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Vertebrate skeletal muscle is distinguished by its large

resting chloride conductance (gCl), a property that is

maintained by intact, voltage-gated skeletal muscle chloride

channels, ClC-1 (Steinmeyer et al. 1991). Mutations in

CLCN1, the gene encoding the ClC-1, lead to autosomal

dominant or recessive myotonia congenita in humans

(Koch et al. 1992; George et al. 1993). This disorder of

skeletal myofibre excitability is due to a reduction in the

sarcolemmal gCl with a consequent increase in the length

constant of the sarcolemma (Bryant, 1962; Bryant &

Morales Aguilera, 1971; Rüdel & Lehmann-Horn, 1985).

As a result, the elevation of potassium concentration in the

t-tubular lumen following electrical activity results in

depolarisation of the sarcolemma, triggering a train of

spontaneous action potentials (Adrian & Bryant, 1974) .

This ‘irritability’ of the muscle membrane manifests

clinically as myotonia, an impaired relaxation of muscle

following sudden, forceful contraction.

Following the linkage of Thomsen (dominant) and Becker

(recessive) myotonia to CLCN1, many disease-causing

mutations were identified and their properties investigated

in heterologous expression systems, providing important

insights into channel structure and function. Early clinical

descriptions identified a discrete subgroup of patients with

dominantly inherited but phenotypically mild disease, a

condition termed myotonia levior (DeJong, 1966). In two

of these patients, an arginine-for-glutamine substitution

at position 552 of the CLCN1 gene (Q552R) was identified

(Lehmann-Horn et al. 1995). When expressed in the

Xenopus oocyte system, the mutant alone did not produce

current. Expression was achieved in concert with wild-

type (WT) human ClC-1 (hClC-1) DNA, although the

functional properties were more predictive of a strongly

dominant phenotype (Pusch et al. 1995b). It was shown

subsequently, however, that some mutations that appeared

to be non-functional in the Xenopus expression system

could be expressed successfully in mammalian cells (Fahlke

et al. 1997a; Zhang et al. 2000a) and in the former case,

illustrated an entirely new mechanism of myotonia

generation. We therefore decided to investigate the

functional properties of Q552R in a mammalian cell line.

As functional ClC channels are dimeric proteins (Middleton

et al. 1994; Fahlke et al. 1997b; Dutzler et al. 2002), three

classes of muscle chloride channels coexist in the sarco-

lemma of heterozygous patients: homodimeric WT

channels, heterodimeric channels consisting of one WT and

one mutant subunit, and homodimeric mutant channels.

In order to achieve a homogeneous population of hetero-

dimers and to be able to characterise the functional

properties of heterodimeric WT-Q552R channels, we
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engineered a WT-mutant concatameric construct (Fahlke

et al. 1997b). Assuming equal expression and coassembly,

these channels represent the largest fraction (50 %) of

functional chloride channels in heterozygous patients, and

their functional properties thus play a critical role in

determining the mode of inheritance and resting sarco-

lemmal gCl in these patients.

We report here the functional characterisation of homo-

and heterodimeric Q552R channels under various ionic

conditions. Our results demonstrate gating alterations of

mutant channels that account fully for the clinical features

of myotonia levior and its inheritance pattern. In addition,

based on the location of this mutation, we speculate as to

the underlying mechanism of hyperpolarisation-activated

gating for this and other muscle chloride channel

mutations.

METHODS
Construction of mutants
Site-directed mutagenesis of the hClC-1 and construction of
concatamers were performed as described previously (Fahlke et al.
1997b). Briefly, the mutation Q552R was introduced into hClC-1
using a single-step polymerase chain reaction mutagenesis
strategy. Two independent recombinant mutant clones were then
subcloned back into the full-length hClC-1 cDNA in the
pRc/CMV vector for expression studies.

