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A1152D mutation of the Na® channel causes paramyotonia
congenita and emphasizes the role of DIII/S4-S5 linker

in fast inactivation
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Missense mutations in the human skeletal muscle Na™ channel a subunit (hSkM1) are
responsible for a number of muscle excitability disorders. Among them, paramyotonia congenita
(PC) is characterized by episodes of muscle stiffness induced by cold and aggravated by exercise.
We have identified a new PC-associated mutation, which substitutes aspartic acid for a conserved
alanine in the S4-S5 linker of domain IIT (A1152D). This residue is of particular interest since
its homologue in the rat brain type II Na* channel has been suggested as an essential receptor
site for the fast inactivation particle. To identify the biophysical changes induced by the A1152D
mutation, we stably expressed hSkM1 mutant or wild-type (WT) channels in HEK293 (human
embryonic kidney) cells, and recorded whole-cell Na* currents with the patch-clamp technique.
Experiments were performed both at 21 and 11°C to better understand the sensitivity to cold
of paramyotonia. The A1152D mutation disrupted channel fast inactivation. In comparison to
the WT, mutant channels inactivated with slower kinetics and displayed a 5 mV depolarizing
shift in the voltage dependence of the steady-state. The other noticeable defect of A1152D
mutant channels was an accelerated rate of deactivation from the inactivated state. Decreasing
temperature by 10°C amplified the differences in channel gating kinetics between mutant and
WT, and unveiled differences in both the sustained current and channel deactivation from the
open state. Overall, cold-exacerbated mutant defects may result in a sufficient excess of Na*
influx to produce repetitive firing and myotonia. In the light of previous reports, our data point
to functional as well as phenotypic differences between mutations of conserved S4-S5 residues

in domains IT and III of the human skeletal muscle Na* channel.
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Excitability of the skeletal muscle depends on the opening
of voltage-gated Na* channels in response to membrane
depolarization initiated physiologically by the end plate
potential. Activation of the Na™ channels is essential for
the upstroke of the action potential, and their subsequent
inactivation contributes to membrane repolarization
(Hille, 1982). In the last decade, inherited muscle
excitability disorders known as periodic paralyses (PP),
paramyotonia congenita (PC) and potassium-aggravated
myotonia (PAM) have been linked to the skeletal muscle
Na* channel (Fontaine efal. 1990; McClatchey et al. 1992a;
Ptacek, 1998). Genetic screening by different groups
has disclosed at least 30 allelic missense mutations of
the SCN4A gene encoding the pore forming o subunit
(hSkM1) of the Na* channel (Cannon, 2000; Lehmann-
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Horn et al. 2002). Disease-causing hSkM1 mutations
can be found in all four domains with a predilection
for the intracellular regions. PC is characterized by
cold-sensitive muscle stiffness that can be worsened by
exercise. Patients with PC may also occasionally suffer
from episodes of muscle weakness (Ptacek et al. 1992;
Plassart et al. 1996). The electromyographic expression of
myotonia is unmistakable, and consists of an outburst of
high-frequencyaction potentials (myotonic discharges) on
insertion of the needle electrode into the patient’s muscles,
or following single motor nerve stimulation (Fournier
et al. 2004). The molecular basis of muscle hyper-
excitability in PC has been investigated using heterologous
systems to express mutant channels and identify their
biophysical defects (McClatchey et al. 1992b; Cannon &
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Strittmatter, 1993; Cummins et al. 1993). One of the
most common alterations induced by PC mutations is
an impairment of Na™ channel fast inactivation mainly
seen as a reduced rate of inactivation and a depolarizing
shift in the voltage dependence (Chahine et al. 1994; Yang
et al. 1994; Hayward et al. 1996). Although such changes
may account for membrane hyperexcitability through
prolonged Na' influx, impairment of fast inactivation
is not the unique determinant of paramyotonia. More
recent studies have pointed out other gating defects
such as slowed channel deactivation (Featherstone et al.
1998; Groome et al. 1999), or subtle changes in channel
slow inactivation that may explain phenotypic variation
between different PC mutations (Bouhours et al. 2004).
The biophysical mechanisms underlying the sensitivity to
cold of paramyotonia have not been systematically studied
and need further clarification. Lowering the temperature
is known to slow down Na%t channel gating and induce
some subtle shifts in the voltage dependence of fast and
slow inactivation (Ruff, 1999). In PC mutants, slowing of
fast inactivation and deactivation kinetics is exacerbated
by cold. However, in most cases, this did not imply higher
temperature sensitivity of mutant channels as compared
to the wild-type (WT) (Yang et al. 1994; Fleischhauer
et al. 1998; Mohammadi et al. 2003; Bouhours et al.
2004). The most prevalent mutations associated with PC
are located in the DIII-DIV linker (T1313) and in the
DIV/S4 segment (R1448) (Ptacek, 1998; Cannon, 2000).
Other regions have also been sporadically implicated
(Koch et al. 1995; Ji et al. 1996). We have identified a
new mutation in the DIII/S4-S5 linker that substitutes
a negatively charged residue for a hydrophobic one at
position 1152 (A1152D). This mutation lies near the
middle of the S4-S5loop, a few residues upstream from two
other mutations, the A1156T and 11160V, causing distinct
clinical phenotypes (PC/hyperkalaemic periodic paralysis
and PAM, respectively) (Ptacek et al. 1994; Yang et al. 1994;
Richmond et al. 1997). S4-S5 loops in domains IIT and TV
have been shown to play an important role in channel fast
inactivation (Mitrovic et al. 1996; Tang et al. 1996; Lerche
et al. 1997; Filatov et al. 1998), presumably by forming a
docking site for the DITI-DIV inactivation particle (Smith
& Goldin, 1997; McPhee et al. 1998; Miyamoto et al. 2001).
Recently, a cooperative effect of DIII/and DIV/S4-S5loops
on fast inactivation has also been suggested (Popa et al.
2004). We studied the effects of the A1152D mutation
both to get more insight into the pathophysiology of PC,
and to better understand the role of the A1152 residue
in Na* channel function. We expressed A1152D mutant
channels in human embryonic kidney cells (HEK), and
carried out a detailed biophysical analysis of the whole-cell
Na't current. Experiments were also performed at 11°C
to disclose the biophysical basis of the cold sensitivity of
PC. Our results show that the A1152D mutation mainly
impairs channel fast inactivation, has a slight effect on the
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kinetics of deactivation, and modifies neither the voltage
dependence nor the onset of slow inactivation. These data
point again to the pathogenic role of fast inactivation in
PC. They also confirm the prominent role of the central
alanine residue of DIII/S4-S5 in channel fast inactivation,
presumably through its interaction with hydrophobic
residues of the DIII-DIV fast inactivation particle (Tang
et al. 1996; Smith & Goldin, 1997). Relative changes of
gating kinetics with cold were more pronounced for the
A1152D channel than for the WT, suggesting a higher
temperature sensitivity for the mutant. Nevertheless, as
observed for other PC mutants, A1152D fast inactivation
time constants were further enhanced with cooling,
thereby reaching levels that may represent the threshold
for cold-induced myotonia.

