CHAPTER 1: INTRODUCTION

1.1 Biological Membranes

1.1.1 Structure and properties

Biological membranes fulfil vital functions as inteces between cells and the outside
world. Within the cell they also serve as important liawies of intracellular
compartments. Complications and malfunctioning in bia@abimembranes are
related to numerous diseases such as cystic fibromiedéRet al., 1989) and Dent’s
disease (Lloydet al., 1996). Made up primarily of different lipid forms, namely
phospholipids, sphingolipids and glycolipids, membranes @ssist of cholesterol
and proteins. The ratios of these components vary wielgng different cellular
compartments and among different species (Voet and VI#5). Lipids are
amphipathic molecules consisting of a polar head group dnydraphobic tail. The
polar head reacts readily with water, whereas theidgioorly soluble in aqueous
environments. Phospholipids are the major lipid compornaintell membranes, and
along with other lipids of biological membranes fornapédrs in aqueous media (Voet
and Voet, 1995). These bilayers consist of two leafleits, fatty acid tails apposed in
the hydrocarbon interior, and the polar head groups deogridién solvent-exposed
surface of each leaflet. Lipid bilayers are held togetly noncovalent, hydrophobic
packing interactions resembling those stabilizing thigvedold of proteins. These
include van der Waals contacts between fatty acidstentydrophobic effect, which
maintain the integrity of the membrane. In additio® polar head groups of lipids

may participate in hydrogen bonds with neighbouring lipidspoteins.

The fluid-mosaic model (Singer and Nicolson, 1972) proptsgsmembrane lipids
are arranged in a bilayer to form a fluid, liquid-crystel array (Figure 1A). This
model accounts for the flexibility of membranes andrtimpermeability to polar
compounds. It is further postulated that globular proteiesmbedded or floating in
the lipid bilayer (Figure 1B). The interior of the lipmlayer is thought to be in
motion and highly fluid. The lipid and protein compositiohbiological membranes

is markedly different on the two sides of the bilayetuman erythrocyte
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Figure 1: The structure of the lipid bilayer and integral membrane protein.

(A) Structure of a liquid-crystalline phase lipid bilayeconsisting of

phosphatidylcholine and phosphatidylethanolamine. The ni@m-tals are indicated
in black while the polar head groups are shown in red. Téneepdf the bilayer is
represented with solid black lines. (B) Shows an integexhbrane protein in a lipid
bilayer solvated by lipids through hydrophobic interactibesveen the protein and
the lipids’ non-polar tails. (modified from Voet and &p1995)



membranes it was found that the outer leaflet was mage of 20%
phosphatidylcholine  (PC), 5% phosphatidylethanolamine (PE)d a0%
phosphatidylserine (PS), while the inner leaflet consistetdoPC, 25% PE and 8%
PS (Rothman and Lenard, 1977). Lipid distribution also vageesatly between
different species. The biological membranes foundscherichia coli for example
are made up primarily of PE (65%) with 0% PC, while in then&n erythrocyte
membrane PE makes up 18% PE and PC 19% (Tanford, 1980). Figure 2 tBkow
chemical structure of the common lipid components ombranes and shows the
arrangement of these lipids in liposomes compared Wilglyers.

Cholesterol is a planar, tetracyclic hydrocarborrédt@f higher organisms that is not
found in most bacteria. It is abundant in the plasmambrane and decreases
membrane permeability by strengthening the hydrophobic paakiaactions of the
constituent lipids. In human erythrocyte membranesestetol can make up 26% of
total lipid composition (Tanford, 1980).

Biological membranes are approximately 30 A thick and exfbitharacteristic
transmembrane potential that arises due to a differanceharge across the
membrane. The intracellular side of the membramaoie negatively charged relative
to the extracellular side. The membrane also has acaupotential as a result of the
electrostatic potential at the interface between thembrane and aqueous
environment. Biological membranes have a negative sugatential due to the high
percentage of negatively charged phospholipid head comigooeEmembranes. This
negative surface potential attracts protons from theosoding aqueous solution,
effectively decreasing the pH value at the membranaaiby up to two pH units
relative to the surrounding environment (van der Gaadl., 1991). The dielectric
constant at the membrane interface ranges from 10 —2pacechwith approximately
80 for water (at 25° C). The hydrophobic core of the mendexhibits a very low
dielectric constant of approximately 2, while the valuéhini the core of a folded
protein can range from 3 — 5. The differences in dieleatoostants of these
environments greatly influences the stabilizing forces wighprotein.

Transmembrane proteins span the membrane and are thergfmsed to the aqueous
milieu of the cytosol and the extracellular fluid,vesll as the hydrocarbon interior of
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Figure 2: Chemical structure of lipid components and limsome/bilayer
structure. The chemical structures of various lipid componentsshoavn in A. The
structure of the cross-section of a liposome (B) aoid bilayer (C) are also shown.
Images taken and modified from Avanti Polar Lipids (weamantilipids.com)



the bilayer. They are adapted to floating in the lipidy®l, having a hydrophobic
“waist” and two hydrophilic, exposed tails. The packing mgements of the
membrane-spanning segments of proteins may result in oliggatien and the
formation of membrane channels or pores. Membrane psotgnically have a less
polar surface compared with proteins found in solutions Thidue to the fact that
membrane proteins are buried within the hydrophobic intesfothe membrane.
Predominantly hydrophobic residues such as isoleucine, leupimenylalanine,
valine, methionine and alanine are typically found in mendbspanning segments of
proteins (Arkin et al., 1998). Charged amino acids like arginine and lysine are
typically found at the membranes cytoplasmic face|endmomatic residues with rigid
side chains like tyrosine and tryptophan do not favour itimer hydrophobic
environment of the membrane and are typically found neamtembrane interface
(Landolt-Marticorenat al., 1993; Ulmschneider and Sansom, 2001).

Although 30% of all sequenced genes code for membrane proteiynsaacsmall
percentage of these protein structures have been résahaomic resolution. Of the
approximate 3000 unique protein structures that have been solyedrounhd 30 are
membrane proteins. This is because of the difficulty oflpcing 3D crystals suitable
for X-ray analysis from detergent solubilised membraneeprst Furthermore, most
of the membrane proteins that have been solved aigctdrial origin because of their
easier production, purification and crystallisation. Pesgrin the 3D crystallisation of
animal membrane proteins has been made, however, wittletkemination of the

crystal structure of aquaporin-1 at 2.2 A resolution €Bai., 2001).

1.1.2 Channels and pores

The non-polar cores of biological membranes make thighly impermeable to ionic
and polar molecules such as*N&*, C&" and Cl. A mechanism to transport these
small inorganic ions across membranes exists in the édromannels or pores. The
specific arrangement of proteins within the membrane rtesdiiie passive diffusion
of the polar molecules across the membrane by cgeatimydrophilic pore using the
proteins polar groups or opposite charge to the ion beimgpoated. This passage
created by the protein lowers the electrostatic endogyrier (~40 kcal/mol)
encountered by small ions when moving from a high dieeetmvironment such as
water to the low dielectric environment of the membriaterior, known as the Born

electrostatic barrier (Honigt al., 1986). This is achieved by increasing the dielectric
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constant of the membrane interior. Channels showctsaty toward ions of
appropriate size and charge and only open in responsgtéancstimuli or conditions
(Jentsch, 2001). This is known as channel gating.

ClI" is the most abundant anion and the predominant permeapacies in all
organisms (Nilius and Droogmans, 2003). Chloride ion charamel$ound within the
plasma membrane and other internal cell membranesr fidles are diverse and
include secretion and absorption of salt, regulation ohbmane potentials, organellar
acidification, and cell volume homeostasis (Stragige., 1996). Malfunction of these
channels can lead to severe disease states e.g.fiysists. Therefore, it is important
to understand the process by which these transmembranéehfmn channels are
formed and regulated. The best studied and understood fafr@ly ohannels is the
voltage-dependent CLC family, the crystal structure ofcWwhihas recently been
described (Dutzleet al., 2002). The channel shows two identical pores formed by
separate subunits, thus forming a homodimeric membraneimr&ach pore has a
selectivity filter, which binds a Cion, and is formed by electrostatic interactions with
a-helix dipoles and by chemical coordination with nitrogeans and hydroxyl

groups.

1.2 Amphitropic proteins

1.2.1 Overview

Conventionally, integral membrane proteins making up i@ncéls are ribosomally
synthesised and transported to the membrane via thesggathway. This pathway
consists of three steps: 1) During their ribosomal lssis, their glycosylation is
initiated in the lumen of the endoplasmic reticuldp.After ribosomal synthesis is
completed, coated vesicles containing the protein bud off fthe endoplasmic
reticulum and move to the Golgi apparatus where prot@ogssing is complete. 3)
Later, coated vesicles containing the mature protein biullooh the Golgi apparatus
and fuse to the membrane for which the protein is taglgete

In contrast, some proteins, the so-called amphitropidual-form proteins, can exist
in either soluble or integral membrane form. These prstaie synthesised as soluble

proteins and have the ability to insert into membrastesome stage during their
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biological activity (Figure 3). The amphitropic protein magly be signalled to
convert from soluble to integral membrane form duringedain stage of the cell
cycle or as a response to a change in cellular condisach as oxidative stress. The
regulation of this conversion plays a key role in manyogichl functions. The exact
mechanism and structural changes required for the insertiamphitropic proteins

into membranes remains largely unknown.

1.2.2 Pore-forming toxins

The pore-forming toxins can be classified among amphdrppteins, because they
are soluble proteins, which are driven to insert into brames and form pores in
lipid membranes of a target organism to exert their toXicence as part of their
physiological function. Pore forming toxins are charaséetiin two main groups: the
a-helical toxins that involver-helix regions to form transmembrane pores andthe
barrel toxins that insert into the membrane by formang-barrel composed of-
hairpin structures from each monomer. Colicin A, dighia toxin and Cryl proteins
are examples ofi-helical toxins, while aerolysin, hemolysin, anthrax pobive
antigen, insecticida}-endotoxin, equinatoxin Il and perfringolysin O are exampfes

B-barrel toxins (see review by Parker and Feil, 2005).

Pore-forming toxins that provide interesting examples dfgeptides that, depending
on environmental conditions, can exist in either a waikrbée or a membrane-
associated state. None of the pore-forming toxin inotitelical families show any
detectable sequence similarity between them. Despite, ttheir protein
insertion/translocation domains all adopt similar faldssisting of a bundle of alpha
helices organised in a layered structure, with somedstompletely buried (Figure
4). In all cases, at least one helix of sufficientglbnto span the membrane can be
identified.

Studies performed on the pore-forming domain of colicin veaéed that exposure of
the hydrophobic buried helical hairpin lead insertion ineEamoranes and formed the
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Figure 3: Schematic showing the conversion of amphitropic preins from
soluble to integral membrane form.



Figure 4: Ribbon representations of amphitropica-helical proteins highlighting
their putative transmembrane regions. Regions thought to represent
insertion/translocation domains are shown in dark shadeC@ficin A (Parkeret al.,
1992), (B) insecticidad-endotoxin (Liet al., 1991), (C) diphteria toxin (Chost al.,
1992), and (D) Bcl-X (Muchmoreet al., 1996) are all amphitropic proteins that can
exist in water-soluble or integral-membrane form. (Medifirom Cromeret al.,
2002)



transmembrane channel (Parlatral.,, 1992). The membrane insertion process for
Colicin A has been explained by membrane-pH dependence (stuga 1993).
Colicin A was shown to form a molten globule statdoav pH, which reduces the
energy barrier required in unmasking the hydrophobic haifpm membrane
insertion. Furthermore, low pH neutralises the acidgians, which renders the face
more hydrophobic and hence lowers the energy cost ottimgehe helical hairpin

into the membrane.

Diphtheria toxin is a 58 kDa polypeptide that is readiBaved proteolytically into a
N-terminal 21 kDa fragment and a C-terminal 37 kDa fragrjueméd by a disulphide
bond. While the C-terminal fragment is responsible farep¢éor binding, the N-
terminal fragment translocates across the endosonahbrane as a result of
exposure to the acidic lumen of the endosome (SandwdgCisnes, 1980). The
oligomerisation state of the functional pore is thoutghtoe dimeric (Choet al.,
1992).

Bacillus thuringiensis produces insecticidal Cry toxin proteins that are acyainst
different insect species. The inactive protoxin is 130 kiDaize and is cleaved by
proteases to yield 60 kDa monomeric toxins (Hofmetred., 1988). After adhereing
to cadherin receptors on the host epithelial cell brame Cry undergoes
conformational changes from monomeric structure to gpre-oligomeric form that
inserts into the membrane (Pardo-Lopeal., 2006). After membrane insertion there
is another conformational change to form the fullyndional pore. The
conformational changes are triggered by acidic pH causingitamglobule state that
is in a partly unfolded but compact state that is used &wcome the high-energy
barrier of membrane insertion (Pardo-Loptzl., 2006). The model proposed for
Cry membrane insertion involves the insertion of tvbelices into the membrane
analogous to the handle of an umbrella while the rebteohelices are rearranged on
the membrane surface (Gagtital., 1998).

Equinatoxin Il is a 19.7 kDa protein composed of predomingi¥dfeet secondary

structure when in water-soluble form (Athanasiaaial., 2001). The pore region of
the transmembrane form, however, is thought to beddrby an amphipathic helix
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that is exposed as a result of the soluble form ioteg with the membrane. The
membrane surface causes partial unfolding of the proteichvéxposes a buriext
helix that inserts into and traverses the membraneh(iéiral., 2004). The protein
then oligomerises to form a functional pore. Equinatdkimas strong dependencies
on the solution pH and ionic strength for its conversiamm soluble to integral
membrane form (Poklaat al., 2001).

Aerolysin is a predominantl3-sheet protein secreted as an inactive water-soluble
dimer called proaerolysin. The protoxin must be nicked by epigs$is, which
removes a C-terminal fragment and enables the pradfessannel formation. The
active aerolysin is also water-soluble and dimeriowklver, unlike the protoxin, it
can undergo a concentration-dependent transition tontee@ heptameric protein
which is insertion-competent. The heptamer inserts mtddrget membrane forming

a large open channel that kills the cell. The crystatstre of proaerolysin (Parker

al., 1994) was the first to be determined for a group of toximaddrthe hydrophilic
(B-sheet) channel-forming protein toxins that include inselicd-endotoxin, a-
hemolysin, anthrax protective antigen, and perfringolysin AD. these proteins
contain a preponderance [@sheet and posses the ability to undergo transitions from
water-soluble states to higher order oligomeric men@ifarund states. A schematic

of typical channel formation bfy-sheet amphipathic proteins is shown in figure 5.

The Bacillus thuringiensis insecticidald-endotoxins have a three-domain structure,
with seven amphipathic helices which comprise domain rigbessential for toxicity.
The structure and membrane insertion characteristiossecticidald-endotoxin are
similar to Colicin A. Membrane insertion is thoughtkie pH-dependant (Grochulski
et al., 1995) involving the formation of a molten globule stateg@herisation occurs
once the protein has inserted into the membrane witlidhieelix of each monomer

playing a crucial role (Kumar and Aronson, 1999).
Pathogenicvibrio cholerae secrete a 80 kDa pro-toxgytolysin that assembles into

an oligomeric pore on target cell membranes following pigtie cleavage and

interaction with cell surface receptors. Once theolggin is activated by
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Figure 5: Schematic showing the formation of $-barrel pore. Example shown is
of the entirely-stranded protein LukF. These proteins are secreted as-sadtible
monomers (1), and bind to membranes via hydrophobic intenac(?). The protein
then oligomerises at the membrane surface forming almepic pre-pore structure
(3). Proteases then modify the protein resulting irreversible insertion of the pre-
stems (green) into the membrane to forfé-lbarrel pore (modified from Olson and
Gouaux, 2002)
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proteolytic cleavage it assembles into a heptameric iepegpon addition of
liposomes (Olsen and Gouaux, 2005).

1.2.3 Other dual-form (amphitropic) proteins

The Bcl-2 family of proteins play an important role igu&ating programmed cell
death or apoptosis. The subfamilies consist of thexBdubfamily that inhibit
apoptosis and the Bax subfamily that propmote apoptoBisl-x_ is a a-helical
protein approximately 21.6 kDa in size, which inserts into mamds by a pH
dependent process. The protonation of certain residude girotein surface by the
low pH encountered at the membrane surface is thougladiaece the electrostatic
repulsion effects between the protein and the anionidslipf the membrane
(Schendelkt al., 1997). Interestingly, the formation of a obligatory moltgdabule
intermediate for proteins that convert from solutiomtembrane conformations was
ruled out for Bcl-x by Thuduppathy and Hill (2006). It was proposed that the absence
of a molten globule intermediate might have evolved ptotect Bcl-x from
intracellular proteases as it undergoes this conformatrenge. Recently, a pH-
dependent model has been proposed for the solution to @weenlbonformational
change (Figure 6) that consists of three stable cont@mnsa a solution conformation,
a conformation similar to the solution conformation &othored to the membrane by
its C-terminal transmembrane domain, and a membrane oaation that is fully
associated with the membrane (Thuduppa&thgt., 2006). Bax, similar to Bcly is a
monomeric 21.1 kDa-helical protein that exists predominantly in the cytosdbte
before it is triggered to insert into the membranarhE during apoptosis, Bax
translocates from the cytosol to the mitochondriaz(fi et al., 2000). It is thought
that the protein initially forms an intermediate st#éhat is bound to the membrane

before oligomerizing to form the active pore structurer(@aaSaezt al., 2004).

Signaling of other soluble proteins toward the membrameaccur via receptors on
the membrane or by signaling molecules. Annexins are dyfacalcium-binding
proteins involved in numerous cellular processes including abannel activity
(Cartailler et al., 2000). For this protein, hexamerisation is mediated byiualc
binding an intermolecular calcium-binding site (Lueekal., 1995). Annexin cannot
form the functional hexamer until it is sighaled to ddog the binding of calcium.
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Figure 6: Hypothetical model for the solution to membrane coformational
change of Bcl-X. Stage 1 shows the protein in soluble form as it is founthe
cytosol. The protein is then anchored to the membraneitdyC-terminal
transmembrane domain (Stage 2). Insertion of the cytodolnain then occurs via
the hydrophobic helical hairpin into the membrane, cabgeatidification (Stage 3).
The fully inserted membrane conformation is assemblegithgr oligomer formation
or a-helices spanning the length of the membrane. Taken from Thathypgt al.,
(2006)
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o-Lactalbumin is another protein that can be class#éistbng amphitropic proteins,
because it is a soluble protein, which is driven to ictenath membranes to achieve
some of its physiological functions. Althoughlactaloumin is well known for its
participation in the synthesis of lactose (Gastetell., 1999) it is also sectreted as a
major protein in breast milk and several functions ha&nkascribed to it during the
neonatal period (Lonnerdal and Lien, 2003). The structura-laictalbumin is a
mixture ofa-helices ang3-sheets in the water-soluble form and a persistends of
tertiary structure within the membrane-bound state has feggested (Cawtheet
al., 1996). The formation of a molten globule state ptiomembrane insertion has
been described (Banuelos and Muga, 1995) as well as the depend@, calcium,
lipid membrane curvature and charge on membrane interdCimmalet al., 2005).

1.2.4 Membrane insertion

The exact process that amphitropic proteins adopt twecbrirom water-soluble
forms to integral membrane forms varies from proteiprtiein. The soluble forms,
however, all have the characteristic property of havingrpaydrophilic amino acid
residues at their surface that can interact favouralily the surrounding aqueous
medium, while the integral membrane forms have a lels parface because they
are buried within the hydrophobic interior of the membréum Heijne and Gavel,
1988). Inside the membrane the protein loses its flexitlitgg degrees of freedom
and becomes highly immobilised. The change in polarity addcesl dielectric
constant within the membrane results in strong van danl®Vand electrostatic
interactions. The conversion from one form to theepthnvolves structural
rearrangements to suit the changing surrounding environr@®detn, this structural
rearrangement involves the protein essentially turningdensiut, exposing buried
hydrophobic regions that are driven to interact and inséot the membrane (von
Heijne and Blomberg, 1979). The triggers that initiate thiscstral rearrangement
necessary to create a membrane insertion-competentriolude factors such as low
pH, lipid charge and membrane composition, binding of simgalmolecules,
proteolysis and redox effects (Epand, 1998; Chetrall, 2002; Johnsost al., 2003;
Yoshidaet al., 2004; Chenatt al., 2005). Often, oligomerisation is necessary to form
a fully functional pore or channel. This may occur befthe protein has inserted into
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the membrane interior or after, resulting from the clpsximity of two or more

transmembrane segments.

The role of electrostatic and hydrophobic interactionsnembrane protein insertion
is well documented (Chendl al., 2002). While electrostatic interactions are typically
important for the association of proteins with the acefof the membrane (Mosior
and Newton, 1995), hydrophobic interactions are dominant Her imsertion of
transmembrane segments of the protein into the membtaw pH at the membrane
surface appears to play a role in promoting membranetioisday either inducing a
molten globule state and/or in making a part of the prateore hydrophobic by
neutralizing acidic residues. The negatively charged resichagsely aspartate and
glutamate, are protonated by the low pH micro-environntéas neutrilizing them
and rendering them more hydrophobic. Hydrophobic interacti@endamninant for the
insertion of the transmembrane helix into the mend(&@henakt al., 2002)

The “umbrella” hypothesis of membrane insertion stétas the outer helical layers
of a protein peel away from the central hairpin like tpening up of an umbrella
(Parker and Pattus, 1993). The driving force for the unmaskinthe buried
hydrophobic hairpin is the formation of a molten glokhiat is formed as the soluble
protein approaches the low pH environment at the membrafsesufhe acidic pH

at the membrane surface is due to the negative charge pbldwr head groups in the
lipid bilayer that attract the Hons. The low pH induces the protein to form a molten
globule that is thought to be an insertion-competenfazmational pre-requisite for
membrane insertion (Bychkoehal., 1988). Due to the looser, less compact nature of
the molten globule the energy barrier required in unmgsthe hydrophobic hairpin
for membrane insertion is reduced. However, it has tgcbeen shown that a molten
globule state resulting from a low pH environment may Ibetrequired for the
conformational switch from soluble to integral membrémen (Thuduppathy and
Hill, 2006). Other contributions such as the presence afegatively charged
membrane or an electrostatic potential across thebmama may be responsible for
destabilizing the solution conformation at low pH.
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Once inserted into the membrane, the transmembraneesegenstabilised by side
chain interactions with the lipid bilayer interior ragud in the formation of helices
and-barrels. A transmembrane segment can traverseehgbnne as a single helix,
however, those adoptingfastrand structure need to oligomerise to credbebarrel

for stability.

The general strategy for the conversion of soluble prdéems to integral-membrane
forms appears to be that the pore-forming regions atmllyifolded up on the

surfaces of the soluble precursors and are then triggerexténd or refold into

membrane-inserted structures. In so doing, the solubleiprden exchanges

protein-protein interactions for protein-lipid interactionsa stable new assembly. By
inserting a wedge into the membrane, the protein clsatige curvature of the
membrane and ultimately punctures the bilayer to formlalespore lining.

1.3 GST family and the thioredoxin fold: new rolesn

membrane interaction

The thioredoxin fold is a scaffold used by many proteinsatoymut a large range of
various functions (Martin, 1995). This versatile fold thatopts anpoafappa
arrangement can adapt to provide new functions while retaitsngtructure and
stability (Martin, 1995). Proteins that utilise the thiayeith fold, grouped as the
thioredoxin superfamily, have low sequence similarity aery few strictly conserved
residues (Martin, 1995). The overall structural similafigtween the thioredoxin
folds in all the superfamily members and the similantythe positioning of their
important active-site residues is striking, given thainctional differences and low
sequence identity. Certain points in the thioredoxin fadsh ¢olerate insertions
without disruption of the overall structure, however, laggale conformational
changes through redox switching have been observed (Dgeteal., 2001, Littleret
al., 2004).

The glutathione transferase (GST) family of proteiniseatithe thioredoxin fold and

are classified as members of the thioredoxin superfamijpically GSTs are
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homodimeric in structure with each 25 kDa subunit made tyw@flomains. Domain
1 or the N-terminal domain consists of the thioredoxin foltdevdomain 2 or the C-
terminal domain is entirelgi-helical in structure. These cytosolic GSTs are rdlate
evolution to glutaredoxin by their thioredoxin domain that bindsagfhione (GSH) in
a topologically conserved location named the G-sitees€ proteins are a vital
component of the cellular detoxification of a large e@Briof endogenous and
exogenous toxins (Sheehatal., 2001). They detoxify toxins by conjugating them
with GSH, the first step in the breakdown and eventuadetion of toxins from the
organism via the mercapturate pathway (Armstrong, 1997)).G®€ family also
consists of members that are monomeric in structuraeelya glutaredoxin-2 (Xiaet
al., 2001) and the chloride intracellular channel protein, CLICAr(bpet al., 2001).

