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ABSTRACT: Chloride intracellular channel protein 1 (CLIC1) is a dual-state protein that &\»\ &
can exist either as a soluble monomer or in an integral membrane form. The oligomerization S [N [< /
of the transmembrane domain (TMD) remains speculative despite it being implicated in pore ™% E\:LZ 7N ) @
formation. The extent to which electrostatic and van der Waals interactions drive folding and ~
association of the dimorphic TMD is unknown and is complicated by the requirement of ) &
interactions favorable in both aqueous and membrane environments. Here we report a 2
putative Lys37—Trp3S cation—r interaction and show that it stabilizes the dimeric form of the 2
CLIC1 TMD in membranes. A synthetic 30-mer peptide comprising a K37M TMD mutant o
was examined in 2,2,2-trifluoroethanol, sodium dodecyl sulfate micelles, and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine liposomes using far-ultraviolet (UV) circular dichroism, @\\ b T
fluorescence, and UV absorbance spectroscopy. Our data suggest that Lys37 is not implicated ' p

in the folding, stability, or membrane insertion of the TMD peptide. However, removal of this ‘

residue impairs the formation of dimers and higher-order oligomers. This is accompanied by a

30-fold loss of chloride influx activity, suggesting that dimerization modulates the rate of chloride conductance. We propose that,
within membranes, individual TMD helices associate via a Lys37-mediated cation—7 interaction to form active dimers. The latter
findings are also supported by results of modeling a putative TMD dimer conformation in which Lys37 and Trp3S form
cation—7 pairs at the dimer interface. Dimeric helix bundles may then associate to form fully active ion channels. Thus, within a
membrane-like environment, aromatic interactions involving a polar lysine side chain provide a thermodynamic driving force for
helix—helix association.
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he two-step folding model proposed by Popot and hydrophobic medium'* ™' with an average strength of —6.5
Engelmanl’2 and the modified two-step model of White kcal/mol.'® The extent to which cation—r interactions direct
and Wimley’ have been used to explain the mechanisms by membrane protein folding and transmembrane helix association
which membrane proteins bind to, insert, and oligomerize in is poorly understood, given that the energetics associated with
membranes. These models depict TMDs as independently the polar and aromatic groups differ substantially between

stable and folded units capable of self-association. The self-
association of transmembrane helices is a key step in membrane
protein folding because it typically results in the protein
adopting a functional form. Helix—helix association is thought
to be mediated largely through noncovalent van der Waals and
electrostatic forces.* The former utilizes small residue packing
motifs to maximize helix contacts, such as GxxxG® and AxxxA,°
whereas electrostatic interactions occur between polar side
chains and side chain and backbone residues of interacting

membrane and water-soluble proteins.

Proteins capable of adopting multiple stable native states
present an intriguing variation to these schemes. These proteins
undergo large-scale structural rearrangements upon association
with the lipid bilayer, resulting in the spontaneous conversion
from a water-soluble to a membrane-bound form.'” This
requires interactions that are favorable in both aqueous and
membrane environments, limiting the ensemble of potential

helices.”™® Although these two interactions predominate, other helix—helix contacts. The eukaryotic chloride intracellular
important subsets of noncovalent interactions involving channel (CLIC) protein family is an example of a class of
aromatic residues exist. These may involve (i) two aromatic

residues (7—7 stacking) or (ii) a basic and an aromatic residue Received: October 22, 2013

(cation—r). The latter is emerging as an important stabilizing Revised:  December 11, 2013

force in membrane proteins,lo_12 being favorable in a Published: December 11, 2013
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amphitropic proteins that have evolved to overcome this
limitation.

In their reduced monomeric state, the CLIC proteins adopt a
topology similar to that of the GST superfamily, with a
thioredoxin N-domain and an all-a-helical C-domain (Figure
1A)."® CLICs are unique among all eukaryotic ion channels in
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Figure 1. Structure and sequence conservation of the CLIC1 TMD.
(A) The CLIC1 TMD comprises residues 24—46, which include most
of helix a1 and sheet 52 (black) of the N-domain. This region shows
strong sequence conservation across the vertebrate CLICs as well as
the invertebrate homologues Exc4 (Caenorhabditis elegans) and
dmCLIC (Drosophila melanogaster). The residues involved in a
putative cation—z interaction are superimposed in panel B and
boxed in panel C.

that they are dimorphic and can exist in either a soluble or
membrane-bound form.'® The best characterized member of
this family is the p64 homolgue CLIC1. The soluble—
membrane transition of CLICI likely involves the exposure
of a single TMD. We have demonstrated that the isolated TMD
undergoes structural modifications in a membrane environ-
ment, including the acquisition of helical secondary structure
and dimerization.'"” Although the residues involved in
dimerization are unknown, it is likely that they form
noncovalent helix—helix interactions. The oligomerization
process, which completes the two-step folding model, has
been poorly characterized in CLIC1. To date, two models for
the functional CLIC1 channel have been proposed.”**!
However, neither of these models provides any indication
about which interactions stabilize the TMD oligomers in the
membrane. Modeling of the CLIC1 TMD dimer has identified
a putative cation—x interaction at the dimer interface. This
interaction, along with a network of hydrophobic contacts, may
play an important role in stabilizing the dimer and higher-order
oligomers in the membrane. This has both structural and
functional implications, given that the single TMD of CLIC1
alone is insufficient to form an ion-conducting membrane
channel.

