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CLIC1 (NCC27) is a member of the highly conserved
class of chloride ion channels that exists in both soluble
and integral membrane forms. Purified CLIC1 can inte-
grate into synthetic lipid bilayers forming a chloride
channel with similar properties to those observed in
vivo. The structure of the soluble form of CLIC1 has been
determined at 1.4-Å resolution. The protein is mono-
meric and structurally homologous to the glutathione
S-transferase superfamily, and it has a redox-active site
resembling glutaredoxin. The structure of the complex
of CLIC1 with glutathione shows that glutathione occu-
pies the redox-active site, which is adjacent to an open,
elongated slot lined by basic residues. Integration of
CLIC1 into the membrane is likely to require a major
structural rearrangement, probably of the N-domain
(residues 1–90), with the putative transmembrane helix
arising from residues in the vicinity of the redox-active
site. The structure indicates that CLIC1 is likely to be
controlled by redox-dependent processes.

Chloride ion channels, located both within the plasma mem-
brane and other internal cell membranes (1, 2), are involved in
diverse physiological processes. They are known to participate
in the control of secretion and absorption of salt, regulation of
membrane potentials, organellar acidification, and cell volume

homeostasis (3). Malfunction in these channels can lead to
severe disease states (4).

Chloride channels fall into several classes based on their
sequence relationships. The three best characterized classes
are the ligand-gated receptor channels (�-aminobutyric acid
and glycine receptors), the cystic fibrosis transmembrane con-
ductance regulator family, and the ClC chloride ion channels
(1, 2). A new class of chloride ion channel, the “chloride intra-
cellular channels” (CLICs),1 has recently been characterized at
a molecular level. To date, there are seven members of the
CLIC family: CLIC1 (NCC27) (5), CLIC2 (6), CLIC3 (7), CLIC4
(8), CLIC5 (9), p64 (10), and parchorin (11). All of these pro-
teins exist as soluble globular proteins that can form ion chan-
nels in organellar and plasma membranes (5, 7, 8, 12–15). Five
of the CLIC proteins are each composed of �240 residues, while
the longer p64 and parchorin consist of distinct amino-terminal
domains followed by the 240-residue CLIC module. This mod-
ule has recently been shown to share weak sequence homology
with the glutathione S-transferase (GST) superfamily (16).

The CLIC proteins are expressed in a wide variety of tissues
and appear to have diverse physiological functions. p64 is as-
sociated with kidney function (17), while CLIC1 and CLIC4
appear to have a broad tissue distribution (5, 8, 18, 19). Several
CLICs interact with protein kinases (7, 11, 20). CLICs are
associated with a variety of intracellular membranes including
the nuclear membrane (5), the endoplasmic reticular mem-
brane (8), large dense-core vesicles (19), mitochondria (21),
trans-Golgi vesicles (22), and secretory vesicles (23). Parchorin
forms the chloride channel in water-secreting cells, and it is
translocated to the plasma membrane on chloride ion depletion
of the extracellular medium (11). CLIC1, which is substantially
nuclear in distribution, has been implicated in the control of
cell division (24). A 62-kDa homologue of p64 is crucial to
osteoclast function as it forms the chloride channel that facili-
tates the acidification of the ruffled border in bone resorption
(15).

An unusual feature of the CLIC family of ion channels is that
they exist in both soluble and integral membrane forms. In this
they are similar to the other intracellular ion channels like the
annexins and BCL-xL as well as some of the bacterial toxins.
The manner by which CLIC proteins form a transmembrane
(TM) chloride ion channel remains speculative. It has been
suggested that there is either one (5) or possibly two putative
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TM helices (5, 10). Studies with FLAG epitope-tagged CLIC1
suggest that when it is integrated into the plasma membrane
the amino terminus is on the outside, and the carboxyl termi-
nus is on the cytoplasmic side (12). To date, nothing is known
about the structure of any chloride ion channels at an atomic
level.

We have solved the crystal structure of the soluble form of
CLIC1 (NCC27) at 1.4-Å resolution. The structure demon-
strates that CLIC1 is a structural homologue of the GST su-
perfamily and that it has an intact glutathione (GSH) binding
site. This site closely resembles that of glutaredoxin in that it
appears to have a redox-active cysteine (Cys24), which is capa-
ble of forming a covalent mixed disulfide with glutathione. The
glutaredoxin-like GSH binding site is conserved in all CLICs
suggesting that their chloride ion channel activity may be
under the control of redox-active signaling molecules in vivo.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant CLIC1—A recombinant
GST-CLIC1 fusion protein was expressed in Escherichia coli using the
pGEX-4T-1 vector system and purified as described previously (5). The
protein used in this study is a point mutant form of CLIC1 (E151G),
which was inadvertently generated by polymerase chain reaction infi-
delity. Briefly, the fusion protein was immobilized on glutathione-S-
Sepharose (AMRAD-Pharmacia), where it was cleaved with biotin-
labeled thrombin (Novagen). The thrombin was removed with a
streptavidin-agarose affinity matrix, and CLIC1 was further purified
by gel filtration on a Superdex G75 column (Amersham Pharmacia
Biotech) where it ran as a monomer. Protein was dialyzed and concen-
trated to 10–20 mg/ml using a vacuum dialysis system (Sartorius). In
addition to the point mutation, the final product contained two addi-
tional residues at the amino terminus (Gly-Ser) that formed part of the
thrombin cleavage site in the fusion construct (5).

