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Structural basis for severe pain caused by mutations
in the voltage sensors of sodium channel Nay1.7

Goragot Wisedchaisri'®, Tamer M. Gamal EL-Din'@®, Natasha M. Powell?®, Ning Zheng*®, and William A. Catteral!@

Voltage-gated sodium channels in peripheral nerves conduct nociceptive signals from nerve endings to the spinal cord.
Mutations in voltage-gated sodium channel Nay1.7 are responsible for a number of severe inherited pain syndromes, including
inherited erythromelalgia (IEM). Here, we describe the negative shifts in the voltage dependence of activation in the bacterial
sodium channel NayAb as a result of the incorporation of four different IEM mutations in the voltage sensor, which
recapitulate the gain-of-function effects observed with these mutations in human Nay1.7. Crystal structures of NayAb with
these IEM mutations revealed that a mutation in the S1 segment of the voltage sensor facilitated the outward movement of
S4 gating charges by widening the pathway for gating charge translocation. In contrast, mutations in the S4 segments
modified hydrophobic interactions with surrounding amino acid side chains or membrane phospholipids that would enhance the
outward movement of the gating charges. These results provide key structural insights into the mechanisms by which these
IEM mutations in the voltage sensors can facilitate outward movements of the gating charges in the S4 segment and cause
hyperexcitability and severe pain in IEM. Our work gives new insights into IEM pathogenesis at the near-atomic level and
provides a molecular model for mutation-specific therapy of this debilitating disease.

Introduction

Voltage-gated sodium (Nay) channels initiate and propagate
action potentials in nerve and muscle. Mutations in the Nay
channel cause hyperexcitability that leads to many diseases,
including chronic pain (Dib-Hajj et al., 2013; Mantegazza et al.,
2021). Neuropathic pain syndromes are significant health
problems that affect millions of people and cost billions of dollars
in treatments (Dib-Hajj and Waxman, 2014; Waxman et al.,
2014). They arise from damage to peripheral nerves from in-
jury, diabetes, and cancer chemotherapy. However, rare inher-
ited pain syndromes are caused by mutations in the neuronal
sodium channel Nayl.7, including inherited erythromelalgia
(IEM), paroxysmal extreme pain disorder (PEPD), and small fi-
ber neuropathy (SFN; Dib-Hajj et al., 2013; Dib-Hajj and Wax-
man, 2019). Patients with these syndromes have episodes of
intense pain, redness, and swelling. No targeted treatment for
these pain syndromes is available currently, but some patients
may respond well to existing pharmacotherapies in selected
cases (Geha et al,, 2016). On the other hand, homozygous loss-of-
function mutations caused by gene truncation or deletion of

Nayl.7 produce congenital insensitivity to pain (CIP), a rare
disorder in which patients do not feel pain despite having in-
juries (Cox et al., 2006). As a result, Nayl.7 is an attractive drug
target for novel pain treatments that do not involve opioids or
lead to addiction (Dib-Hajj and Waxman, 2014).

Nayl.7 is a member of the family of nine human Nay channel
subtypes (Nayl.1-Nayl.9; Catterall, 2000; Ahern et al., 2016; Dib-
Hajj and Waxman, 2019). Nay channels contain 24 transmem-
brane (TM) segments that form four homologous, but not
identical, 6-TM domains (domains I-IV). The first four TM
segments in each homologous 6-TM domain (S1-S4) form the
voltage-sensing module (VS). The VS is connected to the pore
module (PM), formed by the S5 and S6 segments and the P loop
between them, via the a-helical S4-S5 linker. These four ho-
mologous domains come together to form a functional channel
with an ion-conducting pore at its center (Payandeh et al., 2011).
Depolarization activates Nay channels via the “sliding-helix”
mechanism, in which positively charged Arg or Lys gating
charges in the S4 segment move outward toward the
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extracellular side of the membrane upon depolarization (Ahern
et al., 2016; Catterall et al., 2017). Outward S4 movement trig-
gers a major conformational change in the S4-S5 linkers on the
intracellular side of the membrane and induces the opening of
the activation gate of the pore by bending and rotation of the
intracellular ends of the S6 segments (Wisedchaisri et al., 2019).
Nayl.7 is expressed mainly in peripheral somatic and visceral
sensory neurons in dorsal root ganglia and in sympathetic
ganglion neurons, where it serves as a threshold channel that
sets the gain of nociceptors for the generation of pain signals
(Klugbauer et al., 1995; Dib-Hajj et al., 2013). Its slow rate of
closed-state inactivation allows smaller and slower depolariza-
tions to activate the channel and thereby enhances responses to
small nociceptive stimuli (Cummins et al., 1998; Dib-Hajj et al.,
2013). IEM mutations often cluster in domains I and II and shift
the voltage dependence of activation to more negative mem-
brane potentials, allowing smaller depolarizations to trigger an
action potential that becomes a pain signal (Dib-Hajj et al., 2013).
However, the molecular and structural basis for the pathogenic
effects of mutations that result in pain phenotypes in patients
remains unclear because there is no high-resolution structural
information for the Nayl.7 channel in specific functional states.

