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ABSTRACT: Chloride intracellular channel proteins
(CLICs) differ from most ion channels as they can exist in
both soluble and integral membrane forms. The CLICs are
expressed as soluble proteins but can reversibly autoinsert into
the membrane to form active ion channels. For CLIC1, the
interaction with the lipid bilayer is enhanced under oxidative
conditions. At present, little evidence is available characterizing
the structure of the putative oligomeric CLIC integral
membrane form. Previously, fluorescence resonance energy
transfer (FRET) was used to monitor and model the

Soluble Monomer

Oxidation

G © oM
Reduction 1L0xidation L g ;5’ 2

g 3

Soluble Oxidized Dimer

& B

FRET model of a large membrane induced oligomer

conformational transition within CLIC1 as it interacts with the membrane bilayer. These results revealed a large-scale
unfolding between the C- and N-domains of CLICI as it interacts with the membrane. In the present study, FRET was used to
probe lipid-induced structural changes arising in the vicinity of the putative transmembrane region of CLIC1 (residues 24—46)
under oxidative conditions. Intramolecular FRET distances are consistent with the model in which the N-terminal domain inserts
into the bilayer as an extended a-helix. Further, intermolecular FRET was performed between fluorescently labeled CLIC1
monomers within membranes. The intermolecular FRET shows that CLIC1 forms oligomers upon oxidation in the presence of
the membranes. Fitting the data to symmetric oligomer models of the CLIC1 transmembrane form indicates that the structure is
large and most consistent with a model comprising approximately six to eight subunits.

he chloride intracellular channels (CLICs) are a class of

ubiquitously expressed anion channels possessing both
enigmatic structural and functional properties. CLICs differ
from classical ion channels as they are expressed as soluble
proteins and lack both a leader sequence for membrane
targeting and the multiple hydrophobic transmembrane
domains, typical of classical ion channel proteins." The CLIC
proteins can undergo autonomous membrane insertion to form
integral membrane ion channels.” Because of their ability to
reversibly interconvert between multiple functional structures
using the same amino acid sequence, members of the CLIC
family have recently been described as part of the novel
metamorphic protein class.*

The restricted divergence and high level of conservation
shared among CLIC proteins attests to a significant cellular
function. However, despite increasing data describing their
physiological function®® and disease associations including
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cancer

and more recently intellectual disability,"® their
molecular function remains unclear.

In addition to ion channel activity, many other functional
roles have been ascribed to the CLIC proteins. These include

redox regulation, enzymatic, and transcription factor activity.
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Several CLIC members have also been described as scaffolding
proteins thought to couple the membrane to the cytoskeleton
(for further detailed review, see ref 2). However, the precise
role of both the soluble and integral membrane forms of CLIC1
is not fully understood. A complete understanding of the
biological importance of the metamorphic transitions that occur
as CLIC1 inserts into the bilayer is also hampered by a lack of
structural evidence supporting a multimeric integral membrane
state as would be necessary for ion channel conductance.

To date, the crystal structures of four soluble monomeric
vertebrate CLICs—CLIC1 (Figure 1a),'* CLIC2,'® CLIC3,'
and CLIC4"—and two invertebrate CLIC-like proteins—
Drosophila melanogaster DmCLIC and Caenorhabditis elegans
EXC4'®*—have been determined. These soluble, monomeric
CLIC proteins have all been found to adopt a conserved
glutathione S-transferase (GST) family fold consisting of an N-
terminal thioredoxin domain and a compact, all-helical, C-
terminal domain.
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Figure 1. (a) Schematic representation of the structure of the CLIC1
reduced monomer (PBD 1KOM>°) and (b) model of the CLICI
integral membrane form as previously generated from FRET distance
constraints.’’ Residues 24—58 (black) are modeled as a single
transmembrane helix. In this study, FRET distances were measured
in solution and upon interaction with the membrane under oxidative
conditions between Trp3S and 5 IAEDANS labeled sites as mapped
onto both structures: 44, 45, 46 in the transmembrane domain; 49 on
the border of the transmembrane domain and native cysteine 223
within the C-domain. The approximate boundaries of the lipid bilayer
are indicated.

Structural homology of the CLICs to the GST superfamily of
globular cytosolic enzymes, in addition to the unusual structural
characteristics of the CLIC proteins, initially led to some
controversy as to whether the CLICs strictly form ion channels
or act as some form of ion channel regulator. This view has
been dispelled with several independent groups having now
demonstrated that soluble recombinant CLIC proteins,
including CLIC1, CLIC2, CLIC4, and CLICS, can integrate
into artificial bilayers in the absence of other cellular
components to reproducibly form electrophysiologically
characterized ion channels.'>'"~*°

In order to dock and insert into the membrane and assemble
into an active ion channel, the CLIC protein must undergo a
major structural rearrangement of the globular GST-like
monomer fold. It is now relatively well established that the
CLICs possess a single N-terminal transmembrane domain
(~Cys24 through Val46 of CLIC1) that transverses the
membrane in a single pass.”*~** Intrinsic flexibility of this N-
terminal region in the globular, soluble form has been shown
for CLICI. Under oxidizing conditions, CLIC1 can form a
second stable soluble structure, namely a noncovalent, all
helical dimer.”® Metamorphosis between the CLIC1 monomer
and oxidized dimer form involves major structural rearrange-
ment of the N-terminal domain with formation of an
intramolecular disulfide between Cys24 and Cys59. This
conformational switch results in exposure of a large hydro-
phobic surface within the monomer which forms the interface
between the two dimer subunits. The structural and
physiological relevance of the oxidized induced dimer state
and its relationship to CLIC1 ion channel form remain unclear.