Cell culture and transfection
tsA201 cells are a simian virus 40 (SV40), T-antigen-expressing
derivative of the human embryonic kidney cell line, HEK-293.
Cells were grown in Earle’s minimum essential medium
supplemented with 10 % fetal calf serum and maintained at 37 °C
with 5 % carbon dioxide. Transient transfection was performed by
means of a lipid-assisted technique (Effectene Transfection Kit,
Qiagen, Hilden, Germany) using ~1.0 mg of cDNA. Cells were
transiently transfected with either pRc/CMV-Q552R/hClC-1 or
the concatameric pRc/CMV-hClC-1/WT-Q552R construct to
study the properties of the mutant homodimer or WT-mutant
heterodimer, respectively. Cotransfection with the reporter
plasmid pEGFP-N1 (‘enhanced green fluorescent protein’,
Clontech, Heidelberg, Germany) was used to identify successfully
transfected cells.

Electrophysiology
Standard whole-cell recordings (Hamill et al. 1981) were
performed at room temperature (20–22 °C) using an EPC9
amplifier and Pulse software (HEKA Elektronik, Lambrecht,
Germany). Pipettes were pulled from borosilicate glass (Harvard
Apparatus) and heat polished to a resistance of 1.2–2.0 MV.
Linear leakage or capacitive currents were not subtracted. The
series resistance was compensated by an analog procedure to
ensure a calculated voltage error due to series resistance below
5 mV. The standard external (bath) solution contained (mM): 140
NaCl, 4 KCl, 2 CaCl2, 1 MgCl2 and 5 Hepes adjusted to pH 7.4 with
NaOH. In experiments to test the relative anion permeability, an
external solution containing (mM): 140 NaX (where X_ = Br_,
NO3

_, I_ or thiocyanate ion (SCN_)), 4 KCl, 2 CaCl2, 1 MgCl2, 5
Hepes, pH 7.4 was used.

The standard internal (pipette) solution contained (mM): 130
CsCl, 2 MgCl2, 5 EGTA and 10 Hepes adjusted to pH 7.4 with

CsOH. In some experiments, NaCl was substituted for CsCl in the
internal solution without appreciable difference in results. To
obtain different chloride gradients, chloride in the external or
internal solutions was substituted by equimolar concentrations of
glutamate. No difference in results was observed when using
sodium glutamate or caesium glutamate in the internal solution.
For experiments with external pH (pHo) = 8.5, Hepes in the
external solution was substituted with an equimolar concentration
of 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropane-
sulphonic acid, for those with pHo = 6.5 with an equimolar
concentration of 2-(N-morpholino)ethanesulphonic acid. Cells
were clamped to either 0 mV (for standard internal solution) or
_85 mV (for low-chloride internal solution) for at least 5 s
between two test sweeps. Standard solutions were used unless
stated otherwise. Agar bridges were used to connect the bath
solution and, when the low-chloride solution was used, the pipette
solution to the amplifier. Junction potentials calculated using the
JPCalc software (Barry, 1994) and offset potentials measured at
the end of each experiment were used to correct results.

Data analysis
Data were analysed using a combination of Clampfit (Axon
Instruments), Excel (Microsoft, Unterschleissheim, Germany)
and Sigma Plot 4.0 (Jandel Scientific, San Raphael, CA, USA). To
determine the voltage dependence of the relative open probability
(Po) of a channel, the instantaneous current amplitudes at
_105 mV were normalised to their extrapolated maximum value
and then plotted versus the test potential. Where possible, a single
Boltzmann function and a voltage-independent value of the form:

I(V) = (Imax _ I0)/{1 + exp[(V _ VÎ)/kv]} + I0

was fitted to the resulting curve, where Imax is the extrapolated
maximum current, VÎ is the voltage at half-maximal activation
and kv is the slope. For data that a single Boltzmann function could
not be fitted to, the instantaneous current amplitudes at a
constant test pulse to _105 mV were determined following a
400 ms prepulse to different voltages. Current amplitudes were
normalised to their maximum value and the normalised data were
then plotted versus the preceding potential to yield the voltage
dependence of Po. To determine the relative anion permeability,
reversal potentials were measured in cells perfused with standard
internal solution in an external solution in which NaCl was
completely substituted with sodium salts of different anions.
Permeability ratios PX/PCl were calculated using the Goldman-
Hodgkin-Katz equation, as described previously (Fahlke et al.
1997a). All data are given as the mean ± S.E.M., and n = number of
observations. Statistical analysis was performed using Student’s
paired t test, with the level of statistical significance set at P ≤ 0.05.