Methods
Evaluation of patients

Clinical studies and sampling of family members were
subject to a prior informed consent in accordance with
French rules and the Helsinki convention. The index-case
patient, a 74-year-old women of Caucasian origin, had
suffered from cold-induced muscle stiffness since the age
of five. She mainly complained of stiffness in the arms and
legs, and had great difficulties in quickly opening her eyes
under all circumstances. She did not report any episode
of paralysis. One of her daughters had a similar clinical
history; other members of the family were not affected
(see pedigree structure in Fig. 1A). Clinical examination
of the index patient disclosed spontaneous myotonia of
the hand and the eyelids. In addition, typical myotonic
discharges were readily detected in resting muscles using
electromyography.

Genetic analysis

Genomic DNA was extracted from blood samples either
by the classical phenol-chloroform protocol or by a
rapid procedure using Quiagen DNA Minikit. The
search for nucleotide alterations in PC patient DNA
was performed by polymerase chain reaction (PCR)
amplification of all 24 exons of the SCNA4 gene, and
single-strand conformation analysis of the amplified
products (PCR-SSCA) (Jurkat-Rott ef al. 2000). Samples
demonstrating a shift of SSCA mobility were entirely
sequenced using an automated sequencer (ABI PRISM
310, Applied Biosystems, CA, USA).

Site-directed mutagenesis

Site-directed mutagenesis of the human WT SCN4A cDNA
in pRc/CMV vector (George et al. 1992) was performed
using the Quickchange kit (Stratagene, La Jolla, CA,
USA). Synthetic oligo-nucleotide primers containing
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Figure 1. Genetic evidence of A1152D mutation
A, pedigree structure of the A1152D proband (arrow). Affected
members are indicated by filled symbols. B, SSCP (single strand
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the  corresponding  Al152D  point  mutation
(framed characters) had the following sequences:
5'-GTGGTGGTGAACGACCTCCTAGGCGCCATC-3'
(forward) and 5'-GATGGCGCCTAGGAGGTCGTTCAC-
CACCAC-3" (reverse). Each oligo-nucleotide was
amplified with Pfu turbo DNA polymerase (Stratagene,
La Jolla, California). The nicked vector containing the
A1152D mutation was generated and transformed into E.
coli (XL10-gold ultra-competent cells). Different clones
were selected after digestion with Sacl, BamHI and EcoRI
restriction enzymes (Bouhours et al. 2004). The final
construct used for cell transfection was sequenced entirely
to verify the presence of the mutation, and ensure that no
other variant was accidentally introduced during DNA
amplification.

Transfection and cell culture

The pRc/CMV construct encoding either WT human Na*
channel ¢-subunit or A1152D mutant was introduced into
HEK?293 cells using the calcium phosphate precipitation
method. The presence of the Neo gene enabled selection
of stably expressing clones by addition of geneticin
(800 ug ml~!, Gibco/BRL, USA) in the culture medium.
Cell colonies were harvested after about 2 weeks, and
Na® channel expression was verified by both RT-PCR,
and electrophysiology. Only uniform colonies expressing
peak sodium currents between 1 and 2nA were kept
for the electrophysiological study. Stably expressing cells
were routinely grown at 37°C (5% CO,, 95% humidity)
in Dulbecco’s modified Eagle’s medium containing 10%
fetalbovine serumand 250 «g ml ™! geneticin (Gibco/BRL,
USA), to maintain the selection pressure. At least two
different cell clones expressing the A1152D mutation were
investigated.

Electrophysiology and data analysis

Whole-cell currents (Hamill et al. 1981) were recorded
using an EPC-7 patch-clamp amplifier (List-Medical,
Germany) and filtered through an 8-pole low-pass Bessel
filter (M900, Frequency Devices, MA, USA). Signal
acquisition and processing were performed using the
DigiData card (1200 A) and pCLAMP (v8) software (Axon
Instruments, Union City, CA, USA). In general, whole-cell
currents were filtered at 5kHz, and digitized at 20 or

conformational polymorphism) analysis of exon 19 of the SCN4A gene
showing an abnormal conformer that segregates with the disease.