However, oxidative conditions have also been shown to
enhance the interaction between CLIC1 and the membrane
bilayer and subsequent channel activity.”>*” One hypothesis is
that the hydrophobic surface formed upon oxidation may allow
CLIC1 to dock to the membrane and, in doing so, form a
precursor to the CLICI integral membrane state.”® Recent
chemically induced unfolding and hydrogen—deuterium
exchange experiments on the soluble form of CLIC1 also
identify this N-terminal transmembrane region as possessing
increased flexibility at low pH as would be encountered at the
membrane surface.””*°

To date, our efforts to stabilize CLIC1 in its transmembrane
configuration have been unsuccessful. However, a recent in vitro
fluorescence resonance energy transfer (FRET) study from our
group has indicated that CLIC1 does indeed undergo a large
structural rearrangement in the presence of the membrane.”!
Based on these results, a model was proposed in which the N-
domain folds away from the C-domain as CLICI inserts into
the bilayer (Figure 1b).*" In order to then form a pore through
the bilayer from the single N-terminal transmembrane domain,
several CLIC1 subunits must interact to form a multimeric
species. The structure of the CLIC1 channel and the
stoichiometry of the CLIC1 monomers that form the channel
are unknown.

To fully understand the molecular function of the enigmatic
CLIC1 protein, it is essential we characterize its integral
membrane ion channel form. In this paper, we have extended
our in vitro FRET approach to examine the integral membrane
form of CLIC1 and obtain the first structural evidence of an
oligomeric membrane state. FRET was used to monitor
structural changes within the CLIC1 monomer as it converts
from the soluble form to the integral membrane form by
measuring the intramolecular distances between the single
native tryptophan residue (Trp3S), located in the trans-
membrane domain, and a series of five IAEDANS-labeled
cysteine residues (Figure la). The change in the five
intramolecular FRET distances upon oxidation in a membrane
environment showed good agreement with our current model
of transmembrane extension. To monitor the oligomerization
of CLICl1 in the membrane, intermolecular FRET was
performed by mixing pools of CLIC1 modified with either
donor or acceptor fluorophores. Significant intermolecular
FRET was only observed upon oxidation of CLICI in the
presence of the membrane. This FRET data was found to be
consistent with a model of a large oligomeric species consisting
of approximately 6—8 subunits.

B MATERIALS AND METHODS

CLIC1 Mutant Constructs. We have previously developed
a site-directed-labeling strategy for CLIC1 which preserves the
functional and structural redox response of the protein.>" This
method was employed with some modification. The gene for
human CLIC1 (NP_001279) was cloned into the pET28a
vector (Novagen) at the Ndel and Notl cloning sites. The
resulting expression construct consisted of an N-terminal 6x
His-tag and thrombin cleavage site, followed by the complete
CLIC1 coding sequence. The QuikChange site-directed
mutagenesis kit (Stratagene) was used to mutate four of the
six native CLIC1 cysteines to alanine (C89A, C178A, C191A,
C223A). The remaining two native CLIC1 cysteines, Cys24
and CysS59, were not modified. Individual cysteine mutations
(T44C, T45C, V46C, K49C, and native C223) were then
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introduced into this mutant template as sites for fluorescent
labeling.

Expression and Purification of CLIC1 Oxidized
Dimer. The CLIC1 mutants were transformed into Escherichia
coli BL21(DE3) competent cells (Stratagene) for expression.
Cells were grown in 2xYT media at 37 °C prior to induction
with 1 mM IPTG at mid log growth phase. The cell culture was
then allowed to grow for a further 16 h at 20 °C before lysis.
Soluble CLIC1 protein was isolated by binding to Ni-NTA
resin (Novagen) and eluted via cleavage of the His-tag with 50
NIH units of bovine plasma thrombin per liter of cell culture
for 16 h (Sigma-Aldrich). All purified CLIC1 protein consisted
of the CLIC1 sequence with an extra three residues at the N-
terminus (Gly-Ser-His) as a result of the thrombin cleavage site
in the fusion construct.

CLIC1 Cys24 has been shown to be necessary for
function.”’®*' Hence, it was necessary to retain this native
cysteine residue in all mutants and ensure it remained
unmodified during labeling. Upon formation of the oxidized
CLIC1 dimer, Cys24 and CysS9 form a disulfide bond and are
therefore protected from modification during the labeling
procedure.”’ Thus, as both Cys24 and Cys39 are retained in all
the CLICI labeling constructs, in the oxidized dimer state only
the single introduced cysteine residues can be labeled.
Subsequent reduction of the labeled CLIC1 then returns it to
its monomeric state. The CLIC1 oxidized dimer form was
obtained for each mutant by treatment with 2 mM hydrogen
peroxide in phosphate buffered saline (pH 7.4) for 2 h, after
which the dimer form was isolated via size exclusion
chromatography, as previously described (Supporting Informa-
tion, Figure S1).3!

Fluorescent Labeling. The CLIC1 oxidized dimer con-
structs were labeled with either TAEDANS (S-((((2-
iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid) or
IAF (S-iodoacetamidofluorescein) fluorescent labels. A 10-fold
molar excess of label was added to ~2 mg/mL of CLIC1 dimer
in assay buffer (150 mM NaCl and 50 mM Tris-HCI pH 8.0).
The protein and label were allowed to react for 16 h at 4 °C
before removing excess label via extensive dialysis against assay
buffer. Reducing agents were excluded from the labeling
reaction to maintain the Cys24-CysS9 intramolecular disulfide
bond and allow for specific individual labeling of the remaining
free single cysteine (44, 4S5, 46, 49, or 223).

To obtain labeled CLIC1 in the monomer form, the single
cysteine labeled dimer constructs were treated with the
reducing agent DTT. The labeled CLIC1 dimer was incubated
with 10 mM DTT at 4 °C for at least 2 h. The DTT
concentration was then reduced to <0.01 mM by dialysis
against assay buffer. Conversion of the labeled CLIC1 dimer to
monomer was assessed by size exclusion chromatography on a
Superdex 75 10/300 GL (Tricon) and native gel electro-
phoresis, as previously described.*’

Labeling ratios were calculated spectrophotometrically by
determining the protein concentration by a BCA protein assay
(Pierce) and using molar absorption coefficients of £ of 6100
M~ cm™ at 336 nm for IAEDANS*” and 48 700 M™' em™" at
495 nm for IAF.>®> Where possible, all steps involving
IAEDANS and IAF were performed in the dark to prevent
photobleaching.

