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ABSTRACT: Chloride intracellular channel protein 1 (CLIC1) functions as an anion channel in plasma and
nuclear membranes when its soluble monomeric form converts to an integral-membrane form. The
transmembrane region of CLIC1 is located in its thioredoxin-like domain 1, but the mechanism whereby
the protein converts to its membrane conformation has yet to be determined. Since channel formation in
membranes is enhanced at low pH (5 to 5.5), a condition that is found at the surface of membranes, the
structural dynamics of soluble CLIC1 was studied at pH 7 and at pH 5.5 in the absence of membranes by
amide hydrogen-deuterium exchange mass spectrometry (DXMS). Rapid hydrogen exchange data indicate
that CLIC1 displays a similar core structure at these pH values. Domain 1 is less stable than the all-helical
domain 2, and, while the structure of domain 1 remains intact, its conformational flexibility is further
increased in an acidic environment (pH 5.5). In the absence of membrane, an acidic environment appears to
prime the solution structure of CLIC1 by destabilizing domain 1 in order to lower the activation energy
barrier for its conversion to themembrane-insertion conformation. The significantly enhancedH/D-exchange
rates at pH 5.5 displayed by two segments (peptides 11-31 and 68-82) could be due to the protonation of
acidic residues in salt bridges. One of these segments (peptide 11-31) includes part of the transmembrane
region which, in the solution structure, consists of helix R1. This helix is intrinsically stable and is most likely
retained in the membrane conformation. Strand β2, another element of the transmembrane region, displays a
propensity to form a helical structure and has putative N- and C-capping motifs, suggesting that it too most
likely forms a helix in a lipid bilayer.

Chloride intracellular channel (CLIC) proteins are expressed
as soluble proteins without a leader sequence but have been
shown to form anion channels in plasma and intracellular
membranes (1). Although their physiological roles are uncertain,
they have been implicated in a range of processes such as bone
resorption (2), regulation of cell motility (3), apoptosis (4, 5),
tubulogenesis (6) and β-amyloid-induced neurotoxicity (7). The
CLIC proteins are unusual for ion channels in that they exist in
cells both as soluble and integral membrane forms (8-10).
Although high-resolution crystal structures exist for soluble
forms of CLICs (11-17), very little is known about the mechan-
ism whereby they convert to their membrane-inserted forms.
Further, the structures of these membrane-inserted forms, the
stoichiometry required to form a channel and the mechanism of
ion conductance are unknown. Soluble CLICs are structural

homologues of the canonical cytosolic glutathione transferases
(GSTs1), notably the class Omega GST (11). Unlike CLICs,
GSTs are dimeric and do not insert into membranes. The
monomeric CLIC structure is composed of two domains: a
thioredoxin-like domain 1 and an all-helical domain 2 (for
CLIC1, see Figure 1). The membrane-spanning region is located
in the smaller thioredoxin-like domain, and there is substantial
evidence demonstrating that the amino acid sequence corre-
sponding to the amphipathic R1β2 motif forms the transmem-
brane region (6, 11, 12, 18-20) (Figure 1). Domain 2 appears not
to contribute toward either membrane insertion or channel
functioning (20). During the conversion of the soluble pre-
cursor to an integral-membrane form, strand β1 and the
R1β2 motif are expected to undergo conformational changes
that will expose buried hydrophobic regions and allow the
replacement of protein-protein interactions with protein-lipid
interactions (21).

Triggers that initiate structural rearrangements in soluble-
to-membrane proteins include factors such as redox effects, low
pH, lipid charge and membrane composition, the binding of
signaling molecules and proteolysis (22-26). Oxidation of
CLIC1 in the presence of membranes has been shown to trigger
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a soluble-to-membrane partitioning of the protein (27). CLIC
channel formation and activity have been demonstrated to be
highly pH-dependent (10, 20, 28), in that a low pH (5 to 5.5)
significantly enhances the rate of CLIC1 insertion into mem-
branes (28). An acidic pH environment at the surface of
membranes results from the attraction of protons by the nega-
tively charged polar head groups in the lipid bilayer (29-31).

