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Key points

� Loss-of-function mutations of the skeletal muscle ClC-1 channel cause myotonia congenita
with variable phenotypes.

� Using patch clamp we show that F484L, located in the conducting pore, probably induces mild
dominant myotonia by right-shifting the slow gating of ClC-1 channel, without exerting a
dominant-negative effect on the wild-type (WT) subunit.

� Molecular dynamics simulations suggest that F484L affects the slow gate by increasing the
frequency and the stability of H-bond formation between E232 in helix F and Y578 in helix R.

� Three other myotonic ClC-1 mutations are shown to produce distinct effects on channel
function: L198P shifts the slow gate to positive potentials, V640G reduces channel activity,
while L628P displays a WT-like behaviour (electrophysiology data only).

� Our results provide novel insight into the molecular mechanisms underlying normal and
altered ClC-1 function.

Abstract Myotonia congenita is an inherited disease caused by loss-of-function mutations
of the skeletal muscle ClC-1 chloride channel, characterized by impaired muscle relaxation
after contraction and stiffness. In the present study, we provided an in-depth characterization
of F484L, a mutation previously identified in dominant myotonia, in order to define the
genotype–phenotype correlation, and to elucidate the contribution of this pore residue to
the mechanisms of ClC-1 gating. Patch-clamp recordings showed that F484L reduced chloride
currents at every tested potential and dramatically right-shifted the voltage dependence of slow
gating, thus contributing to the mild clinical phenotype of affected heterozygote carriers. Unlike
dominant mutations located at the dimer interface, no dominant-negative effect was observed
when F484L mutant subunits were co-expressed with wild type. Molecular dynamics simulations
further revealed that F484L affected the slow gate by increasing the frequency and stability of
the H-bond formation between the pore residue E232 and the R helix residue Y578. In addition,
using patch-clamp electrophysiology, we characterized three other myotonic ClC-1 mutations.
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We proved that the dominant L198P mutation in the channel pore also right-shifted the voltage
dependence of slow gating, recapitulating mild myotonia. The recessive V640G mutant drastically
reduced channel function, which probably accounts for myotonia. In contrast, the recessive
L628P mutant produced currents very similar to wild type, suggesting that the occurrence of the
compound truncating mutation (Q812X) or other muscle-specific mechanisms accounted for
the severe symptoms observed in this family. Our results provide novel insight into the molecular
mechanisms underlying normal and altered ClC-1 function.
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Introduction

Myotonia congenita (MC) is the most common skeletal
muscle inherited channelopathy (Horga et al. 2013).
It is clinically characterized by muscle stiffness after
a voluntary movement that is worse after rest and
improves with repeated activity (the so-called ‘warm up’
phenomenon). Inheritance mode is dominant (Thomsen
disease) or recessive (Becker disease), with a more severe
phenotype in the latter form (Colding-Jorgensen, 2005;
Lossin & George, 2008; Raja Rayan & Hanna, 2010; Burge
& Hanna, 2012; Lo Monaco et al. 2014). Loss-of-function
mutations in the CLCN1 gene encoding the skeletal muscle
voltage-gated ClC-1 chloride channel are the primary
contributors to the pathogenesis of MC (Koch et al.
1992; George et al. 1993). The ClC-1 channel, which
is located at the T-tubules and sarcolemma in skeletal
muscle, normally works to dampen abnormal membrane
excitability and stabilize the resting membrane potential
after an action potential (Lossin & George, 2008). Thus,
the reduced chloride conductance resulting from MC
mutations will predispose the sarcolemma to spontaneous
action potential runs or abnormal afterdischarges that
hamper muscle relaxation after contraction, causing myo-
tonia (Lossin & George, 2008; Burge & Hanna, 2012).

So far more than 130 mutations have been identified
over the entire length of the channel (Lossin & George,
2008; Matthews et al. 2010; Raja Rayan & Hanna,
2010; Burge & Hanna, 2012; Brugnoni et al. 2013). The
functional analysis of naturally occurring ClC-1 mutations
in heterologous expression systems, as well as in animal
models, has provided important insights into the structure
and function of the channel and into the pathomechanism
of the disease (Pusch et al. 2002; Desaphy et al. 2013;
Ha et al. 2014). However, various aspects of channel
gating, disease pathogenesis, clinical manifestation, and
their close connections, remain to be clarified. Indeed,
although it is necessary to understand the correlation
between clinical symptoms, genetic defects and mode of
MC inheritance, in order to match patients with specific

therapies, this is not easily predictable, given the variety
of symptoms reported among individuals carrying the
same ClC-1 mutation (Colding-Jorgensen et al. 2005).
Notably, direct activators of ClC-1 channels have not
yet been identified, thereby precluding a personalized
therapy for MC patients. Currently, the sodium channel
blocker mexiletine represents the first line therapy, but its
use is limited by poor tolerability, and a suboptimal or
negative response in a proportion of patients. In addition,
two carbonic anhydrase inhibitors, acetazolamide and
dichlorphenamide, have been used empirically in MC with
variable results (Griggs et al. 1978; Matthews et al. 2010;
Markhorst et al. 2014; Trivedi et al. 2014). Importantly,
it would be very useful to define the ClC-1 structural
determinants involved in channel gating in order to under-
stand the pathomechanisms of MC and to address drug
targeting.

The functional ClC-1 channel is a homodimer with a
double-barrelled architecture, in which fast gating controls
the opening and closing of individual protopores, whereas
slow gating results from cooperative interactions between
the two pores (Saviane et al. 1999; Accardi & Pusch, 2000;
Dutzler, 2006). Remarkably, defects in the fast and slow
gating modes of the channel have been proposed to explain
the molecular mechanisms of dominant and recessive
inheritance of MC (Accardi & Pusch, 2000; Simpson
et al. 2004; Weinberger et al. 2012; Ha et al. 2014). As
a general rule, recessive ClC-1 mutations are expected to
affect the fast gate of individual subunits, causing different
degrees of haploinsufficiency (Matthews et al. 2010; Raja
Rayan & Hanna, 2010). On the other hand, dominant
mutations are expected to exert a dominant-negative effect
on the associated wild-type subunit by disrupting the
slow gate of the channel, thereby altering or impairing
the dimerization process (Matthews et al. 2010). As the
slow gate was originally supposed to involve interaction
between subunits through helices at the dimer inter-
face (Duffield et al. 2003), this mechanistic hypothesis
easily fitted with dominant mutations that were detected
preferentially on the boundary region between two

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 593.18 Clinico-functional analysis of MC mutations in hClC-1 channel 4183

monomers, indicated as a hot spot (Pusch et al. 1995;
Fialho et al. 2007; Skalova et al. 2013).

