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ABSTRACT: CLIC proteins function as anion channels when their structures convert from a soluble form
to an integral membrane form. While very little is known about the mechanism of the conversion process,
channel formation and activity are highly pH-dependent. In this study, the structural properties and
conformational stability of CLIC1 were determined as a function of pH in the absence of membranes to
improve our understanding of how its conformation changes when the protein encounters the acidic
environment at the surface of a membrane. Although the global conformation and size of CLIC1 are not
significantly altered by pH in the range of 5.5—8.2, equilibrium unfolding studies reveal that the protein
molecule becomes destabilized at low pH, resulting in the formation of a highly populated intermediate
with a solvent-exposed hydrophobic surface. Unlike the intermediates formed by many soluble pore-
forming proteins for their insertion into membranes, the CLIC1 intermediate is not a molten globule.
Acid-induced destabilization and partial unfolding of CLIC1 involve helix o1 which is the major structural
element of the transmembrane region. We propose that the acidic environment encountered by CLICs at
the surface of membranes primes the transmembrane region in the N-domain, thereby lowering the energy

barrier for the conversion of soluble CLICs to their membrane-inserted forms.

Chloride intracellular channels (CLICs)" belong to a family
of acidic anion channel proteins that are widely distributed
in tissues and cells (/—35). CLICs are expressed as soluble
proteins without a leader sequence for membrane targeting.
They can, however, insert into plasma and intracellular
membranes, where they perform their channel functions in
a variety of biological processes (6). Solution-to-membrane
partitioning has been demonstrated in vitro with only
recombinant CLICs and synthetic membranes, suggesting that
membrane binding and insertion are not receptor-mediated.
The CLIC family consists of seven members whose se-
quences are highly conserved across species [CLIC1, CLIC2,
CLIC3, CLIC4, and CLIC5A (all with approximately 240
amino acids)] and two larger variants, CLIC5B and CLIC6,
that contain additional unrelated N-terminal domains that are
not evolutionarily conserved (6).

Crystallographic data indicate that the structure of soluble
CLICs shares a common fold that is related to the canonical
fold of the soluble glutathione transferases (GSTs) (7—12).
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C-domain

FIGURE 1: Crystal structure of reduced CLIC1. The N-terminal
domain containing the thioredoxin fold is colored black, and the
all a-helical C-terminal domain is colored gray. The single
tryptophan residue, Trp35, is shown. The helix that is considered
likely to traverse the membrane is composed of S-strand 1, a-helix
1, and S-strand 2 is highlighted in white in the figure. The figure
was rendered with PyMol (60) using PDB entry 1kOm (§).

N-domain

While soluble CLICs are monomeric, the GSTs are dimeric
and do not insert into membranes. The GST-like fold of
CLIC proteins consists of two domains (Figure 1): a
thioredoxin-like N-domain and a larger all-helical C-domain.
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The role of the C-domain is unknown, although its function
appears to be conserved in all members of the GST
superfamily (/0). There is substantial evidence demonstrating
that the amino acid sequence corresponding to the amphi-
pathic S1a1/32 motif in the thioredoxin-like N-domain of
soluble CLICs forms the transmembrane region (2, 8, 10,
13—16) (Figure 1). The transmembrane region has been
shown to span membranes (/7, 18), and while its conforma-
tion in the membrane is unknown, it is likely to be
helical (19, 20). The transmembrane regions of at least four
CLICs have been proposed to associate in the membrane to
form a functional pore (27). However, the conformational
changes that these proteins undergo to bind to and penetrate
membranes, and how and when they multimerize to achieve
channel formation, are unknown. For the supersecondary
plalf2 structural motif to function as a transmembrane
region, it must detach from the C-domain of soluble CLICI,
extend, and refold into its new membrane-insertable
conformation.