C, DNA sequence analysis of exon 19 demonstrating a transition from
C to A at nucleotide 3455, which causes an A1152D mutation in the
Na* channel o subunit. D, topology of the a subunit of the skeletal
muscle Na* channel indicating the location of A1152D mutation in
DIII/S4-S5 linker. Amino acid sequence alignments of DIII/S4-S5 of
different sodium channels are represented below to demonstrate the
conservation of alanine at position 1152 between isoforms and
species (from Swissprot and TrEMBL databanks).
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50 ps sampling intervals. Tail currents, with faster kinetics,
were recorded at the highest sampling rate (5 us), and
processed with and without filtering to exclude signal
distortion. Low-pass filtering tail currents at 10kHz
usually improved signal to noise ratio, while preserving the
kinetics. To minimize space-clamp problem, recordings
were performed on small isolated round cells (10-20 um
diameter). After entering the whole-cell configuration, a
period of several minutes was allowed before recording,
to allow stabilization of Na™ current amplitude. Cells were
considered for analysis only if the leakage current remained
insignificant throughout the experiment (holding current
<0.1 nA at —100 mV). Capacitance and series resistance
were compensated using the analog circuitry of the
amplifier, and were verified throughout the experiment.
Series resistance was compensated at >80%. For all
the data presented herein, the access resistance and the
ensuing voltage error had a maximum value of 3 MQ2
and 3.5mV, respectively. A P/N protocol (Bezanilla &
Armstrong, 1977) was applied to subtract residual leakage
and capacity currents. The number (4-8) and onset of
subpulses, as well as the holding potential were adjusted
to ensure that this subtraction process did not alter
the data. Recordings were carried out either at 21°C
(room temperature) or at 11 & 1°C using a water-based
heater-cooler (Thermomix 1441 and Frigomix 1495,
B. Braun Melsungen., Germany), combined with water
flow through a thermally conductive recording chamber.
Bath temperature was recorded using two thermistors
connected to a digital thermometer (Eirelec LTD, Ireland).
Patch pipettes (2-2.5 M2) were pulled from borosilicate
capillary glass (Drummond Scientific Co., Broomall, PA,
USA) using a Sutter P-97 micropipette puller. For all
recordings, except those concerning slow inactivation,
the composition (mm) of the pipette and bath solutions
were: 130 CsCl, 2 MgCl,, 10 glucose and 0 Hemi-
Sodium Hepes, pH 7.4 and 120 NaCl, 20 Choline-Cl,
3 KCI, 2 MgCl,, 1 CaCl,, 10 Glucose and 10 Hepes,
pH 7.4, respectively. To prolong seal stability when slow
inactivation protocols were applied, the pipette was filled
with a fluoride based-solution (mm): 80 CsF, 35 NaCl,
10 EGTA, 24 CsOH and 10 Hepes, pH7.4. The
corresponding bath solution contained (mm): 150 NaCl,
2 KCl, 1 MgCl,, 2 CaCly, 5 Glucose and 10 Hepes,
pH7.4. All solutions had an osmolarity between 300
and 320 mosmol ™' . Chemicals were purchased from
Sigma. Current analysis and data process were performed
using pCLAMP 8.2, Excel (Microsoft) and Fig-P (Biosoft,
Cambridge, UK) software.

Conductance was computed from the equation
G =1/(V — E,.) where I is the peak current at a given
voltage V, and E,., the equilibrium potential extrapolated
from the graph. The voltage for half activation Vs
and the slope factor k were obtained by fitting the
conductance—voltage curves to a Boltzmann distribution
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G(V)/Gmax = 1/(1 + CXP(—(V - VOS)/k))a where G(V)
is the sodium conductance at a given voltage V, Gy
the maximum conductance. Steady-state inactivation
curves were fitted to the equation [(V)/lp=
1/(1 + eXp((V - VOS)/k))> where ](V)/Imax represents
the current ratio, V the prepulse test voltage, and k
the slope factor. Fast inactivation and deactivation time
constants (t) were determined by mono-exponential
fitting of the macroscopic current decay using the
equation [ =/ 4+ Aexp(— /1), where I symbolizes
current intensity, I.4q the asymptotic residue and A
the current amplitude at time zero. Data are expressed
as mean &£ s.e.M and the difference between two mean
values was considered statistically significant when the
P-value given by the unpaired student-#-test was lower
than 0.05.

Results
Identification of A1152D mutation

Following PCR-SSCA analysis of the SCN4A gene, an
abnormal conformer was found in exon 19 of PC patients.
The primers used to amplify exon 19 and intron—
exon boundaries were 5'-CTCTCTCAGAGGCTGGG-
AGA-3' (forward primer) and 5-CTCCATCCAGGTT-
CCCGGCA-3’ (reverse primer). Direct sequencing of
exon 19 revealed a C to A transition at position 3455,
predicting a substitution of the highly conserved alanine
1152 by aspartic acid in the sodium channel « subunit
(Fig. 1B-D). An A1152D mutation was not found in 250
healthy adults from the same ethnic background as the
patients (Caucasian) but unrelated to them.

