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In contrast to bacterial ClC chloride channels, all eukaryotic ClC chloride channels
have a conserved long intracellular region that makes up of the carboxyl terminus of
the protein and is necessary for channel functions as a channel gate. Little is known,
however, about the molecular structure of the intracellular region of ClC chloride
channels so far. Here, for the first time, we have expressed and purified the intracellular
region of the rat ClC-3 chloride channel (C-ClC-3) as a water-soluble protein under
physiological conditions, and investigated its structural characteristics and assembly
behavior by means of circular dichroism (CD) spectroscopy, differential scanning
calorimetry (DSC), size exclusion chromatography and analytical ultracentrifugation.
The far-UV CD spectra of C-ClC-3 in the native state and in the presence of urea clearly
show that the protein has a significantly folded secondary structure consisting of
a-helices and b-sheets, while the near-UV CD spectra and DSC experiments indicate
the protein is deficient in well-defined tertiary packing. Its Stokes radius is larger
than its expected size as a folded globular protein, as determined on size exclusion
chromatography. Furthermore, the DisEMBL program, a useful computational tool
for the prediction of disordered/unstructured regions within a protein sequence,
predicts that theprotein is inapartially foldedstate.Basedon these results,weconclude
that C-ClC-3 is partially folded. On the other hand, both size exclusion chromatography
and sedimentation equilibrium analysis show that C-ClC-3 exists as a monomer in
solution, not a dimer like the whole ClC-3 molecule.

Key words: carboxyl terminus, ClC-3 chloride channel, expression, monomer,
partially folded, purification.

Abbreviations: C-ClC-3, carboxyl terminus of ClC-3 chloride channel; IPTG, isopropyl-b-D-thiogalactopyrano-
side; PMSF, phenylmethylsulphonyl fluoride; EDTA, ethylenediamine tetraacetic acid; DTT, dithiothreitol;
SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; CD, circular dichroism.

Membrane protein ClC chloride channels widely found in
both eukaryotic and prokaryotic cells form a large family.
They play important roles in the regulation of cell volume
(1, 2), control of transepithelial transport (3), stabilization
of membrane potential (4), and maintenance of intracellu-
lar pH (5).

As eukaryotic ClC chloride channels, Torpedo chloride
channel ClC-0, and mammalian chloride channels ClC-1
to ClC-7, ClC-Ka and ClC-Kb have been identified (6).
The muscle-type chloride channels, ClC-0 and ClC-1, are
known to be responsible for the regulation of muscle excit-
ability, and inactivation of these channels causes myotonia
(7–9). The ubiquitously expressed ClC-2 and ClC-3 chan-
nels function as volume-activated chloride channels (2, 10),
but the volume-regulated function of ClC-3 remains con-
troversial (11). ClC-4 generates strong outwardly rectify-
ing chloride currents (12), but its physiological significance
remains unclear. ClC-5 is involved in the acidification of
renal endocytotic vesicles, which is necessary for proximal

protein reabsorption, and the inactivation of which leads to
kidney stones and dental disease (13, 14). While the phy-
siological role of ClC-6 remains unknown, ClC-7 is involved
in HCl secretion, as demonstrated by the loss of ClC-7
chloride channel function in murine and human osteoclasts
(15). ClC-Ka and ClC-Kb mediate transepithelial chloride
transport in the kidney (16).

The topology of eukaryotic ClC chloride channels pre-
dicted on hydropathy analysis and supported by some
experiments includes 13 relatively hydrophobic domains
termed D1 to D13, which comprise 11 transmembrane-
spanning domains, an extracellular domain (D4), and a
carboxyl terminus region (D13) located on the cytoplasmic
side of the membrane (2, 6, 10, 17, 18). In contrast to the
bacterial proteins crystallized by Dutzler et al. (19), the
long carboxyl terminal cytoplasmic stretch is conserved
in eukaryotic ClC chloride channels, which contains two
CBS (cystathionine beta synthase) domains (20–23) and
may bind to other proteins (24). The studies have shown
that the carboxyl terminus of ClC chloride channels is
necessary for channel functions as a channel gate (21–
23, 25, 26–28). Like the bacterial ClC proteins (19, 29),
the eukaryotic ClC chloride channels deduced on electro-
physiological analysis of wild-type and mutant channels
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(30–34), and chemical cross-linking (32, 35) also form a
homodimeric architecture with two ion conduction pores
formed by each single subunit (33, 34).

