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Na,1.2 channel mutations preventing fast
inactivation lead to SCN2A encephalopathy

Géza Berecki,?1 Elaine Tao,>' Katherine B. Howell,*> Rohini K. Coorg,®

Erik Andersen,’ Kris Kahlig,® Markus Wolff,” Ben Corry>* and Steven Petrou®%%#

T#These authors contributed equally to this work.

SCN2A gene-related early-infantile developmental and epileptic encephalopathy (EI-DEE) is a rare and severe dis-
order that manifests in early infancy. SCN2A mutations affecting the fast inactivation gating mechanism can result
in altered voltage dependence and incomplete inactivation of the encoded neuronal Na,1.2 channel and lead to ab-
normal neuronal excitability.

In this study, we evaluated clinical data of seven missense Na,1.2 variants associated with DEE and performed mo-
lecular dynamics simulations, patch-clamp electrophysiology and dynamic clamp real-time neuronal modelling to
elucidate the molecular and neuron-scale phenotypic consequences of the mutations.

The N1662D mutation almost completely prevented fast inactivation without affecting activation. The comparison of
wild-type and N1662D channel structures suggested that the ambifunctional hydrogen bond formation between re-
sidues N1662 and Q1494 is essential for fast inactivation. Fast inactivation could also be prevented with engineered
Q1494A or Q1494L Na,1.2 channel variants, whereas Q1494E or Q149K variants resulted in incomplete inactivation
and persistent current. Molecular dynamics simulations revealed a reduced affinity of the hydrophobic IFM-motif
to its receptor site with N1662D and Q1494L variants relative to wild-type. These results demonstrate that the inter-
actions between N1662 and Q1494 underpin the stability and the orientation of the inactivation gate and are essential
for the development of fast inactivation. Six DEE-associated Na,1.2 variants, with mutations mapped to channel seg-
ments known to be implicated in fast inactivation were also evaluated. Remarkably, the L1657P variant also pre-
vented fast inactivation and produced biophysical characteristics that were similar to those of N1662D, whereas
the M1501V, M1501T, F1651C, P1658S and A1659V variants resulted in biophysical properties that were consistent
with gain-of-function and enhanced action potential firing of hybrid neurons in dynamic action potential clamp ex-
periments. Paradoxically, low densities of N1662D or L1657P currents potentiated action potential firing, whereas in-
creased densities resulted in sustained depolarization.

Our results provide novel structural insights into the molecular mechanism of Na,1.2 channel fast inactivation and
inform treatment strategies for SCN2A-related EI-DEE. The contribution of non-inactivating Na,1.2 channels to neur-
onal excitability may constitute a distinct cellular mechanism in the pathogenesis of SCN2A-related DEE.
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Introduction

The SCN2A gene-encoded voltage-gated Na,1.2 channels are pre-
dominantly expressed in the excitatory neurons of the CNS, where
they contribute to the generation and propagation of action poten-
tials. De novo missense mutations in SCN2A can lead to neurodeve-
lopmental disorders of various severity, including early-infantile
developmental and epileptic encephalopathy (DEE), a rare severe
disorder caused by Na,1.2 gain-of-function.’

Na,1.2 channels activate in response to depolarizing stimuli to
allow the influx of Na* ions. Activation is followed by fast inactiva-
tion, a mechanism which terminates the Na* conductance even in
the continued presence of depolarization. This mechanism is im-
portant for controlling neuronal excitability by preventing rapid re-
firing and allowing the membrane potential to return to resting
values once the signal has been sent. Fast inactivation of sodium
channels has been intensely studied for nearly 80 years.*™
Channel activation is initiated by the rapid movement of segment
4 (S4) voltage sensors in domains I-III (S4py.1ry), leading to pore open-
ing followed by the slower movement of S451, which represents the
rate-limiting step for the development of fast inactivation and the
recovery from this state.’> A sequence of three conserved hydro-
phobic amino acids (IFM motif) in the DIII-IV linker (inactivation
gate) is essential for fast inactivation since mutations of these resi-
dues are able to slow or completely remove fast inactivation.”® In
rat brain sodium channels, alanine scanning mutagenesis of the
S4-5py region and subsequent two-microelectrode voltage clamp
experiments showed incomplete fast inactivation with F1651A or
L1660A channels and a nearly abolished fast inactivation with the
N1662A mutant relative to wild-type.’* It has been suggested that
the mutated residues form part of the inactivation gate’s IFM motif
receptor.®*

The availability of sodium channel structures provides a unique
opportunity to further unravel the fast inactivation mechanism
at the molecular level.’>° This process involves a series of elec-
trostatic interactions between amino acid residues located on
S4pry, S4-5prv linker, DIII-IV linker (inactivation gate), Sépy and
Séprv of the intracellular pore module, and the C-terminal domain

(CTD).*® A hydrophobic receptor site mapped to residues in the
S4-5pp; and S4-5prv linkers and outside of the helices lining the ac-
tivation gate represents the IFM motif binding site.’>'®%° Recent
data suggest that in addition to IFM motif binding, the closure of
two hydrophobic rings at the bottom of S6 helices is also needed
to complete fast inactivation.? However, despite the experimental
data and the novel cryo-electron microscopy (EM) structures of
various neuronal Na, channels,'®'”??23 fundamental questions re-
garding the precise molecular interactions mediating Na,1.2 fast
inactivation still prevail.

Early-infantile DEE-related Na,1.2 channel variants often show
impaired biophysical properties due to a changed voltage depend-
ence, time course and/or extent of fast inactivation. Patients are at
high risk of premature mortality from direct and indirect effects of
seizures, which typically begin within days of birth and are often dif-
ficult to control with antiseizure medications. Understanding the me-
chanisms of ion channel dysfunction leading to abnormal neuronal
excitability should facilitate the interpretation of the neurological
disease and the implementation of mechanism-targeted therapies.

In this study, we assessed the biophysical and structural conse-
quences of the N1662D missense mutation identified in a patient
with severe early-infantile DEE. This mutation is predicted to cause
local structural changes that severely alter fast inactivation and
neuronal excitability. We used engineered Na,1.2 channel variants
to probe the role of hydrogen bond formation between residues
N1662 (located in the cytoplasmic end of S5p;y) and Q1494 (located
in the DIII-IV linker) in fast inactivation. Similarly, we also assessed
six DEE-associated Na,1.2 missense mutations located nearby the
N1662 residue (L1657P, P1658S, A1659V), the S4-5py linker
(F1651C) or the DIII-IV linker (M1501V, M1501T) to determine their
impact on fast inactivation and neuronal excitability. To under-
stand the structural changes caused by the N1662D mutation rela-
tive to wild-type, we used molecular dynamics (MD) simulations
and evaluated the binding stability of the IFM motif and other key
interactions between residues in the S4-S5prv linker and DIII-IV
linker. The results suggest that the N1662-Q1494 interaction plays
a critical role in maintaining a stably bound inactivation gate, and
mutations of either residue lead to disrupted fast inactivation.
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Materials and methods

Pathogenic SCN2A variants were identified through the SCN2A
International Natural History Study (NHS) (c.4984A>G, p.N1662D);
ClinVar database (https:/www.ncbi.nlm.nih.gov/clinvar/) (c.4502T>C,
p-M1501T; ¢.4972C>T, p.P1658S); Simons Searchlight database (SSDb)
(https:/www.sfari.org/resource/simons-searchlight/) (c.4501A>G,
p-M1501V); or referred through a network of collaborating clinicians
(c.4970T>, p.L1657P). The c.4952T>G, p.F1651C and c.4976C>T,
p.A1659V variants have been reported previously.?*?* The study
was approved by the Human Research Ethics Committees of the
Royal Children’s Hospital and Austin Health Melbourne, State
Medical Association of Berlin and Simons Foundation. Written in-
formed consent was obtained for the individuals with the L1657P
and N1662D variants, whose clinical data are presented here.

