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abstract

 

Several cloned ClC-type Cl

 

2

 

 channels open and close in a voltage-dependent manner. The 

 

Torpedo

 

electric organ Cl

 

2

 

 channel, ClC-0, is the best studied member of this gene family. ClC-0 is gated by a fast and a
slow gating mechanism of opposite voltage direction. Fast gating is dependent on voltage and on the external and
internal Cl

 

2

 

 concentration, and it has been proposed that the permeant anion serves as the gating charge in ClC-0
(Pusch, M., U. Ludewig, A. Rehfeldt, and T.J. Jentsch. 1995. 

 

Nature (Lond.).

 

 373:527–531). The deactivation at neg-
ative voltages of the muscular ClC-1 channel is similar but not identical to ClC-0. Different from the extrinsic volt-
age dependence suggested for ClC-0, an intrinsic voltage sensor had been proposed to underlie the voltage de-
pendence in ClC-1 (Fahlke, C., R. Rüdel, N. Mitrovic, M. Zhou, and A.L. George. 1995. 

 

Neuron.

 

 15:463–472;
Fahlke, C., A. Rosenbohm, N. Mitrovic, A.L. George, and R. Rüdel. 1996. 

 

Biophys. J.

 

 71:695–706). The gating
model for ClC-1 was partially based on the properties of a point-mutation found in recessice myotonia (D136G).
Here we investigate the functional effects of mutating the corresponding residue in ClC-0 (D70). Both the corre-
sponding charge neutralization (D70G) and a charge conserving mutation (D70E) led to an inwardly rectifying
phenotype resembling that of ClC-1 (D136G). Several other mutations at very different positions in ClC-0 (K165R,
H472K, S475T, E482D, T484S, T484Q), however, also led to a similar phenotype. In one of these mutants (T484S)
the typical wild-type gating, characterized by a deactivation at negative voltages, can be partially restored by using
external perchlorate (ClO

 

4

 

2

 

) solutions. We conclude that gating in ClC-0 and ClC-1 is due to similar mechanisms.
The negative charge at position 70 in ClC-0 does not specifically confer the voltage sensitivity in ClC-channels, and
there is no need to postulate an intrinsic voltage sensor in ClC-channels.
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i n t r o d u c t i o n

 

In contrast to a large family of cation channels, in
which voltage-sensing elements (probably involving the
“S4” segment) are responsible for voltage dependence
of gating (for review, see Sigworth, 1994), there is no
similar molecular structure in ClC-proteins (for review,
see Jentsch, 1996). Yet ClC-channels are clearly voltage
dependent. While the gating charge for a single potas-
sium channel was estimated to involve about 12 elemen-
tary charges (Schoppa et al., 1992), the voltage depen-
dence in Cl

 

2

 

 channels is rather weak, involving only 1–2.2
elementary charges for the different gating processes.

The best characterized member of the ClC family is
the voltage-gated Cl

 

2

 

 channel from 

 

Torpedo

 

 electric or-
gan (ClC-0, Jentsch et al., 1990). This channel has two
different gating mechanisms of opposite voltage depen-
dence. A fast gate (in the millisecond time range)
opens ClC-0 at depolarized voltages with an apparent
gating-valence of 

 

<

 

1 elementary charge (Miller, 1982).
A much slower gating mechanism opens ClC-0 at hy-

perpolarizing voltages with an apparent gating-valence
of 

 

<

 

2.2 elementary charge (Ludewig et al., 1997; Pusch
et al., 1997; White and Miller, 1979). ClC-0 wild-type
(WT)

 

1

 

 channels are dimers of two identical subunits
(Ludewig et al., 1996; Middleton et al., 1996). Each
subunit probably forms a single pore (Ludewig et al.,
1996). Both pores (subunits) have their own fast gating
mechanism (Miller, 1982; Ludewig et al., 1996). The
fast gating of single pores is strongly dependent on the
extracellular Cl

 