To improve our understanding of the process of oligome-
rization in CLIC1, we probed the role of Lys37 as a key residue
in maintaining the specificity and stability of dimerization in the
TMD. In this study, we examined the secondary, tertiary, and
quaternary structural changes of a K37M CLIC1 TMD mutant
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as it partitions between an aqueous and membrane-mimicking
environment.

B MATERIALS AND METHODS

Modeling of TMD Dimer Conformations. The CLIC1
TMD sequence (Figure 1) was built into uniform a-helices
with ideal backbone torsion angles of —65° (¢) and —40° ()
using Chimera version 1.6.2. Side chain rotamers were chosen
using the backbone-dependent rotamer library program
SCWRL.>* Subsequently, the dimeric structure of the CLICI
TMD was reconstructed using the PREDDIMER algorithm
(http://model.nmr.ru/preddimer/).>® Packing efficiencies of
the predicted conformations were estimated according to the
PREDDIMER scoring function (Fgcop)-

Peptide Design and Synthesis. The 30-residue CLIC1
K37M TMD peptide (22-GNCPFSQRLFMVLWLMGVTEN-
VTTVDTKRR-S51) containing a carboxylated amino terminus
and an amidated carboxyl terminus was synthesized using a
solid phase continuous flow system by GL Biochem (Shanghai,
China). Its purity was determined to be >95% using high-
performance liquid chromatography.

Sample Preparation. Samples were solubilized in 100%
(v/v) methanol to yield a 1 mM stock solution and prepared as
previously described.” Incorporation of the peptide into SDS
micelles and POPC liposomes was conducted according to an
established protocol.” Lucigenin-encapsulated liposomes were
prepared using a method identical to that described
previously'® with the inclusion of 10 mM Lucigenin (Sigma-
Aldrich) and 15 mM potassium acetate in reconstitution buffer.
Free Lucigenin was removed by size-exclusion chromatography
on a Sephadex G-25 column equilibrated with reconstitution
buffer.

CD and Fluorescence Spectroscopy. Far-UV CD and
fluorescence spectra of the K37M peptide were recorded in
TFE, SDS, and POPC as described previously." Spectra were
buffer-corrected and smoothed using the negative exponential
method. CD spectra were normalized to mean residue
ellipticity ([0]) using the equation

[6] = (1008)/(cnl)

where [0] is the molar ellipticity (degrees square centimeter per
decimole), € is the ellipticity (millidegrees), ¢ is the protein
concentration (millimolar), n is the number of residues in the
peptide, and [ is the path length (centimeters). For all far-UV
CD analyses, n = 30 and ] = 0.1 cm. A quantitative estimation of
the secondary structure content of the TMD peptide was made
using the CDPro software package as described previously.'”**
The standard error of the secondary structural elements was
determined from four separate CDPro analyses.

To analyze the effect of oxidation, 10 M peptide was
incubated with 2 mM H,0, for 0—24 h and analyzed as
previously described."” Acrylamide and iodide quenching was
also performed as described previously."”” The fluorescence
intensity at 345 nm was monitored and analyzed according to
the Stern—Volmer relationship:

E/F =1+ Kg[Q]

where F, and F are the emission intensities in the absence and
presence of the quencher, respectively, [Q] is the concentration
of the quencher, and Kgy is the Stern—Volmer constant.
DTNB Assay. DTNB (5,5 -dithio-2-nitrobenzoic acid) is a
water-soluble compound used to quantify free thiol (-SH)
groups in solution based on their solvent accessibility. The
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CLIC1 K37M TMD contains a single cysteine residue at
position 24. The DTNB assay was performed as described
previously'’” in SDS and POPC. In the case of liposome
samples, two versions of the DTNB assay were performed: (i)
as described above with extrinsic DTNB added to samples and
(ii) using DTNB encapsulated within the liposomes. The aim
of these two methods was to probe whether Cys24 is located at
the cis or trans face of the membrane mimetic. The
concentration of 2-nitro-S-thiobenzoic acid (NTB) was
determined spectrophotometrically at 412 nm using an
extinction coefficient of 13600 M~ ¢m™.** The proportion
of free thiols was obtained from the ratio of NTB concentration
to peptide concentration.

Tricine Sodium Dodecyl Sulfate—Polyacrylamide Gel
Electrophoresis (SDS—PAGE). The oligomeric state of the
K37M TMD peptide in SDS micelles was invest(ijgated by gel
electrophoresis. A modified Tricine buffer system>® with a 0.5%
SDS gel was used. Samples were prepared and electrophoresed
as described previously.'” A dimer control was included by
incubating samples with 2 mM H,O, in the absence of f-
mercaptoethanol, thereby inducing the formation of a Cys24—
Cys24 disulfide bond between two peptides. Silver staining was
performed using the SilverQuest kit (Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions.
Band intensities were quantified using Image] (http://rsbweb.
nih.gov/ij/).