For all variants, the adult SCN2A isoform?® was used as a template.
The N1662D, Q1494A, Q1494E, Q1494L and Q1494K variants were
synthesized wusing a QuikChange mutagenesis kit (Agilent
Technologies) with custom-made forward (F) and reverse (R) primers
(Bioneer Pacific) detailed in Supplementary Table 1. All sequences
were verified and confirmed at the Australian Genome Research
Facility (Melbourne, Victoria, Australia). The F1651C, M1501V,
M1501T, L1657P, P1658S and A1659V variants were custom-made
(Genscrip).

Chinese hamster ovary (CHO) cells were cultured and transiently
co-transfected with wild-type or mutant Na,1.2 channel variant
(5ng) and enhanced green fluorescent protein (1pg) using
Lipofectamine 3000 kit (Thermo Fisher Scientific), as previously de-
scribed.?” Cells were incubated at 37°C in 5% CO, for 24 h. Three to
four days post-transfection, the cells were dissociated using TrypLE
Express (Thermo Fisher Scientific Australia Pty Ltd) and plated on
glass coverslips for electrophysiological recordings.

Sodium currents through Na,1.2 channel variants (In,) Were re-
corded using the whole-cell configuration of the patch-clamp tech-
nique using an Axopatch 200B amplifier (Molecular Devices) as
previously described.?”?® The CHO cells were superfused with
extracellular solution containing 145 mM NaCl, 5 mM CsCl, 2 mM
CaCl,, 1mM MgCl,, 5mM glucose, 5mM sucrose and 10 mM
HEPES (pH = 7.4 with NaOH), at a rate of ~0.2 ml/min. Patch pipettes
of ~1.5 MQresistance were pulled from borosilicate glass capillaries
(GC150TF-7.5, Harvard Apparatus Ltd.) and filled with intracellular
(pipette) solution containing 5mM CsCl, 120 mM CsF, 10 mM
NaCl, 11 mM EGTA, 1 mM CaCl,, 1 mM MgCl,, 2 mM Na,ATP and
10 mM HEPES (pH=7.3 with CsOH). Current and potentials were
low-pass filtered (cut-off frequency 10kHz) and digitized at
50 kHz. Series resistance was compensated by >85%, and potentials
were corrected for the estimated liquid junction potential. The leak
and capacitive currents were corrected using a —P/4 pulse protocol,
except when using steady-state inactivation and recovery from fast
inactivation protocols. The voltage protocols assessing Iy, activa-
tion, steady-state inactivation, recovery from fast inactivation, per-
sistent Iy, (Ina-p), and Iy, kinetics were described previously®® and
are shown as insets in the figures.
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Dynamic action potential clamp (DAPC) recordings were per-
formed by implementing scaled wild-type or A1329D Iy, in a bio-
physically realistic axon initial segment (AIS) model, as previously
described.”® Unless specified otherwise, the virtual sodium con-
ductance of the AIS model was set to zero, whereas the virtual
K, channel and the virtual Na,1.6 channel conductance values
were set to gK, =2 (twice the original gK,) and gNa,1.6 =0.4, re-
spectively.?® Action potential firing was elicited using step current
injections of 1s duration in 2-pA increments between -2 and
+24 pA. In all DAPC experiments, the membrane potential (Vy,),
stimulus current, in silico Igy, in silico Inay1.6 and Ixavi.» Were simul-
taneously recorded.

Current densities were determined by dividing the inward
peak Iy, current amplitudes by cell capacitance (Cy). The voltage-
dependence of the activation was determined from a holding
membrane potential (HP) of —120 mV, using depolarizing voltage
steps of 40 ms duration in 5 mV increments in the voltage range
between —80 and +55mV. Current density values were plotted
against membrane voltage to obtain current density-voltage rela-
tionships. Conductance (G) was determined according to the equa-
tion G=1/(V-Vyey), Where V,e, is the reversal potential for Na*.
Normalized conductance values (G/Gmax) were plotted against
membrane potential to obtain activation curves. The voltage de-
pendence of steady-state fast inactivation was determined from a
HP of —120 mV using preconditioning voltage steps of 100 ms dur-
ation in 5 mV increments in the voltage range between -80 and
+20 mV, followed by a 20-ms test pulse to —10 mV to test the avail-
ability of the sodium current. Activation and inactivation curves
were fit using the Boltzmann equation as follows:

G 1
Gmax [ + eV -Vosl/K] 0]

where V is the membrane voltage, Vo5 is the voltage for half-
maximal activation or inactivation (Vo s, act OF Vo5, inact, Fespective-
ly) and kis the slope factor. In,.p Wwas determined after —P/4 leak cor-
rection, 40 ms after the onset of a depolarizing voltage step and was
expressed as percent of peak Ina.?% Iy, p Wwas not determined for the
engineered Na,1.2 variants (Q1494A, Q1494E, Q1494L, and Q1494K)
and for the two pathogenic Na,1.2 variants (N1662D and L1657P).
Q1494A, Q1494L, N1662D and L1657P exhibited non-inactivating in-
ward current amplitudes >50% of the inward peak 40 ms after the
onset of a depolarizing voltage step.

The time constant of the recovery from fast inactivation was de-
termined by measuring current amplitudes during paired-pulse (P1
and P2) depolarizations®® and fitting a single exponential equation
to data, as follows:

I

=1—eV" )]

Tinax

where I« is the current amplitude elicited by P1, I is the current
amplitude elicited by P2, and t is the time between P1 and P2. For
variants exhibiting a relatively large fraction of non-inactivating
current (Q1494A, Q1494E, Q1494L, N1662D and L1657P), the inacti-
vated current fraction was first determined as the difference be-
tween the inward peak current amplitudes during P1 and P2
when using t=0.1 ms. The recovery of the inactivated current frac-
tion was plotted against t and a single exponential equation was fit-
ted to the data as described above.

The firing frequency of the variants relative to wild-type was
determined using Clampfit 10.7 software (Molecular Devices).
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The mean firing frequency was plotted against the depolariz-
ing stimulus current amplitude resulting in input-output
relationships.

The voltage-gated Na,1.2 channel structure was downloaded from
the Protein Data Bank?® (PDB accession no. 6J8E).'® The in silico muta-
tions of Na,1.2 were introduced using Pymol 2.3.2 (Schroedinger LLC).

Systems were set up for wild-type, N1662D, Q1494L, L1657P, M1501V
and F1651C. The proteins were embedded within a pure
1-palmytoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine  (POPC) bi-
layer and solvated with 0.15 M NaCl solution using CHARMM-GUI.*
Mutations were introduced accordingly for each of the relevant sys-
tems. Systems were 140 A along the plane of the membrane (x and y
directions) and 120 A in the z direction.