The ClC-3 chloride channel was originally cloned from
rat kidney and shows abundant expression in rat brain
neuronal cells, mainly in the olfactory bulb, hippocampus,
whose channel activity is regulated by protein kinase C
(PKC), phorbol esters, and calcium/calmodulin-dependent
protein kinase II (CaMKII) (17, 36, 37). The ClC-3 chloride
channel, comprising 760 amino acid residues, is a
volume-regulated chloride channel and necessary for the
pH adjustment of several cell compartments (2, 5).
Although the overall amino acid sequence identities of
ClC-3 with other ClC family members are very low, e.g.,
20.9% with ClC-0, 24% with ClC-1, and 26.3% with ClC-2,
the topology of ClC-3 is the same as that of other ClC
chloride channels (6, 17), in which the last 181 amino
acid residues located on the cytoplasmic side of the mem-
brane comprise of its intracellular region (D13) (2).

To fully understand the electrophysiological character-
istics of ClC chloride channels on a molecular basis,
detailed structural information of the intracellular region
of ClC chloride channels is necessary. Little is known yet,
however, about its molecular structure and assembly char-
acteristics. Does the intracellular region of ClC chloride
channels have a folded structure? Do the two intracellular
regions in a homodimeric ClC chloride channel also form a
homodimer in the cytoplasm? To answer these questions,
we have expressed and purified the intracellular region of
rat ClC-3, and investigated its structural characteristics
and assembly behavior by means of circular dichroism (CD)
spectroscopy, circular dichroism (DSC), size exclusion
chromatography and analytical ultracentrifugation. The
results show that the intracellular region of ClC-3 is in
a partially folded state and a monomer under physiological
conditions. The biological implication of its hydrodynamic
characteristics has also been discussed.

MATERIALS AND METHODS

Protein Expression—The gene that codes the intracellu-
lar region (residues 582–760) of rat ClC-3 was amplified by
polymerase chain reaction (PCR) using ClC-3 cDNA con-
taining in pSPORT 1(BRL) (17) as a template. The PCR
product was cloned into the BamHI and XhoI restriction
endonuclease sites in the vector pGEX-6P-1 (Amersham
Biosciences) as a fused protein with a glutathione
S-transferase (GST) and preScission protease cleavage
site for removal of the GST moiety. The cloned DNA was
sequenced, and the expression plasmid, pGEX-C-ClC-3
was transformed into an Escherichia coli strain,
BL21(DE3).

E. coli strain BL (DE3) cells carrying the expression
plasmid pGEX-C-ClC-3 were grown at 21�C with shaking
in Luria-Bertani medium supplemented with 100 mg/ml
ampicillin. When the OD600 of the culture reached 1.0,
IPTG was added to a final concentration of 0.5 mM to
induce expression of the fused protein. After IPTG induc-
tion for 24 h at 14�C, cells were harvested by centrifugation
at 5,000 · g for 10 min, and then washed with a buffer
solution (50 mM sodium phosphate, 150 mM NaCl, pH 7.5).

Protein Purification—The washed cells were resus-
pended in lysis buffer (50 mM sodium phosphate buffer,

pH 7.5, containing 0.5 M NaCl, 1.0 mM EDTA, 5 mM DTT,
0.2 mg/ml lysozyme, 1.0 mM PMSF, 3 mg/ml leupeptin and
3 mg/ml pepstatin A) at 4�C, and then disrupted by sonica-
tion on ice. Cell debris was removed by centrifugation at
150,000 · g for 30 min at 4�C, and the supernatant was
loaded onto a Glutathione-Sepharose 4B (Amersham
Bioscience) column equilibrated with the cleavage buffer
(50 mM sodium phosphate buffer, pH 7.5, containing 0.5 M
NaCl, 1 mM EDTA and 5 mM DTT) at 4�C. The column
with bound C-ClC-3 was washed well with the cleavage
buffer. To isolate C-ClC-3 from the GST moiety, pre-
Scission protease in the cleavage buffer was added to
the column, and followed by incubation at 4�C for 16 h.

