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All eukaryotic CLC CI~ channel subunits possess a long cytoplasmic carboxy-terminus that
contains two so-called CBS (cystathionine 3-synthase) domains. These domains are found
in various unrelated proteins from all phylae. The crystal structure of the CBS domains of
inosine monophosphate dehydrogenase (IMPDH) is known, but it is not known whether this
structure is conserved in CLC channels. Working primarily with CIC-1, we used deletion
scanning mutagenesis, coimmunoprecipitation and electrophysiology to demonstrate that its
CBS domains interact. The replacement of CBS domains of CIC-1 with the corresponding
CBS domains from other CLC channels and even human IMPDH yielded functional channels,
indicating a high degree of structural conservation. Based on a homology model of the pair
of CBS domains of CLC channels, we identified some residues that, when mutated, affected
the common gate which acts on both pores of the dimeric channel. Thus, we propose that
the structure of CBS domains from CLC channels is highly conserved and that they play a

functional role in the common gate.
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Chloride channels from the CLC family are important for
several physiological functions such as the excitability of
skeletal muscle (Steinmeyer et al. 1991), the transport of
saltand water in the kidney (Simon et al. 1997; Matsumura
et al. 1999; Estévez et al. 2001), and the acidification of
intracellular vesicles in the endosomal-lysosomal pathway
(Piwon et al. 2000; Kornak etal. 2001; Stobrawa et al. 2001).
Several human genetic diseases are caused by mutations in
members of this family (Koch et al. 1992; Lloyd et al. 1996;
Simon et al. 1997; Birkenhiger et al. 2001; Kornak ef al.
2001).

At the single-channel level, the activity of the Cl™
channel CIC-0 from Torpedo shows three equally spaced
current levels that appear in bursts (Miller & White,
1984; Bauer et al. 1991; Middleton et al. 1994). It was
proposed that the channel possesses a ‘double-barrelled’
mode of gating: a fast gate acting on single protopores and
acommon slow gate that closes both pores simultaneously.
This model was strongly supported by mutagenesis data
(Ludewig et al. 1996; Middleton et al. 1996; Weinreich &
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Jentsch, 2001) that provided evidence for a homodimer
with one pore per subunit. In full agreement with these
hypotheses, the recent crystal structure from two bacterial
CLC channels showed homodimers in which each sub-
unit forms a pore (Dutzler et al. 2002). The structure
of bacterial CLC proteins is conserved with high fidelity
in their mammalian counterparts (Estévez ef al. 2003).
Whereas the double-pore structure almost certainly holds
true for all CLC channels, the assignment ‘fast’ to the
individual gate and ‘slow’ to the common gate applies for
the Torpedo channel CIC-0, but not for CIC-1, for example
(Saviane et al. 1999).

The gating of some CLC channels depends strongly on
the permeating anion (Richard & Miller, 1990; Pusch et al.
1995a). It has been proposed that a Cl~ anion must reach a
bindingsite in the pore in order to open the channel (Pusch
et al. 1995a; Chen & Miller, 1996). The crystal structure
of bacterial CLC proteins revealed that the side chain of a
highly conserved glutamate protrudes into the pore. It was
suggested that it might represent an important structural
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component of the Cl™-dependent ‘fast’ gate that closes the
pores of the double-pore channel individually (Dutzler
et al. 2002, 2003).

The common gate in CLC channels is also CI~
dependent (Chen & Miller, 1996; Pusch et al. 1999). Its
gating transitions may require rather large conformational
changes as inferred from its strong temperature
dependence (Pusch et al 1997). Some insights into
structures influencing this gating process came from
mutations in dominant myotonia (which affect the
common gate) (Saviane et al. 1999). Several mutations
were found in helices that were either involved in subunit—
subunit interactions or were close to the anion-binding
site (Estévez & Jentsch, 2002). Moreover, mutagenesis
studies revealed the importance of carboxy-terminal cyto-
plasmic structures and of the last helix R, that connects
these structures to the transmembrane part. Thus, some
mutations in the R-helix affected slow gating (Ludewig
et al. 1997), and several chimeras in which carboxy-
terminal segments were exchanged between CIC-0, -1 and
-2 had drastically changed ‘slow’ gating (Fong et al. 1998).

All eukaryotic CLC proteins have a long carboxy-
terminal cytoplasmic region that contains two copies of
a ‘CBS domain’ (from cystathionine-S-synthase). These
structural domains normally occur in pairs and are found
in several, otherwise diverse, proteins from all organisms.
They have three B-strands and two «-helices (Bateman,
1997; Ponting, 1997). The CBS domains from the enzyme
IMPDH have been crystallized (Sintchak et al. 1996; Zhang
et al. 1999). Their crystal structure revealed that the two
CBS domains of this protein contacted each other within
the same protein, and that their interaction was mainly
mediated by 8-strands. The two «-helices of CBS domains
are amphipathic. Their hydrophobic amino acids point to
the interior and charged amino acids are located at the
surface.

Several functions have been proposed for CBS domains.
It has been suggested that they play a role in the
oligomerization (Jhee et al. 2000) and regulation (Shan
etal. 2001) of cystathionine S-synthase. Alanine-scanning
mutagenesis of the yeast Cl~ channel ScCIC (geflp)
suggested that CBS domains influenced the subcellular
localization of the channel (Schwappach et al 1998).
However, it is safe to state that the function of CBS domains
is still very poorly understood. The biological importance
of these domains, on the other hand, is underscored by
point mutations in CBS domains of several unrelated
proteins that result in various human inheritable diseases
(Koch et al. 1992; Lloyd et al. 1996; Simon ef al. 1997; Shan
& Kruger, 1998; Milan et al. 2000; Blair et al. 2001; Cleiren
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et al. 2001; Kornak et al. 2001; Bowne et al. 2002; Kennan
et al. 2002).

When CIC-0 or CIC-1 CI~ channels were truncated after
the first CBS domain, they did not give rise to currents
(Schmidt-Rose & Jentsch, 1997; Maduke et al. 1998). Their
function could be restored by co-expressing the missing
carboxy-terminal part containing the second CBS domain.
In the present study, we used several approaches to show
that the CBS domains located on the amino- and carboxy-
terminal parts of these split channels interact and are
largely interchangeable. Exchanges of CBS domains as
well as specific point mutations affecting residues at their
surfaces changed voltage-dependent gating through the
common gate that affects both pores.