2

 

 concentration, and external per-
meant anions can effectively open the channel. Recent
detailed biophysical studies established that the voltage
dependence is conferred by the extracellular permeant
anion itself (Pusch et al., 1995; Chen and Miller, 1996;
Pusch, 1996). In this model, voltage-dependent bind-
ing of external Cl

 

2

 

 to the closed channel leads to an in-
crease of the opening rate compared with the Cl

 

2

 

-free
channel. Such a mechanism differs fundamentally
from gating models proposed for voltage-dependent
cation channels in which a voltage-dependent move-
ment of charged amino acids through the membrane is
thought to confer voltage dependence to the channel
proteins. Also the slow gating seems to be affected by
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the Cl

 

2

 

 concentration (Richard and Miller, 1990; Chen
and Miller, 1996).

Gating of the homolog ClC-1 looks similar to the fast
gating of ClC-0: it acts in a similar time range, has a sim-
ilar apparent gating-valence of 

 

<

 

1 elementary charge,
and closes the channels at hyperpolarized voltages. The
time course of deactivation, however, is not monoexpo-
nential as in ClC-0 but involves more than 2 exponen-
tial components (Pusch et al., 1994; Fahlke et al., 1996;
Rychkov et al., 1996). Despite these similarities, Fahlke
et al. (1995, 1996) concluded that fast gating of ClC-1
differs from ClC-0 in the sensitivity to external Cl

 

2

 

:
when Cl

 

2

 

 was reduced and replaced by MeSO

 

3

 

2

 

, the
open probability was increased compared with the pure
Cl

 

2

 

 solution. Similar experiments by Rychkov et al.
(1996) and by us (unpublished observation) show,
however, that the increase of open probability with
MeSO

 

3

 

2

 

 is a direct effect of MeSO

 

3

 

2

 

 on the channel,
rather than an effect of reduced Cl

 

2

 

 concentration.
Similar to several external anions, MeSO

 

3

 

2

 

 is able to ac-
tivate ClC-1 channels. By contrast, replacing external
Cl

 

2

 

 (e.g., by the “inert” anion glutamate or by glucose)
decreases the open probability of ClC-1 (Rychkov et al.,
1996), which closely resembles findings with ClC-0. Thus,
it is reasonable to conclude that the mechanism(s) of
activation are similar in ClC-0 and ClC-1 channels.

Fahlke et al. (1995) analyzed a mutation of ClC-1
(D136G) found in patients affected by recessive Becker-
type myotonia (Heine et al., 1994). This mutation dras-
tically altered gating properties: D136G channels acti-
vate at negative potentials, and the steady-state current
voltage relationship is inwardly rectifying (Fahlke et al.,
1995). The negatively charged aspartate that is neutral-
ized in the mutant (D136) was proposed to be a voltage
sensor of ClC-1 (Fahlke et al., 1995, 1996). Because of
the close homology of ClC-0 and ClC-1, the highly con-
served aspartate in domain D1 should then serve as a
voltage sensor also in ClC-0.

To test this hypothesis we introduced the corre-
sponding mutation in ClC-0 (D70G in ClC-0). This mu-
tant has a similar phenotype: currents activate at nega-
tive potentials, and the steady-state current voltage rela-
tion is inwardly rectifying. Very similar characteristics
are observed when a charge conserving amino acid is
introduced at this position (D70E). In addition, we
found that mutations in various different protein re-
gions of ClC-0 lead to a very similar phenotype. We con-
clude that (

 

a

 

) gating in ClC-0 and ClC-1 involves simi-
lar mechanisms, (

 

b

 

) the charge at position D70 in ClC-0
does not specifically confer voltage sensitivity in ClC-
channels, (

 

c

 

) several mutations lead to an activating
phenotype at hyperpolarized potentials in ClC0, (

 

d

 

)
gating and permeation are strictly coupled in these
channels, and (

 

e

 

) gating of ClC-channels appears not to
involve an intrinsic voltage sensor.