Voltage dependence of channel activation

The effects of A1152D mutation were investigated in
HEK cells that stably expressed A1152D or WT hSkM1
« subunits. Whole-cell Nat currents were evoked by
a series of depolarizing steps ranging from —70 to
+65mV from a holding potential of —100 mV. Peak
currents were scaled to the maximal amplitude for
each cell, to yield normalized I-V curves. Using the
same data and graphically determined reversal potentials,
we calculated the Na® conductance for the various
voltages applied (see Methods). Current—voltage (I-V)
and conductance-voltage (G-V) curves obtained for
A1152D mutant (n = 25) channels were perfectly superim-
posed to those obtained from the WT (n=17) (Fig.2A
and B). G-V curves were fit to a standard Boltzmann
distribution (see Methods). No statistically significant
difference was found between the mean values (+s.E.M.)
of the voltage for half activation V5 (—18.66 & 0.42 and
—19.65 4 0.70 mV) or the slope factor k (7.23 £ 0.13 and
7.39 +0.18 mV (e-fold change)™!) obtained for A1152D
mutant and WT, respectively. These results indicate
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Table 1. Mean values (+S.E.M.) of the Boltzmann fits (V.5 and k) to activation and fast inactivation curves obtained for A1152D mutant
and WT at 21°C and 11°C

Activation Fast inactivation
k (mV k (mV
Erev (MV) Vo5 (MmV) (e-fold change)™") Vos (MmV) (e-fold change)™") Iss/lpeak (%)
Nernst 80.5
21°C  A1152D 81.1 4+ 0.9 (25) —18.6 = 0.4 (25) 7.2 +£0.1(25) —65.7 £ 0.5 (8) 6.9 +0.2(8) 0.96 £ 0.14 (5)
WT 81.3+08(17) —-19.6+0.7 (17) 7.3+£0.1(17) —-71.34+0.4(10) 6.3+0.3(10) 0.78 £ 0.07 (6)
Nernst 77.7
11°C  A1152D 76.74+0.4(12) —-13.5+0.4(12) 8.24+0.1(12) —64.8+0.3 (10) 7.7 £0.4 (10) 4.42 4+0.62 (7)
WT 76.9 + 0.6 (15) —15.1 £ 0.4 (15) 8.2+ 0.1(15) —73.7+£0.3(11) 6.4+0.3(11) 1.55+0.35(9)

The last column indicates the fraction of sustained current (/ss//peak x 100) measured at the end of a 200 ms pulse to —10 mV.

that the A1152D mutation did not modify the voltage
dependence of Na™ channel activation. The mean value
of the mutant reversal potential (81.19 +0.90 mV) was
similar to that of the WT (81.33 £ 0.82mV), and both
were comparable to the Nernst value (—80.46 mV) (see
Table 1).

Kinetics and voltage dependence of fast inactivation

Alterations of fast inactivation have been reported in
most Nat channel mutants associated with PC. However,
the degree and nature of these alterations vary between
different mutants (Yang et al. 1994; Cannon, 1996). The
effect of the A1152D mutation on channel fast inactivation
kinetics was analysed by fitting the decay of the whole-cell
current elicited at each potential with a single exponential,
and comparing the values of the time constants (ty,)
between A1152D and WT. Mono-exponential fitting could
be readily obtained at voltages ranging from —40 to
+40 mV (Fig. 3A). To ensure full current decay and the
best exponential fitting, we tested depolarizing steps of
increasing durations from 20 to 200 ms. Over the whole
voltage range, A1152D induced a 2-3-fold increase in the
time constant as compared to the WT. For example, at
—10 mV, the mean value & s.e.M. of 7, was 1.34 &= 0.05 ms
(n=27)and 0.69 £0.03ms (n=17) for A1152D and WT
channels, respectively. The pattern of voltage dependence
of 7}, was not modified by the mutation.

The voltage dependence of steady-state fast inactivation
was studied using 500 ms prepulses ranging from —120
to +20 mV, followed by a 20 ms test pulse at —10 mV.
The fraction of current recorded during the test pulse
was plotted against the prepulse voltage for both mutant
and WT channels. Figure3B shows that the A1152D
mutation shifted the voltage dependence of steady-state
fast inactivation by 5 mV toward depolarization, without
changing its steepness. Fitting each curve with a standard
Boltzmann function yielded V5 of —65.72 &£ 0.50 mV
(n=8) and —71.31 = 0.47 mV (n=10) for A1152D and
WT (P < 0.001), respectively. The slope factor remained
unchanged with a mean value of 6.92 4 0.27 for A1152D,
and 6.37 £ 0.30 for the WT.
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The recovery of Na® channels from fast inactivation
was also investigated. The standard protocol consisted
of a first depolarization at —10mV for 60 ms to fully
inactivate the channels, followed by increasing periods
of membrane repolarization (1-320 ms), before a second
depolarization of 20 ms at —10 mV to measure the fraction
of current recovered. Different recovery potentials ranging
from —140 to —80 mV in 10 mV increments were applied
to determine the voltage dependence of channel recovery
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Figure 2. Voltage dependence of activation

A, normalized peak current versus voltage curves obtained from HEK
cells expressing either A1152D (@ n=27) or WT (0 n=17)

Na* channels. Currents were evoked by a series of voltage steps
ranging from —70 mV to +65 mV from a holding potential of

—100 mV. B, steady-state activation: peak Na™ conductance (G) was
calculated from data shown in A (see Methods), and normalized to the
maximal value (Gmax). Both mutant and WT G/Gax versus voltage
curves were fitted with a Boltzmann function as denoted by the
continuous lines (see Table 1 for Vg 5 and k values).
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Figure 3. Kinetics and voltage dependence of fast inactivation
A, fast inactivation kinetics were measured from the exponential decay
of whole-cell currents evoked by various membrane depolarization
steps in HEK cells expressing A1152D (@ n =27) or WT (0 n=17)
Na*t channels (holding potential: —100 mV). The inset shows
representative tracings of superimposed Na* currents obtained at
different potentials. Note the slower decay of A1152D currents
compared with WT. B, steady-state fast inactivation curves: channels
were inactivated using a series of 500 ms prepulses to various
voltages, followed by a test pulse to —10 mV. Currents evoked during
the test pulse were normalized to the maximal current usually
following the most negative conditioning prepulse. Curves obtained
for both A1152D (@ n = 8) and WT (0 n = 10) Na™ channels were
readily fitted with a Boltzmann function (see Table 1 for Vg5 and
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from fast inactivation. The increase in the fraction of
current recovered with the repolarizing periods followed a
single exponential function whose time constant is plotted
against the recovery voltages. The results shown in Fig. 3D
indicate that the A1152D did not modify Na™ channel
recovery from fast inactivation at the tested voltages.