Liposome Preparation. Liposomes were prepared as
previously described.””*" Briefly, soybean phosphatidylcholine
(Sigma, P-5638) and cholesterol (Sigma, C-8667) were
dissolved in chloroform and mixed at a ratio of 10:1 (w/w)

before being dried under nitrogen. Following rehydration in
assay buffer, liposomes were extruded at 400 nm using a
LiposoFast Basic apparatus (Avestin) to produce unilamellar
liposome vesicles. Liposome integrity was ensured by storing
vesicles on ice and using them within 24 h of rehydration. As
observed here and previously, optimal membrane binding of
CLIC1 to liposome vesicles, as judged by sucrose loaded vesicle
sedimentation experiments, occurred within this time frame
(see Supporting Information, Figure SZ).27

Fluorescent Resonance Energy Transfer (FRET) Anal-
ysis. Steady-state fluorescence intensity spectra were recorded
at room temperature (22 °C) on a Perkin-Elmer LSSOB
fluorimeter operated in ratio mode with spectral bandwidths of
3—6 nm. Subtraction of liposome only spectra was used to
correct for background liposome scatter. Inner filter and self-
absorption effects were minimized by ensuring that the
absorbance of all samples at the excitation wavelength was
kept below 0.0S.

For FRET to occur, energy absorbed by the donor molecule
(either Trp3S or IAEDANS) is transferred to the paired
acceptor (either IAEDANS or IAF, respectively) through
dipole—dipole interaction. FRET results in a decrease in
donor fluorescence intensity in the presence of the acceptor
and corresponding increase in the acceptor intensity. The
fraction, or efficiency of energy transfer E, is dependent on the
distance R between the donor and acceptor labels and is
determined from the decrease in donor fluorescence according
to

Fpa — Fp(1 = f,)
Fpf, (1)

where Fp, is the fluorescent intensity of the donor in the
absence of the acceptor, Fp, is the fluorescent intensity of the
donor in the presence of the acceptor and, f, is the fractional
labeling of the acceptor site.

Intramolecular FRET between Trp35 and IAEDANS
(Cys 44, 45, 46, 49, and 223). Intramolecular FRET from
the donor, Trp35, to four IAEDANS acceptor labeled sites
within the transmembrane region (44, 45, 46, and 49) and one
at the C-terminus (223) were measured both in solution and
upon oxidization in the presence of the membrane. Samples
were excited at a tryptophan excitation wavelength of 290 nm,
and fluorescence emission was monitored from 300 to 550 nm.
Fluorescence spectra were first collected for soluble CLIC1
monomer in solution for both IAEDANS labeled CLICI1
mutant (Fp,) and unlabeled CLIC1 (Fp) at 6 uM. A 1:250
excess of liposomes vesicles to protein ([1.4 mM] liposome
final) was then added to both the Fp,, and Fj, samples followed
by the addition of 2 mM H,O,. Spectra were recorded at 0
h(within 2 min to allow for mixing), 4 h, 8 h, and 24 h. The
fluorescent intensity values to calculate E were taken at 341 nm,
the maximum fluorescence emission peak for IAEDANS, and
the distance (R) separating donor and acceptor labels were
calculated from the measured transfer efficiencies using the
Forster equation:

E=1-

R=(E"' = 1)°R, @)

where Ry is the critical distance at which E = 50%. The value of
Ry, dependent on the donor—acceptor pair, is given by

Ry = 9.78 x 103[k%n*Q J(W) /¢ (A) 3)
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where «” is the dipole interaction orientation factor (assumed
to be 2/3), n is the refractive index of the medium (1.33), Qp is
the quantum yield of the donor in the absence of the acceptor,
and J(A) is the overlap integral, calculated from

/O ® Fp(Mea (M)A di

Sy Fp(A) dr @

where Fp(1) is the fluorescence intensity of the donor at
wavelength 4 and €,(4) is the molar absorbance of the acceptor
at . The quantum yield (Qp) and the overlap integral between
the Trp3S donor emission and IAEDANS acceptor absorbance
(J(1)) for CLICI in solution were 0.14 and 4.2 X 107> M™!
cm?®, respectively. The R, obtained was 22 A for the CLIC1
Trp35-TAEDANS FRET pair, as previously reported.®’ The
overlap integral (J(4)) of the CLIC1 IAEDANS donor emission
and CLIC1 IAF acceptor absorbance was calculated by
numerical integration to be 1.8 X 107" M~ cm? and again,
the value did not change under lipid conditions. The quantum
yield of CLIC1 IAEDANS was determined to be 0.58 in FRET
assay buffer at 25 °C, resulting in a R, for the CLICl
IAEDANS-IAF pair of 51 A, consistent with previous values
reported.**

Intermolecular FRET between IAEDANS and IAF (Cys
44, 49, and 223). Intermolecular FRET distances were
measured between IAEDANS donors and IAF acceptors
located on the same residue (44, 49, or 223) but on different
CLIC1 subunits. All samples were excited at the IJAEDANS
maximum of 336 nm, and fluorescent intensity values were
scanned over a 400—600 nm emission range. Fluorescence
intensities were measured for donor plus acceptor samples
(Fpa) which were prepared by mixing IAEDANS-labeled
CLIC1 with IAF-labeled CLIC1 to a total of 2 uM in the
donor-to-acceptor ratios as described below. Emission spectra
were also collected for IAEDANS-labeled donor only samples
(Fp) prepared using the same concentration of donor labeled
CLIC1 but to a total CLICI concentration of 2 uM by
incorporation of unlabeled CLIC1. The efficiency of energy
transfer was determined from the decrease in fluorescence
intensity of IAEDANS at a wavelength of 460 nm, as emission
due to IAF is relatively low but significant emission due to
IAEDANS still occurs at this point.

To seek evidence of intermolecular FRET and thus
oligomerization, FRET was first measured for a 1:1 molar
ratio of IAEDANS-labeled to IAF-labeled CLIC1 individually at
each of the three targeted sites (44, 49, and 223). Emission
spectra were recorded at 0 h (within 2 min to allow for mixing),
4 h, and 24 h after mixing for a series of four different
conditions: (i) CLIC1 monomer in solution without oxidation,
(ii) CLIC1 monomer in solution under oxidizing conditions
(addition of 2 mM H,0,), (iii) CLIC1 monomer upon
addition of a liposome vesicles without oxidation (1:250
protein to liposome ratio), and (iv) CLIC1 monomer upon
addition of liposome vesicles (as for condition iii) followed by
oxidizing conditions (as for condition ii).