 

m a t e r i a l s  a n d  m e t h o d s

 

Molecular Biology and Oocyte Injection

 

Mutations were introduced by recombinant PCR and verified by
sequencing. Mutants were cloned into a vector containing 

 

Xe-
nopus

 

 

 

b

 

-globin untranslated sequences (Lorenz et al., 1996). The
constructs were linearized and capped cRNA was transcribed
in vitro using SP6 RNA polymerase and the mMessage mMa-
chine kit (Ambion Inc., Austin TX). cRNA was diluted to about
30–100 mg/liter before injection. Stage V and VI 

 

Xenopus

 

 oocytes
were manually defolliculated and injected with 50 nl of cRNA
solution. For patch clamping, defolliculated oocytes were colla-
genase treated (1 g/liter Sigma type II for 10–15 min) before
injection, and the vitelline membrane was removed manually
after incubation of oocytes in hypertonic medium directly be-
fore the experiment. Oocytes were kept in Barth’s solution at
14–19

 

8

 

C.

 

Electrophysiology

 

Currents were measured at room temperature 1–3 d after injec-
tion using two-electrode voltage-clamp and pCLAMP5.5 software.
Microelectrodes were filled with 3 M KCl and had resistances of
0.3–0.6 M

 

V

 

. Leakage or capacitative currents were not sub-
tracted. Capacitative transients were cut off in some figures for
clarity. In all figures zero current is indicated by dashed lines.
Currents were recorded in ND96 solution (96 mM NaCl, 2 mM
KCl, 1.8 mM CaCl

 

2

 

, 1 mM MgCl

 

2

 

, 5 mM Na-

 

N

 

-[2-hydroxy-
ethyl]piperazine-

 

N

 

9

 

-[2-ethanesulfonic acid] (HEPES), pH 7.4).
For inside-out patch recording oocytes were bathed in 100 mM

 

N

 

-methyl-

 

d

 

-glucamine (NMDG)-Cl solutions, with 2 mM MgCl

 

2

 

,
5 mM Na-HEPES, 5 mM Na-ethylene glycol-bis(

 

b

 

-aminoethyl
ether)-

 

N

 

,

 

N

 

,

 

N

 

9

 

,

 

N

 

9

 

-tetraacetic acid (EGTA), pH 7.4 or solutions in
which NMDG-Cl was partially replaced by NMDG-glutamate. Pi-
pettes were filled with 100 mM NMDG-Cl, 1.8 mM CaCl

 

2

 

, 5 mM
Na-Hepes, pH 7.4. Data were low pass filtered at 5 kHz.

 

Pulse Protocols

 

The usual pulse-protocol is displayed in Fig. 1 

 

A

 

. From a pre-
potential of 

 

1

 

40 mV, where WT ClC-0 is fully activated (at nor-
mal external Cl

 

2

 

), the voltage was stepped to progressively more
negative values in 20-mV steps for various durations for the differ-
ent mutations (depending on the kinetics of the mutants). A tail
potential of 

 

2

 

100 mV was chosen to monitor the degree of activa-
tion of the channel. In some experiments a tail-potential of 

 

1

 

40
mV was chosen in order to test for the rectification and/or deac-
tivation properties of the mutants at positive voltages.

To avoid large holding currents, the holding potential was cho-
sen at 

 

2

 

30 mV, close to the Cl

 

2

 

-equilibrium potential of oocytes.
Between individual pulses the membrane potential was held for
at least 0.5 s at the holding potential.

 

r e s u l t s

 

Mutant D70G in ClC-0 Is Similar to the Corresponding ClC-1 
Mutant D136G

 

ClC-0 fast gating is similar to ClC-1 in its sensitivity to
voltage: when a typical pulse protocol (Fig. 1 

 

A

 

) is ap-
plied, channels are open at depolarized potentials and
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deactivate at negative potentials (Fig. 1 

 

B

 

). In ClC-1,
the D136G mutant has drastically changed currents. In
contrast to WT, steady-state currents are inwardly recti-
fying and activate with hyperpolarizing voltages (Fahlke
et al., 1995).

