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Summary

Chloride Intracellular Channel (CLIC) proteins possess the remarkable property of being able 

to convert from a water-soluble to a membrane channel state. We have determined the three-

dimensional structure of human CLIC2 in its water-soluble form by X-ray crystallography at 

1.8 Å resolution from two different crystal forms. In contrast to the previously characterized 

CLIC1 protein, which forms a possibly functionally important disulfide-induced dimer under 

oxidizing conditions, we show that CLIC2 possesses an intramolecular disulfide and that the 

protein remains monomeric irrespective of redox conditions. Site-directed mutagenesis 

studies show that removal of the intramolecular disulfide or introduction of cysteine residues 

in CLIC2, equivalent to those that form the intermolecular disulfide in CLIC1, does not cause 

dimer formation under oxidizing conditions. We show that CLIC2 forms pH-dependent 

chloride channels in vitro with a pH optimum of about 5 and the channels are subject to redox 

regulation. In both crystal forms we observe an extended loop region from the C-terminal 

domain, called the foot loop, inserting itself into an interdomain crevice of a neighbouring 

molecule. The equivalent region in the structurally related glutathione transferase superfamily 

corresponds to the active site. This so-called “foot-in-mouth” interaction suggests that CLIC2 

might recognise other proteins such as the ryanodine receptor through this interaction.

Keywords: chloride intracellular channels; CLIC2; pore-forming protein; ryanodine receptor; 

X-ray crystallography

Abbreviations used: CLICs, chloride intracellular channels; GSH, glutathione; GSTs, 

glutathione S-transferases; RyR2, cardiac ryanodine receptor 2; SEC, size-exclusion 

chromatography.
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The CLIC (Chloride Intracellular Channel) proteins are a family of highly 

homologous proteins that display both broad tissue and cellular distribution. They have been 

implicated in kidney function,1 cell division2 and bone resorption.3 The founding CLIC family 

member, p64, was discovered in a search for novel chloride channel inhibitors and was 

characterized as an intracellular chloride channel.4 Since then members of the family have 

been identified in many vertebrates such as amphibians, birds, fish and mammals. They may 

also exist in invertebrates such as sea squirts, nematodes and insects.1,5 Six CLICs have been 

identified in humans (CLICs 1 to 6), each consisting of a highly conserved core (40-80% 

sequence identity) of ~230 amino acids with a less homologous hydrophilic N-terminal 

extension in some. It was proposed that the conserved core would likely adopt the canonical 

fold of the glutathione S-transferase (GST) superfamily based on sequence similarities6 and 

this was subsequently confirmed with the crystal structure determination of human CLIC1 at 

1.4 Å resolution. 7

The function of CLIC proteins is not clear. The first CLIC to be characterized, p64 (a 

CLIC5 homologue), was shown to form chloride channels in planar lipid bilayers and lipid 

vesicles.8 Evidence for other CLIC proteins forming channels has been presented including 

CLIC1,7,9-11 CLIC3,12 CLIC413 and CLIC5.14 CLIC proteins can localize to distinct cellular 

membranes including the nuclear membrane, lysosomal membranes, mitochondria, Golgi 

membranes, cell-cell junctions and the plasma membrane.15-18 CLIC channel activity has been 

linked to a number of disease processes. Functional expression of CLIC1 chloride channel 

conductance is associated with microglia-mediated neurotoxicity of A, the peptide centrally 

implicated in Alzheimer’s disease.19 Altered expression of CLIC4 induces apoptosis in 

several cell types in vitro and retards growth of grafted tumours in vivo.20 However, to date 

most of the evidence that CLIC proteins form channels is based on in vitro experimental 

systems and thus their physiological roles remain to be established. CLICs are known to TM
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associate with a number of different types of proteins including cytoskeletal and scaffold 

proteins18,21-23 and are the targets of phosphorylation.12,24,25 Thus CLIC proteins may play a 

variety of roles that involve interaction with other proteins or membranes.

The ability of some CLIC proteins to form chloride-selective channels in vitro despite 

possessing no obvious transmembrane regions of primary structure has made them a 

fascinating protein family to study. The ability to convert from soluble protein to membrane 

channel has also been observed for bacterial pore-forming protein toxins26,27 and because of 

this property they are sometimes referred to as Janus proteins after the Roman two-faced god. 

A class of such toxins called the -PFTs do not possess hydrophobic stretches of primary 

structure but adopt transmembrane regions through dramatic changes in protein structure. 

Thus there may be common features between CLICs and pore-forming toxins in their 

mechanism of membrane insertion. 