While the structures of Nayl.7 have been determined by
cryo-EM at high resolution (Shen et al., 2019; Huang et al.,
2022), progress toward resolving the structure with IEM mu-
tations has been limited by challenges in obtaining sufficient
quantity of Nayl.7 protein (Shen et al., 2021), as well as intrinsic
mobility of the VS that reduces the level of local resolution
achieved by cryo-EM in the VS, where many IEM mutations are
located. To overcome these limitations, we introduced IEM
mutations into NayAb, a bacterial homolog of mammalian Nay
channels, and determined their structures by X-ray crystallog-
raphy (Payandeh et al., 2011). The structures of NayAb and
Nayl.7 are similar in their core transmembrane domains (within
<3 A RMSD; Payandeh et al., 2011; Shen et al., 2019; Huang et al.,
2022), and key structural elements involved in the activation of
human Nayl.7 are exchangeable between them (Payandeh et al.,
2011; Ahuja et al., 2015; Xu et al., 2019; Wisedchaisri et al., 2021).
This approach has previously uncovered the structural basis for
the gain-of-function phenotypes caused by three IEM mutations
in the S4-S5 linkers of Nay1.7, which induce the formation of an
additional hydrogen bond in the activated state (Wisedchaisri
et al., 2023). Here, we used that powerful approach to investi-
gate the structural basis for the pain-inducing effects of IEM
mutations in the VS of Nayl.7. Our structures reveal distinct
mechanisms through which IEM mutations in the VS alter the
gating movements of the S4 segments and thereby provide a
structural and physiological basis for the pain-inducing ef-
fects of these Nayl.7 channelopathy mutations at the near-
atomic level.

Materials and methods

Materials availability

Further information and requests for resources and reagents
should be directed to the corresponding author Goragot Wise-
dchaisri (goragot@uw.edu). All reagents generated in this study
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are available from the corresponding author with a completed
materials transfer agreement.

Microbe strains

E. coli GC10 was cultured at 37°C in LB medium supplemented
with 100 pg/ml of ampicillin for plasmid DNA extraction. E. coli
DHI10Bac was cultured at 37°C in LB medium supplemented with
50 pg/ml kanamycin sulfate, 7 ug/ml gentamicin, and 10 pg/ml
tetracycline for bacmid production.

Cell culture

Sfo (Spodoptera frugiperda) insect cells were maintained in
Grace’s Insect Medium and supplemented with 8-10% FBS and
penicillin/streptomycin at 27°C and passaged at 80-95% con-
fluence for baculovirus production. Hi5 (Trichoplusia ni) insect
cells were maintained and infected in Grace’s Insect Medium
supplemented with 8-10% FBS and glutamine/penicillin/strep-
tomycin at 27°C for electrophysiology and protein expression.

Mutagenesis and baculovirus production of NayAb with

IEM mutation

The pFastBac-NayAbA28 plasmid carrying a C-terminal 28-
residue truncation (residues 1-239) of NayAb gene (Gamal
El-Din et al., 2019) was used as a template for site-directed
mutagenesis. To generate a desired plasmid of a NayAb mu-
tant, overlapping oligonucleotide primers with a codon changed
to a specific mutation were synthesized (Integrated DNA Tech-
nologies) and used for site-directed mutagenesis PCR with
PfuUltra II Fusion HotStart DNA Polymerase (Agilent). The PCR
products were treated with Dpnl (New England Biolabs) and
transformed into E. coli GC10 competent cells (Genesee Scien-
tific). Plasmid DNAs were isolated from transformed colonies
using the QIAprep Spin Miniprep Kit (Qiagen) according to the
manufacturer’s protocol and sequenced to confirm the mutation.
Plasmids containing NayAbA28 with the IEM mutation were
used to transform E. coli DH10Bac competent cells for bacmid
production, and baculoviruses were prepared with Sf9 insect
cells using the Bac-to-Bac protocol according to the manufac-
turer (Life Technologies). All baculoviruses were tested for
protein expression in Hi5 insect cells and the expression levels
were confirmed by Western blot analysis to be consistent for all
mutants. The same batches of baculoviruses were used for both
electrophysiology and protein purification experiments.

Electrophysiology of NayAb with IEM mutations

Hi5 insect cells were infected with baculovirus containing
NayAbA28 with an IEM mutation (Gamal EI-Din et al., 2019).
After 24-48 h, whole-cell sodium currents were recorded using
an Axopatch 200 amplifier (Molecular Devices) with glass mi-
cropipettes (1.5-2.5 MQ; Gamal El-Din et al., 2019). The intra-
cellular pipette solution contained (in mM): 35 NaCl, 105 CsF, 10
EGTA, and 10 HEPES, pH 7.4 (adjusted with CsOH). The extra-
cellular solution contained (in mM): 140 NaCl, 2 CaCl,, 2 MgCl,,
and 10 HEPES, pH 7.4 (adjusted with NaOH). Linear capacitance
was subtracted and 80-90% of series resistance was compen-
sated using internal amplifier circuitry. Current versus voltage
(I/V) relationships of the peak currents were recorded in
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response to steps to voltages ranging from -160 to +160 mV in
10-mV increments from a holding potential of -160 or -180 mV.
Pulses were generated and currents were recorded using Pulse
software controlling an InstruTECH ITC-18 interface (HEKA).
Data were analyzed using Igor Pro 8 (WaveMetrics).

Analysis of electrophysiological data

Voltage-clamp data were analyzed using Igor Pro 8 (Wave-
Metrics). The peak current at each voltage of the current family
was plotted as a function of the stimulus voltage to visualize the
1/V relationship. Normalized conductance/voltage (G/V) curves
were calculated from the I/V curves and fit with a simple one-
component Boltzmann equation 1/[1 + exp(V, - Vi) /k], in which
Vo, is the stimulus potential, V, is the half-activation voltage,
and k is a slope factor. The half-time (t) for inactivation was
measured from the peak of each current trace. A single expo-
nential function was used to fit the inactivation kinetics of all
mutants. The data were presented as the mean and standard
error of the mean (SEM). Statistical significance was evaluated
with Student’s t test.