To search for similarities in gating between ClC-1
and ClC-0, we mutated the corresponding ClC-0 resi-
due (D70G). An aspartate at this position is highly con-
served among CLC channels. This gave a similar phe-
notype as in ClC-1: currents are inwardly rectifying and
channels do open even at voltages as negative as 

 

2

 

160
mV (Fig. 1 

 

C

 

). Fast ClC-0 gating differs from ClC-1 as it
activates and deactivates with a monoexponential time
course. The D70G ClC-0 mutant also differs from the
corresponding D136G ClC-1 mutant: gating is faster to
the degree that it is not possible to fully separate instan-
taneous and steady-state inward rectification in 2-elec-
trode voltage-clamp measurements. However, the simi-
lar inward rectification of the ClC-0 mutant supports
the idea that fast gating in ClC-0 and ClC-1 are funda-
mentally similar.

 

The Charge Conserving Mutation D70E Causes
a Similar Phenotype

 

Since the D136G mutation involved a neutralization of
a charge in a transmembrane domain, Fahlke et al.
(1995) suggested D136 to be a ClC-1 voltage sensor. To
test this idea, we introduced a charge-conserving muta-
tion at the corresponding position in ClC-0 (D70E).
However, its phenotype (Fig. 2 

 

A

 

) closely resembled
the one of the neutralizing D70G mutation. Currents
are again strongly inward rectifying and channels also
open at negative potentials (Fig. 2 

 

A

 

). Hence, the char-
acteristics of the D70G mutant is not specifically due to
the reduced charge, but to other properties of the side
chain. We cannot strictly rule out, however, that the
glutamate residue at position 70 in the mutant is not
fully deprotonated, although this is unlikely given the
similar pKs of glutamate and aspartate.

 

Several Mutants Have Characteristics Similar to Mutant 
D70G in ClC-0

 

To investigate whether the phenotype observed with
the mutations described above is specific to position 70,
we mutated some other conserved residues in ClC-0.
Several of those, including positively charged, nega-
tively charged, or uncharged residues, display a similar
characteristic as the mutants at position D70 (Fig. 2).
In mutant K165R (located between domains 3 and 4)
currents are inwardly rectifying (Fig. 2 

 

B

 

) similar to
D70G but no activation phase is visible at the start of
the hyperpolarizing pulses. Rather a small deactivating
component is present. Mutating a histidine residue to
lysine at position 472 again results in an inwardly recti-
fying phenotype (Fig. 2 

 

C

 

) with activating currents, sim-
ilar to S475T, where a conserved serine is exchanged to
threonine (Fig. 2 

 

D

 

). A charge-conserving mutation of
glutamate E482 (E482D) that is located between do-
mains 11 and 12 has an intermediate phenotype (Fig. 2

 

E

 

). Mutating E482 to glutamine leads to nonfunctional
channels (Pusch et al., 1995). Substituting a neutral
residue two positions carboxy-terminal (T484) by
glutamine or serine gives a very similar phenotype and
is shown in Fig. 2 

 

F

 

 and Fig. 5. Since these last men-
tioned mutants are very close to each other in the lin-
ear amino acid sequence (Fig. 3), we also investigated
functional effects of exchanging neighboring residues.
Mutants F481Y, F481Q, L483I, G485A, and Q486S were
found to be indistinguishable from WT.

Since gating in all these mutants is apparently very fast,
we sought to investigate some of them with the higher
time resolution of the patch clamp technique. Results
are shown for mutant T484S in Fig. 4. The macroscopic
behavior is similar to 2-electrode voltage clamp measure-
ments (Fig. 5 

 

B

 

). Even in these recordings the time res-
olution is not sufficient to resolve details of the gating.