Simulations were conducted using Amber2 using the fol-
lowing forcefields: ffSB19 protein,*® Lipid22,>** OPC water® and
12-6 ion parameters.*® All systems were equilibrated via minimiz-
ing, heating, pressurizing, a short 50 ns of protein backbone re-
strained simulation (at 5kJ/mol), and gradual reduction of
restraint over 24 ns. Each system was then simulated for five repli-
cates of 1 ps each at 1 bar and 310K, using the Monte Carlo baro-
stat’” and Langevin thermostat,?® respectively. Hydrogen mass
repartitioning® was used to increase the timestep to 4fs and
hydrogen bonds were constrained via the SHAKE algorithm.*
Periodic boundary conditions and a 10 A van der Waals cut-off
were used. RMSD (root mean square deviation), RMSF (root mean
square fluctuation) and distance calculations were performed
using MDAnalysis.*! Hydrogen bond interactions were assessed
using ProLIF.*’> Representative snapshots from MD trajectories
were produced in Visual Molecular Dynamics (VMD) software.*?

Replica exchange with solute tempering (REST2) simulations were
set up for wild-type, N1662D and Q1494L using the CHARMM-GUI
Enhanced Sampler.** Hamiltonians in the DIII-IV linker (residues
1486-1518) and side-chain atoms in the linker binding residues
(1321-1330, 1476, 1479-1480, 1483, 1651-1663, 1769-1777) were scaled.
Sixteen replicas were used at 310.15, 326.37, 343.20, 360.67, 378.75,
397.62, 417.08, 437.27, 458.17, 479.88, 502.42, 525.80, 550.06, 575.24,
601.42, 620.30K respectively. Systems were equilibrated for 10 ns
without scaled Hamiltonians; then each replica was equilibrated for
10 ns with scaled Hamiltonians. REST2 was run for 500 ns, with a
time step of 2fs and attempting exchange every 1000 steps.
Simulations were conducted with GROMACS 2022* using the
CHARMMS36m* forcefield and TIP3P water,*” with the pressure set
at 1 bar using the Parinello-Rahman barostat*® and the global tem-
perature set to 310K using the Noose-Hoover thermostat.*
Analysis was conducted on the lowest temperature replica.

0’31,32

Data are presented as meanz+standard error of the mean.
Electrophysiological data were analysed in Clampfit 9.2 (Molecular
Devices). Statistical analyses were carried out using GraphPad
Prism 9.0 (La Jolla, CA, USA) and Origin 2023 (Microcal Software Inc.,
Northampton, MA). One-way ANOVA followed by Dunnett’s post
hoc test was used to evaluate the properties of Na,1.2 channel var-
iants relative to wild-type. Pearson’s correlation analysis was used
to determine the strength of linear association between the fraction
of N1662D Iy, and the V,, value showing sustained depolarization
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in DAPC experiments, and the correlation coefficient, r. Differences
were considered statistically significant if P <0.05; n, the number of
individual experiments, is included in the figures and Table 1.
Statistical analyses of the MD simulations were performed by first
applying decorrelation analysis to extract uncorrelated data-points
using time series in pymbar Python packages, then using the stu-
dent’s t-test on the filtered data-points via the SciPy Python package.

Results

We evaluated the clinical and biophysical characteristics of two
SCN2A variants associated with early-infantile DEE (N1662D and
L1657P) and performed database and literature searches identifying
additional SCN2A variants reported as pathogenic (M1501T, M1501V,
F1651C), likely pathogenic (P1658S) or pathogenic/likely pathogenic
(A1659V) for biophysical studies (see the ‘Materials and methods’
section). The selection criteria were the location and mutation prox-
imity in space relative to amino acid residue N1662 when using the
published cryo-EM structure of the Na,1.2 channel.’®

The N1662D variant, identified through the SCN2A NHS data-
base and reported in abstract form by Takacs et al.,*® was identified
by whole exome sequencing in an individual born at 34 weeks ges-
tation. This individual had early-infantile developmental and epi-
leptic encephalopathy, with seizure onset on Day 1 of life. Initial
seizure types were focal and tonic, and EEG in the neonatal period
demonstrated a burst-suppression pattern. Some initial reduction
in seizure frequency was noted with phenobarbitone and pheny-
toin, although phenytoin was reported to increase sedation.
Ultimately, seizures were resistant to all treatments tried, includ-
ing sodium channel blocking (SCB) anti-seizure medication (SCB:
lacosamide, oxcarbazepine, zonisamide, non-SCB: levetiracetam).
She experienced frequent episodes of status epilepticus until initi-
ation of the ketogenic diet (KD) at age 3 years of age. KD remains the
most effective treatment and has significantly reduced ICU admis-
sions. Her current epilepsy treatments are KD, lacosamide, oxcar-
bazepine, zonisamide and phenobarbitone. Her brain MRI at age
5 years showed severe cerebral and cerebellar atrophy, with diffu-
sion restriction present in the bilateral symmetric medial temporal
lobes, thalamus and hippocampi. Her EEG at age 6 years showed a
diffusely suppressed background without interictal epileptiform
activity. This child continues to experience profound developmen-
tal delays, severe hypotonia and microcephaly, is gastrostomy-fed,
and has a tracheostomy.

L1657P has been identified in two patients. The first is a male, born
after a normal pregnancy and well at birth. Seizures started from Day
2 of life onwards with frequent daily episodes of tonic seizures,
spasms and status epilepticus, with burst-suppression pattern on
the EEG (consistent with EIDEE) and normal brain MRI. Treatment
with phenobarbital, levetiracetam, vigabatrin or ketogenic diet
showed no effect. With phenytoin treatment, seizures and EEG im-
proved, but daily seizures persisted. Addition of valproate, bromide
or chloral hydrate had no effect on epilepsy. The child showed a se-
vere global developmental disorder, an extreme severe form of spas-
ticity, had no eye contact and little reaction to stimuli, and was fed
with a PEG tube. The child died at age 20 months from pneumonia.

The second is a boy born at term, with onset of electroclinical and
electrographic focal seizures on Day 3 of life. The epilepsy syndrome
consistent with epilepsy of infancy with migrating focal seizures. On
neurologic examination, he was encephalopathic and hypertonic.
Seizures were resistant to phenobarbitone, levetiracetam, vigabatrin
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Table 1 Biophysical characteristics of the engineered and pathogenic Na, 1.2 variants relative to wild-type

Variant Ina density at —10 mV (pA/pF) Vo.5,act (MV) Vo.5,inact (MV) Ina-p at —10 mV (% of peak) t recovery (ms)
WT 458.3 £ 55 -17.56 +0.42 -51.70+0.96 1.06 +£0.29 1.19+0.03
n 22 22 22 22 18
P-value - - - - -
N1662D 95.2 + 17" —17.24 +0.44N8 —39.56 + 1.3 ND 0.54 + 0.02****
n 16 16 16 - 14
P-value <0.0001 0.999 <0.0001 - <0.0001
Q1494A 212.7 + 28" —13.39 +0.47*** —-36.75 +2.1%* ND 0.51 + 0.04***
n 6 6 6 - 5
P-value 0.048 <0.0001 <0.0001 - <0.0001
Q1494E 195.8 + 54* -16.01+0.72N8 —-36.15+ 1.3"* ND 0.61 +0.04***
n 6 6 6 - 6
P-value 0.002 0.463 <0.0001 - <0.0001
Q1494L 103.0 + 14 -15.28 +0.74* —43.02 + 1.4 ND 0.69 + 0.03***
n 7 7 7 - 7
P-value <0.0001 0.044 <0.0001 - <0.0001
Q1494K 38.3+£7.9" -9.03 +0.58*** —43.22 +0.46"** ND 1.01+0.08*
n 9 9 8 - 8
P-value <0.0001 <0.0001 <0.0001 - 0.0038
F1651C 461.5 + 60NS -16.12 + 0.59"8 —38.92 + 0.53** 4.86+0.57** 0.67 +0.02****
n 7 7 7 7 6
P-value >0.999 0.482 <0.0001 <0.0001 <0.0001
M1501V 265.4 + 51 -10.81 +0.61*** —42.63 +0.68"** 4.04+0.79* 0.84 +0.04™**
n 7 7 6 7 7
P-value 0.032 <0.0001 0.0001 0.0028 <0.0001
M1501T 275.2 + 278 -18.18 +0.58N8 —46.37 +0.54N5 3.63+0.96* 0.69 + 0.01***
n 6 6 6 6 6
P-value 0.076 0.996 0.007 0.021 <0.0001
L1657P 109.8 + 24*** -16.51+0.84N8 -44.82 +3.7% ND 0.62 +0.03***
n 7 7 7 - 6
P-value <0.0001 0.844 0.0036 - <0.0001
P1658S 140.6 +22*** -14.34 +0.57** —42.62 +0.68™** 5.91 + 0.99"* 0.59 + 0.02****
n 9 9 9 9 7
P-value <0.0001 0.0002 <0.0001 <0.0001 <0.0001
A1659V 361.3 + 50N -17.00 +0.63N8 -46.66 + 0.60* 5.64 + 0.43"" 0.77 +0.05***
n 10 10 10 10 9
P-value 0.562 0.992 0.026 <0.0001 <0.0001