Protein expression and purification of NayAb with

IEM mutations

Third passage (P3) baculoviruses for NayAbA28 with an IEM
mutation were used to infect Hi5 cells in single-layer culture
dishes (~12 dishes for each preparation), and the cells were in-
cubated at 27°C for ~72 h. Cells were harvested by centrifuga-
tion, and the pellets were resuspended in Buffer A (50 mM Tris
HC], pH 7.5, and 200 mM NaCl) supplemented with 1 mM PMSF,
2x SigmaFast protease inhibitor cocktails (MilliporeSigma),
benzamidine HCl, and DNase I. Cells were lysed by sonication
and membranes were solubilized with 1% high-purity digitonin
(MilliporeSigma) for 1 h at 4°C with gentle mixing. The mixture
was centrifuged at 15,000 x g for 30 min at 4°C and the super-
natant was incubated with Anti-FLAG-M2 affinity gel (Milli-
poreSigma) for 1 h at 4°C with gentle mixing. The resins were
washed with Buffer B (Buffer A supplemented with 0.12% digi-
tonin) and the bound protein was eluted with Buffer C (Buffer B
supplemented with 200 pM FLAG peptide). Eluted protein was
concentrated to 1 ml using Vivaspin20 100 kD MWCO (Cytiva)
and further purified with Superdex S200 size-exclusion chro-
matography (Cytiva) using 10 mM Tris HCl, pH 7.5, 100 mM
NaCl, and 0.12% digitonin as a column running buffer. Elution
fractions were evaluated using SDS-PAGE and peak fractions
were combined and concentrated to a final concentration of
~20 mg/ml. Protein concentrations were estimated using 1 A,go
absorbance unit = 1 mg/ml on a NanoDrop spectrophotometer.

Crystallization of NayAb with IEM mutations

NayAb-bicelle complexes were prepared by mixing NayAbA28
with an IEM mutation with 10% bicelle (7.5% wt/vol DMPC and
2.5% wt/vol CHAPSO) at 1:4 or 1:5 vol ratios to obtain final
3.0-3.5 mg/ml protein concentration. The complexes were
screened for crystallization conditions under 1.70-1.95 M am-
monium sulfate and 0.1 M sodium citrate tribasic, pH 4.6-6.0
(Hampton Research). Crystals were cryo-protected by stepwise
transfers to a series of cryo-protectant solutions containing
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6-30% glucose (6% increments) with the same concentration of
ammonium sulfate and sodium citrate in which the crystals
were grown.

X-ray data collection and structure determination of NayAb
with IEM mutations

Crystals were tested for diffraction and data were collected at
Advanced Light Source (ALS) beamlines 5.0.3, 8.2.1, and 8.2.2
(Howard Hughes Medical Institute). Diffraction data were pro-
cessed using the HKL2000 program (Otwinowski and Minor,
1997) with anisotropic scaling and truncation due to anisotro-
pic diffraction. Structures were solved by molecular replace-
ment with PHASER (McCoy et al., 2007) using the previously
determined NayAb structure (PDB accession no. 3RVY;
Payandeh et al., 2011, or PDB accession no. 6MWA; Gamal El-Din
et al, 2019) as a search model and refined with REFMAC
(Murshudov et al., 2011) in the CCP4 program suite (Winn et al.,
2011). Manual model building and local real space refinement
were carried out in COOT (Emsley et al., 2010), followed by
structure refinement in REFMAC. Subsequently, structures were
refined with Phenix.refine module and the final structures were
analyzed and validated using MolProbity in the Phenix program
suite (Liebschner et al., 2019; Tables S3).

Modeling of NayAb structure with IEM mutations in the
resting state

Homology models of NayAb tetramer structure with the IEM
mutations in the resting state were generated with Modeller 10.2
(Webb and Sali, 2016) using the disulfide-locked NayAb/KAV/
G94C/Q150C cryo-EM structure (PDB accession no. 6P6W;
Wisedchaisri et al., 2019) as a template. Structure figures and
morph movies were made with Pymol (Schrodinger).

Online supplemental material

Fig. S1 shows multiple amino acid sequence alignments of NayAb
and human Nayl.7. Table S1 lists IEM mutations in the VS of
Nayl.7 for this study. Table S2 lists the activation properties of
NayAb and Nayl.7 with the IEM mutations. Table S3 shows
X-ray data collection and refinement statistics of the NayAbA28
structures with the IEM mutations.

Results

Structure and function of Na, Ab with Na,/1.7 IEM mutations
We surveyed IEM mutations in human Nayl.7 in the literature
and selected several mutations for structural and functional
studies. In this report, we focus our analysis on NayAb struc-
tures with four JEM mutations in the VS of Nayl.7 (Fig. 1) that
potentially affect channel activation by modifying the move-
ment of the S4 segment. Their positions in the structures of
Nayl.7 and NayAb are shown in Fig. 1, A-C, and their genetic
background, phenotypic properties, and biophysical effects are
described in Tables S1 and S2. We introduced each of these IEM
mutations into the C-terminal-truncated construct NayAbA28,
and expressed, purified, and crystallized the mutant NayAb
proteins as described previously (Wisedchaisri et al., 2023). All
of these constructs conduct voltage-gated sodium currents that
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Figure 1. IEM mutations in voltage sensors of Nay1.7 and NayAb. (A) Topology diagram of Nay1.7 with four IEM mutations (red circles) in the VS of domains
I'and Il selected for this study (left). Equivalent IEM mutations were introduced into the homotetrameric bacterial channel NayAb (cyan) for electrophysiological
and structural characterization (right). (B) Structure of human Nay1.7 with the locations of four IEM mutations mapped onto the model presented in side view
(red spheres). Each domain is colored as in A. (C) Structure of NayAb with the locations of four IEM mutations mapped onto the model presented in side view
(red spheres). For clarity, the IEM mutations are shown only in one subunit (teal). Due to the homotetrameric nature of NayAb, the mutations are also present
in the remaining subunits (cyan). (D) Structure of human Nay1.7 with the locations of four IEM mutations mapped onto the model in the top view (red spheres).
(E) Structure of NayAb (cyan) with the locations of four IEM mutations mapped onto the model in the top view (red spheres). For clarity, the [EM mutations are
shown only in one subunit. Due to the homotetrameric nature of NayAb, the mutations are also present in the remaining subunits. The structure of Nay1.7 from