CLIC channel formation and activity have been demon-
strated to be highly pH-dependent in that low pH values
facilitate the appearance of CLIC channels in artificial
membranes (10, 13, 22). The acidic pH at the surface of a
membrane (23, 24) can function to prime the structure of a
soluble protein which lowers the activation energy barrier
for its conversion to a membrane-insertable conformation
(24—26). Acid-induced destabilization and conformational
changes have been demonstrated for many bacterial pore-
forming toxins (27—30) and for some other proteins (31, 32).
An acid-induced formation of a molten globule-like inter-
mediate appears to be a major mechanism for the membrane
insertion of numerous soluble proteins (24, 33—37). The
loose tertiary structure of a molten globule state enhances
the exposure of hydrophobic patches to solvent, making the
exchange of protein—protein interactions with protein—lipid
interactions energetically more favorable, thus facilitating
membrane insertion (38). However, a molten globule inter-
mediate may not be essential for all proteins that adopt both
solution and membrane conformations, as shown for anti-
apoptotic protein Bcl-x;, (37). The conversion to its mem-
brane conformation requires both acidic conditions and the
presence of membranes and appears to be driven by the
protonation of acidic side chains (31, 39, 40).

Given that very little is known about the mechanism by
which CLICs convert from a soluble form to a membrane-
inserted form and that there are striking structural differences
between CLICs and other soluble-to-membrane proteins, the
conformational stability of soluble, reduced CLICI was
investigated as a function of pH in the absence of mem-
branes. The goal was to improve our understanding of how
the protein’s conformation might change as it encounters the
acidic environment at the surface of a membrane and to
characterize the conformational transitions associated with
its functional properties.

EXPERIMENTAL PROCEDURES

Materials. Tsopropyl 3-D-thiogalactoside (IPTG) and dithio-
threitol (DTT) were acquired from Ingaba Biotech (Pretoria,
South Africa). Ultrapure urea was purchased from Merck
laboratory supplies (Darmstadt, Germany). 8-Anilino-1-
naphthalene sulfonate (ANS), lysozyme, and bovine thrombin
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were obtained from Sigma-Aldrich (St. Louis, MO). All other
chemicals used were of standard analytical grade.

Methods. CLICI Expression and Purification. CLIC1 was
purified from a batch culture of BL21(DE3) Escherichia coli
cells transformed with the pGEX-4T-1 plasmid following
the general protocol of Tulk and Edwards (/7). The pGEX-
4T-1 plasmid that encodes the GST—CLICI fusion protein
in E. coli (41) was a gift from S. N. Breit (Centre for
Immunology, St. Vincent’s Hospital and University of New
South Wales, Sydney, Australia).

The fusion protein was incubated with 20 units of bovine
thrombin per liter of culture for 16 h at 20 °C. CLIC1 and
thrombin were separated using DEAE anion-exchange chro-
matography at pH 6.0. CLIC1 was recovered from the DEAE
Sepharose column with 300 mM NaCl (pH 7.0). Ap-
proximately 20 mg of CLIC1 was purified per liter of culture.
The purified protein was exchanged into storage buffer [50
mM Na,HPO,, 0.02% NaN3, and 1 mM DTT (pH 7.0)].

Dynamic Light Scattering. Measurements were performed
on a Zetasizer Nano-S light scattering device with the laser
set at 633 nm (Malvern). The solutions were filtered (0.1
um) before measurement. Measurements were performed at
20 °C.

Spectroscopic Methods. Far-UV CD measurements were
performed on a Jasco model 810 CD spectropolarimeter.
Averaged CD signals, corrected for solvent, were converted
to mean residue ellipticity [®] (degrees square centimeters
per decimole per residue); [@] = (1008)/(Cnl), where C is
the protein concentration (millimolar), 6 is the measured
ellipticity (millidegrees), n is the number of residues, and /
is the path length (centimeters).

Fluorescence measurements were conducted using a Per-
kin-Elmer LS50B luminescence spectrometer. The intrinsic
fluorescence of CLIC1 was monitored by exciting the single
tryptophan residue (Trp35) and the eight tyrosine residues
at 280 nm. Slit widths of 5 nm were used. The binding of
the anionic dye, ANS, to CLIC1 was monitored by fluores-
cence enhancement using an excitation wavelength of 390
nm and an emission wavelength of 460 nm. Dynamic
acrylamide quenching of the single tryptophan residue
employed a modified form of the Stern—Volmer equation:

Fy

0_ vIQl
7= (T K [QDe

where Fj and F are fluorescence intensities at 345 nm in the
absence and presence of quencher, respectively, K, is the
collisional quenching constant, V is the static quenching
constant, and [Q] is the concentration of acrylamide. The
protein in the presence of acrylamide was excited at 295
nm, and emission was measured at 345 nm for the native
state and at 340 nm for the intermediate state. Slit widths of
6 nm were used.