Structure Determination—Crystals of CLIC1 were grown by sitting
or hanging drop vapor diffusion at 4 °C by mixing equal volumes of
protein (5–20 mg/ml with 0.5% n-octyl �-D-glucopyranoside) with res-
ervoir buffer consisting of 14–18% polyethylene glycol monomethyl-
ether 5000, 0–30 mM ammonium sulfate, and 0.1 M sodium acetate, pH
5.0. Crystals were sensitive to temperature; hence, all manipulations
were carried out at 4 °C. Crystals appeared within 1 week, after which
they were transferred to a cryoprotectant by a series of transfers to a
final solution consisting of reservoir buffer plus 10% polyethylene glycol
400 and 200 mg/ml glucose. Diffraction data were collected in house at
100 K on a DIP2030 imaging plate system mounted on a Nonius rotat-
ing anode generator using CuK� radiation and focusing mirrors. Two
crystal forms were produced: P1 with lattice dimensions a � 42.52 Å,
b � 45.19 Å, c � 71.27 Å, � � 102.79°, � � 100.21°, and ��110.88°; and
P21 with lattice dimensions a � 46.69 Å, b � 60.93 Å, c � 90.11 Å, and
� � 92.27°; they diffracted to 2.0 and 2.4 Å, respectively. A monoclinic
crystal underwent a lattice transition to P21 with a � 45.18 Å, b � 55.14
Å, c � 88.96 Å, and � � 90.0° and diffracted to 1.4-Å resolution. A data
set was collected at the Stanford Synchrotron Radiation Laboratory

(SSRL) beamline BL-9.1 with an x-ray wavelength of � � 0.98 Å on a
MAR on-line image plate detector. A 2.3 Å data set was collected from
the same crystal to ensure data completeness at low resolution. All data
were processed using the programs DENZO and SCALEPACK (25).
Rotation functions (26) showed that all crystal forms had a noncrystal-
lographic two-fold axis with two molecules in the asymmetric unit.

Several derivative data sets were collected from the P21 � � 92°
crystal form by soaking it in 0.5 mM HgCl2 for between 2 h and 2 weeks
at 4 °C (Table I). Twelve mercury sites with varying occupancies were
located by difference Patterson and difference Fourier methods using
the CCP4 suite of programs (27). Phases generated from three mercury
derivatives (varying in soak time) were used to generate a DM (28)
modified map at 2.8-Å resolution (Table I). The map was of sufficient
quality to allow the main chain to be traced using the program O (29).
A model was built consisting of residues Pro6–Leu148 and Lys166–Lys241.
This model was then used as a molecular replacement model for the
1.4-Å resolution P21 � � 90° data set. The program wARP was used to
refine the phases (30). The wARP map showed clear density for all
residues from Pro6 to Lys241 for each monomer in the asymmetric unit.
The model was built in program O and refined using REFMAC5 (31).
wARP was then used to build in water molecules. A similar procedure
was used to solve the structure of the 2.0-Å resolution P1 data set.

For the 1.4-Å resolution data, the final model consists of residues
Pro6 to Lys241 for each monomer in the asymmetric unit plus 660 water
molecules. The crystallographic R-factor is 0.138 with R-free 0.178 (32).
The two monomers in the asymmetric unit are nearly identical with the
A monomer slightly more ordered as evidenced by B-factors and differ-
ence maps. Differences are observed around Pro90, which is cis in the A
monomer but appears to be in two states (cis and trans) in the B
monomer. This alternate conformer of Pro91 results in the presence of
two states for helices h1 and h3 in the B monomer. This may indicate
some plasticity in the molecule, which is described under “Results and
Discussion.” Another region of flexibility is the extended loop from
Pro147 to Gln164. This has several regions of poor side chain density in
the A monomer, and the density is generally weaker in the B monomer.
The point mutation E151G resides in this loop. Table II gives data
collection and refinement statistics for the high resolution crystal form.
Coordinates and structure factors have been deposited with the PDB
(accession code 1K0M). All macromolecular figures were made using
the program SETOR (33).