D is superimposed (with the IEM mutations shown as pink spheres).

activate and inactivate rapidly (Fig. 2, A, C, and D), and their
voltage dependence of activation (V,) is negatively shifted to
different extents as expected for IEM mutations (Fig. 2 B). All
structures were determined for NayAb channels embedded in
lipid bicelles by X-ray crystallography at a resolution ranging
from 2.5 to 3.3 A, which yielded near atomic clarity in most cases
(Table S3). All structures have their VS in the activated state, as
determined by the outward position of the S4 segment, while the
pore is closed at the activation gate formed by the intracellular
ends of the S6 segments. To gain insight into the conformational
transitions that are altered by the IEM mutations during acti-
vation of the VS, we generated structural models of the NayAb
IEM mutants in the resting state using the disulfide-crosslinked
resting-state structure of NayAb as a template (Wisedchaisri
et al,, 2019). Our results presented below reveal an underlying
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mechanism for hyperexcitability, by which these IEM mutations
modify S4 interactions with nearby amino acid residues and
lipids, potentially reducing the energy barrier to outward
movement of the gating charges.

Four IEM mutations in the VS

The mutations in the VS are located in the SI segment in domain
I of Nayl.7 (I136V), in the extracellular half of the S4 segment in
domain I of Nayl.7 (S211P and F216S), and in the extracellular
half of the S4 segment in domain IT of Nay1.7 (L823R; Fig. 1, A and
B). They are equivalent to NayAb 122V, E96P, L101S, and LI9SR,
respectively (Fig. 1 C). Each structure in this group is similar to
the NayAbA28 WT structure (Gamal El-Din et al., 2019) with an
overall Ca. RMSD of <0.7 A, indicating minimal alteration of the
overall backbone structure by the mutations. When expressed in
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Figure 2. Functional properties of NayAbA28 with IEM mutations. (A) Families of sodium currents for NayAb/WT (black), 122V (blue), E96P (red), L98R
(green), and L101S (gray). NayAb/WT and mutants were expressed in Hi5 insect cells and studied by whole-cell voltage clamp recording as described in
Materials and methods. (B) Voltage-dependence of activation of NayAb/WT and mutants. I/V relationships of the peak sodium currents were recorded in
response to steps to voltages ranging from -160 to +20 mV in 10-mV increments from a holding potential of -160 or -180 mV. G/V relationships were
calculated as described in Materials and methods. The plots for each mutation are colored as in A. (C) Time to reach peak current is plotted as a function of
stimulus voltage as calculated from results in A. The plots for each mutation are colored as in A. (D) Meantime constants for inactivation calculated from the

results of experiments similar to those in A as described in Materials and methods. The plots for each mutation are colored as in A.

Hi5 insect cells, these IEM mutations in the VS cause negative
shifts in V, of NayAb from -4 to -29 mV (Fig. 2 B and Table S2).

Nay1.7 1136V/Na\Ab 122V

The Ile residue at this position in the SI segment is conserved in
all domains of Nay channels and NayAb (Fig. S1) and forms part
of the hydrophobic constriction site in the VS, along with the
conserved Phe residue (F56) in S2, which creates a water-
impermeable seal at the center of the VS to focus the electric
field (Fig. 3, A and B). The mutation 122V caused a shift of -4 mV
in the V, of NayAb (Fig. 2 B and Table S2) comparable with the
shifts of -5.7 and -12.2 mV observed for Nayl1.7/1136V (Cheng
et al., 2008; Wu et al., 2013). In addition, the NayAb/I22V mu-
tation did not show any significant change in the kinetics of ac-
tivation (Fig. 2 C) but caused a slightly slower rate of inactivation
(Fig. 2 D). This is similar to the changes in activation and

Wisedchaisri et al.
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inactivation kinetics observed in Nayl.7/1136V (Cheng et al.,
2008; Wu et al., 2013). The structure of NayAb/I22V at 2.5-A
resolution reveals a slight local conformational change in the
rotamer of the fourth gating charge Arg (R108 or R4; Fig. 3, A and
B). This small structural change is mostly due to a reduction in the
volume of the 122V side chain. In WT, the Ile22 side chain forms a
van der Waals contact with the side chain of the gating charge R4
at the Cg, C,, and Cs positions with its Cs (Fig. 3 C). Replacement
of the side chain of Ile22 by Val (ACs) creates extra space in the
surrounding area and provides the R4 side chain more flexibility
and degrees of freedom of movement. In the resting state
(Wisedchaisri et al., 2019), the Cs atom of Ile22 interacts with the
side chains of the second gating charge Arg (R102 or R2) and F56.
The reduction in the volume of the 122V side chain appears to
destabilize the resting state by reducing these van der Waals
interactions and also creates more space to allow more flexibility
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A Crystal structur B

for the R2 side chain to move more easily in response to smaller
changes in membrane potential (Fig. 3 D). (R# in boldface signi-
fies the consensus numbering of gating charge arginine residues
on S4 of voltage-gated ion channels, while R# in regular font
shows residue number specific for NayAb.)

