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ABSTRACT The skeletal muscle chloride channel CLC-1
and the ubiquitous volume-activated chloride channel CLC-2
belong to a large gene family whose members often show
overlapping expression patterns. CLC-1 and CLC-2 are co-
expressed in skeletal and smooth muscle and in the heart. By
coexpressing CLC-1 and CLC-2 in Xenopus oocytes, we now
show the formation of novel CLC-1yCLC-2 heterooligomers
that yield time-independent linear chloride currents with a
chloride3 bromide3 iodide selectivity sequence. Formation
of heterooligomeric CLC channels increases the number and
possible functions of chloride channels.

CLC chloride channels form an expanding new gene family with
at least nine mammalian members known to date (for review, see
refs. 1 and 2). In mammals, they play important roles in cell
volume regulation (3), control of muscle excitability (4), and
possibly transepithelial transport (5, 6). Two human diseases are
known to be caused by defective CLC genes: mutations in the
muscle channel CLC-1 can cause recessive (Becker) as well as
dominant (Thomsen) myotonia (7, 8), whereas X-linked hered-
itary hypercalciuric nephrolithiasis is due to mutations in CLC-5
(9, 10).
CLC proteins are structurally unrelated to other known ion

channels and span the membrane about 12 times (3, 6, 11, 12).
First insights into their structure-function relationship have been
obtained for the mechanism of swelling activation of CLC-2 (3).
The gating mechanism of the Torpedo channel CLC-0 was
studied in detail. It was proposed that the channel is intrinsically
voltage-independent, being gated by the permeant anion (12).
Finally, analysis of dominant negative mutations found in human
myotonia (Thomsen disease) suggested that CLC-1 chloride
channels function as homomultimers with probably more than
two subunits (8, 13).
Several CLC genes are rather broadly expressed. CLC-2,

CLC-6, and CLC-7 are present in every cell and tissue examined
(14, 15), while CLC-3 and CLC-4 are expressed in brain, heart,
kidney, and, depending on the species, several other tissues (1, 16,
17) Thus, many cells will express several members of the CLC
gene family in parallel. Since CLC-1 is known to function as a
(homo)multimer (8), this raises the possibility that coexpression
of different CLC members in the same cell may lead to the
formation of functional heterooligomeric channels with novel
properties. Such a situation is, for example, found with potassium
channels (18–20) or glutamate receptors (21).
We used coexpression of the easily expressible CLC-1 and

CLC-2 chloride channels to test for the formation of heteromul-
timeric CLC channels. This is also of physiological importance, as
both channel mRNAs are coexpressed in several tissues (14, 22).
CLC-1 is very predominantly expressed in skeletal muscle, but

low transcript levels could also be detected in kidney, heart, and
smooth muscle (22). CLC-1 mediates the majority of muscle
membrane chloride conductance, which is unusually high in that
tissue ('70–80% of total resting conductance; ref. 23).

In contrast to CLC-1, CLC-2 is ubiquitously expressed. It is
normally closed but can be slowly activated by strong hyperpo-
larization (14). Another activation mechanism is cell swelling,
suggesting a role of CLC-2 in regulatory volume decrease (3). Its
expression in apical membranes of airway epithelia renders it
interesting for cystic fibrosis (24).
We now show that coexpression of CLC-1 and CLC-2 indeed

results in the formation of novel heteromultimeric channels. This
demonstrates for the first time that subunits encoded by different
CLC genes can assemble to form functional heteromeric chan-
nels, and thus adds a further level of complexity to the CLC
chloride channel family.

MATERIALS AND METHODS

Site-Directed Mutagenesis. Point mutations were introduced
as described (13). PCR-derived fragments were entirely se-
quenced. For the experiments using CLC-1 carrying the P480L
mutant, we used the human CLC-1 as we have constructed this
mutant previously (8). For most measurements, rat CLC-1 and
CLC-2 were used.
Construction of the Oocyte Expression Vector pTLN. We