Structure of the Glutathione Complex—Crystals of the � � 92° form
were soaked with 5 mM GSSG in stabilization buffer. 1.75-Å resolution
data sets were collected at SSRL (at 100 K) using a Quantum-4 CCD
camera (ADSC) for native and GSSG-soaked CLIC1 crystals. These
were processed as per the native form (Table II). The structure of the
native state was determined by molecular replacement using the re-
fined 1.4 Å structure as a starting model. In the � � 92° crystal form,
monomer B is disordered compared with monomer A. The crystal struc-
ture was modeled by TLS refinement as implemented in the program
REFMAC5 (31) followed by coordinate and B-factor refinement using
REFMAC5 as per the 1.4 Å structure. The final model consisted of
residues Pro6–Pro147 and Arg165–Lys241 in monomer A and residues
Pro6–Cys89, Arg92–Leu99, Ser103–Pro147, and Arg165–Lys241 in monomer
B. 2Fo � Fc maps showed excellent electron density for monomer A with

TABLE I
Phasing statistics at 2.8 Å

Data Cdita Completeb Rsym
c Red.d I/� Riso

e Rcullis
f Sites g PhPh

Native 98.0 0.045 3.5 18.0
(90.2)i (0.143) (6.5)

Hg1 2 wk 99.9 0.057 7.2 23.35 0.42 0.55/0.42 j 12 2.0/3.6 j

(100) (0.24) (5.2)
Hg2 1 day 96.4 0.044 3.4 14.8 0.21 0.76/0.57 12 1.4/2.8

(96.2) (0.15) (6.2)
Hg3 3 days 96.9 0.047 3.8 21.2 0.41 0.49/0.45 11 3.5/2.1

(86.6) (0.21) (8.4)
a Soak time in 0.5 mM HgCl2.
b Completeness of the data.
c Rsym � ��Ii��Ii��/�Ii.
d Average redundancy.
e Riso���FPH�FP�/��FP�.
f Rcullis � ��FPHobs���FPHcalc�/��FPH���FP�.
g Number of mercury sites.
h Phasing power � ��FH�/��FPHobs���FPHcalc�.
i Values in parentheses refer to the high resolution shell (2.9–2.8 Å).
j Slash separates acentric and centric values.
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broader density for portions of monomer B due to the angular disorder.
This is reflected in the relatively small number of well defined water
molecules and the high crystallographic R-factors. Refinement statis-
tics are shown in Table II. Coordinates and structure factors have been
deposited with the PDB (accession code 1K0O).

To determine the effect of the soaking GSSG into the crystals, dif-
ference Fourier maps were generated by subtracting the experimental
amplitudes and calculating phases based on the refined � � 92° native
structure. The only difference density observed at 4� was in the vicinity
of Cys24 in each monomer. Difference electron density was stronger and
showed better definition in monomer A, in keeping with the protein
density. The structure of the glutathione complex was solved and re-
fined as per the native, � � 92° where glutathione atoms were excluded
from initial stages of refinement. Finally, glutathione was docked into
the difference density in monomer A only and the refined as per the
native structure (Table II). As per the native form, monomer A showed
excellent electron density while monomer B showed regions with broad
features. This is reflected in the refinement statistics (Table II). Coor-
dinates and structure factors have been deposited with the PDB
(accession code 1K0N).

GSH Binding Studies—To determine the number of covalent gluta-
thione-CLIC1 adducts and their respective equilibrium constants, Kox

� ([RSSG][GSH])/([RSH][GSSG]), CLIC1 (1 mg/ml in 100 mM potas-
sium phosphate buffer, pH 7.0) was incubated overnight at 4 °C with
various ratios of [GSH]/[GSSG] from 1:10 to 2:1 (Table IV). In each case
the concentration of GSSG was 5 mM except in the 2:1 sample where the
concentration of GSH was 5 mM. The protein was then dialyzed against
10 mM Tris-HCl, pH 8.0 and analyzed by mass spectrometry on a
matrix-assisted laser desorption ionization/time of flight mass spec-
trometer (Applied Biosystems Voyager DE-STR) in positive ion mode
using a caffeic acid matrix with external calibration using �-lactoglob-
ulin-A (operated by Dr. Anne Poljak at the Ray Williams Biomedical
Mass Spectrometry Facility at the University of New South Wales,
Sydney). Each sample was analyzed in duplicate, and the percentages
of glutathione-adducted CLIC1 molecules were determined by calculat-
ing the relative areas under each peak in the spectrum for the doubly
charged species as this gave greater resolution than the singly charged
species. The mass spectrometry data was fitted to four and six inde-
pendent binding site models with individual equilibrium constants, Kox,
which were evaluated by minimizing the �2 between the distribution of
observed and calculated oxidized species.

Electrophysiology—Single-channel recordings from lipid bilayers
were obtained using the tip-dip method (34). In brief, patch-clamp
pipettes (Garner Glass 7052) were made using a P97 Sutter puller
(Novato, CA) decorated with Sylgard (Dow Corning) and fire-polished to
a tip diameter of 1–1.5 �m and 5–7-megaohm resistance. The same
solution (140 mM KCl, 10 mM Hepes, pH 6) was used both in the bath

and in the pipette. As soon as the pipette tip reached the bath solution
a phospholipid monolayer (phosphatidylcholine; Avanti Polar Lipids,
Inc., Birmingham, AL) was spread on the surface. Repetitive solution
dipping of the electrode was continued until the pipette resistance
reached a value higher than 5 gigaohms. Purified recombinant CLIC1
protein was then added to the bath to reach a final concentration of 2
�g/ml. Axopatch 1D and pCLAMP 7 (Axon Instruments, Inc., Novato,
CA) were used to record and analyze single-channel currents. Current
recordings were digitized at 5 kHz and filtered at 800 Hz. As a control,
we performed patch-clamp electrophysiology on inside-out patches of a
CLIC1-expressing CHO cell line using standard methods as reported
previously (12).