RESULTS
Functional expression of Q552R hClC-1 channels in
tsA201 cells
The Q552R mutation causes pronounced changes in

voltage-dependent gating. Figure 1 illustrates representative

macroscopic current recordings from cells expressing WT

or Q552R hClC-1 channels. Chloride currents conducted

by WT hClC-1 rose instantaneously during hyperpolarising

as well as during depolarising voltage steps. At more

negative potentials, a consecutive slower deactivation to

a non-zero, steady-state level was observed, while

depolarising voltages produced currents that were almost
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time independent (Fig. 1A). In contrast, membrane hyper-

polarisation of Q552R hClC-1-expressing cells elicited a

time-dependent increase in the current amplitude.

Membrane depolarisation additionally caused current

activation, resulting in prominent current deactivation at

a subsequent voltage step to _105 mV (Fig. 1B, inset).

Both WT and Q552R hClC-1 channels were expressed

well, with a mean instantaneous current amplitude at

_125 mV of 7.4 ± 1.5 nA for WT (n = 6) and a peak

current amplitude of 4.1 ± 0.4 nA for Q552R (n = 15)

under these experimental conditions (Fig. 1C and D). Pore

properties appeared to be only minimally affected by the

mutation. WT and mutant channels were both inwardly

rectifying, although rectification appeared to be somewhat

less pronounced in the case of Q552R (Fig. 1D).

Permeability ratios (PX/PCl) determined from measurement

of bi-ionic reversal potentials in the presence of foreign

anions revealed a permeability sequence of: SCN_

(2.1) > Cl_ (1.0) > Br_ (0.8) > NO3
_ (0.5) > I_ (0.3) for

Q552R. This differed from that of WT (Cl_ (1.0) > SCN_

(0.9) > Br_ (0.7) > NO3
_ (0.6) > I_ (0.3)) only in the

selectivity of SCN_ over Cl_.

Q552R channels exhibit a high resting Po at high
[Cl_]i

Myotonia arises from a significant reduction of the macro-

scopic gCl of muscle at the resting membrane potential.

This conductance is dependent upon (1) the number of

functional chloride channels, (2) their unitary conductance

and (3) the steady-state Po. We investigated the voltage

dependence of the relative Po of WT and mutant channels

in standard internal and external solutions by plotting the

normalised instantaneous current amplitude obtained at a

test pulse to _105 mV versus the prepulse potential. For

WT channels, this activation curve can be fitted with a

single Boltzmann function, assuming a minimum value at

very negative potentials and rising steadily with increasingly

positive potentials (Fig. 2). Under our standard conditions

([Cl_]i = 134 mM), the voltage dependence of the relative

Po of Q552R channels exhibited a distinctly unusual curve

of an inverted bell-shape, compatible with the superposition

A novel alteration of chloride channel gatingJ. Physiol. 545.2 347

Figure 1. Whole-cell currents and current–voltage relationships for wild-type (WT) and
Q552R human voltage-gated skeletal muscle chloride channels (hClC-1 channels) expressed
in tsA201 cells
From a holding potential of 0 mV, currents were elicited in 20 mV intervals over the voltage range _145 to
+95 mV followed by a fixed pulse of _105 mV for 90 ms. A, current traces from a cell expressing WT hClC-1
channels. B, current traces from a cell expressing Q552R hClC-1 channels (only alternate current traces are
shown for clarity). The arrow points to a tail current deactivation following current activation at +95 mV.
The inset shows the tail currents following pulses of +75 and +95 mV. C and D, the voltage dependence of the
instantaneous (filled symbols) and late (open symbols) current amplitudes for WT and Q552R hClC-1
channels, respectively. Mean values ± S.E.M. are given for n = 6 (WT) and n = 15 (Q552R) cells.
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of two Boltzmann distributions with inverted voltage

dependence (Fig. 2). No appreciable difference in results

was obtained when using CsCl or NaCl in the internal

solution. Unlike many of the dominant myotonia mutations

analysed to date, which cause a rightward shift in the

voltage-activation curve, thereby lowering the resting Po

(Pusch et al. 1995b; Beck et al. 1996; Wagner et al. 1998;

Zhang et al. 2000a), the hyperpolarisation-induced gating

of Q552R channels actually caused the relative Po to be

larger than that of WT at the resting membrane potential

(_85 mV). This, however, would be expected to result in

an increase rather than a decrease in sarcolemmal gCl and

so could not account for the manifestation of myotonia.