UV Absorption. To probe whether a cation—7 interaction
occurs between Lys37 and Phe41/Trp3S, UV absorption
spectra of the wild-type and K37M peptides were recorded.
This method of detecting cation— interactions is based on the
weakening of the B, tryptophan absorbance (at ~220 nm)
accompanied by a red shift to ~230 nm in the presence of these
interactions.”””® The negative—positive peak pair at 220/230
nm is considered a marker of tryptophan residues involved in
cation—7 interactions. Samples of 10 uM wild-type or K37M
peptides were analyzed in buffer [20 mM sodium phosphate
and 1 mM DTT (pH 5.5)], 40% (v/v) TFE, or 15 mM SDS.
Spectra were recorded between 200 and 300 nm in a 1 cm
quartz cuvette using a Jasco V-630 spectrophotometer (]asco,
Tokyo, Japan) at 20 °C and are an average of three
accumulations. Spectra were buffer-corrected and plotted as
the difference between the SDS and TFE spectra (SDS —
TFE). The TFE spectra serve as controls for no interaction as
TFE inhibits quaternary contacts.”

Chloride Influx Assay. To determine whether (i) the
TMD peptide has been functionally reconstituted into
membranes and (ii) dimerization is required for function, a
method for monitoring the movement of chloride ions across a
phospholipid bilayer was developed. The assay is based on the
quenching of an encapsulated chloride-sensitive fluorescent dye
Lucigenin by extravesicular chloride ions.

Wild-type or K37M TMD peptides were mixed with
Lucigenin-encapsulated liposomes (see Sample Preparation)
and left to equilibrate covered for 2 h. The final lipid
concentration was 2.5 mM, and final peptide concentrations
were between 2 and 50 yM. Blank samples were supplemented
with appropriate volumes of 100% (v/v) methanol. The CLIC1
activity has previously been shown to be pH-sensitive.*’
Therefore, samples were analyzed at either (i) pH 7.2, the
pH of the cytosol, or (ii) pH S.5, the pH at the membrane
surface. Fluorescence emission spectra of the encapsulated dye
were recorded between 400 and 600 nm in a 1 cm quartz
cuvette using a Perkin-Elmer LSS0B luminescence spectrom-
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eter (Perkin-Elmer, Waltham, MA) at 20 °C and are an average
of five accumulations. An excitation wavelength of 368 nm, a
scan speed of 250 nm/min, and 3.5 nm slit widths were used.
Peptide samples were prepared and analyzed in 20 mM sodium
phosphate, 15 mM potassium chloride, 1 mM DTT, and 0.02%
sodium azide (pH S.5 or 7.2). The percent quenching following
the addition of 4 yM valinomycin was determined according to

(1 = Fygyp/Fygyp) X 100%

where Fyg,p and Fug,p represent the emission intensity at 484
nm in the presence and absence of the TMD peptide,
respectively. The kinetics of chloride influx was monitored at
484 nm as described, following the addition of 20 yM wild-type
or K37M TMD peptide. Data were fit to either a single- or
double-exponential decay model in SigmaPlot version 11.0
from which the observed rate constants (k,,) were derived.

B RESULTS

Predicted Structure of the CLIC1 TMD Dimers. We
have previously demonstrated that the CLIC1 TMD forms
stable dimers in membrane mimetics.'” The putative
conformation of the dimer was predicted by the PREDDIMER
algorithm23 (Figure 2). This model has the top-ranking score
(Fscor = 3.1) among other possible variants and represents the
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Figure 2. Modeled structure of the CLIC1 TMD dimers. (A) The
dimeric wild-type and K37M CLIC1 TMD was modeled using the
PREDDIMER algorithm.23 The interacting helices cross at an angle of
60° to form a symmetric dimer ~32 A in length. The dimer interface
comprises a network of hydrophobic residues (B) as well as a cation—7z
interaction between Lys37 and Trp3S/Phe4l (C). The C,—C,
distances between Asn42 and Asn42, Trp3S and Lys37/Met37, and
Phe41 and Lys37/Met37 are shown. All figures were rendered using
PyMol version 1.3.
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Figure 3. Secondary and tertiary structure of the CLIC1 K37M TMD peptide. Far-UV CD (A and B) and tryptophan fluorescence (C) spectra were
recorded in buffer (dotted), in 40% (v/v) TFE (thick solid), in 15 mM SDS micelles (dashed), and in 2.5 mM POPC (thin solid). (A) In solution,
the peptide is unstructured, whereas the addition of TFE, SDS, and POPC induces a-helical secondary structure. (B) The helical content of 15 yuM
peptide is maximal at 60% (v/v) TFE, 1S mM SDS, and 3 mM POPC, after which no further increase in helicity is observed. (C) In TFE, the peptide
emits maximally at 353 nm, whereas SDS and POPC induce both a blue-shifted A, (346 and 339 nm) and a 2.5-fold increase in emission intensity.
This indicates that Trp35 becomes located in a hydrophobic environment, presumably inserted into the SDS micelles or POPC liposomes. The
buffer consisted of 20 mM sodium phosphate, 1 mM DTT, and 0.2% (w/v) sodium azide (pH S.5). Error bars represent the standard deviation from

four independent replicates.

dimer with the best packing efficiency. The model comprises
TMD residues 22—46 with a total hydrophobic length of ~32
A. The helices form a symmetric right-handed dimer with a
crossing angle of —60°. The dimer interface comprises a series
of hydrophobic interactions that include Phe31, Leu32, Leu34,
and Asn42. In addition, a cation—7 interaction between Lys37
and Trp3S was identified. The residues involved in this
interaction are conserved across the vertebrate CLICs as well as
the Drosophila melanogaster CLIC homologue (Figure 1C). On
the basis of this model, we created the K37M TMD mutant to
probe whether the predicted cation—z interaction was involved
in dimer formation and/or stabilization. The K37M TMD
dimer has packing properties similar to those of the wild type
(Figure 2A). However, the rotational angle of the helices is
asymmetric compared to that of the wild type, which results in
the loss of contact between Asn42 residues on opposite chains
(Figure 2B). The proximity of Met37 to both Trp3S and Phe41
is also reduced (Figure 2C) compared to that of the wild type.