Water-soluble proteins that insert into membranes follow
multistep processes that include pH-dependent structural
changes that enable them to partition into lipid bilayers (32).
Many bacterial pore-forming toxins, for example, have been
reported to form acid-induced molten globule-like intermediates
for membrane insertion (23, 31, 33-35). Since the molecular
mechanism of how the structure of soluble CLIC1 is primed or
altered for membrane insertion when it encounters the acidic
environment near/at the surface of membranes is unknown, the
conformational dynamics of soluble human CLIC1 was investi-
gated as a function of pH (5.5-7.0) in the absence of membranes
by amide hydrogen-deuterium exchange mass spectrometry
(DXMS) (36-39). Hydrogen-deuterium exchange experiments
provide information on the local stability of proteins, and we
have identified and mapped the sequences most susceptible to
pH-induced conformational changes at the level of the crystal
structure of soluble CLIC1 (11) when the proteinmoleculemoves
from a neutral pH (cytosol) to an acidic pH of 5.5 (near/at
membrane surface).

EXPERIMENTAL PROCEDURES

Expression and purification of recombinant CLIC1. Hu-
man CLIC1 was expressed as a fusion protein with SjGST from
the pGEX-4T-1 plasmid (a gift from Samuel Breit, St. Vincent’s
Hospital and University of New South Wales, Australia) in
Escherichia coli BL-21 cells and the CLIC1 purified as described
previously (11, 40). Purified CLIC1 was stored in 50 mM sodium
phosphate buffer, pH 7, containing 1 mM DTT and 0.02%
sodium azide. A molar extinction coefficient of 17170 M-1 cm-1

at 280 nm was used to quantify CLIC1.
Spectroscopic Measurements. Protein was 5 μM for fluor-

escence and far-UV CD and 40 μM for near-UV CD measure-
ments in 50 mM sodium phosphate, 1 mM DTT and 0.02%

sodium azide at pH 7.0 or pH 5.5. All measurements were made
at 4 and 20 �C.Fluorescencemeasurements were conducted using
a JascoFP-6300 spectrofluorimeter with excitation at 280 nmand
slit widths of 5 nm. Far- and near-UV CD measurements were
carried out with a Jasco J-810 spectropolarimeter. Path length
was 2 mm for far-UV CD and 5 mm for near-UV CD.
Hydrogen-Exchange Mass Spectrometry. (a) Sample

Preparation. All samples, with the exception of the equilibri-
um-deuterated control, and buffers were prechilled on ice and
prepared at 4 �C in the cold room. 15 μL of 0.50 mg/mL CLIC1
(pH 7.0) or 0.34 mg/mL CLIC1 (pH 5.5) in storage buffer (50
mMNa2HPO4, 1 mMDTT, 0.02%NaN3 pH 7.0 or pH 5.5) was
incubated with 45 μL of deuteration buffer (10 mM Na2HPO4,
150 mMNaCl in 99.9%D2O, pH 7.0 or pH 5.5) for varying time
periods. As the rate of amide H/D exchange is highly pH
dependent, a decrease in pH by 1 unit reduces H/D exchange
by approximately 10-fold (41). SinceH/D exchange is expected to
be about 30-fold slower at pH5.5 than at pH7.0, the on-exchange
times for CLIC1 at pH7.0were 10, 30, 100, 300, 1000, and 3000 s,
while the on-exchange times at pH5.5were 10, 30, 100, 300, 1000,
3000, 9000, 30000, and 90000 s. After the allocated time, the
hydrogen-deuterium exchange reaction was stopped by adding
90 μL of quench buffer, pH 2.3 (0.8% formic acid, 17% glycerol,
0.8MGuHCl forCLIC1 at pH5.5 or 1.6MGuHCl forCLIC1 at
pH7.0), and incubating the reactionmixture for 1minwith gentle
mixing. In addition to the on-exchange samples, nondeuterated
and equilibrium-deuterated controls were also prepared. For the
nondeuterated control, 15 μL of CLIC1 (pH 7.0) or CLIC1 (pH
5.5) was incubated with a mixture of 45 μL of nondeuteration
buffer (10 mM Na2HPO4, 150 mM NaCl, pH 7.0) and 90 μL of
quench buffer. The equilibrium-deuterated control was prepared
the night before the rest of the samples where 15 μL of CLIC1
(pH 7.0) or CLIC1 (pH 5.5) was incubated with 45 μL of
equilibrium-deuterated buffer (0.8% formic acid in 99.9%
D2O) for 16-18 h at 25 �C. After the allocated time, the mixture
of CLIC1 (pH 7.0) or CLIC1 (pH 5.5) and equilibrium-deuter-
ated buffer was chilled to 0 �C and the exchange reaction was
stopped through the addition of 90 μL of prechilled quench
buffer. All samples, including the non- and equilibrium-deuter-
ated controls, were aliquoted in triplicate, snap-frozen on dry ice
(immediately after preparation) and express-mailed at dry ice
temperature from the site of preparation (Johannesburg, South
Africa) to San Diego, CA.
(b) Sample Analysis. Sample analysis was performed at the