Sustained current

Whole-cell Nat currents recorded from HEK cells
expressing the WT SCN4A gene exhibit a small sustained
component whose magnitude depends on the recording
conditions (Cummins et al. 1993). In our hands, the
sustained current was barely detectable in cells expressing
WT channels. In PC mutants, an increase in the sustained
current (I) has been implicated in the pathogenesis of
myotonia. To assess the contribution of the sustained
current in A1152D mutants, we first determined the time
necessary for the Na™ current to reach the steady level.
Hence, we measured the current at various depolarization
times ranging from 20 to 500 ms. We found that for both
mutant and WT, whole-cell currents reached a steady
value around 100 ms depolarization. Measurements of
the fraction of sustained current (Iy/Iye) showed no
difference between mutant or WT when performed at the
end of depolarizing pulses lasting 100 ms or longer. The
mean values of I/l obtained at various voltages in
both mutant and WT are illustrated in Fig. 4. The fraction
of sustained current was similar in mutant (n =5) and WT
(n=16) and ranged from 0.7 to 2.5% of the peak between
—20 and +40 mV.

Voltage dependence and kinetics of slow inactivation

Slow inactivation is a process by which a number of
voltage-gated channels become non-conducting following
prolonged membrane depolarization. Nat channel slow
inactivation occurs in an order of tens of seconds, and
is thought to regulate the number of available channels
as a function of slow variations in the membrane
potential (Simoncini & Stuhmer, 1987; Ruff et al. 1988;
Ruff, 1999). Although SCN4A mutations affecting slow
inactivation generally produce muscle paralysis rather
than myotonia (Hayward et al. 1997; Hayward et al.

k values). Note the depolarizing shift of the mutant steady-state curve
compared with that of the WT. C, recovery from fast inactivation of
A1152D or WT. Na*t channels was examined using the two-pulse
protocol shown above the tracings. Recovery voltages ranged from
—140 mV to —70 mV and recovery duration from 1 ms to 320 ms.
Superimposed current tracings illustrate gradual recovery with time for
a repolarizing potential of —100 mV. The fraction of recovered current
versus repolarization time followed a single exponential. The recovery
time constant versus recovery voltage curves of the mutant

(® n=5-7)and WT (0 n = 7) are shown in the lower graph.
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1999), the involvement of the S4-S5 region in this process
(Bendahhou et al. 2002) led us to analyse the effect of the
A1152D mutation on channel slow inactivation. Besides,
the structural basis of slow inactivation is still unclear, and
may benefit from systematic studies of naturally occurring
mutations.

The onset and the voltage dependence of slow
inactivation were compared between mutant and WT
channels. To induce channel entry into slow inactivation,
depolarizing pulses to —10 mV were applied for increasing
periods ranging from 1 ms to 100 s (Fig. 54, inset). Each
pulse was successively followed by a short repolarization
(—100 mV, 20 ms) to selectively remove fast inactivation,
and byatest pulse (—10 mV, 20 ms) to estimate the fraction
of slowinactivated channels. As shown in Fig. 5A, there was
no difference in the kinetics of entry into slow inactivation
between mutant and WT. In both cases, the kinetics of
entry into slow inactivation followed a mono-exponential
function with comparable time constants (1.48 +0.23 s
(n=5) and 1.4440.14s (n=>5) for A1152D and WT,
respectively).

The voltage dependence of steady-state slow
inactivation was assessed using a series of 50s pulses
from —130mV to +30 mV, followed successively by a
short repolarization to —100 mV for 20 ms to remove
fast inactivation, and a test pulse to —10 mV for 20 ms
to estimate the fraction of slow inactivated current. To
prevent accumulation of slow inactivation, cells were
maintained at the holding potential (—100 mV) for 50 s
between successive depolarizing episodes of the series.
Steady-state slow inactivation curves (sy) obtained for
both mutant and WT channels were readily fitted to
a Boltzmann function (see Methods). As can be seen
from Fig.5C, curves plotted for both channel types
were superimposed and none of the Boltzmann fits was
modified by the mutation. The mean values of V5 and
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Figure 4. Sustained current

Current-voltage relationship of the sustained component for A1152D
(@ n=5) and WT (0 n = 6). The sustained current (/ss) was measured
at the end of 200 ms pulses and its relative value to the peak (in
percentage) was plotted against the voltage (—20 to +40 mV). Note
that there was no difference in the sustained current under standard
recording conditions (21°C).
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k were —66.14 +2.20 mV and 6.72 = 0.51 (n=7) for the
mutant, and —66.91 £ 1.16 mV and 7.43 +0.32 (n=16)
for the WT. These data indicate that the A1152D mutation
has no effect on the voltage dependence of Na* channel
slow inactivation.
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Figure 5. Voltage dependence and kinetics of slow inactivation
A, the onset of slow inactivation for A1152D mutant (@ n = 5) and
WT (0 n = 5) was studied using the protocol shown in the inset.
Briefly, cells were depolarized for increasing periods (0.001-100 s) to
determine the kinetics of entry into slow inactivation. This
conditioning pulse was preceded by a reference and followed by a test
pulse to —10 mV for 20 ms. Prior to the test, a short repolarization
was applied to enable full recovery from fast inactivation. Changes of
the fraction of slow inactivated current (///ef) with time followed a
monoexponential function with similar time constants for mutant
(n=5) and WT (n = 5). B, steady-state slow inactivation curves
obtained for the mutant (@ n = 7) and the WT (O n = 6) using the
protocol shown in the inset. The upper tracings illustrate the
voltage-dependent decrease in Na™ current induced by channel slow
inactivation (capacitive currents blanked). Steady-state curves were
fitted with a Boltzmann function with the following parameters for
A1152D mutant and WT, respectively: Vo 5: —65.4 + 2.3 and Vg 5:
—66.9+ 1.1mV, k: 6.7+ 05 and 7.4 + 0.3 mV (e-fold change)~").
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Figure 6. Deactivation from open and inactivated states