Urea-Induced Equilibrium Unfolding. The unfolding of
CLICI (2 uM) in 0—8 M urea was followed by far-UV CD,
fluorescence, ANS binding, and light scattering. The solutions
were left for 2 h at 20 °C to allow them to reach equilibrium.
Reversibility was established prior to fitting the data.

Data Analysis. Unfolding data were globally fit (42) to
either a two-state monomer (N <> U) or a three-state
monomer (N <= I < U) model using Savuka version
6.2.26 (43, 44). The thermodynamic parameters, AG(H,O)
and m value, obtained from the global fits [using the linear
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extrapolation method (45, 46)] were used to calculate the
fractional populations of each species from the equilibrium
constants.

RESULTS

Conformational Stability of CLICI as a Function of pH.
Prior to membrane insertion, soluble CLIC1 will move from
a neutral pH in the cytosol to an acidic environment at the
membrane surface where it is prepared for membrane
insertion. Further, given that the cytosol is highly reducing,
soluble CLICs are unlikely to exist in an oxidized form (/4).
Therefore, to understand better how the structure of CLIC1
is primed for membrane insertion, the conformational stabil-
ity of soluble, reduced CLIC1 was measured at pH 7.0 and
5.5 in the absence of membranes by far-UV CD and
tryptophan fluorescence.

CLIC1 displays a far-UV CD spectrum (Figure 2A) that
is typical of a predominantly a-helical protein, consistent
with crystallized CLIC1 which has 45% of its sequence in
o-helices and 10% in f-strands (8). Ellipticity data shown
in Figures 2A and 3 indicate that the secondary structure
remains essentially unchanged between pH 6 and 7.5. There
is greater variance at pH <6, although the slight decrease in
ellipticity observed at 222 nm at the low pH values appears
to be significant within error. A pH of 5.5—7.5 has little
effect on the tertiary environment of the only tryptophan
residue in CLIC1, Trp35 (Figures 2B and 3). A fluorescence
maximum emission wavelength at ~345 nm indicates a
partially buried Trp35, as observed in the crystal structure
(8). Dynamic light scattering data show that the size of
soluble CLICI remains unchanged at pH 5.5—7.5, corre-
sponding to the monomeric form of the protein (Figure 3).

CLIC1 unfolds reversibly at both pH 7 and 5.5 and
displays no hysteresis, as demonstrated by the superimpos-
able unfolding and refolding transitions at pH 7 (Figure 4).
The independence of the unfolding transitions from protein
concentration (1 to 10 #uM) indicates that unfolding involves
only monomeric CLIC1 species (Figure S1 of the Supporting
Information). Light scattering data indicated that protein
aggregation was negligible throughout the unfolding transi-
tions (Figure S2 of the Supporting Information).

The dependence of CLIC1 unfolding upon pH is shown in
Figure 5. At pH 7.0, unfolding is characterized by monophasic
transitions. All spectroscopic changes (ellipticity and fluores-
cence) shown in Figure 5A coincide with a Cy, at 4.8 M urea,
indicating a simultaneous loss of secondary structure and the
tertiary environment of Trp35. This behavior is highly sugges-
tive of a cooperative two-state process, N <> U, where N and
U are folded and unfolded CLICI, respectively. The unfolding
data at pH 7.0 fit best to a two-state model. The global fit of
the fluorescence and CD data shown in Figure 5A gives a
AG(H,0) of 9.5 £ 0.6 kcal/mol and an m value of 2.0 4+ 0.1
kcal mol™! (M urea)~!. The reduced y? for the fit is 0.25, and
the goodness of fit is 1.

