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Abstract Many plasma membrane chloride channels
have been cloned and characterized in great detail. In
contrast, very little is known about intracellular chloride
channels. Members of a novel class of such channels,
called the CLICs (chloride intracellular channels), have
been identified over the last few years. A striking feature
of the CLIC family of ion channels is that they can exist
in a water-soluble state as well as a membrane-bound
state. A major step forward in understanding the func-
tioning of these channels has been the recent crystal
structure determination of one family member, CLICI.
The structure confirms that CLICs are members of the
glutathione S-transferase superfamily and provides clues
as to how CLICs can insert into membranes to form
chloride channels.

Keywords Chloride channels - Crystal structures -
CLICs - Glutathione transferases - Pore-forming toxins

Introduction

Chloride ion channels are found on the plasma mem-
brane of virtually all eukaryotic cells as well as in vari-
ous intracellular organelles such as endosomes and the
golgi complex. They are involved in a diverse range of
physiological processes, including response to certain
neurotransmitters, bone resorption, transepithelial
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transport, acidification of intracellular compartments,
regulation of potential across membranes, cell volume
homeostasis and control of secretion and absorption of
salt by cells (Strange et al. 1996). The major classes of
chloride channels are the ligand-gated ion channels
(GABA and glycine receptors), cystic fibrosis trans-
membrane conductance regulators (CTFR), chloride
channels (CICs) and chloride intracellular channels
(CLICs) (al-Awqati 1995; Jentsch and Gunther 1997).
Malfunctioning of chloride channels can lead to serious
diseases such as several myotonias (Koch et al. 1992),
Dent’s disease (Lloyd et al. 1996), Bartter’s syndrome
(Simon et al. 1997) and cystic fibrosis (Riordan et al.
1989).

CLICs are the most recently discovered family of
chloride ion channels. They have a broad tissue distri-
bution. As well as being found in plasma membranes
they have also been located in organelle membranes such
as mitochondria (Fernandez-Salas et al. 1999), nuclear
membranes (Valenzuela et al. 1997), large dense core
vesicles (Chuang et al. 1999), trans-golgi vesicles (Ed-
wards 1999), secretory vesicles (Redhead et al. 1997) and
the endoplasmic reticular membrane (Duncan et al.
1997). CLIC channels contribute to a variety of impor-
tant physiological processes such as cell division
(Valenzuela et al. 2000), kidney function (Landry et al.
1989) and facilitating the acidification of the ruffled
border in bone resorption (Schlesinger et al. 1997a). One
CLIC, parchorin (so-called because of its enrichment in
parietal cells and choroid plexus), is translocated to the
plasma membrane on chloride ion depletion of the ex-
tracellular medium of water secreting cells (Nishizawa
et al. 2000). Several CLICs interact with protein kinases
and hence may play a role in signal transduction events
(Qian et al. 1999; Edwards and Kapadia 2000; Nishiz-
awa et al. 2000).

So far, seven members of the CLIC family have been
identified: CLICI (also called nuclear chloride channel-
27 or NCC27) (Valenzuela et al. 1997), CLIC2 (Heiss
and Poustka 1997), CLIC3 (Qian et al. 1999), CLIC4
(Duncan et al. 1997), CLICS5 (Berryman and Bretscher



2000), p64 (Landry et al. 1993) and parchorin (Nishiz-
awa et al. 2000). It appears p64 is a splice variant of
CLICS, based on an analysis of human genome se-
quence databases (B.A. Cromer, unpublished observa-

Fig. 1. Comparison of CLICs and GSTs. The secondary structure
(cylinders represent helices and arrows represent strands) of CLIC1
is shown above the alignment and omega class GST secondary
structure below the alignment. Conserved residues are highlighted
in boxes, with strictly conserved residues in dark shade and similar
residues in lighter shade. Invariant residues from both classes are
designated by asterisks. A black dot denotes a conserved Ser/Thr
that takes part in a helix-capping motif at the N-terminal end of
helix 6. Residues involved in GSH binding are denoted by a hash.
Putative transmembrane regions are also highlighted by the striped
bars above each region. Database accession numbers for the
sequences used in the alignment are taken from SwissProt unless
otherwise designated as GB (Genbank): human CLIC1, 000299;
human CLIC2, O15247; human CLIC3, 095833; human CLIC4,
Q9Y696; human CLICS, AAF66928 (GB); rabbit parchorin,
BAA94345 (GB); human omega GST, P78417; Proteus mirabilis
beta GST, P15214; human pi GST, P09211. The alignment was
produced using Clustal W (Thompson et al. 1994) and modified to
fit alignments based on the available crystal structures
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tions). The first five members are approximately 240
amino acid residues long, whereas p64 and parchorin
have long N-terminal extensions. Members of the CLIC
family are highly conserved: CLICs share between 47%
and 76% pairwise sequence identity with each other
(Fig. 1).