A, representative traces of tail currents obtained using the protocol
shown below. The kinetics of Na* channel deactivation from the open
state were assessed from the time constant of the monoexponential
decay of the tail current. The graph compares the deactivation time
constant versus voltage curves obtained for the mutant (@ n = 6) and
WT (0 n = 6). Note that the difference between the two curves
indicating a slowing of the tail current decay for the mutant is only
noticeable at potentials positive to —80 mV. B, deactivation from the
inactivated state was assessed via the delay in the onset to recovery
from fast inactivation. The upper tracings are typical recordings
obtained using the protocol shown underneath, with different
repolarizing potentials of increasing duration (from 0.05 to 11 ms).
The fraction of recovered peak currents followed an exponential
growth with time of recovery (broken line). The delay to recovery was
measured between the end of the depolarizing pulse (filled arrow) and
intersection of the exponential curve with the base line (open arrow).
The curves show the voltage dependence of the delay for A1152D
mutants (@ n = 6-8) and WT (O n = 8). Note the shorter delay in the
onset to recovery for the mutant as compared to the WT, indicating
accelerated deactivation from the inactivated state at all voltages
tested.
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Deactivation from the open and from
the inactivated states

Several PC mutations have been shown to impair Na™
channel deactivation, with a correlation between the
degree of impairment and the severity of the phenotype
(Featherstone et al. 1998). Furthermore, conserved
residues in the S4-S5 linker of different domains have
been shown to slow the rates of Nat channel deactivation
(Richmond et al. 1997). We studied the effects of A1152D
mutation on the kinetics of Na® channel deactivation
from the open and from the inactivated states. To assess
deactivation from the open state, cells were first hyper-
polarized to —150 mV to fully remove fast inactivation,
and then briefly stepped to +50 mV (250 us), before a
series of repolarizing pulses ranging from —120to —30 mV
was applied to induce channel deactivation. Tail currents
evoked by membrane repolarization decayed with a single
exponential function whose time constant was used to
quantify deactivation kinetics. Changes of the deactivation
time constants (tp) with the voltage are shown in Fig. 6A.
Atvoltages negative to —60 mV mean values of T, obtained
from the mutant were not statistically different from
those compiled from the WT. For weaker repolarization
(between —60 and —30mV), mutant values diverged
from the WT. However, at these voltages, tail current
may also reflect fast inactivation (Cota & Armstrong,
1989; Featherstone et al. 1998), and the slowed current
decay may be attributed to the slowing of fast inactivation
rates.

In skeletal muscle Na™ channels, macroscopic recovery
from fast inactivation proceeds after a delay that shortens
with increasing repolarization. The delay in the onset to
recovery reflects channel deactivation from the inactivated
state, indicating that these channels must deactivate before
they recover from fast inactivation. Such coupling between
deactivation and inactivation prevents resurgent current
upon recovery, and implies steep voltage dependence for
both processes (Kuo & Bean, 1994). Deactivation from the
inactivated state was assessed from the delay in the onset to
recovery using a recovery protocol with 60 ms prepulses to
enable full inactivation, and short repolarizing increments
to better resolve the recovery delay. The delay was measured
from the zero intercept of the single exponential function
that fitted the recovered peak current intensity. As shown
in Fig. 5B, the delay in the onset to recovery was decreased
in the A1152D mutant (n = 6-8) as compared to the WT
(n=28). This decrease was present over the whole range
of voltage tested (from —140 to —80 mV), but was more
pronounced at —80 mV.

Effect of cold

One of the typical features of PC is the sensitivity of
myotonia to cold. To wunderstand the molecular
mechanism underlying this temperature sensitivity, we
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have examined the effect of 10°C cooling on A1152D
channel activation, deactivation, fast inactivation and on
Is. Cooling is generally known to slow down Na™ channel
gating, and has been shown to enhance Na* channel slow
inactivation, reducing thereby the number of channels
available for excitation (Ruff, 1999). However, since slow
inactivation was not affected by the A1152D mutation, we
did not examine its changes with decreasing temperature.

Our data show that a 10°C cooling from the normal
recording temperature (21°C) causes a depolarizing
shift in the voltage dependence of activation that
was comparable between mutant (4+5mV) and WT
(+4.5mV) (Fig. 7). Boltzmann fits of the G-V curves and
reversal potentials obtained at 21 and 11°C are depicted in
Table 1. Note that the slope factors of the activation curves
compiled at 11°C were not significantly different from
those obtained at 21°C, and remained similar between
mutant and WT.