Methods
Functional expression in Xenopus oocytes

Capped complementary RNA of CLC channels (CIC-1:
10 ng, CIC-0: 1 ng) was expressed in Xenopus oocytes as
previously described (Estévez et al. 2001). Measurements
were made in ND96 medium (96 mMm NaCl, 2 mm KCl,
1.8 mm CaCl,, 1 mm MgCIl, and 5 mm Hepes buffer at pH
7.4). Pulse protocols for tail current analysis of CIC-1 were
performed as described in Pusch et al. (1995a). Briefly, after
stepping the voltage from +100 to —140 mV in 20 mV
steps for 500 ms, channel activation was monitored at
—80 mV. Extrapolated peak currents were fitted using a
Boltzmann distribution of the form I (V) = Iy + I ;. /(1
+ exp(zF (Vos—V)/RT)), where I, is the extrapolated
current at maximal stimulation, z is the apparent gating
charge, Vs is the voltage of half-maximal activation, I is
a constant offset describing the minimal open probability,
Py min> V' is the voltage, R is the gas constant and T is the
absolute temperature. Fast and slow gates of CIC-0 were
studied using protocols previously described (Ludewig
et al. 1997; Pusch et al. 2001). To study the fast gate, the
slow gate was opened by hyperpolarizing prepulses. It is
sufficiently slow to remain open during the subsequent
pulse protocol used to study fast gating. Fast gates were
maximally opened bya short prepulse to +60 mV, followed
by steps to test voltages between 460 and —140 mV.
The open probability of the fast gate was determined
by subsequently stepping to —100 mV and extrapolating
currents to the beginning of the pulse. It was normalized
to the maximum current to yield the apparent P, fu.
P = (V) was fitted with a Boltzmann distribution
containing a variable offset P,;,, similar to that described
for CIC-1 activation gating. Steady-state activation of the
slow, common gate was studied by stepping the voltage
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for 6 s each to values from +60 to —140 mV in steps of
20 mV. Channel activation was monitored directly after
each pulse at a constant potential of +40 mV. A single
Boltzmann distribution with a variable offset was sufficient
to describe the steady state of slow gating. The Clampfit
program (Axon Instruments) was used for fitting. Two
batches of oocytes were used, with each batch containing
n =6 oocytes.

Determination of inhibition by extracellular Zn?+

Oocytes were superfused with the standard extracellular
solution (ND96) that contained in addition 10 or 100
uM ZnCl,. The onset of inhibition was monitored by
the repetitive application of pulses to +60 mV (50 ms
duration) and —140 mV (200 ms duration) every 12 s
until a steady state was reached. Figure 6 Breports the ratio
between the current measured at +60 mV after reaching
steady state and the current before the application of Zn?*.

Patch clamp analysis

Inside-out patch clamp experiments were performed
using an EPC-7 amplifier (List, Darmstadt, Germany)
and the Pulse program (HEKA, Lambrecht, Germany).
The standard intracellular solution contained (mm) 100
NMDG-CI, 2 MgCl,, 10 Hepes, 2 EGTA at pH 7.3; the
standard extracellular solution contained 100 NMDG-CI,
5 MgCl,, 10 Hepes.

Molecular biology

Constructs were made using recombinant PCR and
sequenced. In CIC-1, a haemagglutinin (HA) epitope
was introduced between helices L and M after
the glycosylation site, resulting in the sequence
‘VKHAGYPYDVPDYADPES’ (HA epitope in bold). In the
N-terminus of CIC-1 and N;_5,0, a HA or a myc epitope
(‘MEEQKLISEEDLQS’) was added after the second amino
acid. These tags did not significantly affect conductances
or the voltage dependence of gating.

Oocyte membrane isolation, coimmunoprecipitations,
and Western blot analysis

Oocytes were homogenized in an ice-cold solution (buffer
A) containing 150 mm NaCl, 5 mm Tris-HCI (pH 7.4), 1%
Triton X-100 and a protease inhibitor mix (Complete,
Roche). Yolk platelets were removed by three low speed
centrifugations. For immunoprecipitation, the antibody
(HA: 3F10, Roche; myc: 9E10, ATCC hybridoma) was
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added to the supernatant. After an incubation at 4°C for
2 h, the solution was mixed with protein G coupled to
agarose beads pre-equilibrated in buffer A and incubated
a further 3 h. The pellet obtained by centrifugation was
then washed 5 times with buffer A and mixed with SDS-
Laemmli sample buffer containing 50 mm DTT and heated
for 15 min at 55°C to elute it from the beads. Western blot
analysis was performed as previously described (Schwake
et al. 2000).

Measurement of surface expression

Surface expression using HA antibodies and
chemiluminescence was performed as previously
described (Zerangue et al. 1999; Schwake et al. 2000).
Briefly, oocytes were placed for 30 min in ND96 with 1%
bovine serum albumin (BSA) at 4°C, then incubated for
60 min at 4°C with 1 ugml™!' rat monoclonal anti-HA
antibody (3F10, Roche) in 1% BSA-ND96, washed at
4°C, and incubated with horseradish peroxidase-coupled
secondary antibody (goat anti-rat Fab fragments, Jackson
ImmunoResearch, in 1% BSA for 30-60 min at 4°C).
Oocytes were washed thoroughly (1% BSA, 4°C, 60 min)
and transferred to ND96 without BSA. Individual oocytes
were placed in 50 ul of Power Signal Elisa solution
(Pierce). Chemiluminescence was quantified in a Turner
TD-20/20 luminometer (Turner BioSystems, Sunnyvale,
CA, USA). Data shown were obtained with n=10
oocytes.

Molecular modelling

The X-ray structure of the CBS domains of IMPDH from
Streptococcus pyogenes (protein database code 1zfj) was
used as template to model the CBS domains of CIC-1. The
alignment of multiple CBS domains in the corresponding
Pfam family (Pfam family PF00571, see Bateman (1997)
was used to determine the boundaries of the CBS domains
of CIC-1 and to obtain a first alignment of these domains
to those present in IMPDH. This preliminary alignment
was then refined using the ALIGN-2D procedure of the
MODELLER program (Sali & Blundell, 1993). Such a
procedure maintains the general alignment reported in
the corresponding Pfam family or on the SMART web
page, but optimizes the location of the gaps to build a
reliable 3-D model. The quality of the resulting alignments
was verified by comparison with Pfam families, as well as
with the control tools in MODELLER (Sali & Blundell,
1993). The final alignments show 16% (CBS1) and 21%
(CBS2) identity with the CBS domains of IMPDH from
Streptococcus pyogenes.
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Once the two CBS domains of CIC-1 were independently
aligned, a chimera consisting of the two CBS domains of
CIC-1 plus the connecting segment between both domains
of IMPDH was generated in silico. This final aligned
sequence was then used to build a model using the standard
procedure in MODELLER (Sali & Blundell, 1993). Five
models were generated and checked for potential energy
and stereochemistry. In all cases the suggested models were
similar and showed good energetic and stereochemical
properties. Finally, the five models were checked against
the template using PROSAII (Sippl, 1993). The energy
profiles and Z-score for all the models were close to the
pdb template. The lowest energy model was selected.
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Results