To allow for modeling of the CLIC1 oligomer form, the
donor to acceptor ratio was varied using two approaches. In
method A, the fraction of IAEDANS donor labeled CLICI (f,)
was varied by incorporating unlabeled CLIC1 (fy) in place of
donor labeled CLICI1. The fraction of IAF acceptor labeled
CLIC1 (f,) was kept constant at 0.50. Hence, fp, + f + fy = 1.
Using this method, the efficiency of energy transfer was

J() =

determined for CLIC1 labeled at residues 44, 49, and 223 upon
the addition of liposomes followed by addition of H,0, to 2
mM (condition iv from above) at a 4 h time point. FRET was
measured at four different {1, values (0.50, 0.25, 0.10, and 0.05).

To model the geometric conformation of the CLIC oligomer
state, in method B, the value of f, was varied from 0 to 1.0 by
adjusting the relative concentration of both the donor and
acceptor labeled CLIC1 protein without the incorporation of
unlabeled protein. Hence, f, + f, = 1. Method B was performed
for 12 labeled samples at varying f1, values for CLIC1 labeled at
residue 223. Again, FRET was collected upon the addition of
liposomes followed by addition of H,0, to 2 mM (condition iv
from above) at a 4 h time point.

Modeling of the CLIC1 Oligomeric Species. “Exi-
FRET”, a software package developed by Corry et al. (2005),
can be used to model FRET arising from complex geometrical
systems containing multiple donors and acceptors that cannot
be described by a single distance model. An application of the
ExiFRET program to model conformational changes associated
with the gating of the MscL mechanosensitive channel was
previously demonstrated, and thus the program is also well
suited for our purposes.’® The program utilizes a Monte Carlo
scheme to relate the efficiency of energy transfer to a
distribution of single protein label sites (either unlabeled or
labeled with donor or acceptor) where each site is placed in an
oligomer with n-fold symmetry. Each model is specified by two
parameters: n the order of the rotational symmetry and r the
radius of the label site from the symmetry axis.”® We used
ExiFRET to calculate the FRET efficiency expected to arise for
a series of oligomeric CLIC1 species varying in both the
number of subunits (1), where n was varied from 2 to 12
(noting that each subunit contains one label site), and the
radius (r) where r was varied from 0 to 140 A in 2 A steps. The
program provides an E value for a multimeric species as a
function of n and r, to which the observed FRET efficiency was
then related. The ExiFRET “P Donor” input corresponds to the
fraction of donor labeled protein (fp), while the “labeling
efficiency” corresponds to the remaining fraction of protein that
is acceptor labeled (f,/(1 — fp)). For the IAEDANS-IAF
donor—acceptor pair, the R, value of S1 A was used, as
determined from eqs 3 and 4. The calculation for E assumes a
random mix of either unlabeled or donor or acceptor labeled
sites distributed in a symmetrical ring confined to two
dimensions. That is, the assumption was made that any
CLIC1 oligomeric species forms a rotationally symmetric
complex within the plane of the lipid bilayer. No attempt was
made to model higher order assemblies of rotationally
symmetric pore complexes, as would be expected from the
electrophysiological characterization of the CLIC1 channel.”
Nonspecific FRET between oligomeric species was most likely
avoided due to the low protein concentration (2 yM) used.

Comparison of the modeled E values calculated by ExiFRET
to the experimental FRET data obtained upon oxidation of
CLICI in the presence of the membrane at 4 h was used to
determine the best fit parameters, n and r, for the CLIC1
oligomeric species. For method A, where experimental E values
were obtained by the incorporation of unlabeled CLIC1 in the
FRET sample, the ExiFRET E values for comparison were
generated for a range of radii from 0 to 140 A for four
oligomeric models (n = 2, 4, 8, and 12). For method B, where
both f, and f, were varied, FRET obtained E values were
compared to ExiFRET generated E values for f, ranging from 0
to 1.00. Using the ExiFRET calculated E values, curves of fp,
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Table 1. Intramolecular FRET Efficiency (E) and Distances (R) Calculated from Trp35 to IAEDANS Labeled Residues in the

Soluble and Membrane CLIC1 States”

crystal structure/modeled

FRET distances
IAEDANS acceptor site labeling efficiency (%) E, Ry, (A) E.p Enen’ Rpem (A) Ropnomers (A) R (A)
44 93 + 11 0.42 + 0.06 232 £ 09 0.35 £ 0.05 0.32 + 0.07 249 £ 1.3 14.4 14.8
45 80 + 12 0.38 + 0.06 239 £ 1.0 0.37 + 0.06 0.37 + 0.08 241 + 14 16.6 15.9
46 82 + 11 0.24 + 0.04 26.5 + 09 0.32 £+ 0.05 0.35 + 0.06 24.5 £ 1.0 19.8 17.1
49 89 + 12 0.13 + 0.02 303 £ 0.8 0.28 + 0.04 0.34 + 0.05 24.5 £ 0.8 28.0 21.6
223 101 + 12 0.58 + 0.07 209 + 1.1 0.19 + 0.03 0.02 + 0.08 40.8 + 12.5 13.1 41.0

“Corresponding distances derived from the CLIC1 monomer crystal structure and CLIC1 integral membrane model are presented for comparison.

bCalculated as E ip

arises from a mixed population of two conformers: 35% soluble (E,,) and 65% membrane associated CLIC1 (E,,..,), respectively.