CLIC2 is one of the least characterized CLIC family members. At least two isoforms 

are known to exist with the difference being an 18 residue insert occurring immediately after 

the first -strand.5 CLIC2 is found in most tissues except the brain with high expression levels 

in the lung and spleen.28 CLIC2 inhibits cardiac ryanodine receptor calcium release channels 

suggesting CLIC2 may function to regulate calcium release from intracellular stores in heart 

and skeletal muscle.28,29

We have initiated structural studies of CLIC2 with the aims of understanding how it 

forms channels in membranes and whether the structure provides clues to other roles the 

protein might play. Here we present the structure of human CLIC2 to high resolution 

determined from two different crystal forms. We show that the protein can form chloride 

channels in vitro at low pH that are redox controlled. The crystal structures suggest how 

CLIC2 can recognise other proteins such as its known interaction with the ryanodine receptor.
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Overall structure of human CLIC2

We have determined the structure of human CLIC2 from two different crystal forms, 

denoted A and B, to a resolution of 1.8 Å (Table 1). The CLIC2 molecule is box-shaped (~ 60 

Å x 60 Å x 35 Å), consisting of two domains (Figure 1(a),(b)). The N-terminal domain 

(residues 1 to 94) adopts a thioredoxin-like fold consisting of a four stranded mixed -sheet 

with two -helices running parallel to the sheet on one face (1 and 3) and one helix (2) 

running perpendicular to the sheet on the other face. The electron density for helix 2 is 

poorly resolved in both crystal forms where no unambiguous electron density could be 

obtained for residues 56-65 or residues 61-68 in crystal form A and B, respectively. The C-

terminal domain (residues 107 to 245) is all helical and contains a long loop (residues 152 to 

180) between helices 5 and 6, a feature characteristic of the CLIC family which has been 

referred to previously as the foot loop.7 The two domains are connected by an interdomain 

loop (residues 95 to 106) that is rich in proline residues (4 out of 12 residues). There are two 

cis prolines in the structure: at the di-proline, Pro 70 – Pro 71, in the N-terminal domain and 

at another di-proline, Pro 96 – Pro 97, located in the interdomain loop. 

In crystal form A two glutathione (GSH) molecules are bound. The first GSH (GSH1) 

is located on the surface of the N-terminal domain (Figure 1). The second GSH (GSH2) is 

located between two CLIC molecules in the crystal lattice with contributions from helix 5 of 

one molecule and the interdomain loop in the other. Both molecules are highly mobile 

compared to the protein (Table 1). GSH1 binds to a shallow, mostly hydrophobic cavity. The 

binding site is formed by strand β2, residues 24-28 in loop β1/α1 and helix α1 in the N-

terminal domain and helix α8 in the C-terminal domain. The interaction is governed by shape 

complementarity with two van der Waals contacts and hydrogen bonding (3.1 Å) between 

β1/α1 loop residue Glu 25 and the amino group of the γ-glutamyl moiety of GSH. GSH2 

binds to a hydrophobic pocket between the two symmetry related molecules. The interaction 
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is governed by shape complementarity with 3 van der Waals contacts (between Ala 131 and 

Phe 135 of one molecule and Pro 100 from the other molecule) and hydrogen bonding (3.0 Å) 

between Asn 134 and the carboxyl group of the -glutamyl moiety of GSH. GSH was found 

to be an essential ingredient in the crystallization of both crystal forms although no GSH 

molecule was identified in form B. There is no evidence of covalent modification by GSH of 

any of the four cysteine residues in CLIC2.

There is one molecule in the asymmetric unit of each crystal form. They superimpose 

reasonably well with a root-mean-square deviation of 1.0 Å or 0.7 Å if the foot region is 

excluded (Figure 1(c)). The largest deviations in the N-terminal domain are: a disordered 

region between residues 55 and 69 (which includes helix 2 and its flanking regions) and a 

loop (residues 80 to 84) that connects -strand 4 to helix 3. The structure of both crystal 

forms reveal an intramolecular disulfide bridge between Cys 30 and Cys 33 with a right 

handed hook conformation (Figure 1(d)). The residues in the vicinity of the disulfide 

superimpose closely between the two crystal forms with the exception of two loops (maximal 

deviations at Pro 70 and Phe 83 respectively); the changes appear to be due to structural 

changes transmitted from different conformations of the neighbouring helix 4 (Figure 1 (d) 

and see below).

Within the C-terminal domain, residues in parts of helix in the C-terminal domain 

show large deviations in the two crystal forms. In crystal form B the interdomain loop leads to 

a long, continuous helix 4 (residues 108-125), whereas in form A this helix is broken 

between residues 112-115 (helix 4a, residues 108-111; helix 4b, residues 116-125). Other 

differences in the C-terminal domain include residue 127 in the loop connecting helices 4 and 

5, in the foot loop (residues 154 to 168) and the C-terminus (residues 244 to 245). All the 

above differences can be ascribed to crystal lattice contacts. The foot loop extends away from 

helix 5 before making a 180° turn between residues 158 to 164 (Figure 1(a),(b)). The loop 
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then extends perpendicular to helix 5, along the base of helices 4 and 7 before joining 

helix 6.  Taking the foot loop in isolation, both crystal forms display similar topology 

having root-mean-square deviation of 1.7 Ả (Figure 1(c)). This similar topology is due to the 

maintenance of side-chain to side-chain, side-chain to main-chain and hydrophobic 

interactions between the two crystal forms and their respective symmetry mates. The 

differences between the crystals forms within the foot loop are due to slight differences in 

crystal contacts and limited hydrogen bonding either within the molecules or between 

symmetry related molecules. -strand hydrogen bonding is seen between Ala 163 and Ile 158 

in crystal form B (Figure 1(b)) but not in form A. When the structures derived from the two 

crystals forms are compared in Ramachandran space, the largest deviations are found in the 

foot loop, namely Ala 163 and Glu 164. The foot loop extends into a groove of a symmetry 

related molecule that we call the mouth region (Figures 1,2). Out of the 20 residues within the 

foot loop, seven are negatively charged and fit into the positively charged groove (Figure 2). 