Secondary Structure Content. The far-UV CD spectra of
the K37M TMD peptide in aqueous buffer, TFE, SDS micelles,
and POPC liposomes are shown in Figure 3. In solution, the
peptide is unstructured. Upon addition of TFE, SDS micelles,
or POPC liposomes, the CD spectra exhibit two minima near
208 and 222 nm, which is characteristic of a predominantly a-
helical conformation. Much like that of the wild-type peptide,
the spectra in POPC displayed an additional maximum at ~228
nm that can be attributed to aromatic side chains adopting an
ordered conformation.®" In addition, the molar ellipticity of the
K37M TMD peptide in TFE was 25 + 4% and 12 + 2% higher
than that in SDS micelles and POPC liposomes, respectively.

60

This suggests that a greater proportion of peptide assumes an
a-helical conformation under these conditions compared to a
micellar/vesicle environment. Quantitative secondary structure
analysis of the wild-type and K37M peptides is summarized in
Table 1. Both peptides show a similar trend, with membrane
mimetics inducing an increase in a-helical content and
decreases in f-structure and unordered structure content
(Table 1). The a-helical content of the K37M peptide
increased sigmoidally with increasing TFE, SDS, and POPC
concentrations, reaching a maximum at 60% (v/v) TEFE, 15§
mM SDS, or 3 mM POPC (Figure 3B). Compared to the wild-
type peptide (see Table 1), the K37M mutant requires an
additional 20% (v/v) TFE or 0.5 mM POPC to achieve
maximal helicity. The thermal stability of the peptide was also
analyzed by measuring the ellipticity at 222 nm in 40% TFE or
1S mM SDS at increasing temperatures (Figure S1 of the
Supporting Information). Both the wild-type and K37M
peptides unfolded via noncooperative and fully reversible
pathways. The sequential, rather than simultaneous, disruption
of amide hydrogen bonds resulting in this behavior is
characteristic of transmembrane helices.>

Tertiary Structure. The K37M TMD peptide contains a
lone tryptophan residue at position 35 that can be used as a
reporter of local tertiary structural changes. In solution, the
peptide exhibits a fluorescence emission spectrum with a low
emission intensity and a maximal emission wavelength (4,,,,) of
349 nm (Figure 3C). The introduction of a methionine at
position 37 has caused a 6 nm blue shift of the 4., compared
to that of the wild-type peptide (see Table 1). In the presence
of TFE, the emission intensity was reduced by ~25% while
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Table 1. Structural Changes of the Wild-Type and K37M
CLIC1 TMD Peptides in Response to Membrane Mimetics®

buffer TFE SDS POPC
a-helix 18+ 5 64 + 8 59 + 10 56 +9
(%)"
17+ 6 67 +9 60 + 3 61 £ 5
[-sheet 23 + 4 9+2 7+3 11+6
(%)°
25+ 6 8+ 4 7+ 4 8+3
random 56 +9 22+9 29+ 7 31 £11
coil (%)
S4+7 21+ S 31+6 28+ 9
NRMSD 0.23 0.095 0.11 0.17
0.19 0.104 0.096 0.14
Amax (nm) 355 £ 2 355 +1 343 +1 342 +3
349 + 3 3533 +2 346+ 3 339 +2
Kgy (M71)° 1535+ 023,  ND° 5.66 + 0.1, 7.01 + 0.76
3.52 + 0.12 1.03 + 0.09
8.6 + 0.16, ND* 242 + 0.08, 2.79 £+ 0.09
2.53 + 0.13 1.08 + 0.13
fraction of  0.98 + 0.01 ND* 0.64 + 0.009 0.39 + 0.01,
free 0.63 + 0.03
thiols®
1 + 0.02 ND* 0.67 + 0.012 0.4 + 0.011,
0.61 + 0.014
thermal ND* linear linear ND*
unfolding
ND* linear linear ND*

“Wild-type values are shown first. The results for the wild type have
been published previously."” The standard deviation from four
independent replicates is given. YCDPro reference set SP43. “Samples
with two values represent the Kgy determined from acrylamide and
iodide quenching, respectively. “In POPC, the first value represents
external DTNB (cis) while the second value represents encapsulated
DTNB (trans). “Not determined.

shifting the A, to 353 nm. Both SDS and POPC induced a
blue-shifted 4., (346 and 339 nm) and a 2.5-fold increase in
emission intensity. This behavior is similar to that of the wild
type and suggests that Trp35 of the TMD peptide is inserted
into the SDS micelles or POPC liposomes. The local
environment of Trp3S may also be influenced by quaternary
interactions in addition to interactions with the mimetics,
particularly if Trp35 is located at or near an oligomer interface.

