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abstract

 

Single-channel recordings of the currents mediated by the muscle Cl

 

2 

 

channel, ClC-1, expressed in

 

Xenopus

 

 oocytes, provide the first direct evidence that this channel has two equidistant open conductance levels
like the 

 

Torpedo

 

 ClC-0 prototype. As for the case of ClC-0, the probabilities and dwell times of the closed and con-

 

ducting states are consistent with the presence of two independently gated pathways with 

 

ø

 

1.2 pS conductance
enabled in parallel via a common gate. However, the voltage dependence of the common gate is different and the
kinetics are much faster than for ClC-0. Estimates of single-channel parameters from the analysis of macroscopic
current fluctuations agree with those from single-channel recordings. Fluctuation analysis was used to character-
ize changes in the apparent double-gate behavior of the ClC-1 mutations I290M and I556N causing, respectively, a
dominant and a recessive form of myotonia. We find that both mutations reduce about equally the open probabil-
ity of single protopores and that mutation I290M yields a stronger reduction of the common gate open probability
than mutation I556N. Our results suggest that the mammalian ClC-homologues have the same structure and
mechanism proposed for the 

 

Torpedo

 

 channel ClC-0. Differential effects on the two gates that appear to modulate
the activation of ClC-1 channels may be important determinants for the different patterns of inheritance of domi-
nant and recessive ClC-1 mutations.

 

key words:

 

ClC-0 • fast gate • slow gate • subconductance

 

i n t r o d u c t i o n

 

ClC proteins represent a class of voltage-dependent Cl

 

2

 

channels with several members involved in hereditary
human diseases. The Cl

 

2

 

 channel prototype ClC-0 from

 

Torpedo

 

 is a dimeric protein behaving as if comprising
two protopores that can gate independently from each
other and a common gate that acts on both protopores
(Miller, 1982; Middleton et al., 1996; Ludewig et al.,
1996). Such behavior, suggestive of a “double-barreled”
structure, has not been demonstrated for other ClC
proteins at the single channel level. Indeed, a double-
barreled structure of ClC-1 has recently been chal-
lenged (Fahlke et al., 1998).

Using single channel recording, we show that also
the muscle Cl

 

2

 

 channel, ClC-1, has two equidistant

 

open conductance levels of 

 

ø

 

1.2 and 2.4 pS whose
open probability and kinetics are consistent with the
presence of two independently gated conductance
states modulated in parallel by a common gate, al-
though the relatively fast kinetics of the common gate
render their separation less obvious than for ClC-0. We
verified that the most simple scheme implementing a

double-gate two-protopores model fits well the single-
channel data and predicts, for the same single-channel
parameters, current fluctuations consistent with macro-
scopic measurements. Several mutations of ClC-1 caus-
ing dominant myotonia lead to a positive shift of the
voltage dependence of the conductance that is only
partially reversed in mutant/wild-type (WT)

 

1

 

 hetero-
dimers (Pusch et al., 1995b). We have used macro-
scopic fluctuation analysis to characterize changes in
the double-gate behavior of two mutations of ClC-1
causing dominant or recessive myotonia. Mutation
I290M, causing a positive shift of the voltage depen-
dence of the conductance that is only partially reversed
in mutant/WT heterodimers (Pusch et al., 1995b),
shows a strong reduction of the open probability of the
common gate. In contrast, we found that for mutation
I556N, which causes a recessive or benign form of dom-
inant myotonia and does not impose its “shift” on WT/
mutant heterodimers (Kubisch et al., 1998), the open
probability

 

 

 

of the common gate is reduced less dramati-
cally.

Our results suggest that the mammalian ClC homo-
logues have the same double-barreled structure as the

 

Torpedo

 

 channel ClC-0. In addition, our findings for re-
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cessive and dominant mutations raise the possibility
that, for other mutations also, the pattern of inheri-
tance may derive from differential effects on the dou-
ble-gate mechanism of ClC-1 activation.