Data are presented as mean + standard error of the mean. The statistically significant differences between wild-type (WT) and mutant Na,1.2 channels were determined using
one-way ANOVA, followed by Dunnett’s post hoc test (*P <0.05, **P <0.01, **P < 0.001 and ***P < 0.0001). ND = not determined; NS = statistically not significant difference
compared to WT. Iy, = sodium current; Iy,.p = persistent sodium current; n = number of independent experiments; t recovery = time constant of recovery from fast inactivation;
Vo.s —act = membrane potential for half-maximal activation; Vo s _inact = membrane potential for half-maximal inactivation.

and lacosamide. An initial reduction in seizure frequency was
noted with each of carbamazepine, phenytoin and clobazam, but
this was not sustained. At age 4 months, seizures continue at be-
tween multiple daily and multiple hourly frequency and are often
prolonged.

P1658S, identified through the ClinVar database, has been de-
scribed as a likely pathogenic variant.

A1659V has been identified in a cohort of Vietnamese DEE pa-
tients and reported as pathogenic/likely pathogenic.?®

M1501T (ClinVar) has been associated with early-infantile DEE.

M1501V identified through the SSDb database, has been re-
ported in a male patient and described as a pathogenic de novo vari-
ant associated with early-infantile DEE.

F1651C has been identified as a mosaic de novo mutation in a pa-
tient with early-infantile DEE characterized by seizure onset at
6 weeks of age, with seizures classified as clonic and generalized
tonic-clonic, showing multifocal spikes and episodes of status epi-
lepticus. At 3 months, the patient became seizure free following
phenytoin administration; however, low levels of phenytoin re-
sulted in relapse.®*

The N1662 residue is located at the cytoplasmic end of S5pry, near
the inactivation gate (DIII-IV linker) and the S4-5py; and S4-5Sprv
linkers, in the proximity of the intracellular gate (Fig. 1).*® This sug-
gests that the N1662D mutation may severely affect fast inactiva-
tion, in agreement with previous alanine scanning mutagenesis
data.* The investigation of the wild-type channel structure re-
vealed that the N1662 residue is involved in intermolecular interac-
tions with several adjacent residues, including Q1494 and F1489
in the Dy v linker, and P1657 in the S4-5ppy linker. Remarkably,
the hydrogen bonds between the N1662 and Q1494 residues are
simultaneous donor and acceptor interactions that may impact
the stability and orientation of the a-helices.”* The N1662D muta-
tion likely disrupts hydrogen bond formation between N1662 and
Q1494 (Fig. 1Q).

To determine the impact of the N1662D mutation on the bio-
physical properties of the channel, we transiently expressed the
wild-type or the N1662D Na,1.2 channel variants in CHO cells and
recorded whole-cell sodium currents (In,) using the voltage clamp
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inactivation gate N1662

Figure 1 Location of amino acid residue 1662 and impact of N1662D mutation on polar interactions. (A) 2D transmembrane topology of the wild-type
(WT) Nay1.2 channel showing domains DI-DIV and amino acid residues N1662 (cytosolic side of S5pry) and Q1494 (DIII-DIV linker/inactivation gate, in
pink). The positive charges in the S4 voltage-sensing segments are marked. (B) 3D side-view of the WT Na,1.2 channel (PDB accession no. 6J8E).'® The
boxed area highlights the N1662 residue and the inactivation gate. (C) Hydrogen bonds (dotted lines) between N1662 and Q1494 are ambifunctional
(simultaneous donor and acceptor) in the WT channel (left). The N1662D mutations abolishes the hydrogen donor function of residue 1662 (right).
Note that in the WT channel, N1662D also forms polar interactions with P1658 (located in S4-5p;y and F1489 (IFM motif). The N1662 to Q1494 distance
measured between the electronegative nitrogen amines (in blue) and carbonyl oxygens (in red) is 2.7 A and 3.4 A, whereas the D1662 to Q1494 distance

is3.4A.

technique. Relative to wild-type, the N1662D mutation caused a
5-fold reduction of the Iy, density and almost completely prevented
inactivation, resulting in a relatively small decline of the inward
peak Iy, amplitude at the end of 100-ms depolarizations (Fig. 2A
and B and Table 1). Relative to wild-type, the voltage dependence
of N1662D activation was unchanged; however, the voltage depend-
ence of the inactivated N1662D current fraction exhibited a 12-mV
shift towards depolarized potentials (Fig. 2B and Table 1). Such a
positive shift of the inactivation curve may predispose to enhanced
neuronal excitability.”” On the other hand, the lack of sodium chan-
nelinactivation could lead to a sustained depolarization of the mem-
brane potential and prevent action potential firing in neurons.>>>?
Recovery from inactivation was faster for the N1662D variant rela-
tive to wild-type (Fig. 2B and Table 1). This may reflect a reduced af-
finity of the inactivation gate receptor for the IFM motif due to a
non-absorbing inactivation state from which recovery is faster.>*

Inter-helical hydrogen bonds between N1662 and
Q1494 are essential for fast inactivation

We hypothesized that the hydrogen bonds between the N1662
and Q1494 residues are critical determinants of the fast

inactivation gating mechanism. To this end, we mutated the
Q1494 residue to amino acids with neutral, acidic or basic side
chains and examined the mutant channels biophysically. We pre-
dicted that the substitution of the neutral, polar Q1494 residue
with a neutral, non-polar A or L residue would destabilize or abol-
ish the fast inactivated state, consistent with the absence of
hydrogen bonds between N1662 and A1494 or L1494. However,
the substitution of Q1494 to acidic E or basic K residue should still
permit the formation of a single hydrogen bond between N1662
and E1494 or K1494 and enable the development of fast inactiva-
tion to some extent.