We have previously demonstrated that, under oxidizing
conditions, the emission spectra of Trp3S are quenched by
H,0, on the basis of solvent accessibility."” This is a result of
the conversion of the indole ring to oxyindole over time. As
with the wild-type peptide, the K37M peptide shows ~5%
quenching in SDS and POPC, ~20% quenching in TFE, and
~30% quenching in solution over 24 h (Figure 4C). This
reflects the nature of the mimetic, with the peptide being
inserted into the POPC liposomes or SDS micelles and partially
shielded by the TFE. The overall levels of quenching in the
K37M peptide are, on average, 10—20% lower than in the wild
type. This correlates well with the A, values that are blue-
shifted relative to that of the wild-type peptide.

Solvent Accessibility of Trp35 and Cys24 in SDS
Micelles or POPC Liposomes. The wild-type CLIC1 TMD
peptide spontaneously associates with and inserts into SDS
micelles or POPC liposomes.'”” To determine whether the
K37M mutation interferes with this interaction, dynamic
fluorescence quenching with acrylamide or iodide and a
DTNB assay were conducted. Panels A and B of Figure 4,
Figure S2 of the Supporting Information, and Table 1 show the
Stern—Volmer constants (Kgy) obtained using acrylamide and
iodide. This constant reflects residue accessibility, with low
values indicating residues with a low level of exposure and vice
versa. In the absence of membrane mimetics, both acrylamide
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Figure 4. Solvent accessibility of the CLIC1 K37M TMD peptide in SDS micelles and POPC liposomes. Dynamic acrylamide (A), iodide (B), and
H,0, (C) quenching as well as a DTNB assay (D) were performed in the absence and presence of 40% (v/v) TFE (C only), 15 mM SDS, or 2.5
mM POPC. For panel C, samples were analyzed by fluorescence following the addition of 2 mM H,0,. In panel D, TMD refers to the free TMD
peptide in solution, SDS refers to the TMD peptide inserted into SDS micelles, cis refers to external DTNB, and trans refers to encapsulated DTNB.
The buffer consisted of 20 mM sodium phosphate, I mM DTT, and 0.2% (w/v) NaN; (pH 5.5) (quenching) or 20 mM Na,PO,, 1 mM EDTA, and
0.2% (w/v) sodium azide (pH 6.0) (DTNB assay). Error bars represent the standard deviation from four independent replicates.
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Figure S. Lys37 mediates the noncovalent dimerization of the CLIC1 TMD peptide via a cation—7 interaction. The E,,, (A) and A,,,, (B) values
from K37M peptide samples incubated in SDS micelles or POPC liposomes show no change at increasing peptide concentrations and are identical
to the values of samples incubated in TFE. (C) The monomeric and dimeric forms of 15 yM wild-type (left) and K37M (right) peptides were
isolated using SDS—PAGE and band intensities quantified using Image]. Removal of Lys37 severely reduces the population of dimeric species
compared to the population of the wild type. (D) UV absorption of the wild-type (top) and K37M (bottom) TMD peptides shows that Lys37 forms
a cation—7 interaction that presumably stabilizes the helical dimer. The negative—positive peak pair at 220/230 nm is considered a marker of

: . . . . 2728
tryptophan residues involved in cation—7 interactions.””

Error bars represent the standard deviation from four independent replicates.

(Kgy = 8.6 M) and iodide (Kgy = 2.53 M™") quenching of the
K37M peptide yield Stern—Volmer constants that are roughly
2-fold lower than that of either free NATA in solution (16.15
M with acrylamide and 3.88 M™' with iodide) or the wild-
type peptide (15.35 M™" with acrylamide and 3.52 M~ with
iodide). Upon addition of SDS micelles or POPC liposomes, a
further 3-fold decrease in acrylamide accessibility occurs. This
reduction is 2.5-fold greater for the K37M peptide than for the
wild-type peptide (see Table 1). The iodide accessibility of the
peptide in the presence of SDS, however, is similar to that of
the wild type. This correlates well with data from H,O,-induced
quenching and indicates that Trp3S (i) is protected from
quenching by the micelles and liposomes and (ii) is less solvent
accessible in the K37M mutant than in the wild type.*®

Unlike that of Trp35, the solvent accessibility of Cys24
remains unchanged in the K37M peptide with an ~35%
reduction in the fraction of free thiols following the addition of
SDS micelles (Figure 4D and Table 1). In POPC, a dual DTNB
assay was employed whereby samples contained either extrinsic
DTNB (cis face) or DTNB encapsulated within the liposomes
(trans face). The data shown in Figure 4D suggest that the trans
configuration is more prominent (~60%) whereas only 30—
35% of the residues react with extrinsic DTNB. This is identical
to the case for the wild-type peptide (Table 1) and suggests
that the orientation of Cys24 is not affected by the K37M
mutation.

Role of Lys37 in Dimerization of the CLIC1 TMD. We
have previously demonstrated, using concentration-dependent
studies and SDS—PAGE, that the CLIC1 TMD forms stable
dimers in membrane mimetics.”” Panels A and B of Figure $
show the results of concentration-dependent studies of K37M
peptide samples incubated in TFE, SDS, and POPC. Both the
E,y, and A, values showed little to no change in either SDS or
POPC and followed a trend similar to that of the samples
incubated in TFE. Because TFE inhibits quaternary inter-
actions,” the similar data from the three mimetics suggest that
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removal of Lys37 has severely impeded self-association of the
peptide.