The C-terminal region in CIC-1 is not needed for
dimerization

It was shown that a non-functional mutant of CIC-1
that is truncated after residue 720 (N;_-5) could be
complemented by co-expressing the missing C-terminal
part (Cz1-9gs) from a separate construct (Schmidt-Rose &
Jentsch, 1997; Fig. 1A). Similar results were obtained with
CIC-0 (Maduke et al. 1998). These truncations occurred
in the cytoplasmic tail between the two CBS domains. To
determine whether N _7,y needs C,;_ggs for its transport
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Figure 1. Biochemical and functional analysis of complementation between N1_72¢ and C721_9gg

A, schematic representation of the CIC-1 channel split between the two CBS domains. B, plasma membrane
(PM) levels of N1_720 and CIC-1 tagged with extracellular HA epitopes. Surface expression, as determined by a
chemiluminescence assay (Zerangue et al. 1999; Schwake et al. 2000), is given in relative units. N1_720 reaches the
surface only upon co-expression with C7,1_gsg (tagged with a myc epitope). Averages of >10 oocytes are shown.
Another experiment gave similar results. C, coimmunoprecipitation using epitope-tagged versions of CIC-1 and
N1_720 expressed in oocytes. Solubilized membrane proteins were precipitated with the HA antibody and detected
in Western blotting by the myc antibody. A second independent experiment gave similar results. D, effect of co-
expressing CIC-1 and N1_720 on surface expression in oocytes. Surface-expressed CIC-1 and Nq_720 tagged with
extracellular HA epitopes were detected using a chemiluminescence assay as in B.
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to the surface, which could explain the failure of N;_7,, to
yield currents, we inserted an HA tag in the extracellular
loop between helices L and M of N;_7,. Tagged N;_75
was then expressed in Xenopus oocytes, either alone or
together with a myc-tagged version of C;,1_9g5. Monitoring
the surface expression of HA-N; 75, with an HA anti-
body revealed that Nj_;, does not reach the plasma
membrane by itself (Fig. 1B). When co-expressed with
C721-98s, however, surface expression was similar to that
of full-length CIC-1.

To test whether N _7; is able to physically interact with
wild-type CIC-1, coimmunoprecipitation experiments
(Fig. 1C) and surface expression assays (Fig. 1D) were
performed in the oocyte expression system.

Conserved role of CBS domains
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As shown in Fig. 1C, HA-CIC-1 came down with myc-
N;_75 (lane 1) to a similar extent as with myc-CIC-1 (lane
2) when extracts of oocytes co-expressing these constructs
were precipitated with HA antibodies. Only very faint
bands were observed in uninjected oocytes or in oocytes
injected only with myc-CIC-1 or HA-CIC-1, confirming
the specificity of these results.

In the second set of experiments, we checked whether the
co-expression of Ny_,o influenced the surface expression
of CIC-1 and vice versa, using HA-tagged proteins in the
oocyte system. As described above, CIC-1, but not N;_7y,
reached the surface of oocytes (Fig. 1D, lanes 2 and 3).
Co-expressing N;_7,0 with CIC-1 did not lead to a sub-
stantial increase in the surface expression of tagged N _,9
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Figure 2. Regions needed for the functional complementation between N1_730 and C731_9ss

A, schematic representation of the carboxy-terminal region of CIC-1 that was analysed by mutagenesis. B,
conductance levels (at 0 mV, in uS) of key constructs after expression in Xenopus oocytes. C, biochemical analysis
of proteins analysed electrophysiologically in A and indicated below the different lanes. Western blot analysis of
oocyte membranes for HA-N1_7,0 using the 3F10 antibody against HA epitope (top panel), and for myc-C721_9sg
constructs using the 9E10 antibody against the myc epitope (centre panel). Lower panel, immunoprecipitation
of solubilized oocyte membranes using the HA antibody for precipitation and the myc antibody for detection in
Western blotting. Three independent experiments gave similar results.

© The Physiological Society 2004



368 R. Estévez and others

Table 1. Comparative summary of currents and voltage
dependence of gating

Vo5 (mV)
Controls

CIC-1 —68.5+ 1.2
N1_720 + C721-988 —70.44+ 45
N1_720 + C- and N- deletions of C721_9ss

C721-870 + N1_720 —-20.4+6.4
C721-858 + N1_720 n.c.
C721-826 + N1_720 n.c.
Cgo1-988 + N1_720 —65.7 + 1.8

Cg21-988 + N1_720 n.c.
C-deletions of Nq_720

N1_679 + C721_988 —80.7 + 2.7
N1_679 + Cg21-988 —58.74+2.0
N1_665 + C721-988 n.c.
N1_g53 + C721-088 n.c.
Internal deletions of C721_9gg and N1_729
C721-819,872-988 + N1_720 n.c.
C721-819,841-988 + N1_720 n.c.
C721-840,872-988 + N1-720 n.c.
C721-799,821-988 + N1_720 n.c.
C721-799,807-988 + N1-720 —-59.8+ 1.8
C721-806,814-988 + N1-720 n.c.
C721-813,821-988 + N1_720 —51.24+0.8
N1_606,627-720 + C721-988 n.c.
N1_626,661-720 + C721-988 n.c.
Deletions in CIC-1
CIC-1del(820-871) —31.7+27
CIC-1del(800-820) n.c.
CIC-1del(666-780) —61.84+2.2
CIC-1del(627-660) n.c.

The value of Vps (inmV) for wild-type CIC-1, truncation
constructs, and co-expressed mutants was calculated as
described in Methods. Results are from n =4 oocytes. n.c.
indicates that no currents due to CIC-1 could be detected.