C-ClC-3 isolated from the GST moiety was eluted and
concentrated to 5 mg/ml. The concentrated C-ClC-3 solu-
tion was then applied to a Superdex 200 16/60 gel filtration
column (Amersham Biosciences) equilibrated with 20 mM
sodium phosphate buffer, pH 7.5, containing 0.15 M NaCl,
and eluted at a rate of 1.0 ml/min. The elution of C-ClC-3
was monitored as the absorption at 280 nm with an in-line
detector (Amersham Bioscience). The fractions containing
the protein, as judged on SDS-PAGE, were pooled and
stored on ice. The concentration of the protein solution
was determined by the method of Bradford using BSA
as a standard (38).

SDS-PAGE and Western Blotting—SDS-PAGE was
carried out on 12.5% (w/v) gels according to the method
of Laemmli (39). Standard proteins (Bio-Rad) with a low
molecular weight range were used to estimate protein
molecular weights, and the gels were stained with Coomas-
sie brilliant blue. Western blotting was performed with an
anti–rClC-3 polyclonal antibody purchased from Alomone
Laboratories (Jerusalem, Israel), which was raised in a
rabbit against the rClC-3/GST fusion protein comprising
residues 592–661 of rCLC-3 (18). The denatured proteins
were separated by 12.5% SDS-PAGE and then transferred
to a PVDF membrane (Amersham Biosciences) by semi-dry
electroblotting. Nonspecific protein absorption was pre-
vented using 5% (w/v) skim milk in phosphate-buffered
saline containing 0.1% Tween 20 (PBS-T) for 1 h. Primary
antibody incubation in PBS-T was performed for 1 h at
room temperature. The HRP-coupled anti-rabbit second-
ary antibody (Amersham Biosciences) was used at a
final dilution of 1/15,000 in PBS-T, and HRP was revealed
with a chemiluminescent detection system (ECL+,
Amersham Biosciences).

Circular Dichroism Spectroscopy—Far-UV (200–250 nm)
and near-UV (250–350 nm) CD data were collected at 20�C
with 0.1 nm intervals at the rate of 10 nm/min and a band-
width of 1.0 nm by using two cuvettes: one with a light
path-length of 1 mm for far-UV, and the other with a light
path-length of 1 cm for near-UV on a Jasco-720 spectro-
polarimeter. The protein concentrations of samples were
0.5 mg/ml for far-UV and 2.0 mg/ml for near-UV in 20 mM
sodium phosphate buffer (pH 7.5) containing 0.15 M NaCl
and various concentrations of urea. The mean residue
weight of 112.2 was used for calculation of the mean
residue ellipticity. All CD spectra of the protein had the
corresponding baseline spectra of the buffers used
subtracted.

Differential Scanning Calorimetry—Differential scan-
ning calorimetry (DSC) was performed with a high-
sensitivity VP-DSC (Microcal Inc., USA) with a cell of

814 S.J. Li et al.

J. Biochem.

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


0.51 ml and at an excess pressure level of 30 psi to avoid
degassing during heating at a protein concentration of
1.0 mg/ml. Both the buffer (20 mM sodium phosphate,
pH 7.5, containing 0.15 M NaCl) and the protein sample
were degassed by evacuation before measurements, and
measured at a scanning rate of 1.0�C/min.