At pH 5.5, a condition that the soluble protein would
encounter near or at the surface of membranes (23, 24, 37),
the unfolding behavior of CLIC1 changes dramatically. The
fluorescence data show wavelength-dependent changes that
are inconsistent with two-state behavior (Figure 5B). Fur-
thermore, the spectroscopic data monitored by CD and
fluorescence no longer coincide (Figure 5B). Equilibrium
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FIGURE 2: Far-UV circular dichroism spectra (A), fluorescence
emission spectra (B), and near-UV circular dichroism spectra (C)
of 5 uM CLIC1 (A and B) or 60 uM CLIC1 (C) recorded on native
protein at pH 7.0 (—) and 5.5 (———). Spectra for the denatured
state (8 M urea) (*++) and the intermediate state (pH 5.5 with 3.8
M urea) (@) are also shown. The far-UV CD spectra show minima
at 208 and 222 nm which are characteristic of an a-helical protein.
CLICI loses ~30% of its secondary structure upon formation of
the intermediate. The emission spectra at pH 7.0 and 5.5 peak at
~345 nm, while the intermediate state shows a blue-shifted emission
spectrum.

unfolding of CLIC1 at pH 5.5 therefore cannot be described
by a two-state N <> U model. The monophasic curves
(fluorescence at wavelengths greater than 345 nm) and the
biphasic curves (E222 and fluorescence at wavelengths less
than 345 nm) were globally fit to a three state model, N <>
I < U, where I is an intermediate (Figure 5B). The free
energy of formation of the intermediate at pH 5.5 is 7.5 £
0.5 kcal/mol with an m value of 2.2 & 0.2 kcal mol™' (M
urea) !, and the free energy of unfolding of the intermediate
is 16.8 = 1.8 kcal/mol with an m value of 4.0 &+ 0.4 kcal
mol~! (M urea)”!. This suggests that the formation of the
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FIGURE 3: pH dependence of the mean residue ellipticity at 222
nm (O), the hydrodynamic diameter (O), the fluorescence intensity
at 345 nm (&), and the wavelength of maximum fluorescence
emission (V) of CLICI.
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FIGURE 4: Unfolding (O and O) and refolding (@ and M) transitions
of CLICI at pH 7.0 when monitored by CD ellipticity at 222 nm
(O and @) and fluorescence emission at 345 nm (O and W).

intermediate is energetically favorable under these conditions.
The data fit best to a three-state model and have a reduced
%2 of 0.25 and a goodness of fit 1. The three-state model is
further supported by binding studies with ANS, a fluorescent
dye widely used to detect hydrophobic patches in proteins
and/or unfolding intermediates (47, 48). The data in Figure
5D show that native and unfolded CLIC1 do not bind ANS
and that no binding of ANS is observed at any point along
the unfolding transition at pH 7.0. However, at pH 5.5, an
ANS binding peak appears between 3.0 and 4.8 M urea
(Figure 5D). The ascending limb of the peak corresponds to
the initial loss of secondary structure (~50%) and the blue
shift in the maximum emission wavelength of Trp35 (Figures
2B and 5C). A further decrease in the level of secondary
structure (>3.8 M urea) coincides with the decrease in the
fluorescence intensity of Trp35.

Unfolding studies were also performed at a higher tem-
perature (37 °C) to determine whether the intermediate state
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FIGURE 5: Equilibrium unfolding of CLIC1 at pH 7 (filled) and 5.5
(empty) as monitored by ellipticity at 222 nm (A and A) and
fluorescence intensity at various wavelengths (® and O). The lines
represent the best global fits of a two-state (A) and three-state (B)
model to the data. The wavelength of maximum fluorescence
emission (M and O0) and binding of 200 uM ANS (< and @) are
represented as a function of urea concentration in panels C and D,
respectively. Experiments were conducted at 20 °C with 2 uM
CLICI.

could also be populated at pH 7. When unfolded with urea
at 37 °C, which is well below the temperature at which
CLICI begins to melt, the protein behaves in a way that is
similar to that when it is unfolded at pH 5.5 and 20 °C
(Figure S3 of the Supporting Information), indicative of the
formation of an intermediate. The spectroscopic and ANS
binding behavior of this intermediate are the same as those
of the intermediate formed during the unfolding of CLIC1
at pH 5.5 and 20 °C.