constructed a vector (pTLN) that uses the Xenopus b-globin
untranslated regions to boost expression in ooyctes. Starting from
pSP64T (25), we inserted a new polylinker into its unique BglII
cloning site. It contains unique NruI,NcoI (providing an optimal
sequence for eukaryotic initiation of translation), XbaI, KpnI,
EcoRI, ClaI, EcoRV, and BglII sites. These are now flanked by
the b-globin 59 and 39 untranslated regions downstream of a SP6
RNA polymerase promoter. To provide restriction sites for the
linearization of the template, we inserted another polylinker
downstream of the 39 b-globin untranslated region. It has unique
RsrII,MluI,HpaI, SnaBI, and SwaI recognition sites. All cDNAs
were engineered such that their initiator methionin was covered
by an NcoI site for direct ligation into pTLN.
cRNA Synthesis and Electrophysiology. cRNA preparation,

oocyte handling and injection, and two-microlelectrode voltage-
clamp of oocytes were performed as described (11, 13). In ion
substitution experiments, 96 mM (or 80 mM) chloride of the
ND96 solution (11) were replaced by equal concentrations of
bromide, glutamate, or iodide. To block CLC-1 homomers,
oocytes were superfused for 4 min with 0.2 mM 9-anthracene
carboxylic acid (9-AC) solution in ND96.

RESULTS

Electrophysiological Properties of CLC-1 and CLC-2 Homo-
multimeric Channels. Typical current traces of CLC-1 expressed
in Xenopus oocytes are shown in Fig. 1B. CLC-1 channels are
open under resting conditions, and have an inwardly rectifying
instantaneous current–voltage (I–V) relationship and a pro-
nounced deactivation (within a 50-ms range) at voltages more
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negative than 2100 mV (22). This gating process leads to a
decrease of steady-state currents at very negative potentials (Fig.
2A). CLC-1 has aCl2 .Br2 . I2halide selectivity sequence (Fig.
2D) and is blocked by 0.2 mM 9-AC applied in the bath (22). This
block is poorly reversible. Human and rat CLC-1 do not differ in
either of these properties.
Under isotonic conditions, CLC-2 is nearly completely closed

at physiological voltages (14), but can be slowly activated by strong
hyperpolarization as shown in Fig. 1C. Several seconds are
required for this activation (compare Fig. 1 C andD). In contrast
to the resulting strong inward rectification of steady state currents
(Fig. 2B), its open channel I–V is nearly linear (Fig. 2E). CLC-2
shows the same ion permeability sequence as CLC-1. In contrast
to CLC-1, however, it is not blocked by bromide (compare Fig. 2
D and E). Also, application of 0.2 mM 9-AC does not affect
CLC-2 currents (data not shown). Swelling of the oocyte by
prolonged (.10 min) exposure to hypotonic medium results in a
dramatic change of CLC-2 properties (3). Currents become
time-independent with a linear I–V, which resembles the open
channel I–V of CLC-2 under isotonic conditions.
Coinjection of Wild-Type CLC-1 and CLC-2. Coexpression of

CLC-1 and CLC-2 cRNA at about equal cRNA concentrations
yielded large, essentially time- and voltage-independent currents
(Fig. 1E). This suggests the formation of heteromultimeric chan-
nels with novel properties, because the currents cannot be simply
explained by a sum of CLC-1 and CLC-2 currents. This is evident
at positive voltages where both CLC-1 and CLC-2 steady-state
currents are inwardly rectifying (Fig. 2 A and B), whereas the
novel current is linear (Fig. 2C). Also with hyperpolarization, the
slow activation of CLC-2 cannot compensate for the fast inacti-

vation of CLC-1 to produce the observed linear, essentially
time-independent currents. The small, fast deactivating current
component at the beginning of hyperpolarizing pulses (Fig. 1E)
may be in part due to homomultimeric CLC-1 channels that are
also expressed from the CLC-1yCLC-2 cRNA mixture. This
component increased with the the ratio of CLC-1 to CLC-2
cRNA (Fig. 1G) and could be abolished by 0.2 mM 9-AC (Fig. 1
F and H), which completely blocks CLC-1 homooligomers (22).
9-AC also inhibits the gating relaxations seen at 2140 mV after
stepping to this potential from the various test pulses. This gating
is probably also (in part) due to a residual CLC-1 component. At
this concentration of 9-AC only the linear, time-independent
currents elicited by the coinjection remain (Fig. 1 F and H). The
open channel properties of the heterooligomer (Fig. 2F) are
similar to that of CLC-2, including the linear I–V relationship, the
lack of voltage-dependent block by bromide, and the insensitivity
(of the time-independent component) to 9-AC. These properties
were independent of the concentration ratios of coinjected
cRNAs.
To determine the optimal ratio of CLC-1 to CLC-2 cRNA