Mutant channels exhibit a low Po at low [Cl_]i

Gating of ClC channels is known to be modulated by

permeant anions (Richard & Miller, 1990; Pusch et al.
1995a). In particular, two myotonia-generating mutations

A. Ryan, R. Rüdel, M. Kuchenbecker and Ch. Fahlke348 J. Physiol. 545.2

Figure 2. Voltage dependence of the relative open probability (Po)
for WT and Q552R hClC-1 channels
Currents were recorded from cells using an internal (pipette) solution
containing a chloride concentration ([Cl_]) of 134 mM (i.e. standard internal
solution). Values for relative Po were derived from normalised peak tail currents
at _105 mV and plotted versus the test potential. Data from WT channels
(9, n = 11) can be fitted to a single Boltzmann distribution (continuous line).
Data from Q552R channels (ª, n = 15) produced an inverted bell-shaped curve
with a relative Po higher than that of WT at a resting membrane potential of
_85 mV.

Figure 3. Effect of low internal [Cl_] ([Cl_]i) on the gating of WT and Q552R hClC-1 channels
Currents were recorded from cells using an internal (pipette) solution containing a [Cl_] of 5 mM. From a
holding potential of 0 mV, currents were elicited in 20 mV intervals over the voltage range _145 to +95 mV
followed by a fixed pulse of _105 mV. A, a representative current family from a cell expressing WT hClC-1
channels. B, the averaged current traces from six cells expressing Q552R hClC-1 channels. C, voltage
dependence of the instantaneous current amplitude for Q552R hClC-1-expressing cells at high (•, n = 7)
and low (ª, n = 9) [Cl_]i. D, voltage dependence of the relative Po for WT (9, n = 8) and Q552R (ª, n = 9) at
a [Cl_]i of 5 mM. The continuous lines represent fits of a Boltzmann distribution.
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have shown a profound reduction in Po under low

(physiological) chloride conditions (Fahlke et al. 1995;

Zhang et al. 2000b). We therefore investigated further the

gating of Q552R hClC-1 channels under physiological

conditions by substituting chloride in the internal solution

with an equimolar concentration of glutamate in order to

achieve a [Cl_]i of 5 mM. WT channels exhibited similar

gating properties at high and low [Cl_]i (Fig. 3A, compare

Fig. 1A). In contrast, a radical alteration in the voltage

dependence of mutant channels was observed. The

hyperpolarisation-induced activation was now abolished,

while the depolarisation-induced activation remained

unaltered under these conditions (Fig. 3B). This alteration

of mutant gating resulted in a dramatic reduction in

macroscopic gCl (Fig. 3C). The current amplitude at

_125 mV was significantly reduced from 7.1 ± 0.9 nA for

WT channels (n = 7) to 0.49 ± 0.13 nA for Q552R

channels (n = 9) in low-chloride solution (P < 0.001).

The decrease in macroscopic current amplitude at low

[Cl_]i was due to a substantial alteration in the activation

curve of mutant channels. Under these ionic conditions,

relative Po was conspicuously reduced, predominantly in

the negative voltage range (Fig. 3D), and could now be

described by a single Boltzmann function. When compared

with WT hClC-1 channels under the same conditions, the

value of VÎ was shifted by +90 mV towards more positive

potentials (Table 1). The relative Po at _85 mV for mutant

channels (0.23 ± 0.03, n = 9) was now smaller than that of

WT (0.59 ± 0.05, n = 8) and remained reduced throughout

the physiological voltage range.

Mutant channels display two separate gating
processes
The predominant effect of low [Cl_]i at negative voltages

suggested the possibility of two separate gating processes

with opposing voltage dependence in mutant channels.

We investigated this further by measuring current

responses to a fixed number of voltage steps following

various conditioning pulses (Fig. 4). Currents were

recorded from cells using an internal (pipette) solution

containing 134 mM [Cl_] (i.e. standard internal solution).