The Q1494A and Q1494L mutations substantially prevented fast
inactivation during depolarizing test pulses and resulted in bio-
physical properties very similar to those of the N1662D variant.
The Q1494E mutant exhibited slowly decaying currents, whereas
the Q1494K retained significant inactivation (Fig. 2B and C).
Relative to wild-type, all four engineered mutations resulted in de-
creased current densities, faster recoveries of the inactivated frac-
tion and large depolarizing shifts of the inactivation curve (Fig. 2B
and C and Table 1), but had limited effects on activation, resulting
in small shifts of the activation curve (Fig. 2B and C and Table 1).
These results demonstrate that hydrogen bond interactions
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Figure 2 The N1662D mutation and inactivation gate residue Q1494 mutations prevent fast inactivation. (A) Representative wild-type (WT) and
N1662D current traces elicited by 100-ms depolarizing (conditioning) voltage steps in 5 mV increment from a membrane potential of —120 mV, followed
by a 20-ms test pulse to —10 mV to determine current availability (asterisk); inset: protocol. For a better resolution, an approximately 80-ms break was
implemented on the x-axis of the WT and N1662D traces 15 ms after the onset of the inward current. (B) Current density-voltage relationships (top left).
Time course of recovery from fast inactivation (top right). The time constants (z-values) of recovery were obtained by non-linear fits of data to a single
exponential equation (Eq. 2). Voltage dependence of activation (bottom left) and inactivation (bottom right). Activation was assessed using the inset proto-
col shown in C, whereas the protocol assessing steady-state inactivation is shown in A. The normalized conductance-voltage relationships are plotted
as G/Gmax Values versus voltage and are referred to as activation or inactivation curves. Curves were obtained by non-linear least-squares fits of data to
Boltzmann equations (Eq. 1, ‘Materials and methods’ section). In all panels, the number of experiments, n, is shown in parentheses. The parameters of
the fits and the statistical evaluation are included in Table 1. (C) Mutations of the inactivation gate residue Q1494 prevent or slow fast inactivation. Top:
Enlarged views of the S5pry and DIII-DIV linker (inactivation gate) residues, showing altered polar interactions between N1662 and A1494, E1494, L1494
or K1494 relative to Q1494 (WT; see Fig. 1). Bottom: Representative WT and mutant Iy, traces elicited from a holding potential of —120 mV by 40-ms de-
polarizing voltage steps in 5 mV increment (inset: voltage protocol). Note that only the first 15 ms of the current traces are shown. The biophysical prop-
erties of Q1494A, Q1494E, Q1494L and Q1494 channels relative to WT are shown in B and Table 1.
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between the N1662 and Q1494 residues represent critical molecular
prerequisites for the development of fast inactivation in Na,1.2
channels.

Molecular dynamics simulations reveal a reduced
stability of the inactivated state in mutant channels

To confirm the structural basis underlying the disrupted fast inacti-
vation in N1662D channels, we conducted MD simulations on the
inactivated Na,1.2 structure. In over five replicates of 1 ps simula-
tions, we assessed recovery from the fast-inactivated state by ob-
serving the relative stability of the DIII-IV linker and the binding
of the IFM motif to its pocket.
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The N1662D mutant showed pronounced differences in simula-
tions compared to wild-type, displaying spontaneous dissociations
of the DIII-IV linker within 1 ps in three of five replicates, whereas
the IFM motif of the wild-type channel remained bound across
all replicates (Figs 3A-C and Supplementary Videos 1 and 2).
Distances between the centre of mass of IFM motif residues and
the centre of mass of its binding site residues were significantly dif-
ferent between wild-type and the N1662D mutant (Fig. 3D), suggest-
ing that the mutation perturbs binding of the IFM motif. In
wild-type, the ambifunctional hydrogen bonding configuration be-
tween Q1494 and N1662 was maintained throughout simulations
(Fig. 3E), contributing to stabilization of the bound DIII-IV linker in
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Figure 3 Stability of IFM-motif binding affected by different mutations compared to wild-type shown in molecular dynamics simulations. (A) Distance
between the IFM motif and its binding pocket (defined as the center of mass of F1489 and the center of mass of residues 1659, 1663 and 1769) determined
across the time course of each molecular dynamics (MD) trajectory for wild-type (WT; cyan) and N1662D (purple). Each of the five replicates plotted as a
separate line. (B) Density plots showing differences in the distributions of distance between IFM motif and its binding pocket for WT and N1662D.
(C) Representative snapshots taken from the trajectories showing the stably bound IFM motif in WT and the dissociation of the IFM motif and
DIII-IV helix in N1662D at different time points (marked as 1 and 2). (D) The distance between the IFM motif and its receptor were averaged for each
of the five replicates for WT, N1662D and Q1494L and shown as a box plot. This distance significantly increased in the N1662D (P =0.044) and was
unchanged in Q1494L (P =0.57). (E) Percentage of simulation where hydrogen donor and acceptor interactions were detected between residue 1662
and surrounding residues in WT (cyan) compared to N1662D (purple). (F) Distributions of distance between IFM motif and its binding pocket for other
variants, Q1494L (grey), M1501V (red), F1651C (blue) and L1657P (green), were very similar to WT, as seen in unbiased MD simulations. (G) REST2 simu-
lations were able to capture dissociation of the IFM in both N1662D and Q1494L.
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the inactivated state. Hydrogen bond donor interactions between
N1662 and Q1494 were present in almost 100% of wild-type simula-
tions. Notably, N1662 forms hydrogen bond donor interactions with
the F1489 backbone (IFM motif residue), which likely further in-
creases the binding stability of the DIII-IV linker. The mutation to
D1662 results in loss of hydrogen bond donor interactions, due to
lack of the nitrogen atom, and contributes to instability in binding
of the linker (Fig. 3E).

To investigate the contributions of Q1494 to the stabilization of
IFM motif binding, we simulated the Q1494L mutant. Surprisingly,
unlike N1662D, Q1494L was very similar to wild-type, with the
IFM motif remaining stably bound across replicates (Fig. 3D and F).
Although the Q1494L mutation also disrupts the 1662-1494 hydro-
gen bonding network, the N1662 can still form a hydrogen bond
with F1489, similar to wild-type (Fig. 3E), thus reducing the propen-
sity for IFM motif dissociation.

Given that the Q1494L mutation likely has a more subtle influ-
ence on the stability of the IFM motif than N1662D that was challen-
ging to capture within the time scale of our 1ps unbiased MD
simulations, we used an enhanced sampling method (REST2) to
better examine the stability of the IFM motif in the two mutants.
For N1662D, the distribution of the distance between the IFM motif
and its receptor shows two peaks greater than 10 A, indicating a
greatly reduced binding affinity compared to wild-type (Fig. 3G).
The Q1494L variant shows a more subtle effect where the distances
are slightly greater than the wild-type, suggesting a decreased
binding stability of the IFM (Fig. 3G). Overall, this highlights how dif-
ferent mutations in the DIII-IV linker can have varying effects on
IFM binding and, therefore, inactivation, with N1662D having a
stronger effect than Q1494L.

Apart from unbinding of the IFM motif, dissociation of other re-
gions of the DIII-IV linker was also captured in the N1662D equilib-
rium simulation. Notably, the helical portion of the DIII-IV linker is
observed to fluctuate in its orientation and move away from the
pore gate (Fig. 3C, right two panels). Thus, we hypothesized that
residues in the DIII-IV linker, upstream of the IFM motif, are also
responsible for binding to the S4-S5DIV linker and are also import-
ant for the inactivation mechanism. Overall, MD simulations dem-
onstrate that interactions between N1662 and Q1494 play an
important role in the spatial organization of the DIII-IV linker and
binding of the IFM motif to its receptor site.