School ofMedicine,University ofCalifornia SanDiego (UCSD),
employing an apparatus that automatically thawed and proteo-
lyzed frozen samples, followed by LC-MS analysis of the
resulting peptides. Briefly, frozen protein samples were thawed
and, at 0 �C, passed through a solid-phase pepsin column with
0.05% trifluoroacetic acid at 100 μL/min with 4 min exposure to
pepsin. Again at 0 �C, the proteolytic products were passed
through aC18RP-HPLC column (Vydac 50mm� 1mm, 300A)
and eluted with a linear 4-36% acetonitrile gradient over thirty
minutes. Initial peptide identification was done using collision
induced dissociation (CID) on a Finigan LCQ electrospray ion
trap mass spectrometer in data-dependent MS2 (tandem MS)
mode with capillary temperature at 200 �C. All subsequent
samples, including the nondeuterared and equilibrium-deuter-
ated controls as well as 10-3000 s time points, were analyzed
using the same mass spectrometer in profile mode.
(c)Data Processing and Peptide Validation. The sequence

of each peptide was identified using the Sequest software

FIGURE 1: Ribbon representation of the crystal structure of soluble
CLIC1 (PDB code 1k0m (11)). Domain 1 consists of helices R1, R2
andR3 and strands β1,β2, β3 and β4.Domain 2 consists of helicesR4
to R10. The linker region between the domains is indicated. The
secondary structural elements R1 and β2, that constitute the trans-
membrane region, are colored in black.
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program (Thermo Finigan Inc.), which maps the raw spectral
data to the sequence of CLIC1. The resulting peptide pool was
quality checked using specialized software (Sierra Analytics,
LLC, Modesto, CA) (36-39). Authenticity was validated by a
good fit between the theoretical and experimental isotopic
envelopes of each peptide. Additionally, parameters such as
retention time, m/z range, centroid value and mapping score
were scrutinized. The level of deuterium incorporation for each
peptide was calculated by subtracting the centroid value of
molecular isotope of partially deuterated peptide from the
centroid value of nondeuterated peptide as per the method
devised by Zhang and Smith (42). The procedure was automated
through the use of the specialized software used to quality-check
the peptide pool (36-39). Sublocalization of deuterium was
performed next, where the partially deuterated peptides were
mapped onto the primary sequence of CLIC1. The level of
peptide overlap determines the resolution of this step, i.e.,
multiple overlapping fragmets can narrow the position of deu-
terium localization. In addition, overlapping fragments that
differed by more than two deuterons were identified as outliers
and deleted from further analysis.

Corrections for back-exhange, on average ∼30%, were made
by employing the methods used by Zhang and Smith (42):

DO ¼ ðm - m0%Þ=ðm100% - m0%Þ � N=0:75

whereDO is the average number of deuteriums per peptide at the
time of the analysis, m is the average mass of the partially
deuterated peptide,m0% is the averagemass of the nondeuterated
peptide,m100% is the average mass of the equilibrium-deuterated
peptide and N is the number of peptide amide linkages in a
peptide. Corrections for the final deuterium concentration, 75%,
in each sample were also made. The number of peptide amide
linkages in a peptide was calculated from

N ¼ TN - 2 - TPro

where TN - 2 is the number of residues of the peptide minus the
first two amino acids that cannot retain deuterium, andTPro is the
number of proline residues found in the peptide. It must be noted
that the back-exchange equationwas shown to introduce an error
inDO. For three thousand peptides of random sequence and size
this error was calculated to be at an averge of 5.5% with a
standard deviation of 5.5% (42). Consequently, only differences
of 10% or higher were deemed as significant when comparisons
were drawn. Finally, matching peptides for pH 7 and pH 5.5
whose back-exchange values differed by more than 10% were
discarded.