Although GSTs are well known for their detoxificatiortigity, they have many other
functions and activities that include peroxidase activiisgstaglandin synthesis,
iIsomerase activity, regulation of stress kinases, Idghaation reactions, NO carriers
and dehydroascorbate reduction (Reviewed by Oakley, 2005). Maraises for the
canonical glutathione transferase fold are still beagmapparent. The bacterial
stringent starvation protein SspA (Hanssral., 2005) and the yeast prion protein
Ure2p (Baiet al., 2004) both adopt the glutathione transferase fold but éleéiities
are unrelated to detoxification and the primary functibthese GST-like proteins
may not even be catalytic.

Another recently discovered use of the cytosolic G8l@ is the modulation and
formation of membrane ion channels. CLICs are a récehscovered family of
proteins that form chloride ion channels (Torghial., 2000, Harropet al., 2001,
Berrymanet al., 2004; Littleret al., 2005). The first crystal structure determination of
the soluble form of a CLIC family member, CLIC1 (Hasret al., 2001) confirmed
that CLICs are members of the glutathione transfefasely with high structural
similarity to the Omega class GST. Interestingly,nific and co-workers (2000)
showed that CLIC1 can exist in both soluble and integral bne@me form and can
integrate into membranes to form functional chloridenducting channels. The
structural homology of CLIC1 and Omega GST prompted Dulhantl co-workers
(2001) to investigate whether the human Omega class GST@1-1) forms or
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modulates ion channels, and found that GSTO1-1 did indeed medy&todine
receptors (RyR), which are calcium channels in the eadapt reticulum of various
cells. Of possible relevance to CLICs, the channel nadithgl activity was dependent
on the GST being active and the active site cysteing stwn to be essential
(Dulhuntyet al., 2001).

Another protein that utilises the thioredoxin fold and nsoived in modulating
receptors at the membrane is calsequestrin @val., 2006). This member of the
thioredoxin superfamily is the major €astorage protein of muscle and has three
repeat thioredoxin fold domains (Wamegal., 1998). These three very negatively
charged domains, which are topologically identical withttof Escherichia coli
thioredoxin, surround a hydrophilic center. Recently it Heesen shown that
calsequestrin can regulate RyR and inhibit'Ceelease (Weiet al., 2006). The
thioredoxin fold of some proteins clearly has a rolthiregulation of G in the cell
since CLIC2, Omega GST and calsequestrin have all beavndlo modulate RyR.

The recently solved structure of a new class of GS3igdated Kappa (Ladnet al.,
2004), shows an overall topology similar to that of arddoxin superfamily member,
disulfide bond isomerase (DsbA). This suggests that twiincissuperfamilies of
GSTs evolved from different thiol-disulfide oxido-redwssaprogenitors by parallel
pathways. This is in contrast to the pathway proposed legl#im and co-workers
(2001) in which all GSTs diverged from a common ancestova#t also interestingly
noted that an extensive disordered hydrophobic patch odither surface near the
active sites of Kappa GST could suggest that the enzyme thirdsiembrane surface
as part of its function.

1.4 Chloride intracellular channel protein (CLIC) family

The chloride intracellular channel (CLIC) proteins agg@up of soluble proteins that
have the ability to form functional chloride channelsimtracellular membranes
(Tonini et al., 2000, Harropet al., 2001, Berrymaret al., 2004; Littleret al., 2005).
To date, seven members of the CLIC family have beeniidehtnamely, CLIC1,
CLIC2, CLICS3, CLICA4, CLIC5A, p64 (CLIC5B in humans) and parch (CLIC6 in
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humans). Although most of the CLIC proteins are composeeR40 residues, p64
and parchorin are longer and consist of an additionah@terminal domain in

conjunction with the typical CLIC module. The CLIC peints have been implicated
in various important roles by controlling cellular chlorid@ concentrations. These
include cell cycle regulation, apoptosis, sighal transdoctbone resorption and
kidney function (reviewed by Debskgal., 2001).

The CLIC nomenclature that was first proposed by Haigs Poustka (1997), based
on the channel forming activity observed for the firstmbers, can be misleading
since many newer members identified by sequence simildwityot appear to show
channel formation. Furthermore, it has recently been stegésat CLICs form non-
selective multi-ion pores rather than specific chloti@nnels (Singh and Ashley,
2006). If this is the case it would have significant imggiiens for the nomenclature.

The founder member of the CLIC family was a 64 kDa prateimed p64 (Landrgt

al., 1993). The protein was isolated from bovine tracheal apjpghelium and the
kidney cortex using an indanyloxy acetic acid (IAA) derivaigean affinity ligand,
and subsequently identified at a molecular level wglciDNA cloned from a bovine
renal cortex cDNA library (Landrgt al., 1993). p64 was shown to be 437 amino
acids long with a distinct amino-terminal domain tisatollowed by the 240-residue
CLIC module that shares structural similarity to th&TGfamily. The avian
homologue of p64, known as p62, plays a role in osteodasiation (Schlesingest

al., 1997) while the rat homologue of p64 is p64H1 (253 amino acids) aasl rau
contain the additional N-terminal domain found in p64 (Hbwtedl., 1996). CLIC5B
(410 amino acids) is the human homologue of p64, whicld&kbDa splice variant of
CLIC5A (Shankset al., 2002). The C-terminal 238 amino acids of CLIC5A and
CLIC5B are identical. CLIC5A was initially identified aa component of a
cytoskeletal complex (Berryman and Bretscher, 2000) agllater found to function
as a chloride channel and associate with the codial cytoskeleton (Berrymaat

al., 2004).

Parchorin is another CLIC protein that is known as a p6rotmgue. It was
originally identified as a secretory epithelium phosphapnoin gastric parietal and
airway epithelia cells. Its cDNA was first clonedorn rabbit choroids plexus
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(Nishizawaet al., 2000) and was shown to encode a 637 residue protein. Although
parchorin has been shown to relocalise from the cgtoplof water-secreting cells to
the plasma membrane when chloride levels are low (h#iglaet al., 2000), sequence
analysis shows no predicted transmembrane regions.efoher it is likely that
parchorin only serves as a chloride channel modulatoppssed to actually forming

the channel itself. The human homologue of parchoraseth on high sequence
homology, is CLIC6 (Freidlet al., 2003). This protein is 704 amino acids in length
and has a characteristic 6 residue N-terminal motifitheg¢peated 15 times (Griffon

et al., 2003). Parchorin and its homologues have been implicatelhymg a role in

the regulation of secretion by modulating chloride iomcieds (Griffonet al., 2003).

CLIC2 is a 243 residue, 27.8 kDa protein that is widely distethuh human tissues
including heart and skeletal muscle (Boatrdl., 2004). Board and co-workers (2004)
also found that CLIC2 is structurally similar to the €ya class GST (18.6%
sequence identity) and CLIC1 (58.8% sequence identity). Based molecular
model designed for CLIC2 using the CLIC1 crystal structaoeordinates as a
template it was found that the CLIC2 model superimposebwitl CLIC1, with the
only difference being a loop region between helix 5 arix Beof CLIC2 (Boardet
al., 2004). Although CLIC2 was found to have little catalytatiaty with typical
glutathione transferase substrates, it was a strongitmhof cardiac RyR channels
(Board et al., 2004) and, like Omega class GST, may play an importdatino

intracellular calcium homeostasis.

Of all the CLICs, the MAP kinase-associated CLIC3 hiagen the least studied, and
very little is known about their exact function. Hum@hIC3 is predicted to contain
207 residues and localises to the nucleus (&iah, 1999). Of all the CLICs it shares
the lowest percentage of sequence identity to CLIC1 (49 @) hes a relatively
limited hydrophobic domain indicating an improbable directe rah channel
formation. It has been proposed that by modulating adodonductance at the
nuclear membrane it activates MAP kinase signal transduetnd therefore could
play a role in cell growth (Qiaet al., 1999).

Two CLIC orthologs have been reporteddaenorhabditis e egans, namely, EXC-4
and EXL-1. The EXC-4 (for excretory canal) and EXL #XC-4 like) proteins have
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been labelled as “CLIC-like” based on sequence similarigad their ability to
localise in intracellular membranes (Bemntyal., 2003). TheCaenorhabditis elegans
homologue of Omega class GST, termed GST-44, revealetlystrytoplasmic
localisation (Berryet al., 2003).

CLIC4 was the first human CLIC to be identified (Hallet al., 1996), is expressed

in a wide variety of tissues and is highly conserved aspssies (Edwards, 1999).
Proteinase K treatment of microsomes containing CLIOditees a 27 kDa reduction

in size of the protein, leaving a 6 kDa fragment (Duretaal., 1997). This indicates
that the integral membrane form of this protein hamgles transmembrane region
near the N-terminus running from approximately Cys35 to ValSin¢@net al.,
1997). The crystal structure of CLIC4 (Littleral., 2005) shows a two domain, GST-
like protein, which is highly homologous to that of soluBlelC1, as was expected
based on the high sequence similarity between the two @aence identity).
CLIC4 has been shown to associate with lipid bilayerd at low pH induce the
efflux of chloride ions from artificial liposomes inc@ncentration-dependent manner
(Littler et al., 2005). The interaction is enhanced when CLIC4 is oxidisediké&)
CLIC1, however, CLIC4 does not appear to form a dimer véx@osed to oxidizing
conditions, which is thought vivo to represent an intermediate membrane docking
form (Littler et al., 2004). The reason for this has been linked to the factGhii4
does not have a conserved cysteine residue at the saitienptisat CLIC1 does
(Cys59) with which an intramolecular disulphide bond ¢enformed that would
stabilise a dimeric form. Recently, a crystal struetof a trimeric form of CLIC4 has
been described (lat al., 2006) that may represent an oligomeric mode with a unique
assembly mechanism by which the oligomerisation of @Lkan be performed

without any intramolecular disulfide bond formation.

It has also been reported that CLIC family membersca® with a scaffolding
protein that is utilised in the cell to localise sigmajliproteins to specific areas
fascilitating precise cellular function (Shanks al., 2002). Protein kinase A-
anchoring proteins (AKAPSs) are a class of scaffoldingtean utilised by the cell to
anchor the regulatory subunit of type Il camp-dependentipr&inase A to specific
locations within the cell (Lester and Scott, 1997). kaand co-workers (2002)

showed that all CLIC family members were able to binti38-amino acid domain
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within AKAP350 through the last 120 amino acids in the corze@LIC C-termini.
This suggests that CLIC family members could be signadled controlled by
AKAP350, and that cAMP-dependent phosphorylation of CLIGgs by protein
kinase A could regulate their distribution and functidrable 1 summarises the
characteristics and properties of all the CLIC farmigmbers.

1.5 CLIC1 overview

1.5.1 Distribution and functional role

Human CLIC1 was cloned serendipitously after screenimgoraocytoid blood cell
line for PKC-activated genes (Valenzuelaal., 1997). This protein was found to
localise to the nuclear membrane and function as deloon channels, and was
originally designated NCC27 (for nuclear chloride channelHan) is now more
commonly known as CLIC1. Although CLIC1 has been found lyain the
nucleoplasm and nuclear membrane, it has been reporéedide variety of different
tissues and cells (Valenzuel al., 2000; Tulk et al., 2002). The interesting
observation that CLIC1 occurs in the nucleoplasm andeémuclear membrane raised
guestions about how the protein is regulated between thesstates. Was CLIC1
acting as a regulatory subunit of a multiprotein chlomaechannel complex or did it
form the ion-conducting unit itself? Either way, thetfdltat CLIC1 is practically
ubiquitous in its tissue distribution and well conservedosg different species
(Valenzueleet al., 2000) indicates it plays a fundemental role in the fomig of the
cell. Furthermore, CLIC1 is active from early embryagga to adult life.

It has been hypothesised that CLIC1 is involved in reguiadif the cell cycle based
on electrophysiological studies in Chinese hamster o{@HO-K1) cells, which
indicated that CLIC1 chloride conductance varied accortinthe stage of the cell
cycle, being expressed only at the plasma membranelleficethe G2/M phase
(Valenzuelaet al., 2000). It was also demonstrated that iBh channels that are
known to block CLIC1 led to the arrest of CHO-K1 cellshie G2/M stage of the cell
cycle, the same stage at which the ion channel istsady expressed at the plasma
membrane (Valenzue# al., 2000). CLIC1 has also been implicated in roles as
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Table 1 : Comparison of properties of the CLIC family members

Molecular | Number | pl Localisation | In vitro channel | Oligomerisation | Crystal %
mass of formation states known structure Sequence
residues /modulation ID to
CLIC1
dCLIC1 26.9 kDa | 241 4.85 | Nucleoplasm, | °Channel activity - monomer | °YES
nuclear - dimer —_—-
membrane,
kidney, heart,
placental cells
dcLic2 27.8 kDa | 243 5.24 | Spleen, lung | “RyR modulation - monomer | NO 58.8
'cLIC3 23.5kDa | 207 6.34 | Nuclear NONE - monomer | NO 49
membrane
CLIC4 33 kDa 253 5.42 | ER, neurons, |"Channel activity - monomer | 'YES 67
kidney, inner - trimer
mitochondrial
membrane
ICLIC5A 28 kDa 251 5.44 Heartl. skeletal | “Channel activity - monomer | NO 63
muscile
'CLIC5B 46 kDa 410 4.34 Golgi NONE - monomer | NO 66
apparatus
(p64
homologue)
MCLIC6 65 kDa 704 4.05 | Water NONE - monomer | NO 64
(parchorin sectreting cells, - dimer
endocrine cells
homologue)

/alenzuelaet al., 1997,°Tonini et al., 2000; Tulket al., 2000; Tulket al., 2002; Wartoret al., 2002; Singh and Ashley, 200%jarropet al.,
2001; Littleret al., 2004,%Heiss and Poutska, 19FRBoardet al., 2004;'Qianet al., 1999;°Howell et al., 1996;"Littler et al., 2005;'Berryman
and Bretscher, 2008Berrymanet al., 2004;'Landryet al., 1993;™Nishizawaet al., 2000

24



diverse as microglia-mediate@-amyloid-induced neurotixicity (Novarinet al.,
2004) and sperm function (Myeesal., 2004). Since it was reported that CLIC1
expression is related to macrophage activation, Novamaoco-workers (2004) were
prompted to examine the expression and role of CLIC1 im bmsacrophages or
microglial cells. The inflammatory events mediated bycraglial activation
contribute to several neurodegenerative processes, imgludzheimer’'s disease
(McGeer and McGeerl998; Kalaria, 1999). The finding that CLIC1 is involved in
microglial activation led Novarino and co-workers (2004 stggest that the protein
should be considered as a therapeutic target for Alzhsinhsease and, indeed, other

inflammatory diseases.

1.5.2 Structure of soluble CLIC1

CLIC1 is 241 residues long and has a molecular mass ofkP&9The protein is
mostly a-helical with only ~ 8% of its secondary structural conhteeing3-strand in
its reduced monomeric state. Figure 7 shows the amidosaquence of CLIC1 with
the positioning of the secondary structural elementsedas the proteins primary
sequence it was proposed that CLIC1 could be a member oG8%k family
(Dulhunty et al., 2000). The determination of the CLIC1 crystal structure byrdsa
and co-workers (2001) later confirmed this and the proteis @assified as the
newest member of the GST family.

CLIC1 in its reduced state was found to be monomeric, mgakLIC1 and Grx2 the
only members of the GST family that did not have a ditnquaternary structure.
The crystal structure of CLIC1 (Figure 8A) shows a moeaenprotein with two
domains. The N-terminal domain resembles the thioredaxhsimilar to that found

in GSTs. The C-terminal domain is entir@lyhelical and most closely resembles the
Omega class GST (Figure 8B). Although CLIC1 is structurafhylar to the subunit
of Omega class GST, they only share 16% sequence ydeAtimotable structural
difference found at the C-domain of CLIC1 is the insertof a highly negatively
charged loop (Pro147-GInl164), which is a distinctive featur€ld€C1. This loop is
spatially adjacent to the loop linking the two domaimg| enay have a role in protein-
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Figure 7: CLIC1 primary sequence showing position of secorady structural
elements.Strands are represented by arrows and helices are rdprebgrecylinders.
The image was taken and modified from the PDBsum dsg¢aflaaskowskit al.,
1997) using the PDB code: 1kOm (Harm@l., 2001).
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Figure 8: Ribbon representations of the crystal structureof reduced monomeric
CLIC1 and Omega class GST.(A) Shows a ribbon representation of CLIC1
highlighting domain 1 (green) and domain 2 (blue). The sidencbf the lone
tryptophan residue (Trp35) is shown in red and the domain lirkeshown in
blackThe regions that are structurally different to Ometgss GST are shown in
light blue. (B) Shows a ribbon representation of Omelgas GST with domain 1
shown in green and domain 2 shown in blue. Images were ¢eshevih Swiss PDB
viewer (Guex and Peitsch, 1997) using the PDB files 1kOm (gatral., 2001) for
CLIC1 and 1eem (Board al., 2000) for Omega class GST.
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protein interactions. In CLIC1 there are seven acidgdues in this region. The C-
terminal a9 helix of CLIC1 is also structurally unique and is anothetspot of
negative charge. These features may play a key role nmonag@e insertion of CLICs.
CLIC1 has a relatively low pl value of 4.85 (Valenzugtlal., 1997).

The structure reveals a single tryptophan residue (Trp3&jedavithin helix 1 that is
partially exposed to solvent and positioned near the domgarface. Eight tyrosine
residues are scattered throughout the proteins structurtemast residing in the C-
terminal domain. Although the protein has 6 cysteine residudg one (Cys24) is
located in the region corresponding to the typical G8iive site in domain 1. This
single cysteine active site can form a mixed disulpkvité glutathione (GSH) and
closely resembles the glutaredoxin protein, a membéneothioredoxin superfamily
from which GSTs have evolved. The GSH binding propertie€ldC1 are much
weaker than those observed for other GSTs, with lssigive interactions occurring
between the CLIC1 active site and GSH (Harebjal., 2001). A covalent complex
between oxidised glutathione (GSSG) and CLIC1 has beanrsto occur and the
structure of CLIC1 with GSSG bound has been crystdll@¢arropet al., 2001).
GSSG binding showed only small changes in the protein struaftmeglutathione
covalently attached to Cys24. Like glutaredoxin, the Gfitling site of CLIC1
appears to be designed to ensure the nucleophilicity o$utier atom of its lone
reactive cysteine (Cys24 in CLIC1) as opposed to the asiteef typical GSTs that
ensures the nucleophilicity of the sulfur atom of GSéhting a reactive thiolate ion
(Wilce and Parker, 1994; Armstrong, 1997). The conservediogstat the active site
of the CLICs indicates that they may be under redoxrobrperhaps to target the
chloride channel to specific locations in the cell. CLI&so has a conserved cysteine
(Cysh9) located at the end of helix 2, which is not presenither CLIC proteins.

The finding that monomeric CLIC1 undergoes a redox-ctiettrstructural transition
to dimeric form (Littleret al., 2004) showed a new structural form of CLIC1 with
implications for CLIC1 rearrangement and membrane cdgckit was shown by
Littler and co-workers (2004) that on oxidation CLIC1 undergaeseversible
transition from monomeric to non-covalent dimettats due to the formation of an
intramolecular disulphide bond (Cys24 — Cys59). The crgstacture of this dimeric
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form of CLIC1 reveals a major structural rearrangemeating in the N-terminal
domain, exposing a large hydrophobic surface, which is stdbilis vitro by
dimerisation (Littleret al., 2004).1n vivo, this hydrophobic surface may represent the
membrane-docking surface. The most apparent structurajehmatween the soluble
monomer and oxidised dimer subunits (Figure 9) is relatvihe helix 2 region. In
the dimer, all the3-strand structures present in the monomeric form haveniec
disordered and the N-terminal domain is entireielical. For the dimeric CLIC1
structure helix 2 is extended by two turns and residues bathaix 2 and helix 33
strand 3 and 4 in monomer) form an extended loop and @selJopacked against the
C-domain (Littleret al., 2004). The arrangement of the subunits bears no relafonshi
to that seen in GST dimers. Because one of the kegluessiinvolved in CLIC1
dimerisation (Cys59) is unique to CLICL1 it is unlikely tlaasimilar oligomerisation

or membrane docking mechanism exists for the other @kd@eins. Although it has
recently been shown that CLIC4 can form a trimettiacture in crystals (Figure 10),
this oligomerisation mode did not involve any intramolcutfisulphide bond
formation (Liet al., 2006). The only other CLIC protein known to form a homodime
is CLIC6 (Griffonet al., 2003), although not much is known about its structure or

properties.

1.5.3 Conversion of soluble CLIC1 to integral-membrane form

CLIC1 is known to exist in soluble form and as an irdégnembrane protein.
Although high-resolution structural data exists for trsting state of the soluble form
of the protein, not much is known about the structurdefintegral-membrane form,
or the exact mechanism of membrane insertion. Resestam@lkali extraction of
CLIC1 when it is in integral membrane form suggests thatpiotein spans the
membrane (Tulk and Edwards, 1998). Because CLIC1 is such lamotein (27
kDa) and the fact that it had an unusual distributiomiebed for other eukaryotic ion
channel proteins, mostly found in the nucleoplasm but waimall portion inserted in
the nuclear envelope, it was unclear whether CLIC1 dgttaimed channels or just
regulated an unidentified ion channel. CLIC1 may be actirmyragulatory subunit of
a multiprotein chloride ion channel complex and theeeftself might not represent
the ion-conducting unit of the chloride channel complexnifiioand co-workers

(2000) were the first to demonstrate conclusively that QLIE€ a transmembrane
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Figure 9: Comparison of CLIC1 monomer and dimer structures.Domain 1 is
shown in green and domain 2 in red. (A) A ribbon represemt of reduced CLIC1 in
the monomeric form showing the side chains of Cys2d @ps59. (B) A ribbon
representation of dimeric CLIC1 (grey) and a subunit mhedic CLIC1. The
disulphide bond formed between Cys24 and Cys59 is shownlawyd& he images
were generated with Swiss PDB viewer (Guex and Peitsch, 188%) the PDB file
1kOm (Harropet al., 2001) for monomeric CLIC1 and PDB file 1rk4 (Littler al.,

2004) for dimeric CLIC1.
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protein that directly forms part of the ion channel andher, that the N-terminus
projects outward and the C-terminus inward. Figure 11triltess the orientation of
the transmembrane segment of CLIC1.

It was initially demonstrated that purified, solubilised ClLlIpartly co-reconstitutes
into asolectin liposomes by detergent dialysis and, fhexeis capable of forming
novel, chloride-selective channels in the absence of sthminits or proteins (Tult
al., 2000). Later it was shown that CLIC1 spontaneously insetts preformed
membranes in the absence of detergent (€uld., 2002; Wartonret al., 2002) and
that the process of membrane integration is pH-dependétdnet al., 2002). The
role of lipid composition on CLIC1 membrane insertionsvexamined by Tulk and
co-workers (2002) and showed that CLIC1 cannot insert, s&rt® but cannot
function as a channel, into phophatidylcholine (PC) lipos® unless they are
supplemented with acidic lipids (e.g. phosphatidylserine)replaced by liposomes
containing 7:3 phosphatidylserine:phosphatidylethanolamime. dhannel activity,
which is measured using ‘G#flux assays, is inhibited by indanyloxyacetic acid-94
(IAA), N-ethylmaleimide, and reduced or oxidised glutathigmelk et al., 2002).
Furthermore, the channel activity was found to be CLIGdAcentration dependent,
inactivated by heat, and increased under reducing cond(fiatfiset al., 2002).

Contradictory to this, Warton and co-workers (2002) found @i4C1 did display
chloride conductance in the absence of acidic phosphsl|{@id PC/cholesterol) and
Littler and co-workers (2004) reported that reducing comakti prevent channel
activity. It is unclear why the conductance of recountd CLIC1 channels differs
between studies from different laboratories. Singth Ashley (2006) speculate that
these inconsistencies might be related to the differeconstitution methods:“tip-
dipping”(Wartonet al., 2002) versus planar bilayers (Tuk al., 2000; Tulket al.,
2002). The reliability and validity of data produced using pldniayers has come
under some criticism recently (Singh and Ashley, 2006)thEumore, the use of
detergents to release @h CI efflux studies (e.g. Tullet al., 2002; Littler et al.,
2004) is also controversial. Because most of thesQinly released by detergents, it
is probable that very few liposomes contain functiatannels, making any results
using this method difficult to interpret.
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Figure 10: Ribbon representation of the trimeric form of CLIC4. The regions
involved in intermolecular contacts are circled. Thegemavas taken from Lét al.,
2006.
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Figure 11: Graphic representation of possible orientation of CIC1
transmembrane region. The dashed lines represent the plane of the membrane
bilayer. Positively charged residues are shown in blueralecharge residues in
yellow, and negatively charged residues in red. The otienté&s based on FLAG-
epitope studies performed on CLIC1 (Torghial., 2000). The image was generated
using Swiss PDB viewer (Guex and Peitsch, 1997) using theflROBkOm (Harrop

et al., 2001).
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The oxidised CLIC1 dimer maintains its ability to form aride ion channels in
artificial bilayers and vesicles, and mutational studieswy both Cys24 and Cys59 are
required for channel activity (Littlest al., 2004). Redox regulation of CLIC1 by these
cysteine residues was recently investigated (Singh ahiéeys2006). It was found
that although CLIC1 appeared to insert into lipid monamyegardless of lipid
composition, the channel assembly and functioning ingsléipid bilayers required a
specific lipid mixture containing 4:1:1 of POPE:POPS:cheledt IAA, NEM,
oxidised GSH and potassium chloride all dramatically redwretbtally inhibited
channel activity, and mutation of Cys24 to an alanine resids® r@sulted in
diminished chloride conductance. CLIC1 under reducing comgdit using either DTT
or reduced glutathione, was found to exhibit the highestisleed chloride
conductance. It was concluded that oxidizing conditionsl kaa closure of the
CLIC1 pore possibly via disulphide bond formation involving 2yshat is located
on the extracellular (or luminal) side of membrang @ subunits, and reducing
conditions result in channel opening and conductance (SindAshley, 2004).