Tricine SDS—PAGE was subsequently used to assess the
effect of the mutation on the formation of dimeric TMD
(Figure S3 of the Supporting Information). The use of SDS—
PAGE to monitor TMD association has been well-docu-
mented.** >’ The K37M mutation has reduced the population
of dimeric species by ~30%, with the majority of the peptide
remaining monomeric across all concentrations tested (Figure
SC and Figure S3 of the Supporting Information). The extent
of smearing of the peptide band at high concentrations was also
reduced relative to that of the wild type (Figure S3 of the
Supporting Information). This suggests impaired formation of
higher-order oligomers. Like that of the wild-type peptide, the
migration patterns were independent of pH, denaturation, and
reducing conditions. This agrees well with the reversible
thermal denaturation (Figure S1 of the Supporting Informa-
tion) and suggests that the helix—helix interactions between
TMD peptides are noncovalent. The presence of a stabilizing
noncovalent cation—z interaction is therefore probable.

To further investigate whether a cation—n interaction is
involved in dimerization, the concentration dependence of UV
absorption was examined in the wild-type and K37M TMD
peptides. This method of detecting cation—7 interactions is
based on the weakening of B, tryptophan absorbance (at ~220
nm) accompanied by a red shift to ~230 nm in the presence of
these interactions.””** The negative—positive peak pair at 220/
230 nm is considered a marker of tryptophan residues involved
in cation—7 interactions.””*® Figure SD compares the differ-
ence UV absorption spectra of the wild-type and K37M
peptides. The wild-type peptide exhibits a positive peak at
~230 nm and a weaker negative peak at ~220 nm. This is
consistent with previously described reports of tryptophan
residues involved in cation—7 interactions.””*® In the K37M
peptide, the negative—positive peak pair at 220/230 nm is no
longer observed. Instead, the spectra resemble those of the TFE
control in which helix—helix interactions are absent. This
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observation suggests that Lys37 and Trp3$5 are involved in a
cation—r interaction.

Chloride Influx Assay. Given that the single TMD of
CLIC1 must oligomerize to form a functional channel,
dimerization is likely to play a role in CI” conductance. The
emission spectra of the liposome-encapsulated chloride-
sensitive dye Lucigenin at pH 7.4 and 5.5 at various peptide
concentrations are shown in Figure 6. The dye emits maximally
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Figure 6. CLIC1 TMD alone is sufficient for chloride ion transport. A
chloride influx assay was performed at increasing wild-type (A) and
K37M (B) peptide concentrations, based on the quenching of the
encapsulated dye Lucigenin. The solid line shows the sample in the
absence of peptide, while the dashed lines are samples incubated with
2—50 uM peptide. Removal of Lys37 reduces the efficiency of
transport at pH 5.5 and completely eliminates activity at pH 7.2. This
is likely a result of (i) disrupted pore formation caused by impaired
dimerization coupled with (i) weakened membrane adsorption at
neutral pH. The buffer consisted of 20 mM sodium phosphate, 15 mM
potassium chloride, 1 mM DTT, and 0.02% sodium azide (pH S.5 or
7.2). Error bars represent the standard deviation from four
independent replicates.

at 484 nm at both pH values and at all peptide concentrations.
Figure 6 shows the percentage quenching of the dye for the
wild-type and K37M peptides. The wild-type peptide shows a
concentration-dependent increase in the level of dye quenching
at both pH values. Maximal quenching (~35%) is achieved
between 10—20 yM (pH 5.5) and 30—40 yM (pH 7.2)
peptide. The K37M mutation reduces the efficiency of chloride
transport by 15% at pH 5.5. At pH 7.2, the K37M peptide
shows neither concentration dependence nor significant
chloride conductance. The contribution of the methanol
solvent was shown to be negligible (Figure S4 of the
Supporting Information).

In an attempt to improve our understanding of the
mechanism of chloride influx and the role played by
dimerization, we investigated the kinetics of chloride influx.
Figure 7 shows averaged traces of peptide-mediated quenching
of Lucigenin fluorescence. The observed rate constants for
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Figure 7. Dimerization modulates the kinetics of chloride influx. The
kinetics of chloride influx in the wild-type (gray) and K37M (black)
TMD peptides were measured at pH 7.2 (A) and pH S.5 (B). The
curves represent averages of four independent experiments. The data
were fit to either a single- or double-exponential decay model using
SigmaPlot version 11.0, and fits are shown as solid lines through the
data. Removal of Lys37 severely impairs the rate of chloride influx, and
the rate is 35-fold (pH 7.2) and 8-fold (pH 5.5) lower than that of the
wild type. The buffer consisted of 20 mM sodium phosphate, 15 mM
potassium chloride, 1 mM DTT, and 0.02% sodium azide (pH 5.5 or
72).

chloride influx (k) are listed in Table 2. At pH 7.2, the wild-
type peptide displays a two-state mechanism whereas the
K37M peptide shows a single state. This is accompanied by an
~35-fold reduction in k., compared to that of the wild-type
peptide. The additional state observed for the wild-type peptide
may be attributable to the dimerization process. At pH S.5,
both the wild-type and K37M peptides display a two-state
mechanism. The difference in kg, between the wild-type and
K37M peptides is reduced to 8- and 2-fold for the two states,
respectively. This correlates well with the equilibrium
quenching measurements that show that K37M-induced
quenching reaches near wild-type levels at pH 5.5.