Channels were first conditioned to 0, _125 or +125 mV,

then stepped from _145 to +95 mV, and finally held at a

A novel alteration of chloride channel gatingJ. Physiol. 545.2 349

Figure 4. Current responses to different voltage steps determined after three distinct
conditioning pulses in cells expressing Q552R hClC-1 channels
Current responses of a single cell to a pulse protocol consisting of a fixed conditioning pulse and a variable
pre-pulse (from _145 mV to +95 mV in 40 mV intervals), followed by a fixed step to _125 mV. The
following conditioning potentials were applied: 0 mV (A), _125 mV (B) and +125 mV (C).
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fixed pulse of _125 mV. After a conditioning pulse to

0 mV, hyperpolarising steps elicited a time-dependent

increase in the current amplitude due to channel activation

(Fig. 4A). Following a negative potential (_125 mV), no

activation phase was visible at the onset of the hyper-

polarising pulse. When, however, a positive conditioning

pulse (+125 mV) was employed, membrane hyper-

polarisation induced a fast deactivation, in clear contrast

to the other two experimental protocols and quite similar

to that of WT hClC-1 (Fig. 4C). These and the foregoing

experiments with low [Cl_]i demonstrate that Q552R

hClC-1 channels exhibit two discrete gating processes: a

slow activation upon membrane hyperpolarisation and a

fast activation upon membrane depolarisation. At high

[Cl_]i, hyperpolarisation-activated gating is prominent,

but mutant channels retain the ability to function in a WT

(deactivating) fashion under certain conditions of voltage

and [Cl_].

The separate gating processes of mutant channels
are differentially modulated by external chloride
and pHo

For WT channels, reducing the external chloride

concentration ([Cl_]o) has been observed to cause a parallel

shift in the voltage-activation curve to more positive

potentials (Rychkov et al. 1996, 1998), demonstrating that

binding of the chloride ion is required for depolarisation-

induced activation. To examine the effect of [Cl_]o

reduction on Q552R, we substituted chloride in the external

solution with glutamate to achieve a [Cl_]o of 20 mM while

keeping [Cl_]i at 134 mM. Currents recorded under these

conditions were characterised by hyperpolarisation-

induced activation. The voltage dependence of relative Po

was reduced throughout the physiological voltage range,

this time with the effect being most marked at positive

potentials (Fig. 5A). This contrasts with the effect of low

[Cl_]i, where a striking reduction in relative Po was

observed at negative voltages, but curves tended to converge

at more positive potentials. Therefore, whereas hyper-

polarisation-activated gating appears to be dependent

upon [Cl_]i, depolarisation-induced channel activation is,

as for WT channels, dependent upon [Cl_]o.

External as well as internal protons are known to modulate

WT hClC-1 gating (Fahlke et al. 1996; Rychkov et al.
1996). External acidification causes an increase in the

minimum Po at negative potentials without altering the

midpoint or slope factor of the activation curve (Fahlke et
al. 1996). The influence of pHo on Q552R channels is

illustrated in Fig. 5B. Lowering pHo from 7.4 to 6.5

increased the Po of the channel mostly in the negative

voltage range. Elevating pHo to 8.5 had the opposite effect,

decreasing the Po at predominantly negative potentials. As

the voltage became more positive, modulation of pHo had

less of an effect, and the three curves tended to converge.

Just as [Cl_]o had a relatively selective effect upon the

depolarising current component of mutant channels, pHo

appears to selectively modulate the hyperpolarisation-

induced gating.

Functional analysis of the WT-Q552R heterodimer
To study the properties of heterodimeric channels, we

used a concatameric construct linking two hClC-1 coding

A. Ryan, R. Rüdel, M. Kuchenbecker and Ch. Fahlke350 J. Physiol. 545.2

Figure 5. Effect of extracellular chloride and pH on mutant channel Po

All currents were recorded from cells using an internal (pipette) solution containing a [Cl_] of 134 mM