(lane 4), but N;_;5 reduced the surface expression of
tagged CIC-1 (lane 5). To test whether the latter reduction
in surface expression might be explained by non-specific
competition for translation or transport, we co-expressed
CIC-1 with cystic fibrosis transmembrane conductance
regulator (CFTR) in equimolar amounts (lane 6). Co-
expression with CFTR reduced the surface expression
of the tagged CIC-1 protein by a factor of two. This
suggested that the ~50% decrease is due to a saturation
of the translation/trafficking machinery. By contrast, the
> 75% reduction in surface expression of CIC-1 caused
by N;_70 (lane 5) suggested a specific interaction that
led to an intracellular retention of CIC-1-N;_;,o dimers.
Such retention may also explain the failure of CIC-1
to increase the surface expression of Nj_; (Fig. 1D,
lane 4).
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Mapping regions needed for carboxy-terminal
interactions

The experiments described above suggest that N;_7,9 could
dimerize, but was unable to reach the plasma membrane.
The missing C-terminal fragment that contains CBS2 was
able to functionally rescue N _7,9 only when expressed as a
fragment (C;,;_ogs), but not when present in the wild-type
(WT) CIC-1 protein.

We therefore investigated which parts of the CIC-1
carboxy-terminus (Fig. 2A) are needed for this functional
rescue. We performed a systematic deletion scanning
mutagenesis from the C- and N-terminus of Cjj_ogs
and constructed C-terminal deletions of N;_;,,. We then
created some internal deletions in C;5;_9gg, Nij_729 and
CIC-1 (see Table 1 for alist of constructs). These constructs
were co-expressed in oocytes either with Nj_7yy (further
deletions in the C-terminal fragment) or with Cyy;_ogs
(N-terminal fragments) and their currents determined
by two-electrode voltage clamping. When possible, the
voltage dependence of currents was determined, but many
of these constructs did not yield measurable currents
(Table 1). Several key mutants were analysed both by
electrophysiology (Fig. 2B) and by Western blotting and
immunoprecipitation (Fig. 2C).

We first focused on the region between CBS1 and
CBS2. In CIC-1, the CBS1 domain ranges from amino
acids 607 to 662 and CBS2 from residues 820 to 871.
When the N-terminus of the C-terminal fragment was
further truncated in construct Cgy;_ogs, Which leaves
only about 20 residues in front of CBS2 (Fig.2A), co-
expression with N;_7,, still gave typical, albeit reduced,
currents (Fig. 2B, lane 7). Western analysis showed that
this truncated construct increased the abundance of co-
expressed HA-tagged N;_7, (Fig.2C, top panel, lane 7;
compare to lane 3) to a similar extent as did Cj;_ogs
(lane 5), even though it was expressed to lower levels
(Fig. 2C, centre panel). Similar to Cy;;_oss, myc-Cgo1—oss
increased the amount of the putative ~55 kDa monomer
band of N, _7,0 in comparison to the ~100 kDa band which
probably represents an SDS-resistant dimer (Fig. 2C, top
panel; compare lanes 2 and 7). myc-Cggi_9ss could be
coprecipitated with HA-N;_7,, (Fig.2C, bottom panel).
The relevant ~25 kDa band is faint, but must be compared
to the corresponding input that also shows low abundance
(centre panel).

Co-expressing Cyy;_ggs with the more severely truncated
N _¢79, that truncated CIC-1 shortly after CBS1, also gave
functional channels with only slightly changed voltage
dependence. This was even true when N g9 was co-
expressed with Cgo_ggs (Table 1). This indicated that
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most of the region between the two CBS domains is
not necessary for the interaction between N;_55 and
C721_9ss that allows surface expression and rescues channel
function. In line with these results, an in-frame deletion in
CIC-1 that removed residues 666—780 gave currents with
reduced amplitude, but unchanged voltage dependence
(Table 1).

However, when the 20 residues immediately preceding
CBS2 were deleted in the construct C;31_799 8219885 €O-
expression with N;_7;, did not give rise to measurable
currents (Fig.2B, lane 9). Cy51-799 821-9ss also failed to
increase the abundance of (i.e. ‘stabilize’) N _, (Fig. 2C,
top panel, lane 9), and no coimmunoprecipitation with
N_720 was detectable (Fig. 2C, bottom panel). To narrow
down the functionally important region within this
stretch, we introduced three smaller deletions (800—806,
807—-813 and 814-820) into C;,,_ogs (see Table 1). Their
analysis revealed that only the region of amino acids 807—
813 was essential (Table 1).

Truncating Cy,;_ggs shortly after CBS2 in construct
Cr1-s70 gave a protein that yielded functional channels
when co-expressed with N;_7,y (Fig. 2B, lane 6) and that
was able to interact with N;_7,, (Fig. 2C lane 6, bottom
panel) and to stabilize it (Fig. 2C, top panel). Unlike split
channels in which stretches between CBS had been deleted,
however, the truncation after CBS2 dramatically changed
the voltage dependence of currents (Table 1).

In contrast, C-terminal fragments with deletions
in CBS2 (820-871, 820-840, 841-871) did not give
currents when co-expressed with Nj_;,, (see Table 1).
C721-819,871—98s> in which CBS2 was completely absent, was
not able to stabilize N;_5, (Fig.2C lane 8, top panel)
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and could not be coimmunoprecipitated with HA-N;_7,9
(Fig. 2C, bottom panel). Likewise, co-expressing Cr51_ogs
with mutants of N;_;, that carry deletions in CBSI
(607—626 and 627-660) did not yield measurable currents
(Table 1). Thus, both CBS domains are needed for plasma
membrane expression and for the physical interaction
of Cyy1_98s With Nj_79. The easiest explanation is that
CBS1 interacts with CBS2 and that this interaction enables
N_720 to reach the plasma membrane.

Western blot analysis indicated that not only is
Nj_70 stabilized by C;;;_ggs, but that also the reverse
is true (Fig.2C, middle panel). C;;;_og3 expressed by
itself (lane 4) yielded a major band of ~35 kDa and
other bands of lower molecular weights (between ~19
and ~25 kDa). These bands probably corresponded
to degradation products of C;y;_ggs. In contrast, when
Cr1-0ss was co-expressed with Nj_;p, only a ~35
kDa band and a very weak band of ~25kDa were
detectable (lane 5). This result suggested that C;,;_ogg is
stabilized by interacting with N _7,0. Similarly, no putative
degradation products were detected with interaction-
competent deletions of the C-terminal part, where
co-expressed with Nij_750 (Cyi_g70 and Cggi_oss, lanes
6 and 7). However, such products were seen with
constructs that probably failed to interact (Cy,1-799 821983
and Cyi_g19.871-9ss) (Fig.2C, middle panel, lanes 8
and 9).