Properties of the Unfolding Intermediate. The intermediate
is most highly populated at 3.8 M urea and pH 5.5 (Figure
6). It is more highly populated than both the native and
unfolded states under these conditions. The secondary



11678  Biochemistry, Vol. 47, No. 44, 2008

1.2

A

10 e e

0.8 |-

0.6 I

04

Population

0.2 |-

0.0

1.2

1.0

0.8

0.6

0.4

Population

0.2

0.0

[Urea] (M)

FIGURE 6: Fractional populations of the native (———), unfolded
(—), and intermediate states (+++) as a function of urea concentration.
The populations were calculated using the thermodynamic param-
eters obtained from globally fitting the data to a two-state model
at pH 7 (A) and to a three-state model at pH 5.5 (B).
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FIGURE 7: Quenching of the fluorescence of Trp35 in CLIC1 by
acrylamide. Experiments were performed at pH 7 (®) and 5.5 (O)
and on the intermediate state (pH 5.5 with 3.8 M urea) (O).

structure of the unfolding intermediate is mainly o-helical
and retains ~50% of the native structure of CLIC1 at pH
5.5 (Figure 2A). The blue shift in the fluorescence spectrum
(Figure 2B) indicates that during the formation of the
intermediate, Trp35 moves into a more hydrophobic environ-
ment. This is accompanied by a significant decrease in the
accessibility of Trp35 to quenching by acrylamide, as shown
by the Stern—Volmer plots in Figure 7. The static and
dynamic quenching constants are reported in Table 1. The
intermediate possesses a well-packed tertiary structure, as
seen by its near-UV CD spectrum relative to that of the native
state (Figure 2C), with exposed hydrophobic sites to which
the fluorescent dye ANS binds (Kq = 20 uM) (Figure 8,
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Table 1: pH and Urea Dependence of Static (V) and Dynamic (Ky)
Acrylamide Quenching Constants for CLICI

Ky M7 V(M
0 M urea at pH 7 7.0 1.7
0 M urea at pH 5.5 8.6 1.6
3.8 M urea at pH 5.5 22 1.5

inset). The hydrophobic nature of the binding sites is
demonstrated by the significant blue shift (from 520 nm in
water to 460 nm) and enhanced intensity of the fluorescence
spectrum of intermediate-bound ANS (Figure 8). Further,
the intermediate unfolds cooperatively at high concentrations
of urea, consistent with the presence of significant tertiary
interactions. Together, these properties of the intermediate
state of CLIC1 are inconsistent with a molten globule-like
state. Molten globule proteins typically display a poorly
defined tertiary structure, bind ANS weakly (millimolar
range), and unfold noncooperatively at low concentrations
of denaturant (49—55). While many other membrane-
insertable proteins, particularly protein toxins, are reported
to form an acid-induced molten globule state (20, 24, 33—36),
this is not the case for CLIC1 and Bcl (31).

DISCUSSION

Water-soluble proteins that insert into membranes follow
a multistep process that includes a pH-dependent structural
reorganization that enables them to partition into lipid
bilayers (20). Very little, however, is known about how
soluble CLICs convert to their membrane-inserted forms
which function as anionic channel proteins. The channel
activity of CLICI is highly pH dependent (13, 22), displaying
its lowest activity at pH 7.0 and highest activity at acidic
pH values. In this study, the conformational stability of
soluble, reduced CLIC1 was investigated as a function of
pH in the absence of membranes to improve our understand-
ing of how its conformation might change when the protein
encounters the acidic environment at the surface of a
membrane. Soluble CLIC1 consists of two structural do-
mains: an N-domain with a thioredoxin-like fold and a
C-domain with an all-helical fold. The sequence of a.152 in
the N-domain corresponds to the putative transmembrane
region (Figure 1) (8, 16). For this region to penetrate a lipid
bilayer, the 510152 supersecondary motif will have to detach
from the rest of the protein, extend, and refold into its
membrane-insertable conformation.