Exactly which part of the CLIC1 structure forms the traembrane helix is unclear.
There are two regions of significant hydrophobicity i tGLICs, as judged by
hydrophobicity plots. One region is located in the Nrieal domain and comprises
helix 1 andp-strand 2, while the second region is located in ther@ihal domain
and comprises most of helix 6 and part of the loop precetdiddthough it has been
proposed that the C-terminal domain forms the transmemalpartion of the protein
(Cromeret al., 2002) based on structural similarities to pore-forming protanusthe
unlikeliness of the N-domain that evolved from the thioxaa® to unfold readily,
recent consensus seems to suggest that the thioredoximindoiorms the
transmembrane region. Sequence analysis reveals ai@3eregegment (from Cys24
to Val46) that is likely to from a transmembrane hdlixperimental support for this
hypothesis comes from proteinase K digestion studies uditg4Cthat shows the
first 50 residues are protected from proteolysis and thereinserted into the
membrane (Duncamt al., 1997). The polarity of the residues in this predicted
transmembrane segment (helix 1 gitrand 2) also fit the criteria for typical

transmembrane helices (Harrepal., 2001). The hydrophobic surface patch formed
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by helix 1 and3-strand 2 are unique to the CLICs and are not hydropholmthar

members of the GST family.

The most direct evidence for the transmembrane segofe@iIC being in the
thioredoxin domain comes from vivo studies performed using CLIC-like proteins of
the nematodé&aenorhabditis elegans (Berry et al., 2003; Berry and Hobert, 2006).
The study of the EXC-4 CLIC-like protein in ti@&enorhabditis elegans excretory
canal by Berry and co-workers (2003) represented the ifinsta CLIC protein had
been expressed and analysed in an animal systemivp) and the effects of
mutations on protein localisation examined. Using arclagté GFP reporter protein,
the localisation of various EXC-4 mutants were monitaed it was concluded that
the first 55 residues at the N-terminal end were requaecthémbrane insertion since
deletion of the32 strand and a L46P mutation ari disrupted membrane insertion
(Berryet al., 2003). Furthermore, it was found that ti@ helix in domain 2 does not
play a role in membrane localisation. More recdndiss by Berry and Hobert
(2006) show that a 55 — 70 residue long segment at the Nasgrdomain of CLIC
proteins fromCaenorhabditis elegans is a key determinant for membrane localisation
and function of invertebrate CLIC proteins. It was alsported that the cysteine
residues within this proposed transmembrane region are usaecdsr invertabrate
CLIC function (Berry and Hobert, 2006).

Because of the small size of CLIC1 it appears likest the protein oligomerises to
form fully functional channels. Whether this oligonsation occurs before membrane
insertion or after remains unknown. It has been sugddbat the CLIC1 ion channel
is likely to consist of a tetrameric assembly of wsuts (Wartonet al., 2002).
Following addition of protein to lipid bilayers, small conthrece channels with slow
kinetics (SCSK) appeared and then underwent a transititomrn a high conductance
channel with fast kinetics that had four times the cotathoe of the SCSK (Wartaeh
al., 2002). Singh and Ashley (2006) report, that according to thedel, conducting

CLIC1 channels must contain a minimum of 4 subunits.
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1.6 Objectives

Studies of the conformational dynamics of CLIC1 may prewsight as to how the
soluble form of CLIC1 rearranges to form an intradatflichannel. Understanding this
process at a molecular level would provide informatidpfhéto the development of
the treatment of severe diseases caused by malfunaotimmn channels. The main
objective in this study is to further our understanding efitechanisms of CLIC1
membrane insertion by studying the changes in structure ahditgtthat soluble
CLIC1 undergoes as it approaches and interacts with émbnane. This will give
insight into the conformational dynamics involved in tbewversion of soluble CLIC1

to the integral membrane form.

This study involves two approaches:

1) Analysis of the structure and stability of CLIC1 irethbsence of membrane,
investigating the effect of possible signals or triggeed thay play a crucial role in
the conversion of the soluble form to integral memberorm. The effects of reducing
and oxidizing conditions on CLIC1 structure and stabditg investigated, as are the
effects of pH change. This is of physiological relewarsince the movement of
soluble CLIC1 in the cytoplasm or nucleoplasm toward rti@mbrane will involve
the protein being exposed to a lower pH micro-environment (&dghlin 1989,
Menestrinaet al., 1989, van der Goaddt al., 1991).. The effect of this pH change on
the structural dynamics of CLIC1 is studied. Furthermdine, role of the primary
sequence and unique three-dimensional structure of CLIC1 nmbra@e insertion is
investigated in a bioinformatics-based study that looksoaserved residue features
such as hydropathy and charge. Hidden helical propensitebl-aapping motifs in
the sequence are also reported and the possible impiisafor transmembrane
regions discussed.

2) Analysis of the structure and thermodynamics of CLI@feracting with
membrane models. Changes in secondary structure, testraigture, hydrodynamic
volume and thermodynamics when CLIC1 is exposed to namabmimicking
models are studied. The effect of a variety of cood#i(pH, redox, temperature),
residue-modifiying agents (NEM), ligands (GSH), and inhilsitQAA) on CLIC1
membrane interaction are studied. Finally, all this rimition is used to predict a

model for CLIC1 membrane insertion and channel oriemtatio
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CHAPTER 2. EXPERIMENTAL PROCEDURES

2.1 Materials

The Escherichia coli pGEX-4T-1 plasmid with the cloned GST-CLIC1 fusion protein
was a gift from Dr. S. N. Breit, Centre of Immungyo St. Vincent's hospital,
University of New South Wales, Sydney Australia. Téstriction enzyme8amH1
and Notl were obtained from Roche diagnostics (Basel, Svldizd). Bovine
thrombin, 8-analino-1-naphthalene sulphonate (ANS) addnyloxyacetic acid-94
(IAA-94), N-ethylmaleimide (NEM), NATA, hydrogen peroxide, Sdithiobis(2-
nitrobenzoate) (DTNB), deuterium oxide, trifluoroethamog-liposomes formulation
4, asolectin type IV and sarkosyl were all obtained fi®igma Aldrich (St. Louis,
MO, USA). Isopropyl- thio-galactosidase (IPTG) was aiedi from Ingqaba Biotech
(Pretoria, South Africa). Dithiothretol (DTT) was phased from Whitehead
Scientific (Cape Town, South Africa). Reduced glutatei¢8SH) was acquired from
ICN biomedicals (Aurora, Ohio, USA). SDS-PAGE molecutaass markers were
aquired from Amersham Biosciences (Buckinghamshire, WKga was purchased
from Merck Laboratory supplies (Darmstadt, Germany). Glia@i hydrochloride
was acquired from Roche diagnostics (Basel, Switadyla

All other chemicals used were of standard analyticallgr&olutions were filtered

using 0.22uM acetate filters from Osmonics.

2.2 Methods

2.2.1 Plasmid verification

The plasmid used as an expression vector was pGEX-4Blérxtelaet al., 1997)
which contains the GST-CLIC1 fusion cDNA insert usedtfer over-expression of
the wildtype CLIC1 protein. The presence of this cDNA iihgeas confirmed with
restriction digestion analysis using the enzymasH1 andNotl. After incubation
with the restriction enzymes for 4 hours at 37°C the D& electrophoresed ona 1
% agarose gel containing ethidium bromide. Both single amdblealigests of the
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plasmid were performed. Sequencing was also employed hefurerify and confirm
the plasmid. The DNA of the CLIC1 insert was sequencednggaba Biotech
(Pretoria, South Africa) using the 5" pGEX primer tbhatds the nucleotides 869 —
891 and the 3' pGEX primer that binds the nucleotides 1041 — 1019.

2.2.2 Over-expression and purification

CLIC1 was purified using an 8 litre batch cultureEstherichia coli BL-21 cells
transformed with the pGEX-4T-1 plasmid. By adding 10®f cells from glycerol
stocks to 100 ml 2 X YT media (1.6g yeast, 1g tryptone and Oa&gf)Nontaining
100 pg/ml ampicillin an overnight (16 hours) culture of transfed Escherichia coli
cells was grown in a rotating incubator at 250 r.p.m arfi€ 3The overnight culture
was diluted 50 fold with 2 X YT medium containing 128/ml ampicillin and was
grown for approximately 6 hours to late log phase ¢ B 1.1). Over-expression of
the fusion protein was induced by adding isopropylthiogalacq$iiTG) to a final
concentration of 1 mM. Growth was continued for 4 hounsil optimum over-
expression was achieved. The cultures were then egygdffor 15 minutes at 5000 X
g at 4°C. The resulting supernatant waspoured off, and tletspere resuspended in
a minimal volume of resuspension buffer (10 mM Tris-H@H 7.5, 1 mM EDTA,
200 mM NaCl and 0.02 % sodium azide) and frozen at - 20°C g¥érto promote

cell lysis.

The cells were thawed and lysed on ice by pulse sorgcédi’s sec on and 0.1 sec
off) for 3 x 30 seconds using a Heat Systems sonicatora@dltics Inc.). The crude
extract was then centrifuged in a microfuge at 16 000 x §@aminutes at 4°C. The
resulting supernatant was loaded onto a glutathione-Segghacolumn pre-
equilibrated with 10 column volumes of 10 mM Tris-HCI, 150 nWCI, 1 mM
EDTA, 1 mM DTT and 0.02 % sodium azide at pH 8.2. Afterdblemn was washed
with equilibration buffer, cleavage of CLIC1 from t&ST was performed. This was
done by adding 3 units of human thrombin in 10 ml thrombinvelga buffer (200
mM Tris-HCI, 1.5 M NaCl, 25 mM Cagl pH 8.4) to the glutahione-Sepharose
column where the fusion protein was bound. DTT was also amdéee resin and
thrombin mixture at a concentration of 0.3 mM. The tHronmwas allowed to mix

with the resin by agitation for 16 hours at 20° C.
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Since CLIC1 was no longer bound to the column by the @&Sibn protein the
cleaved CLIC1 was recoverable in a mixture containing thnombhis CLIC1-
thrombin mix was collected and ready for separation uBB&E anion exchange
chromatography. The GST and any uncleaved fusion prdtainremained on the
glutathione-Sepharose column was eluted using 10 mM reducethgdue in 50
mM Tris-HCI, pH 7.5. The CLIC1-thrombin mixture was sepedausing a DEAE
column attached to a Aktaprime purification system (Ashan? Biosciences). The
column was pre-equilibrated with 20 mM Tris-HCI, 0.02 % sodaride, pH 6.5.
Because of the differences in pl of the two proteinso(tibin has a theoretical pl of
8, while CLIC1 has a theoretical pl of 5) it was possiblestficiently separate the
proteins based on the fact that at pH 6.5 only CLIC1 wilhégatively charged and
therefore bind to the positively charged matrix of the BE2epharose column.
Thrombin, which is positively charged at pH 6.5, will paksough the column
without binding. The absorbance at 280 nm of the flow thromgh monitored to
ensure CLIC1 was not going straight through the DEAE roolland was indeed
binding the matrix. With the thrombin component of the tomg not binding the

column and coming out with the flow through successfpassion was achieved.

The bound CLIC1 was then eluted using high salt concentritiffer (20 mM Tris-

HCI, 300 mM NacCl, 0.02 % sodium azide, pH 7.0). Once the protas recovered
its purity and concentration was established, it was cdrated to the desired
concentration using a PM-10 membrane at 4° C. The pre@inple was then
dialysed against 3 changes of storage buffer (50 mMHR&;, 1 mM DTT, 0.02 %

sodium azide, pH 7.0) to remove the high concentratiosodium chloride present
with the protein from the elution off the DEAE-Sepharosimn. This dialysis was

repeated on a weekly basis to ensure fresh DTT wasnpriesbe storage buffer.

2.2.3 SDS-PAGE

The purity and homogeneity of the expressed protein weesssd by SDS-PAGE
(Laemmli, 1970). Discontinious gel systems were prepared @asitgy % separating
gel (30 % acrylamide, 1 % bisacrylamide, 10 % sodium dodetphate (SDS), 10
% ammonium persulphate and 1.5 M Tris-HCI, pH 8.8) and asflagking gel (30 %
acrylamide, 1 % bisacrylamide, 10 % sodium dodecyl-sulpH#ie% ammonium
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persulphate and 0.5 M Tris-HCI, pH 6.8). Before loadinghi gel, samples were
mixed at a 1:1 ratio with 5 x sample buffer (100 fMnercaptoethanol, 20 % (v/v)
glycerol, 10 % (w/v) SDS, 0.05 % (w/v) bromophenol blue @M Tris-HCI, pH
6.8). Samples were then boiled for 5 minutes to ensurprttein was denatured. 20
pl samples were loaded to the wells and electrophoreéskEzDaV for approximately 3
hours. A molecular mass marker containing proteins rangisge from 14.4 kDa to
116 kDa was also loaded to the gel for calculating the menc size of the protein
samples. Gels were stained in 2 % (w/v) Coomasie BRED staining solution (13.5
% (v/v) glacial acetic acid and 18.8 % (v/v) ethanoljl and destained using a
solution of 40 % (v/v) ethanol and 10 % (v/v) glacialtacacid until the background

of the gel was clear.

2.2.4 Concentration determination
The concentration of CLIC1 was determined spectrophotarally using the Beer-
Lambert law:

&l (1)
where A is the absorbance at 280 ranjs the molar extinction coefficient of the
protein at wavelength, c is the concentration of the protein dnsl the pathlength of
light through the cuvette. The molar extinction camdint of CLIC1 was determined
by using the extinction coefficients of tryptophan, tynesand cysteine residues of
the protein (Maclet al., 1995):

£280) (M cmi) = 555@ Trp + 134@Tyr + 15ECys (2)
= 5550(1) + 1340(8) + 150(6)
= 17170 NMcm*

The absorbance at 280 nm was determined using a Hewlettré?ankdel 8452A
diode array spectrophotometer by fitting a linear regoastd a series of 5 serial
dilutions. All readings were corrected for buffer atsmce.

2.2.5 SEC-HPLC

The molecular mass of the protein was assessed usin® 2150 pump (Pharmacia)
at a flow rate of 0.5 ml/min attached to an TSK G2000xS¥ize exclusion column
(TOSOHAAS) with a 5 —150 kDa resolution. Samples running thrabghcolumn
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were detected using a JASCO FP-2020 Plus intelligent fluemesc detector.
Typically, 5uM concentrations of protein were loaded to the columioviad by de-
gassed HPLC buffer (0.1 M NdPQ,, 0.05 % sodium azide) with the salt
concentration and pH of the buffer adjusted accordingénsitivity settings for the

fluorescence detector were set at 32 for attenuatiod@hdor gain.

With a flow rate of 0.5 ml/min and a chart speed of 30 criid molecular mass of
samples was determined based on retention time and ustagdard curve prepared

from known mass markers.

2.2.6 Preparation and purification of dimeric CLIC1

Dimeric protein was prepared and purified according to théaddby Littler and co-
workers (2004). Purified monomeric CLIC1 was incubatedth \Witdrogen peroxide in
order to expose the protein to oxidizing conditions thae Haeen shown to create a
dimeric species of CLIC1 (Littleet al., 2004). 2 ml of monomeric CLIC1 at M
concentration was incubated with 5QDof 0.8 mM hydrogen peroxide for 1 hour.
This results in the formation of mixed CLIC1 species timgy of approximately 67
% dimeric CLIC1 and 33 % monomeric CLIC1. In order aparate the mixed
species to obtain a sample of pure dimeric CLIC1, tbend. mixture was diluted
with 3 ml of buffer (50 mM NgHPQ,, 0.05 % sodium azide, pH 7.0) and loaded to a
Sephacryl S-200 high resolution column with a fractiomat@ange of 5 — 250 kDa.
Fractions were collected and their absorbance at 280 rdetarmined. Based on
the size difference between monomer and dimer, itheret species will come off the
column before the monomeric species and successfulasigmacan be achieved.
Approximately 6 ml of pooled CLIC1 dimer a1 concentration was obtained from

a typical purification.

2.2.7 pH adjustment

All monomeric protein from purifications was stored in 5 mMNaHPQ;, 1 mM
DTT, 0.02 % sodium azide, pH 7.0 and dialyzed against the &arffier with fresh
DTT weekly. For experiments at pH 5.5 the same buffas adjusted by adding
orthophosphoric acid until the required pH level washedcTen column volumes of
this pH 5.5 buffer was then used to equilibrate a 2 ml PDzZH)esiclusion column. A

41



maximum volume of 0.5 ml protein was added to the colunthalowed to flow
through the column. Fractions were collected in p0&olumes and protein was
detected by using Protein Assay Dye Reagent ConcenBa®dgd). This brown
reagent turns blue when it binds protein and in so doing proaiaesthod to detect
protein-containing fractions. The dye was diluted 5-folthwvater and &1l of each
collected fractions was added to test if it contained profdie protein-containing
fractions were then pooled and the protein concentrdetermined. The lowered pH
of the pooled protein was verified by doing a pH measurersintg a Crison
micropH 2000 electrode.

2.2.8 Liposome and micelle preparation
Two types of liposomes with different lipid compositiomsre used for experiments:

1) Cholesterol-containing liposomes composed of POPC anB@0pids were

purchased in a pre-liposome formulation (Sigma). Thisdyeaade liposome
preparation only required the addition of 1 ml buffer fola by vortexing for 5

minutes to yield a liposome solution containing multddlar vesicles (MLV) with

total lipid concentration of 16.6 mM. This milky solutiomas then subjected to
sonication in an ultrasonic waterbath for approximately 4Butes or until the

solution was clear. This indicates the formationroéB unilammelar vesicles (SUV)
that were stored at°@ for a maximum period of 1 week before use. The sizbef
liposomes were determined using dynamic light scatteringnigges (see section
2.2.12) thus verifying that SUV’s had formed.

2) Asolectin vesicles containing no cholesterol wergamed using asolectin type IV
(Sigma). 20 mg of asolectin (&--phosphatidylcholine) was solubilised in 1QDof
chloroform by vortexing briefly. The solution was themated onto the sides of a
glass test tube by rotation under a stream of nitrogentHihdilm on the test tube
was then dryed under vacuum overnight to remove any remgaahiloroform from
the solution. The lipid film was resuspended in 1 ml éufontaining 50 mM
NaHPO, adjusted to the required pH (either pH 7.0 or pH 5.5). Thdtigg milky
solution was then sonicated using a ultrasonic waterbathagproximately 45
minutes or until the solution turned clear to produce SJVhe formation of SUV’s
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by sonication was verified by dynamic light scatteringe &lsolectin liposomes were

stored at 4 C for up to 1 week before use.

Micelles provided an alternative membrane model systethe liposomes and were
prepared using an anionic detergent. Sarkosyl (N-laurylsargasiaedetergent that
forms micelles when at concentrations above 2.3 mMgchvig the compounds
critical micellar concentration (CMC). A stock solutiof 10 % sarkosyl (343 mM)

was prepared using a buffer containing 50 mM_HNRO,, 1 mM EDTA adjusted to

either pH 7.0 or pH 5.5 depending on the experiment. Thkicolwas stored at’4C.

2.2.9 Fluorescence studies

Fluorescence is the phenomenon by which a molecules eadiation or light at a
lower energy to which it was absorbed. This emissienlte from the return of an
unpaired electron from the excited to the ground statkofimz, 1983). A
mechanism by which the excited molecules can relax kathket ground state is by
transferring the excitation energy to the surroundirggdiom. This will result in
areduction or quenching of the fluorescence intensity. Eiyuroccurring
fluorophores are the amino acids tryptophan, tyrosme @henylalanine found in
proteins. Because the quantum yield of tryptophan is miaae tlouble that of
tyrosine, this residue usually dominates the fluoresceotemost proteins.
Phenylalanine, on the other hand, has a very small quanélanand its emission is
often negligible (Lakowicz, 1983). Because the indole ringrgstophan is highly
sensitive to solvent polarity this residue can be used amdicator of changes
occurring in the polarity of the surrounding environment doadtértiary structure of
the protein.

All fluorescence measurements were conducted using anHeirker Luminescence
Spectrometer LS50B with FLwinlab v4.00. All experimentsevperformed at 2@C
with excitation and emission slit widths set at 5nm. Reglwere taken in a quartz
cuvette with a 1 mm path-length containing protein soluti@nging in concentration
between 2u1M and 5uM. Data was corrected for the relevant buffer usetl spectra
were measured as an average of 3 accumulations at asead of 150 nm/min.
Spectra were recorded in the wavelength range of 280 nm andmd5Brotein was
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excited at 280 nm since this resulted in a combined tryptopithtyeosine excitation
and yielded stronger signals compared with excitation atn295which would only
excite the lone tryptophan residue of CLIC1 and thus @ivery weak signal.

2.2.10 Far-UV circular dichroism spectroscopy studies

The conformation of proteins and peptides in solution carmamedysed by the
differential absorption of left- and right-handedcdilarly polarised light by optically
active groups within the protein. Optical activity in prosearises from disulphide
groups, aromatic side chains and the peptide backbone (Woody, Xo®&acteristic
absorption bands for disulphide groups and aromatic amiigs ace found in the
wavelength range of 250-300 nm(near-UV range), while the alisodpands for the
peptide backbone is found in between 170-250 nm (far-UV rargegondary
structural elements in protein molecules have distiacGD spectra in the far-Uv
region. Proteins with a higin-helical content display characteristic minima at 208 an

222 nm with a strong positive band near 190 nm (Woody, 1995).

All far-UV CD measurements were carried out using aalds®10 spectropolarimeter
running Spectra Manager for Windows v1.50 software. Protein @naentration
ranging from 1uM — 5uM in CLIC1 storage buffer (50 mM NHPOy, 1 mM DTT,
0.02 % sodium azide) at pH 7.0 or pH 5.5 was used. All speetira recorded using a
2 mm path-length quartz cuvette af Z An average of 10 scans was taken at a scan
speed of 100 nm/min. Data pitch was set at 0.2 nm and thevisindised was 1 nm.
Typically, ellipticity was measured from 190 nm — 250nm, howewesome cases a
high noise to signal ratio made it impossible to rdegeadable spectra below 210 nm.
Every attempt was made to reduce noise signal and ie sases required a 10-fold
dilution of the buffer. All spectra were corrected fouffer and normalised by
calculating the mean residue elliptici§] using the following equation:

6] E (100 x B)/cnl 3
where 0) is the ellipticity signal in mdeg, c is the protein cemnization in mM, n is

the number of residues in the protein chainlaedhe pathlength in cm.

44



2.2.11 Unfolding and refolding kinetics by manual mixing

Kinetic measurements involve the measurement of a Sraygkemeter over time. For
fluorescence kinetic studies the change in emissi@@#atnm was monitored since
this is the wavelength that exhibited a maximum emissiométive CLIC1. Kinetic
studies using CD involved measuring the change in elliptitiB22@ nm. This is the
wavelength that shows a characteristic minimum etigytifor predominantlya-

helical proteins such as CLIC1.

Unfolding kinetic studies were performed by adding a final eatration of 8 M urea
to 2uM CLIC1 and immediately starting the measurement. Messents were taken
over 60 minutes. A manual mixing time of approximately 4 sec@negented the
collection of data within this initial period. Baseline®r& established for folded
protein (no denaturant) and completely unfolded protepMZCLIC1 incubated with

8 M urea for 1 hour). All unfolding traces were fitted ngsisingle and double
exponential equations by SigmaPlot v 8.0 and the datanehgsad for best fit.

Refolding kinetic studies were performed by taking complatefolded CLIC1 (10
MM CLIC1 incubated with 6 M urea for 1 hour) and diluting saenple 10 fold with
buffer. This dilution resulted in a final concentratiohl uM CLIC1 in 0.6 M urea,
and therefore is driven to refold. Measurements wergestas soon as the dilution
buffer was added. Baselines were established fdvl Tolded protein (in 0.6 M urea)
and completely unfolded protein (M CLIC1 incubated with 6 M urea for 1 hour).
The refolding kinetic trace was fitted using a singlepamential equation by
SigmaPlot v 8.0.