 

m e t h o d s

 

Electrophysiology

 

Channels were expressed in 

 

Xenopus

 

 oocytes and currents were
measured at 18

 

8

 

C 2–5 d after injection using the inside-out
configuration of the patch clamp technique (Hamill et al.,
1981). Bath solution contained (mM): 120 

 

N

 

-methyl-

 

d

 

-gluc-
amine (NMDG)-Cl, 2 MgCl

 

2

 

, 5 HEPES, 2 EGTA, pH 7.3 or 6.5.
Extracellular (pipette) solution contained (mM): 100 NMDG-Cl,
5 MgCl

 

2

 

, 5 HEPES, pH 7.3. Data were low-pass filtered at one
third of the sample frequency. Mutant I290M is described in Pusch
et al. (1995b), and mutant I556N in Kubisch et al. (1998). RNA
synthesis and oocyte injection were performed as described
(Wollnik et al., 1997). 

 

Data Analysis

 

Single channels were analyzed as described (Ludewig et al., 1996,
1997). Amplitude histograms were fitted with the sum of three
gaussian distributions with means 
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 are the mean
and variance of the leakage current in the patch; 

 

i

 

1

 

 and 

 

s

 

2

 

 are the
mean and variance of the current flowing through a single pore.

Dwell-times of the three conductance levels were fitted on the ba-
sis of Scheme B (see Fig. 3) with the four rate constants (

 

a

 

, 

 

b

 

, 

 

l

 

, 

 

m

 

)
as free parameters using maximum likelihood techniques (Colqu-
houn and Hawkes, 1995): the two open conductance levels are asso-
ciated with a single kinetic state; thus, the dwell-time distributions
are given by
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).
The closed level is associated with four kinetic states, and

therefore the distribution is given by

where the eigenvalues 

 

l

 

i

 

 and the coefficients 

 

a

 

i

 

 are functions of
all rate constants. The overall log-likelihood for the observed
dwell-times is given by

where 

 

u

 

 denotes the rate constants, 

 

n

 

i

 

 is the number of events in
level 

 

i

 

, 

 

t

 

ij

 

 is the 

 

j

 

th

 

 dwell time in level 

 

i

 

, and the denominator is the
probability that the observed events will fall in the experimental
time range. 

 

t

 

min

 

 was set to 5 ms. The log-likelihood was calculated
numerically and maximized by varying the rate constants using
the simplex algorithm.

The noise analysis (see Figs. 5 and 6) was performed as follows.
From repeated voltage stimulations, from an activating positive
voltage to a negative “test” voltage, the mean current, 

 

,

 

I

 

(

 

t

 

)

 

.

 

,
and the variance, 

 

,s

 

2

 

(

 

t

 

)

 

.

 

, were calculated (Pusch et al., 1994).
The capacity transient was measured from the response to a step
to 0 mV; i.e., close to the reversal potential, and subtracted off
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line. Leakage currents were estimated exploiting the strong recti-
fication of ClC-1 [|
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<

 

 

 

8.5, measured
from patches with large expression where the contribution of
leakage currents was negligible; when a weaker rectification was
measured in a given patch, the leakage current was estimated assum-
ing a linear leakage conductance with a reversal potential of 0 mV.

Assuming their independence, the “fast” and “slow” gates of
Fig. 3 were modeled as having time-dependent open probabili-
ties given by:

(1)

with initial values 

 

P

 

f

 

(0) 

 

5 

 

P

 

f

 

(1 

 

1

 

 af) and Ps(0) 5 Ps(1 1 as),
steady state values Pf and Ps, and time constants tf and ts. Accord-
ingly, the mean current was fitted by

(2)

where n is the number of channels, i is the single channel cur-
rent, and I`5 2niPf Ps. The expected time course of the variance
according to the scheme of Fig. 3 is given by (Conti, 1984):

(3)

Eq. 3 was fitted to the measured variance using i, n, and Pf as free
parameters. The fit was constrained by imposing that all the re-
sulting estimates of the open probabilities, 

had to be in the range [0...1]. In most cases, this constraint led to
a best fit for Ps(0) 5 1. The best fit for Pf(0) was always indepen-
dent of constraints and was .0.4. Pf(0) was generally smaller for
the two mutations.