concentrations for the formation of heteromultimeric channels,
we systematically varied the ratios of the corresponding cRNAs
in coinjection experiments. In these titrations, total RNA con-
centration was held constant to avoid problems with the nonlin-
earity of expression inXenopus oocytes (Fig. 3).Wemeasured the
slope conductance at150mV.As described above, at this voltage
CLC-2 homooligomers are closed and CLC-1 has only a small
slope conductance. Hence these measurements should mainly
detect the linear heterooligomeric channels. Coinjection of both
cRNAs led to a pronounced increase in slope conductance with

FIG. 1. Voltage-clamp traces of oocytes injected with CLC-1 cRNA (B), CLC-2 cRNA (C and D), and coinjected with both RNAs (E and F).
(A) Voltage-clamp pulse protocol. Test pulses were applied in 220 mV steps starting at 140 mV (holding potential: 230 mV). The tail pulse was
varied depending on the cRNA injected. Solid line, CLC-2; dashed line, CLC-1; dotted line, coinjection. (B) Typical current traces of an oocyte
expressing CLC-1, showing the characteristic inward rectification at positive voltages and the deactivation at negative voltages. (C and D) Typical
currents of an oocyte expressing CLC-2. Long pulses (C) elicit a slowly activating current at negative voltages, which deactivates relatively fast when
stepping to 140 mV. Short pulses (as in B, E, and F) does not significantly activate CLC-2 (D). (E and F) Typical currents of an oocyte coinjected
with CLC-1 and CLC-2 cRNA at a 1:1 concentration ratio. Treatment with 0.2 mM 9-AC (F) abolishes a remaining deactivating component at
negative voltages, as well as the gating seen in the tail current at a potential of2140 mV. This is more obvious when oocytes injected with an about
10-fold excess of CLC-1 over CLC-2 cRNA (G) are treated with 9-AC (H).
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a maximum at a 1:1 cRNA ratio (Fig. 3A). When CLC-1
homooligomers were blocked by 0.2mM9-AC, the effect became
even more dramatic (Fig. 3B). These conditions eliminate cur-
rents by homooligomers, and only coinjections of CLC-1 and
CLC-2 cRNAs yield chloride currents. The current maximum at
a 1:1 cRNA concentration ratio is compatible with functional
heterooligomers formed by an equal number of CLC-1 and
CLC-2 subunits.
SinceCLC-2 is a swelling-activated chloride channel, we sought

to determine whether the CLC-1yCLC-2 heteromeric channels
also respond to medium osmolarity. Since we know of no blocker
specific for CLC-2 (which does not block CLC-1 or the hetero-
mers), we had to use a large excess of CLC-1 to avoid a significant
background in swelling-activated CLC-2 homomers. The excess
of CLC-1 homomers can again be blocked by 9-AC. Under these
conditions, we could not detect a significant activation of CLC-
1yCLC-2 heterooligomers by cell swelling. We neither could
reduce the currents by hyperosmolarity (data not shown).
Coinjections with Mutant Subunits. Additional evidence for

the formation of heteromeric channels was obtained by coex-
pression of CLC-2 with a CLC-1 mutant (P480L) found in
autosomal dominant myotonia congenita (8). Similar to its dom-
inant action on CLC-1 (8, 13), CLC-2 is strongly suppressed in a
1:1 coexpression (Fig. 4). The same total amount of cRNA was
injected to avoid a nonspecific decrease of CLC-2 currents caused
by saturation of the oocyte expression system. Thus, for the 1:1

coexpression experiment shown in Fig. 4, theCLC-2 conductance
is expected to decrease by '50% if there is no interaction
between both channels. However, the observed decrease is much
stronger (84%, Fig. 4B), demonstrating a dominant negative
effect of this CLC-1 mutant on CLC-2. Interestingly, the homol-
ogous mutation in CLC-2 (P461L), which by itself was nonfunc-
tional, had no effect neither on CLC-2 nor on CLC-1 in coin-
jection experiments (data not shown). In CLC-1 the P480L
mutation reduces CLC-1 currents in the physiological voltage-
range by drastically shifting the voltage-dependence of activation
to more positive voltages (13). In contrast, in the coexpression
experiments with CLC-2 no qualitative change of the remaining
CLC-2 currents was visible (Fig. 4A).