Size Exclusion Chromatography—Size exclusion chro-
matography was carried out on a gel filtration column
Superdex 200 16/60 (Amersham Biosciences), monitored
with on ÄKTAexplorer workstation (Amersham Bio-
sciences) and equilibrated with equilibrium buffer
(20 mM sodium phosphate buffer, pH 7.5, containing
0.15 M NaCl). One milliliter samples with various protein
concentrations, from 1 to 5 mg/ml, were eluted at a flow
rate of 1.0 ml/min. Elution profiles were monitored with an
in-line UV-900 detector (Amersham Biosciences) at 280 nm.
Peak fractions were analyzed by SDS-PAGE. The column
was calibrated using proteins of known molecular weight
and Stokes radus (Amersham Biosciences): ribonuclease
A (13.7 kDa; 16.4 Å), chymotrypsinogen A (25.0 kDa;
20.9 Å), ovalbumin (43.0 kDa; 30.5 Å), bovine serum
albumin (67.0 kDa; 35.5 Å), aldolase (158.0 kDa; 48.1 Å),
catalase (232.0 kDa; 52.2 Å), ferritin (440.0 kDa; 61.0 Å),
and thyroglobulin (669.0 kDa; 85.0 Å). The void volume
was determined with Blue Dextran 2000. The partition
coefficient, Kav = (Ve – V0)/(Vt – V0), was calculated,
where Ve, Vt and V0 are the elution volumes of the protein
samples, total bet volume and void volume, respectively.
Two calibration curves for standard protein molecular
weights and Stokes radii versus Kav were obtained, and
the molecular weight and Stokes radius of C-ClC-3 were
deduced from them.

Analytical Ultracentrifugation—C-ClC-3 was dialyzed
overnight against 20 mM sodium phosphate buffer
(pH 7.5) containing 0.15 M NaCl. The sample and dialysis
buffer were loaded into Kel-F two-sector cells (cell length,
12 mm). Sedimentation equilibrium experiments were
performed by using a Beckman Optima XL-A analytical
ultracentrifugation in a Ti rotor at 18,000 rpm at 20�C.
Sedimentation equilibrium data were collected at a wave-
length of 275 nm with scans every 5 min. The partial spe-
cific volume calculated from the amino acid composition of
C-ClC-3 was 0.7438. The sedimentation equilibrium data
were analyzed using the XL-A data analysis software
(Beckman, version 4.01).

Prediction of Intrinsic Disordered Regions—The disor-
dered/unstructured regions within the C-ClC-3 sequence
were predicted with the DisEMBL program, a useful com-
putational tool for disordered regions within a protein
sequence (40). The calculation conditions were as follows:
the frames used were smooth = 8, peak = 8 and join = 4;
the thresholds used were coils = 0.516, rem465 = 0.6 and
hot loops = 0.1204; the temperature and pH were 5�C and
7.5, respectively.

RESULTS

Expression and Purification of C-ClC-3—In lysates of
cells transformed with the expression plasmid after induc-
tion in a time-dependent manner, a specific band corre-
sponding to a molecular weight of about 46 kDa, which
corresponds to the molecular weight of C-ClC-3 fused
with GST (46.5 kDa), was detected with the rClC-3

antibody (lines 3 and 4 in Fig. 1A). In contrast, the band
was not observed for the lysate of cells transformed with
the vector pGEX-6p-1 (line 1 in Fig. 1A). Coomassie-
stained SDS-PAGE outlined the expression and purifica-
tion stages of C-ClC-3 also showed that C-ClC-3 fused
with GST was expressed well as a water-soluble protein
(lines 2 and 3 in Fig. 1B). Furthermore, C-ClC-3 was
successfully isolated from the GST moiety with protease,
and was finally purified by gel filtration as a single band at
a position corresponding to about 23.0 kDa (line 6 in
Fig. 1B). The purified C-ClC-3 was also water-soluble in
buffer solution.

Analysis of the Secondary and Tertiary Structures of
C-ClC-3—To determine whether the purified C-ClC-3 has a
folded secondary structure, far-UV CD spectra of the
protein in the native state and in the presence of various
concentrations of urea were measured. As shown in Fig. 2A,
the spectrum of the protein at 20�C in 20 mM sodium
phosphate buffer (pH 7.5) containing 0.15 M NaCl showed
a negative minimum around 207 nm and a shoulder
around 222 nm, which indicated both a-helical and
b-sheet contents (41, 42). In the presence of urea, the nega-
tive CD values deceased and the shoulder around 222 nm
gradually disappeared with an increase in the urea con-
centration, indicating that C-ClC-3 was denatured. The
degree of denaturation of the protein was assessed by mon-
itoring ellipticity changes at 222 nm as a function of the
urea concentration. As shown in Fig. 2B, the unfolding of
C-ClC-3 occurred at 1.5 M urea, the degree of the denatura-
tion increased with the concentration of urea between
1.5 and 6 M, and a plateau above 6 M corresponded to
complete denaturation.