2.2.12 Dynamic light scattering

All dynamic light scattering (DLS) experiments wererfpemed using a Malvern
Instruments (Worcestershire, UK) Zetasizer Nano-Zhime with 90 scattering
angle optics. Samples were prepared to a final volumesail and all readings were
taken in a square glass cuvette at 205uM CLIC1 concentrations were used for
samples containing protein. Depending on the experimeral, ¢oncentrations of
either 37.3 mM sarkosyl (micelles), 8.3 mM cholesteraitaming liposomes or 12.9

mM asolectin vesicles were used. The refractive indargues refractometer, and the

45



absorbance value at 640 nm for each sample were pre-deter@med.rate was set
at 43 Kcps and attenuator at 11. Data was analysed angra@tesl using Dispersion
Technology Software v.4.00. The hydrodynamic size (diametérCLIC1 and

vesicles/micelles was determined based on an averd&geins.

2.2.13 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a powerfulool for measuring
thermodynamic parameters of biomolecular interactiofbe use of ITC to
investigate the thermodynamics of association betweeteips and lipid vesicles
(liposomes) has been well documented (Ranesay., 1986; Plagar and Nelsestuen,
1994; Dimitrovaet al., 2000; Dimitrovaet al., 2002; Saitcet al., 2004). Because ITC
allows the direct measurement of the enthalpy of ridection, the heat effects
accompanying the association and insertion of proteins iatobranes can be used to
gain valuable insight into the nature and strength of tieeaation.

All calorimetric studies were conducted using a VP-IT@rbCalorimeter from
MicroCal Incorporated. Raw data obtained from theraaletric experiments were
collected and integrated using ORIGIN software. Baselve® adjusted manually
and heat of dilution effects were subtracted from tha.dehe integrated data were
fitted to a variety of binding models and the best fis\wwalected. Parameters such as
Gibbs free energy\G), binding constanti,), enthalpy changei{), entropy change
(AS) and stoichiometryN) of the binding reaction are then determined. Alkeof a
binding reaction is related to the equilibrium binding coristidg) using the equation:

AG = -RTIK, (4)
where R is the universal gas constant (1.987 cal/mol&3i4 J/mol/K) and T is the
absolute temperature. The free energy chaig® (s associated with the enthalpy
(AH) and entropyA&S) by the following equation:

AG =AH - TAS (5)
These thermodynamic parameters provide valuable informationt the association
events of proteins with ligands, inhibitors or vesicles.

ITC was used to obtain a detailed thermodynamic profil€IdC1 interacting with

liposomes and micelles. In all experiments the proteis @xtensively dialysed at
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4° C against 2 litres of storage buffer at the approppéteas described in section
2.2.2. Protein concentration was determined spectrophoioatigtrat 280 nm and
corrections due to light scattering effects were takenaccount.

For experiments involving CLIC1 and POPC/DOPG/cholestelipbsomes,
optimisation of the experimental conditions to produseable data (signal > 0.2
pcal/sec) included varying the CLIC1 protein concentratiothénsample cell from a
range of 13uM — 206 uM, and varying the volume of liposomes (16.6 mM lipid
concentration) injected from Bl — 15 pl. After sampling a variety of conditions a
useable signal was only obtained for @8 CLIC1 titrated with 7ul and 15ul

injections of liposomes at pH 7.0 and pH 5.5, respectively

Similar conditions as those optimised from the PORIFBG/cholesterol liposomes
were used for studies involving CLIC1 and asolectin vesidgpically, protein at
approximately 10QuM concentration was titrated with [Tl injections of asolectin

with a 25.8 mM total lipid concentration.

Micelles were prepared as a 10 % sarkosyl solution irebaffjusted to either pH 7.0
or pH 5.5. In all experiments performed, the micellesawejected in 4ul increments
into the ITC sample cell containing the protein untinplete saturation had occurred.
The reference power was set to [d€al/sec unless otherwise stated and the initial
delay was 60 seconds. The spacing between injectionsetvds 860 seconds and
stirring speed was kept constant at 310 rpm. All experisnere performed at 25° C
unless otherwise stated.

For studies involving NEM-modified CLIC1 with micellesgtimodified protein was
prepared as follows: A final concentration of 66 mM NEMsamixed with 8QuM
CLIC1 and allowed to incubate for 10 minutes. The solutias then run through a
G-25 size exclusion column using the AKTA system to sepdre NEM-modified
protein from free NEM. The reaction with NEM was ¢alled spectrophotometrically
by the decrease in the NEM absorbance maximum at alevaytk of 300 nm, and
this provided evidence for the successful separation of Mieldified CLIC and free
NEM.
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2.2.14 Deuterium exchange mass spectrometry

Deuterium Exchange Mass Spectroscopy (DXMS) is a rlcemitimised and
specialised technique used for analysing a protein’s striickymamics (For reviews
see Woods and Hamuro, 2001; Garefaal., 2004; Busenlehner and Armstrong,
2005). Because of the idiosyncratic nature of proteins, dftesn difficult or even
impossible to analyze structural characteristics usingentimethods alone. DXMS
involves using mass spectrometry along with extensive canpoal analysis to
measure deuterium exchange activity for a given proteydrddien exchange is the
basis of DXMS and refers to the ability of hydrogen aowithin a protein,
specifically amide/backbone protons, to continuously renérsibly interchange with
hydrogen in the surrounding solvent (Hvidt and Linderstromgl.4854). By using a
heavier isotope of hydrogen such as deuterium, the increassss will be
incorporated by the protein and can be detected through magtsospery (Zhang
and Smith, 1993). Thus the rate of exchange can be measureih provides
valuable information about the structural dynamics of thetegr. The rate of
exchange occurs at a specific rate, which is a funcfigmatein structure and solvent
accessibility (Englander and Poulsen, 1969). Since excharggsed on time, more
readily accessible areas of the protein will exchdmgie while regions buried deep in

a hydrophobic region of the protein will exchange much later

Amide hydrogen exchange techniques are unparalleled in théty &0 probe sub-
molecular protein dynamics. This information can be ueeagfine inferences drawn
from high resolution structural studies such as x-raytaliggraphy (Pantazatost

al., 2004; Spraggoret al., 2004), and can provide unique insights when structural
information is unavailable for environmental specificditions (e.g. pH).

All DXMS experiments were performed at the Woods’ Labory at the University
of California San Diego, School of Medicine. The opsied methodologies of this
automated high-throughput, high-resolution system termed bD@uteExchange
Mass Spectrometry (DXMS) are well documented (Bletcd., 2004; Hamurcet al .,
2004; Burns-Hamuret al., 2005; Del Maret al., 2005; Derunest al., 2005; Garcia
et al., 2005; lyeret al., 2005; Wong gt al., 2005; Yanget al., 2005; Begleyet al.,
2006; Brudletet al., 2006; Derunest al., 2006; Melnyket al., 2006).
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Tuning of CLIC1 proteolytic fragmentation (digestion opti misation)

Prior to studying the hydrogen-exchanged samples, digestiaitioms that produced
CLIC1 fragments of optimal size and distribution foxcleange analysis were
established. CLIC1 protein samples were exposed to 0.5M20Magnd 4M GuHCL
in order to establish the most optimal concentratiodesfaturant to be used in the
guench solution. Samples contained 1 part protein, 3 paffes k50 mM NacCl, 8.3

mM Tris, pH 7.2) and 6 parts quench solution. All sample®weepared in triplicate.

Optimal pepsin digestion for CLIC1 was obtained using a 1l ftoncentration of
GuHCL in 0.8 % (v/v) formic acid and a digestion duratidn20 seconds over
immobilised pepsin. For the pH 7.0 CLIC1 sample 174 peptidesbkuitar DXMS
analysis were generated and covered the entire amidoseguence of the protein.
The pH 5.5 sample generated 160 peptides with 100% coverage aihe acid

sequence.

Deuterium exchange experiments

Once the optimal conditions for digestion were deteedhiand adequate peptide
maps generated, preparation for on-exchange experimerksptace. Figure 12
shows a schematic for the preparation of deuteriumaagsh Deuterated samples
were prepared at T by diluting 15ul of CLIC1 with 45ul of deuterated buffer (10
mM HEPES, pD 7.0 or 5.5, 150 mM NacCl), followed by “on-exg@enncubation
for varying times prior to quenching in @0of 0.8 % formic acid, 1 M GuHCL, €C.
Incubation times for the CLIC1 pH 7.0 samples were 10180, 300, 1000 and 3000
seconds. For the CLIC1 pH 5.5 samples the same time peers used but also
included the extended time points of 9000, 30000 and 90000 secondsebetdhe
slower exchange rate at the lower pH. Samples witimal volume of 150pl
containing 0.50 mg/ml CLIC1 (pH 7.0) or 0.34 mg/ml CLIC1 (pH 5.5)enttren
subjected to DXMS processing as above, along with cordgaphples of non-
deuterated and fully-deuterated CLIC1 (incubated in 0.5 % ifoanid in 95 %
deuterium overnight at 2ZC). Corrections for back-exchange were made employing
the methods of Zhang & Smith (1993). Figure 13 shows amewthd summary of
the procedures used for DXMS.
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Figure 12: Graphic showing deuterium “on-exchange” with protein.
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Figure 13: Flow diagram showing the procedure for protein stucture analysis using hydrogen exchange mass spectrometry.
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General operational procedure

A 30 pl hydrogen-exchanged protein solution was quenched by shifting the PR3
and the temperature to ©C with 60 pl of 0.8 % formic acid with various
concentrations of GUHCL (0.5 — 4 M). At°C, a final volume of 10Qul quenched
solution containing 0.8 mg/ml CLIC1 (pH 7.0) or 0.5 mg/ml CLIQH (5.5) was
passed over a §@ solid-phase pepsin column with 0.05 % trifluoroacetic 4€iFA)
at 200 pl/min for two minutes with collection of proteolytic prodacby a C18
column. Subsequently, the C18 column was eluted with arliaeetonitrile gradient
(10% - 50%). Mass spectrometric analyses were carriedvibn a Finnigan LCQ
mass spectrometer with capillary temperature at Z0D0The sequences of pepsin-
generated peptides were determined by acquisition and andlgsiaalependent MS
/ MS data sets obtained from quenched, undeuterated prateinsotopic envelope
centroids of peptides from deuterated samples were deterrfioe raw LCMS1
data, employing specialised DXMS data reduction softwareeldped in
collaboration with Sierra Analytics, LLC, Modesto, CA

Computational analysis

Once all the samples were run, computational analysigywa variety of programs
was undertaken to transform the raw mass spectromdtyirda useful information

about the protein. After obtaining the proteins amino acdiesece in FASTA format,

a SEQUEST file was generated. These files identifiedptotein in the raw mass
spectrometer data. A SEQUEST file determined the amaid sequence and thus
the peptide that corresponds to the mass spectrum beahgeth Once peptides from
the raw mass spectrometry data were identified they wealuated for accuracy. A

template or pool was created by combining all the peptidesfiddrity SEQUEST.
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The quality of the peptides were examined and scored badsalrothey compared to
the theoretical data and specific criteria (Figure 14)pri8g was performed as
follows:

Score 0 — Correct peptide, good quality, perfect match taligbeel graph,
normalisation greater than 30 for charge state +1.

Score 1 — Correct peptide, poor quality, matches the prddicégph somewhat, lower
normalisation level than quality O.

Score 2 — Incorrect peptide, good quality, distinct pattetndges not match the
predicted graph

Score 3 — incorrect peptide, poor quality, no pattern caouoal, low normalisation

level, inaccurate results.

Particular values that were checked for quality comerke retention time, m/z range,
centroid and mapping score. Only peptides scoring a 0 or 1 usee for final

analysis. Peptides scoring a 2 were double-checked for ntisicktion. Collision

checks were also performed. A collision occurs whenstdrae peptide is applied to
multiple different sequences. Often a peak will appeandtch the data but is actually
an entirely different peptide. This is an easy mistakeasie since fragments from
different sequences may have the same weight orasiméight as another fragment.
Once collisions were identified, they were checked fauescy or removed from the

experiment entirely.

Sub-localisation of deuterium, as described by Burns-Hamuogoco-workers (2005),

was performed to indicate the possible location of deutewithin a peptide. This

was done by analysing the peptide maps and looking at ppertapeptides. When

two or more analogous peptides occurred, sub-localisatidewterium was possible
by subtraction. For example, if the deuterium incorponatibsegment 1-7 and 1-9 at
a given time point was known, the subtraction of the® gave the deuterium
incorporation in the segment 8-9. If a sequence segmerdetasnined by more than
two peptides, the average deuterium incorporation waslasddu
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Figure 14: Examples of peptide scoring based on peptide isp® graphs. The
theoretical data based on the protein sequence for pactiic peptide is shown as an
outline. The graph with the shaded area represents theblataed from the mass
spectrometer and scoring is performed based on how heekxperimental data fits
the theoretical data. Images taken from DXMS instometi manual for collaborators
prepared by Woods and co-workers (2005).
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CHAPTER 3. RESULTS

3.1 Plasmid Verification

The open reading frame encoding CLIC1 was cloned intqp@#EX-4T-1 plasmid
(approximately 6000 bp length) that contains a lac operontlaafore confers
ampicillin resistance. CLIC1 was expressed as a GSorfyzotein that was fused
together by a thrombin cleavage site. The fusion prataproximately 1000 bp
length) is flanked on either side by restriction sBasmH1 andNotl. The pGEX-4T-1
plasmid containing the open reading frame encoding CLIEfjufe 15) was
transformed intdescherichia coli BL21 cells and DNA from these cells was used for
restriction digestion analysis. The restriction enzyBamH1 andNotl were used to

verify the transformation was successful.

Although the results from the restriction digestionlgsia (Figure 16) imply that the
transformation into BL21 cells was successful (basedhendouble digest bands
being different from the linearised bands), the plasmi@s further verified by
sequencing. The insert was sequenced at Ingaba Biotecbrig®buth Africa and
the results indicated the correct CLIC1 sequence adjdmetde GST protein (see
Appendix, Figure A). The sequencing also showed the additgipaine and serine
residues at the amino terminus of CLIC1 as a resulthefengineered thrombin
cleavage site between CLIC1 and GST that was noted byppland co-workers
(2001).

3.2 Protein Over-expression and Purification

Induction studies indicated optimal protein over-exprestooccur with 1 mM IPTG
added at late log phase (@p= 1.1) and allowed to grow for a further 5 hours at
37°C. Cells were then lysed by freezing overnight and somica After
centrifugation, the majority of CLIC1 fusion protein svéound in the supernatant.
The size of the fusion protein was 55.7 kDa according t&-8BBGE gel analysis
(Figure 17), which correlates well with the estimatedtégcal mass of 52.4 kDa
calculated from the amino acid sequence.
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pGEX-4T-1
Thrombin

4 I
Leu Val Pro Gly Ser Pro Glu Phe Pro Gly Arg Leu Glu Arg Pro His Arg Asp
CTG GIT CCG CGT GGA TCC CCG GAA TTC CCG GGT CGA CTC GAG CGG CCG CAT CGT GAC TGA

BamH1 Nof1 Stop codons

Pstl

PGEX
~4900bp

AlwN I

EcoRV' ggsHl

Figure 15: Restriction map of pGEX-4T-1 plasmid encoding CLIC1

A schematic of the plasmid encoding the GST fusiontgmo(modified from
Valenzuelaet al., 1997). The thrombin cleavage site joining CLIC1 and GST is
indicated in the insert above the plasmid. The restncsites,BamH1 and Notl,

flanking the CLIC1 cDNA are also shown.
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Figure 16: Restriction digestion analysis

The 1% agarose gel stained with ethidium bromide shpwia restriction digestion
of the pGEX-4T-1 plasmid. Lane 1 shows the DNA markeh wizes ranging from
0.2 kb to 12 kb. Lane 2 shows uncut plasmid. Lanes 3 and 4 shemigllinearised
with BamH1 resulting in a 6 kb band. Lanes 5 and 6 show plasmid ikeeawvith
Notl also resulting in a 6 kb band. Lane 7 represents the eldidgst using both
restriction enzymes. The 5 kb band is indicative of #mainder of the plasmid,
however, the expected 1.2 kb band for CLIC1 DNA is notblgsiSome uncut
plasmid is also evident in this lane.
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Figure 17: SDS-PAGE analysis of CLIC1 purification

(A). 15% polyacrylamide SDS-PAGE gel stained witlmatnassie Brilliant
Blue showing representative steps of CLIC1 purifica. All samples were
diluted two-fold with 5 x sample buffer before laad onto the gel.

(B). SDS-PAGE calibration curve showing the distemicmigrated by the
standard marker proteins
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The soluble GST-fusion protein was collected from the mgtant and loaded onto a
glutathione-Sepharose column . Lane F in Figure 17 repset@niflow through off
this column and indicates that the fusion protein boun&l dolumn. Cleavage of
CLIC1 from GST was successfully accomplished using thiojand the CLIC1-
thrombin mix was collected. Lane G of Figure 17 showsbdmad correlating to the
26.5 kDa size of sj26GST atfter it was eluted from the colwmh glutathione. Tulk
and co-workers (2002) determined the size of sj26GST t7beDa. The fact that
there was a negligible amount of protein correlatmghe 56 kDa size of the fusion
protein indicates that successful cleavage of CLICM&ST had taken place.

The collected CLIC1-thrombin mix was then loaded onto ABPHSepharose column
to separate CLIC1 and thrombin. Lane J of Figure 17 shbevshrombin that was
collected from the flow through. The band correlatethéotheoretical molecular mass
of approximately 29.7 kDa for thrombin.

CLIC1 remained bound to the DEAE-Sepharose column degpém@s to elute it
with acidic buffer with pH values as low as 4.0. Altatier means to elute the protein
were necessary since dropping the pH lower than this vaidoreld probably
irreversibly damage the protein. Elevated salt conceotrg800 mM NaCl, pH 7)
proved to be an efficient method for eluting CLIC1 (Figli83. Lane H of Figure 22
shows purified CLIC1 as it was eluted from the DEAE-caluifhe protein migrated
a distance on the SDS-PAGE gel that corresponded toeaoti30.6 kDa, which
correlates well with the size of 31 kDa for CLIC1 obt&d by Berryman and
Bretscher (2000) using SDS-PAGE. It appears that the migratioCLIC1 on
polyacrylamide gel is slightly impeded, giving an apparentemdar mass that is
slightly larger than predicted. This trend seems tohaeacteristic of the CLIC family
of proteins and may be due to the relatively high agwdiuire and low pl of CLICs
causing a reduced SDS:protein ratio (Tulk and Edwards, 1998; Edwi8€s;
Berryman and Bretscher, 2000; Nishizastal., 2000; Tulket al., 2000; Boarckt al.,
2004 ).

Protein yields were approximately 17 mg of purified CLIC1 pee laf culture. A
typical purification involving 4 x 2 litre cultures theredoyielded approximately 136
mg of purified CLIC1. This indicates a refinement and opttns of CLIC1 over-
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Figure 18: DEAE Sepharose anion exchange column elutions

(A). CLIC1 recovered from the column by elution mgi high salt
concentration buffer (20 mM Tris-HCI, 300mM NaCIHp7). The peak area
represents 20 ml of eluted CLIC1 and the bar intisahe fractions that were
pooled.

(B). Elution of thrombin indicating the successidparation from CLIC1 at
pH 6.5.

(C). Purified CLIC1 absorbance spectrum. The abaocke peak at 280 nm
had a value of 0.85 that correlates to a proteincemtration of 5QuM. No
DNA contamination or protein aggregation was eviden

60



expression and purification based on the protocol by &ntkco-workers (2000) that
only yielded 5 mg of protein per litre of culture.

3.3 REDOX effects on CLIC1

3.3.1 REDOX effects on CLIC1 structure

Upon oxidation, CLIC1 undergoes a transition from monané non-covalent
dimer state (Littleret al., 2004). Oxidizing conditions were achieved by addition of
H,0, and the resulting dimer was purified as described imtherials and methods
(section 2.2.6). Monomeric CLIC1 forms a mixture of mmeoic and dimeric species
upon addition of hydrogen peroxide. Hydrogen peroxide (0.8 mM) adaled to
purified monomeric CLIC1 (60 pM) and allowed to incubfmiean hour. In order to
separate monomer and dimer the mixture was then loadadSephacryl S-200 HR
size-exclusion column equilibrated with 50 mM sodium pihase buffer pH 7.0.
Detection at Agp showed the dimer coming off in early fractions followbyg
monomer in later fractions. The dimer fractions w@®oled and concentrated
yielding 0.8 mg of purified dimeric CLIC1. SE-HPLC showed din¢€LIC1 to be
approximately double the size of the monomeric form (Figi@®e Dimer showed a
size of 63.4 kDa compared to 31.1 kDa for monomer in 0.5 M $ais HO,-
induced dimer was the representative used for the oxida®a &f CLIC1 in this
study. Reduced CLIC1 was obtained by dialysis against bedfaaining 1 mM DTT,
while non-reduced CLIC1 was dialyzed against buffer containmgeducing agents
(50 mM sodium Phosphate, pH 7.0).

Fluorescence spectral properties of the different CLEZ$ were studied in order to
probe any tertiary structural changes that may have @tturFluorescence
spectroscopy is a powerful tool for obtaining informatitmowt the environment of
tyrosine, and more specifically, tryptophan residues Hrat present in proteins.
Excitation carried out at 295 nm resulted in the lonpttnyhan (Trp35) positioned
near the domain interface to be selectively excitedvéver, because of the low
qguantum yield produced by exciting a single tryptophan residuwesak signal was

produced. For this reason the protein was excited at 280 hrah wexcites both

tyrosine and tryptophan residues, resulting in a stronggnal and a
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Figure 19: SEC-HPLC elution profiles of CLIC1 forms

A. Non-reduced CLIC1 eluting after 28.2 minutes and correspondiagsize of
31.1 kDa. Also note the shoulder corresponding to 63.4 k& nray
represent some dimeric species formation under nidunciieg conditions

B. Reduced CLIC1 eluting after 28.2 minutes and corresponding re @fsB1.1
kDa.

C. Oxidised dimeric CLIC1 eluting after 25.8 minutes and corredjmg to a
size of 63.4 kDa.
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more global reflection of CLIC1 tertiary structure.urfhermore, in the native state
the tyrosine residues are in close enough proximity tdryipeophan for fluorescence
resonance energy transfer to occur (Lakowitz, 1999).

The emission maximum obtained for reduced CLIC1 in ity@dbrm was at 345 nm
(Figure 20A). This indicates that the tryptophan is faekposed to solvent and
correlates well with what we observe in the crysttlicture. The fluorescence
spectrum for unfolded CLIC1 (denatured using 8 M urea) showglat s&d shift in
emission maximum to higher wavelength (347 nm). This indgctiat the tryptophan
has become fully exposed to the polar solvent upon unfolthinge unfolded CLIC1
spectrum one can also notice the shoulder at 310 nm in@icafithe tyrosines
contribution becoming evident as the energy transferdssiiyrosine and tryptophan
become uncoupled. Fluorescense intensity has decreaseoxiately 30% in
unfolded CLIC1 compared to native protein. This may be due uordscence
guenching occurring from charged residues coming closer toyfftephan residue in

the unfolded state.

Fluorescence spectra for non-reduced and oxidised CLIC1 &gvsimilar emission
maxima compared with reduced CLIC1 (Figure 20B). The non-reldiecen shows a
slight blue-shift to lower wavelength (344 nm) comparededuced and oxidised
forms that peak at 345 nm. For the oxidised (dimeric) praepeculiar drop in
fluorescence intensity is noticeable. This is probably duthé hydrogen peroxide
(H202) oxidizing the indole ring of the tryptophan reporter, thusrekesing the
fluorescence of the residue (Lundbland, 1995). In orderetdyvthat this was the
case, the effect of #, on N-acetyl-tryptophanamide (NATA) was investigated.
Time-drive fluorescence studies usingi NATA were performed, and the effect of
H,O, at two different concentrations was established (Eig2t). An immediate
(within manual mixing time) drop in fluorescence intensigs apparent when 2 mM
H,0, was added to @M NATA. This indicates that kD, at this concentration has an
effect on tryptophan fluorescence intensity. When a loeancentration of LD,

(0.05 mM) was used the effect was much less pronounced.
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Figure 20: Fluorescence spectra of CLIC1 forms at pH 7.0

A. Fluorescence spectra fop reduced monomeric CLIC1 in native (purple) and
denatured (blue) form. All samples were excited at 280 nnaleBoprotein emits at
345 nm while unfolded protein emits at 356 nm and exhibits quenchedsin
fluorescence

B. Fluorescence spectra for native forms of reducedomen (purple), non-reduced
monomer (brown) and oxidised dimer (light blue). Sampbmcentrations were
adjusted to yield 2M tryptophan concentrations.
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Figure 21: Effect of hydrogen peroxide on tryptophan fluorescece emission
using NATA

A. The chemical structure of NATA

B. Fluorescence emission ofill NATA (blue) at 360 nm was measured over
time and served as a baseline. The effect of adding 2 yalvbhpen peroxide
(pink) and 0.05 mM hydrogen peroxide (yellow) top NATA was
monitored over 1 hour.
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Circular dichroism spectroscopy was used as a probesdoondary structure.
Ellipticity over the far-UV range (190 nm — 250 nm) was measanelthe resulting
spectral pattern analysed. The spectra obtained Ml 22educed monomer and non-
reduced monomer where identical to that for the equivadlencentration (uM) of
oxidised dimeric form, indicating no difference in sedary structural content
between the different CLIC1 forms (Figure 22). All spakfratterns were typical for
alpha helical proteins, displaying characteristic maiat 222 nm and 208 nm
(Woody, 1995).