DISCUSSION

Many ion channels function as multimeric complexes. They may
be composed of identical subunits (homomultimers) or of sub-
units belonging to the same gene family, andyor may associate
with structurally unrelated subunits.
Channels assumed to be functional as monomers are the cystic

fibrosis transmembrane conductance regulator (the cAMP-
activated chloride channel defective in cystic fibrosis; ref. 26) and
a-subunits of voltage-dependent Na1- and Ca21-channels. How-
ever, these a-subunits have probably arisen from two gene
duplications, and can be regarded as tetramers with covalently

FIG. 2. I–V relationships and ion selectivity of currents of oocytes expressing CLC-1 (A and D), CLC-2 (B and E), or both (C and F). (Upper
A–C) Steady-state I–Vs in ND96 (104 mM Cl). (Lower D–F) Instantaneous I–Vs (open pore properties) with different anions in the bath.
Measurements were performed in ND96 having 104 mM Cl (E), or in ND96 where 96 mM Cl were replaced by equal amounts of Br (M), glutamate
(Ç), or I (É). This leaves 8 mM Cl in the medium. Data of one representative oocyte each are shown as a plot against the test potential. (A)
Steady-state I–V of CLC-1. The current was measured at the end of a 100-ms test pulse. (B) Quasi-steady-state I–V of CLC-2 (measured at the
end of a 6-s test pulse). (C) Steady-state I–V of CLC-1yCLC-2 heterooligomers (measured after treatment with 9-AC to block CLC-1
homooligomers). (D) Instantaneous I–V of CLC-1. Currents were extrapolated to the beginning of the test pulse by fitting the sum of two exponential
functions. (E) Open-channel I–V of CLC-2. The oocyte was held at 2140 mV until the current saturated before 200-ms test pulses were applied.
(F) Instantaneous (equivalent to steady-state) I–V of the heterooligomer currents measured after 9-AC treatment.

13364 Physiology: Lorenz et al. Proc. Natl. Acad. Sci. USA 93 (1996)



linked subunits analogous to the tetrameric K1-channel family
(27, 28). With voltage-dependent and also inwardly rectifying
K1-channels, the formation of homooligomers and of heteroo-
ligomers is possible (18, 19, 29). Epithelial Na1-channels require
three different homologous subunits (assembled with unknown
stoichiometry) for efficient function (30).
In the present study, we demonstrate that CLC-1 and CLC-2

together indeed form novel channels with a linear, almost time-
independent I–V relationship. Pore properties of the heteromul-
timer resemble those of CLC-2.

The I–V relationship of CLC-1yCLC-2 heteromers resembles
that of ‘‘open phenotype’’ mutants of CLC-2 (3). Activation of
CLC-2 by cell swelling or by hyperpolarization seemed to operate
via a ‘‘ball-and-chain’’ type mechanism, in which an N-terminal
domain (the ‘‘ball’’) binds to a receptor on the channel and
thereby inactivates it (3). Deletions in the ‘‘ball’’ destroy its
swelling-activation and lead to constitutively open channels with
a linear I–V relationship. Its pharmacology (insensitivity to 9-AC)
and pore properties (lack of block by bromide) resemble the
heterooligomeric channel, too. This raises the question whether
the pore that is seen in heterooligomeric channels actually is a
CLC-2 pore that has lost its control by the ‘‘ball-and-chain’’
mechanism. Such a model is plausible because the homologous
channel CLC-0 is thought to be a ‘‘double-barreled’’ channel (31,
32). This model assumes two identical pores, which can open and
close independently from each other, but are dependent on a
common slow gate. From our experiments we cannot conclude
how many subunits would form one pore. Recent experiments
with CLC-0 mutants, however, favor the idea that one pore is
formed by a single subunit (43, 44).
The alternative model in which both CLC-1 and CLC-2 sub-

units directly line a common pore, either in a single-barreled or
double-barreled channel, cannot be strictly ruled out, however.
Single-channel studies are desirable to shed more light on the