Hydrophobic interactions are supplied by the highly conserved Ile 158 that sits in a 

hydrophobic pocket surrounded by residues Val 242, Tyr 239 and the akyl chain of Lys 125 

(Figure 2(b)). The root-mean-square deviation between the two crystal forms in the portion of 

the foot loop that interacts with the mouth region (residues 151 – 171) is 1.5 Ả, highlighting 

the very similar conformations despite the different crystal lattices.  

Similarity to other CLIC structures

The structures of two other CLIC proteins have been determined: human CLIC17,11

and human CLIC4.30,31 CLIC2 shares 60% sequence identity with CLIC1 and 63% sequence 

identity with CLIC4. The overall structures are similar with an overall r.m.s deviation 

between CLIC2 and CLIC1 (PDB code: 1K0M) on -carbon atoms of 1.8 Å (for 224 

matching residues) or 0.9 Å if the foot loop region is excluded (Figure 1(e)). The overall r.m.s 
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deviation between CLIC2 and CLIC4 (PDB code: 2AHE) on -carbon atoms of 0.8 Å (for 

211 matching residues with the foot loop region being disordered in CLIC4) (Figure 1(e)). 

The most significant differences are at the N- and C-termini, residues 53 to 70 corresponding 

to helix 2 and its flanking regions (CLIC1: residues 47-64; CLIC4: residues 58-75) and the 

foot loop (Figure 1(e)). Helix 2 is highly flexible in other CLIC proteins, being partially 

disordered in CLIC431 or adopting alternative conformations when crystallised in different 

crystal forms of CLIC17 and CLIC4.30,31 The foot loop region is highly mobile and even 

disordered in the CLIC4 structures. Comparing the foot loop region between CLIC2 and 

CLIC1 (Figure 1(e)), the conformations are similar for the first three residues to residue Leu 

154 (Leu 148 in CLIC1). This highly conserved residue lies in a hydrophobic pocket between 

helices 4 and 5. In CLIC2, the foot loop then adopts a hairpin turn due to a di-proline 

sequence which instead is a short helix in CLIC1. The loop regions converge again at the 

highly conserved residue Arg 171 (Arg 165 in CLIC1). This residue makes both side-chain 

and main-chain interactions with residues located in helix 5. The foot loop in CLIC4 

appears to protrude into the mouth region of a neighbouring molecule although a lot of the 

region is disordered in the crystal.30 In crystal form B helix 4 forms a continuous helix 

whereas in all other CLIC structures this helix is broken between residues 112 and 115. 

In the CLIC1 structure GSH was found bound to Cys 24 (equivalent to Cys 30 in 

CLIC2), which is located in the interdomain interface and corresponds to the GSH binding 

site in GSTs (see below) (Figure 1(f)).7 Many of the interactions between GSH and CLIC1 

were retained by analogous residues in the GSTs.32 However, most of the residues in CLIC1 

that interact with GSH are lost in CLIC2 with the exceptions of Lys 19 (Lys 13 in CLIC1) 

which could interact with the GSH glycyl carboxylate and Cys 30 (Cys 35 in CLIC1) which 

could form a mixed disulfide with GSH (Figure 1(f)). The introduction of the diproline at 

residues 70-71 disrupts the Xxx-cis-Pro motif seen in CLIC1 and GSTs which forms an anti-TM
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parallel -sheet interaction with the backbone of GSH. This diproline motif is conserved in all 

vertebrate CLIC2, CLIC4, CLIC5 and CLIC6 proteins while the Leu-Pro variant is only seen 

in mammalian CLIC1 and mammalian and avian CLIC3.5 In CLIC2 Phe 83 would block the 

-glutamyl portion of GSH from binding (Figure 1(f)). Finally, the disulfide between Cys 30 

and Cys 33 of CLIC2 would need to be reduced to allow GSH to bind (Figure 1(f)). In 

summary, the GSH binding site seen in CLIC1 is absent in CLIC2.