RESULTS AND DISCUSSION

Structure of CLIC1—The structure of the soluble form of
CLIC1 (point mutant E151G) has been determined in two
crystal forms at 1.4-Å (P21, � � 90°) and 1.75-Å (P21, � � 92°)
resolution, respectively (Fig. 1, see Tables I and II for details
regarding structure determination and refinement). In each
crystal form, the protein is monomeric albeit with two mole-
cules in the asymmetric unit. In the 1.4 Å structure, clear
electron density was seen for all residues from Pro6 to Lys241,
while in the second form, residues Leu148–Arg165 are disor-
dered. For the most part, all structures are identical (r.m.s.d. of
0.34 Å between the A and B monomers of the 1.4 Å structure
compared with r.m.s.d. of 0.5 Å between the A monomers in the
� � 90° and � � 92° crystal forms) with slight alterations
observed in the loop region (Pro147–Gln164) at the foot of the
molecule (Fig. 1, A or B, bottom right). This region extends from
the body of the protein, and its structure is likely to be more
susceptible to alterations caused by crystal packing. There is
also evidence for plasticity within the structure (see below).

Relationship between the CLICs and the GST Superfamily—
�-Blast searches (35) of the nonredundant protein sequence
data bases show that the CLIC proteins are related to the GST
superfamily of proteins (36, 37) as shown previously (16). The
closest relatives are the plant GSH-dependent dehydroascor-
bate reductases (25% identity over 233 residues for putative
dehydroascorbate reductase from Arabidopsis thaliana; Gen-
BankTM accession number AAF98403) as well as a domain of
the valyl tRNA ligase (25% identity over 212 residues for pu-
tative ligase from A. thaliana; PIR code T51503). The closest

FIG. 1. The structure of CLIC1. A, a
stereo diagram showing a C� trace of
CLIC1 A monomer from the 1.4 Å data
set. The N-domain is on the left-hand side
with the C-domain on the right. The GSH
site is at the top of the molecule in the
interdomain cleft. The backbone has been
colored by B-factor with blue for low and
red for high. B, a schematic showing the
arrangement of secondary structural ele-
ments in CLIC1. The view is similar to A.
C, the sequence of CLIC1 with secondary
structural elements marked as per B. All
residues that are strictly conserved in all
CLICs are shown in red. The pink bars
indicate the residues that are implicated
in GSH binding. The blue bar shows the
putative transmembrane helix of the in-
tegral membrane form of CLIC1. D, the
alignment of the seven CLIC sequences in
the region of the putative TM helix
(Cys24–Val46). Also shown are the se-
quences of the closely related GSH-
dependent dehydroascorbate reductases
and the � class GST. Charged residues
are shown in red.
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sequence-related proteins of known structure are the GST from
Zea mays (PDB code 1AW9; 21% identity) (38) and the � class
GST (PDB code 1EEM; 16% identity) (39).

The structure of the soluble form of CLIC1 indicates that it
belongs to the GST superfamily (Fig. 1) and closely resembles
that of the � class GST (39). The molecule is flat (55 	 52 	 23
Å) consisting of two discrete domains, which we refer to as the
N- and C-domains (Fig. 1). The N-domain (residues 1–90) has a
thioredoxin fold that consists of a four-stranded mixed �-sheet
plus three �-helices, while the C-domain is all helical, closely
resembling the � class GST with two exceptions: the insertion
of a highly negatively charged loop region (Pro147–Gln164) at
the foot of the molecule and the position of the carboxyl-termi-
nal helix h9 (Fig. 2). Table III presents a least squares struc-
tural comparison between CLIC1 and three sequence-related
GSTs. In all cases, the N-domains are very similar, while only
the C-domain of the � GST is close to CLIC1. CLIC1 and �
GST are distinct in that helices h4 and h5 are very straight,
facilitating significant structural alignment (Fig. 2). In con-
trast to the GSTs, where all known members are dimeric (36,
37), CLIC1 is monomeric both in the crystals and in solution as
determined by size-exclusion chromatography (data not
shown).

The long loop between helices h5 and h6 at the foot of CLIC1
(Pro147–Gln164) is a distinctive feature of the CLICs. It is highly
negatively charged with seven acidic residues between Pro149

and Glu160 in CLIC1 giving a net charge of �7 (cf. a net
negative charge of 6 in CLIC4 and p64, 5 in CLIC2, 5 in
parchorin, and 3 in CLIC3). This loop is spatially adjacent to
the loop linking the two domains, and it may be important in
protein-protein interactions.