RESULTS

Global Structure of Soluble CLIC1. Fluorescence and CD
spectroscopy were used to characterize the global structure of
CLIC1 at low temperature (4 �C) and at 20 �C.The data shown in
Figure 2 are consistent with the features of the crystal structure of
CLIC1 (11, 43) and indicate that the protein’s conformation is
not significantly affected by pH between 7 and 5.5 and by
temperature between 4 and 20 �C. It is, therefore, unlikely that
the labeling of CLIC1 with deuterium at low temperature
involves an artifactual low temperature conformation of the
protein.
CLIC1 Sequence and Pepsin Digestion. The CLIC1

sequence used in the H/D exchange study differs from that
reported for the crystal structure, in that it has 2 additional

residues at the N-terminus due to the thrombin cleave site, and
two mutations, E63Q and G151E (Figure 3). The numbering of
all peptides reported in this study excludes the additional two
residues at the N-terminus and corresponds to that for the
structure. Pepsin digestion of CLIC1 in 1 M GuHCL and
0.8% (v/v) formic acid for a duration of 4 min over immobilized
pepsin yields peptides that cover the entire sequence of CLIC1 at
both pH 7 and pH 5.5. Of these peptides, 75 were well resolved
and common to CLIC1 at pH 7 and pH 5.5 covering 95% of the
sequence (Figure 3). The only region not covered is residues
42-54. The number of deuterons incorporated was measured for
all 75 peptides, including peptides with multiple charge states,
and of these, 21 peptides were chosen to generate the deuterium
exchange data shown in the graphics. However, all 75 peptides
were analyzed to ensure that the exchange data agreed with those
of the 21 selected peptides. Of the 21 peptides, 7 come from the
thioredoxin-like domain, domain 1, and 13 come from the all-
helical domain 2 (Figure 3).
Hydrogen-Deuterium Exchange at pH 7 and 5.5. As

the rate of amide H/D exchange is highly pH dependent and
H/D exchange is expected to be about 30-fold slower at pH 5.5
than at pH 7.0 (41), the on-exchange time points for pH 5.5 are
30-fold longer (300, 3000, 9000, 30000, and 90000 s) than the

FIGURE 2: Far-UV CD spectra (A), near-UV CD spectra (B), and
fluorescence emission spectra (C) for native CLIC1 at pH 7 (black)
and pH 5.5 (gray). Spectra were recorded at 20 �C (solid line) and at
4 �C (dotted line). There are no significant changes in the secondary
and tertiary structures of CLIC1 over this temperature range.
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corresponding time points for pH 7 (10, 100, 300, 1000, and
3000 s). Differences in deuteration of CLIC1-derived peptides at
pH 5.5 and pH 7.0 and at the corresponding on-exchange time
points were revealed by overlaying isotopic profiles of the
individual peptides. For example, the changes in the isotopic
profiles for peptides 11-31 and 68-82 indicate amore rapid shift
toward a higher mass at pH 5.5 than at pH 7.0 (see Figure S1 in
the Supporting Information).

The extents of deuteration at pH 7 for 10 s and at pH 5.5 for
300 s are similar and do not differ by more than 10% (Figure 4),
indicating comparable core structures of the protein under these
conditions. Further, the intensity of deuterium incorporation of
soluble CLIC1 correlates well with structural parameters calcu-
lated for the crystal structure (PDB code 1k0m (11)), i.e.,
secondary structure, hydrogen bonding and solvent accessible
surface area of the backbone (Figure 4), in agreement with the
above spectroscopic data. The high levels of rapidly exchanging
protons for the N-terminus comprising strand β1 and for peptide
152-172 comprising helix R6 are explained by their highly
dynamic behavior in CLIC1, as indicated by a lack of well-
defined electron density in some crystal structures (11).