Figure 1. Effect of mutant D70G on gating of ClC-0. (A) Voltage
protocol for all traces shown in this paper. (B) Macroscopic cur-
rents from ClC-0 WT deactivate after a pulse to 140 mV. (C) Mac-
roscopic currents from mutant D70G. Channels open at negative
potentials after a step from a positive pre-potential.
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Gating of Mutant T484S Can Be Partially Restored by
Use of External Perchlorate

 

Gating of ClC-0 chloride channels depends on the ex-
ternal anion concentration, and it was proposed that
ClC-0 is gated by the permeant anion (Pusch et al.,
1995). With some anions, we found an anomalous mole
fraction behavior and a different slope of voltage de-
pendence (Pusch et al., 1995). If voltage sensitivity is
conferred by an ion inside the pore, one might indeed
expect a different gating with different anion species.
The most drastic changes are expected for an anion
that has a very different residence time in the pore
compared with Cl

 

2

 

. The strong blocking effect seen
with low external ClO

 

4

 

2

 

 suggests that ClO

 

4

 

2

 

 has a long
residence time in the pore: external ClO

 

4

 

2

 

 blocks ClC-0
WT in a voltage-dependent manner (Fig. 5 

 

A

 

) with a

relative voltage dependence of 

 

d

 

 

 

5 

 

0.30 

 

6

 

 0.02 and a
half-maximal blocking concentration at 0 mV of 2.2 

 

6

 

0.5 mM (

 

n

 

 5 

 

3) (data not shown). Gating is also af-
fected by ClO

 

4

 

2

 

: though the Cl

 

2

 

 concentration is re-
duced with 10 mM ClO

 

4

 

2

 

 solutions, the voltage depen-
dence is similar as in pure Cl

 

2

 

. In pure ClO

 

4

 

2

 

, however,
the steady state open probability is shifted drastically to
more positive potentials (data not shown).

As with WT ClC-0, gating of mutant T484S is also in-
fluenced by ClO

 

4

 

2

 

 (Fig. 5 

 

B

 

). Since only small outward
currents are detectable in this mutant, a potential
block of outward currents by external ClO

 

4

 

2

 

 cannot be
investigated. ClO

 

4

 

2

 

 exerts, however, an interesting ef-
fect on the gating of this mutant: inward currents are
increased by ClO

 

4

 

2

 

 and the activation at hyperpolariza-
tion seen in pure Cl

 

2

 

 is replaced by a WT-like deactiva-
tion in high ClO

 

4

 

2

 

. This proves that the WT gating

Figure 2. Several point muta-
tions convert ClC-0 into inwardly
rectifying channels. Macroscopic
currents from 2-electrode voltage
clamp experiments are shown for
mutants D70E (A), K165R (B),
H472K (C), S475T (D), E482D
(E), and T484Q (F).
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mechanism is still working in this mutant; the “normal”
gating can be restored using a specific anion mixture.

d i s c u s s i o n

Several studies have shown that fast gating of ClC-0 is
tightly coupled to the permeating anion that probably
serves as the gating charge (Pusch et al., 1995; Chen
and Miller, 1996; Ludewig et al., 1997; Pusch, 1996).
Even though the gating of the homologous ClC-1 chan-
nel looks very similar to ClC-0 (Steinmeyer et al., 1991),
Fahlke et al. (1995, 1996) suggested that, in contrast to
ClC-0, an intrinsic voltage sensor is responsible for volt-
age-sensitivity in ClC-1. This conclusion was drawn on
the basis of two findings: (a) Replacement of [Cl2]ext by
MeSO3

2 does not decrease popen in ClC-1. (b) The mu-
tation D136G found in recessive myotonia has a drasti-

cally altered voltage sensitivity, being inwardly rectify-
ing and lacking a very fast gating component. It is now
clear, however, that the effect of MeSO3