Until very recently it was not clear whether CLICs
modulate channels or actually form channels on their
own. Since CLICs are largely intracellular and lack well-
defined membrane-spanning domains in their primary
structure, they were thought more likely to function as
regulators or activators of chloride channels. However,
recent data suggest they can indeed form ion channels.
CLIC1 has been shown to insert into phospholipid
vesicles or artificial lipid bilayers to form channels with
similar properties to those observed in vivo, including a
selectivity for chloride ions (Tulk et al. 2000; Harrop
et al. 2001). These studies do not reveal how CLICs
might insert into membranes, although they do indicate
that CLICs do not need a receptor for insertion. The
CLICs possess two regions of significant hydrophobicity
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in their primary structure, so one or both of these re-
gions may be involved in the insertion process (Berry-
man and Bretscher 2000). Proteolytic and epitope
mapping studies of CLICs suggest they insert into
membranes with the N-terminus travelling across the
membrane whereas the C-terminus remains on the cy-
toplasmic side (Duncan et al. 1997; Tonini et al. 2000).

A recent search of sequence data bases revealed a link
between the CLIC family and the glutathione S-trans-
ferase (GST) superfamily (Fig. 1) (Dulhunty et al. 2000).
Although the sequence identity was low (approximately
15% with an omega class GST), the CLIC1 sequence
was clearly compatible with the canonical GST fold,
based on threading results. Four key residues were
identified that are conserved in virtually all GSTs and
CLICs: a cis-proline residue that provides the correct
active site geometry for binding glutathione (GSH) in
GSTs, an aspartic acid residue that forms an N-terminal
helix capping interaction and two glycine residues that
play structural roles (Fig. 1). In addition, a Cys-Pro-Phe
motif, which includes the active site cysteine residue of
the omega class GST, is also found in the CLICs. An-
other link was the observation that a chloride channel
inhibitor, indanyloxyacetic acid-94, which inhibits
CLICI1 channels, is a homologue of the well-known GST
inhibitor ethacrynic acid (Tulk et al. 2000; Harrop et al.
2001). Finally, both families have known associations
with protein kinases (Alder et al. 1999; Qian et al. 1999;
Edwards and Kapadia 2000; Nishizawa et al. 2000; Cho
et al. 2001).

CLIC structure

The first crystal structure of a CLIC family member,
CLICl, has been determined only recently (Harrop et al.
2001). The structure presented, determined at 1.4 A
resolution, is of the soluble form of the channel protein
(Fig. 2). In addition, the structure of the GSH complex
was determined at 1.8 A resolution. CLIC1 is mono-
meric and folds into two domains: an N-terminal
domain possessing a thioredoxin fold and an all-helical
C-terminal domain. This work confirmed that CLICs
adopt the canonical three-dimensional fold of the GST
superfamily as predicted by Dulhunty and co-workers
(2000), despite sequence identities of less than 15% be-
tween the two families.

Harrop et al. (2001) have argued that the active site of
CLIC1 resembles glutaredoxin, a member of the thior-
edoxin superfamily from which GSTs have evolved. Like
glutaredoxin (and some GSTs), CLICI has a redox-ac-
tive cysteine residue near the N-terminus which can form
a mixed disulfide with GSH. Interestingly, CLIC2 pos-
sesses a second cysteine, three residues away, and hence
has the thioredoxin active site motif of Cys-X-X-Cys.
Thus CLICs might function as thioredoxins or glutare-
doxins. By analogy with thioredoxins, Harrop et al.
(2001) have postulated that the wide active site of CLIC1
might accommodate a putative protein target.