Deletion of the CBS2 domain affects gating in CIC-1

At first sight, the results showing that CBS2 is necessary
for the formation of functional split channels (Table 1)

A B
Figure 3. Functional effects of deleting 20 cic-1 z /(V'A
CBS2 in CIC-1 =107 =
A, typical traces from two-electrode voltage :_ o — TL 0 /‘/k{
clamp analysis of Xenopus oocytes expressing = =
WT CIC-1 (upper panel), or a mutant in which -10 -4 ¢CIC-1
CBS2 was totally deleted (lower panel). The 201 . . -8 A CIC-1 del(CBS2)
oocytes were clamped between +100 and 0 200 400
—140 mV as described in Methods. B, Time (ms) -150-100 -50 0 50

Voltage (mV)

current-voltage (~V) curves averaged from 6 C
oocytes of one batch. Three independent cic-1del(CBS2) 1
experiments gave very similar results. C, tail 4 c 08
current analysis from a representative oocyte. —_ 8
The voltage of half-maximal activation was i 2 & 0.6
~31.7£27mV(n=10)and —68.5 + =0 % g 0.4 A CIC-1
1.2 mV (n = 68) for CIC-1del(CBS2) and the -2 < 0.2 H CIC-1 del(CBS2)
wild-type channel, respectively, without a -4 . . 0
change in the slope of apparent Pgpen as a 0 200 400 -150 -100 -50 0 50 100
function of voltage. Time (ms) Voltage (mV)
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/4 CBS1 IMPDH StrPyo DPFFLTPEHKVSEAEELMQRYR...ISGVPIVETLANRK. ..LVGIITNRDMRFISD
CBS1 IMPDH human DPVVLSPSHTVGDVLEAKMRHG. . .FSGIPITETGTMGSK. . LVGIVTSRDIDFLAE
CBS1 ClC-1 human DVKFVSASYTYGELRTLLQTTT. . .VKTLPLVDSKDSMI. . .LLGSVERSELQALLQ
CBS1 ClC-0 Torpedo DVTSIASTSTYGDLLHVLRQTK...LKFFPFVDTPDTNT. ..LLGSIDRTEVEGLLQ
CBS1 ClC-2 rat DVPHVALSCTFRDLRLALHRTK. . .GRMLALVESPESMI. . .LLGSIERSQVVALLG
CBS1 ClC-K1 rat NLTTLAKDTPLEEVVKVVTSTE. . .VSQYPLVETRESQT. . .LVGIVERTHLVQALQ
CBS1 ClC-5 human LTVLTQDSMTVEDVETIISFTT...YSGFPVVVSRESQR. . .LVGFVLRRDLIISIE
CBS1 C1lC-7 human TPVTCLRRREKVGVIVDVLSDTASNHNGFPVVEHADDTQPARLQGLILRSQLIVLLK
CBS2 IMPDH StrPyo HLVTAAVGTDLETAERILHEHR...IEKLPLVDNSGR..... LSGLITIKDIEKVIE
CBS2 IMPDH human ELVVAPAGVTLKEANEILQRSK. ..KGKLPIVNDCDE..... LVAITIARTDLKKNRD
CBS2 ClC-1 human QSPFQLVEQTTLHKTHTLFSLL. . .GLHLAYVTSMGK. . ... LRGVLALEELQKATIE
CBS2 ClC-0 Torpedo QSPFQLVEGTSLOKTHTLFSLL...GLDRAYVTSMGK..... LVGVVALAEIQAAIE
CBS2 ClC-2 rat PAPFQLVERTSLHKTHTIFSLL...GVDHAYVTSIGR..... LIGIVTLKELRKAIE
CBS2 ClC-K1 rat PVTLQLSPETSLYQAHSLFERL...TLQSLFVTSRGK. . ... AVGSVSWAELKKAIS
CBS2 ClC-5 human DLSPFTVTDLTPMEIVVDIFKL. . .GLRQCLVTHNGR. ... . LLGIITKKDVLKHIA
CBS2 ClC-7 human SPYTVPQEASLPRVFKLFRALG. . .LRHLVVVDNRNQ. . ... VVGLVTRKDLARYRL
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Figure 4. Functional conservation of CBS domains

A, alignment of CBS domains (CBS1, CBS2) from the various CLC channels used in this study with those from human
and bacterial IMPDH. The 3-D structure of the dimer of CBS domains of the bacteria S. pyogenes (StrPyo) has been
solved by crystallography (Zhang et al. 1999). A more extensive alignment of CBS domains from different proteins
is available on the internet (http:/smart.embl-heidelberg.de). Structural elements are highlighted by colours
(B-strands in blue, a-helices in red), while bold characters indicate some of the residues that are conserved between
CBS domains. Green indicates amino acids that drastically changed gating when mutated. have been studied by
mutagenesis. B, homology model of the dimer of CBS domains from CIC-1. For modelling purposes, the region
between CBS domains was replaced by that of S. pyogenes IMPDH. C, conductances (at 0 mV, in uS) of CIC-1
chimeras in which either the CBS1 domain was exchanged in the otherwise intact channel protein (upper panel), or
in which CBS2 was exchanged in C721-_9gg to analyse split channels (lower panel). The proteins from which these
CBS domains were taken are indicated below (0, CIC-0; K1, CIC-K1, etc.; IMP, human inosine monophosphate
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seemed to contradict an earlier report (Hryciw et al.
1998) that described typical Cl~ currents with an in-frame
deletion within CBS2 of CIC-1 (deletion of amino acids
841-870, corresponding to D13 in the old nomenclature;
Jentsch et al. 1999). Extending the observation of Hryciw
et al. (1998), we found that even the complete deletion of
CBS2 in CIC-1 (CIC-1del(820-871)) gave functional Cl~
channels that had reduced current amplitudes (Fig. 3B)
and a changed gating behaviour (Fig. 3C). The voltage of
half-maximal activation was —31.7 & 2.7mV (n =10)
for CIC-1del(820-871) (Vo5(WT) =—68.5 + 1.2mV
(n=168)), without any change in the slope of Py, as a
function of voltage (Fig. 3A and C).

This revealed that CBS2 per seis not essential for channel
function in CIC-1, but may be needed to bring essential
C-terminal domains into the proximity of the channel
backbone of the split channel (possibly by binding
to CBS1). Interestingly, in this respect similar to
Ni_70 (Fig. 2C, top panel), CIC-1del(820-871) was pre-
dominantly detected as an SDS-resistant dimer in Western
blot analysis (data not shown). Unlike the situation with
CBS2 deletions, no currents were detected when CBS1 was
deleted in CIC-1 (CIC-1del(627—660) (Table 1).