r e s u l t s

Single Channel Recordings

Single channel recordings of the Cl2 channel ClC-0
from Torpedo are characterized by an apparent “double-
pore” behavior in which relatively long closures sepa-
rate bursts of activity during which the channel opens
stochastically to two nonzero, equidistant conductance
levels (Miller, 1982; Miller and Richard, 1990; Chen
and Miller, 1996; Ludewig et al., 1997). Single-channel
studies of ClC-1 (Steinmeyer et al., 1991b) are more dif-
ficult due to ClC-1’s low conductance (Pusch et al.,
1994; Wollnik et al., 1997) and fast gating (Pusch et al.,
1994; Fahlke et al., 1996; Rychkov et al., 1996, 1998).
Low intracellular pH (pHi) leads to a slowing of gating
kinetics and to an increase of the residual open proba-
bility at negative voltages (Rychkov et al., 1996). This
effect of intracellular pH is illustrated in Fig. 1. We
have exploited both effects to resolve single channel
events of ClC-1 at low pHi. 

To this end, ClC-1 was expressed in Xenopus oocytes
and we recorded currents from membrane micro-
patches using the inside-out configuration of the patch-

Pf t( ) Pf 1 afexp t– τ f⁄( )+[ ] ; Ps t( ) Ps= 1 asexp t– τ s⁄( )+[ ] ,=

<I t( )> 2niPf t( )Ps t( ) I∞= 1 afexp t– τ f⁄( )+[ ]
1 asexp t– τ s⁄( )+[ ] ,

=

<σ2 t( )> i<I t( )> 1 Pf 1[ af+ exp t–( τ f )⁄ ] <I t( )> ni( )⁄–+{ } .=

Pf ; Pf 0( ) Pf= 1 af+( ) ; Ps I∞ 2niPf( )⁄= ; Ps 0( ) Ps= 1 as+( ) ,
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clamp technique (Hamill et al., 1981) and pH 6.5 in
the bath (internal) solution. To search for single-chan-
nel events, we first used relatively large-tipped patch-
pipettes (resistance of 1–3 MV) to identify a region of
the oocyte with significant but not too high expression.
We then patched the same region of the oocyte mem-
brane using pipettes with smaller tip openings (resis-
tance of 4–8 MV). In a few patches (n 5 9), we suc-
ceeded in obtaining recording conditions (high seal re-
sistance, low background noise, and relatively long
stability) allowing fairly clear resolution of single-chan-
nel events (Fig. 2 A). These records showed invariably
two approximately equidistant open conductance levels
easily distinguishable above the background noise at
voltages between 2100 and 2140 mV. From Fig. 2 A,
another important qualitative feature can be observed;
i.e., fairly common closing periods separate bursts of

openings that almost invariably contain both conduc-
tance levels. This behavior is similar to that of ClC-0
channels (Miller, 1982; Miller and Richard, 1990) and
has been modeled as arising from the gating transitions
of a double-pore channel with an independent parallel
modulation by a common gate.

Amplitude histograms of long recordings confirm these
qualitative observations. The histograms are very well
fitted by the sum of three gaussian distributions with
equidistant peaks (i0 ≡ 0, i1, 2i1) and additive variances
(s0

2, s0
2 1 s2, s0

2 1 2s2) as explained in methods (Fig.
2 B). Accordingly, the relative areas covered by the
three gaussian components yield the probabilities P0,
P1, and P2 of the closed and of the two open levels, re-
spectively (Fig. 2 C). A simple analysis shows that the
values of the probabilities are grossly departing from
the expectations from a simple binomial superposition

Figure 1. Effect of low intracel-
lular pH on macroscopic gating
of ClC-1. (A) Families of voltage-
clamp traces measured from dif-
ferent inside-out patches in solu-
tions with the indicated pHi us-
ing the stimulation protocol
shown in the inset. (B) Plot of
the apparent steady state open
probability at the end of the
third segment of stimulation at
different voltages measured as
the initial tail current for the
constant step to 2100 mV nor-
malized to the tail current after
the prepulse to 160 mV.
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of two independently gating channels each with open
probability P (Fig. 2 C, circles). Therefore, it can be ex-
cluded that the two open conductance levels are due to
the presence of two identical and independent chan-
nels, and the invariable presence of both levels in all
patches forces the conclusion that our recordings of
the type shown in Fig. 2 A represent a single channel
that has two open states, one with twice the conduc-
tance of the other. Based on the stationary probabilities
obtained from the amplitude histograms, a model with
two independently gated and equally sized conduc-
tances with possibly different open probabilities PA and
PB, respectively (Fig. 3 A), can be excluded. Best fits of
such a model to experimental amplitude histograms in-
variably yielded PA 5 PB, and thus the same bad predic-
tion as the binomial superposition of two identical
channels (Fig. 2 C, circles). 