Similarity to GSTs

CLIC2 adopts the same topology of secondary structure as GSTs and most closely 

resembles beta, omega, tau and zeta GSTs with r.m.s. deviations on -carbon atoms of 

approximately 2 Å against each GST. This value is well within the range found for 

superposition of GSTs from different classes.32 Four key residues are conserved in virtually 

all GSTs and CLICs: a cis-proline residue (Pro 71 in CLIC2) that provides the correct active 

site geometry for binding GSH in GSTs, an aspartic acid residue (Asp 183 in CLIC2) that 

forms an N-terminal helix capping interaction and two glycine residues that play structural 

roles. An obvious difference between CLIC2 and GSTs is that the former is a monomer 

whereas the latter are dimers. However, there are at least two reported cases of monomeric 

GSTs33,34 and in the beta35 and sigma36 class GSTs the dimer interface is very polar which is 

thought to be a relic of their ancestral origins within the monomeric thioredoxin superfamily. 

The CLIC2 domain interface is predominantly hydrophobic and the linker region between the 

two domains provides a large hydrophobic residue (Leu 102 in CLIC2) as a wedge between 

the two domains as found in most GST structures. 

There is some evidence that CLIC2 possesses enzymatic activity28 and it is likely that 

its active site (that we term the mouth region) is in the same location as found in GSTs. The 

GST active site is located at a crevice between the two domains and consists of a GSH TM
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binding site (G-site) and a binding site for hydrophobic electrophilic compounds (the H-site).

A characteristic feature of GSTs is the mode of GSH binding: GSH binds in an extended 

fashion so that it forms an anti-parallel -sheet-like interaction between its peptide backbone 

and the backbone of the residue preceding the strictly conserved cis-proline residue in the 

protein. We don’t observe GSH binding in the mouth region of either crystal form despite the 

presence of GSH in the crystallisation conditions. GST residues involved in binding GSH are 

nearly all substituted by non-conservative replacements in CLIC2 and hence there is no 

obvious GSH binding site in CLIC2 (also see above). Helix 2, which lines the G-site, is 

normally a highly flexible region in mammalian GSTs as it is in both crystal forms of CLIC2 

reported here. The most striking feature of the CLIC2 mouth region is the presence of the 

intramolecular disulfide bridge between Cys 30 and Cys 33 (Figure 1(b)). 

The partly buried H-site in CLIC2 is reminiscent of the human alpha37 and theta 

class38 structures where the active sites are also partly covered by a C-terminal helical 

extension. Nevertheless, the CLIC2 mouth region is located in a wide crevice (Figure 2) 

which is reminiscent of some GST active sites, particularly the beta and omega class GSTs 

where it has been suggested that the site is sufficiently large to accept protein targets.35,39

An obvious difference between the CLIC and GST families is the long, highly charged 

loop region, the foot loop, (from Thr 152 to Thr 180) at the base of the CLIC molecule. In 

CLIC2 there are 8 acidic residues in this region and the number varies between 3 and 7 in 

other family members. Another hotspot of negative charge occurs in the C-terminal helix 9 

(residues 232 to 239) where there are 3 acidic residues. CLIC2 has a pronounced basic mouth 

region like many GSTs (Figure 2).
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Influence of the intramolecular disulfide on oligomer formation 

The structure of CLIC2 revealed an intramolecular disulfide bridge between Cys 30 

and Cys 33 (Figure 1(d)). In contrast, CLIC1 was shown to have no disulfides in the 

monomer state but an intramolecular disulfide formed in the dimer state between residues Cys 

24 and Cys 59.11 The corresponding residues in CLIC2 are Cys 30 and Ala 65 and hence such 

a disulfide is not possible in CLIC2. Nevertheless we wanted to examine whether CLIC2 

could undergo the same dramatic changes in conformation by engineering cysteine residues at 

the appropriate positions. The following mutants were generated: (1) C33A in order to 

remove the intramolecular disulfide in CLIC2, (2) A65C to make the equivalent disulfide 

(Cys 30/Cys 65) observed in the CLIC1 dimer possible, and (3) C33A/A65C in order to 

stabilise the possible Cys 30/Cys 65 disulfide by eliminating both the Cys 30/Cys 33 disulfide 

and the possibility of a Cys 33/Cys 65 disulfide. 

We used size-exclusion chromatography (SEC) and SDS-PAGE to test the effect of 

these mutations on the oligomeric state of CLIC2 under varying redox conditions (data not 

shown). Wild-type CLIC2 runs as a monomer as judged by SEC under both reducing and 

oxidising conditions and under different ionic strength conditions. The C33A mutant runs as a 

monomer under reducing conditions but with evidence of a small amount of dimer and larger 

amounts of higher aggregate formation under oxidising conditions. The latter do not appear to 

be linked by intermolecular disulfides as judged by SDS-PAGE. The A65C mutant is also 

monomeric under reducing conditions but increasing levels of dimers are observed under 

oxidising conditions. SDS-PAGE reveals that these dimers contain intermolecular disulfides 

so are not analogous to CLIC1 dimers. The double mutant C33A/A65C runs mostly as a 

monomer under reducing conditions with some small amounts of dimer and higher order 

aggregates. The amount of dimer and higher order aggregates increases only slightly under 

oxidising conditions, indicating some involvement of C33 in the disulfide-linked dimers seen 
TM
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for the A65C mutant. In summary, the mutations do not provide any evidence that CLIC2 can 

undergo a conformational change and dimerisation similar to that seen for a CLIC1.