Decreasing temperature induced a significant slowing
of channel fast inactivation kinetics in both mutant and
WT. To ensure accurate measurement of ty,, we applied
long depolarizing pulses of 500 ms duration that enabled
full inactivation of Na™ currents. Cooling from 21 to 11°C
induced 5-7-fold increase of 7}, in the mutant as compared
to 2-5-fold in the WT, indicating a higher temperature
sensitivity of 7}, in the mutant. Figure 8B depicts changes
of 7y, asa function of voltage for A1152D and WT channels
at 21 and 11°C. One can notice that the data obtained
for the mutant at low temperature were clearly out of the
range delimited by the three other groups. Steady-state
fast inactivation curves of both mutant and WT were not
modified by cooling (Fig. 8 C), and displayed a difference of
5mVin Vs, similar to that observed at room temperature
(see Table 1 for mean values of V5 and k).

At 11°C, sustained currents (I ) were assessed at the end
of 200 ms pulses to ensure steady current levels for both
mutant and WT. This choice was based on prior tests using
depolarizing pulses of varying durations from 40 to 500 ms
to determine the most appropriate protocol for measuring
I under these conditions. Sustained to peak current ratio
(Iss/Ipeak) versus voltage curves are represented in Fig. 9.
Our results show that decreasing temperature increased
I/I, in both mutant and WT. However, this effect was
more pronounced for the mutant than for the WT. Between
—20and +40 mV, the maximum fraction of I ; measured at
11°Creached about 6% of the peak in the mutant, and 4%
in the WT as opposed to 2.5% at 21°C for both channels.

To study channel deactivation kinetics from the open
state at 11°C, we used protocols in which the repolarizing
pulsewasincreased to 25 msto enable full tail current decay
and, hence, reliable measurements of the deactivation time
constant. The slowing of open state deactivation kinetics
at decreased temperature provided a better resolution for
disclosing differences between mutantand WT. Indeed, the
small difference in 74 observed at 21°C between the two
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channel types for the most negative potentials was enlarged
at 11°C, and became statistically significant, indicating
some subtle slowing of mutant channel deactivation
from the open state. Comparison of the mean values
of the deactivation time constant obtained at potentials
negative to —70 mV yielded P < 0.001 between —70 and
—110 mV, and P < 0.01 for —120 mV. Overall, decreasing
temperature increased the deactivation time constant by
2-6-fold for the mutant and by 1.5-3.5-fold for the WT
(Fig. 10), and enlarged the differences observed at 21°C for
positive potentials.

Discussion

The present study focuses on the biophysical consequences
of A1152D, a newly identified mutation in the S4-S5
linker of the skeletal muscle Nat channel o subunit causing
paramyotonia congenita. To elucidate the gating defects of
the A1152D mutant, we performed a thorough analysis
of the macroscopic Nat current using HEK cells that
stably express WT or A1152D hSkM1 channels. Our data
show that this mutation induces mainly an impairment
of fast inactivation, and accelerates deactivation from the
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Figure 7. Effect of 10°C cooling on the voltage dependence of
activation

A, current-voltage and B, conductance-voltage relationships obtained
for A1152D (filled symbols) and WT (open symbols) at 21°C (@ n = 27
oron=17)and 11°C (A n=12 or A n=11). Recordings were
performed according to usual voltage protocols (see Fig. 2). Note that
cooling induced a 5 mV depolarizing shift in the voltage dependence
of activation for both channel types.



424 M. Bouhours and others

WT A1152D

f
|

i
|

| =

21°C

<
=%
]
o
N

20ms

H
o
=P

20+ :
\A

A \A~A\

Time constant

s AAb4AL00004
B0 08888 B A8 66:6:0:0:0

"
+

oD

40 20 0 20 40
Voltage (mV)

120 -100 80 -60 40 20 0 20

Voltage (mV)
Figure 8. Effect of 10°C cooling on the kinetics and voltage
dependence of fast inactivation
A, representative tracings of Na™ currents recorded at 21°C (upper
line) or 11°C (middle and lower lines). Note the different time scales
used to display full current decay at 11°C (B). The different curves
show changes of the fast inactivation time constant with the voltage
at21°C (@ A1152D (n =27), o WT (n = 17)) and 11°C (a A1152D
(n=12), AWT (n = 11)). Long depolarizing steps were applied to
ensure complete inactivation at 11°C. Note the significant slowing of
the fast inactivation kinetics with cooling for both channels. However,
the increase in the time constant with cooling was more pronounced
for the mutant (5-7-fold) than for the WT (2-5-fold). Note that the
curve representing the mutant at 11°C is clearly out of the range
delimited by the three other groups (WT at both temperatures and
A1152D at 21°C). C, steady-state fast inactivation curves obtained at
11°C (A1152D: A n=10; WT: A n = 11) and superimposed to those
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inactivated state. Slow inactivation of A1152D mutant
channels is normal. In the following discussion, we will
consider both the molecular implications of A1152D
channel biophysical properties, and the consequences on
membrane excitability, especially at low temperature.

The A1152D mutation did not modify the voltage
dependence of Na™ channel activation. Mutagenesis of
the homologous residue in the rat brain typell Na®
channel « subunit (A1239) showed that A to K/Q/D
substitution produced a small depolarizing shift of the
voltage dependence of activation. The least change (about
2mV) was observed for the A1239D mutant (Smith &
Goldin, 1997). In hSkM1, A to C substitution at position
1152 did not induce any significant change in the voltage
dependence of activation (Popa et al. 2004). Altogether,
these data argue for a minor role of the central alanine of
DIII/S4-S5 in Na*t channel activation. It is worth noting
that the voltage dependence of Na™ channel activation
was not affected by A1156T and 11160V, two point
mutations in the same linker, known to cause hyperPP
and PAM, respectively (Ptacek et al. 1994; Yang et al.
1994; Richmond ef al. 1997). By contrast, hydrophobic
residues in DII/S4-S5 have been shown to influence
channel activation. This is clearly exemplified by two
other mutations of hSkM1, L6891 (hyperPP) and 1693T
(the A1152 counterpart in DII causing PC/hyperPP),
which both induce a hyperpolarizing shift in the voltage
dependence of activation (Plassart-Schiess et al. 1998;
Bendahhou et al. 2002).