As for the three-dimensional structure of C-ClC-3, near-
UV CD spectra were obtained and DSC experiments were
performed. The near-UV spectra in both native and
completely denatured (6 M urea) states showed almost
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Fig. 1. Expression and purification of C-ClC-3. A: Western
blotting of cell lysates before and after IPTG induction. Line 1,
lysate of cells transformed with the vector pGEX-6P-1 as a control.
Lines 2 to 4, lysates of cells transformed with the expression plas-
mid; line 2, cell lysate before induction; line 3, cell lysate after 12 h
induction; line 4, cell lysate after 24 h induction. B: SDS-PAGE
with Coomassie Brilliant Blue staining. MW shows the migration
positions of standard proteins, with their molecular weights
(in kDa) at the left. Line 1, cell lysate before induction; line 2,
cell lysate after 24 h induction; line 3, supernatant of cell lysate
after ultracentrifugation; line 4, C-ClC-3 fused with GST; line 5,
C-ClC-3 isolated from the GST moiety with preScission protease;
line 6, C-ClC-3 finally purified by gel filtration.
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no significant signals originating from aromatic side chains
(Fig. 3). Considering the fact that the protein contains no
tryptophans and only one tyrosine, the near-UV spectra
might not reflect its tertiary structure, in spite of that
the spectra were measured at a high protein concentration
(2 mg/ml). To measure its tertiary structure at high resolu-
tion, the DSC experiments were performed with a high-
sensitive VP-DSC. The DSC curve of C-ClC-3 exhibited a
peak of excess heat capacity at 42.5�C in 20 mM sodium
phosphate buffer (pH 7.5) containing 0.15 M NaCl (Fig. 4).
The heat denaturation of C-ClC-3 was irreversible, and the
formation of amorphous aggregates could be observed with
the naked eye after DSC experiments. The specific dena-
turation enthalpy change (Dh) of the protein, 4.1 J/g, was
much lower than those of many folded globular proteins
(between 10 and 27 J/g) (43). Therefore, we conclude that
C-ClC-3 lacks well-defined tertiary packing.

Analysis of the Molecular Size and Assembly Behavior of
C-ClC-3—The near-UV CD spectra and DSC study results
revealed that C-ClC-3 lacks a compact tertiary structure.
However, a significant secondary structure in C-ClC-3
observed in the far-UV CD studies strongly suggests
that C-ClC-3 is in a partially folded state. Size exclusion

chromatography is a useful method for estimating the
hydrodynamic dimensions of a protein, and can elucidate
the compactness of the protein’s tertiary structure, because
the Stokes radii of well-folded, partially or fully unfolded
proteins are significant distinguishable. The Stokes radius
of a protein in a partially folded state is larger than that in
the fully folded state, and smaller than that in the fully
unfolded state (44–46). As shown in Fig. 5A, only one sharp
elution peak exhibiting high symmetry at a volume of
86.4 ml on the calibrated column on size exclusion
chromatography was observed. The peak was close to
the elution volume of the standard protein chymotrypsino-
gen A (25.0 kDa; 20.9 Å). This indicates that C-ClC-3 exists
as a single species in solution. Figure 5, B and C, shows
calibration curves, and the molecular weight and Stokes
radius of C-ClC-3 deduced from them. The measured mole-
cular weight and Stokes radius of C-ClC-3 were 28.6 kDa
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Fig. 2. Far-UV CD spectra of C-ClC-3 in the native state and
in the presence of urea. CD spectra were obtained out at a
protein concentration of 0.5 mg/ml at 20�C in 20 mM sodium
phosphate buffer (pH 7.5) containing 0.15 M NaCl and various
concentrations of urea. A, far-UV CD spectra of C-ClC-3 in 0 M
(a), 2 M (b), 4 M (c) and 6 M urea (d), respectively. B, dependence of
CD ellipticity at 222 nm on urea concentration.
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Fig. 3. Near-UV CD spectra of C-ClC-3 in the native state
(a) and in the fully unfolded state (b). CD spectra were
obtained at a protein concentration of 2.0 mg/ml at 20�C in
20 mM sodium phosphate buffer (pH 7.5) and 0.15 M NaCl con-
taining 0 M urea (a) and 6 M urea (b), respectively.
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Fig. 4. Excess heat capacity curve of C-ClC-3 in 20 mM
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at a protein concentration of 1.0mg/ml.The scanning rate was
1�C/min.
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and 23.5 Å, respectively, which are larger than those of the
monomer (20.5 kDa) but much smaller than those of the
dimer (41.0 kDa) expected for a folded globular C-ClC-3
molecule. These results indicate that C-ClC-3 exists as a
homogeneous monomer in solution, and has a larger Stokes
radius, which arises from its loose tertiary structure.