Plasticity in the CLIC1 Structure—The N- and C-domains of
CLIC1 are linked by a proline-rich loop from Cys89 to Asn100,
which joins helices h3 to h4a (Fig. 1). The region between Pro90

and Pro94 forms a sharp turn with Pro91 in a cis conformer.
This segment has a WW domain binding consensus sequence,
Pro-Pro-Xaa-Tyr (40). In the B monomer of the 1.4-Å resolution
structure, the electron density map shows that CLIC1 exists in
two conformations in the vicinity of the proline-rich domain-
connecting loop. First, Pro91 is trans in the minor conformer.

This results in a second conformer for the proline-rich loop as
well as helices h1 and h3. We have modeled the alternative
conformation for the helices, and note that each is displaced by
1.0–1.5 Å from the main conformer and tilted by 4.4 and 1.9°
for helices h1 and h3, respectively. These two N-domain helices
form the interface between the N- and C-domains. Thus, the
observation of two conformations indicates that the domain
interface is somewhat plastic and that there is a connection
between the conformation of the proline-rich linker and the
relative orientation of the two domains. This region of the
molecule may be susceptible to structural alterations as part of
its function in vivo.

FIG. 2. A comparison of the structure of CLIC1 with that of �
GST. The figure shows a stereogram of the superposition of the CLIC1
structure (green) with that of the � class GST (red) (39). The view is
similar to that shown in Fig. 1, A and B.

TABLE III
Structural comparison between CLIC1 and sequence-related GSTs

Protein PDB code
r.m.s.d.

Overall N-domain C-domain

Å (no. of C� atoms)

GST � 1EEM 2.08 (163) 1.58 (67) 1.76 (110)
GST 
 1GNWa 1.59 (88) 1.22 (62) 2.06 (73)
GST 1AW9 1.96 (91) 1.59 (62) 1.91 (21)

a Ref. 54.

TABLE II
Native data collection and refinement statistics

Glutathione Yes
Space group P21 P21 P21
Lattice parameters

a � 45.18 46.41 46.51
b � 55.14 60.31 60.36
c � 88.96 89.43 89.63
� � 90.0 92.41 92.50

Number of crystals 1 1 1
Number of measured reflections 259,290 212,823 208,943
Number of unique reflections 81,729 48,235 44,693
Maximum resolution (Å) 1.4 1.75 1.80
Outer shell (Å) (1.42–1.40) (1.84–1.75) (1.90–1.80)
Completeness of data (%) 94.1 (94.0) 98.2 (97.0) 98.0 (93.9)
I/� 28 (6.5) 9.9 (1.6) 9.6 (3.4)
Rsym 0.03 (0.08) 0.044 (0.46) 0.046 (0.20)
Number of protein atoms 3,732 3,450 3,506
Number of water molecules 660 133 67
Crystallographic R-factor 0.138 0.243 0.253
Rfree 0.178 0.272 0.285
r.m.s.d. bond lengthsa (Å) 0.018 0.017 0.012
r.m.s.d. bond anglesa (°) 1.7 1.7 1.3
Ramachandran plotb (%)

Most favored region 94.0 92.9 92.0
Additionally allowed 5.6 6.8 7.2
Generously allowed 0.4 0.3 0.8
Disallowed 0 0 0

a From REFMAC5 (31).
b From PROCHECK (53).
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Glutathione Binding Site and the Structure of the
CLIC1�Glutathione Complex—The N-domain has a well con-
served glutaredoxin-like site for covalently interacting with
GSH. The amino terminus of helix h1 has the conserved Cys-
Pro-(Phe/Ser)-(Ser/Cys) motif (Fig. 1C), which corresponds to
Cys-Pro-(Phe/Tyr)-(Cys/Ser) in the glutaredoxins (41). The
thiol of Cys24 in CLIC1 is likely to be a highly reactive thiolate
with a low pKa due to its position at the amino terminus of helix
h1 (42) and the basicity of conserved Arg29 (which corresponds
to the conserved Lys/Arg in glutaredoxins) (41). Other con-
served portions of the GSH binding site include the cis-proline
Pro65 and Asp76 (marked with a pink bar on the sequence in
Fig. 1C). Thus, CLIC1 and the CLICs are likely to be GSH-de-
pendent redox-active proteins. Two of the CLICs (CLIC2 and
CLIC3) also have the second cysteine of the thioredoxin/glu-
taredoxin redox motif Cys-Xaa-Xaa-Cys (Fig. 1D). Thus, CLIC2
and CLIC3 could reduce a substrate at the expense of forming
a disulfide bond between the two cysteines of the thioredoxin/
glutaredoxin motif. This would then be reduced by glutathione
binding as per glutaredoxin.