To date, most of the mutations associated with a
clear-cut phenotype of PC have been shown to interfere
with channel fast inactivation rather than channel
activation (Yang et al. 1994; Cannon, 2000). The A1152D
mutation disrupted Nat channel fast inactivation by
slowing the kinetics, and shifting the voltage dependence
of the steady-state toward depolarization. The sustained
current was similar to the WT, and recovery from
fast inactivation was not modified at voltages negative
to —80mV. All these macroscopic changes indicate
that the A1152D mutation impairs channel inactivation
presumably by affecting the transition from the open
to the inactivated state (McPhee et al. 1998; Catterall,
2000). Inactivation from the closed state seems to be
less affected by this mutation since at potentials negative
to —70 mV, both steady-state and recovery curves were
not significantly different from those of the WT. If, as
suggested by Smith & Goldin (1997), the central alanine
in DIIT/S4-S5 represents a key element in the docking site
for the inactivation particle, then, by eliminating a hydro-
phobic receptor site, the A1152D mutation would affect

obtained at 21°C (A1152D: @ n = 8; WT: 0 n = 10). Boltzmann fits
remained unchanged with cooling, and did not remain comparable
between A1152D mutant and WT.
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fastinactivation by weakening the interaction with the IFM
motif (West et al. 1992).

When assessed at 21°C, A1152D mutant channels
displayed a very slight slowing of deactivation from the
open state that was not statistically significant, and a
clear acceleration of channel deactivation from the fast
inactivated state compared with WT (Kuo & Bean, 1994).
The voltage dependence of both transitions remained
intact. Dissimilar effects of a given mutation of hSkM1
on open and inactivated state deactivation have been
previously reported (Ji et al. 1996; Groome et al. 1999).
Besides, mutant channels with disrupted fast inactivation
often show a decrease in the delay to the recovery from
inactivation, presumably because of less constraint for
back movement of the activation gate (Groome et al. 1999;
Bouhours et al. 2004).

The voltage dependence and the kinetics of entry into
slow inactivation remained intact in A1152D mutant
channels. In contrast, disease-associated mutations of
topologically related residues in the DII/S4-S5 linker
(L6891, 1693T) have a major effect on channel slow
inactivation, as opposed to their insignificant effect
on fast inactivation. They also produce phenotypes
characterized by episodes of muscle paralysis (Hayward
et al. 1997; Plassart-Schiess et al. 1998; Hayward et al
1999; Bendahhou et al. 2002). Again, this points to
distinct roles of hydrophobic residues in S4-S5 linkers
of DII and III, and corroborates the minor implication
of slow inactivation in myotonia as opposed to muscle
paralysis.

The A1152D mutation causes a clear-cut phenotype
of PC characterized by cold-aggravated muscle stiffness.
Our biophysical data are in line with previous reports
showing that disruption of Nat channel fast inactivation
represents a common pathogenic factor for PC (Yang
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Figure 9. Effect of 10°C cooling on the sustained current
Iss/lpeak versus voltage curves obtained at 11°C were superimposed
with those obtained at 21°C for comparison: A1152D (@ n =5 at
21°Cand An=7at11°C)and WT (On=6at21°Cand An=7 at
11°C). Sustained currents were measured using 200 ms depolarizing
pulses (see Fig. 1 legend). Note that cooling increased the fraction of
sustained current in both mutant and WT. However, as indicated by
the difference that appears between mutant and WT, such effect was
more pronounced for the mutant.
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et al. 1994; Hayward et al. 1996). Slowed rates of fast
inactivation of A1152D channels will tend to hinder
membrane repolarization during the action potential,
thereby facilitating the occurrence of repetitive firing. As
already reported for other PC-associated mutants, cooling
further slowed inactivation and deactivation Kkinetics
without changing their pattern of voltage dependence
(Hayward et al. 1996; Bouhours et al. 2004; Dice et al.
2004). Our data also suggest a higher temperature
sensitivity of 7, and plausibly of the sustained current
for the A1152D mutant compared with WT. Overall,
by further slowing channel gating and enhancing the
sustained current, cooling aggravated mutant channels
defects and hence, their consequences on membrane
excitability.
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Figure 10. Effect of 10°C cooling on open-state deactivation
kinetics

A, representative tail current tracings showing the drastic slowing of
the tail current decay with decreasing temperature from 21°C (upper
traces) to 11°C (middle and lower traces). To obtain full decay of the
tail current and hence, accurate measurements of the deactivation
time constant, the duration of the test pulse was prolonged to 25 ms
when recordings were performed at 11°C. B, deactivation time
constants versus voltage obtained at 11°C (A WTn=15; A A1152D

n = 6) and superimposed to those obtained at 21°C (O WTn=5; @
A1152D n = 6) for comparison. As evidenced by the logarithmic scale
in the inset, cooling by 10°C exacerbated the differences between WT
and mutant, unveiling slower deactivation at negative potentials.
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In conclusion, this study defines the biophysical
defects of a new Na' channel mutant associated with
paramyotonia congenita, and shows their aggravation with
cold. It also points to domain-specific roles of S4-S5
linkers, especially evidenced by distinct functional and
phenotypic consequences of hydrophobic S4-S5 residues
in domains II and IIT of hSkM1.
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