“Distance between Trp35 Ca and Ca at label site obtained from CLIC1 monomer crystal structure (Protein Data Bank entry 1KOM, Figure 1a).
“Distance between Trp35 Ca and Ca at label site using our CLIC1 monomer integral membrane model, as shown in Figure 1b.>'

Soluble Membrane
2 2
2 2
2 ]
£ £
8 8
2 :
4 o
3 e
i ic
300 325 350 375 400 425 300 325 350 375 400 425
Wavelength (nm) Wavelength (nm)
c d
0.7 Soluble Membrane + 2 mM H,0, 30
0.6 25
05 20
= 15
04 <
w = 18
0.3
5
02 i | : .
01 5 i
0 -10
0 4 8 24 44 45 46 49 223

Time after addition of liposomes (h)

IAEDANS labeling site

Figure 2. Intramolecular FRET between the single native Trp3S and IAEDANS labeled cysteines at residues 44, 45, 46, 49, and 223. (a)
Representative fluorescence spectra of energy transfer from Trp3S to IAEDANS-49 in the soluble state and (b) following oxidation in the presence
of the membrane state at 24 h. Donor only, dashed line; donor—acceptor, solid line. (c) Efficiency of energy transfer (E) from Trp35 to IAEDANS
labeled residues in the soluble state and 24 h time course following the addition of lipid and 2 mM H,0, (44, open circle; 45, closed diamond; 46,
open square; 49, closed circle; 223, closed square). (d) Change in FRET distance (AR) from Trp3S to each of five IAEDANS labeled residues
observed between the soluble and membrane states at 24 h (gray). Change in distance expected for corresponding residues sites calculated from the
CLICI monomer crystal structure and integral membrane model as shown in Figure 1 (black).

versus E for a given n (for values from 2 to 12, inclusive) and r
(0 to 100 A) were generated at 2 A radius intervals. The set of
experimentally determined E values was then matched to the
model of best fit using a nonlinear regression analysis in
Mathematica by varying the two parameters n and r.

B RESULTS

Fluorescent Labeling of CLIC1. Our strategy to achieve
site-specific cysteine labeling of CLIC1 ensures that Cys24, a
functionally important cysteine residue, is protected from
modification by the extrinsic fluorescent label.> High efficiency

10891

of labeling (~100%) was achieved for the five engineered single
cysteine residues (44, 45, 46, 49, and native Cys223) in the
oxidized dimer form (see Supporting Information, Figure S3).
The labeled monomeric CLIC1 state for all five labeled
constructs was successfully obtained for FRET analysis
following the reduction of the Cys24-CysS9 disulfide (see
Supporting Information, Figure S4).

Intramolecular FRET: Transmembrane Extension.
Intramolecular FRET was detected between the Trp3S donor
residue and five JAEDANS-modified cysteine residues, four
located within the N-domain (44, 45, 46, and 49) and one in
the C-domain (223). The three consecutive N-domain residues

dx.doi.org/10.1021/bi2012564 | Biochemistry 2011, 50, 10887—10897
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(44, 45, and 46) were targeted as the expected change in
distances from Trp3S to each upon lipid addition were most
advantageous to confirm the extension of the CLICI1
transmembrane region, as suggested by the model (Table 1).
The residue 49 was also chosen as the expected distance change
was greatest from Trp3$ to this residue (decrease of 6.5 A),
easily detectable by the FRET technique. The efficiency of
energy transfer between each donor—acceptor pair was
measured by the relative decrease in the tryptophan donor
emission peak (341 nm). Representative spectra of the
intramolecular FRET observed from Trp35 to IAEDANS
label at residue 44, both in solution and following the addition
of liposomes, are shown in parts a and b of Figure 2,
respectively. For all five probe pairs, FRET was observed with
CLICI1 both in solution and upon the addition of liposomes. In
the presence of liposomes, the greatest change in FRET
efficiency was seen upon the addition of H,O, up to a 24 h
time point (Figure 2c). Lipid integrity prevented measurement
of time points beyond 24 h. There was no significant change in
the FRET efficiency measured in the presence of the liposomes
without oxidation (data not shown).

As shown in Figure 2¢, upon the addition of the liposomes
and oxidizing conditions, the value of E was observed to
notable decrease over time for two out of the five label pairs:
Trp3S to Cys44 and, most dramatically, for Trp3S to Cys223.
The value of E was measured to increase with time for two
further FRET pairs, Trp3$ to Cys46 and Trp3S to Cys49, while
the fifth FRET pair, Trp35 to Cys4S, did not show any
significant change in E. For all five FRET pairs, the E values
determined were observed to plateau between 4 and 24 h such
that the maximal change between E values obtained in the
soluble state (E,,) and in the presence of the membrane were
taken at the 24 h time point (E,y;,, Table 1).

The Forster equation was used to calculate the correspond-
ing FRET distances in the CLICI soluble monomeric state
(Ry) and the CLICI membrane associated form (R,..)
(Table 1). The value of E..,, or the efficiency of energy
transfer arising from the membrane associated portion of
CLIC1 protein at 24 h, was calculated from both E; and E,j;,
on the basis that 35% of the measured E value under oxidative
conditions results from noninserting CLIC1 that remains in the
soluble monomer form (see Supporting Information, Figure
$2).*” FRET distances for R, were subsequently obtained
from E,_,.

Comparison of Intramolecular FRET Distances with
the CLIC1 Crystal Structure and the Transmembrane
State Model. Calculations of FRET distances expected for the
CLIC1 monomeric soluble state obtained from the crystal
structure distance (PDB 1KOM) between the Car of Trp3$ and
Ca of the IAEDANS labeled residue (R,onomer Table 1 and
Figure 1a) were all in good agreement with the corresponding
measured R, FRET distances. The small ~2—9 A deviation of
the experimental FRET distances compared to the crystal
structure distances are not unexpected when probe length,
flexibility, and orientation are considered.>” Comparison of the
FRET distances obtained in the membrane state (R,,.,) to our
model of the CLICI1 integral membrane form, previously
generated from FRET distance constraints (R4, Table 1 and
Figure 1b), also showed good agreement.’’ Again, the FRET
distances measured for the membrane state were all only
slightly longer (~6—10 A) than those expected from our
model.