Chloride efflux experiments

Previous studies have shown that both CLIC1 and CLIC4 produce chloride efflux 

from artificial liposomes with the flux increasing at acidic pH.10,11,30  The flux data for human 

CLIC2 appears to be very similar to what was observed previously for CLIC1 and CLIC4,11,30

except with a small notable pH shift in its response (Figure 3(a)). The CLIC2 flux is minimal 

at pH 8 and increases markedly with decreasing pH. The other CLIC proteins differ in the 

position of the efflux minimum, which occurs between pH 7 to 7.5 for CLIC430 and pH 7.0 

for CLIC1.10

Channel activity

Single channel currents were observed when soluble CLIC2 was added to artificial 

lipid bilayers using tip dip electrophysiology (Figure 3(b)). The single channel conductance 

was measured at 48.4±1.2 pS, which is higher than the conductance observed for CLIC1 

(28±9 pS)11,40 and CLIC4 (30±2 pS)30 under similar conditions (Figure 3(c)). The probability 

of observing single channel currents after the addition of CLIC2 to the tip dip chamber shows 

a strong pH dependence, with no currents observed at pH 8, increasing to 0.67 at pH 5 (Figure 

3(d)). This is consistent with the pH response observed in the chloride efflux experiments 

with a minimum at pH 8.0 (Figure 3(a)). When current measurements were carried out under 

reducing conditions, in the presence of 5 mM DTT, no channel activity was observed, as 

seen for CLIC111 and CLIC4.30 Channel opening sub-states were observed for CLIC2 (data 
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not shown). Similar sub-states have been observed for other CLICs and interpreted as CLIC 

channels consisting of variable number of subunits.40,41

Functional consequences of similarities to other proteins?

A search of the Protein Data Bank for similar folds to CLIC2 shows it most closely 

resembles the beta, omega, tau and theta classes of GSTs (after omitting hits to other CLIC 

proteins). Despite the structural similarities between GSTs and CLICs, CLIC2 has been 

shown to display a low affinity for GSH and is not retained on GSH affinity columns.28 Nor 

do we see GSH bound to the mouth region in either crystal form despite it being an essential 

ingredient in the crystallization of both forms. Furthermore, nearly all the GST residues that 

are normally found to interact with GSH are replaced by non-conservative substitutions in 

CLIC2 to such an extent that the site no longer looks like it is capable of binding GSH. In 

crystal form A, we do see a GSH molecule bound weakly to a surface of the N-terminal 

domain (Figure 1(a)) but the paucity of interactions between protein and ligand suggests the 

observed interaction is unlikely to be physiologically relevant. In contrast GSH does bind to 

the mouth region of CLIC1 where it forms a mixed disulfide bond between it and Cys 24 

(Figure 1(f)), a highly conserved residue in the CLIC protein family,7 which corresponds to 

the catalytically essential cysteine in omega class GSTs.39 However, even with CLIC1, no 

non-covalent GSH binding was observed and in the crystal structure of the covalent GSH-

CLIC1 complex, the GSH moiety shows considerable disorder with few specific non-covalent 

interactions with the protein.7

The beta and omega GSTs, like CLIC2,28 do not display GSH-conjugating activity 

towards a broad range of common GST substrates which has prompted searches for novel 

functions.35,39,42,43 All three proteins possess a conserved cysteine residue located at the N-

terminus of helix 1.  In the omega GSTs and CLICs the cysteine residue is part of a TM
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sequence motif, CP[FS][CSA], which corresponds to the CXX[CS] active site motif of the 

thioredoxin superfamily. In CLIC2 both cysteines of the motif are present, unlike in CLIC1 

and omega class GSTs where only the first cysteine is conserved. In oxidised forms of 

thioredoxin family members, the two cysteines can form an intramolecular disulfide as seen in 

CLIC2. This raises the possibility that CLIC2 could have glutaredoxin-type activity. 

However, CLIC2 displays no thioltransferase activity making it distinct from glutaredoxins 

and omega class GSTs.28 3-D fold similarity searches revealed that CLIC2 closely resembles 

a number of thioredoxin superfamily members including E. coli glutaredoxin 2 (Grx2; PDB 

code: 1g7o) and its N-terminal domain resembled NrdH-redoxin (PDB code: 1h75) and a 

mammalian thioltransferase (PDB code: 1kte). Of particular interest is NRDH-redoxin which, 

like CLIC2, possesses a CXXC motif where the cysteines are disulfide bonded, and does not 

have a GSH binding site despite possessing significant homology to glutaredoxins but has a 

wide H-site suggesting it could interact with redox protein partners.44 CLIC2 does display 

weak peroxidase activity, an activity it shares with many GST family members.28 These 

observations suggest that CLIC2 may have some yet to be discovered enzymatic activity.