CBS domains can be exchanged without abolishing
channel function

The results obtained with various split channels are
compatible with the notion that the CBS domains of CLC
channels may interact. This would be analogous to the
bacterial enzyme IMPDH, the crystal structure of which
demonstrated an interaction of its CBS domains (Zhang
et al. 1999). An alignment of CBS domains from various
CLC channels and from human and bacterial IMPDH is
shownin Fig. 4A. Although the degree of primary sequence
homology between different CBS domains is low (15—
40%), the conservation of some amino acids, in particular
in the second and third B-strand, is obvious (in bold in
Fig. 4A). Structural features like the amphipathic character
of their -helices are very well conserved.

Conserved role of CBS domains 371

In view of this structural conservation, we asked whether
the replacement of CIC-1 CBS domains by other CBS
domains would be compatible with Cl~ channel function.
In the first set of experiments, CBS1 of CIC-1 was replaced
by the corresponding CBS1 domains of several other
CLC channels (CIC-0, -K1, -5 and -7), or by CBSI
of human IMPDH. Additionally, we replaced CBS1 by
CBS2. With the exception of the latter construct, which
duplicated CBS2 in the carboxy-terminus of CIC-1, all
these constructs gave detectable currents after expression
in oocytes. However, their amplitudes were mostly reduced
(Fig. 4C, upper panel). In a second set of experiments,
we replaced CBS2 in Cy_9ss by the corresponding
CBS2 domains from the same set of proteins as above,
or by CBS1 from CIC-1. This ‘split channel’ approach
also addresses the question of whether the new CBS
domain allowed an interaction of the carboxy-terminal
fragment containing changed CBS domains with the
truncated channel protein. Electrophysiological analysis
(Fig. 4C, lower panel) revealed again that most of these
combinations gave rise to measurable currents. In contrast
to the duplication of CBS2 (upper panel), the duplication
of CBS1 was compatible with channel function. However,
a replacement by the CBS2 domain of IMDPH gave
currents that were barely above background. Western
blots such as those in Fig. 2C demonstrated that C;5;_ogs
with CBS2 from CIC-5 or IMPDH stabilized N;_-5, to a
similar extent as observed with C;,;_gs¢ (data not shown).
Co-expression with epitope-tagged N;_;,, was used for
some of these constructs to show that the decrease in
current amplitude could be correlated with a decreased
surface expression (Fig.4D). Finally, a more detailed
analysis of currents revealed that exchanging CBS domains
often changed the voltage for half-maximal channel
opening (Fig. 4E).

Mutations in CBS domains affect gating

As our chimeric and deletion approach had suggested
that CBS domains may influence gating, we mutated

dehydrogenase; 2<>1 indicates that CBS2 was replaced by CBS1 (lower panel), or that CBS1 was replaced by
CBS2 (upper panel). The figure represents an independent experiment with n = 6 oocytes. Another independent
experiment gave similar results. D, surface expression of Nq_720 tagged with an extracellular HA epitope in the
presence of different C721_9gg constructs in which the CBS2 domain of CIC-1 has been replaced by the indicated
CBS2 domains, determined as in Fig. 1B. E, voltage values of half-activation for chimeras replacing CBS1 by CBS1
of the indicated proteins in CIC-1 and CBS2 by CBS2 of the indicated proteins in C721_gss. Values were determined
using a tail current analysis protocol, as described in Methods with two batches of oocytes, each batch containing

n = 6 oocytes.
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single amino acids in CBS1 and CBS2 to study their
potential effects on gating. To identify potentially inter-
esting residues, we first created a model of a CBS1-
CBS2 dimer of CIC-1, which was based on the crystal
structure of CBS domains from bacterial IMPDH
(Zhang et al. 1999). For modelling purposes, the two
CBS domains of CIC-1 were connected by the region
between CBS domains of IMPDH from S. pyogenes
(Fig. 4B).

The two CBS domains interact with their 8-strands
to form a dimer (Fig.4B). The two amphipathic
a-helices (o and «,) of each CBS domain contribute
to the surface of this dimer. As protein—protein inter-
actions occur through surface residues and often involve
helix—helix interactions, amino acids at those sides of
these helices that face the cytoplasm may potentially
affect a putative CBS domain-dependent regulation,
gating, or trafficking of CLC channels. Indeed, several
osteopetrosis-causing mutations in CIC-7 (Kornak et al.
2001) changed residues located in «-helices of CBS2 and
that are predicted to face the cytoplasm (Estévez & Jentsch,
2002).

Based on the model (Figs 4B, and 5A and B), we
selected residues that fulfilled the criteria described above.
The chosen residues were always mutated to cysteine and
to at least one amino acid that changed the electrical
charge. After expression in Xenopus oocytes, their voltage
dependence of gating was determined by tail current
analysis.

None of the mutations in CBS1 changed the voltage
of half-maximal activation (V) significantly (Fig. 5A),
whereas mutations of four CBS2 residues changed V5 by
more than 10 mV (H835R, H838A, A862E/K and E865K;
showninredinFig. 5B). Themutations H835R and H838A
had the strongest effects. Depending on the mutation, Vs
was shifted towards positive values (by ~ +60mV for
H835R) or towards negative voltages (e.g. by ~ —20 mV
with H838A). The slope of P, as a function of voltage
was nearly unchanged and yielded a nominal gating charge
of ~1 as in WT CIC-1.

To investigate whether mutations in CBS domains affect
the common gate or the gates that act on single protopores
of the double-barrelled channel, the mutant having the
strongest effect (H835R) was co-expressed with WT CIC-
1 at a 1 : 1 ratio. The resulting voltage dependence of
gating could not be explained by a linear superposition
of WT and mutant currents, but suggested a dominant
effect (Vs(WT)=—68.5+1.2mV (n=68); V,5(WT +
H835R) = —23.6 & 4mV (n = 6); V5(H835R) = —11.8
+ 2.4mV (n=18)). This result strongly suggested that
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this mutation affected the common gate (Saviane ef al.
1999).

Mutations in other CLC channels show a conserved
role of CBS domains in modulating the common gate

The dominant effect of H853R on CIC-1 gating suggested
an effect on the common gate (see above). In CIC-
0, the common gate is very slow (in the range of
seconds) and is opened by hyperpolarization, whereas
the protopore gate is fast (in the millisecond range)
and is activated by depolarization. These features greatly
facilitate the distinction of both gates, also when using only
macroscopic current measurements. Therefore, selected
CBS2 point mutations were introduced into CIC-0 and
studied in macropatches. The activation of the slow gate
by preceding increasingly hyperpolarizing steps was tested
during a constant ‘tail pulse’ after each sweep (Pusch
et al. 1997; Fong et al. 1998) (Fig.6A). In contrast to
CIC-1, mutating CIC-0 Q733 (equivalent to H838 in
CIC-1) toalanine or lysine did not significantly alter gating.
However, mutating histidine 736 (equivalent to H838) to
alanine completely eliminated the voltage dependence of
the slow gate without significantly altering the fast gate
that affects single pores (Fig. 6A). The mutation E763K
(analogous to E865K in CIC-1) had similar effects (data not
shown).