2 is due to the
stimulating effect of this anion on ClC-1 channel open-

Figure 3. (A) Location of mutations that lead to inwardly rectifying channels. They are located in domain 1 (D70), at the carboxy-termi-
nal end of domain 3 (K165), in domain 11 (H472, S475) and between domain 11 and domain 12 (E482, T484). (B) Alignment of homolo-
gous ClC proteins in the region of the domains D11/D12. hClC-1 is the human muscular chloride channel (Steinmeyer et al., 1991; Koch
et al., 1992), ClC-2 is a ubiquitous swelling-activated Cl2 channel from rat (Thiemann et al., 1992), ClC-5 is predominantly expressed in
kidney (Steinmeyer et al., 1995; Lloyd et al., 1996), ClC-7 is a rather broadly expressed CLC-protein (Brandt and Jentsch, 1995), and scClC
is the S. cerevisiae CLC protein GEF-1 (Greene et al., 1993). The prefix r in front of ClC means rat, h means human, and sc means yeast.

Figure 4. Macroscopic currents from T484S mutant channels in
an inside-out patch clamp experiment.
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ing but not due to the reduction of [Cl2]ext (Rychkov et
al., 1996; our unpublished observation).

Here we show that mutations in various protein re-
gions of ClC-0 lead to a macroscopic phenotype similar
to that observed by Fahlke et al. for the D136G mutant.
The corresponding mutant D70G as well as the charge
conserving mutation D70E are both inwardly rectifying.
Mutations at several other amino acid positions, includ-
ing a positively charged residue between domains 3
and 4, a negatively charged residue, and uncharged res-
idues in and after domain 11, show a very similar phe-
notype. In the case of mutant T484S the deactivating
WT phenotype can even be partially restored by replac-
ing external Cl2 by ClO4

2, indicating that no previously
present “voltage-sensor” is lost in the mutant.

Interestingly, a similar inward rectification as seen
with these mutants in ClC-0 can be induced in ClC-1 by

low external pH and positive holding potentials (Rych-
kov et al., 1996). It would be interesting to insert the
analogous mutations described here in the ClC-1 chan-
nel and to test for effects on the pH-sensitivity.

Four of the inwardly rectifying mutations are located
in the highly conserved D11/D12 stretch (Fig. 3 B),
demonstrating the functional importance of this broad
hydrophobic region. Interestingly, a mutation equiva-
lent to E482D has been found in the ClC-5 gene of pa-
tients suffering from an inherited hypercalciuric kid-
ney stone disease (Lloyd et al., 1997). In contrast to the
ClC-0 mutation, however, the E527D mutation in ClC-5
did not express currents in Xenopus oocytes (Lloyd et
al., 1997).

One could assume that all of the amino acids that
lead to the inwardly rectifying phenotype are involved
in the gating and/or conduction process of the chan-

Figure 5. Analysis of effects of external ClO4
2 on WT and mutant T484S channels. (A) Macroscopic 2-electrode-voltage-clamp data from

WT in 100 mM Cl2 (left), a mixture of 90 mM Cl2 and 10 mM ClO4
2 (center), and 100 mM ClO4

2 (right). ClO4
2 blocks ClC-0 in a voltage de-

pendent manner with the following parameters: d 5 0.30 6 0.02; Kd(0 mV) 5 2.2 6 0.5 mM (n 5 3). (B) Stimulation of gating in T484S
mutant channels by ClO4

2. Macroscopic currents from T484S in 100 mM Cl2 (left), a mixture of 90 mM Cl2 and 10 mM ClO4
2 (center), and

100 mM ClO4
2 (right).
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nel. For instance, they might be involved in ion binding
steps that are important for gating. Alternatively, and
maybe more likely, changing these amino acids could
also affect one of the rate constants of the gating transi-
tions, thereby causing inward rectification. It seems
clear, however, that the aspartate in domain D1 (D70
in ClC-0, D136 in ClC-1) is not special among the mu-

tated amino acids, and one cannot conclude that it rep-
resents the voltage sensor. Although we cannot com-
pletely rule out the presence of an intrinsic voltage sen-
sor, our results are consistent with the idea that no
voltage sensor is present in CLC channels, but that the
voltage dependence is conferred by the permeating ions.
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