CLIC2 recognition of binding partners

The insertion of the foot loop into the CLIC2 mouth region of neighbouring 

molecules, as observed for CLIC4,30 is suggestive that CLIC2 might bind other proteins. By 

analogy with thioredoxins, Harrop et al.7 have previously postulated that the wide mouth 

region of CLICs might accommodate a putative protein target. Within the CLIC family there 

is a relatively low sequence conservation of the foot loop although it does tend to possess a 

net negative charge. The conformations of the foot loop regions that enter the mouth regions 

of neighbouring CLIC2 molecules in our structures are strikingly similar in both crystal forms 

(Figure 1(c)). The mouth region itself bears a net positive charge and hence complements the TM
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net negative charge of the foot loop (Figure 2). The region of interaction is from residue Asp 

156 to Pro 167 of the foot loop with a mixture of main-chain and side-chain interactions. 

CLIC2 is a known regulator of cardiac ryanodine receptor 2 (RyR2) channels and does 

so by binding directly to the cytoplasmic side of the channels.29 Mutation of Cys 30 in CLIC2 

markedly affects its inhibitory properties on RyR2 channels suggesting the receptor binds to 

the mouth region of CLIC2.29 Based on our observations of the acidic foot loop region 

binding into the mouth of CLIC molecules, we searched the amino acid sequence of RyR2 for 

acidic-rich stretches. We found 25 such stretches (defined as 5 or more acidic resides in 12 

residues windows). One stretch, 1988-DDKSECPCPEE-1998, looks particularly intriguing 

with two cysteines and two proline residues. The CLIC2 mouth region is rich in cysteine and 

proline residues (Figure 1(f)) and the acidic rich loop that pokes into the mouth has proline 

residues near its tip. This region in RyR2 is located in the cytoplasmic domain of the 

channel45 consistent with the observation that CLIC2 binds to this domain.29

Concluding remarks 

In this present study we have determined the crystal structure of human CLIC2. We 

show it adopts a very similar fold to the CLIC1 and CLIC4 proteins with the major 

differences being in the mobile helix 2 region and the foot loops. Two unusual features of 

the CLIC2 structure are the presence of an intramolecular disulfide in the N-terminal domain 

and the insertion of the foot loop regions into the mouth regions of neighbouring molecules in 

the crystal lattice. We demonstrate for the first time that CLIC2 can form chloride channels 

with maximal activity at low pH and that channel activity is controlled by redox conditions 

with activity disappearing in the presence of reducing agent. 
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A number of workers have speculated how CLIC proteins can insert into membranes 

to form ion channels7,11,32,41,46 but there is a paucity of supporting experimental data. We will 

use the CLIC2 crystal structure to guide for further experimental work with the aim of testing 

the various models of membrane insertion.
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Protein Data Bank accession numbers 

The atomic coordinates and structure factors (accession codes XXX and YYY) have 

been deposited in the Protein Data Bank, Research Collaboratory for Structural 

Bioinformatics, Rutgers University, New Brunswick, NJ (http://www.rcsb.org).
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Figure legends

Figure 1. Three-dimensional structure of CLIC2. Views in ribbon style of CLIC2 determined 

from both crystal forms. (a) Crystal form A with the two bound GSH molecules shown in 

stick fashion. The foot loop region from a symmetry related molecule is shown in magenta. 

(b) Crystal form B. The foot loop region from a symmetry related molecule is shown in cyan. 

(c) An overlay of the two structures shown in ribbon representation and using the same colour 

scheme as in panels (a) and (b). (d) Close up view of the CLIC2 mouth region showing a 

superposition of the two crystal forms. The structure from crystal form B is shown in pink. 

An intramolecular disulfide is formed between Cys 30 and Cys 33 and preserved in both 

structures. Key residues discussed in the text are shown in stick fashion. (e) Superposition of 

the alpha-carbon trace of all 12 independent views of available CLIC crystal structures. 

CLIC2 from crystal forms A and B are shown in blue and brown respectively. The other 

CLIC structures7,30,31 are shown in grey. (f) Superposition of the mouth region of CLIC2 and 

human CLIC1.7 The latter is shown in green. Bound GSH from CLIC1 is shown in yellow 

stick. Residue labels are for CLIC2 only. All figures were generated using the program 

PYMOL.47

Figure 2. Interaction between foot loop and the mouth region in symmetry related CLIC2 

molecules. The surface of the CLIC2 structure (crystal form A) is coloured by residue 

property: blue is basic and red is acidic. The foot loops of symmetry related CLIC2 molecules 

(residues 156 to 164) are coloured in magenta and green for crystal forms A and B, 

respectively with main-chain atoms shown as a “worm” and side-chain atoms as sticks.  (a) 

Orthogonal views of the foot loop binding into a deep, positively charged groove. (b) Close 

up view into the foot loop interaction site.
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Figure 3. Chloride efflux and tip-dip experiments on human CLIC2. (a) The pH effect on the 

chloride efflux for human CLIC2.  The data shown are representative of two independent 

experiments over the pH range of 5.0 to 9.0.  CLIC2 protein (grey bars) or control buffer 