Oxidized glutathione (GSSG) was soaked into the P21 � �
92° CLIC1 crystals. Difference electron density maps showed
prominent peaks (contoured at 4�) adjacent to Cys24 in both
monomers with no other significant peaks in the difference
map. This density corresponds to CLIC1-bound glutathione
(Fig. 3). Clear electron density was observed for the �-glutamyl
and cystyl portions of glutathione, while the glycyl portion
appears to be in at least two conformations with the cystyl �
angle at �0 and 180°, respectively. Glutathione binding has
induced only small changes in the protein structure (r.m.s.d. of
0.29 Å between monomer A in apo and glutathione-bound � �
92° crystal forms).

Glutathione appears to be covalently attached to Cys24 via a
disulfide bond; however, the electron density indicates that the
glutathione cystyl side chain adopts both the gauche� and
gauche� rotamers (�1 � 60 and �60°) with the former being the
major conformer. The �-glutamyl moiety is positioned in a
groove formed by the backbone of the loop joining helix h2 with
�-strand s3 and the side chain of Phe26 (Fig. 3, A and B). The
backbone amide of the glutathione cystyl moiety forms a hy-
drogen bond with the carbonyl of Leu64, while the carboxyl
group of the �-glutamyl moiety is hydrogen-bonded to the back-

bone and side chains of the loop joining �-strand s4 to helix h3
(Fig. 3B).

The site is more open than that observed in GSTs with fewer
interactions between glutathione and the protein. In our struc-
ture, we see no interactions between CLIC1 and either the
terminal nitrogen of the �-glutamyl moiety or the cystyl car-
bonyl group. These interactions are present in all structures of
GST�glutathione complexes. In all GSTs, with the exception of
the � class GST, the �-glutamyl nitrogen ligand comes from the
partner monomer in the GST dimer.

The glutathione binding site of CLIC1 differs from typical
eukaryotic GST glutathione sites in several other key aspects.
In GSTs, the protein not only binds to GSH, but it is designed
to ensure the nucleophilicity of the sulfur atom of GSH. This is
achieved by both the positioning of the GSH sulfur and the
hydrogen bond donors (tyrosine or serine residues conserved in
GSTs) that are poised to ensure that the GSH sulfur is a
reactive thiolate ion (36, 37). In contrast, the CLIC1 GSH site
appears to be designed to ensure the nucleophilicity of the
Cys24 sulfur atom as in the glutaredoxins. The � class GST is
more like CLIC1 than other eukaryotic GSTs, which is consist-
ent with its lack of activity toward most GST substrates (39).

A molecular surface representation of CLIC1 shows that the
bound glutathione lies to one side of a distinct slot that sepa-
rates the N- and C-domains (Fig. 3C). This slot is potentially a
substrate binding site for the target molecule of the CLIC1
redox activity. It differs from the substrate site in the � class
GST (and other GSTs) in that it is more open and elongated (cf.
Fig. 2). The slot is also basic, which is primarily due to clusters
of arginines and lysines at the carboxyl termini of helices h4
and h6 (top of the C-domain) and at the carboxyl termini of
�-strands s1 and s2 (top of the N-domain). The overall charge
distribution of CLIC1 is asymmetric as can be seen from the
electrostatic potential on the protein surface (Fig. 3C). Thus,
CLIC1 has a strongly dipolar character with the dipole moment
pointing up out of the GSH binding site/slot region. This is
similar to some thioredoxins and glutaredoxins and may be
related to substrate specificity (43).

Glutathione Binding to CLIC1 in Solution—Noncovalent
binding of GSH to CLIC1 appears to be weak. CLIC1 does not
bind to GSH-agarose gels (with the GSH conjugated either by
its sulfhydryl or its amino terminus). Preliminary GSH binding

FIG. 3. The structure of the
glutathione�CLIC1 complex. A shows
the location of bound glutathione on the
schematic representation of CLIC1. B
shows a close-up of the glutathione site in
a similar orientation as A. C shows the
electrostatic potential on the molecular
surface of glutathione-bound CLIC1 ori-
ented approximately as per Fig. 1B. Glu-
tathione can be seen at the edge of a slot
at the top of the molecule, which is sur-
rounded by the basic lobes of the N and
C domains. The electrostatic potential
and molecular surface were computed us-
ing the program GRASP (52). Note that
the negatively charged foot loop is absent
from A and C due to its disorder in this
crystal form.

Crystal Structure of the Chloride Ion Channel CLIC1/NCC27 44997

 by guest on July 22, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


studies using isothermal titration calorimetry have not been
able to detect any noncovalent GSH binding up to 10 mM GSH
indicating that the dissociation constant is greater than 10 mM.
This contrasts with the strong binding of GSH to GSTs (kd �
�M) (36). The weak binding is consistent with the more open
glutathione binding site observed in the crystal structure.