Interestingly, the molecular determinants of the slow
gate are still awaiting elucidation. Far from involving
merely helices and residues at the dimer interface (Duffield
et al. 2003), an emerging view of the mechanism
of cooperative gating predicts concerted interactions
between the residue E232 in the channel pore, the
boundary region (comprising helices H, I, G), and the
C-terminal CBS domains via helix R (Duffield et al. 2003;
Estevez et al. 2004; Cederholm et al. 2010; Feng et al.
2010; Ma et al. 2011; Bennetts & Parker, 2013). A recent
report proposed that slow channel closure may depend
on the H-bond interaction established by E232 of pore
helix F and Y578 of helix R (Bennetts & Parker, 2013).
The further observation that ClC-1–ClC-2 heterodimeric
channels lack cooperative gating (Stölting et al. 2014b)
suggests that slow gating of ClC channels arises from
conformational changes within the individual protopore.

These more recent mechanistic hypotheses on gating
modes substantially challenge the general held view
about the pathomechanism, mode of inheritance, and
preferential location for dominant and recessive MC
mutations. Therefore, it remains to be ascertained whether
MC mutations outside the dimer interface might be
inherited in a dominant manner (or cause dominant myo-
tonia), and lead to the simultaneous disturbance of the two
pores.

In this study we provide an in-depth characterization
of the F484L ClC-1 mutation through medical diagnosis,
patch-clamp electrophysiology and molecular dynamics.
This mutation lies outside the dimer interface, in helix
N, which is involved in the ion conductive pathway
(Dutzler et al. 2002, 2003; Skalova et al. 2013), and is
dominantly inherited (Brugnoni et al. 2013). It is also in
close proximity to the E232 and Y578 residues involved
in slow gating (Bennetts & Parker, 2013). In addition,
we present the clinical and electrophysiological analysis
of three other ClC-1 mutants associated with MC: the
dominant L198P mutation located in the pore, and the
recessive L628P and V640G mutations located in the
CBS1 domain (Brugnoni et al. 2013; Lakraj et al. 2013).
These ClC-1 mutations have been previously identified
in MC patients, but have never been characterized before
(Brugnoni et al. 2013; Lakraj et al. 2013). It is expected
that such characterization would contribute to clarify the
genotype–phenotype correlation and to gain insights into
the mechanisms underlying ClC-1 function.

Methods

Genetic diagnosis

Genomic DNA was extracted from peripheral blood,
collected in EDTA-containing tubes, by standard

procedures and screened for CLCN1 mutations by PCR
analysis of the 23 exons, as previously described (Brugnoni
et al. 1999, 2013). Written informed consent for DNA
storage and use for genetic analysis and research purposes
was obtained from all patients (parents or tutors for
patients under age) and relatives, as required by the Ethical
Committee of the Fondazione Istituto Neurologico ‘Carlo
Besta’ in accordance with the Declaration of Helsinki.

Clinical diagnosis

We investigated four families with clinically and genetically
defined MC, including five patients presenting at ages
ranging between 1 and 20 years. All patients were referred
to our clinics due to variable grades of muscle stiffness.
Neurological examination was specifically conducted
searching for myotonic signs such as tongue, eyelid, lid-lag,
jaw myotonia, handgrip and percussion myotonia.

Mutagenesis and expression of hClC-1 WT and
mutant channels

Mutations were introduced into the plasmid
pRcCMV-hClC-1 containing the full-length wild-type
(WT) hClC-1 cDNA using the QuikChange site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA,
USA), as previously described (Desaphy et al. 2013). The
complete coding region of the cDNA was sequenced to
exclude polymerase errors. The tsA cells were transiently
transfected with a mixture of the hClC-1 (5 μg) and CD8
reporter plasmids (1 μg) using the calcium–phosphate
precipitation method. Cells were examined between
36 and 80 h after transfection. Only cells decorated
with anti-CD8 antibody-coated microbeads (Dynabeads
M450, Invitrogen) were used for patch-clamp recordings.

Electrophysiology and data analysis

Standard whole-cell patch-clamp recordings were
performed at room temperature (�20°C) using an
Axopatch 200B amplifier (Axon Instruments). The
composition of the extracellular solution was (in mM): 140
NaCl, 4 KCl, 2 CaCl2, 1 MgCl2 and 5 Hepes, and the pH
was adjusted to 7.4 with NaOH. The high-chloride pipette
solution contained (in mM): 130 CsCl, 2 MgCl2, 5 EGTA
and 10 Hepes, and the pH was adjusted to 7.4 with CsOH.
In this condition, the equilibrium potential for chloride
ions was about −2.8 mV and cells were clamped at the
holding potential (HP) of 0 mV. In the low-chloride inter-
nal solution, caesium chloride was replaced by caesium
glutamate. With this pipette solution, the equilibrium
potential for chloride ions was about –92 mV and cells were
clamped at the HP of –95 mV. Pipettes were pulled from
borosilicate glass and had �3 M� resistance, when filled
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with the above pipette solutions. Currents were low-pass
filtered at 2 kHz and digitized with sampling rates of
50 kHz using the Digidata 1440A AD/DA converter (Axon
Instruments). Patches with a series resistance voltage error
greater than 5 mV and those with non-negligible leak
current were discarded. Chloride currents were recorded
�5 min after achieving the whole-cell configuration, to
allow the pipette solution to equilibrate with the intra-
cellular solution.

Voltage-dependent channel activity was measured by
applying specific voltage step pulses from the HP
depending on the internal chloride concentration, as
described in the Results section and shown in the
figures. We measured the I–V relationship and the over-
all apparent open probability in high-chloride (134 mM)
intracellular solutions to enhance current amplitude and
in more physiological low internal chloride (4 mM)
solutions. In high-chloride solution voltage steps were
applied from −200 mV to +200 mV in 10 mV inter-
vals, each followed by a voltage step at −105 mV where
tail currents were measured. In low-chloride solution,
currents were elicited by voltage steps between −180 mV
and +180 mV in 10 mV intervals, followed by a test
pulse to −105 mV. Voltage steps were applied every 3 s
to allow complete recovery of current amplitude at the HP
between two pulses. The instantaneous and steady-state
current–voltage relationships were drawn by measuring
instantaneous and steady-state current densities (pA pF–1)
at the beginning (�1 ms) and end (�390 ms) of each
voltage step. Overall apparent open probability (Po) for
WT and mutant channels was obtained from normalized
peak tail currents (Desaphy et al. 2013) using test steps to
−105 mV for 100 ms after 400 ms conditioning pulses in
the range from −200 mV to +200 mV from a holding
potential of 0 mV (or −95 mV). Voltage dependence
of channel activation was determined by plotting the
apparent open probability (Po) as a function of the voltage
of the preceding pulses. The points were fitted with a
Boltzmann function:

Po (V) = Pmin + (1 − Pmin) /{1 + exp[(V − V0.5)/k]},

where Pmin is the minimal value of Po, V0.5 is the
half-maximal activation potential, and k is the slope
factor. Unless otherwise specified, these sequences were
repeated every 3 s, this lapse between two depolarizing
steps being long enough to maintain a constant current at
the holding level. Open probability for slow gating (Po,slow)
was obtained by using a similar protocol to that for the
overall Po (200 ms conditioning pulse), except that an
extra 400μs activation pulse to+180 mV was added before
stepping to −105 mV. This very positive step fully activates
(opens up) the fast gates of the channel and the tail
currents at −105 mV then reflect only slow gating (Accardi
& Pusch, 2000). Since overall apparent open probability

equals the product of its fast and slow components,
open probability of the fast gates (Po,fast) could then
be calculated for a given test voltage by dividing the
relevant Po by its corresponding Po,slow (Accardi & Pusch,
2000; Duffield et al. 2003). Apparent Po, Po,slow and Po,fast

were calculated from normalized instantaneous current
amplitude measured at the beginning of the tail pulse at
−105 mV. The voltage dependence of channel activation
was examined by plotting the apparent open probability
(Po) as a function of membrane potential at the end of the
test pulse. The relationship was fitted with a Boltzmann
function. Data were analysed off-line by using pClamp
10.3 (Axon Instruments) and Kaleida Graph Software.
Results are reported as means ± SEM from n cells,
and statistical analysis was performed using Student’s t test,
with P < 0.05 or less considered as significant.

Molecular dynamics

The homology model of ClC-1, recently published by
Bennetts & Parker (2013), was used as starting system. It
consists of the ClC-1 dimer based on the crystallographic
coordinates of CmClC (PDB id: 3ORG; Feng et al. 2010).
For the sake of computational time, the C-terminal
(from residue 588) was excluded from the model. The
resulting structure was first pre-treated using the protein
preparation wizard (Version 9.5) (Schrödinger Release
2013-2), which enables addition of missing hydrogen
atoms and determination of the optimal tautomer for
histidine residues. The simulation system was built as
follows: A 110 × 140 Å2 POPC (1-palmitoyl,2-oleoyl-sn-
glycero-3 phosphocholine) bilayer patch was first built
using the membrane plugin of VMD (Visual Molecular
Dynamics) (Humphrey et al. 1996), with the membrane
aligned with the z-axis. The ClC-1 dimer was embedded in
this bilayer and lipid molecules within 0.6 Å of heavy atoms
of the protein were removed. To neutralize the system,
47 Na+ and 65 Cl− ions were added using VMD’s auto-
ionize plugin, generating a 150 mM ionic concentration
and a final system of 136784 atoms (number computed
for wild type). Both F484L and WT protein structures
were incorporated into a periodic box of TIP3P water
molecules (Jorgensen et al. 1983) extended by 18 Å in
each direction from all protein atoms using the Add
Solvation Box plugin of VMD. All MD simulations were
performed using NAMD 2.9 (Phillips et al. 2005) and
the CHARMM27 force field (MacKerell et al. 2000). The
‘useConstantArea’ option was set ‘on’ in order to keep
realistic lipid structures. The full system was minimized to
remove steric clashes in the initial geometry and gradually
heated up to 310 K within 500 ps of MD. The SHAKE
algorithm was employed to constrain all R–H bonds
(Miyamoto & Kollman, 1992). Rigid water molecules
were implemented using the SETTLE algorithm (Ryckaert
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et al. 1977). Periodic boundary conditions were applied
in all directions. A non-bonded cut-off of 12 Å was
used, whereas the Particle-Mesh-Ewald (PME) (Darden
et al. 1993) was employed to include the contributions of
long-range interactions. All simulations were performed
in an isothermal–isobaric ensemble (1 atm, 310 K) using
a modified Nosé–Hoover method, in which Langevin
dynamics is used to control fluctuations in the barostat,
as implemented in NAMD 2.9 (Martyna et al. 1994)
(oscillation period 200 fs, decay coefficient 100 fs), and
a Langevin thermostat (Adelman & Doll, 2008) (damping
coefficient 1 ps−1). The time step was set to 2 fs, and
coordinates were saved every 5000 steps (10 ps). A MD
trajectory of 25 ns was obtained for the wild type and
the mutated form. For each system investigated, the
equilibration of the structure required less than 5 ns and
thus the first 5 ns were removed from the analysis.

Molecular visualization system

To visualize the ClC-1 3D structure and the position of
mutated residue, the homology model was rendered using
Pymol (http://www.pymol.org/).

Results

The four mutations studied here were previously identified
in a large cohort of myotonia congenita probands
(Brugnoni et al. 2013).

Clinical phenotype of four Italian MC families

Family 1. A single c.1450T>C transition (F484L) was
observed in two members of the same family. The proband
is now 75-year-old man and presented at the age of
18 years with lower limb muscle stiffness, developing
mainly at the beginning of movement after prolonged
rest and improving with exercise. His son, now 50 years
old, noticed the same symptoms at the age of 20.
Neither of them reported cold-aggravated or painful myo-
tonia. Neurological examination revealed myotonia with
warm-up phenomenon mainly in quadriceps and hands,
in association with diffuse muscle hypertrophy; no muscle
weakness was observed. Symptoms remained stable over
the years and both patients practiced sport activities
without any limitation. Clinical features and inheritance
were in agreement with Thomsen disease. The son was
administered mexiletine with mild benefit, while the father
has never taken any treatment for myotonia. Both patients
underwent electromyography with a short exercise test
with and without cooling, as reported by Fournier and
colleagues (Fournier et al. 2006), revealing a pattern II
typical of myotonia congenita. In addition the father’s

neurophysiological examination showed a worsening after
cooling, which was suggestive of dominant MC.

Family 2. A single c.593T>C transition (L198P) was
detected in a male, now 24 years old, who presented at
the age of 8 with stiffness when initiating a movement
after prolonged rest, initiating in the lower limb and then
extending to hands and facial muscles, including masseter.
The clinical course was stable over the years and myo-
tonia remained predominant in the lower limbs. The
patient did not report painful or cold-aggravated myo-
tonia, except for brief myotonia while swimming into cold
water. The mother and a maternal aunt shared similar
symptoms. He has taken topiramate with mild benefit, and
then mexiletine with greater improvement. Neurological
examination revealed handgrip myotonia with warm-up
phenomenon and muscle hypertrophy, mainly in gluteal
and quadriceps muscles, without any muscle weakness.
The clinical phenotype was compatible with Thomsen
disease. Interestingly, this mutation was recently found in
another proband reporting mild symptoms and dominant
inheritance (Lakraj et al. 2013).