To explore further the hypothesis that mutations H736 A
and E763K locked the common gate of CIC-0 in the
open state, we exploited the inhibitory effect of zinc ions.
Extracellular zinc inhibits CIC-0 by binding preferentially
to channels with a closed common gate (Chen, 1998). As
a consequence, it was much less effective on the C212S
mutant that locked this gate open (Lin ef al. 1999). If
the present mutants disabled the closure of the common
gate, they should be less sensitive to zinc. Therefore, the
effect of 10 and 100 ;M Zn** was tested on currents from
CIC-0 mutants H736A and E763K and compared to WT
and C212S (Chen, 1998) mutant CIC-0 as negative and
positive controls, respectively (Fig. 6B). Whereas 100 um
Zn** inhibited WT CIC-0 currents by ~60%, the H736A
mutant was as insensitive to Zn** as the C212S positive
control (~20% inhibition), providing additional evidence
that this CBS2 mutation abolishes slow gating. The E763K
mutant showed an intermediate sensitivity.

Mutants that affect the common gate may have
dominant effects when co-expressed with WT channels. To
investigate this issue, we constructed concatemers of CIC-0
which carried the mutations H736A or E763K only in the
first or the second monomer, or in both monomers. As can
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be seen in typical recordings in Fig. 6C, the presence of the
mutation in only one of the monomers sufficed to abolish
the slow gating of the dimer as revealed by the currents
during the ‘tail pulse’. Similar results were obtained for the
concatemers H736 A~WT and H736A~H736A, as well as
for concatemers containing the mutation E763K.
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Discussion

In contrast to those bacterial CLC proteins that have been
crystallized (Dutzler et al. 2002), eukaryotic CLC channels
have long cytoplasmic C-termini that range from 155
(CIC-Ks) to 398 amino acids (CIC-1) and that contain
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Figure 5. Mutational analysis of charged amino acids from the a-helices of CBS1 and CBS2 domains

A, a detailed view of the helices from a homology model of the CBS1 domain of CIC-1, showing the amino acids
that had been mutated and analysed functionally in oocytes. Amino acids from the first a-helix are shown in green,
and from the second a-helix in pink. Right panel, values of the half-voltage of activation (V¢ 5) for mutants in the
helices of the CBS1 domain of CIC-1 as determined by tail current analysis (see Methods). Experimental conditions
were as in Fig. 4. The dashed line corresponds to the value of the wild-type CIC-1. B, an analysis as in A of
the CBS2 domain of CIC-1. Mutations that caused a deviation of V5 of more than 10 mV with respect to the

wild-type value are marked in red.
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Figure 6. Mutations in CIC-0 in the CBS2 domain influence the
common gate

A, typical patch clamp traces for CIC-0 and the CIC-0 mutation H736A
(equivalent to H838A in CIC-1) filtered at 200 Hz. Inside-out
macropatches were clamped between +60 and —120 mV in —20 mV
steps for 4 s. The degree of activation of the slow gate at the end of
the test pulse was monitored by the current during the constant ‘tail’
pulse to 60 mV. The traces shown in A are noisier than those in C and
also than those in Fig. 3A because the patches contained a relatively
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two so-called CBS domains. These structural domains,
which contain a typical f1-a1-82-83-a2 fold, are pre-
sent in many different proteins and in all phylae. Diverse
functions have been postulated for these domains in
different proteins (Estévez & Jentsch, 2002), but no clear
role has emerged so far. The present work suggests that
mutations in CBS domains affect protein—protein inter-
actions within CLC protein subunits as well as between
the two subunits of the dimer and that they influence the
voltage dependence of gating through the common gate.
Domain swapping revealed that CBS domains are largely
interchangeable in their ability to support CLC channel
function.

Experiments with ‘split channels’ suggested that the CBS
domains (CBS1 and CBS2) that are present in the carboxy-
terminus interact. As shown previously (Schmidt-Rose
& Jentsch, 1997), CIC-1 gave no currents when it was
truncated after CBS1 (N;_7,). This was due to a failure
to reach the plasma membrane (Fig.1). Co-expression
with the missing cytoplasmic part (C;,1_ggs) restored Cl™
channel function, suggesting that the fragments bind each
other, which was confirmed by coimmunoprecipitations.
Deletions suggested that CBS2 and a short stretch
immediately preceding it were crucial both for binding
and for functional rescue, although CBS2 is dispensable
when deleted in frame.

The amount of the N-terminal fragment N;_7,, was
increased by co-expressing it with interaction-competent
C-terminal fragments. This co-expression also increased
the abundance of a monomeric form of N;_5,, at the
expense of a putative SDS-resistant dimeric form. We
suggest that CBS1 domains of two Nj_y,, proteins may
bind to each other in a dimeric, abnormal channel complex
when they lack CBS2 as their normal binding partner.
Such a homophilic CBS1-CBS!1 binding is plausible as
CBS1 could functionally replace CBS2 in the C-terminal
fragment of the split channel (Fig.4C). Whereas the
abnormal N;_,, dimer was quite stable in SDS, it could
not reach the surface and was more rapidly degraded in

small number of channels compared to the two-electrode voltage
clamp recordings of Figs 34 and 6C. The patch shown for the mutant
contained fewer channels than that shown for WT explaining the
noisier appearance of the mutant traces. B, analysis of zinc inhibition
for CIC-0, CIC-0(C212S), CIC-0(H736A) and CIC-0(E763K) at 10 and
100 um. G, typical voltage clamp traces for the concatemer
CIC-0/CIC-0(H736A) which affects the slow gate. A dominant effect
on the activation of the slow gate as monitored during the constant
tail pulse was observed. Similar results were obtained for the
concatemers CIC-0(H736A)/CIC-0 and CIC-0(H736A)/CIC-0(H736A)
and concatemers containing the E763K and C212S mutations.
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the cell than WT dimers. Supplying CBS2 on a separate
fragment would lead to preferential CBS1-CBS2 binding,
thus yielding dimeric channels that can traffic to the
surface and that may be metabolically more stable. These
more ‘normal’ dimeric channels, however, are more easily
dissociated by SDS than the N,_5,, proteins, resulting in
the apparent increase of the monomeric form in Western
blots. However, we could delete CBS2 in frame without
abolishing channel function (Fig. 3), suggesting that the
observed sorting defects and consequent loss of function
(Fig. 2) resulted from an abnormal protein conformation
rather than specific recognition of a lack of CBS1-CBS2
interactions.