Intermolecular FRET: Detection of CLIC1 Oligomeriza-
tion. Intermolecular FRET was measured between JAEDANS
donor and IAF acceptor labels located at the same residue, but
on different CLIC1 molecules. FRET is only observed when
the dipole—dipole interaction between the donor and acceptor
labels falls within the upper limit of detection for the probe pair,
~100 A for IAEDANS-IAF, thereby indicating the formation of
a multimeric CLIC1 species. FRET was initially performed in
the simple case of a 1:1 mix of donor and acceptor labeled
CLIC1 at residue 44, 49, or 223. FRET was measured both in
solution and in the presence of liposomes, with and without the
addition of the oxidizing agent. Representative FRET spectra
for CLICI labeled at residue 223 collected under these four
experimental conditions (i—iv) are shown in Figure 3. Only
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Figure 3. Intermolecular FRET between IAEDANS (donor) and
IAF(acceptor) labels located at Cys223 of CLICI. (a) CLICI reduced
monomer in solution: condition i; (b) following oxidation with 2 mM
H,0,: condition ii; (¢) CLIC1 reduced monomer in the presence of
liposomes without additional redox conditions: condition iii; and (d)
following oxidation with 2 mM H,O,: condition iv. All spectra were
recorded at an excitation wavelength of 336 nm at 4 h for a 1:1 ratio of
donor to acceptor labeled CLIC1. Donor only, dashed line; donor—
acceptor, solid line.

upon the oxidation of CLIC1 in the presence of the liposomes
(condition iv) over time was considerable intermolecular
energy transfer, and thus evidence of oligomerization, observed.
A dramatic decrease in the emission peak of the donor was
accompanied by an increase in the emission of the acceptor,
corresponding to energy transfer (Figure 3d). The maximal
value for the efficiency of energy transfer for all three labeling
sites were observed at the 4 h time point with values for E
ranging from 0.40 to 0.49 (Table 2 and Supporting
Information, Table S1).

In solution, little FRET (Ejion < 0.09) was observed for all
three labeled residues (Table 2; see Supporting Information
Table S1 for data obtained at 0 and 24 h). No notable increase
in FRET was observed upon the addition of the oxidizing agent
(Esolution + 2 mM H,0,), with values again <0.09 (Table 2).
Upon the addition of liposome vesicles, again, no significant
FRET (<0.09) was seen over time (E_ . bmne)- It is expected
that a proportion of the monomeric CLIC1 will form oxidized
dimer in solution. Therefore, the proportion of dimer formed in
the absence of a reducing agent (i—iii) can be calculated from
the E values. The amount of dimer that was found to occur
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Table 2. Intermolecular FRET Efficiency (E) Measured
between IAEDANS and IAF Labeled CLIC1“

labehng Esolution + Emembrane +
site Eojution 2 mM H,0, E embrane 2 mM H,0,
44 0.03 + 0.01 0.03 + 0.01 0.03 + 0.01 0.40 + 0.06
49 0.09 + 0.02 0.04 + 0.02 0.06 + 0.02 0.46 + 0.06
223 0.06 + 0.02 0.09 + 0.02 0.04 + 0.02 0.49 + 0.07

“All E values were obtained using a 1:1 mix of donor to acceptor
labeled protein with the labels located at the same residue but on
different CLICI molecules. FRET was measured in solution and in the
presence of the membrane, both in the absence of additional redox
conditions and following oxidation at a 4 h time point.

upon oxidation in solution for the three label sites, assuming
the predicted probability of formation of a dimer donor—
acceptor pair had occurred, was 9 + 7% for 44, 13 + 9% for 49,
and 22 + 9% for 223. This calculated amount of dimer formed
upon reoxidation of our labeled monomeric CLIC1 is low but
consistent with the yields obtained upon initial purification of
the oxidized dimer (Supporting Information, Figure S1).

Intermolecular FRET: Modeling the CLIC1 Oligomer
Form. The relationship between the efficiency of energy
transfer between a donor and acceptor label pair separated by a
single distance is well established. However, in the case of our
intermolecular FRET, the situation is more complex as the
CLICI subunits may assemble into an oligomeric protein form
and therefore contain a random mix of unlabeled CLIC1 plus
CLICI labeled with IAEDANS donor and IAF acceptor labels.
Hence, the efficiency of energy transfer observed under
oxidative conditions in the presence of liposomes (Figure 3d)
is related not only to the distance separating the donor and
acceptor labels but also to the fraction of donor and acceptor
labeling and the number (n) of interacting subunits in the
oligomeric state.

Two different strategies were used to vary the degree of
labeling in the CLIC1 oligomeric integral membrane form. In
the first (method A), the fraction of acceptor labeled protein
was held fixed at f, = 0.5, while the fraction of labeled donor
(fp) protein was varied by the addition of unlabeled CLICI
(fu)- For each experimental condition, the measured E values
were plotted on the curves of EXiFRET calculated E values as a
function of label radius for models with 2-, 4-, 8-, and 12-fold
symmetry, representing dimers, tetramers, octamers, and
dodecamers, respectively (Figure 4). When the fraction of
donor label fi, < 0.25, the experimental E values for the three
label sites (44, 49, and 223) are all greater than the calculated
values of the dimer model, precluding this as the integral
membrane form of CLICI1. The best correlation between the
experimental FRET data and the modeled curves can be seen
for the two larger oligomeric species of # = 8 and n = 12. The
octamer model reveals the narrowest range of corresponding
radii of ~48—59 A for labeled residue 44, ~55—64 A for 49,
and ~58—68 A for 223.

Using a second strategy (method B), the fraction of donor
and acceptor labeled protein was varied between 0 and 1.0
without the addition of unlabeled CLIC1. These data were only
collected for labels at residue Cys223 in CLIC1. Experimentally
measured E values were compared to ExiFRET predicted E
values over the fj range of 0—1.0. Model data with radii
ranging from 1 to100 A at 2 A intervals were generated for each
oligomeric species from n = 2 to 12, inclusive. The
experimental FRET data were fitted to the ExiFRET generated
model data using nonlinear regression analysis (Figure S). The
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Figure 4. Intermolecular FRET measured between IAF and JAEDANS
at residue 44, 49, or 223 following oxidation in the presence of the
membrane. fj, was varied by incorporation of unlabeled CLIC1, while
fa was kept constant at 0.50 (method A). Corresponding ExiFRET
curves of predicted E values for specfied radius for models of a dimer
(n = 2), tetramer (n = 4), octomer (n = 8), and dodecamer (n = 12)
are shown. The fit of FRET efficiency values and extrapolated radial
distance measured for residues 44 (open circle), 49 (closed circle), and
223 (closed square) to the octamer curve are shown.