All ClC chloride channels form a homodimer (21). The
finding that C-ClC-3 could be a monomer is surprising. To
further examine the assembly behavior of C-ClC-3, the
sedimentation equilibrium method was employed with a
protein concentration of 3.5 mg/ml. The dependence of
absorbance at 275 nm on the radius-square well fitted a
straight line at this protein concentration (Fig. 6). This
means that there is a homogeneous molecular mass dis-
tribution of C-ClC-3 in solution, which is consistent with
the results of size exclusion chromatography (Fig. 5). The
measured molecular mass of C-ClC-3 was 21.6 kDa, which
shows good agreement with its monomeric molecular
weight of 20.5 kDa predicted from its amino acid sequence.
This result also shows that C-ClC-3 remains a monomer,
not a dimer like the whole ClC-3 molecule.

Prediction of Intrinsic Disordered Regions of C-ClC-3—
To determine whether the amino acid sequence of C-ClC-3
has a partially folded propensity, the DisEMBL program, a
useful computational tool for the prediction of disordered/
unstructured regions within a protein sequence, was used,
which is highly accurate, predicting more than 60% of hot
loops with <2% false positives (40). The results predicted
with DisEMBL are summarized in Table 1, which also
indicates that C-ClC-3 is in a partially folded state, as
shown on differential scanning calorimetry (DSC) and
size exclusion chromatography. On the other hand, the
GlobPlot program was also used to predict the disordered
regions of C-ClC-3 (47), which clearly predicted that there
are two CBS domains and some disordered regions in
C-ClC-3. Because GlobPlot is less accurate than DisEMBL
in coil prediction, and was designed as a visual inspection
tool for finding domain boundaries, repeats and unstruc-
tured regions, and the GlobPlot algorithm is very simple
and intuitive, as described by the authors of GlobPlot (40).
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Fig. 5. Size exclusion chromatography of C-ClC-3 on a
Superdex 200 gel filtration column elution buffer, 20 mM
sodiumphosphate (pH7.5) containing 0.15MNaCl, at a flow
rate of 1.0 ml/min and monitored at 280 nm. A, elution profile
as to the absorbance at 280 nm. B and C, calibration curves created
from the molecular masses (B) and Stokes radii (C) of standards.
The molecular masses and Stokes radii of the reference proteins
were as follows: 1, ribonuclease A (13.7 kDa; 16.4 Å); 2, chymo-
trypsinogen A, (25.0 kDa; 20.9 Å); 3, ovalbumin (43.0 kDa; 30.5 Å);
4, bovine serum albumin (67.0 kDa; 35.5 Å); 5, aldolase (158.0 kDa;
48.1 Å); 6, catalase (232.0 kDa; 52.2 Å); 7, ferritin (440.0 kDa; 61.0
Å); and 8, thyroglobulin (669.0 kDa; 85.0 Å). The partition coeffi-
cient, Kav, is a function of the elution volumes of protein samples.
The estimated molecular mass and Stokes radius of C-ClC-3 were
28.6 kDa and 23.5 Å, respectively. Open squares, reference pro-
teins; solid squares, C-ClC-3.
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Fig. 6. Analysis of the sedimentation equilibriumof C-ClC-3.
The sedimentation equilibrium experiment was performed at a
protein concentration of 3.5 mg/ml in 20 mM sodium phosphate
buffer (pH 7.5) containing 0.15 M NaCl at 20�C. The ln A275 versus
the square of the radius from the axis of the rotation is plotted.
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Here we only showed the results predicted with the
DisEMBL program.