(i.e. standard internal solution). Following a 400 ms pre-pulse to different voltages, the instantaneous
current amplitude at a constant test pulse of _105 mV was determined and normalised to its maximum
value. The normalised data were then plotted versus the preceding potential to yield the voltage dependence
of relative Po. Results are plotted as means ± S.E.M. A, currents recorded from cells transfected with Q552R
hClC-1 and bathed in standard (150 mM) or low-chloride (20 mM) external solution. •, values obtained at
150 mM external [Cl_] (n = 15). 1, values obtained at 20 mM external [Cl_] (n = 5). B, cells were bathed in
standard external solution. Values for external pH were: pH 6.5 (0), pH 7.4 (8), pH 8.5 (1), n = 4 cells in
each case.
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sequences in a single open reading frame. This has been

shown to result in a homogenous population of these

channels in transfected cells, with no appreciable effect on

channel function due to the peptide linker sequence

(Fahlke et al. 1997b). A representative current family from

a cell expressing the WT-Q552R concatameric construct is

illustrated in Fig. 6A. Heterodimeric channels are inwardly

rectifying and display gating properties that are similar,

but not identical, to those of WT, displaying deactivation

upon membrane hyperpolarisation and activation at more

positive potentials. There are no indications of the

hyperpolarisation-induced activation steps seen with the

mutant. A plot of relative Po as a function of membrane

voltage for heterodimeric channels revealed a shift in the

voltage dependence towards more positive potentials

(Fig. 6B, Table 1). In contrast to the homodimeric mutant,

lowering [Cl_]i had only a slight effect upon the parameters

of the heterodimer (Table 1). A comparison of voltage-

activation curves for WT and WT-Q552R under

physiological conditions illustrates a shift in the VÎ of

heterodimeric channels of +28 mV (Table 1). This results

in a reduction of the Po at the resting membrane potential

from 0.59 ± 0.05 (WT) to 0.37 ± 0.05 (WT-Q552R) and,

consequently, a reduction in sarcolemmal gCl. Unlike

mutant channels, which display hyperpolarisation-

induced activation and a sensitivity to [Cl_]i, WT-Q552R

hClC-1 channels more closely resemble WT, displaying a

depolarisation-induced activation that is only slightly

affected by a reduction in [Cl_]i. However, heterodimeric

channels differ from WT channels in the effect of changing

the pHo. External acidification to pH 6.5 led to a

hyperpolarising shift of the voltage-activation curve

(VÎ = _70.7 ± 2.9 mV, n = 4) and an increase in the

minimum Po at negative potentials (not illustrated).

Raising pHo to 8.5 revealed a minimal shift of the voltage

dependence to more positive potentials (VÎ = _43.5 ±

4.2 mV, n = 4).

DISCUSSION
Until now, dominantly inherited myotonia mutations

have been reported to alter the function of muscle chloride

channels in just two ways. All but one of the investigated

mutations cause a rightward shift in the activation curve

(Pusch et al. 1995b; Beck et al. 1996; Wagner et al. 1998;

Zhang et al. 2000a), thereby reducing sarcolemmal gCl

with consequent myofibre hyperexcitability. The second

functional effect, described for the G230E mutation, is an

alteration of pore properties resulting in an increased

cation permeability (Fahlke et al. 1997a). We investigated

the functional alterations of Q552R channels and observed

that under standard conditions, mutant channels display

gating properties quite unlike those previously reported

for Thomsen, or Becker, myotonia. Q552R channels in

fact display two separate gating processes of opposite

voltage dependence. A hyperpolarisation-activated and a

depolarisation-activated component coexist, leading to a

very abnormal voltage dependence of the relative Po with

peak values at the extremes of the voltage scale and a

minimum value close to 0 mV (Fig. 2). Hyperpolarisation-

activated gating has already been described for two

recessive ClC-1 mutations, D136G (Fahlke et al. 1995) and

G499R (Zhang et al. 2000b). In both cases, these mutations

only exhibited hyperpolarisation-activated gating with

no evidence of activation upon depolarisation. The

distinguishing feature of Q552R channels is that they

exhibit both hyperpolarisation and depolarisation-activated

gating, a finding not previously reported for mutant ClC-1

channels.

The hyperpolarisation-activated gating of mutation

Q552R is strongly dependent upon [Cl_]i. At the low [Cl_]i

present in muscle fibres (Dulhunty, 1978), this gate is

closed and the voltage dependence of the depolarisation-

activated component is shifted dramatically to the right

when compared with that of WT channels (Fig. 3D).