Covalent complexes between GSH and CLIC1 can be formed
under a variety of oxidizing conditions. Mass spectrometry
analysis shows that at least four glutathiones can covalently
bind per CLIC1 monomer (Table IV). We have fitted the data to
models consisting of four and six reactive thiols per CLIC1
monomer with the latter model giving a better fit (lower �	

2).
For both models, one protein sulfhydryl is significantly more
reactive than the rest, which are indistinguishable from each
other. The six-site model gave a solution with an equilibrium
constant Kox � 0.60 for the main site and Kox � 0.041 for the
remaining sites (�	

2 � 1.22), while for the four-site model Kox �
0.57 for the main site and Kox � 0.076 for the remaining sites
(�	

2 � 1.49). The distribution of glutathione-modified CLIC1
species predicted by the six-site model is compared with the
observed distribution in Table IV. In summary, both models
show that CLIC1 has a single reactive cysteine, which is dis-
tinct from the other cysteines.

Formation of Chloride Ion Channels by CLIC1 in Lipid Bi-
layers—The fact that CLIC1 (and the CLICs) are cytoplasmic
as well as membrane proteins in distribution and appear to
contain the domains of a functional GSH-dependent redox pro-
tein structurally related to the GST superfamily raises the
question as to whether CLIC1 is a just a regulatory element
controlling an integral membrane ion channel. Several lines of
evidence indicate that the CLIC proteins exist in a true integral
membrane form. First, the CLIC4 fraction that partitions in
the membrane is resistant to alkali extraction (8, 18, 22).
Second, immunogold electron microscopy using an antibody
generated against an 18-amino acid peptide from the carboxyl
terminus of p62 shows that the protein is localized to the
osteoclast ruffled border membrane with 66% of the gold beads
within one bead diameter of the membrane (15). Also, our
previous studies using epitope-tagged CLIC1-transfected CHO
cells indicate that CLIC1 is a transmembrane protein that
directly forms part of the ion channel whose conductance is
blocked by a monoclonal antibody to the epitope tag. Further,
we could deduce that the amino terminus projects outward, and
the carboxyl terminus projects inward from the plasma mem-
brane (12), indicating that the protein spans the membrane an
odd number of times. Finally, a recent study (13) has shown
that recombinant CLIC1 can form chloride ion channels in lipid
bilayers, but the characteristics of the channels differed from
those measured in CHO cells transfected with CLIC1 (5, 12).

To evaluate the ability of our purified recombinant CLIC1 to
form ion channels we used the tip-dip electrophysiological tech-
nique (34, 44). Following bilayer formation on the patch pi-
pette, we added the purified recombinant CLIC1 to the bath

solution. We were able to see current events on almost every
trial (95%). The CLIC1-mediated chloride conductance in lipid
bilayers is very similar to that which we have reported in the
inside-out configuration for CLIC1 in transfected CHO cells
(12). This similarity is demonstrated directly in Fig. 4A. Cur-
rent traces at the same potential (40 mV in the recording
pipette) are shown for inside-out (left) and tip-dip (right) patch-
clamp configuration. In Fig. 4B, we superimpose the current/
voltage plots obtained from five experiments in each recording
mode. The conductances, in equimolar 140 mM KCl, were
31.2 � 1.5 picosiemens for tip-dip and 29.6 � 1.9 picosiemens
for inside-out experiments.

Transmembrane Chloride Ion Channel Formation—Se-
quence analyses of all CLIC proteins have identified a 23-
residue segment (from Cys24 to Val46 in CLIC1) that is likely to
form a TM helix in the channel form of the protein (5, 7–10, 19,
21, 22). Experimental support for this hypothesis also comes
from proteinase K digestion studies of CLIC4 in endoplasmic
reticulum vesicles that show that the amino terminus is on the
luminal side and that approximately the first 50 residues (6.2-
kDa band on SDS-polyacrylamide gel electrophoresis) are pro-
tected from proteolysis (8). An alignment of the CLIC se-
quences between Cys24 and Val46 (CLIC1 numbering) shows
that this region may form a TM helix with Arg29 and Lys37

TABLE IV
Formation of glutathione-CLIC1 adducts

[GSH]/[GSSG]
Observed glutathione bound per CLIC1

0 1 2 3 4

% total protein (% calculated on six-site model)

0.0 6 13 40 29 12
0.1 13 (3)a 15 (21) 34 (36) 23 (28) 16 (11)
0.2 16 (9) 42 (40) 31 (34) 11 (13) 0 (3)
0.5 41 (31) 44 (49) 15 (17) 0 (3) 0 (0)
1.0 47 (51) 41 (41) 12 (7) 0 (1) 0 (0)
2.0 59 (69) 32 (28) 8 (2) 0 (0) 0 (0)

a Numbers in parentheses are % of total protein calculated on the
six-site model.

FIG. 4. Electrophysiology of purified recombinant CLIC1. Com-
parison between inside-out experiments using CLIC1-transfected CHO
cells and isolated CLIC1 protein inserted in lipid bilayers (tip-dip). A,
single-channel current recordings at 40-mV pipette voltage obtained in
inside-out (left) and tip-dip (right) configuration. B, single-channel cur-
rent/voltage relationships from five experiments in each configuration.
Experimental points were fitted by linear regression (p � 0.001). Sin-
gle-channel conductances are 32.2 � 0.067 and 28.82 � 0.012 pico-
siemens for lipid bilayer and inside-out experiments, respectively.
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(plus Lys40 in CLIC2) lining one face of the helix (Fig. 1D). The
central 10 amino acids (Leu30–Val39) are nonpolar (except
Lys37), while the flanking six to seven residues are more polar
in character with two conserved phenylalanines (Phe26 and
Phe41). This pattern is typical for transmembrane helices (45).
The basic residues may confer chloride ion selectivity to the
channel, which would need to be formed from CLIC multimers.