Figure 5 shows deuterium incorporation profiles of the 21
chosen peptides at the five on-exchange times for each pH

condition. No common peptides were obtained for the region
covered by residues 42-54. To determine which peptides display
significant changes in deuteration, we calculated the differences
between pH 7 and pH 5.5 at the corresponding time points
(Figure 6). Of the 21 peptides, 13 do not show significant
differences in their levels of deuterium incorporation (i.e.,
differences are <10%) (Figure 6).

The 8 peptides that display exchange differences of>10% (see
Figure 6) are mapped onto the structure of CLIC1 together
with their H/D exchange kinetics, as shown in Figure 7A. The
data indicate that the protection of amide protons in much of
domain 1 is affected by lowering the pH from 7 to 5.5 resulting in
enhanced levels of H/D exchange in segments comprising por-
tions of β1 (peptide 1-10), β1R1 (peptide 11-31), R2β3 (peptide
55-68) and β4R3 (peptide 68-82). Helix R1 forms part of the
transmembrane region (TMR, residues 25-46 (6, 11, 18-20)) of
membrane-inserted CLIC1 (Figure 1). The biggest increases in
deuterium incorporation at pH 5.5 occur in peptides 11-31 and
68-82. Unfortunately, there were no common peptides for
residues 42-46 (strand β2) which also form part of the TMR
(Figure 1). However, nearly all amide protons in a peptide 42-48
obtained only at pH 5.5 are rapidly exchanged within 300 s,
indicative of a highly flexible segment at least at this pH

FIGURE 3: Sequence and peptic fragments of CLIC1. The sequence used in the DXMS study is shown above while that reported for the crystal
structure of CLIC1 (PDB code 1k0m (11)) is shown below. Numbering is based on the structure’s sequence. The asterisks indicate the differences
between the sequences, as described under Results. The broken and dotted lines under the protein sequence indicate peptic fragments that are
common to CLIC1 at pH 7 and pH 5.5. Peptides chosen for this study are shown by the broken lines. The only region not covered is residues
42-54. The regions corresponding to the two domains and the linker are indicated by the solid lines above the sequence.
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(Figure 7A). Four segments in domain 2 also display enhanced
levels of H/D exchange: the N- and C-terminal regions of
R4 (peptides 97-111 and 117-129, respectively), the N- and
C-terminal regions of R5 (peptides 117-129 and 143-151,

respectively) and the C-terminal region of R7 and the loop
connecting R7 to R8 (Figure 7A).

FIGURE 4: Exchangeof amideprotons of peptides fromCLIC1atpH
7 and at pH 5.5 for 10 and 300 s on-exchange times, respectively. The
longer on-exchange time at pH5.5 is to account for the 30-fold slower
exchange rate at this pH (41). The percentages of deuterium incor-
poration are indicated by the color bar. The single color bars are for
the levels of deuteration at both pH 7 and 5.5 except for segment
203-213, which has two color bars to show the difference in %
deuteration at pH 7 (light blue) and pH 5.5 (dark blue). The solvent
accessible surface area (SASA) of the backbone inCLIC1 (PDB code
1k0m (11)) was determined by GetArea (http://www.scsb.utmb.edu/
getarea) and is shown by the broken line plot. The positions of R-
helical (R) and β-strand (β) regions are shown by solid horizontal
bars, prolines are indicated by diamonds, and backbone hydrogen
atoms involved in hydrogen bonding interactions are labeled with
vertical lines. TMR indicates the sequence (residues 25-46) that
corresponds to the transmembrane region.

FIGURE 5: Amide hydrogen-deuterium exchange analysis of the effect of pH on CLIC1. Each pH condition (7.0 and 5.5) is divided into rows of
blocks (peptides) that, from top to bottom, correspond to five on-exchange time points from10 to 3000 s for pH7, and from300 to 90000 s for pH
5.5, as indicated.The longer on-exchange times at pH5.5 are to account for the 30-fold slower exchange rate at this pH (41). The deuteration levels
for each block (peptide) at each time point are shown by different colors as indicated by the color bar. The CLIC1 sequence and the R-helical (R)
and β-strand (β) regions are shown above. TMR indicates the sequence (residues 25-46) that corresponds to the transmembrane region.