How does 1136V in Nayl.7 cause channel hyperexcitability?
During the course of VS activation, the S4 segment moves out-
ward in response to depolarization to activate the VS and trigger
pore opening (Wisedchaisri et al., 2019). The trajectory of the S4
segment involves a vertical sliding movement of two helical
turns that translocates two gating charges Arg above the hydro-
phobic constriction site. Since Ile136 is part of the hydrophobic
constriction site that interacts with the Arg gating charges in S4
during voltage sensor activation, the 1136V mutation likely de-
stabilizes the resting state and reduces the energy barrier for S4
movement by creating more space, thereby making it easier for
the S4 segment to activate at more negative membrane potential
(Fig. 3 D and Video 1). Because voltage-dependent activation of
sodium channels is a nonequilibrium process in which activation
races against fast inactivation to activate and open the pore, both
destabilization of the resting state and reducing the energy barrier
for S4 movement would contribute to the negative shift in V,. In
this way, these structural mechanisms would work together to
facilitate the outward movement of S4 and activate Nayl.7-VS],
which is the first domain to move in response to membrane de-
polarization and set the stage for channel activation during an
action potential (Chanda and Bezanilla, 2002).

Nay1.7 S211P/NayAb E96P
The Ser residue in this position is conserved in domains I and II
of all human Nay subtypes except Nayl.9. It is located three
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Figure 3. Structure of NayAb/I22V. (A) Crystal structure of
NayAb 122V with the mutation shown in red. (B) Close-up view
of NayAb 122V structure in the activated state (teal). Side chains
of residues 122V (red), Phe56, and Argl08 (R4; cyan) are shown
as sticks with the oa-weighted 2Fo-Fc electron density map
contoured at 1.0 level overlaid (mesh). (C) Comparison of
NayAb 122V structure (teal) with the structure of NayAb WT
(light orange). Side chains of the gating charges R2 to R4 are
shown as sticks. The 122V mutation lacks the Cs atom present in
Ile22 and results in more space for R4 to change conformations.
The van der Waals hemisphere of Ile22 Cg is shown as dots.
NayAbA28 (PDB accession no. 6MWA) was used for the com-
parison as WT. (D) Homology model of NayAb 122V structure in
the resting state.

residues before the first Arg gating charge (R214 or R1) at the
start of the S4 segment in domain I (Fig. S1). Bacterial Nay ho-
mologs often contain a Ser or a Thr residue in this position
(Koishi et al., 2004). However, NayAb uniquely contains Glu
(E96) at this location. Mutation of this residue to Pro (E96P)
causes a -7 mV shift in V, (Fig. 2 B and Table S2), comparable to
the shift of -8.2 mV observed for Nay1.7/S211P (Estacion et al.,
2010). We did not observe a significant change in time to peak
activation for NayAb/E96P (Fig. 2 C). However, the rate of inac-
tivation was significantly faster for the E96P mutant than for the
WT (Fig. 2 D). This is consistent with the faster inactivation ki-
netics for S211P mutation in Nayl.7 (Estacion et al., 2010). When
Glu96 of NayAb was mutated to a Ser, as in Nayl.7 WT, the V, of
NayAb E96S was positively shifted by +20 mV compared with
NayAb WT (Table S2). Based on these results, the shift in V, from
Ser to Pro at this position (S96P) amounted to a hefty change in V,
of -27 mV (from V, of -70 mV for E96S to V, of -97 mV for E96P).

The crystal structure of NayAb/E96P shows a local confor-
mational change in the extracellular S3-S4 loop at the start of
the S4 segment (Fig. 4, A and B). In the WT structure, the
backbone carbonyl oxygen of Glu96 forms a hydrogen bond to
the amide nitrogen of Vall00 with a distance of 2.8 A as an «
helix (Fig. 4 C). The Glu side chain in WT also stabilizes the first
Arg gating charge (R1) one helical turn away via charge-charge
interaction. However, in the mutant structure, the E96P back-
bone no longer maintains the hydrogen bond, as the distance
between the carbonyl oxygen of E96P and the amide nitrogen of
Vall00 increases to 4.4 A (Fig. 4, B and C). Since the $3-S4 linker
moves substantially outward during activation of the VS
(Wisedchaisri et al., 2019), its looser structure in E96P may favor
voltage-dependent activation. In addition to this structural
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change, the mutation from a charged Glu (or a polar Ser in
Nayl.7) to a more hydrophobic cyclic structure (pyrrolidine
ring) in Pro likely facilitates amino acid-lipid interactions. In-
deed, our structure shows that the Pro side chain ring makes
van der Waals interactions with the glycerol backbone of di-
myristoylphospatidylcholine (DMPC) from the lipid bicelle
used in our preparation (Fig. 4 B). The E96P mutation also
causes the gating charge R1 to become disordered as the elec-
tron density for the Rl side chain is not visible (Fig. 4 B), which
may help R1 to move more freely during the voltage sensor
activation. Based on these structural features, the S4 segment is
further stabilized in the activated state compared with the WT,
most likely by the favorable Pro-lipid interactions.

Mapping of NayAb/E96P in the resting state model suggests
that protein-lipid interactions contribute to the negative shift of
activation. In the resting state model, E96P is part of a 3,5 helix
that includes the entire S4 segment (Fig. 4 D) and points toward
the S1 and S2 helices and the aqueous cleft in the same direction
as the four Arg gating charges, likely straining E96P in an en-
ergetically unstable conformation. Once S4 shifts outward dur-
ing channel activation, E96P moves outward and unwinds to
face the membrane, resulting in increased stabilization of the
activated state (Video 2). Thus, a newly formed protein-lipid
interaction for E96P in NayAb and S211P in Nay1.7, which occurs
in the activated state but not in the resting state, likely con-
tributes to the driving force for channel hyperexcitability.