A novel alteration of chloride channel gatingJ. Physiol. 545.2 351

Figure 6. Functional properties of WT-Q552R heterodimeric channels
A, current responses of a Q552R-WT hClC-1-expressing cell. From a holding potential of 0 mV, currents
were elicited in 20 mV intervals over the voltage range _145 to +95 mV followed by a fixed pulse of _105 mV.
Only alternate traces are shown for clarity. B, voltage dependence of the relative open probability for WT
hClC-1 channels (9, n = 8) and WT-Q552R hClC-1 channels (1, n = 6) at a [Cl_]i of 5 mM. Continuous
lines represent fits of a Boltzmann distribution.
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Under these conditions, homodimeric mutant channels

therefore have a significantly reduced sarcolemmal gCl at

the resting membrane potential. Similarly, it was shown

that the conductance of D136G and G499R channels was

markedly reduced at a physiological [Cl_]i. The properties

of the myotonia levior mutation therefore appear to

combine two of the gating alterations observed in

myotonia congenita (i.e. rightward shift of the activation

curve and the induction of hyperpolarisation-activated,

chloride-dependent gating), as reported for the recessive

mutations D136G and G499R.

Dominant and recessive mutations causing a similar

alteration of gating (hyperpolarisation activation) in

homodimeric channels differ, however, in the functional

properties of their heterodimeric channels. WT-Q552R

heterodimeric channels display a voltage dependence of

the relative Po that is similar to that of WT but shifted to

more positive potentials. In the sarcolemma of hetero-

zygous patients, two classes of dysfunctional, dimeric

chloride channels coexist (WT-mutant and mutant-

mutant). The experimentally determined relative Po of

Q552R homo- and heterodimeric channels allow a

prediction regarding the reduction in gCl caused by these

dysfunctional channels. If one assumes that WT and

mutant subunits are equally expressed, our results predict

a reduction in the sarcolemmal gCl to about 60 % of control

levels. Decreasing mutant protein would raise this value,

bringing the sarcolemmal gCl closer to that of WT. These

results imply that the Q552R mutant imparts a weak

though dominant effect, a finding entirely in keeping with

the clinical description of myotonia levior. WT-D136G

channels, on the other hand, have an increased Po at

negative potentials (Fahlke et al. 1997b). As a result,

heterodimeric channels do not reduce the sarcolemmal gCl

and so cannot produce myotonic symptoms. This finding

is fully compatible with the observed recessive pattern of

inheritance. Thus, for both a dominant (Q552R) and a

recessive (D136G) myotonia mutation, the functional

properties of heterodimeric channels appear to correlate

with the inheritance pattern and severity of the disease.

Q552R channels exhibited hyperpolarisation-activated

gating only in the homodimeric state. The complete

absence of this gating pattern in heterodimeric channels is

in agreement with the notion that the appearance of this

novel gating process requires the presence of the particular

mutation in both subunits. Hyperpolarisation-activated

gating occurring via a cooperative conformational change

of both subunits has been described for several ClC WT

and mutant channels (Thiemann et al. 1992; Fahlke et al.
1995; Rychkov et al. 1996; Pusch et al. 1997; Zhang et al.
2000b) as well as for two novel dominant mutations, S132C

and T550M (Wu et al. 2002). At present, the mechanisms

underlying hyperpolarisation-induced activation in

hClC-1 are not understood.

A. Ryan, R. Rüdel, M. Kuchenbecker and Ch. Fahlke352 J. Physiol. 545.2

Figure 7. Location of residues at which mutations cause hyperpolarisation-induced
activation
Backbone fold of the Salmonella typhimurium ClC dimer, StClC (Dutzler et al. 2002), shown from the
extracellular side. The locations of corresponding hClC-1 mutations are shown as space-filling models: A52
(S132C), light green; E54 (D136G), cyan; R147 (K231C), dark green; G372 (G499R), yellow; T416 (T550M),
magenta; N418 (Q552R), orange. This figure was generated with the program MOLMOL (Koradi et al.
1996).