3.3.2 REDOX effects on CLIC1 stability

The unfolding kinetics of reduced monomer, non-reduced momnoane oxidised
dimer were investigated using fluorescence and CD specpps€or fluorescence
unfolding kinetics the emmision at 345 nm was monitored tmer. Baselines for
native and completely unfolded proteins were establisheel Kiftetics of unfolding

were monitored by adding urea (final concentration of 8ad\protein.

The monomer unfolding trace fitted best to a single egpbal equation suggesting a
single unfolding phase with a time constant of 17.4 mg(kggure 23A). The non-
reduced monomer unfolding trace also fitted to a singb®mential equation with a
lower time constant of 16.4 minutes (Figure 23B). The diomethe other hand was
fitted to a double exponential equation indicating the &iom of an unfolding
intermediate and a 3 state unfolding pattern (Figure 23@)tifrte constants obtained
were 30 seconds for the initial unfolding event and 10 minfaieshe other. The
dimeric form appeared to be unfolding much quicker than theomeric forms. This
may be due to the hydrogen peroxide (which is needed to creatdinder from
monomer) disrupting the stability of the protein. Thenetic form may, however,
unfold quicker because of it being more susceptible to strlictibesations as part of

its functionin vivo (i.e. membrane insertion).
For CD the ellipticity at 222 nm was monitored over tiffilee unfolding kinetic trace

indicates a very quick unfolding of the dimer (Figure 24)hvat proportion of the
unfolding event occurring during the manual mixing time (appboseconds). It is
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Figure 22: Far-UV Circular Dichroism spectra of CLIC1 forms
Overlay of 2uM reduced monomer (pink), M non-reduced monomer (yellow) and

1 uM oxidised dimer (blue). Spectra were corrected for tiféeb blank and show an
average of 10 accumulations at 100 nm/min.
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Figure 23: Unfolding kinetic traces of CLIC1 forms monitored using fluorescence
Urea at 8 M concentration was added to the protein kesmgnd the change in
fluorescence emission at 345 nm was monitored over tiam@pes were excited at
280 nm. Baselines for folded and unfolded protein were estathlishensure the
unfolding reaction had run to completion.

A. 2 pM reduced CLIC1 unfolding fitted to a single exponential equatio
suggesting a single unfolding phase with a time consfdkit.d min.

B. 1 uM oxidised dimer fitted to a double exponential equationcatthg the
formation of an unfolding intermediate and a 3 state Idimfg pattern. Thhe
time constants obtained were 30 sec for the initial umfgldvent and 10 min
for the other.

C. 2 uM non-reduced monomer unfolding trace fitted to a singieorential
equation with a time constant of 16.4 min.
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Figure 24: Unfolding kinetics of CLIC1 monomer and dimer sing far-Uv
circular dichroism

Urea at 8 M concentrations was added to protein sarapkshe change in ellipticity
at 222 nm was monitored over time. Baselines for folded &reow) and unfolded
(black arrow) protein were established in order to ens@rerfolding reaction ran to
completion.
A. 2 uM reduced monomer took approximately 26.7 min to completelyldinfo
Non-reduced monomer exhibited identical unfolding patterns.
B. 1 uM oxidised dimer took approximately 4.1 min to completetyold. The
majority of the unfolding event occurred within the dead tfapprox. 5 sec).
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unclear whether the quick unfolding of the dimer is dueftects from the hydrogen
peroxide method of dimer formation or reduced stability.

Refolding kinetics experiments were performed by dilutingldefd protein (1M
CLIC1 in 6 M urea) ten times to give folded proteiny@ CLIC1 in 0.6 M urea).
This change was monitored using fluorescence emission an®4Baselines for
folded and unfolded protein were established and all proteinlsamwere excited at
280 nm. Refolding kinetic studies showed reduced CLIC1 to refodghproximately
400 seconds (Figure 25). The early events of refolding oatue quickly to
monitor using manual mixing, however. The refolding kiresitudy indicates that the
CLIC1 unfolding process is completely reversible sinaeHKinetic trace reached the

native CLIC1 baseline.

The stabilizing effect of salt on the different CLIGkrhs was assessed by analysis of
the proteins hydrodynamic volume using size exclusion IpigHformance liquid
chromatography (SE-HPLC). SE-HPLC was used initiallycomfirm the purity of
reduced CLIC1 after the purification procedure, and to deterrts hydrodynamic
volume. The column was equilibrated with buffer camteg 0.1 M sodium
phosphate, 0.5 M sodium sulphate, 0.05 % sodium azide, ptA 8&nple of JuM
reduced CLIC1 (in 50 mM sodium phosphate buffer at pH 7.®) waded to the
column and yielded a single peak indicating a single spaaigsherefore confirming
the purity of the sample (Figure 26A). Analysis of theention time to elute reduced
CLIC1 showed the size to correspond to 31.1 kDa (Figure ZBi}. corresponds
well to previous SE-HPLC experiments performed on CLIG@L showed a size of 30
kDa for the monomeric protein (Littlet al., 2004).

Figure 19 shows the HPLC profiles of the different CLIfotms. Purified dimer
showed a molecular size of 63.4 kDa compared to 31.1 kDandoomer in buffer
containing 0.5 M sodium sulphate. Non-reduced monomer hadsame size as
reduced monomer (31.1 kDa) but also had a small shoulde¥sponding to 63.4
kDa that could be indicative of some dimeric speciesxgodormed when the
monomer is not dialysed against fresh DTT.
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Figure 25: Refolding kinetics of reduced CLIC1 monitored byfluorescence

TenpM CLIC1 unfolded using 6 M urea was diluted 10 fold resulting gMLCLIC1

in 0.6 M urea (folded conditions) to monitor refolding. Esmn at 345 nm was
monitored over time. The majority of the refolding evewccurred within the time
taken for manual mixing (approx. 5 sec). The entire refglévent was complete in
6.5 min as observed by the refolding kinetic trace (yell@aghing the native protein
baseline (blue). The pink trace represents the tracenfoided CLIC1. Baselines are
indicated with the arrows.
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Figure 26: SE-HPLC of reduced CLIC1

A. SE-HPLC elution profile of uM reduced CLIC1 in the presence of 0.5 M
sodium sulphate; 0.1 M sodium phosphate; 0.05 % sodiude duiffer pH
7.0. The protein eluted after 28.2 minutes at a flow rate @}/ min and
chart speed of 30cm/hour.

B. Calibration curve using standard proteins Thyroglobulin (670 kDa),
Gammaglobulin (158 kDa), Ovalbumin (44 kDa) and Myoglobin (17)kDa
The molecular mass of reduced CLIC1 was determined to hekBA.
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Sodium sulphate (0.1 M — 0.5 M) was used to study the effeabcreasing salt
concentrations on the different CLIC1 forms (TableT2)e size of the dimer did not
appear to be significantly altered in differing salt conicions. The size of the dimer
was determined to be 63.4 kDa, 59.7 kDa and 71.36 kDa in 0.5 M, h@N.4M
sodium sulphate, respectively.

3.4 Effect of pH on CLIC1

3.4.1 Effect of pH on CLIC1 Structure

For this study the two pH values compared were pH 7.0 (heatr@f cytoplasm)

and pH 5.5 (acidic pH representative of that near the maamalsurface). For CLIC1,
a mechanism for the solution-to-membrane conformatiamange is not known
beyond the requirement for lipid vesicles and acidicddé@mms. Therefore, it is
necessary to investigate what changes are occurrirttpigoprotein under acidic
conditions in the absence of lipid vesicles. Spedlfid@sting whether lowering the
pH induces a change in the tertiary structure, secorstangture or the structural
dynamics of the protein.

Fluorescence spectra obtained by excitingMb CLIC1 at 280 nm showed a slight
difference in emission maximum wavelength and a sicpniti difference in intensity
for CLIC1 at different pH values (Figure 27A). For CLICL @] 7.0 the emission
maximum was at 345 nm while for the sample at pH 5.5 it3¥&snm. This slight
red shift indicates that the tryptophan has become Bligidre exposed to solvent at
the lower pH. A slightly higher fluorescence intensitgsnalso observed for CLIC1 at
pH 5.5. To determine whether pH had an effect on the segosinlactural content of
CLIC1 far-UV CD was used to analyse the protein at pHaAdpH 5.5. The spectra
obtained in the range from 250 nm — 200 nm were similar shomongignificant
change in spectral patterns (Figure 27B). Ellipticity valaé 208 nm and 222 nm
showed approximately 20 % and 27 % change, respectively.
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Table 2: Effect of salt concentration on the hydrodynamic ses of the CLIC1
forms. The size of reduced and non-reduced monomers was gedédtted by
different sodium sulphate concentrations. Higheraicentrations appear to stablize
the monomeric forms resulting in a more compact stractlihe hydrodynamic size

of the dimeric form is not significantly affected mcreasing salt concentrations.

0.5 M salt 0.3 M salt 0.1 M salt
IMonom er 21 1kDa 226 kDa 675 kDa
{reduced)
IMonom er (non- 21 1kDa 52.9kDa 681 kDa
reduced)
Dimer 634 kDa 597kDa 7136 kDa
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Figure 27: Fluorescence and Far-UV CD spectra for CLIC1 atH 7.0 and pH 5.5
A. Fluorescence spectra obtained by excitipdvbprotein samples at 280 nm. At
pH 7.0 (blue) emission maximum was at 345 nm, while for pHrk) a
slight red shift to 347 nm is evident. Slit width wasteet nm.

B. Far-UV CD spectra of M protein samples at pH 7.0 and pH 5.5 were
similar, both displaying characteristic peaks at 222 nnm2@8dhm for mostly

a-helical secondary structure.
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3.4.2 Effect of pH on CLIC1 structural dynamics using hydrogerdeuterium
exchange mass spectrometry

3.4.2.1 Optimisation of CLIC1 proteolytic fragmentation

Prior to studying the hydrogen-exchanged samples, digestigitioms that produced
CLIC1 fragments of optimal size and distribution foxcleange analysis were
established. Optimal pepsin digestion for CLIC1 was obtauming a 1M final
concentration of GUHCL in 0.8 % (v/v) formic acid andigegtion duration of 20
seconds over immobilised pepsin. For the pH 7.0 CLIC1 sahidigeptides suitable
for DXMS analysis were generated and covered the eantiiro acid sequence of the
protein (Figure 28A). The pH 5.5 sample generated 160 peptides1@@do

coverage of the amino acid sequence (Figure 28B).

3.4.2.2 Deuterium on-exchange of CLIC1 at pH 7.0
Correct identification of peptides using deuterium exchatgja reduction software
ensured that the pool of peptides used for structural analgses of high quality.
Sub-localisation of the deuteration levels of CLIC1 pmgsti was performed by
analysing over-lapping peptides and manually fine-tuning deutedistnibution
using methods explained in section 2.2.14. Figure 29 shows bRiecalisation for
peptides at 10 second and 100 second time points, while figureré8eats the 1000
second and 3000 second time points. Overall deuteratiets lexere mapped on to
the peptide map and colour coded based on deuteration raggee (81). Combined
analysis of the deuterium accumulation graphs, fastaexghg time point (10 sec),
and slow exchanging time point (3000 sec) revealed regiotige qirotein that were
buried or stable and regions that were exposed or flexMnlalysis of the deuterium
exchange percentage at the first time point indicateshmt@gions are immediately
exposed to the deuterium in solution. Any peptides showingtgrehan 30%
deuterium exchange within 10 seconds indicate that thesmonding regions are
either highly exposed to solvent, unstable and/or very xible

76



Figure 28: Pepsin fragmentation maps for CLIC1 at pH 7.0 and H 5.5

Pepsin digest coverage maps obtained for CLIC1 at pH 7.a@r{épH 5.5 (B). Each
line represents a peptide fragment that was identif@a pepsin fragmentation and
used for DXMS analysis.
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Figure 29: Sub-localisation of the deuterium levels of CLICHt pH 7.0 after on-
exchange at 0° C.Sub-localisation refers to the prediction of deuteriposition
within peptide fragments. Manual adjustment of deuterivgd)(position within a
peptide fragment (black) is based on analysis of overigppeptides. Deuterium
position is manually adjusted to align with overlapping jolgst Sub-localisation of
deuterium exchange at (A) 10 seconds and (B) 100 secondwane. s
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Figure 30 Sub-localisation of the deuterium levels of CLIC1 at pH 7.0 &r on-
exchange at 0° C.Sub-localisation refers to the prediction of deuteriposition
within peptide fragments. Manual adjustment of deuteriurd) (position within a
peptide fragment (black) is based on analysis of overigppeptides. Deuterium

position is manually adjusted to align with overlappingtjkes. Sub-localisation of
deuterium exchange at (A) 1000 seconds and (B) 3000 secondshaw.
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Figure 31: Overall deuteration levels of CLIC1 at pH 7.0 after orexchange at 0° C.
Blue indicates 0 — 33% deuteration, yellow 33 — 66%, and red 66% d@0teration.
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Figure 32 shows a bar graph highlighting the rapid exchanggigns of the protein
at pH 7.0.

Accumulation graphs revealed regions that exhibited raystiaange within the first
time point employed or a steep accumulation over allttme points (Figure 33).
Residues 152 — 172, corresponding to the negatively charged loogfyion in
domain 2, were noted as having very rapid exchange rates (utération within
10 sec) indicating that this region is the most flexildelvent exposed region of the
protein, as expected from the crystal structure (Haeta., 2001). High exchange
within 10 seconds was also noted for peptide 43 — 64 (59 % deuteréhat
corresponds to the region connectp® with a2 where, interestingly, a conserved
positively charged motif is found. Residues 69 — 82 showed 8eé®teration within
the shortest time point employed. These solvent atdesmobile regions correspond
to the33-34-a3 motif of the thioredoxin-fold of CLIC1. Other regionsoghng high
levels of flexibility corresponded to the domain linkegioa (residue 89 — 96) and the
09 helix (residue 236 — 241) at the C-terminal end. Within domdire Dnly other
peptides showing high levels of deuteration (38 %) withinfits¢ time point were

residues 117 —129 corresponding to helix 5.

Regions showing no deuterium incorporation throughoutettige experiment were
identified and representative accumulation graphs are showigure 34. Figure 35
shows ribbon diagrams of CLIC1 deuteration at threeswifit time points. It was
interesting to note that the only regions showing cetepprotection from deuterium
exchange throughout the entire experiment (up to 3000 sedardisnain 1 are short
sections ofil (residue 31 —34) araB (residue 83 —88), although these are very short
peptides and there is no overlap so they are more suseeftibhisidentifications.
The majority of domain 2 appears to be stable with peplitiés- 116 (helix 4), 135-
151 (helix 5), 175 — 183 (helix 6), and 203 — 213 (helix 7) showing hitleo

deuterium exchange even after 3000 seconds.
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Figure 32: Bar graph showing the percentage deuterium exchander CLIC1 at
pH 7.0 after 10 seconds (rapid exchangePositioning of secondary structural
elements along the primary sequence is shown abovegrdyeh with strands
represented by black lines and helices represented by red lines
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Figure 33: Representative accumulation graphs for high perceéage deuterium
exchanging peptides in CLIC1 at pH 7.0Graphs show percentage deuteration over

time for specific peptide fragments.
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Figure 34: Representative accumulation graphs for low percentagdeuterium
exchanging peptides in CLIC1 at pH 7.0Graphs show percentage deuteration over

time for specific peptide fragments.
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Figure 35: Ribbon diagrams showing the degree of deuterium ctent
incorporated at 3 different time points for CLIC1 at pH 7.0.

The level of deuteration of each peptide after 10 sec3#),sec (B) and 3000 sec (C)
is coloured according to the following scheme: blue < 33%owe33 — 67%; red >
67%. The images were generated with Swiss PDB viewer (&uoeXeitsch, 1997)
using the PDB file 1kOm (Harrogi al., 2001).
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3.4.2.3 HXMS of CLIC1 at pH 5.5
The amide hydrogen exchange patterns of CLIC1 at pH 7.0 and.pHvere
measured and the difference in deuteration levels analySeanging buffer pH
changes hydrogen exchange rates of proteins even ifustus unchanged by the pH
difference. In general, it has been observed that a tnittHtlecrease slows exchange
by approximately 10 fold (Bagt al., 1993). The difference between samples at pH
7.0 and pH 5.5 is 1.5 pH units, so the exchange is expecbed3b-fold slower (1°
= 31) at pH 5.5 than pH 7.0. Any regional change that isfggntly different than
31 fold probably reflects structural changes. Therefore talube approximately 30
fold difference in exchange rates between the two pH leasgis the 10 sec time
point of the pH 7.0 sample was compared with the 300 secpanme of the pH 5.5
sample, and similarly the 100 second time point of the PHs&mple compared with
the 3000 second time point of the pH 5.5 sample. For #tatistnd clarification
purposes the time points for the pH 5.5 samples werededeio include 900, 9000,
30000 and 90000 seconds.

Deuterium exchange of CLIC1 peptides at pH 5.5 was subideda(Figure 36) by
analysis of overlapping peptides and manual adjustmentubémien positioning as
explained in section 2.2.14. The overall global deuterdéveals were similar to pH
7.0. Table 3 shows the matching peptides at the two pH comslitand the
corresponding percentage deuterium incorporated. This shyilami structure
indicates that CLIC1 does not form a molten globulpts.5 in the absence of lipid
vesicles. Closer inspection, however, reveals spa@@ions that are affected by the
pH change. These subtle structural and dynamic changelsl wot be detected by
CD or fluorescence experiments. Only identical peptidgnfients were used for
comparison between pH 7.0 and pH 5.5 and the results indlicateexcellent
correlation between the data sets (Table 3). Figure 37sshdvar graph comparing
the rapid exchange regions of the protein at pH 7.0 and pFbigiificant differences
in percentage deuterium exchange between CLIC1 at pH d.pHB.5 were mapped
onto the CLIC1 crystal structure (Figure 38). Significarareéases in rapid exchange
based on percentage and number of deuterium exchange fpHtB.5 sample were
noted for peptides 11-32 (helix 1 region) and 68-82 (strand 4 alnd 31region),
indicating that these regions have become more flewiblmobile at pH 5.5 (Figure
39). As much as a 20 % (~ 4 deuteriums) difference in dautegxchange for the
peptide 11-32 was noted. For the peptide 68-82 as much as 18 %deubums)
more deuterium exchange was noted at the lower pH. Peptgia84 (helix 6) was
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Figure 36: Sub-localisation of the deuterium levels of CLICHt pH 5.5 after on-
exchange at 0° C.Sub-localisation refers to the prediction of deuteriposition
within peptide fragments. Manual adjustment of deuterivgd)(position within a
peptide fragment (black) is based on analysis of overigppeptides. Deuterium
position is manually adjusted to align with overlapping jolgst Sub-localisation of
deuterium exchange at (A) 300 seconds and (B) 3000 second®are s
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pH 7.0 Timeoint
Peptide fragment

10sec 100sec
2-10 33.9% 45.4%
11-30 9.0% 22.3%
11-30 9.1% 21.5%
31-34 3.2% 7.1%
33-41 8.6% 25.0%
35-41 19.6% 43.7%
68-82 31.3% 41.8%
68-82 33.2% 40.3%
69-82 35.0% 40.7%
69-83 31.6% 33.7%
83-86 -3.2% -4.1%
85-96 17.5% 36.5%
86-108 16.9% 34.6%
87-96 27.8% 49.0%
87-96 26.5% 50.5%
87-108 17.9% 38.3%
87-111 22.5% 39.0%
90-96 27.2% 51.8%
90-96 24.9% 43.0%
97-108 13.6% 37.0%
97-109 19.1% 39.8%
97-111 24.7% 41.6%
115-134 21.6% 28.7%
115-136 17.8% 25.7%
117-125 35.3% 49.7%
117-129 35.9% 47.5%
117-129 35.5% 49.6%
117-134 24.0% 30.7%
118-134 32.1% 31.9%
126-134 15.1% 6.1%
126-136 5.9% 7.3%
135-151 1.9% 10.3%
135-151 -0.9% 5.2%
137-142 1.1% 1.1%
137-151 4.0% 9.3%
137-151 4.4% 12.2%
143-151 8.1% 27.5%
152-172 49.0% 66.6%
152-174 46.3% 66.7%
153-172 45.7% 63.5%
155-172 39.0% 59.3%
157-172 29.7% 48.8%
158-172 26.5% 46.1%
159-172 27.4% 44.0%
159-172 24.8% 43.4%
159-174 19.2% 33.4%
164-172 16.3% 17.1%
164-172 22.4% 21.0%
173-177 4.9% 10.8%

pH 5.5

Peptide fragment

2-10
11-30
11-30
31-34
33-41
35-41
68-82
68-82
69-82
69-83
83-86
85-96
86-108
87-96
87-96
87-108
87-111
90-96
90-96
97-108
97-109
97-111

115-134
115-136
117-125
117-129
117-129
117-134
118-134
126-134
126-136
135-151
135-151
137-142
137-151
137-151
143-151
152-172
152-174
153-172
155-172
157-172
158-172
159-172
159-172
159-174
164-172
164-172
173-177

Timepoint

300sec 3000sec

34.5% 39.2%
15.2% 27.4%
15.4% 29.0%

6.7% 13.3%
10.9% 22.6%
14.9% 26.8%
28.9% 35.6%
30.5% 35.5%
31.7% 40.7%
27.6% 34.2%

4.0% 8.4%
17.9% 27.5%
16.3% 31.3%
25.9% 40.4%
28.2% 43.9%
15.3% 28.4%
21.2% 31.6%
26.5% 59.1%
28.6% 40.3%
15.0% 29.9%
21.2% 31.9%
24.4% 35.5%
21.8% 25.7%
19.3% 23.6%
35.4% 41.7%
37.7% 41.3%
37.3% 36.8%
24.0% 24.6%
25.7% 30.7%
12.1% 17.3%

8.3% 6.6%

5.8% 8.9%

3.2% 7.4%

1.3% 0.1%

3.9% 9.2%

4.1% 9.8%
13.8% 25.7%
50.9% 64.8%
51.6% 44.3%
47.3% 58.4%
42.9% 46.7%
30.1% 37.4%
30.9% 40.1%
26.5% 36.7%
26.6% 35.5%
20.8% 28.5%
18.3% 11.7%
12.3% 9.4%

5.5% 13.8%
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pH 7.0

Peptide fragme

173-188
175-183
176-184
176-188
176-188
179-184
179-188
181-184
181-188
189-203
189-203
189-213
189-213
214-219
214-219
214-228
215-219
220-230
229-232
229-241
231-241
231-241
232-241
233-241

Time point
10sec 100sec
5.4% 5.2%
3.8% 4.4%
3.5% 4.1%
0.4% 0.2%
1.2% 0.9%
0.5% 5.0%
5.6% 5.6%
-6.6% -6.7%
1.1% -0.2%
31.9% 47.3%
27.8% 43.0%
16.7% 23.8%
17.2% 23.8%
23.1% 25.3%
29.7% 31.4%
12.1% 14.8%
23.4% 20.1%
9.7% 16.2%
4.2% 13.8%
19.7% 47.6%
24.0% 55.8%
23.6% 54.8%
27.6% 64.1%
29.3% 64.9%

Peptide fragment

173-188
175-183
176-184
176-188
176-188
179-184
179-188
181-184
181-188
189-202
189-203
189-213
189-213
214-219
214-219
214-228
215-219
220-230
229-232
229-241
231-241
231-241
232-241
232-241

Time point

300sec
-3.9%
0.9%
0.7%
0.6%
1.7%
-18.3%
-3.8%
2.5%
2.9%
29.6%
33.2%
18.1%
19.0%
25.4%
31.2%
15.0%
31.3%
7.7%
12.6%
21.0%
25.0%
25.7%
29.7%
31.3%

Table 3: Comparison of percentage deuteration of matching pemtes at pH 7.0

and pH 5.5.The 10 second time point for pH 7.0 is compared to the 3@hddene

point for pH 5.5 when the effect of pH on deuteration ratefactored in

(approximately 30 fold slower at pH 5.5). Similarly, the 166ad time point for pH

7.0 is compared to the 3000 second time point for pH 5.5.
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3000sec
-1.4%
3.0%
2.8%
2.5%
1.5%
-5.4%
-4.2%
5.4%
-0.3%
36.5%
38.8%
18.1%
19.4%
20.7%
27.0%
24.0%
23.7%
19.5%
10.7%
44.7%
50.8%
54.2%
62.4%
64.5%
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Figure 37: Bar graph showing percentage rapid deuterium exchanger CLIC1

at pH 7.0 (blue) and pH 5.5 (pink).