Although the core structure and size of CLICI1 are not
significantly altered by pH in the absence of denaturant
or membranes, the conformational stability of the native
state is diminished at low pH. Equilibrium unfolding data
indicate that soluble CLIC1 forms a partially unfolded
intermediate which becomes increasingly populated as the
pH decreases. Whereas the acid-induced destabilization
of many bacterial pore-forming toxins has been reported
to form molten globule-like intermediates for membrane
insertion (24, 33—37), the CLIC1 intermediate exhibits
significant secondary and tertiary structure with solvent-
exposed hydrophobic surfaces and therefore does not fit
the definition of a molten globule state. CLIC1 is known
to form a dimer under oxidizing conditions that also has
an exposed hydrophobic surface (/6). Since all experi-
ments in this study were performed under reducing
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and O) and the intermediate state (pH 5.5 with 3.8 M urea) (O).
Spectra were corrected for the fluorescence of free ANS. The inset
shows the isotherms for the binding of ANS to native CLIC1 at
pH 7 and 5.5 (@) and to the intermediate state at pH 5.5 with 3.8
M urea (O). The solid line fit yields a Ky of 20 uM for the
intermediate.

conditions, it is unlikely that the intermediate species
identified here resembles the oxidized dimer, especially
in terms of the intramolecular Cys24—Cys59 disulfide
bond. However, more detailed structural analysis is
required to confirm that there are not other structural
similarities. Although the structural details of the N — I
transition and how they relate to creating a membrane-
insertable form of CLICI are currently unknown, Trp35
is involved. Unfolding curves produced by selectively
exciting tryptophan (295 nm) show the same trend as those
reported in this paper where 280 nm was used as the
excitation wavelength, indicating that the fluorescence
changes are due to Trp35 and not to Tyr-to-Trp energy
transfer. Trp35 is the only tryptophan residue in CLIC1
and is located in helix al. This amphipathic helix forms
the majority of the putative transmembrane region (2, 8, 10, 13—16)
and makes most of the interdomain contacts. To establish
whether the sequence corresponding to helix ol in CLIC1
could form a helix on its own and thereby facilitate
membrane insertion, the sequence was analyzed by the
AGADIR algorithm which is based on helix—coil transi-
tion theory in the absence of tertiary interactions (56).
The sequence is shown to display a strong propensity to
form a helix at both pH 7 and 5.5, suggesting that its
helical structure is most likely preserved when the putative
transmembrane region inserts into membranes. Compared
to those of the C-domain, the greater flexibility and lower
stability of the N-domain of GST-like proteins (57, 58)
most likely facilitate the structural reorganization required
to convert the N-domain of soluble CLIC] to its membrane-
insertable conformation.

We propose that the acidic environment encountered
by CLICs at the surface of membranes primes the
transmembrane region in the N-domain possibly by
protonating certain amino acid side chains, thereby
lowering the energy barrier for the conversion of soluble
CLICs to their membrane-inserted forms. Structural
perturbations in proteins due to pH result from changes
in the protonation states of titratable residues depending
on the pH range (e.g., His, Asp, and Glu at acidic pH).
These can alter the electrostatic interactions in the protein
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structure, giving rise to local or global changes in the
stability of the protein and, consequently, its unfolding
and refolding characteristics. The amino acid composition
of CLIC1 reveals that it has three histidines, 12 aspartates,
and 21 glutamates. Inspection of the crystal structure (PDB
entry 1KOM) indicates that four of these residues (Glu81,
Glu85, Asp225, and Glu228) form hydrogen bonds and
salt bridges at the domain interface. These contacts might
be significant for maintaining stability, and therefore,
protonation changes at these residues could significantly
affect the stability of the domain—domain assembly. The
role of these residues is currently being investigated.
Factors that may trigger the partial unfolding of the acid-
destabilized N-domain are the negative potential and low
dielectric constant at the membrane surface (34, 59).

SUPPORTING INFORMATION AVAILABLE

Three figures as described in the text. This material is
available free of charge via the Internet at http://pubs.acs.org.
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