Family 3. A c.1883T>C transition (L628P) was detected
in a single male patient, now 6 years old and presenting
at the age of 1 with quadriceps stiffness, in particular after
prolonged immobilization and exacerbated by cold. The
patient did not complain of painful myotonia. Neuro-
logical examination showed quadriceps and handgrip
myotonia, with warm-up phenomenon; muscle strength
was normal and lower limb muscle hypertrophy was
observed. The mutation was compound heterozygous with
the c.2434C>T transition (Q812X). No treatment was
administered and the patient showed progression of myo-
tonia during early infancy, suggesting a Becker phenotype.

Family 4. The c.1919T>G substitution (V640G) was
identified in a male patient, now 54 years old, with
onset during infancy characterized by lower limb stiffness
and fatigability. Neurological examination over the years
showed marked and diffuse muscle hypertrophy and
myotonia, involving also facial and axial muscles, with
warm-up phenomenon; in addition mild foot dorsiflexion
weakness was detected. Myotonia was aggravated by cold
and infections and was sometimes referred to as painful.
Myotonia worsened over the years and the patient was
given mexiletine and acetazolamide without any benefit.
The clinical phenotype was suggestive of Becker myo-
tonia and a second mutation was found (c.2680C>T;
R894X). The father was reported to manifest with similar
symptoms. None of the patients reported episodic trans-
ient weakness. Clinical data are summarized in Table 1.
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Table 1. Clinical data for MC patients

Exon/ Inheri- Age of Transient Muscle Hyper- Cold Warm- Clinical No. of
Genotype Protein domain tance onset weakness pain trophy effect up course Phenotype Probands Therapy

L198P 5/helix D AD 8 No No Yes No Yes Stable Thomsen 1 Mex, effective
F484L 13/helix N AD 18/20 No No Yes No Yes Stable Thomsen 2 Mex, effective
L628P (+ Q812X) 16/CBS1 AR 1 No No Yes Worse Yes Worse Becker 1 None
V640G (+ R894X) 16/CBS1 AR Infancy No Yes Yes Worse Yes Worse Becker 1 Mex and Actz ineffective

Mex, mexiletine; Actz, acetazolamide.

Electrophysiological characterization of dominant
F484L MC mutation

The mutation F484L resides in the helix N that contributes
to the chloride conductive pore (Fig. 1), and is dominantly
inherited. In order to examine whether this mutation
affected ClC-1 permeation and gating leading to muscle
myotonia, we transfected tsA cells with equal amounts
of wild-type or F484L cDNA (5 μg), and measured the
I–V relationship and the overall apparent open probability
by whole-cell patch clamp. Experiments were performed
using a high intracellular chloride (134 mM) solution, to
enhance current amplitude, or a more physiological low
internal chloride (4 mM) solution.

In high intracellular chloride solution, F484L currents
lacked the fast deactivation at negative potentials typical of
wild-type ClC-1 currents, instead showing slow activation
at each test potential till reaching a steady state (Fig. 2A).
Instantaneous and steady-state current densities for F484L
were greatly reduced at each voltage compared to WT (Fig.
2B and C; Table 2). As the currents of F484L showed strong
outward rectification and did not saturate at positive
potentials, the maximum current for normalization was
arbitrarily taken at +180 mV to calculate the overall open
probability. The voltage dependence of F484L activation
appeared significantly shifted by about 150 mV towards
positive potentials compared to WT channels (Fig. 2D;
Table 2).

L198P 

F484L 

L628P 

V640G 

Figure 1. Three dimensional representation of hClC-1 channel
The representation is modelled upon the structure of CmClC
showing the localization of the dominant and recessive MC
mutations.

In low-chloride solution, F484L channels generated
slowly activating and non-saturating currents at positive
potentials, with kinetics evidently slower than those of
WT channels (Fig. 3A). Steady-state current densities were
smaller than WT in the range of physiological membrane
potentials (Fig. 3B; Table 2). The voltage dependence of
activation was, again, significantly right-shifted by about
130 mV compared to WT channels (Fig. 3C; Table 2).
These results confirmed the biophysical changes measured
in high-chloride solution for this mutant channel: due to
its location inside the channel pore, the F484L mutation
greatly disrupted ClC-1 channel kinetics and voltage
dependence.

In order to gain deeper insight into the pathogenic
mechanism behind this dominant mutation, we further
analysed the effect of the F484L aminoacidic substitution
on the fast and slow gating of the channel. Interestingly,
separation of fast and common gating revealed that the
voltage dependence for slow gating was greatly shifted in
the positive direction for this mutation, so that F484L
channels were less likely to be open in the physio-
logical voltage range compared to WT (Fig. 4A; Table 3).
Furthermore, the fast gating (fast gate closure) was
practically eliminated by the F484L mutation, with an
open probability of the fast gate of at least 0.8 at any given
potential in high-chloride condition (Fig. 4B; Table 3).

To assess whether the dominant F484L mutation
exerted the dominant-negative effect on WT subunits
typical of mutations residing at the channel interface, we
co-expressed F484L with equal amounts of WT cDNAs
in tsA cells to recapitulate the heterozygous condition
of patients. Interestingly, when co-expressed with WT
in high-chloride conditions, F484L channels showed
inwardly and outwardly rectifying whole-cell currents
(Fig. 5A for WT+F484L). The current amplitude, at
each voltage, was almost the sum of the currents of
the respective homomeric channels (Fig. 5B and C for
WT+F484L). For this heteromeric channel, the total Po

was shifted in the positive direction and was reduced at
resting potentials compared to WT homomers but was
greater than the Po measured for the respective homomeric
mutants (Fig. 5D for WT+F484L; Table 4). Therefore,
the analysis of current level and open probability for
WT+F484L heteromers revealed a phenotype in between
that of the respective homomers, suggesting the presence
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of at least two distinct populations of channels, rather than
a dominant-negative effect.