Overlay of the rapid exchange for pH 7.0 (10 sec) and sjooreling time for pH 5.5
(300 sec)Positioning of secondary structural elements along timegoy sequence is
shown above the graph with strands represented by blaskalntkehelices represented
by red lines.
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Figure 38: Ribbon representation of CLIC1 crystal structure showing regions
affected by a drop in pH conditions.

Based on percentage and number of deuterium exchange fohimgapeptides of
CLIC1 at pH 7.0 and pH 5.5. The regions that are more fexb lower pH are
indicated in red. The image was generated with Swiss W®#er (Guex and Peitsch,
1997) using the PDB file 1kOm (Harrepal., 2001).
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CLIC1 Difference in # of Deuterium (pH¥ - pH3.5)
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Figure 39: Graph indicating difference in number and percatage of deuterium bound to representative matching peptideat pH 7.0 and pH
55

Differences for corresponding time points were aredy# difference greater than 1.5 deuteriums is considegadisant. (A) Shows representative
domain 1 peptides in the region of 1-108 (B) Shows reprasentibomain 2 peptides in the region of 173-228.
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also more flexible at lower pH exhibiting a 24 % (~ 2 deutes) increase in
deuterium exchange for the corresponding 1000 second time. géantother

significant difference in deuteration between the two qaditions was observed.
Because the hydrogen/deuterium exchange reaction is ssdalyy hydroxide ion
above pH 4 it is important to note that amide N-H groupgsdhe in an anionic region
of the protein will have decreased exchange due to Columpidsion of the catalyst.
If a carboxylate residue is more fully protonated at loplé then the region around it

may display more robust exchange due to the loss of arabaracter in the region.

3.5 Thermodynamics of Ligand Binding

Noncovalent binding of GSH to CLIC1 was investigated bsating 127 uM of
reduced CLIC1 at pH 7.0 with 100 mM reduced glutathione (GSH3. rékulting
titration profile indicated enthalpically unfavourableéeiractions with saturation not
being reached at a final concentration of 15 mM GSH. Kihg of binding isotherm
represents weak binding and is consistent with previous pnaliynstudies by Harrop
and co-workers (2001). They were not able to detect any walect binding of GSH
to CLIC1 up to 10 mM GSH, thus indicating that the dissti@n constant is greater
than 10 mM. Further studies titratingu® reduced CLIC1 at pH 7.0 with 200 mM
GSH still did not achieve saturation up to a final conaion of 35 mM GSH (see
Appendix, Figure B).

IAA is an indanyloxyacetic acid derivitave that is knowm ihhibit reconstituted
CLIC1 with an apparent g of approximately uM (Tulk et al., 1998). It has also
been shown that 50M IAA significantly reduces CLIC1-mediated chloride e¥lin
“tip-dip” and planar bilayer experiments (Twkal., 2002; Singh and Ashley, 2006).
The thermodynamics of 1AA binding to CLIC1 was investigairedrder to clarify
whether the inhibitory effects were due to binding @f tholecule to CLIC1 or other
effects created when IAA is added to CLIC1. IAA was mageto its maximum
soluble concentration of 56fM and was titrated to 134M of reduced CLIC1 at pH
7.0 in 8ul increments. The resulting isotherms show very weakransy exothermic
signals (see Appendix, Figure C) indicating that IAA atséheoncentrations binds
CLIC1 very weakly, if at all.
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3.6 CLIC1 Interaction with Membrane Model Systems

3.6.1Effects of membrane-mimetic trifluoroethanol

Because of the similarity in properties between TFE tedhydrophobic interior
environment of the membrane, TFE is considered as a raesyonimetic solution
and is widely used as a membrane model system (e.getNdbk2001). In this study,
the effect of varying concentrations of TFE on the sdaoy and tertiary structure of
CLIC1 were investigated. TwpM CLIC1 at pH 7.0 was incubated with 0 — 50 %
TFE for 10 minutes and then analysed using fluorescencérepeapy and far-UV
CD. Fluorescence spectra were obtained by exciting thplsaat 280 nm and reading
emission from 280 nm — 450nm (Figure 40A). TFE is known to pssgrely quench
tryptophan fluorescence so the fluorescent data primasdywed to identify
aggregation for the far-UV CD data. Fluorescence dataassisted in providing an
indication of any tertiary structural changes occurri@glC1 in 5% and 10% TFE
(volivol) showed little or no change in secondary dtmee The fluorescence
spectrum for CLIC1 in 5 % TFE showed a slight decreasentensity but the
emission maximum was unchanged at 345 nm. For CLIC1 in 10 ® fhE
fluorescence spectrum showed a 20 % drop in intensity anchi hift in emission
maximum to lower wavelength, indicating a change inttgptophan environment.
Significant amounts of aggregation were noted when inoup&LIC1 with 15 %
and 20 % TFE. This was observed by the cloudy solutiondd when incubated at
these concentrations and by the high fluorescence itytemsission at 280 nm.
Interestingly, when the TFE concentration was iaseel to 30 %, 40% and 50% no
evidence of aggregation was present. The helical comtastdrastically increased
when CLIC1 was incubated with these TFE concentrati@aching a maximum
helical increase of 37 % when incubated with 40 % TFEuiiéi 41). The
fluorescence spectra emission intensities were grdatinished but this is probably
due to the known quenching effects of TFE on tryptophan. Tovtether the effects
of TFE on CLIC1 were reversible, 4M CLIC1 incubated with 10 % TFE was
diluted by half to give 21M CLIC1 with 5 % TFE. The resulting spectrum (Figure
40B), however, did not correspond to the spectrum j@#2CLIC1 incubated with 5
% TFE, indicating that the effects were not revsesi Urea-induced equilibrium
unfolding experiments were attempted using CLIC1 in 30 % TH&wever, the
protein was prone to aggregation even when low concemtsatioT FE were used.
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Figure 40: Fluorescence spectra of CLIC1 with varying concenations of TFE
A. 2 uM CLIC1 was incubated with varying concentrations of TBE-(50 %)
and samples were excited at 280 nm.
B. Reversibility studies of CLIC1 incubated with TFE wererfpened by
diluting 4 uM protein in 10 % TFE by half resulting i@l CLIC1 in 5 %
TFE. The spectra indicate that the process is netsile.

97



30000

——O%TFE
25000 —S%IFE
10%TFE
20%TFE
——S0%TFE
——15%TFE
——30%TFE
40%TFE

20000

15000

100004

3000 4

[8] (deg.cm®.dmol™

-5000 4

-10000 4

-15000 4

-20000 T T T T T
193 203 213 243 235 243

wav dength (nmy
Figure 41: Far-UV CD spectra of CLIC1 incubated with varying concentrations

of TFE.

5 uM CLIC1 was incubated with 0 — 50 % TFE and the elliptifiom 250 nm —-195
nm was analysed. With 15% and 20% TFE the protein appeaesaggpegating. For
all other samples the helical content gradually in@gawith increasing TFE
concentration. In 40 % TFE, the ellipticity peak at 208has decreased to —18 mdeg
compared to —12 mdeg for CLIC1 in the absence of TFE.
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3.6.2 Cholesterol-containing Liposomes

Sterile pre-liposome formulation was purchased from Signthprepared by adding
1 ml of protein storage buffer (50 mM sodium phosphate,7@Hl. After vortexing
and sonication in an ultrasonic water-bath for 45 minwdsgymogenous mixture of
small unilaminar vesicles (SUV) was obtained. The lipasopreparation was
composed of approximately 52 % d-phosphatidylcholinef3-oleoyly-palmitoyl
(POPC), 6 % La-phosphatidyl-DL-glycerol dioleoyl (DOPG), and 42 % clsbdzol.
This particular composition was also chosen becauseldisynegatively charged
vesicles. The anionic characteristics best mimic trerge found at the membrane
surface of intracellular organelles and the plasma mmane (van der Goadt al.,
1991).

3.6.2.1 Structural effects

The effect of liposomes on CLIC1 fluorescence was roogit by exciting the protein
at 280 nm. The fluorescent properties of the lone Trp indiogeof 5puM CLIC1, pH
7.0, incubated overnight with cholesterol-containing lgposs containing a total lipid
concentration of 134IM showed a red shift in emission maximum (Figure 42A).
Native CLIC1 exhibits an emission maximum at 345 nm, whikolded CLIC1
(using 8 M urea) has a maximum emission peak at 355 nm. WH&1 @& incubated
with cholesterol-containing liposomes the emission psa&t i350 nm and shows a
decrease in fluorescence intensity. This is indicativa phrtially unfolded CLIC1
structure with the lone tryptophan more exposed to sbivénappears that the
anionic, cholesterol-containing liposomes induce a structtgarrangement of
CLIC1 that may be adsorbed to the liposome surface buprbtein is unable to
penetrate and insert itself into the liposome. If CLISlindeed binding to the

liposomes, the proportion of bound to unbound CLIC1 is uwkno

Far-UV CD was used to assess any changes in secondacyuistrthat may be
occurring as a result of incubating CLIC1 at pH 7.0 witlolestrol-containing
liposomes. Data were corrected for any contributiorreg fiposomes. The spectrum
of CLIC1 incubated with liposomes shows no change in diigtpattern compared
to native CLIC1 (Figure 42B).
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Figure 42: Fluorescence and far-UV CD spectra of CLIC1 ingbated with

cholesterol-containing liposomes

A. 5uM CLIC1 incubated with liposomes (pink) was excited at 280 mu a
exhibited a slight red-shift to 347 nm and decrease in injensit

B. No change in secondary structure was observed fo¥13CLIC1 incubated
with liposmes
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The average hydrodynamic diameter of the sonicated stleodd-containing
liposomes was determined by dynamic light scatteringS)Dihethods. The diameter
of pure liposomes was determined at 75 nm (£ 2.7) with a pgpecsity index (PDI)
of 0.332 (Figure 43B). This diameter correlates well with éipected size of SUV.
The hydrodynamic diameter of CLIC1 was found to be 6.4x2) with a PDI of
0.240 (Figure 43A). This value is slightly higher than expediased on calculations
done on the crystal structure (approx. 5 nm) but may baalbaghly flexible nature
of CLIC1 that would increase its hydrodynamic volume. Tdasa correlates well
with HPLC experiments that also showed CLIC1 to haveigher than expected
hydrodynamic volume. It was interesting to note thatwbéS was used to analyse
CLIC1 incubated with liposomes the hydrodynamic diametahe® liposomes was
found to be 100 nm (£ 4.9) with a PDI of 0.230 (Figure 44A).

3.6.2.2 Isothermal Titration Calorimetry
The binding properties of CLIC1 at pH 7.0 and pH 5.5 with POR®G/cholestrol
liposomes were studied using ITC. The total heats produceld vmaecting small
aliquots of liposome dispersions in the protein solutioooaistant temperature 25
were registered. Measurement of these heats allowsaceurate determination of the
thermodynamic profile of the molecular interactiéw.25°C the heat of dilution of
the liposome dispersion from the syringe into the aaleter cell containing only
buffer was less than —0.0ical/sec and was subtracted from the raw ITC data.
Optimisation of the experimental conditions to produce hlseaata (signal >
0.2ucal/sec) included varying the CLIC1 protein concentratiorthe sample cell
from a range of 18M — 206uM, and varying the volume of liposomes injected from
5 ul — 15 ul. After sampling a variety of conditions a useablgnal was only
obtained for 93uM CLIC1 titrated with 7ul and 15pl injections of liposomes at pH
7.0 and pH 5.5, respectively. The signals obtained westvedly weak ranging from
—0.23 pcal/lsec to —0.43ucal/sec but were nevertheless measurable and ran to
saturation. The exothermic heat signals are indicadiventhalpically favourable
interactions taking place. However, the weak sigaaid hyperbolic pattern of the
isotherms show that the interaction is not vergrggrat pH 7.0 or pH 5.5.
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Figure 43: Size distribution by volume using dynamic light scaering of CLIC1,
liposomes and micellesRepresentative graphs show the distribution of predicted si
of samples containing (A) M CLIC1, (B) 8.3 mM POPC/DOPG/cholesterol SUV,
(C) 12.9 mM asolectin SUV and (D) 37.3 mM sarkosyl micellEse predicted
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Figure 44. Size distribution by volume using dynamic light scaering of
liposomes and micelles incubated with CLIC1Representativggraphs show the
distribution of predicted size of samples containingVb CLIC1 incubated with (A)
8.3 mM POPC/DOPG/cholesterol SUV, (B) 12.9 mM asolectiv&nd (C) 37.3
mM sarkosyl micelles. Samples were incubated for 1 hadrthe predicted diameter
was taken as an average of 5 runs.
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Figure 45 shows the ITC data for @81 CLIC1 at pH 7.0 titrated with #l injections
of SUV (16.6 mM total lipid concentration) with weak ialtendothermic heats for
the first 4 injections followed by exothermic heats lusdturation is achieved20 —
25 injections). The data fitted best to a single-site ibgnanodel. Figure 46 shows
that 93uM CLIC1 at pH 5.5, titrated with 1fl injections of liposomes (8.3 mM total
lipid concentration), does not exhibit the initial endothie heats observed at pH 7.0.
Exothermic heat signals reached saturation after appabeiyn12 injections. When
the protein concentration was increased from [ to 206 pM the initial
endothermic heat signals were more pronounced at pH T90réF47B). The
exothermic heats that followed were weaker than tholsserved using lower
concentrations of CLIC1. A comparison of the isothdnonafiles of 206uM CLIC1
at pH 7.0 and pH 5.5 show larger exothermic heats for ClaltpH 5.5 (Figure 47A)
than at pH 7.0. This indicates a more enthalpicallydaable interaction between

CLIC1 and liposome at lower pH.

3.6.3 Asolectin Liposomes

3.6.3.1 Structural effects
The tryptophan fluorescence of ltM CLIC1 incubated overnight with asolectin
containing a total lipid concentration of 14 was monitored (Figure 48A). No
evidence of strong CLIC1 interaction with asolectinicles was noted. The spectrum
for CLIC1 incubated with asolectin showed a drastic deeréa intensity and a red
shift in emission maximum from 347 nm to 354 nm. Circular misim in the far-Uv
range was performed to monitor any changes in secondacywstil content that may
be occurring as a result of CLIC1 interaction withlesion vesicles. Although the
contribution of asolectin resulting in a somewhat n@gysignal it appears as though
the spectral pattern of CLIC1 incubated with asolecésicles remained essentially
unchanged (Figure 48B). Data below 215 nm was too noisyharsdcould not be
used for analysis.

To determine the size of the prepared asolectin vesiciege sample was subjected
to scattering by monochromatic light and the scattéght intensity was measured at

a scattering angle of 90The results indicated a hydrodynamic diameter of 102 nm

104



03
02
0.1
004 ol o e dhoa

I ”[ r r"‘rw ““v"\l““‘p”w‘ s

-0.1 4

pcal/sec

-0.2

-0.3

0.4

1
0 20 40 60 80 100 120 140 160

Time (min)

om 4

kaimoke oTinieckEnl

.15

T T T T T T T T T T T T
o = i0 15 zZ0 i} 1l

Mobr Rals

Figure 45: A representative calorimetric profile of the irteraction of cholesterol-
containing liposomes with CLIC1 at pH 7.0.

Panel A shows the heat effects associated with ghkeinjections of liposomes into
the ITC sample cell containing 98V CLIC1 at pH 7.0. Panel B shows the binding
isotherm (corrected for heats of dilution) correspondoghe exothermic portion of
the data in Panel A. The solid line through the data septe the best fitted curve
obtained using ORIGIN software.
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Figure 46: A representative calorimetric profile of the irteraction of cholesterol-
containing liposomes with CLIC1 at pH 5.5.

Panel A shows the heat effects associated with ghkeinjections of liposomes into
the ITC sample cell containing 98V CLIC1 at pH 5.5. Panel B shows the binding
isotherm (corrected for heats of dilution) correspogdio the data in Panel A. The
solid line through the data represents the best fittedecabtained using ORIGIN
software.
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Panel A shows the heat effects associated with thkinjections of liposomes into
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Figure 48: Fluorescence and Far-UV CD spectra of CLIC1nicubated with
asolectin vesicles.

A. 5puM CLIC1 was incubated with asolectin vesicles and edate?80 nm. The
asolectin vesicles exhibited fluorescent properties andwasacorrected for
this. A slight red-shift to 247 nm and decrease in intengity observed.

B. Far-UV CD signal was noisy below 215 nm butM CLIC1 incubated with
asolectin vesicles (pink) appears to superimpose wittM5native CLIC1
(light blue) from 250 nm — 215 nm. Data was corrected forag@ectin
vesicles blank (yellow).
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(x1.0) for the asolectin vesicles with a PDI of 0.239Fe 43C). When fM CLIC1
was incubated with the asolectin vesicles no sigmficzhange in the vesicle size
(98.1 nm £ 0.7) was observed (Figure 44B). A change in the hydrodyiameter
of the vesicles is expected if the protein is adsorbingrt@ligomerizing on the

vesicle surface.

3.6.3.2 Thermodynamic effects
As with the POPC/DOPG/cholesterol liposomes, it appeéhat CLIC1 does not
readily insert into asolectin vesicles. The ITC pesil(Figure 49) show relatively
large and measurable exothermic heatD(32cal/sec and -0.5¢4cal/sec for pH 7.0
and pH 5.5, respectively) but do not fully reach saturageen after heat of dilution

effects (see Appendix, Figure D) are corrected for.

3.6.4 Detergent Micelles

3.6.4.1 Structural effects

CLIC1 was incubated for 1 hour with varying concentratiohsarkosyl above the
critical micellar concentration (CMC). The fluoreace emission spectra of |V
CLIC1 incubated with micelles was excited at 280 nm and sHoav blue-shift in
emission maximum with a decrease in emission intenBigufe 50A). When M
CLIC1 was incubated with 10.3 mM sarkosyl a shift from 347 nm342 nm was
noted. This blue-shift pattern is indicative of the piretdone tryptophan moving to a
more non-polar environment and may represent CLIC1 insertto the micelle or a
structural change resulting in the tryptophan becoming imaried within the protein
itself. In order explain the decrease in emissionnsitg when CLICL1 is incubated
with micelles an investigation into the quenching effaftsarkosyl on tryptophan
fluorescence was undertaken. Fluorescence spectrajfivt BATA incubated with
micelles showed a decrease in fluorescence emissiondprgvevidence for a
guenching effect of micelles on tryptophan fluorescencgu¢gi51). Any observed
decrease in fluorescence emission intensity observedCEdC1 incubated with
micelles can thus be attributed to this quenching effect.edery no shift in emission
maximum was noted when NATA was mixed with micelles sugggshat any shift
observed for CLIC1 with micelles was a result of fh®tein inserting into the
micelle, positioning the lone tryptophan residue within to@-polar hydrophobic
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Figure 49: Calorimetric titration profile of the interaction of asolectin vesicles
and CLIC1 at pH 7.0 and pH 5.5.

Panel A represents CLIC1 at pH 7.0 (302) while panel B represents CLIC1 at pH
5.5 (104uM). Neither reaction ran to saturation.
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Figure 50: Fluorescence and Far-UV CD spectra of CLIC1nicubated with
sarkosyl micelles.

Panel A shows the fluorescence spectra @fM CLIC1 incubated with varying
concentrations of sarkosyl and excited at 280 nm. The iemissaxima are blue-
shifted and the intensity is diminished as the conceoiraf sarkosyl is increased.
Panel B shows the superimposable far-UV CD spectra foM5CLIC1 incubated
with micelles (10.3 mM sarkosyl) and#/ native CLICL1.

111



400

350 @5 uM NATA + micelles
B 5uM NATA

300 A

250 A

200 A

150

Fluorescence intensity (au)

100

50

O T T
280 300 320 340 360 380 400 420 440

wavelength (nm)

Figure 51: Fluorescence spectra showing the effect of sadyl micelles on
NATA.

Micelles made up from 10.3 mM sarkosyl were incubated WwitfM NATA and
excited at 280 nm. A diminished fluorescence intensity evadent when the micelles
were added to NATA (blue) compared withu NATA on its own (pink). This
indicates a quenching effect of sarkosyl micelles on try@opluorescence.
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core. The other possibilities are that the tryptophamecoming more buried within
the protein itself, due to structural changes induced by thellescor at the interface
of CLIC1 and the surface of the membrane.

Far-UV CD spectra for fiM CLIC1 incubated with micelles (10.3 mM sarkosyl) for
1 hour resulted in a noisy signal below 215 nm and dathisnrange could not be
used for comparison with free CLIC1. Spectral data &% nm — 215 nm, however,
appeared to be superimposible for free CLIC1 and micellesa$sed CLIC1 (Figure
50B) indicating that no significant change in secondaryctural content was
occurring as a result of CLIC1 interaction with miesll It must be noted, however,
that the proportion of inserted/associated to uninsertesdonmted CLICL is
unknown. If the ratio of inserted/associated CLIC1 to umiegdéunassociated CLIC1

is small, then the signal might not show any assediahanges in structure.

The hydrodynamic diameter for the micelles formed by 1€a%osyl (343 mM) was
determined to be 4.6 nm £ 0.4 (PDI = 0.119) (Figure 43D). Thisetemis indicative
of small, tightly associated micelles with a low aggton number. This correlates
well with the low CMC value obtained experimentallyngsITC (see section 3.6.4.4).
The larger hydrodynamic diameter obtained for free CL{€& nm £ 0.2) suggests
that it is possible for CLIC1 to completely traverke micelle. Indeed, DLS shows
that when CLIC1 is incubated with micelles the hydrodyicadiameter of the
micelles increases from 4.6 nm (x 0.4) to 5.2 nm (x 0.ufel 44C). This increase
in diameter may be a result of portions of the insepgmtein “sticking out” of the
micelle and thus increasing the reported hydrodynamic de&aroéthe micelles.

3.6.4.2 Thermodynamic effects
Sarkosyl CMC

The critical micellar concentration (CMC) for sasgb was experimentally

determined by ITC methods. This value is crucial in ordengure experiments are

113



performed using fully formed micelles that will mimic mierane structure and not
detergent monomers. The CMC of a detergent can be expually determined by
titrating small aliquots of the detergent into aqueousit®w and measuring the

resulting heat signals.

Two pl injections of 10 % sarkosyl (343 mM) were titrated intaffér (50 mM
sodium phosphate, pH 7.0) at 25 °C. The raw data obt&ioedthe calorimetric
experiments were collected and integrated using ORIGINvaodt The sigmoidal
graph obtained from plotting enthalpy against sarkosgtentration was fitted and
analysed using the programme SigmaPlot version 7.00 (J@&uipbration). The
midpoint of the sigmoidal graph represents the CMC vahgt was found to be 2.7
mM for sarkosyl (Figure 52). This is the concentratiomeasarkosyl monomers begin
to aggregate or oligomerise to form micelles. The nedfitilow CMC value for
sarkosyl indicates that its monomers readily intetadborm micelles. The enthalpy
change £H) value for sarkosyl micellisation was —460 kcal/mol, while change in
Gibbs free energyAG) for the demicillisation process was 3.5 kcal/mol. Tingh
exothermic enthalpy value is indicative of an enthaliycfavourable reaction to
form tight and compact micelles. Another parameteraiobtl was AS of
demicellisation (456.5 kcal/mol) at 25° C.

pH 7.0

To correct for heat of dilution effects, control exipnents were performed by
replicating the exact conditions of each experimentrnmitincluding protein in the
sample cell (i.e. micelles into buffer) (Figure 53heTcontrol data was subtracted
from the raw data to obtain the corrected heat ofiriteraction between the protein

and micelles.

In order to gain insight into the thermodynamic propsrtéCLIC1 interacting with

membrane systems at neutral pH, and to serve as a&nederexperiment for
comparative reasons, a thermodynamic study of CLIC1 af.pHvith micelles was
performed. 10 % sarkosyl was injected ipldncrements to 11%M CLIC1 (Figure

54). The first injection of any ITC experiment is usuakcluded from analysis. The
following 4 injections show an endothermic pattern.c8irthe concentration of
sarkosyl in the sample cell is only greater than theCGMlIue after 3 injections these
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Figure 52: Schematic showing micelle formation and determinain of sarkosyl
CMC.

The schematic above the start/stop arrow repredemtd € sample cell and injector
with a high concentration of sarkosyl being titratetb ibuffer. Below the start/stop
arrow is the calorimetric titration profile used totetenine the CMC value for
sarkosyl. The detergent was titrated ipl2ncrements into buffer at 25° C and the
resulting heat effects monitored (inset). Data wan fiited and the CMC value was
determined by the midpoint of the sigmoidal plot.
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Figure 53: Heat of dilution effects for sarkosyl into buffe at 25° C

4 ul injections of 10% sarkosyl were titrated into bufferorder to determine the heat
of dilution pattern and to enable correction of the data. The exact conditions of
experiments using protein were replicated.
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Figure 54: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLIC1 at pH 7.0.