Na\1.7/L823R (Na,Ab/L98R)

Leu at this position is conserved in NayAb (Fig. S1) and the first
three VSs of Nayl.7 compared with Ile in domain IV. The L98R
mutation in NayAb produced a -10 mV shift in V, (Fig. 2 B and
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Figure 4. Structure of NayAb/E96P. (A) Crystal structure of
NayAb/E96P with the mutation shown in red. (B) Close-up view
of NayAb/E96P structure in the activated state (teal). Residues
E96P (red), 1le97, Leu98, Arg99 (R1), and Vall0O (cyan) are
shown as sticks with the o,-weighted 2Fo-Fc electron density
map contoured at 1.0c level overlaid (mesh). A DMPC lipid
molecule interacting with E96P is shown as yellow sticks.
(C) Comparison of NayAb/E96P structure (teal) with the
structure of NayAb WT (light orange). The backbone carbonyl
oxygen of Glu96 and the amide nitrogen of Vall00 form a hy-
drogen bond (black dashes) that stabilizes the S4 helix in the
WT structure. The E96P mutation breaks the helical confor-
mation of S4 by inducing a longer distance between these
atoms (red dashes). The side chain of E96P also interacts with
the glycerol backbone (green) of DMPC. The van der Waals
hemispheres are shown as dots. NayAb/I217C (PDB accession
no. 3RVY) was used for the comparison as WT because the
S3-S4 loop was not modeled in NayAbA28 (PDB accession no.
6MWA). (D) Homology model of NayAb/E96P structure in the
resting state. The backbone carbonyl oxygen of E96P and the
amide nitrogen of R1 form a hydrogen bond (black dashes) that
stabilizes the 34 helix.

Table S2), similar to the -14.6 mV shift for Nayl.7/L823R
(Lampert et al., 2009). L98R showed a slower time to peak be-
tween -120 and -100 mV compared with NayAb WT, but this
difference in the activation kinetics disappeared when the
membrane potential was in the range of 100 to 0 mV (Fig. 2 C).
The mutant also showed a significantly slower inactivation time
constant than the WT (Fig. 2 D) in the same fashion as for the
L823R mutation in Nayl.7 (Lampert et al., 2009). The backbone
conformation in the S4 segment around the mutation from Ile97
to Argl02 (also referred to as R2) shifts by as much as 3.6 A from
the conformation in the WT, as measured at Ca atoms (Fig. 5,
A-C). In addition, electron density for the L98R side chain as
well as the S3-S4 loop is disordered, indicating higher flexibility
in this region (Fig. 5 B). Further analysis reveals that the most
common side chain rotamers for L98R would clash with the
S3-54 loop seen in the WT, partly explaining why the loop is
disordered. The side chain rotamers that can be modeled (red)
without a clash displace the first gating charge Arg side chain
(R99; also referred to as R1) in the WT and point toward the
aqueous cleft in parallel with R1 (Fig. 5 C). The R2 side chain in
the mutant structure also changes conformation to stack un-
derneath the R1 side chain and it interacts with the extracellular
negatively charged residue Glu32 from S1 (Fig. 5 B) instead of
making van der Waals interactions with the S3-S4 loop as seen
in WT (Fig. 5 C). In the WT structure, Leu98 points its side chain
toward the membrane region and the activated state is stabilized
by hydrophobic interactions with the lipids (Fig. 5 C). Without a
conformational change in the backbone that allows the Arg side
chain to point toward the aqueous cleft, the L98R mutation
would place a charged side chain in the membrane region and
destabilize the channel-lipid interaction. Therefore, the L98R
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mutation causes a local conformation change in the S4 segment
to overcome this instability by moving the charged Arg side
chain from the membrane face toward the polar face of the
aqueous cleft (Fig. 5, B and C).

Interestingly, the resting state model of NayAb/L98R sug-
gests that the positively charged Arg side chain is buried within
the hydrophobic acyl chains of the lipid bilayer (Fig. 5 D). The
energy penalty to bury a charged residue in a hydrophobic lipid
bilayer likely decreases the stability of the resting state. Since
putting the charged side chain of L98R next to the aqueous cleft
is much more favorable in the activated state, this mutation may
result in a negative shift in V, due to its unfavorable charge-lipid
interactions in the resting state (Video 3).

S1
R2

S3

Na\1.7/F216S (Nay,Ab/L101S)

Phe at this position in domains I and II of Nay1.7 is substituted by
the similarly hydrophobic residue Leu in domain III and in
NayAb (Fig. S1). We introduced the F216S mutation into NayAb
at its equivalent position, LeulO1 located next to the second Arg
gating charge (Argl02 or R2; Fig. S1). NayAb/L101S exhibits a
-29 mV shift in V, (Fig. 2 B and Table S2), which is larger than the
shift of -11.7 mV observed for Nay1.7/F216S (Choi et al., 2006). We
suggest that the large negative shift of V, comes from the syner-
gistic effects of the mutations in four subunits in NayAb in this
case. NayAb/L101S exhibits a shallower plot for the activation time
to peak activation compared with the WT (Fig. 2 C), which re-
capitulates the biophysical properties of Nay1.7/F216S (Choi et al.,
2006). L101S also shows faster inactivation kinetics between -110
and -90 mV but becomes slower in the more physiologically
significant voltage range above -90 mV (Fig. 2 D).
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Figure 5. Structure of NayAb/L98R. (A) Crystal structure of
NayAb/L98R with the mutation shown in red. (B) Close-up view
of NayAb/L98R structure in the activated state (teal). Side
chains of residues L98R (red), Glu32, Arg99 (R1), and Argl02
(R2; cyan) are shown as sticks with the oa-weighted 2Fo-Fc
electron density map contoured at 1.0 level overlaid (mesh).
The S3-S4 loop and the side chain of L98R are disordered.
(C) Comparison of NayAb/L98R structure (teal) with the struc-
ture of NayAb WT (light orange). A hypothetical model for the
,{f L98R side chain (red) is illustrated to indicate a favorable ro-
tamer that does not clash with the S3-S4 loop. NayAb/I1217C
(PDB accession no. 3RVY) was used for the comparison as WT
because the $3-S4 loop was not modeled in Na,AbA28 (PDB
accession no. 6MWA). (D) Homology model of NayAb/L98R
structure in the resting state. DMPC lipid molecules are shown
as yellow sticks to indicate the membrane bilayer.