It is plausible that in the axon initial segments of patients carrying
non-inactivating heterozygous Na,1.2 variants such as N1662D, fir-
ing activity is modulated by the expression level of the mutant
Na,1.2 channel protein. To evaluate the impact of the N1662D chan-
nels on neuronal excitability, we characterized the voltage re-
sponses of the AIS hybrid cell model incorporating wild-type or
N1662D Iy, in DAPC experiments (Fig. 4A). Hybrid neurons incorpor-
ating wild-type In, showed firing activity with a characteristic bell-
shaped input-output relationship (Fig. 5J). To mimic the reduced
expression level of N1662D channel relative to wild-type (Fig. 2A),
the inward peak amplitude of the implemented N1662D Iy, was sys-
tematically reduced. For example, a 5-fold lower N1662D expression
relative to wild-type corresponded to a 0.2 external Iy, fraction
(~80 pAN1662D Iy,). Hybrid neurons incorporating N1662D Iy, alone
did not fire action potentials during the step stimuli but showed sus-
tained depolarization of the membrane potential due to the non-
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inactivating N1662D Iy, (Fig. 4C and D and Supplementary Fig. 1).
Sustained V,, depolarization could be elicited with a range of
N1662D Iy, amplitudes and its magnitude was positively correlated
with the implemented N1662D Iy, fraction (Fig. 4B).

Hybrid neurons incorporating in silico Inav1 ¢ alone elicited repeti-
tive firing showing accommodation (Figs 4C and D). We varied the
amplitude of the external N1662D Na, 1.2 current (Inav1.2) in @ hybrid
neuron in the absence or presence of ‘co-expressed’ in silico Na,1.6
current (Inavie). Surprisingly, implementing 0.1 N1662D Iyay12 and
in silico Inav1.6 caused increased excitability, less accommodation, ac-
tion potentials with increased amplitude, and more efficient action
potential repolarization relative to Iyav16 alone (Fig. 4C and D).
However, a further increase of the non-inactivating Inay1» fraction
to 0.2 in the presence of Inavi6 led to a decrease in firing and transi-
tioning of the membrane potential to a sustained depolarized value
(Fig. 4C and D). These experiments also demonstrate that membrane
potential changes are associated with dynamic and complex
changes of the current components in the hybrid neuron, contribut-
ing to the shifts in balance between inward (Iy,) and outward potas-
sium (Ixy) currents (Fig. 4D). We investigated the contribution of
external wild-type Ina12 and 0.1 N1662D Iyayi - to total sodium entry
with or without Inay1 6. The results indicate that in the presence of in
silico Inavi.e, N1662D Inayi 2 increases sodium influx during single ac-
tion potentials compared to wild-type Inavi.2, Which correlates with
increased Igy. Notably, Iy, in hybrid neurons with 0.1 N1662D Inay1.2
alone fails to initiate repolarization, resulting in sustained depolar-
ization in DAPC experiments (Supplementary Fig. 4).

The S4-5prv and DIII-IV linkers may undergo relatively large move-
ments during fast inactivation gating, thus missense mutations af-
fecting residues located in these regions are expected to impact
channel function severely. We evaluated the biophysical characteris-
tics and the impact on neuronal excitability of several DEE-associated
missense mutations located in the inactivation gate (M1501T,
M1501V) or S4-5DIV linker (F1651C, L1657P, P1658S, A1659V). The clin-
ical features and treatment responses of individual patients are sum-
marized in the Supplementary material.

The L1657P, P1658S and A1659V mutations are localized near the
N1662 residue (Fig. 5A). Voltage clamp experiments revealed reduced
current density and a depolarizing shift of the activation curve for
P1658S, whereas the current densities and the activation curve for
A1659V remained unchanged relative to wild-type (Fig. 5C and E
and Table 1). For both P1658S and A1659V, the inactivation curves
shifted towards depolarized voltages, and the recoveries from fast
inactivation were faster (Fig. 5F and G and Table 1). Although
P1658S and A1659V retained fast inactivation, these variants exhib-
ited a very large inward persistent current (Iy,-p) relative to wild-
type, corresponding to ~6% of the transient peak Iy, (Fig. 5D and
Table 1). Ino.p can have a considerable impact on excitatory neuronal
function, influencing repetitive firing and facilitating hyperexcitabil-
ity.>® Relative to wild-type, the P1658S or A1659V Iy, resulted in a sig-
nificantly higher firing activity in DAPC experiments, associated
with an increased In,.p during the repolarization phase (Fig. SH-J).

The L1657P variant resulted in a large, non-inactivating Iya,
(Fig. 5B). The biophysical properties of the L1657P variant were simi-
lar to those of N1662D (Figs 5C-G and Table 1). Itis likely that the L to
P mutation breaks or kinks the S4-5p1y a-helix and disrupts the for-
mation of the hydrogen bonds needed to maintain the stability of
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Figure 4 Excitability of hybrid neurons incorporating wild-type or N1662D Na,1.2 channels in dynamic action potential clamp (DAPC) experiments.
(A) Schematic representation of the DAPC configuration, consisting of a mammalian (Chinese Hamster Ovary, CHO) cell transiently expressing wild-type
(WT) or N1662D Na, 1.2 channels and an axon initial segment (AIS) model. The membrane potential (V) is calculated in real-time (using a time step, At,
of 140 kH to update the input and output values) and applied as a voltage clamp command to the CHO cell membrane to elicit WT or N1662D Na,1.2
current (Ina). This ‘external’ Iy, is scaled and implemented in the model neuron. Unless mentioned otherwise, the in silico Na, 1.6 conductance is set to
zero. (B) Relationships between the magnitude of the implemented N1662D (In, fraction) and the mean V,, where sustained depolarization develops.
The shaded red area represents a strong positive correlation (r = 0.95); the number of individual experiments, n = 14. (C) Input-output relationships in
the hybrid model neuron incorporating external N1662D Iy, alone (Inav1., filled black squares), in silico WT Na,1.6 current alone (Inav1.6, Open black
squares), Inavi¢ and 0.1 external N1662D Inay1.2 (Open blue squares), or Inayi ¢ and 0.2 external N1662D Iyay1.2 (Open orange squares). Relative to hybrid
neurons incorporating 0.2 N1662D Inay1 2 and Inavi.e, Neurons with an increased N1662D Inay1 2 fraction show higher firing activity (orange and blue ar-
rows, respectively). Note that firing activity can be higher in hybrid cells implementing 0.1 N1662D Inay1.2 and Inayvi.e relative to Inavi ¢ alone (blue and
black stars, respectively). (D) Relationships between the V,,, and selected membrane current components of the hybrid model neuron, showing repre-
sentative V,, changes (traces at top) and associated scaled external input N1662D Iyay1 2, in silico Inavi ¢ (downward deflections) and in silico voltage-gated
potassium currents (Ixy, upward deflections). From left: N1662D Inav1.2 alone (purple traces) elicits sustained depolarization. Note the associated sus-
tained non-inactivating Inayv1.» and the depressed I, (black traces). In silico Inay1.6 alone (dark cyan traces) is associated with sustained firing. In the pres-
ence of 0.1 or 0.2 Inav1.2, in silico Iyay1.6 differentially enhances or reduces firing. Dashed lines indicate the 0-mV membrane potential (V,,) level; dotted
lines indicate the zero-pA current level; inset step current stimulus; the first 500 ms of the 1 s traces of V,,, and current traces are shown. See relation-
ships between the inward currents associated with action potential firing from the boxed areas marked with ‘1’ and ‘2".