Acidic-rich Loop

Fig. 2. Three-dimensional structure of CLIC1 (Harrop et al.
2001). The locations of secondary structure and the acidic-rich
loop are highlighted. This figure was produced using MOLSCRIPT
(Kraulis 1991)

Functional diversity of the GST superfamily

The enzyme superfamily of GSTs is a vital component of
the cellular detoxification of a large variety of endoge-
nous and exogenous toxins (Sheehan et al. 2001). They
detoxify the toxins by conjugating them with GSH, the
first step in the breakdown and eventual excretion of the
toxins from the organism. They are widely distributed,
being found in most tissues in the body and are ubig-
uitous in aerobic organisms. The enzyme’s ability to
recognize a diverse range of substrates is due, in part, to
the existence of isoforms. Soluble GSTs can be grouped
into at least 12 classes called alpha, beta, delta, mu, phi,
pi, theta, kappa, sigma, tau, omega and zeta (Sheehan
et al. 2001 and refs. therein). The different classes are
highly divergent, with sequence identities typically be-
tween 10% and 30%.

Although GSTs are well known for their detoxifica-
tion activity by catalysing GSH conjugation to many
exogenous and endogenous compounds, they have many
other possible functions and activities. These include
storage and transport of compounds in the liver
(Litwack et al. 1971), peroxidase activity (Mannervik
and Danielson 1988), structural roles such as in S-crys-
tallins (Mannervik and Danielson 1988), dehalogenation
reactions (McCarthy et al. 1996), prostaglandin synthe-
sis (Kanaoka et al. 1997), isomerase activity (Fernandez-
Cainion and Pefalva 1998), regulation of stress kinases
(Alder et al. 1999; Cho et al. 2001), cell protection from
radiation damage (Kodym et al. 1999), a target for
“tissue’” transglutaminase in neural cells committed to
apoptosis (Piredda et al. 1999), thiol transferase activity



(Board et al. 2000), dehydroascorbate reduction (Board
et al. 2000), inhibition of the proapoptotic action of Bax
(Kampranis et al. 2000), modulation of calcium channels
(Dulhunty et al. 2000) and an NO carrier (Lo Bello et al.
2001). Thus the finding that some GSTs may function as
chloride channels in the form of CLICs may not come as
a big surprise, given their previously known functional
diversity.

Structural studies of GSTs

Representative crystal structures of GSTs from nearly
every class are available (see Sheehan et al. 2001 for a
review). These studies have shown that the overall
polypeptide fold is very similar: the N-terminal domain
consists of a central core of a mixed four-stranded f-
sheet surrounded on one side by a pair of a-helices and
on the other by another helix (helix «2) and irregular
structure, whereas the C-terminal domain is all «-helical
(Fig. 3). Each class exhibits unique features, especially
around the active site and the C-terminus. The active site
consists of a GSH binding site (G-site) and a binding site
for hydrophobic electrophilic compounds (the H-site). A
hallmark feature of many GSTs is the presence of a
catalytic hydroxylated residue (Tyr or Ser) near the
N-terminus that stabilizes the thiolate form of GSH by
contributing a hydrogen bond to it. Another character-
istic feature of GSTs is the mode of GSH binding: GSH
binds in an extended fashion so that it forms an anti-
parallel f-sheet-like interaction between its peptide
backbone and the backbone of the residue preceding the
strictly conserved cis-proline residue in the protein.
GSTs are normally homodimeric, although there are
examples of heterodimers and at least two cases of a
monomer (McCarthy et al. 1996; Polekhina et al. 2001).

Evolutionary development of GSTs

The close three-dimensional structural similarity be-
tween the N-terminal domains of GSTs and the thiore-
doxin fold was noted in the analysis of the first GST
crystal structure (Reinemer et al. 1991). However, there
was no sequence similarity between the two enzymes
beyond the structurally important cis-proline residue
found in the active sites of both. The subsequent struc-
ture determinations of the delta (Wilce et al. 1995) and
beta classes (Rossjohn et al. 1998b) revealed sequence
relationships between the thioredoxin and GST super-
families, supporting the proposal that GSTs evolved
from a thioredoxin ancestor. The structure of the beta
class enzyme, a GST that is widely distributed in bac-
teria, exhibited two features that were unique amongst
the GST superfamily and which were considered relics of
the monomeric thioredoxin-like molecule from which
GSTs likely evolved. Firstly, the subunit and domain
interfaces were quite polar, unlike most GSTs where
these interfaces are normally quite hydrophobic.
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Secondly, a cysteine residue formed a mixed disulfide
with GSH, in place of the usual catalytic Tyr or Ser
residue seen in the more evolved GST classes. The cy-
steine superimposed closely with one of the catalytic
cysteine residues in the thioredoxin superfamily. Re-
cently a crystal structure of an omega class GST was
determined and, like the beta class enzyme, the protein
was shown to have a cysteine residue instead of the
catalytic Tyr or Ser in the active site which also formed a
mixed disulfide bridge with GSH (Board et al. 2000).
These observations have led to suggestions that the beta
and omega class enzymes may possess redox activity
(Rossjohn et al. 1998b; Zakharyan et al. 2001). To date,
the evolutionary history of the GST C-terminal domain
has remained a mystery.