The role of CBS domains in the correct targeting
(possibly related to correct folding) of the channel is
compatible with previous studies of the yeast CLC protein
where mutations in CBS domains abolished its localization
to the late Golgi that is seen upon overexpression
(Schwappach et al. 1998). Mutations in the CBS2 domain
in CIC-5 identified in patients with Dent’s disease also
resulted in missorting (Carr et al. 2003), and a mutation
in CBS2 of CIC-7 led to undetectably low levels of the
channel in fibroblasts from a patient with osteopetrosis
(Kornak et al. 2001), pointing to a destabilization of the
protein.

While the C-terminal fragment needed a CBS domain
for binding to the N-terminal part and for functional
rescue, the deletion of CBS2 within an otherwise intact
CIC-1 protein led to functional channels. Thus, CLC
channels do not strictly need two CBS domains in their
C-terminus. In the split channel, the carboxy-terminal
CBS domain may be needed to prevent misfolding
of the cytoplasmic part of the protein, or may be
required for the recruitment of other structures that are
necessary for channel function. This may include the
short stretch preceding CBS2, the deletion of which led
to loss of function in both the otherwise intact channel
and Cy51—_ogs.

The fact that CBS domains from several CLC channels
and even from the enzyme IMDPH could functionally sub-
stitute for CBS1 or CBS2 in CIC-1 indicates that the over-
all conservation of the 3-D structure, as opposed to the
poorly conserved primary sequence, suffices for the inter-
actions that are crucial for channel function (e.g. transport
to the surface). On the other hand, we observed changes in
voltage-dependent gating upon certain exchanges of CBS
domains in CIC-1. Using site-directed mutagenesis, we
identified several amino acids in a-helices of CBS2 whose
mutations led to changes in voltage dependence. The side
chains of these amino acids are predicted to protrude
from the surface of the CBS domain dimer, thus being
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available for interactions with other parts of the channel
or with other proteins that might bind to it. At this point,
however, we ignore which of these possibilities — if any
—1s true.

The analysis of selected CBS mutants revealed that the
common gate of CIC-1 and CIC-0 was affected. This
conclusion was based on the dominant effect of the
CIC-1 CBS2 mutant H835R on the gating of WT/mutant
heteromers (Saviane et al. 1999), and, more directly, on
the observation that the ‘slow’ (common) gating process
of CIC-0 was abolished by two different CBS2 mutations
(H736A and E763K). The latter mutation affects an anionic
residue conserved in many CBS domains, with a mutation
in the analogous CBS2 residue of IMPDH (D226N)
being found in autosomal dominant retinitis pigmentosa
(Bowne et al. 2002). The effects of CBS domain mutations
on the common gate agree with previous experiments
in which carboxy-terminal chimeras of CIC-0 with CIC-
1 or CIC-2 changed the slow gate of CIC-0 (Fong et al.
1998). Obviously, CBS domains are not the only structures
important for common gating, which must involve a
coordinated conformational change of both channel sub-
units. Indeed, point mutations in the transmembrane
block can also affect this gate (Pusch et al. 1995b; Lin et al.
1999; Saviane et al. 1999). Several residues that influence
common gating reside at the interface between the CLC
subunits (Estévez & Jentsch, 2002; Duffield et al. 2003).
The structural basis of common gating is still unclear, but
the very large temperature dependence of the slow gate of
CIC-0 hinted at large conformational changes (Pusch et al.
1997). The present work suggests that the large C-termini
of CLC channels, and in particular their CBS domains,
participate in these changes. This would require an inter-
action of the transmembrane channel backbone with the
cytoplasmic carboxy-terminus, which may involve non-
covalent binding, or may be mediated by the polypeptide
chain that links the CBS domains to the channel proper.
The crystal structures of bacterial CLC proteins (Dutzler
et al. 2002) offer intriguing insights in that respect: the last
intramembrane helix, helix R, coordinates via its amino-
terminal tyrosine a Cl~ ion in the middle of the channel
protein. This helix therefore directly links structures in the
inner pore to the carboxy-terminus with its CBS domains
and may thus have a role in gating. Furthermore, the
amino-terminal helix A of one subunit s close to helix R in
the crystal (Dutzler et al. 2002). This may suggest that both
subunits also interact with their cytoplasmic structures;
however, as the bacterial channels used for crystallization
lack the large C-terminus and CBS domains, it is unclear
whether this observation is relevant for the present
results.
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Most of the segment between CBS1 and CBS2, as well
as the stretch following CBS2, could be deleted without
abolishing channel function. However, these stretches may
have important roles in interacting with other proteins.
Indeed, a ‘PY’-motif is found between CBS1 and CBS2
of CIC-5 that probably interacts with WW-domains of
HECT-ubiquitin ligases (Schwake et al. 2001). Likewise,
the region between the CBS domains of IMPDH was
proposed to bind regulatory proteins (Zhang et al. 1999),
and a splice variant of CIC-3 displays a PDZ-binding motif
at its extreme carboxy-terminus (Ogura et al. 2002) that
can interact with EBP50 (Ogura et al. 2002) and CAP70
(Gentzsch et al. 2003).

Interactions with other proteins might also occur via
the CBS dimers. Although no binding partners for CLC
CBS domains are known, it is intriguing that several
CIC-7 mutations found in human osteopetrosis change
CBS2 residues whose side chains are predicted to protrude
from the surface of the CBS dimers (Estévez & Jentsch,
2002). Here we have shown that mutating several such
‘surface residues’ of CBS domains led to alterations in
gating, maybe suggesting interactions with the channel
backbone by non-covalent interactions. Determination
of the structures of CBS-domain-containing C-termini
of CLC channels, possibly by crystallization of bacterial
CLC proteins that have CBS domains (Jentsch et al. 1999),
and the identification of potential binding partners will be
important future tasks.

CBS domains regulate the function of several other
oligomeric proteins in which they occur. For instance, they
have been implicated in the regulation of the enzyme CBS
(Shan et al. 2001) and the y2 subunit of AMP-activated
protein kinase (Bowne et al. 2002). Although our work
demonstrates that certain mutations in CBS domains affect
CLC channel gating, physiologically relevant regulatory
roles of CBS domains in CLC channels remain to be
identified.
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