the protein structure. In DAPC experiments, hybrid neurons incorp- respectively (Fig. 5A and Supplementary Fig. 3), are thought to
orating L16757P Iy, alone showed sustained depolarization. In the form a critical aromatic-sulfuric interaction, given that the
presence of in silico Iyav1e, @ relatively small-amplitude external F1651A mutation is known to result in a slow and incomplete fast
L16757P Iy, led to a transient increase of firing activity followed inactivation.** Mutations of the M1501 or F1651 residue may affect
by sustained membrane depolarization, similar to N1662D Iy, fast inactivation by destabilizing the binding of the IFM motif; how-
(Supplementary Fig. 2). ever, the effect may be less pronounced relative to those caused by

The 3D structure of the Na,1.2 channel suggests that in addition N1662D. In MD simulations of the M1501V and F1651C mutations,
to hydrogen bond interactions shown in Figs 1 and 2, additional in- we observed some instability between the DIII-IV linker and the
teractions may also contribute to the stability of the surface ex- S4-S55v linker; however, dissociation of the IFM motif could not
posed, highly mobile inactivation gate. The residues M1501 and be revealed with the IFM motif consistently bound throughout

F1651, located on the DII-IV linker and the S4-S5p;y linker, 1ps simulations (Fig. 3F). Supplementary Fig. 3 shows the
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Figure 5 Biophysical properties and functional impact of the wild-type and pathogenic L1657P, P1658S and A1659V variants. (A) Schematic represen-
tation of the assessed mutations relative to the N1662 residue. Zoomed-in cartoon representation of the S4-5Dyy linker structure in the wild-type (WT).
For additional details, see Fig. 1A. (B) Representative WT and mutant Iy, traces elicited from a holding potential of —~120 mV by 40-ms depolarizing (con-
ditioning) voltage steps in 5 mV increment (inset: voltage protocol). The L1657P mutation produces non-inactivating current, whereas the P1658S and
A1659V mutations result in a large persistent current relative to WT (arrows). Dashed lines indicate zero current level; only the first 14 ms of the current
traces elicited in the voltage range between —80 and +10 mV are shown. (C) Current density-voltage relationships. (D) Persistent inward Iy,-voltage
relationships. (E) Voltage dependence of activation (F) Voltage dependence of steady-state inactivation. (G) Recovery from fast inactivation. Data in
E-G were obtained and fitted as described in Fig. 1. See parameters of the fits and statistical evaluation in Table 1. (H) Representative action potential
traces in hybrid neurons incorporating transiently expressed WT, P1658S, or A1659V Na, 1.2 currents in dynamic action potential clamp (DAPC) experi-
ments. Traces elicited using 8 or 12 pA step stimuli are shown; dashed lines indicate zero V,, level. (I) Action potentials (corresponding to the action
potentials marked by asterisks in H) and associated WT (black), P1658S (brown) or A1659V (turquoise) Inav1.» traces on expanded time scale; arrows in-
dicate the increased persistent current component relative to WT; dotted lines indicate zero current level. (J) Input-output relationships. Firing fre-
quencies of mutants relative to WT were assessed using two-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05). Data are mean + standard
error of the mean; n, number of individual experiments shown in parentheses.

biophysical consequences of the pathogenic F1651C, M1501V and
M1501T mutations and their impact on neuronal firing. As ex-
pected, these mutations also severely affected the voltage depend-
ence and the recovery from fast inactivation and increased the
inward In,.p component relative to wild-type. DAPC experiments
provided a rapid prediction of the neuron-scale phenotypic conse-
quences of these three variants, resulting in increased action
potential firing of the hybrid neuron relative to wild-type
(Supplementary Fig. 3). The gain-of-function effects are consistent
with the reported severe clinical phenotypes of these variants.

Discussion

In sodium channels, the binding of the hydrophobic IFM motif to
the inactivation receptor site represents an essential conformation

change leading to fast inactivation.*®*® Inactivation can be pre-
vented by destroying the inactivation gate using internally per-
fused pronase,57 preventing the outward movement of the S4ppy,
using extracellular site 3 toxins,*® or mutating residues of the IFM
motif or the inactivation receptor.**'* In this study, we demon-
strate that fast inactivation of the Na,1.2 channel can also be pre-
vented by missense mutations associated with early-infantile DEE.

Recent high-resolution structure data demonstrate that the IFM
motif binds to a receptor site located on pore regions located out-
side of the pore-lining helices.'®?° The rate of inactivation is largely
aligned with the relatively slow movement of S4pyy, after which the
IFM motif may bind through a weakly voltage-dependent step to its
receptor.” Despite the proposed molecular models of fast inactiva-
tion gating,***®%° the details of the interactions between the resi-
dues involved are not fully understood.


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awad213#supplementary-data

Non-inactivating Na,1.2 variants and DEE

Genetic diagnoses and functional-clinical evaluation of rare mis-
sense Na,1.2 variants revealed that pathogenic mutations can oc-
cur at various channel regions and can lead to gain-of-function or
loss-of-function.?* Electrophysiological evaluation of Na,1.2 var-
iants confirmed gain-of-function produces early-infantile DEE.?”:>°
Here, we performed voltage clamp and dynamic action potential
clamp analyses to evaluate the biophysical and neurophysiological
consequences of missense Na,1.2 variants associated with early-
infantile DEE. Seven mutations in channel sequences significantly
involved in fast inactivation gating were studied.

Five variants demonstrated the expected gain-of-function. The
F1651C, P1658S, A1659V, M1501V and M1501T variants shifted the
voltage dependence of steady-state inactivation to more positive
membrane potentials and resulted in fast recovery from inactiva-
tion. The mutant currents displayed enhanced inward Iy, p with
an amplitude between 3% and 6% of the transient inward peak Iya
because of incomplete or delayed fast inactivation. In DAPC experi-
ments, each variant caused hyperexcitability when implemented
in an excitatory hybrid neuron model.

Remarkably, the N1662D and L1657P variants did not result in
gain-of-function, but instead resulted in non-inactivating currents,
highlighting a novel mechanism for SCN2A-related early-infantile
DEE. Given that sodium current inactivation represents a crucial as-
pect of neuronal excitability regulation, the lack of inactivation can
lead to a prolonged depolarized state and affect the ability of neu-
rons to fire action potentials effectively. DAPC experiments demon-
strate that in the absence of other types of sodium conductances,
N1662D or L1657P Iy, invariably results in the sustained depolariza-
tion of the hybrid neuron model.

However, it is important to note that both the N1662D and the
L1657P variant showed reduced current densities relative to wild-
type in transfected mammalian cells. This suggests that the impact
on neuronal excitability may vary depending on several factors, in-
cluding the variability in SCN2A allelic expression, the contribution
of other neuronal sodium channels, and/or other cellular mechan-
isms. When implementing N1662D or L1657P Iy, with ~10-fold re-
duced density relative to the enabled in silico Na,1.6 conductance,
the mutant current triggers increased excitability in DAPC experi-
ments. It is likely that this effect is due to the mutant current caus-
ing a relatively small depolarization of the membrane and/or
contributing inward current during the activation of other types
of neuronal sodium channels. In the context of SCN2A variants,
overall gain-of-function can occur despite decreased current dens-
ity if the mutation alters channel kinetics or other functions, lead-
ing to neuronal hyperexcitability or abnormal firing patterns.