One long registration at 2140 mV from a patch con-
taining a single channel (Fig. 4 A) allowed us to perform
a fair statistical analysis of dwell times (Fig. 4 B). This
showed that histograms of single- and double-opening

times were well fitted by single exponential distributions,
whereas a single exponential was inadequate to fit the
closed time histogram (Fig. 4 B, top, dashed line).

A model that can account for our observations must
include a common gate that modulates the access to a
conduction pathway that can have three different con-
ductances (0, g, 2g). The simplest kinetic scheme (with
the smallest number of parameters) is shown in Fig.
3 B. The three conductance levels of the “open” com-
mon gate are modeled by a binomial superposition of
two equal and independent processes. The kinetic
scheme can be mechanistically interpreted according
to either one of the models shown in Fig. 3 (C or D).
Fig. 3 C assumes the classical double-barreled struc-
ture where Cl2 has equal access to two parallel, equal
and, independent two-state protopores (Miller, 1982).
In Fig. 3 D, Cl2 is allowed by the common gate to en-
ter a single permeation pathway that, however, can as-
sume three different conformations. As discussed later,
there are several arguments in favor of either interpre-
tation, but it is important to stress that both lead to

Figure 2. Single ClC-1 chan-
nels. (A) Single channel traces at
different membrane potentials
measured at pHi 6.5. Only short
segments of longer registrations
are shown. Filtered at 100 Hz for
display. For the analysis, data
were filtered at 200 Hz (scale
bars: 0.2 pA and 0.2 s). (B) Am-
plitude histogram of a registra-
tion at 2140 mV and fit with the
sum of three equidistant gauss-
ian distributions. (C) Stationary
probabilities for the three con-
ductance levels obtained from
the gaussian fit (boxes). Circles
indicate the best fit assuming
two independent channels each
with open probability P 5 0.31.
The “raw” open probability, Praw,
obtained by integrating the base-
line-subtracted raw current trace
[Praw 5 ,I./(2i)] was Praw 5
0.36 for the same data and
yielded an even worse fit of the
amplitude histogram (not
shown). Squares represent the
predictions assuming Fig. 3 B for
a double-barreled channel with
open probabilities Ps 5 0.71 and
Pf 5 0.50, respectively, for the
common gate and for the single
protopore gate.
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the very same kinetic scheme. For analogy with ClC-0,
we adopt in the following the interpretation and ter-
minology of the double-pore model (Fig. 3 C) for de-
scribing the data in terms of the kinetic scheme of
Fig. 3 B.

The simple double-barreled model is characterized
by the single-protopore open probability Pf, a probabil-
ity Ps for the opening of the common slow gate, and the
independence of the two gating processes. It can repro-
duce exactly the stationary probabilities of the three
conductance levels obtained from the amplitude histo-
grams using the relationships: 

P0 1 Ps Ps* 1 Pf–( )2; P1 2= *Ps*+– Pf*
1 Pf–( ); P2 Ps= *Pf

2; P0 P1 P2 1=+ +

=

(Fig. 2 C, squares). The exact fit of the data does not
demonstrate the model because we have two parame-
ters and two independent data points. However, the
consistency of the values of Pf, Ps, and g with other mea-
surements can be used as a more stringent test of its va-
lidity. Firstly, the single channel currents give a conduc-
tance g of 1.2–1.3 pS for each protopore (Fig. 5 C, left,
d), which is in good agreement with previous (Pusch
et al., 1994; Wollnik et al., 1997; Rychkov et al., 1998)
and present noise analysis (see below) of macroscopic
currents clearly attributable to ClC-1 channels. This
also supports the assumption that the events indeed
represent openings of ClC-1 and not endogenous chan-
nels. Furthermore, both Ps and Pf (Fig. 5 C, d) are only
a little voltage dependent in the small voltage range in-
vestigated and have values well above 0.5, that are con-
sistent with the macroscopic activation curve of ClC-1 at
pHi 6.5 (Rychkov et al., 1996; Fig. 1).