B DISCUSSION

Membrane-bound CLIC1 plays key roles in cell signaling,
homeostatic, and apoptotic processes.”* ** To perform these
functions, CLIC1 monomers must insert into membranes and
oligomerize to form a chloride ion channel.”! Despite its
physiological relevance, the nature of CLIC1 oligomerization
remains poorly understood. Here we report a cation—7x
interaction implicated in stabilizing the dimeric form of the
CLIC1 TMD as it partitions between an aqueous and
membrane-mimicking environment. The lysine side chain
(Lys37) involved in the interaction was mutated to a
methionine, and the resulting changes in the secondary,
tertiary, and quaternary structure were observed.
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Table 2. Observed Rate Constants for Peptide-Mediated Chloride Influx”

pH 72 pH S.5
kopst (s71) Kobsr (s71) R koper (s71) kobsr (s71) R
WT 0.0108 (2.2 X 107%) 0.0016 (3.7 x 107%) 0.9994 0.048 (2 x 107%) 0.0044 (1.1 X 1075) 0.9986
K37M 0.0003 (8.2 X 1077) not available 0.999 0.0058 (3.5 X 107°) 0.0006 (2.1 X 107%) 0.9991

“Data were fit to either a single- or double-exponential decay model*” in SigmaPlot version 11.0, from which the observed rate constants (k) were
derived. The fit error from four independent replicates is given in parentheses.

Lys37 Does Not Direct Folding, Stability, or Mem-
brane Insertion of the CLIC1 TMD. Removal of Lys37 has
little impact on the secondary structure of the TMD peptide
(Figure 3A,B). In the presence of membrane mimetics, the
TMD still undergoes a dramatic structural rearrangement to
form an a-helix. This is analogous to the case for the wild type
and is consistent with the predicted membrane conformation of
the TMD. This residue is therefore unlikely to be involved in
the unfolding and/or refolding of the TMD, which is thought
to occur at the membrane—cytosol interface.'”*" The local
tertiary structure of the peptide was, however, altered following
the removal of Lys37 (Figure 3C). This is not surprising, given
the proximity of Lys37 to the lone Trp3$ probe. The observed
effect can be explained by (i) the introduction of a hydrophobic
pocket by methionine or (ii) the lowered local polarity resulting
from the removal of Lys37. The latter is of particular interest as
there have been several reports of lysine-induced quenching of
tryptophan fluorescence when the two residues are involved in
a cation— interaction.*** It is unlikely, however, that removal
of Lys37 induces large-scale structural perturbations because
the stability of the peptide in membrane mimetics is
independent of this residue (Figure S1 of the Supporting
Information). Surprisingly, Lys37 remains highly conserved
throughout the CLIC family despite being implicated in neither
folding nor stability (Figures 1 and 2 and Figure S1 of the
Supporting Information). This is compounded by the fact that
polar residues are often excluded from transmembrane
segments on the basis of their unfavorable energetic
contributions in a hydrophobic environment.** It is evident,
then, that Lys37 must play a specialized role in insertion,
oligomerization, and/or function. Fluorescence quenching
studies indicate that Lys37 is not, in fact, required for the
insertion of the peptide into SDS micelles or POPC liposomes
(Figure 4A—C and Figure S7 of the Supporting Information),
nor does it affect the orientation of the peptide in these
mimetics (Figure 4D). The fact that the wild-type peptide does
not show impaired membrane insertion (based on Kgy values)
relative to those of other peptides lacking polar transmembrane
residues*®*’ suggests an alternative role for Lys37.

Lys37 Provides a Driving Force for Helix—Helix
Association. The insertion of Lys37 into the membrane
requires the energetically unfavorable removal of polar groups
from water. To compensate for this, a buried interaction
involving Lys37 is likely required. An examination of the
structures of several transmembrane domains®® suggests that
when lysine residues are present in transmembrane helices, they
rarely occur in regions exposed to membrane lipids. Rather, the
amide groups form intra- and interchain contacts with other
regions of the peptide.*” Thus, a buried interaction involving
Lys37 may help to direct helix—helix contacts (i.e., oligomeriza-
tion).

To confirm this theory, we modeled the putative CLIC1
TMD dimer to complement CD, UV, and SDS—PAGE
analyses (Figures 2 and S). The characteristic GxxG motif°
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found in many transmembrane helical dimers is absent. A study
by Doura and Fleming®' showed that the GxxxG motif is, in
fact, neither necessary nor sufficient for dimerization. Rather,
the ability of helices to dimerize is governed by complex and
detailed interactions at the helix—helix interface.”® These small
residue motifs are replaced by a network of hydrophobic
interactions at the dimer interface that presumably contribute
to stabilizing the dimeric conformation (Figure 2B). Perhaps
most significant was the identification of a putative cation—=x
interaction between Lys37 and Phe41/Trp35. We validated this
finding experimentally and showed that the removal of the
lysine cation severely impairs the ability of the TMD to
dimerize (Figure S). The residual dimeric population is likely a
result of the hydrophobic contacts (Figure 2B) that maintain
weak helix—helix association. A stabilizing cation—7 interaction
involving Lys37 is therefore likely to play a key role in the
dimerization of the CLIC1 TMD peptide. This is particularly
relevant taking into account the estimated free energy gain
associated with interacting Lys and Trp side chains in a
hydrophobic medium (~6 kcal/mol).'®