(black bars) were added to the chloride loaded liposomes in the required chloride-free pH 

buffer. 1.0 M valinomycin was added to potentiate the chloride-driven efflux from the 

liposomes and the chloride release monitored continuously for 240 seconds.  Triton X-100 

(1% v/v) was added to normalise the chloride release from the liposome vesicles at the end of 

the 240 second period. (b) Tip-dip experiments on human CLIC2. Single channel recordings 

at different membrane potentials (indicated on the left of each trace). (c) Single channel 

current/voltage relationship relative to four experiments similar to the examples in (b). The 

single channel conductance is 48.4 ± 1.2 pS. The curve was obtained by fitting current 

amplitudes from -80 and +80 mV membrane potential by a linear regression function. At 

higher potentials, both negative or positive, the single channel currents rectify like other CLIC 

i/V curves. (d) Histogram of data from three different days in which trials were alternated at 

four different pH values. The number of successful experiments compared to the number of 

trials is shown above each column. The increase in the probability of observing channel 

openings at pH 5 is highly significant (p<0.01).
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Table 1. Crystallographic data and refinement statistics

Data collectiona

Crystal Form A Form B

Space group P212121 P21

Cell dimensions (Å) 44.0, 74.7, 79.8 36.0, 66.9, 44.1

 (º) 90.0 99.9

Resolution (Å) 1.85 (1.92-1.85) 1.86 (1.95 – 1.86)

No. of crystals 1 1

Temperature (K) 100 100

Wavelength (Å) 1.0875 1.54182

No. of observations 732050 102405

No. of unique reflections 23144 16303

Multiplicity 10.5 (4.9) 6.0 (5.3)

Data completeness (%) 93.9 (62.0) 99.5 (84.3)

I/(I) 31.3 (2.8) 24.2 (5.1)

Rmerge (%) 6.8 (30.6) 4.7 (31.5)
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Refinement 

Crystal Form A Form B

Non-hydrogen atoms

Protein 1836 1907

GSH 40 -

Water 125 145

Resolution (Å) 1.85 1.86

Rcryst (%) 21.5 16.4

Rfree
b (%) 25.0 22.2

Rms deviations from ideality

           Bond length (Å) 0.016 0.022

           Bond angles (˚) 1.5 1.7

Mean B-factors (Å2)

           Main-chain 36.8 15.2

           Side-chain 37.9 17.6

           Water 37.8 30.0

           GSH 63.4 -

Residues in the most 

favoured regions of the 

Ramachandran plot (%)

93.0 92.1

Residues in the disallowed 

regions of the Ramachandran 

plot (%)           

0 0.5
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Details of the cloning, protein expression and purification have been previously described in 

detail.28 Briefly, CLIC2 was expressed in E. coli M15[pREP4] cells as a N-terminal His-

tagged fusion protein and purified by Ni affinity chromatography. The protein was further 

purified by gel filtration and then dialysed into 50 mM HEPES pH 7.5 and 100 mM NaCl and 

concentrated to 7.3 mg/ml for crystal form A and 15 mg/ml in 20 mM Tris-HCl pH 7.5, 50 

mM NaCl for crystal form B. All crystallisation experiments were carried out using the 

hanging-drop vapour-diffusion technique using 24-well Limbro tissue culture plates (ICN 

Inc.) at 19 °C. Drops were formed by mixing equal volumes (1 l) of protein solution and 

reservoir solution. For crystal form A the reservoir solution contained 35% - 50% (v/v) PEG 

400, 100 mM Tris-HCl pH 8.0 – 9.2 and 5 mM GSH. Crystals appeared after 2 to 3 days. For 

crystal form B the reservoir solution contained 30% - 32% (v/v) PEG 400, 100 mM Tris-HCl 

pH 7.5 and 5 mM GSH. Crystals appeared after 3 days and were used immediately for X-ray 

data collection. GSH was found to be a necessary ingredient for both crystal forms. 

For crystal form A, X-ray diffraction data were collected on BioCARS beamline 14-

ID-B at the Advanced Photon Source in Chicago, USA (Table 1). Crystals were mounted in 

cryo-loops (Hampton Research, CA) and transferred directly into a stream of nitrogen gas 

maintained at 100K. The structure was determined by molecular replacement using AMoRe48

with the published CLIC1 structure7 as a probe. Subsequent rounds of model building were 

carried out using TURBO49 together with molecular refinement using CNS50 and REFMAC.51

The X-ray data collection and refinement statistics are shown in Table 1. Using TLS 

refinement52,53 in REFMAC the model has been refined to a crystallographic R-factor of 

21.5% (Rfree of 25.0%). The final model includes residues 11 to 245 and 125 water molecules. 

The model is of excellent quality as judged by stereochemical parameters according to 

PROCHECK.54
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For crystal form B, X-ray diffraction data were collected in-house using a Rigaku 

RU200H generator equipped with mirror optics (Xenocs) and a MARResearch 345mm 

imaging plate detector. Crystals were maintained at 100 K using an Oxford Cryostream. 