Molecular dynamics simulations of WT and F484L
channels

A preliminary visual inspection of the human ClC-1
homology model revealed that the dominant mutation

F484L (helix N) is spatially located close to E232 (helix
F) and Y578 (helix R), two residues recently proposed to
contribute to voltage-dependent slow gating of the channel
(Fig. 6; Bennetts & Parker, 2013). Such a domain (hereafter
referred to as EY) behaves as a molecular gate whose action
depends on the chance that a hydrogen bond (H-bond)
interaction can take place between the side-chain of
E232 (H-bond acceptor) and the side-chain of Y578
(H-bond donor) (Bennetts & Parker, 2013). When such an
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Figure 2. Functional characteristics of WT and F484L hClC-1 channels in high intracellular chloride
A, representative chloride currents recorded from tsA cells transfected with hClC-1 WT and F484L variants. Cells
were held at 0 mV and 400 ms voltage pulses were applied from −200 to +200 mV in 10 mV intervals every 3 s.
Mutant channels displayed different kinetics and reduced amplitude compared to WT. B, the instantaneous currents
were measured at the beginning of test voltage pulses, normalized with respect to cell capacitance (pA pF–1), and
reported as a function of voltage. The F484L mutant does not show the strong inward rectification typical of WT
channels. C, steady-state currents were measured at the end of test voltage pulses and reported as mean current
density ± SEM in function of voltage. The F484L mutant generated reduced current densities with respect to WT.
D, the voltage dependence of activation was determined by plotting the apparent open probability (Po), calculated
from tail currents measured at −105 mV, as a function of test voltage pulses. The relationships obtained from
averaged data were fitted with a Boltzmann equation, and fit parameters are reported in Table 2. The mutant
channels displayed a positively shifted voltage dependence of activation. Each point is the mean ± SEM from 6 to
14 cells.
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Table 2. Biophysical parameters of hClC-1 WT and MC mutants

ClC-1 [Cl−] (mM) V0.5 (mV) k (mV) Pmin (−90 mV) IC (−60 mV) (pA pF–1) SSC (+60 mV) (pA pF–1) n cells

WT 134 −67 ± 1 33 ± 1 0.46 ± 0.06 −147 ± 25 94 ± 14 14
F484L 134 86 ± 1∗ 28 ± 1 0.24 ± 0.04∗ −15 ± 4∗ 22 ± 4∗ 14
L198P 134 74 ± 1∗ 40 ± 0.4 0.05 ± 0.01∗ −24 ± 8∗ 18 ± 6∗ 10
V640G 134 −47 ± 2 41 ± 2 0.38 ± 0.06 −61 ± 24 23 ± 11 8
L628P 134 −54 ± 1 28 ± 1 0.33 ± 0.04 −182 ± 63 90 ± 31 9
WT 4 −23 ± 2 43 ± 1 0.24 ± 0.03 — 360 ± 156 6
F484L 4 82 ± 8∗ 40 ± 3 0.25 ± 0.06 — 59 ± 12∗ 6
L198P 4 102 ± 2∗ 50 ± 1 0.09 ± 0.01∗ — 48 ± 20∗ 6
L628P 4 −23 ± 1 28 ± 1 0.12 ± 0.03 — 338 ± 39 8

IC, instantaneous current; SSC, steady-state current; ∗P < 0.05 or less compared to WT.

interaction occurs, the passage of Cl− is strongly hindered.
In addition, the hClC-1 homology model shows that the
residue F484 is engaged in π–π stacking interactions with
two aromatic residues, namely F279 and F488 in the helices
G and N.

Building on this evidence, in order to provide a putative
molecular explanation for the positive shift of ClC-1
slow gating induced by the F484L, we carried out an

in-depth analysis of the MD trajectories obtained for
WT and F484L channels. In particular, we analysed the
H-bond interactions occurring in the ClC-1 monomers
in order to investigate the diverse behaviours of WT
and F484L. An atom donor (AD)–atom acceptor (AA)
distance equal to 4 Å and an angle AD–H–AA equal
to 160 deg were used as thresholds to define the pre-
sence of the H-bond. Interestingly, the sole appreciable
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Figure 3. Functional characteristics of WT and F484L hClC-1 channels in low intracellular chloride
A, chloride currents were recorded in tsA cells transfected with WT and F484L hClC-1 variants. Cells were held
at −95 mV and 400 ms voltage pulses were applied from −180 to +180 mV in 10 mV intervals every 3 s.
Mutant chloride currents displayed slower kinetics of activation compared to WT. B, the steady-state current
density–voltage relationships were drawn as in Fig. 2C. C, the voltage dependence of activation, determined as in
Fig. 2D, was fitted with a Boltzmann function. Fit parameters are reported in Table 2. The F484L mutant channels
displayed a positively shifted voltage dependence. Each point is the mean ± SEM from 6 to 14 cells.
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Table 3. Channel open probability for slow gating (Po,slow) and fast gating (Po,fast) for WT and MC hClC-1 mutants

ClC-1 V0.5 Po,slow (mV) k (mV) Pmin (−90 mV) V0.5 Po,fast (mV) k (mV) Pmin (−90 mV) n cells

WT −78 ± 1 35 ± 1 0.68 ± 0.05 −91 ± 1 23 ± 1 0.82 ± 0.1 8
F484L 111 ± 3∗ 33 ± 2 0.26 ± 0.05∗ — — — 6
L198P 53 ± 1∗ 38 ± 1 0.18 ± 0.01∗ −38 ± 2 54 ± 2 0.7 ± 0.1 5
V640G −49 ± 4 46 ± 3 0.56 ± 0.02 −69 ± 1 27 ± 1 0.61 ± 0.1 4
L628P −69 ± 1 18 ± 1 0.68 ± 0.03 −87 ± 1 30 ± 1 0.65 ± 0.05 6

∗P < 0.05 or less compared to WT.

Table 4. Biophysical parameters of heteromeric WT+F484L and WT+L198P channels

ClC-1 [Cl−] (mM) V0.5 (mV) k (mV) Pmin (−90 mV) IC (−60 mV) (pA pF–1) SSC (+60 mV) (pA pF–1) n cells

WT+F484L 134 −63 ± 3 41 ± 3 0.46 ± 0.04 −273 ± 64 220 ± 49 7
69 ± 7 29 ± 6

WT+L198P 134 −61 ± 1 26 ± 1 0.23 ± 0.03 −177 ± 68 140 ± 51 6
58 ± 1 39 ± 1

IC, instantaneous current; SSC, steady-state current.

difference between the mutants was the above-described
H-bond interaction between E232 and Y578. Importantly,
in the simulation timescales considered in our analysis
the H-bond formation is very frequently observed in
both F484L monomers (11.04% and 47.30% rate of
occurrence for monomers A and B, respectively), whereas
it is significantly reduced in WT (0.05% and 1.90% rate
of occurrence for monomers A and B, respectively) in
the considered time of simulation (20 ns). In other words,
the H-bond is immediately lost during the MD simulations
of WT, although it is present in the described initial hClC-1
homology model (Fig. 6). In contrast, the replacement of
F484 with the pathogenic leucine residue (F484L) triggers

the EY closure in both the monomers, thus indicating
that the gating mechanism is operated through the remote
control of the single residue at position 484.