CLICs as GSTs

The question arises as to whether CLICs simply fold
like GSTs (convergent evolution) or whether they are
related by a common ancestor (divergent evolution). An
analysis of the CLIC structure provides some clues.
CLICs adopt the same topology of secondary structure
as GSTs and superpositions reveal that the CLIC and
GST folds are closely related (Harrop et al. 2001).
CLIC1 most closely resembles beta and omega GSTs
with root-mean-square (r.m.s,) deviations on oa-carbon
atoms of approximately 1.6 A against each GST. This
value is well within the range found for superposition of
GSTs from different classes. The CLIC1 domain inter-
face is predominantly hydrophobic and the linker re-
gion between the two domains provides a large
hydrophobic residue (Leu96 in CLICI1) as a wedge be-
tween the two domains, as found in most GST struc-
tures. The partly buried H-site in CLIC1 is reminiscent
of the human alpha (Sinning et al. 1993) and theta class
structures (Rossjohn et al. 1998a), where the active sites
are also partly covered by a C-terminal helical exten-
sion. Nevertheless, a superposition of the model of pi
class GST complexed to ethacrynic acid (Oakley et al.
1997b) onto the CLICI1 structure shows that there is
sufficient space in the H-site of CLICI1 for the inhibitor.
Thus it seems likely that the CLIC inhibitor indanyl-
oxyacetic acid-94, a homologue of ethacrynic acid,
would also bind in the H-site in similar fashion as seen
for ethacrynic acid in pi class GST. Helix o2 is normally
a highly flexible region in mammalian GSTs but is
found anchored to the f-sheet core of the N-terminal
domain, via an aromatic residue nestling into a hydro-
phobic pocket, in non-mammalian GSTs (Fig. 3) (Wilce
et al. 1995; Reinemer et al. 1996; Rossjohn et al. 1998b).
In CLICI this helix is clearly anchored to the core via
Leu58 of the helix which packs into a hydrophobic
pocket consisting of Phell, Phe66, Leu68 and Val73
(Fig. 2).

The most striking feature of the CLICI1 active site is
the presence of a mixed disulfide bridge between Cys24
and GSH (Fig. 4). This feature is reminiscent of the
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MN-terminal Domain

C-terminal Domain

Helical Towers

Helix ©2

Fig. 3A-1. The common topology of the GST superfamily. In each
row the fold of the monomer and two orthogonal views of the
dimer for each GST are shown. Protein data bank codes and
references for the structures are: A—C, pi class, 9GSS (Oakley et al.
1997a); D-F, beta class, IPMT (Rossjohn et al. 1998b); G-I, omega
class, 1TEEM (Board et al. 2000). The pi class GST can be
considered the archetypal GST: key GST features are shown in the
pi class figures with the inhibitor S-hexyl GSH shown in panels A,
B and C in order to highlight the H-site. The disulfide-bound GSH
in the beta and omega classes is also highlighted. This figure was
produced using MOLSCRIPT (Kraulis 1991)

mixed disulfides found in the beta (Rossjohn et al.
1998b) and omega class (Board et al. 2000) GSTs.
Harrop et al. (2001) noted there were are no protein
interactions with N-terminal amino group of the y-
glutamyl moiety or the main-chain carbonyl group of
the cysteinyl moiety of GSH. It is possible that physio-
logically relevant GSH binding requires CLIC1 dimer-
ization since in many GSTs an acidic residue from the
neighbouring monomer forms a salt bridge with the
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Fig. 4. Schematic illustrating the residues contacting GSH in
CLICI and certain classes of GSTs

N-terminal amino group of the y-glutamyl moiety of
GSH. Indeed, there is an aspartic acid residue in CLIC1
at the equivalent position (residue 109) that could fulfil
this role (Fig. 1). This residue is conserved in all mem-
bers of the CLIC family except CLIC2, where it is an
asparagine. Otherwise the CLICI1 residues involved in
binding GSH are nearly all conserved or conservatively
substituted in the GSTs (Fig. 4). Another significant
feature of the CLIC1 active site is that it is located in a
wide crevice which is reminiscent of some GST active
sites, particularly the omega class GST where it has been
suggested that the site is sufficiently large to accept
protein targets (Board et al. 2000).