best fit parameters from the regression were with an n value of
7 + 1 with a 95% confidence interval of # = 5—9 and an r value
of 66 + 3 A with a 95% confidence interval of r = 59—73 A. By
its nature, the regression analysis does not account for any
possible systematic errors. In Figure Sa, it can be seen that the
regression fit (denoted by the 0.95 error ellipse) correlates well
with the minimum mean-square error estimator (represented
by the contours). The corresponding curve of best fit to the
experimental data from the nonlinear regression analysis is
shown in Figure 5b, and a schematic representation of such a
large oligomeric configuration and corresponding radial
distance for residue 223 is provided in Figure Sc.
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Figure S. Modeling of intermolecular FRET measured between
IAEDANS and IAF at residue 223 following oxidation in the presence
of the membrane. FRET f;, values were measured by adjusting the
ratio of donor to acceptor labeled CLIC1 (method B). (a) The
experimentally determined E values were modeled by nonlinear
regression against ExiFRET generated E values where the number of
subunits (1) and the radius (r) were varied. The contours represent
the RMSE value of the model to the experimental data. The contours
are evenly spaced at increments of 0.04 with the lowest contour being
0.04 (black) and the highest being 0.52 (white). The error ellipse
represents the region of best fit by the nonlinear regression analysis at
the 95% confidence level (n = 5—9, r = 59—73) and correlates with the
contour of lowest RMSE value (<0.04). The best fit parameters from
the regression reveal n =7 + 1 and r = 66 + 3 (R* value of 0.985). (b)
The corresponding curve of best fit (n = 7, r = 66) obtained from
nonlinear regression analysis shown in (a). The residual E values for
corresponding solution exhibit a random pattern. (c) Schematic
representation of CLIC1 oligomeric configuration indicating the radius
of 66 A.

B DISCUSSION

Although it was shown over 10 years ago that the soluble
monomeric globular form of CLICI could self-integrate into
lipid bilayers to form an ion channel,"*** there has been little
progress into unveiling the structure of the integral membrane

form. A recent in vitro FRET study from our group provided
the first direct evidence of CLICI structural rearrangement
upon interaction with the membrane and proposed a model
where there was a large-scale unfolding of the N-terminal
transmembrane domain away from the C-domain as it inserts
into the bilayer.>’ Here we use FRET measurements to show
that there is indeed a large-scale structural rearrangement in
CLICI upon membrane insertion. We also provide the first
experimental evidence that the integral membrane form of
CLIC1 comprises a large oligomer, where a CLIC1 oligomer of
6—8 subunits best fits the intermolecular FRET data for the
integral membrane form.

To date, there is no high-resolution structure for the integral
membrane form of CLICI. Our previous FRET and EPR
studies produced the first model for the integral membrane
form of CLIC1 based on FRET distances between labels on
three native cysteines (Cys89, Cys178, and Cys223) and native
Trp35.>' The model was developed using a rigid body
simulation constrained by the experimentally determined
FRET distances. However, the model assumed that residues
Cys24 to Val46 formed a transmembrane helix, as was
previously proposed.”**>*’

In the present study, we have used FRET to measure
distances between the single native Trp35 to a series of
introduced labeled cysteines around the C-terminal boundary
of the transmembrane region (44, 45, 46, and 49) and to native
Cys223. These four new FRET measurements are consistent
with the transmembrane region of CLIC1 (Cys24 to Val46)
adopting a helical conformation in the membrane. This is the
first experimental data that is consistent with the helical model
for the CLIC1 transmembrane domain. The insertion of the N-
terminal transmembrane domain into the bilayer as an
extended helix is thus assumed to form the integral part of
the conductance pore at the symmetry axis of the resulting
oligomeric species.

The intermolecular FRET measurements presented here are
also the first direct evidence that CLICI forms an oligomer in
the integral membrane form. Assuming that this oligomeric
form comprises a structure with rotational symmetry, the FRET
data are best fit by oligomeric model where n =7 + 1 and r =
66 + 3 A. Reasonable fits are also evident in the range of n =
5—9 with corresponding radius range of 59—73 A (Figure 5).
This is the first structural estimate of the oligomeric state of the
CLIC1 channel form.

The FRET measurements for the intramolecular structural
change between the soluble CLIC1 monomer and the integral
membrane form and also the intermolecular FRET measure-
ments for revealing the presence of a membrane induced
oligomeric species, as carried out in the present work, are
superior to those presented in our previous work.>" The key
difference is that the starting species in this study is the reduced
CLIC1 monomer, presumably the native, cytoplasmic species,
as opposed to the oxidized CLIC1 dimer used in the previous
work. Although the CLIC1 oxidized dimer form added to
membranes is known to form active ion channels similar to
those observed in vivo,”® fluorescence quenching and sucrose-
loaded-vesicle membrane binding studies suggest that a greater
proportion of membrane associated CLIC1 is obtained upon
oxidation of CLIC1 monomer in the presence of the membrane
(~60—70% as opposed to ~30% for dimer) (Supporting
Information, Figure $2).” Hence, the advantages of measuring
the change in FRET between the soluble CLIC1 initially in the
monomer form and upon the addition of membrane are 2-fold;
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only a single distance is present in the soluble state and the
population of membrane associated CLIC1 is higher.

As a control for the FRET technique, a good agreement was
found between the FRET distances measured in the soluble,
monomeric state and those estimated from the CLIC1 crystal
monomer structure for all five labeled sites (PDB 1KOM).
However, the FRET technique is far more powerful when
measuring a relative change in efficiency of energy transfer than
when used to measure an absolute distance. Considering the
uncertainties in the FRET technique, there was good
correlation observed for both the difference in size and
magnitude of the change in FRET distances measured between
the soluble and membrane bound CLIC1 states (AR) to those
expected from the monomer crystal structure and our
transmembrane model (Figure 2d). The AR for the three
distances measured from Trp35 to residues 44, 45, and 46 upon
interaction with the membrane agreed within <2 A of the
predicted change expected for these N-domain sites. For the
Trp 35 to residue 49 FRET pair, a 5.8 A decrease in the
distance upon membrane interaction was measured, which
showed close agreement with the negative 6.4 A predicted
value. A larger increase of 27.9 A was predicted for the Trp3S$ to
233 distance as the N-domain separates from the C-domain
upon insertion into the membrane as in our model. Although
an increase in distance of only 19.9 A was experimentally
measured for this probe pair, this increase in distance is still in
very good agreement with the model when considering the
measured E value at this such long distance is at the limit of
sensitivity for the Trp—IAEDANS probe pair. Hence, a greater
error in R is reflected for this longer distance pair.