FIGURE 6: Differences in the level of deuteration of CLIC1 peptides
upon lowering the on-exchange pH from 7 to 5.5. The%deuteration
change (% D pH 7 to % D pH 5.5) for each peptide (sequence
indicated on the x-axis) was calculated by subtracting the % of
deuteration at pH 5.5 (%DpH 5.5) from the%of deuteration at pH
7 (% D pH7). Positive differences represent decreased levels of
deuteration at pH 5.5, while negative differences represent increased
deuteration at pH 5.5. Each peptide (sequence indicated on the x-
axis) is represented by the difference calculated between pH7 and pH
5.5 for the five on-exchange time points (vertical bars). The time
points for pH7were 10, 100, 300, 1000, and 3000 s,whereas, given the
30-fold slower exchange rate at pH 5.5 (41), the corresponding time
points at pH5.5were 300, 3000, 9000, 30000, and 90000 s.Differences
of greater than 10% (broken line) are considered to be significant (see
Experimental Procedures for further explanation). No data were
obtained for residues 42-54 due to the absence of common peptides
in this region. The peptides corresponding to the two domains are
indicated by the two solid horizontal lines.
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Figure 7B shows the peptides mapped on the structure of
CLIC1 that display very little H/D exchange at pH 7 and 5.5
throughout the experiment. They include the C-terminal regions
of R1 and R3 (peptides 31-34 and 83-86, respectively), both in
domain 1, and the central-to-C-terminal region of R4 (peptide
112-117), the central-to-C-terminal region of R5 (peptide
137-143) and most of R7 (peptide 173-188), in domain 2. The
stable and highly protected segments 31-34, 112-117 and
173-188 in CLIC1 correspond to regions in the structurally
related rGST M1-1 that display no increase in amide H/D
exchange (44). The H/D exchange kinetics data for several

peptides from CLIC1 are shown in Figure S2 in the Supporting
Information.

Overall, the amide H/D exchange results for soluble CLIC1
show that the all-helical domain 2 is more stable and better
protected than the thioredoxin-like domain 1 when the pH is
lowered from 7 to 5.5. The proximity of the stable segments
112-117, 137-143 and 173-188 in a bundle formed by helices
4, 5, and 7 (Figure 7B) indicates an important structural motif for
the stability of the core of domain 2. The stability of helix 7
(equivalent to helix 6 in GSTs) is consistent with its putative role
in the nucleation of GST folding (45).

FIGURE 7: H/D exchange kinetics for CLIC1 segments mapped on the crystal structure of CLIC1 (PDB code 1k0m (11)). (A) The red ribbons
represent the eight regions for which the difference in deuteration at pH7 and pH5.5 at least at one time point was>10% (see Figure 6), while the
orange ribbon represents the exchangedata for apeptide (residues 42-48), in the transmembrane region, thatwasonlyobtainedatpH5.5. (B)The
blue ribbons represent the five regions that display little or nodeuterium incorporation atpH7andpH5.5 (seeFigure 5).R-Helices,β-strands, and
the N- and C-termini are labeled. The linker region connecting the two domains is in green. The time axes for the H/D exchange kinetics at pH 7
and at pH5.5 are shown and account for the 30-fold slower exchange rate at pH5.5 (41).H/D exchangekinetics at pH7 are in filled circles, and the
kinetics at pH 5.5 are in open circles.
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DISCUSSION

Low pH conditions facilitate the appearance and activity of
CLIC1 anion channels in membranes, although the mechanism
involved remains to be determined (10, 20, 28). An acidic pH at
the surface of a membrane (29, 31) can function to prime or alter
the structure of a soluble protein to achieve a lower activation
energy barrier for its conversion to a membrane-insertion con-
formation (31, 46). In contrast to other membrane-insertable
proteins (23, 31, 47-51), CLIC1 does not undergo significant
acid-induced structural changes in the absence of membranes
(this study and ref (43)). Recently, it has been shown that the
changes needed for the soluble antiapoptotic protein Bcl-xL to
convert to its membrane conformation also require both acidic
conditions (pH 4.9) and the presence of membranes (52).