The double-barreled model (Fig. 3) is also consistent
with our measurements of dwell-time distributions,
since it predicts in particular single exponential dwell-
time distributions for both open levels and a multiex-
ponential distribution for the closed times (the theory
predicts four exponentials, but major contributions are
only from two components). To obtain best estimates
for the four rate constants in Fig. 3 B, the dwell-time
histograms were fitted simultaneously according to
the double-barreled model using maximum likelihood
techniques (see methods). The histograms are well fit-
ted (Fig. 4 B, solid lines) with the rate constants given
in the legend to Fig. 4. From the rate constants, the sta-
tionary probabilities can be calculated as Pf 5 a/(a 1
b) 5 0.59 and Ps 5 l/(l 1 m) 5 0.68. These values are
close to those obtained independently from the ampli-
tude histogram of the same patch (Pf 5 0.48, Ps 5
0.74), supporting further the validity of the double-bar-
reled model. We notice that, while the relaxation time
constant of the fast gate, tf [defined as 1/(a 1 b)], is
similar to that of ClC-0 at 2100 mV, that of the slow
gate, ts [defined as 1/(l 1 m)], is less than three times
larger and more than two orders of magnitude smaller
than for ClC-0 (Pusch et al., 1997; our unpublished re-
sults) making the dissection of the two gating processes
much more difficult. These two time constants of gat-
ing probably correspond to the two macroscopic time
constants of current deactivation described by Fahlke
et al. (1995, 1996) and Rychkov et al. (1996) that also
differ by a factor of 3–5.

In contrast to their qualitative similarities in showing
two equally spaced conductance levels, a major differ-
ence in the gating properties of ClC-1 and ClC-0 is the
different voltage dependence of the slow gating mecha-
nism. In ClC-0, the slow gate closes at positive voltages
leading to a small steady state macroscopic conduc-
tance in the positive voltage range. In contrast, in ClC-1,

Figure 3. Possible kinetic schemes and models describing ClC-1
gating. A represents a double-barreled channel with two different
fast gates but no common slow gate. B incorporates two indepen-
dent types of “gates,” a slow common gate and two independent
fast gates. Two different interpretations of this kinetic scheme are
shown in C and D. In the model originally proposed for ClC-0
(Miller, 1982; Miller and Richard, 1990), two equal, independent
two-state protopores are modulated simultaneously by a common
gate (C). In the model shown in D, a single permeation pathway
has three equidistant subconductance states that are binominally
distributed.
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the overall steady state conductance increases mono-
tonically with increasing voltage (Pusch et al., 1994; Ry-
chkov et al., 1996; Fig. 1), implying that the slow gate
remains open at positive voltages. From the noise analy-
sis described below, it appears that the open probability
of the slow gate approaches a value of 1 at positive volt-

ages, indicating that the slow gate has a reversed volt-
age dependence in ClC-1 compared with ClC-0. How-
ever, several point mutations of ClC-0 also lead to a loss
of voltage sensitivity (Ludewig et al., 1996) or even a re-
versed voltage dependence of the slow gate (our un-
published results).

Figure 4. Kinetic analysis of a
particularly clean recording. (A)
Short segment of the original
registration filtered at 200 Hz
(top) and the corresponding ide-
alized trace (bottom; scale bars:
0.3 pA and 0.1 s). (B) Dwell time
histograms for the three conduc-
tance levels (boxes). The dashed
line in the top panel is a single
exponential fit to the closed-time
histogram. Solid lines represent
a combined fit of the model
shown in Fig. 3 B to the histo-
grams using the maximum-likeli-
hood criterion. Values for the
rate constants obtained from the
fit are (s21): a, 34; b, 22; l, 13; m,
6. From these, the stationary
probabilities Pf 5 a/(a 1 b) 5
0.59 and Ps 5 l/(l 1 m) 5 0.68,
and the relaxation times tf 5 1/
(a 1 b) 5 17 ms and ts 5 1/(l
1 m) 5 51 ms can be calculated
with a ratio ts/tf , 3. The station-
ary probabilities obtained from
the amplitude histogram of the
same patch are Pf 5 0.48, Ps 5
0.74.
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Macroscopic Current Fluctuations