This difference in behaviour between WT and F484L
is also clearly confirmed by the time dependence of
the distance between the H-bond donor and H-bond
acceptor side-chain atoms of the Y578 and E232 inter-
action (hereafter referred to as dEY; Fig. 7A and B). As
shown in Fig. 7, dEY can switch from an average value of
5 A ̊ (open state) to 3 A ̊ (closed state) for both WT and
F484L mutants. However, the closed conformation occurs
at a low probability for WT, and, whenever it happens,
the transition back to the open state is extremely fast.
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Figure 4. Apparent open probabilities for
fast and slow gating of WT and F484L
hClC-1 channels
Apparent open probabilities for slow (A) and
fast gating (B) in mutant F484L compared to
WT. Open probability for slow gating was
obtained as described in the Methods section.
Open probability of the fast gates was
calculated for a given test voltage by dividing
the relevant total Po by its corresponding
Po,slow. The substantial positive shifts in overall
Po for F484L shown in Fig. 2 was mainly due
to a large positive shift in Po,slow. For each
channel, n = 6–8 cells. Fit parameters are
reported in Table 3.
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Importantly, monomer A remains in the open state during
the entire simulation. The transition to the closed state is,
instead, more often observed in F484L (both the mono-
mers display this transition within the total simulation
time) and is even more stable at least on the timescale of
20 ns.

Taken together, these observations would suggest that
the aromatic residue F484 is a key element of the slow
gating mechanism in WT channels. Furthermore, its
mutation, as in F484L, is responsible for the positive shift
of the voltage dependence of the slow gate as a result of the
higher frequency and stability of the H-bond formation
between E232 and Y578.

Electrophysiological characterization of other MC
mutations

Among previously identified mutations, we decided to
characterize, using patch-clamp electrophysiology, the
dominant mutation L198P located in the helix D, a pore
region comprising the chloride binding sites, and the

recessive mutations V640G and L628P residing in the
CBS1 domain (Fig. 1; Brugnoni et al. 2013; Lakraj et al.
2013).

In high-chloride solution, L198P channels conducted
very little current at negative potentials and very slowly
activating currents at positive potentials (Fig. 8A), with
instantaneous and steady-state current densities greatly
reduced compared to WT (Fig. 8B and C; Table 2).
Similarly, instantaneous and steady-state current
amplitudes were greatly reduced for V640G channels
compared to WT (Fig. 8B and C; Table 2). Conversely,
L628P showed current kinetics and densities similar to
WT (Fig. 8A–C; Table 2).

The voltage dependence of L198P activation appeared
significantly shifted by about 150 mV towards positive
potentials compared to WT channels (Fig. 8D; Table 2),
implying that this mutant channel was almost closed
at voltages near the skeletal muscle resting potential
(Table 2). In contrast, the analysis of the apparent open
probability revealed no significant differences for the
V640G and L628P mid-activation voltages with respect
to WT (Fig. 8D; Table 2).
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Figure 5. Functional characteristics of heteromeric WT+F484L hClC-1 channels in high intracellular
chloride
A, representative current traces elicited from tsA cells co-transfected with equal amount of WT and F484L cDNAs
in high intracellular chloride. B, the instantaneous currents in high intracellular chloride were measured as in
Fig. 2B, for WT, F484L and WT+F484L channels. C, steady-state currents in high intracellular chloride were
measured as described in Fig. 2C. D, the voltage dependence of activations, determined as in Fig. 2D, were fitted
with a double Boltzmann function. Fit parameters are reported in Table 4. The heteromeric channels displayed a
positively shifted voltage dependence compared to WT. Each point is the mean ± SEM from 7 cells.
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In low-chloride solution, L198P channels generated
slowly activating and non-saturating currents at positive
potentials, with kinetics slower than those of WT channels
(Fig. 9A). The steady-state current densities were smaller
(Fig. 9B; Table 2) and the voltage dependence of activation
was, again, significantly right-shifted by about 130 mV,
compared to WT channels (Fig. 9C; Table 2). The
L628P channels generated slowly activating and saturating
currents at positive potentials, with steady-state current
densities and voltage dependence of activation similar to
WT in the range of physiological membrane potentials
(Fig. 9A–C; Table 2), thus further questioning mutant
pathogenicity. Chloride currents generated by V640G were
too small to allow satisfactory biophysical analysis in
low-chloride solution.

In order to further assess the contribution of these
residues to channel gating, we analysed the effect of
the L198P, V640G and L628P mutations on the open
probability of the fast and slow gating using whole-cell
patch clamp. Interestingly, the voltage dependence of
slow gating for L198P was greatly shifted in the positive
direction (Fig. 10A; Table 3). In contrast, the open
probabilities for fast and slow gating were not significantly
different in V640G and L628P compared to WT channels
(Fig. 10A and B; Table 3).

Similar to F484L, in the presence of high intra-
cellular chloride, the L198P pore mutant subunit did not
exert a measureable dominant negative effect on WT in
co-expression experiments (Fig. 10C for WT+L198P).
The current amplitude, at each voltage, was almost the sum
of the currents of the respective homomeric channels (Fig.
10D and E for WT+L198P), and the total Po was almost
intermediate between that measured for the respective
homomeric channels (Fig. 10F for WT+L198P; Table 4).

F279
F484

F488

E232

2.7 Å

Y578

Figure 6. Zoom of the CmClC-based hClC-1 homology model
used in the present study
Important residues are shown as sticks and the H-bond between
E232 and Y578 is shown as dashed line.

Discussion

Here we report a thorough characterization of the ClC-1
myotonic mutation F484L, which is located outside the
known ‘hot spot’ for dominant MC mutations (Fialho et al.
2007), and results in a Thomsen phenotype (Brugnoni
et al. 2013). Satisfactorily, the analysis of MD trajectories
highlighted the key action of this phenylalanine at position
484 in controlling the slow gating of ClC-1. We also
describe the functional consequences of three other ClC-1
mutations associated to peculiar myotonic phenotypes,
and residing on domains relevant for channel function
(Brugnoni et al. 2013).

Effect of F484L mutation on hClC-1 channel gating

In order to disclose novel pathogenic mechanisms for MC
and, in parallel, to clarify the structural requirements for
channel gating, we used patch-clamp electrophysiology
and molecular dynamics simulations to characterize the
dominant F484L mutation. Here we show that, when
expressed in mammalian cells lines, this mutation, located
in the ion conducting pore, drastically reduces chloride
current at physiological potentials but does not reveal
a dominant-negative effect on WT in co-expression
experiments. As most dominant mutations, the shift of
the voltage dependence of the channel slow gating to
very positive potentials mainly accounts for the observed
reduction of chloride current.