The H/D exchange data reported in this study indicate that the
thioredoxin-like domain 1 of CLIC1 is less stable than domain 2,
and that, while the structure of domain 1 remains intact, its
stability is further reduced in an acidic environment (pH 5.5), a
condition shown by others to facilitate the protein’s insertion into
membranes (28). The conformational stability of soluble CLIC1
has been shown to diminish substantially at pH 5.5, resulting in
the formation of a partially unfolded intermediate not observed
at pH 7 (43). Unfolding of the native protein to the nonmolten
globule-like intermediate involves helix R1 the structural element
in domain 1 that makes the majority of contacts with domain 2.
Substantial evidence exists indicating that the amino acid se-
quence corresponding to the amphipathic R1β2 motif in domain
1 forms the transmembrane region that spans membranes (6, 11,
18-20). For this motif to function as a transmembrane region, it
will have to become detached fromdomain 2 and then extend and
refold into itsmembrane-insertable conformation. It is, therefore,
possible that, as soluble CLIC1 encounters an acidic environment
(e.g., pH 5.5) near the surface of a membrane, the enhanced
flexibility and diminished stability of domain 1 allows it to loosen
up and become primed for the structural changes needed for it to
insert into membranes. While the conformation of the mem-
brane-inserted transmembrane region is unknown, it is most
likely to be helical. Helix R1 in soluble CLIC1 has a highly stable
central region, as indicated by the absence of H/D exchange in
peptide 31-34 at pH 7 and 5.5 (Figure 7B). When compared to
most members of both the thioredoxin and GST superfamilies,
the sequences of helix 1 in CLIC proteins display the highest
propensities to form a helix according to the AGADIR he-
lix-coil algorithm (53). Furthermore, helix 1 has an N-capping
motif (Ser27) and a C-capping motif (Lys37), both of which can
stabilize helical structures substantially (54). GST Kappa, a
noncanonical GST, and calsequestrin, a member of the thior-
edoxin family, both of which are known to interact with
membranes (55, 56), also display high helix propensities for their
corresponding helix 1 sequences. However, the sequence for helix
1 in class Omega GST, the closest structural homologue of
CLIC1 (11), does not display as high a helical propensity. Since
membrane spanning structures are typically helical, it is reason-
able to assume that helix 1 is retained in membrane-inserted
CLIC1. Although residues 42-46 in the transmembrane region
form strand β2 in the crystal structure, this highly dynamic
segment at pH 5.5 (Figure 7A) also exhibits a propensity to form
a helix with potential N- and C-capping motifs.

Since membrane insertion of CLIC1 is favored at low pH
(5-5.5), the involvement of protonation and electrostatic effects
in bringing about structural changes in the protein is suggested.

Within the pH range of 7 to 5.5, decreased stability of domain 1
might be associated with a decrease in the level of electrostatic
attraction that occurs upon protonation of acidic residues.
CLIC1 has three histidines, 12 aspartates and 21 glutamates.
Inspection of the crystal structure (PDB code 1k0m) indicates
that none of the histidine residues are directly involved in side
chain-side chain interactions with other residues but are involved
in water-mediated hydrogen bonding. At this stage it is not clear
if and how protonation of these histidines might impact the
conformation of CLIC1. It is interesting to note that a histidine
residue (His74) is located in a segment (peptide 68-82) that
displays enhanced H/D exchange when the pH is lowered from 7
to 5.5 (Figure 7A).Domain 1 has two salt bridges (Arg29-Glu81
and Lys37-Glu85), while one exists across the domain interface
(Lys20-Asp225). Interestingly, these salt bridges involve resi-
dues located in the two segments (peptide 11-31 and peptide
68-82) that display significantly enhanced H/D-exchange rates
at pH 5.5 (Figure 7A). Although the pKa values of the acidic
partners are unknown, it is tempting to speculate that at a low pH
they may become protonated and neutral (at least partly at pH
5.5). Since Arg29 and Lys37 are buried at the domain interface,
their positively charged side chains would diminish the confor-
mational stability of the respective regions, making them more
mobile, in accordance with the exchange data. Furthermore,
disruption of the Arg29-Glu81 salt bridge between helices 1 and
3 could also destabilize the interdomain interaction at Met32.
Once domain 1 is destabilized and primed within the acidic
environment at the surface of a membrane, the presence of an
acidic lipid bilayer may induce the domain to unfold, exposing
the transmembrane region which is then driven to undergo
conformational changes and insert into the membrane.

SUPPORTING INFORMATION AVAILABLE

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