Diffraction data were integrated using MOSFLM55 and scaled using SCALA.55 Data statistics 

are shown in Table 1. Molecular replacement using the previously determined CLIC2 crystal 

form A was carried out using PHASER.56 Subsequent rounds of model building using COOT57

together with molecular refinement using REFMAC551 were carried out using all data to the 

highest resolution. The wild-type model has been refined to a crystallographic R-factor of 

16.4% (Rfree of 22.2%). The final model includes residues 11 to 245 and 145 water molecules 

(Table 1). The model is of excellent quality as judged by stereochemical parameters according 

to PROCHECK.54 There is one residue, Phe 83 which is located in the CLIC2 mouth region, in 

the disallowed region of the Ramachandran plot. The electron density for the backbone of this 

residue is very clear and hence it has a highly strained conformation. 

CLIC2 mutants, C33A, A65C and C33A/A65C, were made by site-directed 

mutagenesis using the Quik Change Site-Directed Mutagenesis Kit (Stratagene) according to 

the manufacturer’s instructions. The mutant isoforms were expressed as His-tagged-ubiquitin 

fusion proteins from the pHUE plasmid and purified by Ni affinity chromatography and  

ubiquitin specific protease digestion as described by Cantanzariti et al.58 Size exclusion 

chromatography was carried out on an Akta purifier workstation using a Superdex 75 10/300 

chromatography column (GE Biosciences), with the mobile phase (Buffer A), comprising 50 

mM sodium phosphate, pH 7.4 and 100 mM sodium chloride, pumped at a constant 0.5 

ml/minute. For reducing or strongly oxidising conditions, 5 mM DTT or 5 mM H2O2 were 

added to buffer A, respectively. Protein samples were diluted approximately 10-fold to 0.5 

mg/ml in Buffer A and incubated at room temperature for 15 minutes prior to 

chromatography. Elution times were calibrated using low molecular weight protein standards 

(BioRad). Gel electrophoresis was carried out using standard non-reducing SDS-PAGE. 
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Chloride efflux assay was performed as described previously.11 Briefly, 400 nm 

unilamellar liposomes (soybean phosphatidylcholine:cholesterol 9:1 w:w; Sigma P-5638 and 

C-8662, respectively) were prepared by extrusion (Avestin Lipofast extruder) in 5 mM 

sodium phosphate buffer 200 mM KCl pH 6.0. Extravesicular chloride was removed by 

desalting on Bio-Gel P6DG spin columns (Bio-Rad Laboratories Inc) equilibrated in 330 mM 

sucrose, 5 mM sodium phosphate at the required pH (pH range 5 to 9). Human CLIC2 was 

also equilibrated into the same pH buffer and added to the liposomes in a total volume of 4 

mL. A chloride selective electrode (Radiometer Pacific) was used to monitor the potential 

driven chloride efflux from the vesicles upon the addition 1 mM valinomycin. Triton X-100 

was added to a final concentration of 1% after 240 seconds to normalize chloride release from 

vesicles. All experiments were carried out in the absence of reducing agent so as not to 

interfere with the probe. 

Single-channel recordings from lipid bilayers were obtained using the tip-dip method, 

as previously described.40 In brief, patch clamp pipettes (Garner Glass 7052) were made using 

a P97 Sutter Instruments puller (Novato, CA), coated with Sylgard (Dow Corning, Midland, 

MI) and fire-polished to a tip diameter of 1–1.5 mm and 5–7 megaohm resistance. The same 

solution was used both in the bath and in the pipette (140 mM KCl, 1.5 MgCl2, 10 mM 

HEPES, pH 6).  In some experiments, the pH of the bath solution (trans) was altered by the 

addition of HCl or KOH.  In all experiments, as soon as the pipette tip reached the bath 

solution, a phospholipid monolayer (1,2-Diphytanoyl-sn-Glycero-3-Phosphocholine #850356,

Avanti Polar Lipids, Inc., Birmingham, AL) was spread on the surface. The electrode was 

repeatedly passed through the surface of the solution until the pipette resistance rose above 5 

gigaohms. Purified recombinant human CLIC2 protein (2 g/ml) was then added to the bath. 

An Axopatch 1D amplifier and pClamp 7 (both from Axon Instruments, Novato, CA) were 

used to record and analyse single-channel currents. Current recordings were digitized at 5 TM
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kHz and filtered at 800 Hz. Experiments carried out under reducing conditions are as 

described above with the exception that 5 mM DTT was added to the bath and pipette 

solutions prior to the addition of protein.

aThe values in parentheses are for the highest resolution bin.

bRmerge = hkli|Ii  - <I>|/|<I>|, where Ii is the intensity for the ith measurement of an 

equivalent reflection with indices h,k,l.

cRcryst = ||Fobs| – |Fcalc||/|Fobs|, where Fobs and Fcalc are the observed and calculated structure 

factor amplitudes respectively.

dRfree was calculated with 5% of the diffraction data that were selected randomly and not used 

throughout refinement.
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