In our structure, the putative TM helix residues form helix
h1 and �-strand s2 of the N-domain (Fig. 1). These structural
elements are exposed on one face of the molecule, and the
nonpolar nature of the sequence results in a hydrophobic sur-
face patch formed by helix h1 and �-strand s2. This surface is
not hydrophobic in the proteins that are most closely related in
sequence to the CLICs (plant GSH-dependent dehydroascor-
bate reductases and the � class GST) (Fig. 1D). In these non-
CLIC proteins, the carboxyl-terminal end of helix h1 and the
exposed surface of �-strand s2 contain several additional
charged residues. The nonpolarity of helix h1 and �-strand s2
in the CLICs distinguish them from other members of the GST
superfamily.

For residues Cys24–Val46 to form a TM helix in the channel
form of CLIC1, the N-domain must undergo a radical unfolding
and refolding. The rearrangement of helix h1 and �-strand s2 is
likely to result in a complete rearrangement of the remainder
of the N-domain. We note that it is possible that CLIC1 forms
an integral membrane channel via a different mechanism.
However, all insertion mechanisms are likely to involve major
structural changes, the nature of which must await the results
of further experimentation.

Potential Modes of Regulation of CLIC1 Ion Channel Activ-
ity—The intact glutathione binding site along with the con-
served Cys24 in what is likely to be a redox-active state suggest
that CLIC1 activity is regulated by redox processes. In the
cytoplasm, GSH is present at �1–10 mM, and the conditions are
strongly reducing ([GSH]/[GSSG], �300) (46). Thus, the soluble
form of CLIC1 is likely to be free of glutathione, and Cys24 is
likely to be in a reduced state. Reactive oxygen species (e.g.
H2O2) or reactive nitrogen species (e.g. NO), which are known
to be cellular signaling molecules (47, 48), are likely to alter
the resting state of soluble CLIC1. Whether this results in
the insertion of soluble CLIC1 into the membrane or controls
channel activity by other means must await further
experimentation.

It is possible that CLIC1 and other CLICs use the GSH site
for targeting the chloride channel to a particular subcellular
location. The CLICs may bind to GSH-modified proteins by
recognizing the mixed disulfide. It is interesting in this regard
that CLIC5 forms an actin-containing complex (9), and that
actin is a major GSH-modified intracellular protein (49).

Action of Inhibitors—The discovery that the CLICs are mem-
bers the GST superfamily is not entirely surprising. As well as
predictions based on sequence similarity, p64, the first identi-
fied CLIC, was purified and characterized by its ability to bind
the chloride channel inhibitor IAA-94. This compound was
based on ethacrynic acid, which is a known GST-binding mol-
ecule (17, 50). In fact, the affinity purification experiments that
first isolated p64 concurrently isolated a GST (51).

Ethacrynic acid binds to GST in the (hydrophobic) electro-
philic substrate site (“H-site”), which is adjacent to the GSH
binding site (37). In GSTs, the H-site is formed by the loop
connecting �-strand s1 to helix h1 (the “floor”) and helix h4 plus
the carboxyl terminus (the “walls”) and helix h9 (the “lid”). This
corresponds to the more open and elongated slot seen in CLIC1
(Fig. 3C). Due to its structural homology to ethacrynic acid,
IAA-94 is likely to bind to the CLIC proteins in the slot (it has
been shown to be displaced by ethacrynic acid in bovine retinal

cortex vesicles (50)). Given the proximity of the slot to the GSH
binding site, the mechanisms of GSH and IAA-94 in CLIC1 are
likely to be related.

Mode of Action of CLIC Family Chloride Ion Channels—Our
findings result in the following picture of CLIC1 and, by ho-
mology, the CLIC family in general. The proteins exist in two
forms: a soluble form that has a GST fold and a transmembrane
form where the amino terminus is on one side of the membrane
and the carboxyl terminus is on the opposite side of the mem-
brane. In the soluble form, the protein has a well formed GSH
binding site, resembling that of glutaredoxin, which can form a
covalent complex with glutathione under oxidizing conditions
via Cys24. In a resting cell, the soluble form of the protein is
likely to be reduced and free of GSH; however, this state may be
altered by the action of redox-active molecules (such as NO and
H2O2). In the integral membrane form, the CLIC1 redox-active
site is likely to be disrupted since Cys24 is at the amino termi-
nus of the putative TM helix. The equilibrium between the
soluble and integral membrane forms of CLIC1 may be con-
trolled via a GSH-dependent redox mechanism in vivo.
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