To extend our studies to physiological pH conditions
in which the faster kinetics prevent the recordings of
single channel events, we developed a method to esti-
mate Pf and Ps from macroscopic current fluctuations.
The method is illustrated in Fig. 5 for measurements at
pHi 6.5, and the analysis procedure is described in de-
tail in the methods. From repeated stimulations (Fig. 5
A), the time course of the mean current and of its vari-
ance were calculated (Pusch et al., 1994) (Fig. 5 B) and
fitted with Eqs. 2 and 3. The best fitting values of Pf, Ps,
and i thus obtained were consistent with those mea-
sured from the single-channel amplitude histograms
(Fig. 5 C; compare d and n). As already mentioned,
this good accordance of the single channel analysis and
the fluctuation analysis supports the assumption that

the single-channel events described above are indeed
due to ClC-1 channels and not to endogenous oocyte
channels. Vice versa, it justifies the use of macroscopic
fluctuation analysis for estimating the single channel
parameters of our model.

Myotonic Mutations

Mutations of ClC-1 can cause either dominant or reces-
sive myotonia (Steinmeyer et al., 1991a, 1994; Koch et al.,
1992; George et al., 1993; Pusch et al., 1995b). Reces-
sive myotonia is frequently associated with mutations
leading to a partial or total loss of function (see Jentsch
and Günther, 1997). This is consistent with the in vitro
result that a reduction of the macroscopic muscle Cl2

conductance by 50% is not sufficient to cause myotonia
(Kwiecinski et al., 1988). Several dominant mutations

Figure 5. Determination of
single channel parameters using
macroscopic fluctuation analy-
sis. (A) The voltage protocol
(top) was applied repeatedly (at
least 100 times). Representative
individual registrations are
shown below (pHi 6.5; scale
bars: 0.1 s and 4 pA). (B) Mean
current response for the step to
2100 mV (top) and correspond-
ing variance (see methods; scale
bar: 0.3 pA2). Thick solid lines
represent kinetic fits assuming
independent single-exponential
gating relaxations for the two
gates as described in methods.
For clarity, averages of 10 data
points are shown as circles for
the experimental variance. For
the fit, no averaging was per-
formed. (C) Comparison of
mean values for the single chan-
nel current, i, and the stationary
open probabilities, Ps and Pf, ob-
tained by the fluctuation analy-
sis (n: 2140 mV, n 5 8; 2120
mV, n 5 11; 2100 mV, n 5 9)
with the values obtained from
the amplitude histograms of sin-
gle-channel recordings (d: 2140
mV, n 5 4; 2120 mV, n 5 7;
2100 mV, n 5 4).
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(as for example mutation I290M) lead to a large shift of
the conductance–voltage curve to positive voltages of
homomeric channels that is only partially reduced in
wild-type (WT)/mutant heteromers, leaving a strong
reduction of the chloride conductance at the relevant
physiological voltages (Pusch et al., 1995b).

Recently, mutations that cause either recessive myo-
tonia or a benign form of dominant myotonia with in-
complete penetrance have been identified (Plassart-
Schiess et al., 1998) that show a positive shift of the
macroscopic conductance–voltage relationship in ho-
modimeric mutant channels, but form mutant/WT
heterodimers that behave almost like homomeric WT
channels (Kubisch et al., 1998). An example of these
mutations that do not impose the shift on WT/mutant
heteromers is the mutation I556N (Kubisch et al.,
1998). The different behavior of mutant/WT hetero-
meric channels indicates that the mechanism underly-
ing the shift of the conductance–voltage curve of mu-
tants I290M and I556N is different.