DMPC

The crystal structure of NayAb/L101S in the activated state is
similar to WT, except for the side chain of L101S, which is
smaller and more polar (Fig. 6 A). The L101S side chain points to
the lipid region and likely interacts with the acyl chain of the
DMPC phospholipid in our lipid bicelle preparation (Fig. 6, A and
B). The acyl chain in the phospholipid at this location is well-
ordered in the WT NayAb structure, but it is disordered by the
L101S mutation, indicating high lipid mobility and weak binding
due to the polar substitution (Fig. 6 C). In the resting state model
of NayAb/L101S, L101S is located near the center of the lipid
bilayer and likely leads to an even more unfavorable protein-
lipid interaction because burying the polar hydroxyl group of
Ser deeply in the hydrophobic lipid environment is energetically
costly (Fig. 6 D). The resulting destabilization of the resting state
may explain the hyperexcitability caused by this mutation
(Video 4).

Discussion

IEM mutations are spread broadly through the amino acid se-
quence of Nayl.7, although they are concentrated mostly in do-
mains I and II (Fig. 1). In previous work, we focused our study on
three mutations in the S4-S5 linker that all convert the WT
amino acid residue to a Thr and cause sodium channel hyper-
excitability by forming a novel hydrogen bond in the activated
state between the S4-S5 linker and the pore module
(Wisedchaisri et al., 2023). Here, we focused on IEM mutations
in the VS of human Nayl.7 where voltage-dependent gating
takes place to give new insight into the molecular basis for hy-
perexcitability in four additional sets of affected IEM families
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(Table S1). By expressing these selected IEM mutations in the
context of the ancestral sodium channel NayAb, we were able to
crystallize and determine the high-resolution structure of each
mutation in its native state with an activated VS. Because NayAb
structure in the resting state is also known (Wisedchaisri et al.,
2019), we were able to use molecular modeling methods to
define the effects of [IEM mutations on the structures of both
resting and activated states. By comparing the structural ef-
fects of these mutations in these two states of the VS, similar
mechanisms by which these [IEM mutants modify VS function
became apparent, which define the structural basis for their
hyperexcitability.

IEM mutations in the VS modify movements and interactions
of the S4 gating charges

Voltage-dependent gating of ion channels depends upon voltage-
driven transmembrane movement of the Arg and Lys gating
charges in the S4 segments in the VS. In the resting state, the S4
segment is drawn inward by the electrostatic force of the neg-
ative membrane potential exerted on its positive gating charges,
which interact with the negatively charged residues in the in-
tracellular negative cluster of Glu residues. Upon depolarization,
the electrostatic force of the membrane potential is released, the
S4 segment moves outward through the hydrophobic constric-
tion site, and the S4 gating charges interact with the extracel-
lular negative cluster of Glu and Asp/Asn residues (Catterall
et al., 2017; Wisedchaisri et al., 2019). Our results suggest that
IEM mutations in the VS of Nayl.7 (I136V, S211P, F216S, and
L823R) facilitate the outward movement of the S4 gating charges
by altering their interactions with surrounding amino acid side
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Figure 6. Structure of NayAb/L101S. (A) Crystal structure of
NayAb/L101S with the mutation is shown in red. (B) Close-up
view of NayAb/L101S structure in the activated state (teal). Side
chains of residues L101S (red), Arg99 (R1), and Arg102 (R2; cyan)
are shown as sticks with the os-weighted 2Fo-Fc electron
density map contoured at 1.0c level overlaid (mesh). A DMPC
lipid molecule potentially interacting with L101S is shown as
yellow sticks. The acyl chain of the DMPC is partially disordered.
(C) Comparison of NayAb/L101S structure (teal) with the
structure of NayAb WT (light orange). The DMPC molecule is
fully ordered in the WT structure. NayAbA28 (PDB accession no.
6MWA) was used for the comparison as WT. (D) Homology
model of NayAb/L101S structure in the resting state. DMPC lipid
molecules are shown as yellow sticks to indicate the membrane
bilayer. The L101S side chain is buried at the center of the
membrane bilayer.

chains and lipids to stabilize the activated-state and/or desta-
bilize the resting-state conformations.

1136V is located in the S1 segment of Nayl.7-VS1 and forms
part of the hydrophobic constriction site that serves as a seal in
the VS of domain I. The Ile136 residue is absolutely conserved in
all four domains of Nayl.7 and all human Nay subtypes, under-
lining the importance of the Ile side chain at this position for
normal channel function. Our structural results show that sub-
stitution of the shorter side chain of Vall36 weakens the in-
teraction with R2 and the hydrophobic constriction site to
destabilize the resting state while also creating additional space
for the outward movement of the gating charges in the S4 seg-
ment of domain I of Nayl.7. The mutation S211P in Nay1.7 causes
alocal structural change that loosens the helical conformation in
the S4 helix and creates a more hydrophobic surface for the S4
helix, where it interacts favorably with a neighboring lipid
molecule in the activated VS structure. The mutation L823R in-
troduces an additional positive charge into the S4 segment of VS2
at the position immediately before the first Arg gating charge,
and the mutation F216S introduces a hydrophilic residue in the
S4 segment of VS1. By burying a charged R823 side chain or a
polar Ser216 side chain in the lipid bilayer, these two mutations
would greatly destabilize the resting state and thereby negatively
shift V, and promote activation.