properties of the heteromeric channels.Unfortunately, the single-
channel conductances of CLC-1 (1pS; ref. 33) andCLC-2 (2–3pS;
M.P. and T.J.J., unpublished work) are too small to be easily
directly visualized. Preliminary noise analysis indicates that also
heteromeric CLC-1yCLC-2 channels have a conductance not
larger than 2 pS (M.P. and T.J.J., unpublished work). Thus, it will
be very difficult to directly demonstrate a possible double-
barreled structure of CLC-1yCLC-2 heteromers.
In skeletal muscle, CLC-1 homomeric channels represent the

dominant chloride conductance (4, 22, 34) and CLC-1yCLC-2
heterooligomers probably do not play a significant physiological
role under normal conditions.However, thesemultimers could be
of medical importance with some CLC-1 mutations causing
myotonia. In contrast to homomeric CLC-2, the heteromer will

FIG. 3. Generation of CLC-1yCLC-2 heteromeric conductance as
a function of cRNA concentration ratios. (A) Slope conductance at 50
mV measured in ND96 is plotted vs. the fraction of CLC-2 cRNA in
the CLC-1yCLC-2 coinjection. Slope conductance of uninjected oo-
cytes was subtracted. Conductance at 150 mV is predominantly due
to heterooligomers. (B) Same as A (different oocytes from the same
batch), but measured after incubation in 0.2 mM 9-AC that blocks
CLC-1 homooligomers. Error bars 5 SEM, n 5 4–5.

FIG. 4. Dominant negative effect of the CLC-1 mutation P480L on
wild-type CLC-2. (A) Current traces of an oocyte expressing CLC-2
(Left) or coexpressing CLC-2 and CLC-1P480L (Right). (B) Absolute
current at the end of the test pulse to2140 mV (error bar5 SEM, n5
9). Background current of noninjected oocytes was subtracted. RNA
was coinjected at a 1:1 ratio, with a constant total amount of RNA.
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contribute to the resting conductance, performing a role similar
to CLC-1. Some CLC-1 mutations [e.g., G230E (35) or R894X
(36)] have a weak dominant negative effect (8, 36). In patients
heterozygous for these mutations, the chloride conductance is at
the limit where it begins to cause myotonia, leading to dominant
inheritance in some, and recessive inheritance in other families.
In such borderline situations, variations in the CLC-2 gene could
modify the phenotype (e.g., the penetrance).
CLC-1 expression is quite tissue specific, so CLC-2 homomeric

currents may be observed in other tissues like the salivary gland
(37, 38), neuronal cells (39) or osteoclasts (40). The heteromul-
timeric channels described here may contribute significantly to
resting chloride conductance in organs with a minor, but detect-
able CLC-1 expression like the heart or smooth muscle. In these
tissues, chloride conductance is important for the modulation of
electrical excitability (41).
The dominant-negative action of the CLC-1 mutation P480L

on CLC-2 constitutes additional evidence for the formation of
heteromeric channels. In contrast to the effect of P480L on
wild-type CLC-1, where the mutation drastically shifts the open
probability to more positive voltages (13), we have no clue to the
mechanism of the reduction of CLC-2, as the remaining CLC-2
currents are qualitatively identical to wild-type CLC-2. Never-
theless, this dominant negative effect could be used in transgenic
animals to down-regulate CLC-2 channels. Compared with a
CLC-2 ‘‘knock-out,’’ this approachwould have the advantage that
tissue-specific or inducible promoters could be used.
It is an important question whether other members of the CLC

gene family will also form heterooligomeric channels in various
combinations. This would add another level of complexity to the
possible number of different chloride channels. In preliminary
experiments, we could show (unphysiological) heteromeric chan-
nels formed by CLC-0 and CLC-1 (unpublished results). So far,
we could not demonstrate functional interactions between some
of the newer putative channel proteins (CLC-3, CLC-4, and
CLC-5) and other members of the family, including the easily
expressible ones (1, 15, 42). Analysis of the formation of func-
tional heteromers with different members of this expanding gene
family is an important and challenging task for future research.

This work was supported, in part, by the Deutsche Forschungsge-
meinschaft, the Fonds der Chemischen Industrie, and the U.S. Mus-
cular Dystrophy Association.
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