole pore (30-80 10%). This suggests that the p.Leu811Phe variant induces a
somewhat higher fluctuation to its nearby region, while stabilizing the pore region as a
whole.
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Discussion

We previously identified six SCNI A variants in 17 unrelated Japanese families with
FEPS (Kabata et al. 2018; Okuda et al. 2016). In this study, we examined an addi-
tional patient with similar pain episodes and found a novel variant in SCN1IA, des-
ignated 2.38894937G>A (c.2431C>T, p.Leu811Phe), in a four-generation Japanese
family with FEPS. The clinical characteristics of this pedigree were similar to those
of previously reported pedigrees (Kabata et al. 2018; Leipold et al. 2015; Okuda
et al. 2016; Zhang et al. 2013): onset in early childhood, attenuation in adulthood,
no redness, or swelling at painful sites, no symptoms in the intermittent period, and
no complications of motor disorders or mental retardation. The painful sites were
commonly located in the distal extremities, but the exact locations varied between
family members or changed with age in the same patient. In the present case, the
pain radiated from the knee joint to surrounding areas, similar to another case with
a ¢.3551T>C (p.Vall184Ala) variant (Kabata et al. 2018). These findings indi-
cate that the site of pain is not simply determined by the variant, and patients with
FEPS3 do not show uniform expression of pain. Pain attacks are triggered by cold
temperatures and bad weather in most patients with FEPS3, such as those carrying
c.665G>A (p.Arg222His), c.673C>T (p.Arg225Cys), ¢.3437T>C (p.Phel146Ser)
and p.Vall184Ala variants. However, in the present family, attacks were not trig-
gered by weather conditions, as observed in patients carrying the ¢.2441T>G
(p-Phe814Cys) variant (Kabata et al. 2018). As both Leu811 and Phe814 are located
in the DII/S6 region of Nav 1.9, the location of the variant may be related to triggers
of pain attacks. Meanwhile, autonomic symptoms like intractable constipation and
drug efficacy have been reported in various ways (Shen et al. 2022), even within the
same pedigree. Besides the variant type of SCNIIA, predisposing factors such as
age of onset or duration of illness may affect the clinical picture of FEPS3.

This p.Leu811Phe variant is of particular interest because mutation of amino acid
811 from leucine to proline (p.Leu811Pro) is reported to induce CIP (Leipold et al.
2013), suggesting that the variant we report here may cause topological changes
that are sensitive to signal transduction. Although we did not experimentally prove
p-Leu811Phe to be a gain-of-function variant, we consider this mutation likely to be
pathogenic for the following reasons. First, this variant is absent from the population
database. Second, this variant completely segregated subjects with and without pain
episodes for three generations in this family. Third, Polyphen-2, SIFT, CADD, and
ACMG classifications all predicted p.Leu811Phe as a pathologic variant. Finally,
the MD simulations suggested that this variant changes the stability and conforma-
tional preference of Nav1.9, which could alter its signal transduction properties.

The FELs obtained from the MD simulation trajectories showed that incor-
porating the p.Leu811Phe variant resulted in stabilization of the conformation
of Navl.9. By contrast, the p.Leu811Pro variant caused destabilization of the
Nav1.9 structure, which fluctuated between several conformations correspond-
ing to local minima. Structural stabilization observed with the p.Leu811Phe var-
iant throughout the pore may prevent the necessary conformational changes in
the pore domain. Feasibly, this could result in a shortened response cycle and
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persistent failure of the channel to fully open/close. Therefore, we speculate that
p.Leu811Phe may induce current leakage from Navl.9, as the structure has dif-
ficulty operating in distinct open and closed states and instead appears to pre-
fer a more intermediary state. Conversely, in the case of the p.Leu811Pro vari-
ant, the local rigidness of the proline induced structural instability of the pore
domain, especially around the middle of the pore near the VSD and could, there-
fore, increase the time taken to open and close the pore, leading to an increase in
Nav1.9 current.

Taken together, our results suggest that mutation of Leu811 may not only affect
protein stability and the local conformation, but may also influence the dynamics
required for the normal sodium channel functioning, thereby leading to the observed
gain-of-function in FEPS or the loss-of-function observed in CIP.

The mechanism by which each Nav 1.9 mutation causes FEPS or CIP also
requires further study. For example, p.Arg222His, the most frequent variant in
FEPS3 (Kabata et al. 2018), potentially causes gain-of-function by a different mech-
anism than p.Leu811Phe, as reported by Han et al. (2017). They used a modeling
analysis to show that p.Arg222His, located in the VSD (not included in our com-
putational analysis), decreases stability of the resting state by hindering the forma-
tion of salt bridges in the VSD. They suggested this would enable an easier transi-
tion to an open state, resulting in a shift of voltage-dependent channel activation
towards hyperpolarization, as indicated by a change in the half-maximum activation
voltage and an increase in window current (Han et al. 2017). Therefore, the mecha-
nisms through which p.Leu811Phe and p.Arg222His induce pain might be differ-
ent: p.Leu811Phe results in structural stabilization, while p.Arg222His might lead to
destabilization.

Nav1.9 is considered to primarily affect the resting membrane potential. A hyper-
polarization shift of activation of less than 10 mV has been observed in FEPS,
whereas hyperpolarization shifts in activation/deactivation of more than 20 mV have
been observed as a result of the CIP-related p.Leu811Pro and p.Leul302Phe vari-
ants (Baker and Nassar 2020). Several studies have suggested that the resting mem-
brane potential is one of the factors that determines the threshold for cell activation
(Baker and Nassar 2020; Bennett et al. 2019), and that depolarizing changes that
are too large inhibit action potential generation, causing a decrease in excitability
(Huang et al. 2017a). The proximity of Leul302 and Leu811 to the VSD suggests
that changes in dynamics, coupled with a change of signal transduction from the
VSD, may lead to a significant increase in sodium ion influx and potentially cause
CIP. Therefore, proper conformational stability and dynamics are essential for cor-
rect signaling of Nav1.9.

In the present study, we had a major limitation. We did not use a physiologi-
cal method (such as voltage clamp or current clamp) to directly demonstrate that
SCNIIA p.Leu811Phe causes hyperexcitation. In a future study, further physiologi-
cal examination, including the use of behavioral and electrophysiological analyses
of a relevant knock-in mouse model, combined with structural determination by
X-ray crystallography/cryo-electron microscopy and large-scale MD simulations,
is warranted to elucidate the pathogenicity of the p.Leu811Phe variant and the
mechanism(s) by which p.Leu811Pro causes CIP and p.Leu811Phe causes FEPS.
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Conclusions

We demonstrated a novel missense variant, SCN1IA p.Leu811Phe, in a four-gen-
eration family with FEPS. The rarity, segregation, and pathogenicity prediction
programs suggested this variant to be likely pathogenic. MD analysis demon-
strated that the p.Leu811Phe variant affected both protein stability and conforma-
tion, increasing the molecular rigidity along the pore region of the channel. By
contrast, a CIP counterpart variant, p.Leu811Pro, decreased structural stability.
As such, SCNI1IA p.Leu811Phe may induce current leakage as a result of slower
conformational change, resulting in a physiological gain-of-function phenotype.
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