An obvious difference between CLICI and GSTs is
that the former is a monomer whereas the latter are
dimers. However, there are at least two reported cases

Fig. SA-E. Ribbon representations of the protein insertion/trans-
location domains of various pore-forming proteins. The helices
thought to form transmembrane domains in the channel form of
each protein are shown in dark shade. By analogy with the other
proteins, it is likely that CLIC would have a second helix involved
in channel formation. A The pore-forming domain of colicin A
(Parker et al. 1989). B The pore-forming domain of insecticidal ¢-
endotoxin (Li et al. 1991). C The C-terminal domain of CLICI1
(Harrop et al. 2001). D The translocation domain of diphtheria
toxin (Choe et al. 1992). E The anti-apoptotic protein Bcl-xp
(Muchmore et al. 1996). All figures were produced by the computer
program MOLSCRIPT (Kraulis 1991)
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of monomeric GSTs (McCarthy et al. 1996; Polekhina
et al. 2001) and in the beta (Rossjohn et al. 1998b) and
sigma class (Ji et al. 1995) GSTs the dimer interface is
very polar, which is thought to be a relic of their
ancestral origins within the monomeric thioredoxin
superfamily.

Another obvious difference between the two families
is the long, highly charged loop region (from Pro147 to
GInl164) at the base of the CLIC molecule (cf. Figs. 2
and 3). In CLICI there are seven acidic residues in this
region and the number varies between three and six in
other family members. Another hotspot of negative
charge occurs in the C-terminal helix, where there are six
acidic residues. It is suggested below that these features
may play a key role in membrane insertion of CLICs.

How do CLICs form channels in membranes?

To date, no other GSTs have been shown to form
channels, although omega class GSTs have been shown
to modulate ryanodine receptors which are calcium
channels located in the endoplasmic reticulum of various
cells (Dulhunty et al. 2000). Of possible relevance to
CLICs, the channel modulating activity was dependent
on the GST being active and the active site cysteine was
shown to be essential.

There are two regions of significant hydrophobicity
in CLICs, as judged by hydrophobicity plots. One re-
gion is located in the N-terminal domain and comprises
helix 1 and f-strand 2 (Figs. 1 and 2) (Landry et al.
1993; Berryman and Bretscher 2000; Harrop et al.
2001). The second region is located in the C-terminal
domain and comprises most of helix 6 and part of the
loop preceding it (Figs. 1 and 2) (Landry et al.1993;
Qian et al. 1999; Berryman and Bretscher 2000). How-
ever, both regions are mostly hydrophobic in all GSTs,
as they form the central core of the protein and provide
critical interactions in keeping the two domains of the
monomer together (Figs. 1, 3). Since the N-terminal
domain has evolved from the thioredoxin superfamily, it
seems unlikely that it will unfold readily to form a
membrane-interacting domain. On the other hand, the
C-terminal domain has no known evolutionary origin,
so this domain may possess pore-forming activity. The
topology of the C-terminal domain is not too dissimilar
to that found in a number of pore-forming proteins
(Fig. 5).
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Pore-forming toxins and CLICs