Electrophysiological studies in vitro and in vivo show that the
CLIC1 ion channel exhibits multiple conductance states.”®
When recombinant CLIC1 is added to an artificial bilayer, an
initial small-conductance (7 ps) slow-kinetics channel or
protopore is observed. With time, this evolves into a
cooperatively gated high-conductance (30 ps) fast-kinetics
channel that appears to couple four protopores into a mature
channel.*® The simplest interpretation of this data is that a well-
defined multimer of CLICI (n) spans the bilayer and
establishes the protopore before further tetramerising (4n) to
form a mature channel. The protopore must comprise multiple
CLICI subunits (probably n > 4) as the CLICI trans-
membrane domain is short and forms a helix which can only
traverse the bilayer in a single pass. It is possible that the FRET
data obtained in this study may be representative of an alternate
oligomeric configuration beyond the simple case of an n-
symmetrical ring-like structure, as modeled here. However,
upon deviation from n-symmetry around a single point, the
appearance of relatively shorter FRET distances would be
expected to occur, thereby biasing the efficiency of energy
transfer toward significantly shorter distances. This was not
observed, although we still cannot rule out other possible
configurations. The simplest interpretation of the intermolec-
ular FRET data from our modeling is that the likely 6—8 n-mer
is the protopore state, in which case the mature channel would
consist of 4 times as many subunits (a tetramer of 6—8 n-mer).
The slight decrease observed in the intermolecular FRET at the
24 h time point (Table S1) may be evidence of the assembly of
protopores to form the mature tetrameric channel over time,
and this is the subject of future investigation.

Helices within membrane proteins are generally tightly
packed to allow interaction over the entire width of the bilayer
and enable formation of an enclosed aqueous pore. While the

66 + 3 A radius for a large oligomeric species of 7 + 1 subunits,
as modeled from the FRET interaction for labels located at the
C-terminal residue (Cys223), is within the magnitude expected
for a large multimeric protein, the radius measured for residues
predicted to be within the transmembrane helix (at residues 44
and 49) in the range of 48—64 A (Figure 4) can still be viewed
to be somewhat larger than expected for a selective ion channel
pore size. Some of this discrepancy may be accounted for by
factoring in the additional distance contribution from the
flexibility of the large fluorescent labels used. For example, the
radius of the MscL mechanosensitive channel pentamer in the
open state, estimated from the crystal structure to have a radius
of ~30 A, was measured as 54 A using a similar FRET analysis
as presented here.*® Although poor selectivity of some of the
CLIC family proteins may be due to a wide pore lacking
specific ion-binding sites,”> the maximum CI~ conductance
observed for the CLICI in potassium chloride (120 pS®) is
inconsistent with a wide water-filled pore as found, for example,
in bacterial porins.

The question then becomes, how can a large CLIC1
transmembrane structure form a stable entity in the bilayer
so as to be selective for chloride ions? One possibility is that the
six to eight transmembrane helices form a scaffold which
supports a selectivity filter structure that limits the passage of
molecules through the pore. Such an arrangement would be
similar to the tetrameric potassium and sodium ion channels
where the transmembrane helices sugport the short pore
helices and selectivity filter structure.””*° Additionally, there
has been some suggestion that the conductivity of the CLIC
proteins involves both the passage of anions and countercations
across the pore in a similar manner to the neuronal
“background” Cl~ channels.”**® The presence of large,
relatively impermeant, cations within the pore do not prevent
all ion permeation but make the channel more anion-selective.
A wide pore, as could naively be suggested by our CLIC1
oligomer model of between 6 and 8 subunits, would be
required to accommodate such large countercations. Only
through full structural elucidation of the transmembrane pore
region can the true nature and mechanism of the CLIC1 pore
be revealed.

Future cysteine scanning through the transmembrane regions
of CLICI using our intermolecular FRET approach could
better reveal the CLICI transmembrane architecture and the
geometry of the pore. However, much emphasis has been
placed on the potential role of the conserved Cys24 residue in
defining CLIC ion channel selectivity.”" It is unlikely that the
introduction of cysteine residues within close proximity to
Cys24 (or indeed CysS9) would be tolerated by our labeling
strategy, as there is a high likelihood of formation of a non-
native disulfide interaction which would perturb function.

While it is clear that oxidation is an important factor in
CLIC1 membrane insertion, and from the results of this study,
membrane induced oligomerization, the physiological trigger
for CLIC1 membrane insertion is still uncertain. The exact
molecular mechanism leading to formation of the CLICI ion
channel is not known, particularly in regards as to whether
membrane insertion and oligomerization are discrete or
interdependent processes. There are examples in the literature
of ion channels, such as the aquaporins*' and glycerol-
conducting channels,** that do form large helical bundles that
then further oligomerize to form mature channels with multiple
pores. However, the oligomeric model for the CLIC1 integral-
membrane form presented herein represents a novel ion

dx.doi.org/10.1021/bi2012564 | Biochemistry 2011, 50, 10887—10897



Biochemistry

channel architecture with each subunit contributing a single
transmembrane entity to the pore in contrast to multiple
transmembrane regions from a single subunit. The dynamic and
metamorphic nature of the CLIC proteins continues to make
them difficult although highly intriguing targets to study. Only
from a high-resolution structure of the ion channel oligomer
can we begin to better understand how CLIC1 functions as an
ion channel.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details of protein purification of CLIC1 mutant
constructs by size exclusion chromatography (Figure S1), the
sucrose-loaded vesicle sedimentation assay for measuring
interaction of CLIC1 with liposome vesicles (Figure S2),
UV—vis profile of the labeling of oxidized CLIC1 dimer by
IAEDANS and IAF (Figure S3), and the reduction of the
labeled oxidized dimer to monomeric CLIC1 (Figure S4);
additional intermolecular FRET measurements performed at 0
and 24 h (Table S1). This material is available free of charge via
the Internet at http://pubs.acs.org.
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