The most interesting and novel finding of this study is
the key role of the F484L mutation in ClC-1 gating. While
it has been ascertained that the carboxyl side-chain of the
glutamate residue E232 of helix F is the main domain
responsible for fast gating, the molecular determinants
of the slow gate are still awaiting elucidation (Dutzler
et al. 2002, 2003). Emerging evidence supports the idea
that slow gating results from complex conformational
rearrangements involving the fast gate E232 and the
C-terminal domains via helix R, besides the boundary
helices between the two protopores typically known to
take part to this gating process (Duffield et al. 2003; Estevez
et al. 2004; Cederholm et al. 2010; Feng et al. 2010; Ma et al.
2011; Bennetts & Parker, 2013; Stölting et al. 2014a).

We chose to investigate further the molecular mecha-
nism behind the right-shift in the voltage dependence
of the slow gate measured in the electrophysiological
experiments for F484L channels, on the basis of the close
proximity of F484 (helix N) to E232 (helix F) and Y578
(helix R) (Bennetts & Parker, 2013). Interestingly, these
latter residues have been proposed to establish an H-bond
with their charged side-chains that is required for the
slow gating of ClC-1 channels (Bennetts & Parker, 2013).
Thus, we used MD simulations to assess the contribution
of the residue F484L to the H-bond formation between
E232 and Y578. According to our clear-cut interpretive
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hypothesis, the presence of this highly conserved aromatic
residue allows the formation of the H-bond between E232
and Y578 at a low rate compatible with the physio-
logical activity of the ClC-1 channel. Indeed, in WT
channels, the side-chain of E232 establishes an H-bond
interaction with F484. Such an interaction occurs after
a conformational rearrangement of the side-chain of
E232 and the consequent disruption/weakening of its
H-bond with Y578. The H-bond between F484 and E232
is guaranteed by the π–π stacking interactions between
F484 and two close aromatic residues (F279 and F488) and
is even strengthened by an additional H-bond involving
the backbones of F484 and F488 (Fig. 7C). Remarkably,

in myotonic patients carrying the F484L mutation, the
replacement of the aromatic phenylalanine with the
aliphatic leucine disrupts the aromatic sandwich-like
conformation (observed for F488) that, accordingly,
confers a higher conformational flexibility (see the arrow
in Fig. 7), which determines the breaking of the H-bond
between the backbone of F484 and that of F488. This event
induces different conformational changes in the backbone
of the residue at position 484 with the effect of weakening
the chance of interaction with E232. In turn, this will
increase the rate of occurrence of the H-bond formation
between E232 and Y578, strengthening the stability of the
slow gate in its closed state.
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Figure 7. Analysis of hydrogen bond interactions occurring in WT and F484L dimers
A and B, time-dependent evolutions of the distance between the oxygen donor of Y578 side-chain and the nearest
oxygen acceptor of E232 side-chain, for WT and F484L channels. The results computed for both the two monomers
(A and B) are presented. C and D, selected frames showing the different H-bond interactions established in WT
and F484L in the EY domain. Important residues are shown as sticks while the H-bond interactions are depicted
by a dashed line.
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There are no compounds that directly open ClC-1,
whereas a few compounds are known to block the
channel unselectively (Pusch et al. 2002). Importantly,
mutations of the residue F484 were reported to affect
the binding of ClC-1 inhibitors (Estevez et al. 2003).
Therefore, the optimization of these lead compounds
together with an understanding of the exact gating defect
underlying specific mutant channels would pave the
way (Alberga et al. 2014; Mangiatordi et al. 2015) to
the development of drugs acting specifically on mutant
ClC-1 channels. Hypothetically, we expect that any drug
binding inside the pore and bearing an aromatic moiety

able to restore the above-described π–π stacking inter-
actions would reverse the positive shift in the slow gate,
thereby representing a possible specific therapy for F484L
carriers.

Genotype–phenotype correlation

In order to correlate different degrees of myotonic sym-
ptoms to different effects of ClC-1 mutations on channel
function, we performed a detailed clinical evaluation of
MC patients in parallel with the functional analysis of
mutant channels.
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Figure 8. Functional characteristics of L198P, V640G and L628P hClC-1 channels in high intracellular
chloride
A, representative whole-cell current traces elicited from tsA cells transfected with the dominant L198P and recessive
variants V640G or L628P. Cells were held at 0 mV and 400 ms voltage pulses were applied from −200 to +200 mV
in 10 mV intervals every 3 s. Mutant channels displayed similar kinetics compared to WT. B, the instantaneous
currents were measured as in Fig. 2B for WT, L198P, V640G and L628P. C, steady-state currents were measured
as described in Fig. 2C. L198P and V640G generated reduced current densities with respect to WT. D, the voltage
dependence of activation, determined as in Fig. 2D, was fitted with a Boltzmann function. Fit parameters are
reported in Table 2. The activation curve for V640G and L628P was similar to the WT curve while that of L198P
was severely right-shifted. Each point is the mean ± SEM from 8–9 cells.
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The neurological examination of the patients carrying
the F484L mutation revealed a mild Thomsen phenotype
associated with a stable clinical course, without trans-
ient weakness, cold-aggravated or painful myotonia.
When expressed in tsA cells, this mutant channel
showed not only severely reduced chloride currents, but
also modified gating compared to WT channel. Inter-
estingly, co-expression of F484L with WT, which was
expected to mimic the heterozygous condition of affected
patients, failed to show any evidence of dominant-negative
effect. Collectively, the positive shift of the overall
open probability as well as the reduction in chloride
conductance observed in the patch-clamp experiments
might be sufficient to recapitulate the mild clinical
phenotype of this case of dominantly inherited MC.

Remarkably, the lack of negative interactions between
mutant and WT subunits implies that dominant MC
mutations residing in helices lining the channel pore
might cause myotonia with a molecular mechanism
different from that of mutations residing within the
intra-membrane dimerization interface. That is, our data
strongly suggest that the dominant-negative effect of a
mutant on the WT subunit is not a compulsory condition

for the etiopathology of dominant myotonia congenita in
the cases of pore mutations, with a huge shift of slow gating
of mutant pore being sufficient to cause a mild myotonic
phenotype.

These experimental data are also in agreement with
the results of a recent study correlating the molecular
pathogenesis of MC to the position of dominant and
recessive MC mutations on the hClC-1 channel, using
the crystallographic structure of CmCLC (Feng et al. 2010;
Skalova et al. 2013). Most dominant MC mutations proven
to cause a dominant-negative effect when co-expressed
with WT subunits effectively reside at the boundary
region between two monomers or in its proximity.
Conversely, mutations occurring in the channel pore show
no dominant-negative effect and can cause the disease by
other mechanisms (Skalova et al. 2013).