All IEM mutations studied here were substituted in NayAb, a
homotetrameric bacterial sodium channel, instead of the four-
domain human Nayl.7 channel. As each mutation is present four
times in the homotetramer, this may amplify the effect of the
mutation in our electrophysiological characterization. Because
each IEM patient possesses only a single IEM mutation, we chose

Journal of General Physiology
https://doi.org/10.1085/jgp.202313450

90f11


https://doi.org/10.1085/jgp.202313450

to characterize these mutations individually. It is possible that
all the mutations studied here would have synergistic effects
when presented simultaneously. The IEM mutations in the VS of
Nayl.7 occur mainly in domains I and II, which have the same
number of gating charges as the VS of NayAb, making NayAb an
ideal system to study these mutations. However, NayAb may be
less appropriate for IEM mutations in domain IV which pri-
marily activates to trigger fast inactivation, and for mutations in
Nayl.7 that cause a related condition known as PEPD, which
impaired fast inactivation, since NayAb lacks an equivalent fast
inactivation apparatus found in vertebrate Nay channels. NayAb
has a slow inactivation process that causes pore closure, similar
to the slow inactivation of eukaryotic Nay channels (Pavlov
et al., 2005). Consistent with previous studies in Nayl.7, most
of the IEM mutations studied here in NayAb (I22V, L98R, L101S)
primarily slowed the rate of inactivation compared with WT in
the physiologically important membrane potential range from
-100 to -40 mV (Fig. 2 D). On the other hand, E96P showed a
slightly faster rate of inactivation (Fig. 2 D), but it is nevertheless
consistent with the faster inactivation kinetics for S211P muta-
tion in Nayl.7 (Estacion et al., 2010). It is unclear how the mu-
tations affect the inactivation kinetics based on the structures, as
there is no structural change observed in the pore domain. The
effects on slow inactivation of IEM mutations expressed in
NayAb are consistent with their hyperexcitable phenotype
in vivo, but they probably do not contribute in a major way to
the disease phenotype in most individuals with mutations in
human Nayl.7 (Lampert et al., 2014). We note that the E96P
mutation in NayAb may not fully represent the effect of the
S211P mutation in Nayl.7, and the Pro-lipid interaction observed
in our structure requires further functional studies in native
Nayl.7. Lastly, it will be important in the future to determine
experimental structures of Nayl.7 IEM mutants in both the
resting and the activated states at high resolution and to conduct
molecular dynamics studies in the time scale required for the
full functional operation of the channel to further validate these
findings.

Conclusion

Our structures of IEM mutants expressed in NayAb reveal the
structural bases for the pathogenic actions of IEM mutations in
the VS of Nay1.7 that cause channel hyperexcitability. In general,
these mutations cause little or no change in the backbone of the
VS. Instead, our structures indicate that the IEM mutations fa-
cilitate the outward movement of the S4 segment by shifting the
energetics of the VS by stabilizing the activated and/or desta-
bilizing the resting state, resulting in a negative shift in V,. This
high-resolution information on these focused structural changes
gives new insights into IEM pathogenesis at the near-atomic
level and provides a molecular template for mutation-specific
therapy of this debilitating disease.

Data availability

The data underlying this study are openly available in the Pro-
tein Data Bank (PDB) under accession numbers 8DIV, 8DIW,
8DIX, and 8DIY for NayAbA28 122V, E96P, LI8R, and L101S,
respectively.
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Figure S1.  Multiple amino acid sequence alignments of NayAb and human Nay1.7. Amino acid sequences in the region from S1to S4 segments are shown.
Yellow highlights show the approximate transmembrane boundary. IEM mutations are indicated by red highlight in human Nay1.7 and cyan in NayAb.
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Video 1. Predicted transition of NayAb/I22V from the resting state to the activated state from the transmembrane view. 122V, Phe56, and the four Arg
gating charges are shown as red, green, and blue sticks, respectively. The S1 and S2 segments are colored in teal, S4 in magenta, the S4-S5 linker in orange,
and the pore module S5-S6 in cyan. S3 is omitted for clarity. The morph movie was created based on the resting state homology model and the activated state
crystal structure with the transition interpolated based on calculations in PyMol. Playback speed, 30 frames/s.

Video 2. Predicted transition of NayAb/E96P from the resting state to the activated state from the transmembrane view. E96P and the four Arg
gating charges are shown as red and blue sticks, respectively. DMPC lipids are shown as yellow sticks. Dashes indicate distance in Angstrom. The morph movie
was created based on the resting state homology model and the activated state crystal structure with the transition interpolated based on calculations in
PyMol. Playback speed, 30 frames/s.

Video 3. Predicted transition of NayAb/L98R from the resting state to the activated state from the transmembrane view. L98R, Glu32, and the four
Arg gating charges are shown as red, pink, and blue sticks, respectively. DMPC lipids are shown as yellow sticks. The morph movie was created based on the
resting state homology model and the activated state crystal structure with the transition interpolated based on calculations in PyMol. Playback speed, 30
frames/s.

Video 4. Predicted transition of NayAb/L101S from the resting state to the activated state from the transmembrane view. L101S and the four Arg
gating charges are shown as red and blue sticks, respectively. DMPC lipids are shown as yellow sticks. The morph movie was created based on the resting state
homology model and the activated state crystal structure with the transition interpolated based on calculations in PyMol. Playback speed, 30 frames/s.

Three tables are provided online. Table S1 lists IEM Mutations. Table S2 shows activation properties of NayAb and Nay1.7 with IEM
mutations. Table S3 lists X-ray data collection and refinement statistics of NayAbA28 structures with Nay,1.7 IEM mutations in the
voltage sensors.
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