To investigate whether these two mutations produce
different effects on the two gates postulated by Fig. 3 B,
we used macroscopic fluctuation analysis at the physio-
logical pHi 7.3 to estimate and compare the values of g

and of the stationary probabilities for WT and mutants
I290M and I556N (Fig. 6). The WT value of g at pHi 7.3
was not significantly different from that at pHi 6.5, and
g was also not significantly affected by the mutations.
The WT estimates of Pf and Ps at 2100 mV were smaller
at pHi 7.3 than at pHi 6.5, consistent with the effect of
pHi on the macroscopic conductance (Rychkov et al.,
1996; Fig. 1). The relative macroscopic open probabil-
ity (Fig. 1) compares well with the calculated product
Pf*Ps from the noise analysis at both pHi values (not
shown), indicating that Pf as well as Ps approach 1 at
large positive voltages. Also, the initial values [Pf(0),
Ps(0)] obtained from the noise analysis were close to 1
in most cases (see methods). For the same pHi 7.3 con-
ditions, the estimated stationary open probabilities
were both significantly reduced by the mutations (Fig.
6 B). In particular, mutant I290M shows a significantly
larger reduction of Ps than mutant I556N, whereas both
mutations cause a similar reduction of Pf.

d i s c u s s i o n

We presented in this work some new information that
is relevant for the modeling of the gating mechanism

Figure 6. Fluctuation analysis for WT ClC-1 and the myotonic mutations I290M and I556N. (A) Representative fluctuation analysis for
the three channel types. Mean current (top) and variance (bottom) are shown together with the kinetic fits (thick lines; see Fig. 5). (Reg-
istrations are at 2100 mV, pHi 7.3; horizontal scale bars, 50 ms; vertical scale bars, 200 pA [top] and 5 pA2 [bottom].) (B) Comparison of
single channel parameters obtained for WT ClC-1 and mutants I290M and I556N at pHi 7.3.
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of the muscle Cl2 channel ClC-1. Our single-channel
recordings show that the gating of this channel has
strong similarities with that of the “classical” ClC proto-
type ClC-0, although the slow common gate of ClC-1
has faster kinetics and a different voltage dependence.
Therefore, we have assumed that many of the argu-
ments suggesting that ClC-0 channels have a double-
barreled structure apply also to ClC-1, and we have
used a simple kinetic scheme involving a common gate
on top of two parallel and independently gated pores
to fit our single-channel data. We have also shown that
the analysis of macroscopic current fluctuations on the
basis of that scheme gives consistent estimates of the
single-channel parameters. Macroscopic fluctuation mea-
surements were then used to characterize two ClC-1 mu-
tants linked to hereditary myotonias. Such analysis sup-
ports the simple mechanistic hypothesis of Kubisch et
al. (1998) for the different inheritance pattern of the
two mutations in terms of the two-gate double-barreled
model: monomers of the recessive mutant I556N may
associate with WT subunits to form fairly functional
dimers because only the protopore provided by the mu-
tant subunit has strongly modified properties, whereas
monomers of the dominant mutant I290M modify both
homodimers and mutant/WT heterodimers because they
affect the common gate.

To what extent do our results support the hypothesis
of a double-barreled structure of ClC-1? The fact that
our single-channel recordings are consistent with the
simple kinetic scheme of Fig. 3 B does not exclude the
possibility that more complicated gating schemes are
needed for a quantitative description of ClC-1 gating in
a wider range of voltage, in different ionic conditions,
and at a higher time resolution. Due to their small con-
ductance and relatively fast kinetics, single ClC-1 chan-
nels can be observed with much less resolution than
ClC-0 (Ludewig et al., 1996, 1997; Chen and Miller,
1996; Middleton et al., 1996), and the argument in fa-
vor of an apparent double-barreled structure is corre-
spondingly weaker. In particular, the relative kinetic
overlap of the fast and slow gates makes their distinc-
tion more difficult. Since ClC-0 and ClC-1 are structur-
ally very similar (Jentsch et al., 1990; Steinmeyer et al.,
1991b) and have several common permeation and gat-
ing properties (e.g., Miller and Richard, 1990; Pusch et
al., 1995a; Rychkov et al., 1996, 1998; Ludewig et al.,
1997; for review see Pusch and Jentsch, 1994; Foskett,
1998) our finding that they also show the same basic
subconductance behavior further supports the idea
that these two channels share similar structure–func-
tion relationships.