It is worth noting that we cannot definitely rule out
the possibility of specific behaviour of the mutant in the
muscle fibre context (e.g. different allele expression) or the
presence of a yet-unidentified mutation in the CLCN1 gene
not detectable with custom genetic screening techniques
(Zhang et al. 1996; Raya Rayan et al. 2012; Richman et al.
2012; Ulzi et al. 2014). Studies of more families with similar
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Figure 9. Functional characteristics of L198P and L628P hClC-1 channels in low intracellular chloride
A, chloride currents were recorded in tsA cells transfected with L198P and L628P variant. Cells were held at
−95 mV and 400 ms voltage pulses were applied from −180 to +180 mV in 10 mV intervals every 3 s. B, the
steady-state current density–voltage relationships were drawn as in Fig. 2C for WT, L198P and L628P. C, the
voltage dependence of activation, determined as in Fig. 2D, was fitted with a Boltzmann function. Fit parameters
are reported in Table 2. Each point is the mean ± SEM from 8 cells.
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dominant mutations and recordings from patients’ muscle
biopsies would be helpful to confirm our hypothesis.

To support this hypothesis, we thus performed an
electrophysiological characterization of another pore
mutation, L198P, associated with a Thomsen phenotype.
Similarly to F484L, we found that L198P mutant sub-
units are almost closed at physiological membrane
potentials due to a large shift of the open probability
of the voltage-dependent slow gating, and do not

exert a dominant-negative effect when co-expressed with
unaffected subunits. Interestingly, the L198P mutation is
located in helix D, which forms part of the ion conductive
pore and is known to interact with helices H, R and the
CBS2 domain, notably being involved in the mechanism of
slow gating (Bennetts & Parker, 2013; Skalova et al. 2013).
Two other substitutions have been found at the same
conserved position in myotonic patients (Simpson et al.
2004; Brugnoni et al. 2013). Thus, these evidences suggest
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Figure 10. Open probabilities for fast and slow gating of WT, L198P, V640G and L628P hClC-1 channels,
and functional characteristics of heteromeric WT+L198P hClC-1 channels
Apparent open probabilities for slow (A) and fast (B) gating in mutants L198P, V640G and L628P compared to WT.
Open probability for common gating (Po,slow) was obtained as described in the Methods section. Open probability
of the fast gates (Po,fast) was calculated for a given test voltage by dividing the relevant Po by its corresponding
Po,slow. For each channel, n = 4–6 cells. Fit parameters are reported in Table 3. C, representative current traces
elicited from tsA cells co-transfected with equal amounts of WT and L198P cDNAs in high intracellular chloride. D,
the instantaneous currents in high intracellular chloride were measured as in Fig. 8B, for WT, L198P and WT+L198P
channels. E, steady-state currents in high intracellular chloride were measured as described in Fig. 8C. F, the voltage
dependence of activations, determined as in Fig. 8D, were fitted with a double Boltzmann function. Fit parameters
are reported in Table 4. The heteromeric channels displayed a positively shifted voltage dependence compared to
WT. Each point is the mean ± SEM from 6 cells.
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that this spot on helix D is remarkable for disease aetiology,
ion permeability and gating. An in-depth characterization
would be of help to verify whether the substitution of L198
with the smaller and more rigid proline may result in an
empty space in the helix D, probably disturbing inter-
actions with nearby helices and increasing the stability of
the slow gate, as shown for F484L.

In addition, we studied two recessive mutations, L628P
and V640G, located close to the intracellular CBS domains
of ClC-1. V640G is associated with a very severe form of
MC mainly characterized by marked and diffuse muscle
hypertrophy and myotonia, involving all muscles, with
relevant progression over the years. Strikingly, myo-
tonia was aggravated by cold and infections, sometimes
reported as painful and did not benefit from the common
symptomatic treatments. Consistently, the V640G channel
expressed in tsA cells leads to drastically reduced
channel activity in the plasma membrane as shown by
its smaller current amplitude compared to WT. This
mutation was found to be compound heterozygous
with the truncating mutant R894X that causes reduced
channel activity and enhanced degradation, and exerts
a weak dominant-negative effect on wild-type currents
(Meyer-Kleine et al. 1995; Duno et al. 2004; Macias
et al. 2007; Papponen et al. 2008; Mazon et al. 2012).
Therefore, one additional hypothesis for the occurrence
of a severe Becker phenotype in patients carrying both
R894X and V640G may be that the R894X exhausts V640G
by enhancing the degradation of heterodimers, thereby
reducing further the sarcolemma chloride conductance.
Such a dramatic effect on channel expression may also
provide a likely explanation for the lack of responsiveness
of the affected patient to acetazolamide, a carbonic
anhydrase inhibitor known to increase human ClC-1 open
probability and alleviate MC clinical symptoms (Eguchi
et al. 2006; Desaphy et al. 2013).

The mutation L628P was found in a patient with
less severe myotonia than was shown by the V640G
carrier, without muscle weakness and pain; however,
the myotonia had a very early onset and worsened
during infancy, suggesting a Becker phenotype. When
expressed in tsA cells, the L628P mutant channel shows
current amplitude and voltage dependence very similar
to those of WT proteins, thus bringing its pathogenicity
into question. Furthermore, the proband presented a
compound heterozygous mutant, Q812X, that has not
been functionally characterized, but, given its position
in the ClC-1 sequence, might give rise to a truncated
protein with reduced activity, as shown for other
neighboring C-terminal variants (Macias et al. 2007;
Ulzi et al. 2012; Richardson et al. 2014). Therefore, on
one hand, the truncated mutants Q812X might alone
explain the abnormal phenotype. On the other hand,
we cannot rule out that L628P may harbour some
hidden muscle-specific defects that would account for the

recessive inheritance seen in patients with the mutation.
Modifications occurring within the stretch between CBS1
and CBS2, for instance, might impair channel interaction
with nucleotides, such as ATP and NAD+, or regulatory
proteins (Bennetts et al. 2007; Tseng et al. 2011; Bennetts
et al. 2012). Alternatively, the L628P mutation might
modify the phenotype caused by the co-existing MC
mutation without being pathogenic by itself.

In conclusion, we demonstrate that mutations located in
the channel pore associated with dominant myotonia with
mild symptoms affect the gating mechanisms of ClC-1
channels but do not exert a dominant-negative effect on
WT subunits. Through MD simulations, we highlight the
pivotal role of the pore aromatic residue F484 in the
molecular mechanism of slow gating mediated by E232
and Y578, further supporting the view that fast and slow
gating are closely interrelated processes (Cederholm et al.
2010; Ma et al. 2011).

Moreover, our electrophysiological data suggest that
mutations located in the CBS1 domain reduce channel
density or carry muscle-specific defects, but have few
implications for the gating processes of the channel.

A better understanding of the structure–func-
tion–phenotype correlation carried by different mutations
in ClC-1 channels, through combined clinical, electro-
physiology and molecular dynamics studies, represents an
essential requirement in the development of personalized
treatment for MC, which is to date only symptomatic.
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