MD simulation studies were performed using a Na, 1.2 structure with
an activated S4pry and IFM motif bound to its pore-module receptor®®
from which the IFM motif spontaneously dissociates in the N1662D
mutant, reflecting a mutation-disrupted inactivation state. In agree-
ment with the functional data, MD simulations revealed an increased
distance between D1662 and Q1694 relative to wild type channel, in-
dicating that the N1662D mutation reduces the affinity of the IFM mo-
tif to the DIVS4-S5 linker. The data also suggest that multiple
hydrogen bond formation between the N1662 and Q1494 side chains
is essential for the stability of the local DIII-IV linker region in the
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inactivated state. We hypothesize that instability of the linker is re-
sponsible for the accelerated rates of recovery from fast inactivation
in the N1662D variant (Fig. 2B) and contributes to overall disruption of
the inactivation mechanism. This outcome substantiated mutagen-
esis experiments demonstrating that fast inactivation is also pre-
vented in the Q1494A or Q1494L Na,1.2 channel variants, whereas
the Q1494E or Q1494K variants enable an incomplete inactivation
characterized by an enhanced In,.p relative to wild-type.

Although MD simulations were able to reveal significant differ-
ences in the distance between the IFM and its receptor pocketin the
N1662D variant relative to wild-type, the differences for Q1494L
were more subtle, only clearly showing in enhanced sampling MD
simulations. Similarly, the respective distance for the L1657P vari-
ant was unchanged relative to wild-type (Fig. 3F). It is likely that
both Q1494L and L1657P allow some hydrogen bonds to remain
and thus have a weaker influence on the affinity of the IFM motif
to its receptor. The mutational effects of M1501V/T and F1651C
are less clear. We do not see strong deficiency of fast inactivation
in electrophysiology experiments, which is recapitulated in MD
simulations where the IFM-motif does not dissociate. The M1501-
F1651 interactions may have more complex structural implications
that control the voltage dependence of inactivation.

Given the size of the SCN2A gene, it holds immense potential for
genetic variations associated with significant phenotypic hetero-
geneity. The actual number of distinct SCN2A mutations observed
in human populations continues to grow as more individuals
are sequenced and studied. The extensive research on genetic epi-
lepsies, including SCN2A, enhances our understanding of SCN2A
disorders, enables the identification of novel mechanisms and
therapeutic targets, and promises better personalized treatment
strategies for affected individuals.

Currently, single-cell voltage clamp techniques are commonly
used to characterize the functional properties of pathogenic Na,1.2
variants. However, predicting the overall impact of Na,1.2 channel
mutations on neuronal excitability is challenging due to the complex
interplay of gain- or loss-of-function characteristics in individual
biophysical traits. Our research demonstrates that the interpretation
of voltage clamp data can be significantly strengthened by DAPC
analysis.”” Future research should evaluate the effects of specific
ion channel mutations across neuron models of varying complexity.
This approach would not only advance DAPC methodology but also
offer more refined predictions of functional outcomes compared to
the relatively simplistic AIS compartment model. While the advan-
tages of DAPC are evident, conventional voltage clamp assays failed
to identify the underlying dysfunction mechanisms in N1662D
Na,1.2 and L1657P Na,1.2 due to their reduced expression levels in
the heterologous expression system. Consequently, these variants
would have been erroneously classified as loss-of-function.

Furthermore, our study demonstrates that the availability of high-
resolution sodium channel structures significantly enhances the un-
derstanding of the molecular basis of ion channel dysfunction. We
identified key molecular interactions that are critical for the fastinacti-
vation process in Na, 1.2 channels. While this is important from a fun-
damental science perspective, the findings have therapeutic
implications. Traditional sodium channel blockers, such as carba-
mazepine or phenytoin, may be less effective for targeting non-
inactivating channels. Gain-of-function mutations are a particularly
attractive target for antisense oligonucleotide (ASO) therapy, as



224 | BRAIN 2025: 148; 212-226

reducing the RNA transcript and subsequent functional protein to
restore physiological function can correct gene-driven pathologies.®°
Although ASO gene therapy offers hope for a revolutionary cure for
infantile SCN2A DEE, it would not address those patients with non-
inactivating Na,1.2 variants. However, a combined ASO strategy in-
volving mutant allele-specific downregulation alongside upregula-
tion of the wild-type allele holds potential for restoring a balanced
expression of Na,1.2 channels, thereby alleviating the effects of
SCN2A haploinsufficiency. Additionally, exploring novel or existing
drugs capable of modifying Na,1.2 channel inactivation offers an al-
ternative approach for targeting non-inactivating Na, 1.2 channels.

The anti-seizure sodium channel blockers phenytoin, carba-
mazepine and lamotrigine bind to receptor sites located inside
the central cavity of the pore®’ and have a higher affinity to the
fastinactivated state than to the resting state.®® In addition to these
actions, the slow inactivation of the channel may be affected by
phenytoin®® and the voltage sensors may also be implicated in
phenytoin binding.®* The lack of fast inactivation in N1662D and
L1657P channels suggests that the affinity to common anti-seizure
sodium channel blockers may be reduced. Indeed, the individual
with the N1662D variant had little benefit from most sodium chan-
nel blockers used. However, given that neither the N1662D nor the
L1657P mutation alters the voltage dependence of activation, it is
also plausible that the sodium channel blocking effect of phenytoin
is unaffected or relatively less affected. Supporting this latter hy-
pothesis, in the patients with the L1657P variant (and to a lesser ex-
tent the individual with the N1662D variant), phenytoin treatment
reduced seizures, although frequent seizures persisted. Future ex-
periments are needed to clarify the effect of the commonly used an-
ticonvulsants on non-inactivating sodium channel variants. The
selective late (persistent) sodium current inhibitor GS-967°° efficient-
ly suppressed the non-inactivating Iy, component in CHO cells tran-
siently expressing L1657P Na,1.2 channels (Supplementary Fig. 5).
Notably, GS-967 concentrations resulting in half-maximal inhib-
ition of the non-inactivating component did not inhibit the tran-
sient Iy, component, suggesting that agents exhibiting similar
properties could represent promising candidates for future devel-
opment. Targeting the non-inactivating current with ranolazine®®
or using open channel blockers such as propafenone’® may also
be efficient.

Identifying novel mechanisms of ion channel dysfunction un-
derscores the ongoing need to explore innovative therapies and
compounds capable of precisely targeting these mechanisms.
The neurophysiological consequences of non-inactivating Na,1.2
variants need to be investigated in various in vitro and in vivo mod-
els. Establishing and assessing induced pluripotent stem cell
(iPSC)-derived neuronal models for the N1662D and L1657P var-
iants could further clarify their specific functional and transcrip-
tomic in vitro phenotypes. Additionally, creating mouse models
carrying the corresponding non-inactivating Na,1.2 variants may
replicate the severe DEE symptoms observed in patients and en-
able effective testing of therapeutic strategies, with implications
for translation into clinical practice.

In conclusion, we demonstrate that the N1662-Q1494 inter-
action is essential for maintaining the binding affinity of the IFM
motif to its receptor in fast inactivated Na,1.2 channels. Our data
have implications for elucidating fast inactivation of Na,1.2 chan-
nels and interpreting the impact of Na,1.2 variants on neuronal ex-
citability. By working at multiple scales, we can connect the clinical
symptoms experienced by DEE patients to their cellular and mo-
lecular basis, while elucidating fundamental aspects of sodium
channel function. Non-inactivating Na,1.2 channel variants can

G. Berecki et al.

lead to sustained depolarization of pyramidal neurons; however,
the overall effect on excitability may depend on the expression le-
vel of the channel protein.
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