Panel A shows the heat effects associated with tdarjections of micelles into the
ITC sample cell containing 118M CLIC1 at pH 7.0. Panel B shows the binding
isotherm (corrected for heats of dilution) correspogdio the data in Panel A. The
solid line through the data represents the best fittedec( binding site model)
obtained using ORIGIN software.
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initial heats cannot be used for analysis since they Ipeags a result of sarkosyl
monomers interacting with the protein. The heats nbthifrom the fourth injection

onwards, however, represent the energetics of theiaso of CLIC1 with micelles.

A small initial endothermic contribution is followed birong exothermic signals that
reach saturation after approximately 20 injections. Théhexmic data were fitted to
a 2-binding site modeAH; andAH; for the interaction of CLIC1 at pH 7.0 were —
0.186 kcal/mol and —0.294 kcal/mol, respectivelG; andAG; were —5.47 kcal/mol
and —9.14 kcal/mol, respectively, whiks, and AS, were 0.018 kcal/mol and 0.030

kcal/mol, respectively.

Reverse titration

In this experiment, the calorimeter cell containedetes (34.3 mM sarkosyl) and
small aliquots of CLIC1 were injected. A typical resalshown in Figure 55. In each
step, 3ul of a 60 uM CLIC1 solution was injected into a suspension of anionic
micelles. The reaction is exothermic, and the héatarction is approximately {3cal

per injection as derived from the integration of theatibn peaks. In a control
experiment, protein was injected into buffer. The heateattion was small (-0.05

pcal/inj) and was subtracted from the raw data.

Reduced glutathione

The effect of reduced glutathione (GSH) on CLIC1 membramteraction was
investigated by pre-incubating CLIC1 (pH 7.0) with 2 mM G&htl performing an
identical ITC experiment to that for CLIC1 in the abseenf GSH. This relatively low
concentration of GSH was selected for this experinmetrder to directly compare
results with another study (Tudt al., 2002), which found that 2 mM GSH inhibited
CLIC1 channel activity. The raw data (Figure 56) indicated fhmM GSH had little
or no effect on the thermodynamics of CLIC1 inteactvith the micelles and the
parameters obtained after fitting the data furtherdesdid this. The exothermic data
was fitted to a 2-binding site model. Thermodynamic pararsetemained largely
unchanged compared with experiments using CLIC1 at pH leiabsence of any
ligand or inhibitor AH; andAH; for the interaction of CLIC1 treated with 2 mM GSH
were —0.198 kcal/mol and —0.285 kcal/mol, respectiv&{y; and AG, were —5.29

118



0.05
,a 0.00 - A M y AMpa, s S W//'\ A 7 Arnod) -
(3]
0
(._5 4
[S]
2
= -0.05 —
e
=
‘(.-U‘ 4
Q
<
-0.10
-0.15 ; — — — — —
6 8 10 12 14 16 18 20 22 24
Time (min)
B.
-1
-1.5
g 21
2
>
Qo
g
= 25 O O
) 0O O
s O
g
o 37
-3.5
-4 T
1 2 3 4 5 6 7

injection number

Figure 55: Reverse titration calorimetry of sarkosyl micellesvith CLIC1.

3 ul Aliquots of protein solution (6QuM) were titrated to micelles (34.3 mM
sarkosyl) in the reaction cell. Temperature was se25b C. Panel A shows the
calorimeter tracing with downward peaks denote exothereactions. The heat per
injection as evaluated from the areas underneathdbimgris shown in panel B.
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Figure 56: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLIC1 incubated with glutathione.

Panel A shows the heat effects associated with tdarjections of micelles into the
ITC sample cell containing 11314M CLIC1 incubated with 2 mM GSH at pH 7.0.
Panel B shows the binding isotherm (corrected for hefaddution) corresponding to
the data in Panel A. The solid line through the data septs the best fitted curve (2
binding site model) obtained using ORIGIN software.
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kcal/mol and —10.45 kcal/mol, respectively, whlig; andAS, were 0.017 kcal/mol/K
and 0.034 kcal/mol/K, respectively.

IAA

In order to further investigate the role of IAA as a CLlchannel blocker, ITC was
performed on CLIC1 (pH 7.0) pre-incubated with @@ IAA and micelles. The
thermodynamic profile of the interaction between CLMath IAA and micelles did
not show any significant differences to that of themfice experiment (Figure 57).
The thermodynamic parameters obtained after fittiegddta also indicated that IAA
had no effect on CLIC1 interaction with micelles. fthedynamic parameters
remained largely unchanged compared with experiments G&ilgl at pH 7.0 in the
absence of any ligand or inhibitor

NEM

In order to investigate the role of CLIC1 cysteineidess on membrane insertion
thermodynamics, N-ethylmaleimide (NEM) was used to chaltyi modify the
protein and specifically the cysteine residues. NEMteeadth sulfhydryl groups in
proteins with considerable specificity (Gregory, 1955). Tfiece of attaching the
relatively bulky thiol-reactive reagent to the progeaccessible cysteine residues was
investigated in the context of CLIC1-micelle interactisimce the cysteine residues of
CLIC1 have been reported to play an important role in chafumenation and
functioning (Tulket al., 2002; Littleret al., 2004; Singh and Ashley, 2006).

Firstly, a DTNB (Ellman’s reagent) assay (Sedlak amdisay, 1968) was performed
on CLIC1 in order to determine the amount of free ovesal accesible sulthydryl
groups relative to the total cysteine residues in the pmsofeirmary amino acid
composition. By titrating @M CLIC1 with 250uM 5,5-dithiobis(2-nitrobenzoate)
(DTNB) and monitoring the release of the nitrothiobeteamion using absorbance
spectroscopy at 412 nm, the number of accessible sulfhgdoyps to solvent was
determined. The concentration of sulfhydryl groups preseas calculated by
dividing the absorbance at 412 nm by the extinction aoeffi for DTNB (13600
M™cm?). According to the CLIC1 sequence and structure a tdt# a@ysteine
residues exist, 3 of which are in domain 1, and 3 in domainh2. OTNB assay
performed on unfolded CLIC1 verified this indicating aatodf 6 free thiols. For
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Figure 57: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLIC1 incubated with IAA.

Panel A shows the heat effects associated with tdarjections of micelles into the
ITC sample cell containing 100M CLIC1 incubated with 10QuM IAA at pH 7.0.
Panel B shows the binding isotherm (corrected for hefaddution) corresponding to
the data in Panel A. The solid line through the data septs the best fitted curve (2
binding site model) obtained using ORIGIN software.
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native/folded CLIC1 a total number of 4 sulfhydryls wereed®ined indicating that
this is the number of exposed cysteines for the foldediprotevo cysteine residues
are therefore buried in the CLIC1 structure.

The secondary and tertiary structures of the NEM-medifirotein (Figure 58) were
not significantly altered based on fluorescence andUYarCD analysis. The
thermodynamics of NEM-modified CLIC1 interacting withicelles was investigated
using ITC (Figure 66A). 45M of the NEM-modified protein at pH 7.0 was titrated
with 4 ul injections of sarkosyl micelles under the same canwtused in the pH 7.0
reference study. Interestingly, the thermodynamicilerefas similar to that obtained
when micelles were injected into buffer containing natgin (heat of dilution control
experiment, see Figure 53). This indicates that no itierawas occurring between
NEM-modified CLIC1 and micelles. Once the signal wagexied for the heat of
dilution effects, a net profile showing no heat gain loss is evident. The
endothermic signals once saturation was achieved Wwevegver, notably larger than
those for the heat of dilution control experimentidfescence spectra also indicated
that the NEM-modified protein had not inserted into theefte since no shift in

emission maximum was observed (Figure 59B).

pH 5.5

The pH dependence of CLIC1 insertion into lipid bilayers haen established in
previous CLIC1 experiments (Wart@hal., 2002). In order to investigate the effects
of pH on the thermodynamics of CLIC1 interaction wititelles, an ITC experiment
was performed using the exact conditions as the referxmeriment (pH 7.0) but
using CLIC1 at pH 5.5. The protein sample was extensivelysaid against buffer
adjusted to pH 5.5 and the 10 % sarkosyl solution was madephb 5.5 buffer. All
data was corrected for heat of dilution effects resylfrom micelles mixing with
buffer at pH 5.5 (see Appendix, Figure E). The CMC valuesfnkosyl did not
change at the lower pH conditions. When CLIC1 (pH ai5a concentration of 68
UM was titrated with 4ul injections of 10 % sarkosyl a reduction in the initial
endothermic contribution was evident when compared wigrer@xents at pH 7.0
(Figure 60). Fewer injections resulted in endothermic peak7 the large
exothermic enthalpies beginning after 4 injections. ibespsing a much lower

protein concentration at pH 5.5 (§81) than for the reference experiment at pH 7.0
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Figure 58: Fluorescence and Far-UV CD spectra of NEM-modiéd CLIC1.
Panel A shows the fluorescence spectrum fqrMb NEM-modified CLIC1 (blue)
excited at 280 nm. There is no significant change inatgrtstructure near the
tryptophan environment compared with native CLIC1 (pinkg¢eRIEM fluorescence
is shown in yellow. Panel B shows the far-UV CD speuatfor 54M NEM-modified
CLIC1 (blue) is superimposable with the native form ofpghatein (pink), indicating
no change in secondary structural content. Free NE¥awn in yellow.
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Figure 59: Thermodynamic trace and fluorescent properties oNEM-modified
CLICL1 interacting with sarkosyl micelles.

Panel A shows the thermodynamic trace whenp#s NEM-modified CLIC1 is
titrated with 4pl injections of sarkosyl micelles. Once the heatibftibn effects are
corrected for the net result indicates no interaclwat) occurring. Panel B shows
the fluorescence spectra foryd1 CLIC1 (pink), 5uM CLIC1 inserted into micelle
(yellow) and 5uM NEM-modified CLIC1 incubated with micelles (blue). FOLIC1
inserted into micelles a characteristic blue-shift iseoled, while for NEM-modified
CLIC1 incubated with micelles this shift does not occur.
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Figure 60: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLIC1 at pH 5.5.

Panel A shows the heat effects associated with tdarjections of micelles into the
ITC sample cell containing 68M CLIC1 at pH 7.0. Panel B shows the binding
isotherm (corrected for heats of dilution) correspogdio the data in Panel A. The
solid line through the data represents the best fittedec( binding site model)
obtained using ORIGIN software.
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(115 uM) the maximum magnitude of the exothermic heat producedgneater and,
therefore, enthalpically more favourable at the lopldr(~ -20ucal/sec) than that at
neutral pH (~ -131cal/sec). The exothermic portion of the calorimetitration

profile exhibited a decrease in the exothermic heat radibg after each successive
injection. The reaction is, therefore, characteribgda series of negative peaks
representative of a favourable enthalpy change. Themaodic parameters obtained
for CLIC1 at pH 5.5 interacting with micelles show afefént AH, value (-0.394
kcal/mol) compared with pH 7.0 (-0.294 kcal/mads, (0.169 kcal/mol/K) and\S
(0.291 kcal/mol/K) were also larger at pH 5.5 than at pH 7.0.

3.7 Bioinformatics

3.7.1 Transmembrane region prediction and hydropathy plots

In order to identify possible transmembrane regions IOICC, sequence analysis
using transmembrane prediction programs was undertaken. @MBEfmann and
Stoffel, 1993) is a program that makes a prediction of lonane-spanning regions
and their orientation. The algorithm used is based onsthistical analysis of a
database of naturally occurring transmembrane proteins auticfions are made
using a combination of several weight-matrices forisgoior the CLIC1 sequence
only one region (residue 29 — 46) was predicted to formnsrmrambrane helix in an
outside-to-inside orientation. The DAS (dense alignm&nfface) transmembrane
prediction server (Cserzat al.,, 1997) was also used to identify possible
transmembrane regions in the CLIC1 sequence. The onlyntesmisrane region

identified by the algorithm used in this program was residue 80 (Figure 61).

Early CLIC1 hydrophobicity analysis was only used to healpniify possible
transmembrane regions (Valenzuetaal., 1997). In this study the hydrophobicity
patterns of CLICs, GSTs and thioredoxin superfamily members investigated and
compared using hydrophobicity plots (Kyte and Doolittle, 1982chkare and Pliska,
1983) (Figure 62). For the CLIC proteins the highest level airdphobicity was
observed at the region corresponding to residues 25 — 4C{Qtmbering). This
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Figure 61: CLIC1 transmembrane prediction graph using DenseAlignment

Surface (DAS) method.

Based on the “DAS” profile score only residues 30 — 40 ofGhKC1 sequence are

predicted to form the transmembrane region of theyratenembrane protein. Dashed
line indicates loose cut-off and solid line indicategstiut-off points. Positioning of

secondary structural elements along the primary sequerst®vwen above the graph
with strands represented by black lines and helices repeeseynred lines.
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Figure 62: Hydropathy plots of thioredoxin-fold domains of séected CLIC, GST

and thioredoxin family members.

Distribution of hydrophobicity conserved in CLICs with m@g$ corresponding to
residues ~25 — 40 showing high levels of hydrophobicity foltblwg a hydrophilic
“dip”. Plots were generated using the Kyte-Doolittle aiyon (Kyte and Doolittle,

1982).
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highly hydrophobic region was immediately followed by a highydrophilic dip
observed in the plots. This hydrophobicity pattern wasndistor all the CLIC family
members and this distribution of hydrophobic/hydrophilic residuay be conserved
to enable CLIC functioning in the form of a channel. @anson of the
hydrophobicity plot with another structurally similar nasneric GST family member,
Grx-2, does not show similar patterns in hydrophobicity. Haurhore, Omega class
GST (which has high structural similarity to CLIC1) shaweshigh hydrophobicity in

the corresponding region.

3.7.2 Sequence alignments showing charge conservation

Sequence alignments of the thioredoxin superfamily and @®&illyf with the CLICs
(Figure 63) reveals a conserved feature of the proposedneansane region (P25 —
V46). This region contains many positively charged residbes, no negatively
charged residues for the CLICs. Furthermore, a groupingostftively charged
residues occurs at the end of the proposed transmembigaoa fer all the CLIC

proteins.

3.7.3 Helix propensities using AGADIR

Helix propensities of CLIC, GST and thioredoxin superfammhembers were
analysed using the AGADIR algorithm, which is based ondwagil transition theory
that explicitly considers specific interactions ocagrin helices devoid of tertiary
interactions (Lacrobet al., 1998). The propensity of certain regions in the amino acid
sequence to form helices can provide valuable informatioutaftwmation and
stability of secondary structural elements shouldptwein undergo some form of
structural re-arrangement. This “hidden” information wioubt be obvious in the
quaternary structure of soluble CLIC1 but can be uncovere@nayysis of the
primary sequence. Certain regions that have a higleahgdropensity may not be
allowed to take on a helical form because of consggndced upon it in the 3-
dimensional folded structure orientation. Certain changesnvironment may,
however, induce structural changes that would then allmse regions exhibiting
high helical propensities to form a helix. Helix propensitalysis using AGADIR
shows a high helical propensity for the proposed tramémene regiongl and(2)
for CLIC1, and in fact the entire CLIC family (Figure 64)elical propensities for
representatives of the GST family are shown in FiguréOsly the Kappa class GST

exhibited high helical propensity at theel and 2 region. In the thioredoxin
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---------------------- PEI ELFVKA- GSDGES| GNCPFCQRLFM LW - - - LKG
------------------- MAETKLQLFVKA- SEDGESVGHCPSCQRLFMVLL- - - - LKG
------------------- DKEPLI ELFVKA- GSDGESI GNCPFSQRLFM LW - - - LKG
------------------- DRDPEI ELFVKA- Gl DGES| GNCPFSQRLFM LW - - - LKG
------------------ AHWNPE! YLFVKA- G DGES| GNCPFSQRLFM LW - - - LKG
-------------------- QEHDI TLFVKA- GYDGES|I GNCPFSQRLFM LW - - - LKG
------ MAEAYQ QSNGDPQSKPLLELYVKASG DARRI GADLFCQEFWEL YA- - - LYE
- - MSEVESQQSQETNGSSKFDVPE ELI | KASTI DGRRKGACLFCQEYFNMDLYLLAELKT
--------------------------------- MKLY! YDHCPYCLKARM FG - - - LKN
--------------------------------- MVKQ ESKTAFQEALDAAGDK- - - LW
--------- MBGESARSL GKGSAPPGPVPEG- S| Rl YSMRFCPFAERTRLVLK- - - - AKG
-------------------------- MGPAPRVL EL FYDVL SPYSW.GFEVL CRYQHLWWN
---------------------------------------------- RVRI ALA- - - - LKG
-------------------------- MAGGD- DLKLLGAWPSPFVTRVKLALA- - - - LKG
------------------------------ M GLELFLDLVSQPSRAVYI! FAK- - - - KNG
--------------------------------- MDFYYLPGSAPCRAVQMIAA- - - - AVG
----------------------------------- LGYWNI RGLAHSI RLLLE- - - - YTD
------------------------------ M SPI LGYWKI KGLVQPTRLLLE- - - - YLE
----------------------------- AE- KPKLHYFNARGRVESTRWLLA:- - - - AAG
------------------------------------- YFPVRGRCAALRMLLA: - - - DQG
------------------------------ P- KYTLHYFPLMGRAELCRFVLA- - - - AHG
--------------------------------- MKLYYTPG- SCSLSPHI VLR - - - ETG
------------------------------- APNMKLYGAVVBVINL TRCATALE- - - - EAG
-------------- SHVEYSRI TKFFQEQPLEGYTLFSHRSAPNGFKVAI VLS- - - - ELG
--------------------------- DAPEEEDHVLVL RKSNFAEALAAHKY- - - - - LL
------------------------- MSYM_PHL HNGWOQVDQAI LSEEDRWMI R- - - - FG
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------------------- MAQEFVNCKI QPGKVWVFI KPTCPYCRRAQE! LS- - - - - - Q
EGQATHTGPKGVI NDWRKFKLESEDGDS! PPSKKEI L RQVBSPQSRDDKDSKE- - - - RXS
------------------- MBNI TI YHNPACGTSRNTLEM RNSGTEPTI | LY- - - - LEN
- - - EEGLDFPEYDGVDRVI NVNAKNYKNVFKKYEVLAL L YHEPPEDDKASQRQFEMEEL |

----------------------------- AEFKHVFVCVQDRPPGHPQGSCAQ- - - - RGS
--------------------------- LHTKGALPLDTVTFYKVI PKSKFVLVK- - FDTQ
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----- - B B I a
VTENVTTVDTKRRT- - - - - ETVQXK- - - - LCPGGQLPFLL- - - YGTEVHTDTNKI EEFLEA
VKFNVTTVDMIRKP- - - - - EELKD- - - - LAPGTNPPFLV- - - YNKELKTDFI KI EEFLE-
VPFTLTTVDTRRSP- - - - - DVLKD- - - - FAPGSQLPI LL- - - YDSDAKTDTLQ EDFLE-
VWFSVTTVDLKRKP- - - - - ADLQN- - - - LAPGTHPPFI T- - - FNSEVKTDVNKI EEFLEE
VWFNVTTVDLKRKP- - - - - ADLHN- - - - LAPGTHPPFLT- - - FNGDVKTDVNKI EEFLE-
VWFNVTTVDLKRKP- - - - - ADLHN- - - - LAPGTHPPFLT- - - FNGDVKTDVNKI EEFLE-
VI FNVTTVDLKRKP- - - - - ADLQN- - - - LAPGTNPPFMT- - - FDGEVKTDVNKI EEFLE-
| GVARVEVKTVNVNS- - - - EAFKKN- - - - FLGAQPPI M EE- EKELTYTDNREI EGRI FH
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VDFSATWCGPCKM K- - - - PFFHS- - - LSEKYSNVI FL EVDVDDCQDVASECEVKCVPTF
| RHEVI NI NLKNKPE- - - - WFFKK- - - - - NPFGLVPVLEN- - SQGQLI YESAI TCEYLDE
| KLKLRPALLAG MK- - - - - DSGNQPPAMVPHKGQY! LK- - - - EI PLLKQLFQVPMSVPK
| DYETVPI NLI KDGG- - - - QQFSKDFQALNPMKQVPTLK- - - | DA Tl HQSLAI | EYLEE
LSYEDVEEDLYKKSE- - - - LLLKS- - - - - NPVHKKI PVLI - - HNGAPVCESM | LQYI DE
| PLELRTVDLVKG - - - - - QHKSKEFLQ NSLGKLPTLK- - - DGDFI LTESSAI LI YLSC
VELNLKLTDLMKG: - - - - - EHVKPEFLKLNPQHC!I PTLV- - - DNGFALWESRAI Q YLAE

SSYEEKKYTMGDAPDYDRSQW.NEKFKL GLDFPNLPYLI - - - DGTHKI TQSNAI LRYI AR

EKYEEHLYERDEG - - - - DKMRNKKFELGLEFPNLPYYI - - - DGDVKLTQSMAI | RYI AD
VEFEEKF| KSAED- - - - LDKLRNDGYLM - - FQQVPMWE- - - | DGVKLVQTRAI LNYI AS
QSWKEEWT- - - - - - - - VETWQEGSLKASCLYGQLPKFQ- - - DGDLTLYQSNTI LRHLGR
EEFTDRVWVE- - - ----- MADWPN- - LKATMYSNAMPVLD- - - | DGTKMSQSMCI ARHLAR
LDFSI ERI DLRTKK- - - - - TESGKDFLAI NPKGQVPVLQ- L- DNGDI LTEGVAI VQYLAD
SDYEI VPI NFATA- - - - - - EHKSPEHL VRNPFGQVPAL Q- - - DGDLYLFESRAI CKYAAR
FHYNTI FLDFNLG- - - - - - EHRAPEFVSVNPNARVPAL| DHGVDNL SI WESGAI LLHLVN

VEFYAPWCGHCKALAP- - - EYAKAAGKLKAEGSEI RLAKVDATEESDLAQQYGVRGYPTI

HDWDPTCVKMDEVLYSI AEKVKNFAVI YLVDI TEVPDEN- - - - KMYEL YDPCTVMFFFRN
HCYQFEEVLHI SDN- - - - - VKKKLPEGVKMIKYHVNFMGG- - DLGKDL TQAVWAVANVAL GV
LG TVRYLAFPRQGL DSDAEKEMKAI WCAKDKNKAFDDVMAGKSVAPASCDVDI ADHYAL
LPI KQGLLEFVDI T---------------- ATNHTNEI Q- - - DYLQQLTGARTVPRVFI G
RKXSI QEYEL | HQDKEDEGCL RKYRRQCXQDXHQKL SFGPRYGFVYELETGEQFLETI EK
PPSRDELVKLI ADMG- - - | SVRALLRKNVEPYEQLGLAEDKFTDDQLI DFMLQHPI LI NR
L ELAAQVL EDKGVGFGLVDSEKDAAVAKKL GLTEEDSI YVFKEDEVI EYDGEFSADTLVE
REVFQAFNMEKI QTDP- - - - QLFMI'TVI TPTGCMNACMMG- - - - PVWVWVYPDGVWY GQVKP
YPYGEKQDEFKRLA- - - - - ENSASSDDLLVAEVG SDYG- - DKLNVEL SEKYKLDKESYP
DSWGE LFSHPRDFTPVX- - TTEL GRAAKLAPEFAKRNVKLI ALSI DSVEDHLAWSKDI NA

31
30

Figure 63: Sequence alignments of thioredoxin-foldomains in CLIC, GST and thioredoxin families indicating residue
charge.Positively charged residues are shown in blue agatively charged residues in red. The proposeditnambrane
region of CLIC1 is highlighted in yellow.
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Helical propensities and capping motifs by AGADIR sequence

analysis of representatives of the thioredoxin superfamily.

Regions showing high helical propensities are boxed inRedidues showing high
N-capping or C-capping characteristics are boxed in bluga Bas generated by
analysing the protein sequence using the AGADIR algorithrarfibaet al., 1998).
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superfamily the only member to show high helical propgnsitthe corresponding
region was calsequestrin. AGADIR analysis of repregests from the thioredoxin
superfamily are shown in Figure 66.

3.7.4 Phosphorylation sites and signalling motifs

A search was done using the CLIC1 amino acid sequence tayidesssible motifs
that may be involved in signalling (Table 4). The programSReo(Stamleret al.,
1997) was used and revealed 5 possible N-myristoylation Sitpsptein kinase C
phosphorylation sites and 6 Casein kinase Il phosphomlasites. One N-
glycosylation site at residue 42 and one cAMP phospharglaite at position 49
were also noted. Both GST and CLIC families have kmaasociations with protein
kinases (Qiaret al., 1999; Edwards and Kapadia, 2000; Nishizaaval., 2000; Cho
et al., 2001). Previous studies examining the possible role of phosphioryl
regulating CLIC1 activity, only involved using protein kinase &l dound that it had
no effect on valinomycin-dependent chloride efflux (Twk al., 2002). The
possibility that CLIC1 channel activity could be regulatedoblyer protein kinases
could provide the basis for future studies.