Recently, Fahlke et al. (1998) suggested that ClC-1
has only one pore and supported this hypothesis with
measurements of the effect on macroscopic currents of
various channel-modifying reagents in homo- and het-

eromeric ClC-1 mutant constructs. With the assump-
tion that the reagents act by a pore-blocking mecha-
nism, they interpret their results as incompatible with a
channel structure with two physically distinct conduc-
tion pathways. This conclusion would be hard to ex-
tend to ClC-0 channels, for which the evidence for the
presence of two physically distinct conduction path-
ways, based on mutagenesis and single-channel record-
ings, is very strong (Middleton et al., 1996; Ludewig et al.,
1996).

Almost symmetric subconductance states have also
been observed in other channel types that are defini-
tively single-barreled channels (e.g., Root and MacKin-
non, 1994). Root and MacKinnon (1994) observed in-
dependent protonation of two identical sites that led to
the appearance of binomially distributed subconduc-
tance states in a cyclic nucleotide–gated cation (CNG)
channel. Such a mechanism is similar to the interpreta-
tion of ClC-1 gating as shown in Fig. 3 D, even though
the gating of the CNG channel is different from ClC-0/
ClC-1 gating in at least two aspects: (a) the subconduc-
tance states in the CNG channel are not equidistant
and (b) the lowest conductance state with an open
“common” gate is not zero in the CNG channel. Most
importantly, however, the results of Middleton et al.
(1996) and Ludewig et al. (1996) for ClC-0 are ex-
tremely difficult to explain on the basis of a channel
with a single pore: in these studies, the conductance,
ion selectivity, and gating properties of single proto-
pores could be altered independently from the other
protopore, resulting in heteromeric asymmetric dou-
ble-barreled channels in which the properties of the
two protopores were identical to those of the respective
homomeric parent channels.

On the other hand, we argue that the results of
Fahlke et al. (1998) for ClC-1 can also be easily inter-
preted in the framework of a double-barreled channel.
First, it has not been ruled out by Fahlke et al. (1998)
that the reagents used in their study decrease the mac-
roscopic current amplitude not by a pore-blocking
mechanism, but by acting on the gating of the channel.
In the voltage-dependent sodium channel, for exam-
ple, amino acids of the “S4 segment” that probably do
not contribute to the pore are accessible to cysteine-
modifying reagents, and their modification leads to
persistent changes in gating properties (e.g., Yang et al.,
1997). The fact that some of the cysteine substitutions,
used by Fahlke et al. (1998) to make the channels sensi-
tive to the modifying reagents, do per se modify drasti-
cally the macroscopic currents mediated by ClC-1, sug-
gests that this could indeed be the case. If, for example,
the effect of the cysteine substitution is on the common
gate, it is plausible that the ulterior modification pro-
duced by the binding of MTSES [sodium (2-sulfo-
natoethyl)methanethiosulfonate] (or other reagents)
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forces this gate into a closed conformation. This would
explain the results of Fahlke et al. (1998), which would
then be fully compatible with a double-barreled model.
In addition, even accepting the pore-blockage assump-
tion, it could be that the two pores of the channel have
common intracellular and/or extracellular vestibules
and that the modifying reagents act by blocking in
these regions the entrance to both pores simulta-
neously.

In conclusion, our present data demonstrate that sin-
gle ClC-1 channels behave like ClC-0 channels. There-
fore, considering that the basic molecular structure of

both channels is similar and, in the absence of more
compelling evidence to the contrary, we maintain our
preference for the idea that both channels are charac-
terized by a double-barreled structure with two identi-
cal and physically distinct conduction pathways. In fact,
we think that future observations will likely establish
the notion of the double barrel as a distinctive com-
mon motif of the structure of all ClC channels, some of
which have functional properties that are very poorly
understood except for their involvement in hereditary
diseases like kidney stone diseases (Lloyd et al., 1996)
and Bartter’s syndrome (Simon et al., 1997).
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