Dimerization Modulates the Rate of CI~ Conductance.
Given that CLICI1 contains a single TMD, subsequent
oligomerization is required to form a functional pore. This
process, which completes the two-step folding model, has been
poorly characterized in CLICI. It is clear that, in the absence of
higher-order oligomers, CLIC1 is unlikely to function as a
chloride channel. We investigated whether removal of Lys37
and the subsequent disruption of dimerization would impair
CLIC1 TMD function. Our data suggest that the wild-type
TMD alone is capable of conducting Cl™ ions (Figure 6). This
highlights the fact that the CLIC1 TMD is a self-contained
structural and functional unit when excised from the full-length
protein. Removal of Lys37 does not prevent Cl~ transport but
does significantly reduce the efficiency of the process. The
retention of hydrophobic helix—helix contacts may explain the
ability of the K37M peptide to weakly associate and transport
CI” ions.

The most noticeable effect of removing Lys37 becomes
apparent when analyzing the kinetics of chloride influx (Figure
7). Both the wild-type and K37M peptides showed enhanced
activity at low pH. This is consistent with previous reports of
the full-length protein® in which the pH at the membrane is
~2 units lower than in the cytosol. Lysine (pK, ~ 10.5) is
unlikely to undergo changes in its ionized state within the pH
range tested. Therefore, the observed rate enhancement at low
pH is likely a result of enhanced membrane adsorption
resulting from changes in lipid charge. We assume that the rate-
limiting step is the insertion and oligomerization of the peptide
rather than CI” influx. This is the most conservative assumption
given that diffusion of CI” ion to the pore as well as through the
pore is rapid.*> Hence, the apparent rate constant of Cl~ influx
depends on the Gibbs free energies of membrane binding,
insertion, and oligomerization. Because binding and insertion
do not appear to be altered by the mutation (Figures 3 and 4
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and Figure S7 of the Supporting Information), the difference in
the rate of CI” influx between the wild-type and K37M peptides
is likely a result of oligomerization. Because there are few
changes in the kinetics of membrane insertion (Figure S7 of the
Supporting Information), we postulate that the decrease in rate
is a result of an alteration in the equilibrium of pore formation.
With only relatively weak hydrophobic interactions maintaining
the dimer, dissociation of the dimer or oligomer would be
frequent and the overall rate of chloride transport reduced.
Studies by Warton et al** suggest that a CLIC1 dimer may
represent a weakly active protopore that subsequently
oligomerizes to form the fully active channel. This could
describe the observed two-step mechanism of Cl” influx in the
wild-type peptide and explain why the K37M peptide displays
only a single step. Such behavior has been observed for other
proteins that spontaneously insert into membranes, including
diphtheria toxin,> Bax,>* and Bcl—XL.55’56 It must be reiterated
that the dimer itself is unlikely to represent the functional pore.
Rather, it is likely an intermediate step for the formation of
higher-order oligomers that then facilitate pore formation. The
CLIC1 oligomerization scheme proposed by Singh®® most
closely matches the mechanism suggested by Warton et al.* as
well as the data presented here. This scheme postulates a two-
step process whereby (i) four TMD helices associate to form a
protomer and (ii) four protomers interact to form the ion
channel. The initial step may be mediated by the cation—n
interaction described here, forming a stable and weakly active
dimer or tetramer.

Because the cation—z interaction is not required for
membrane partitioning or insertion (Figure S7 of the
Supporting Information) but is required for Cl~ conductance,
it is possible to propose a sequential mechanism for the
membrane insertion of the CLIC1 TMD. (i) The unstructured
peptide approaches the membrane interface where it refolds to
form an a-helix. (i) The helix partitions onto the membrane
surface, followed by spontaneous insertion to form a
membrane-spanning helix. (iii) Individual helices associate via
a Lys37-mediated cation—7z interaction to form dimers. (iv)
Dimeric helix bundles associate to form ion channels. This is
consistent with the two-step folding model proposed by Popot
and Engelman.2

In conclusion, the results presented here represent the first
study of the interactions that stabilize CLIC1 TMD oligomers
in the membrane. We have identified a cation—7z interaction
involving Lys37 in addition to a network of hydrophobic
contacts at the dimer interface. Although this residue is not
required for folding, membrane binding, or insertion, it does
facilitate CLIC1 TMD self-association. Mutation of Lys37 to
Met37 essentially eliminates oligomerization of the membrane-
bound peptide. Thus, within a membrane-like environment,
interactions involving a polar lysine side chain provide a
thermodynamic driving force for helix—helix association.
Dimerization, in turn, is required for the effective transport of
chloride ions. Further studies will be necessary to define the
three-dimensional structure of the CLIC1 TMD, and future
work will involve generating high-resolution structural data.

B ASSOCIATED CONTENT

© Supporting Information

Thermal unfolding of the CLIC1 TMD peptide in SDS and
TFE (Figure S1), Stern—Volmer plots for acrylamide and
iodide quenching (Figure S2), SDS—PAGE gels of the
monomeric and dimeric TMD (Figure S3), the effect of
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methanol on Lucigenin fluorescence (Figure S4), residuals to
the fits of the chloride influx kinetic data (Figure SS), contact
maps derived from the PREDDIMER analysis of the wild-type
and K37M TMD peptide (Figure S6), and membrane insertion
kinetic data (Figure S7). This material is available free of charge
via the Internet at http://pubs.acs.org.
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