) by guest on November 22, 2009jp.physoc.orgDownloaded from J Physiol (

http://jp.physoc.org/


Jo
u

rn
al

 o
f P

hy
si

ol
og

y

Fahlke et al. (1995) suggested that the D136G mutation

inactivates voltage-sensing processes that are coupled to

the opening and closing of a gate that is common to both

mutant and WT channels. In D136G channels, the

opening of this gate is coupled to the [Cl_]i, resulting in

hyperpolarisation-induced activation. In contrast, in WT

channels a voltage-sensing channel component (whose

function is abolished by the D136G mutation) controls the

same gate, resulting in depolarisation-activated gating.

This model cannot explain our results for Q552R

channels, as the hyperpolarisation or depolarisation gating

components can be selectively modified by alteration of

the pH or anion composition on both sides of the

membrane. These findings suggest that rather than having

a single gate that is capable of both hyperpolarisation-

and depolarisation-induced activation, mutant channels

possess two separate gating processes that are under the

control of discrete molecular mechanisms.

Zhang et al. (2000b), in their study on G499R, suggested

that the introduction of a positive charge at this residue

leads to the addition of a new chloride binding site at the

intracellular site of the channel. Occupation of this novel

binding site at negative voltages was suggested to open the

channel and thus to cause hyperpolarisation-induced

activation of G449R mutant channels. The recently

reported high-resolution structure of a prokaryotic ClC

channel (Dutzler et al. 2002) demonstrated that the

corresponding residue (G372) in this homologue is

located at the extracellular side of the membrane, thus

refuting this possible explanation.

The atomic structure of a ClC channel allows predictions

about the location of the currently known hClC-1

mutations that cause this particular type of gating (Fig. 7).

All mutations that give rise to hyperpolarisation-induced

activation are located on the extracellular side of the

membrane. There are two clusters of residues visible in this

diagram. One contains G50 (corresponding to the S132C

mutation, Wu et al. 2002), E54 (D136G, Fahlke et al. 1995)

and R147 (K231C, Fahlke et al. 1997c). At present, one can

only speculate as to the role of this cluster in hClC-1 gating.

The second cluster, comprising residues T416 (T550M,

Wu et al. 2002) and N418 (Q552R) is located very close to

the dimer interface. The finding that each of these mutants

exhibits hyperpolarisation-activated gating only in the

homodimeric state demonstrates that a subunit interaction

is necessary in order to produce these gating steps. One

might therefore speculate that the Q552R mutation,

similar to the T550M mutation, interferes with a complex

functional interaction between both halves of the channel.

As depolarisation-induced gating exhibits gating steps that

require an interaction between the two subunits (Fahlke et
al. 1997b; Saviane et al. 1999), such an action would also

predict the slight functional alterations observed in the

WT-Q552R heterodimeric channels.

Our results are in contrast to those obtained with Q552R

channels in the Xenopus oocyte system. In the latter case,

currents could not be recorded from homodimeric

channels with the two-microelectrode voltage-clamp

technique (Pusch et al. 1995b). In WT-mutant

coexpression experiments, on the other hand, a large shift

in Po (implying a large reduction in gCl and prominent

myotonia) was observed. What is the reason for the

discrepancy in these findings? There is no perfect

heterologous expression system for the study of ion

channels and each system has its limitations. There are,

however, several arguments in favour of the mammalian

system in this case. Mammalian cells have fewer

endogenous chloride currents (Barish, 1983; Kowdley et
al. 1994), channel expression in tsA cells is robust, and

more importantly, several ClC-1 mutants that failed to

express in oocytes have subsequently been expressed well

in mammalian cells (Fahlke et al. 1997a; Zhang et al.
2000a). Finally, the functional properties of WT-mutant

channels described here correlate closely with the clinical

description, indicating our results to be truly representative

of the in vivo situation.

In conclusion, the data demonstrate that Q552R is a

functional mutation in the mammalian expression system

and displays a novel mechanism of hClC-1 gating. The

findings also provide further insights into the nature of

hyperpolarisation-activated gating in hClC-1 channels

and suggest that a degree of subunit interaction is

necessary in order to produce these gating steps. Future

work will lead to a more precise determination of the

mechanisms involved.
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