The first crystal structure of a pore-forming protein,
colicin A, revealed that its pore-forming domain con-
sisted of a bundle of eight a-helices surrounding two
hydrophobic helices that were completely buried within
the protein (Fig. SA) (Parker et al. 1989). This hydro-
phobic helical hairpin was hypothesized to lead insertion
into membranes and to form the transmembrane chan-
nel. This idea led to the “‘umbrella” hypothesis of
membrane insertion whereby the outer helical layers peel
away from the central hairpin like the opening up of an
umbrella (Parker and Pattus 1993). Subsequent experi-
ments have supported the hypothesis (Lambotte et al.
1998 and refs. therein). Colicin A was also shown to form
a molten globule state at low pH, corresponding to the
pH levels found at the surface of biological membranes
(van der Goot et al. 1991). A molten globule state would
reduce the energy barrier required in unmasking the
hydrophobic hairpin for membrane insertion. The sec-
ond structure of a pore-forming toxin, that of insecticidal
o-endotoxin, revealed a pore-forming domain with sim-
ilarities to the colicin fold (Li et al. 1991). In this toxin the
domain consists of a seven-helix bundle with a central
helix completely surrounded by the six outer helices
(Fig. 5B). The structure of diphtheria toxin revealed a
translocation domain consisting of nine helices arranged
in three layers, with two helices forming a hydrophobic
hairpin (Fig. 5D) (Choe et al. 1992). An interesting fea-
ture of the structure was the presence of six acidic resi-
dues on loops located on one face of the helical barrel. It
was proposed that low pH (as found in the endosomal
compartment that the toxin uses to enter the cell) would
neutralize these loops, rendering the face more hydro-
phobic and hence the lowering the energy costs of in-
serting the helical hairpin into the membrane. More
recently, members of the Bcl-2 family of apoptotic pro-
teins have been shown to form ion channels in similar
fashion to these pore-forming proteins. The three-di-
mensional structure of Bcl-x; showed that its fold was
reminiscent of the pore-forming/translocation domains
of the above-mentioned toxins (Fig. 5SE) (Muchmore
et al. 1996). This discovery led to the hypothesis that Bcl-
xp, might also form channels and this was subsequently
proven (Minn et al. 1997). Deletion mutant studies are
consistent with the central pair of primarily hydrophobic
helices being directly involved in channel formation
(Schendel et al. 1997). Other members of the family, such
as Bcl-2 (Schendel et al. 1997), Bax (Antonsson et al.
1997; Schlesinger et al. 1997b) and Bid (Schendel et al.
1999), have also been shown to form channels.

None of the pore-forming proteins discussed above
have any detectable sequence similarity between them.
Nevertheless, they adopt similar folds consisting of a
bundle of alpha helices organized in a layered structure,
with some helices completely buried. In all cases, at least
one helix of sufficient length to span a membrane could
be identified. Low pH is a requirement for membrane

insertion of three of the proteins: colicins, diphtheria
toxin and Bcl-xp (Minn et al. 1997). In these cases, low
pH appears to play a role in promoting membrane in-
sertion by either inducing a molten globule state and/or
in making a part of the protein more hydrophobic by
neutralizing acidic residues. The C-terminal domain of
CLICs appears to bear some resemblance to the pore-
forming domains of the above-mentioned proteins
(Fig. 5C). These include an a-helical bundle with a 30-A
long hydrophobic helix (helix «6) and two regions of
significant negative charge. The presence of the highly
negatively charged loop region (from Pro147 to Gln164)
at the base of CLICI and the acidic helix 9 (Fig. 2) is
reminiscent of the highly negatively charged loop re-
gions of diphtheria toxin. This leads to the speculation
that protonation of these residues, due to the low pH at
the surface of a biological membrane, would cause the
loop to become very hydrophobic and in turn cause the
protein to partition into the membrane.

Although the similarities between C-terminal do-
mains of CLICs and the pore-forming domains of bac-
terial toxins are intriguing, other scenarios cannot be
discarded. For example, some bacterial toxins such as
Staphylococcus aureus o-hemolysin (Song et al. 1996;
Olson et al. 1999), anthrax protective antigen (Petosa
et al. 1997) and perfringolysin O (Rossjohn et al. 1997)
exhibit significant changes in secondary structure in
going from the water-soluble to the membrane channel
state. In the case of perfringolysin, a series of six helices
are converted to a couple of beta hairpins in going from
one state to the other (Shatursky et al. 1999). Hence the
structure of the water-soluble state of CLIC1 may not be
providing any clues as to the structure of the membrane-
bound state!

Concluding remarks

The finding that CLICs are members of the GST
superfamily have led to the hypothesis in this paper that
the CLIC/GST C-terminal domain may possess pore-
forming activity because of structural similarities with
certain pore-forming toxins. It is possible that the an-
cestral protein from which the C-terminal domain
evolved possessed this activity, although it is equally
possible that the activity was gained during evolution. It
should be stressed that it is highly unlikely that all GSTs
have pore-forming activity, since their primary role ap-
pears to be cellular detoxification and any ancestral
pore-forming activity has likely been lost as they evolved
their primary function.
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