DISCUSSION

It is well established that proteins can exist in three
different states, i.e., fully unfolded, partially folded and
completely folded forms (47). The partially folded state
of proteins can be defined as the persistence of a secondary
structure but without a compact tertiary structure, and
is observed in the presence of denaturants (46, 48). The
following four physical quantities determined in the
above experiments indicate that C-ClC-3 is in a partially
folded state: (i) significant contents of helical and sheet
secondary structure, (ii) no compact tertiary structure,
(iii) a larger Stokes radius compared with folded globular
C-ClC-3, and (iv) a disordered propensity predicted with
the DisEMBL program.

More than 100 intrinsically disordered/unstructured
proteins are known (49–51), including Tau (52), Prions
(53), and partially p53 (54). Although little is known
about the cellular and structural meaning of this state,
it may become ordered when on binding to another mole-
cule (55). The intrinsically disordered/unstructured pro-
teins may play a central role in diseases through protein
misfolding and aggregation (56). That C-ClCl-3 is in a par-
tially folded state in solution might be interpreted in two
ways. One possibility is that there are no tryptophans in
the protein, which are known to be important for protein
structural stability (46). Another possibility is the lack of
the corresponding transmembrane domains that interact
with the intracellular region. The several truncations of
the carboxyl terminus of ClC-0 were mainly expressed in
inclusion bodies (27), implying that the carboxyl
terminus of ClC-0 is unstable and indirectly supporting
our conclusion.

We used two different techniques to assess the assembly
behavior of C-ClC-3: size exclusion chromatography and
sedimentation equilibrium analysis. Both techniques
lead to the conclusion that C-ClC-3 forms a monomer,
not a dimer like the whole ClC-3 molecule (32–34). The
assembly behavior is stable between pH 5–8 and up to
1.5 M sodium chloride (data not shown), as confirmed by
CD spectra and size exclusion chromatography (data not
shown). Co-expression experiments on the heterodimeric
channel constructed with different carboxyl terminus pro-
teins suggested that each intracellular region of ClC-1 folds
independently and that there are not interactions between
them (28), while analyses of its intracellular region func-
tions indicated that the intracellular region in ClC-1 may
not be needed for dimerization (22). Therefore, it can be
deduced that, in general, the two intracellular regions in
homodimeric ClC chloride channels comprise a monomer
not a dimer.

The functional significance of the carboxyl terminus of
ClC chloride channels is mainly illustrated by various
mutations and truncations of both ClC-0 and ClC-1 (22,
26–28). When the carboxyl terminus of ClC-0 is deleted,
the chloride current becomes un-observable (27). The nor-
mal function of the ClC-1 protein also depends on the integ-
rity of the intracellular region (25, 26). Moreover, Hebeisen
et al. (28) showed that only the wild type is functional in
heterodimeric channels of ClC-1 consisting of one wild type
subunit and one subunit completely devoid of its intracel-
lular region. This result indicates that the intracellular
region of ClC-1 independently supports the channel func-
tions of ClC-1 in a single subunit. The eukaryotic ClC chlor-
ide channels have two ion pores formed by each subunit
individually in dimeric ClC channels (33, 34). Our present
work and other recent studies on ClC-1 (22, 28) may indi-
cate that in the double-barreled architecture of ClC chan-
nels, each intracellular region acts only on each
corresponding chloride-conduction pore, and that the
role of the intracellular region, as an essential functional
region involved intimately in the gating of ClC chloride
channels, is independently functional in the two channel
halves.
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