Two putative nuclear localisation sequences were alsadfto exist at positions 49 —
51 (KRR) and 192-195 (KKYR). The KRR motif is found just aftee proposed

transmembrane region (aP32) in the N-terminal domain, while the KKYR motif is
found at the end of helix 6 in the C-terminal domain. t&oget importin / karyopherin
proteins to bind the nuclar localisation sequences orCClthe folded protein may
have to partially unfold or rearrange to utilise this naccienport machinery.

3.7.5 Surface area determination

Exposed and buried surface area was determined for CLIC1 dsngdlecular
modelling program NACCESS (Lee and Richards, 1971) and compéitednother
monomeric GST, namely Glutaredoxin-2 (Grx2). The surfa@as were modelled
using co-ordinates from the CLIC1 (Harrepal., 2001)and Grx2 (Xiaet al., 2001)
structures. The entire protein was first modelled and thentwo domains were
modelled individually. This enabled calculation of the bursedface area at the
domain interface. The total accessible surface arealatéd for CLIC1 was 12 350
A with 3 528 A (29 %) being polar and 7 174 A (58 %) non-polar.Gi2, the total
accessible surface area of 9 898 A was made up of 3 000 A (36l&b)sprface and
5983 A (61 %) non-polar surface. Although the proteins contain pgueentages of
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Table 4: Signalling and phosphorylation sites of CLIC1.
The CLIC1 sequence was scanned for all possible signallingolosphorylation
sites using the ProSite program (Stameteal., 1997)

RECOGNITION

SITETYPE CLIC1 RESIDUE NUMBER SEQUENCE

N-myristoylation site 15-20 GSDGAK
18-23 GAKIGN
38-43 GVTFNV
132-137 GLLKAL
170-175 GNELTL

Protein Kinase C

phosphorylation site 27-29 SQR
48-50 TKR
77-79 TNK
163-165 SQR

N-glycosylation site 42-45 NVTT

Casein Kinase Il

phosphorylation site 44-47 TTVD
155-158 TSAE
156-159 SAED
174-177 TLAD
198-201 TIPE
222-225 TCPD

cAMP- and cGMP-

dependent protein kinase

phosphorylation site 49-52 KRRT

Nuclear Localisation

sequence 49-51 KRR
192-195 KKYR
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polar and non-polar surface area, CLIC1 appears to hdaeger total accessible
surface area indicating that it is not as tightly packedl @erhaps more flexible than
Grx2.

Domain 1 of CLIC1 has 18 % more accessible surface aasgadbmain 1 of Grx2,
while domain 2 only has 14 % more.The surface area buritee atomain interface
of CLIC1 is 2 427 A and 2284 A for Grx2. This translates to 16f%he domains
surface area being buried in CLIC1 and 19 % in Grx2.
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CHAPTER 4. DISCUSSION

4.1 Structure and stability of CLIC1 in the abseotmembrane

4.1.1 Redox effect on CLIC1

Previous studies have suggested that the functioning andyacivCLIC1 may be
regulated by redox processes (Tdlal., 2002; Littleret al., 2004; Singh and Ashley,
2006). In the cytoplasm, where conditions are strongiycimg, soluble CLIC1 is
likely to be in its reduced form. However, reactive oxygpecies (e.g. #D,) or
reactive nitrogen species (e.g. NO), which are known docéllular signalling
molecules (Klatt and Lamas, 2000; Standeal., 1997), are likely to alter the resting
state of soluble CLIC1. The present study investigates amgpares the properties
and characteristics of reduced, non-reduced and oxidisex foif CLIC1.

It appears that there is a slight difference in tigary environment of the tryptophan
of reduced and non-reduced forms. However, the secondactwste of all forms
remains unaffected. The increase in alpha helicalecbnbbserved in the CLIC1
dimer crystal structure (Littlest al., 2004) would probably be undetectable by far-UV
CD analysis since the reduced monomeric form is higiplyaahelical to begin with.
Although the crystal structure of dimeric CLIC1 wasvsedl at 1.4 A (Littleret al.,
2004)no basic fluorescence or far-UV circular dichroisraraaterisation of this form
has been done. The present study confirms the simiardgfethe tryptophan
environment of monomeric and dimeric CLIC1 observed inr tbigstal structures
(Figure 67).

The unfolding kinetics of reduced CLIC1 monomer appears toueh slower than
that of other GST family members (Wallage al., 1998). CLIC1 exhibits an
unfolding time constant of 17.4 minutes while glutaredoxiGg®), which is also a
monomeric structural homologue of the GST family, wigolvith a time constant of
1.3 minutes under the same conditions (Gildenhuys, Pidhlished results). This
indicates that CLICL1 is a relatively stable monomeratqin in its reduced state at pH
7.0. The buried surface area at the domain interfacdetsmined by NACCESS
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Figure 67: Ribbon representations showing orientation of Trp35 iroxidised and
reduced CLIC1 forms.

Comparison of the orientations of the lone tryptophasidue in reduced
CLIC1monomer (A) and oxidised CLIC1 monomer (B). Imagese generated from
the crystal structures of CLIC1 monomer using the PDBeclkOm(Harropet al.,
2002) and CLIC1 dimer using the PDB code 1rk4 (Litderl., 2004) with Swiss-
PDB viewer (Guex and Peitsch, 1997).
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(Lee and Richards, 1971), was 2427 A for CLIC1 and 2284 A fa2 Gndicating a

similar domain interface for the two proteins. Therefaihe slower unfolding rate
observed for CLIC1 cannot be attributed to a more closethointerface that could
stabilise the protein and affect the unfolding rate. Tha bkigbility may be a built-in
mechanism to prevent CLIC1 from spontaneously unfoldiag/amging in the

cytoplasm until the necessary signal occurs. This sigagl very well be that coming
from reactive oxygen species during cell stress, causingxidation of CLIC1. It has
been shown in this study that the oxidised form of CLI@folds at a much faster
rate than that of reduced CLIC1 indicating that oxidiS&4#IC1 is less stable and will
therefore be able to unfold or rearrange easier to farrmembrane-insertion

competent form.

CLIC1 completely refolds in 400 seconds (6.7 minutes), wisiaghuch quicker than

the time the protein takes to unfold (17.4 minutes). Thasv dinfolding and fast

refolding pattern is indicative of the strong co-operaiiMeractions that keep the
reduced protein in its stable form at pH 7.0. The other menemember of the GST
family, Grx2, takes longer to refold (181 seconds) thaods to unfold (141 seconds)
(Gildenhuys, PhD unpublished results)

It appears that the monomeric form of CLIC1 is stadmlisby increasing salt
concentrations. This is probably due to increased eléatiosor hydrophobic
interactions caused by the charging of ionisable residueshiglt sulphate
concentrations. This is not apparent for the oxidisecedarform of CLIC1 and may
be due to the protection of the regions affected by timaingp together of the two

monomeric subunits to form the dimer.

4.1.2 pH effects on CLIC1

Low pH appears to play a role in promoting membrane igely either inducing a
molten globule state and/or in making a part of the prateore hydrophobic by
neutralizing acidic residues. For so-called amphitropicdaal-form proteins like
CLIC1 that exist in soluble and membrane associated farssudy of the effect of
pH on the structure and dynamics of the protein is crsimge the protein will be
moving from a neutral pH in the cytoplasm to a more aguHl at the membrane
surface. This lower pH at the membrane surface is duketarionic lipids on the

surface of the membrane causing a negative surface pdtertich in turn increases
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the proton concentration near the surface and effegtivelers the local pH near the
membrane surface (McLaughlin 1989, Menestehal., 1989, van der Goadt al.,
1991). As the soluble form of CLIC1 approaches the membtam#l move into a
micro-environment with a lower pH and thus the effedtshs pH change on the
protein need to be analysed. Furthermore, a decrease pHtlof the cytosol during
the initial phases of apoptosis has been reported (Matsugtaal ., 2000) that may be
a signal for soluble CLIC1 to insert into the membrafiee membrane insertion
process of other pore-forming proteins, like colicin A, haerbexplained using
membrane-pH dependance (Mugaal., 1993). Colicin A was shown to form a
molten globule state at low pH, which reduces the endrygrrier required in
unmasking the hydrophobic hairpin for membrane insertion.

Fluorescence studies performed on CLIC1 at pH 7.0 and pH Sabaskbght change
in the environment of the lone tryptophan. A slight rbifsn the emission maximum
suggests that the tryptophan residue (Trp32) is more exposedvént at the lower
pH. Because CLIC1 only has one tryptophan reporter thartestructural changes
observed could be localised to thé helix region where Trp32 is situated. Warton
and co-workers (2002) found no significant change in fluorescpraperties when
they compared CLIC1 at pH7.0 and pH 6.0. However, the pHwhatselected to
represent “low pH” in that particular study was sligttigher than that of this study.
Furthermore, the discrepancy may be due to an inadequatation time of CLIC1
at the low pH. For this study, CLIC1 was kept at pH 5.5 migét, after which the
experiments were performed. The fluorescence emisstanotiéained here indicate a
minor change in the tryptophan exposure to solvent amdidstation.

Far-UV CD analysis of CLIC1 at pH 7.0 and pH 5.5 indicatest there are no
significant changes in the proportions of secondary straicelements in this pH
range. This result is consistent with previous studieSld&1 at low pH that showed
no major alteration in secondary structure (Wastoad., 2002).

Although ANS binds to the subunit interface of dimericmbers of the GST family
(Sayedet al., 2002; Dirret al., 2005) it does not appear to bind to the monomeric
member Grx-2 (Wallace, unpublished results). ANS bindingies performed at pH
7.0 and pH 5.5 (Mcintyre, PhD unpublished results) indicate significant

hydrophobic surface exposure for CLIC1 at these pH conditibnis rules out the
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formation of a molten globule for CLIC1 at pH 5.5, ®na hallmark of a molten
globule state is its ability to bind ANS (Semisotrebal., 1991).

The absence of any gross structural change and the ladkltehnglobule formation
for CLIC1 as it moves from pH 7.0 to pH 5.5 argues foregitbubtle structural or
dynamical changes in solution that are undetectable bya@® ANS binding
experiments, or the requirement of other factors sudip@s for its pH-dependent

solution-to-membrane conformational change.

Amide hydrogen exchange techniques are unparalleled in thiéty &0 probe sub-
molecular protein dynamics. This information can be usafine inferences drawn
from high resolution structural studies such as x-rggtatlography, and can provide
unique insights when structural information is unavailabteehvironmental specific
conditions (e.g. pH). Enhanced methods of deuterium egeharass spectrometry
(DXMS) were used to analyse CLIC1 dynamics and struetupgé! 7.0 and pH 5.5. It
was important to study the structural dynamics and stabifi@LIC1 as it occurs in
its soluble form in the cytoplasm at neutral pH becahisentould provide insight into
which regions of the protein are most likely to unfoldearrange in order to form the
membrane-insertion competent form, based on stabiitly flexibility. Comparisons
with other GST family proteins may provide informatioroabthe evolution of the
thioredoxin fold. Furthermore, the only high resolutiomustural information on the
soluble form of CLIC1 was solved at pH 5.0 and ‘& gHarropet al., 2001) and may
therefore not accurately resemble CLIC1 as it occutharcytoplasm. HXMS at pH
5.5 was performed in order to provide important informatinrthe structural changes
that are occurring as CLIC1 approaches the membrane. i pideed the trigger for
CLIC1 to convert from soluble to integral membrane fanalysis of the structural
dynamics at low pH are crucial in establishing possible teoide the membrane-
insertion mechanism. This work represents the first tirygrogen-exchange mass
spectrometry has been used to gain valuable insight intetthetural dynamics of
any CLIC family member, wildtype monomeric GST or anynmmeric member of
the thioredoxin superfamily for that matter.

In the crystal structure determined for redox-inducedsttian of CLIC1 (Littler et
al., 2004) thea2-loop region differs between each independent molesblere its

conformation appears to be dominated by crystal packingacttens. This is also
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apparent for one of the molecules in the assymetricafrtbe first CLIC1 crystal
structure (Harropt al., 2001). Thus, the2-loop region is likely to be only partially

ordered in solution with high degrees of flexibility.

This region may form the base of the transmembragmat of the CLIC1 channel
(see section 4.2.4) and the flexibility of this regiomldobe required for correct pore
orientation. The peptide from residue 43 — 68, which coretatéhen2 region of the
protein structure, shows 32 % deuteration within the firse tpoint (10 sec) and
accumulates progressively to 81 % deuteration after 3000d=cbiis steep slope in
the accumulation graph indicates that this regioneigilile. The crystal structure of
the oxidised dimeric CLIC1 form shows that the most egmastructural change
between the soluble monomer and oxidised dimer isecklatthen2 region (Littleret
al., 2004). It seems the&2 region is a central structural element for the redox-
controlled structural transition that is proposed to regme the membrane docking
form (Littler et al., 2004. The structural flexibility of this region observed é&dyy
DXMS analysis may reflect that the intrinsic confatrmnal susceptibility of thei2
region could play a role in the initial step of thaistural transition of soluble CLIC1
to membrane insertion-competent form. The flexibilifytlee domain linker, which
essentially serves as a hinge connecting the two dsmanay be necessary for
changes in the relative orientation of the two doméad is likely to occur when
CLIC1 converts from soluble to integral-membrane form.

In order to provide some structural insight into the eeton levels observed
overall, the DXMS data was mapped onto the CLIC1 chgstacture (Harropet al.,

2001) showing regions exhibiting high, intermediate and logharge rates (Figure
24). The results indicate that domain 2 is more stitden domain 1, with the
thioredoxin-fold showing relatively high levels of fleRity. It is therefore more
probable that the thioredoxin-fold domain is the regiort thadergoes structural
rearrangement or unfolding to form the insertion-competemh that can insert into
the membrane. It has been proposed previously that thenr@5 — 46 forms the
transmembrane segment of CLIC1 (Valenzwetld., 1997; Littleret al., 2004; Singh

and Ashley, 2006). Our DXMS data support this. At pH 7.0 the osdyons in

domain 1 that appear to be stable and completely protectadd&aterium exchange
are short segments of helix 1 and helix 3. The intenatibetween these two
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structurally adjacent regions appear to be the stadglifactor in the otherwise
flexible thioredoxin domain.

Although the majority of domain 2 shows low deuterium @xge patterns,
indicating that this domain is relatively very stable tagion corresponding to the C-
terminal portion of the negatively charged loop is veexifile. It is interesting to
note that the N-terminal portion of the loop (residid8-153) shows low deuterium
exchange and probably serves as a stable hinge for the dldaiyg. As can be
expected, the end portion of th®-helix at the protein’s C-teminus is very flexible
(residues 231-236).

Amide hydrogen/deuterium mass spectrometry has recently e to study the
structural dynamics of another member of the GST faif@lgdreanuet al., 2005;
Thompsonret al., 2006). The class Mu enzyme, rGSTM1-1, is dimeric. Howeter,
individual subunits are made up of a N-terminal thioredoald-lomain and a C-
terminal a-helical domain similar to the arrangement found in tlememeric GST
family member CLIC1. Thompson and co-workers (2006) demoastthat a double
mutation at the proteins dimer interface resulted insaogiation to a monomeric
enzyme that was native-like. A comparison of the dyoanand stability of the
rGSTM1-1 monomer with CLIC1 could provide insight into tbegolution and
functioning of the monomeric GSTs, and more specific@lliC1.

The HXMS experiments done on the Mu-class GST (Thomgsah, 2006) were
performed under slightly different conditions compangith CLIC1. The protein/RO
solution was incubated at 25 for the various time points before quenching. This is
at a higher temperature to th&0that was used for CLIC1. It is expected that this
would have caused an increase in the rate of deuterium bindohgs@ the two
experiments are unfortunately not directly comparablee felative stability of the
two domains within each protein can, however, be compa&tegtides completely
protected from deuterium throughout the entire length oe#periment indicate the
most stable regions of the protein and possible foldingeation sites. For Mu-class
GST the only regions showing no exchange over 480 minutesshert peptides 19-
21, 97-100 and 158-163. For CLIC1 the peptides completely shieldaddfawterium
were residues 31 —34, 83 —86, 108 — 117, 135-142, 173 — 188 and 204 — 213. This
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indicates a substantially greater amount of stable/gexeregions, especially in
domain 2, for CLIC1 compared to the Mu-class GST.

It has been previously speculated that since the Natndiomain of CLIC1 has
evolved from the thioredoxin superfamily, it seems unlikbbt it will unfold readily
to form a membrane-interacting domain (Crongeral., 2002). The HXMS data
shown here provides evidence that the thioredoxin fold irCClias indeed evolved
into a dynamic/flexible domain capable of rearrangementrderoto fulfil a new
function, namely, membrane insertion and channel foomaffhe plasticity of the
CLIC1 N-terminal domain was noted by Harrop and co-work2@®1) when two
different conformations were observed for the ciysd@ucture. Thecis/trans
conformation of Proline 91 had an effect on the oriematf helix 1 and helix 3,
indicating that the domain is somewhat plastic and neagusceptible to structural
alterations as part of its functian vivo (Harrop et al., 2001). The ability of the
thioredoxin-fold domain of CLIC1 to rearrange was alsowsh by Littler and co-
workers (2004) with the formation of an entir@yhelical domain when exposed to
hydrogen peroxide and forcing the formation of an intra-dondésulphide bond
(Cys24 — Cysbh9). The resulting altered conformation ofNHerminal domain is
unstable in solution due to a large exposed hydrophobic sitfitiver et al., 2004).

To date, the evolutionary history of the GST C-termuamain has remained a
mystery. For CLIC1 it appears that this entirahhelical domain may represent the
nucleation site for the protein due to the high stahifftthis region. Furthermore, the
stability of domain 2 in CLIC1 may be necessary to keepGB8& fold stable as a

monomer.

Although the conformational change from solution to membraas been shown to
be pH dependent (Wartahal., 2002) it appears that an acid-induced molten globule
conformation is not what mediates the change frorabdelto integral membrane
form. Under conditions that favour the solution confation (pH 7.0), the free
energy of unfolding £G) has been determined to be 9.8 kcalinathile under
conditions that favour a membrane conformation (pH 3\&),was 3.9 kcal.mdf
(Mcintyre, PhD unpublished results). This indicates tattpH 5.5 the solution

conformation of CLIC1 is destabilised. However, it does form a molten globule
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commonly thought to be necessary for proteins that surbch soluble to membrane
form. The presence of a negatively charged membrane eteatrostatic potential
across the membrane may be necessary to trigger tifermational switch by
interacting with the less stable form at pH 5.5. Theeats of molten globule
formation at pH 5.5 might have evolved to protect CLIGhfrintracellular proteases
as it undergoes the conformational change essentias factivity.

From the comparison of the DXMS data for CLIC1 at pHah@ pH 5.5 it can be
concluded that parts of tleel, a3 anda6 helices of CLIC1 become more flexible at
lower pH. No other significant difference in deuteratibatween the two pH
conditions was observed. As CLIC1 approaches the memlarathenters into a lower
pH micro-environment certain structural changes occur ey be necessary to
trigger the association/ insertion of CLIC1 into thenmbeane. The exact behaviour of
a given protein at low pH is a complex interplay betwaesriety of stabilizing and
destabilizing forces. Non-specific repulsions between laitpi charged residues
(electrostatic forces) may be affected by a change inpldhange in the proteins net
charge leads to more charge repulsions along the psatdsce and destabilises the
protein. Typically, as the pH approaches the proteingajue the net charge of the
protein should be zero thereby minimizing any repulsiveasertharge contacts. The
effect of pH can, however, vary for proteins with ¢amipl values based on their
different amino acid compositions. The individudgvalues for amino acid side
chains are a crucial factor when considering the effecptbfchange. Acid or
negatively charged residues with loWavalues like aspartic acid and glutamic acid
form specific charge contacts with basic or positiveharged amino acids like
arginine, lysine and histidine. These electrostatic ctst@® known as salt-bridges
and can provide an energy contribution of up to 15 kcal/nmolsair (Kumar and
Nussinov, 1999). When pH conditions drop and approach theHawalues of the
acidic residues a disruption or weakening of any salt-bridgeact may occur.

DXMS data at pH 5.5 shows the region in helix 1 becomee filexible, possibly by
disruption of the salt bridge formed between Glu81 inxh@glwith Arg29 in helix 1
(Figure 68). This disruption might occur as théap(4.25) of the negatively charged
glutamate residue is approached as the pH environment ieibwirere is also a salt
bridge formed between Lys37 of helix 1 and Glu85 in helix 3. Bog29 and Lys37

are highly conserved in the CLICs but not other GSTfilaeins. The same position
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Figure 68: Graphic representations of CLIC1 residues affectk by a drop in pH
conditions.

(A) Amino acid side chains shown in ball-and-stick formMet32 side chain shown
in orangeand Arg29 side chain shown in blue. Hydrogen bonds represénted
dashed green lines. (B) Interactions between helix 1,(hedix 3 (blue) and helix 6

(green). The images were generated with Swiss PDB vigexx and Peitsch, 1997)
using the PDB file 1kOm (Harrogi al., 2001).
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in the GSTs has hydrophobic residues. Since salt bridgesffacted by pH it is very
likely that these two positions play an importanerahd if they “uncouple” at lower
pH it is likely that you get the “loosening”/flexibilitynihelix 1 and helix 3A low pH
environment may also result in a weakening of the doubldsdlje contacts formed
between GIlu85 in helix 3 and Leu96 that is found in the domakeriregion. This
linker could serve as a hinge point if interactions argrugted, allowing the
thioredoxin domain to move away from domain 2, rearrange iasert into the
membraneThe dependence of the conformationodf anda3 on the domain linker
region was reported by Harrop and co-workers (2001). A secariecute in the
asymmetric unit of the crystal structure indicated tvaen Pro91 in the domain
linker region was in the trans orientation, it resiili@ an alternative conformation of

theal anda3 helices (Harrogt al., 2001).

Helix 6 in domain 2, which also becomes more flexibl@atel pH, has inter-domain
contacts with helix 1 and helix 3. The side chain of Arg2®alix 1 is positioned
very close to the side chain of Asn179 of helix6. Similate side chain of Glu81 of
helix 3 is in close proximity with the side chain of Leul@5helix 6. A hydrogen
bond exists between Asnl79 and Leul75, so a weakening of tenaction across
the domain interface may result in a co-operative digraptt is interesting to note
that the only region in domain 2 to be affected by a dnopH, helix 6, is a region
that is predicted to form a transmembrane helix inGhéCs because of significant
hydrophobicity, as judged by hydrophobicity plots. The DXMS gatavs that helix
6 becomes more flexible at pH 5.5. If this helix becomg®meead it could play a role
in interacting with the membrane. Certain co-operatieractions across the domain
interface may be weakened as the pH environment is éalneend the charge of the
acidic residues becomes more neutral. This disruptioosadhe domain interface
may result in the proposed transmembrane regions legomore loose and
accessible to solvent. Inter-domain hydrophobic contaitbshelix 1 and helix 3 may
be disrupted as the pH environment is lowered, since thiaas between helix 1,
helix 3 and helix 6 seem to be co-operative. An initiatuption in the salt bridge
between Glu81 and Arg29 may result in a co-operative disrufetween contacts
within and across the domain interface. Arg29 forms twodgein bonds with Met32
that could be disrupted by the weakened interaction betveg29 and Glu81. Inter-
domain cooperativity was also noted by H/D exchange sudiethe rGSTM1-1

mutant that produced a stable monomer (Thompesaa., 2006). A static core of
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interactions between the two domains provided a molecoéesis for domain

cooperativity. No amide exchange for the entire duratiorthef experiment for

regions corresponding to helix 1 and helix 4 in domain d laglix 6 in domain 2

suggests that these stable regions, which are in closamninoxo each other across
the domain interface, constitute a cooperative link (Thsomgpt al., 2006).

Mutational studies performed on Met32 in CLIC1 (StoychBwhD unpublished
results) show that disruption of the inter-domain Ki@nd-key' motif significantly
destabilised the protein. The M32A CLIC1 mutant also skiothe same three-state
unfolding pathway with formation of an intermediatesetved for equilibrium
unfolding of CLIC1 at pH 5.5 (Mclintyre, PhD unpublished regulThe accumulation
of this intermediate indicates a loss in cooperativdirig and thus highlights the
crucial role of Met32 in the cooperative folding of CLIC1.

The interesting similarities in stability between M82A mutant and native CLIC1 at
pH 5.5 seem to indicate that Met32 is a key residue effdnyea drop in pH. The
cooperative interactions between Arg29, Met32, Glu81 and Glu2iBbma target
for any signal to trigger the radical structural redageament necessary for soluble
CLIC1 to insert into the membrane. The disruption of k#gractions across the
domain interface may result in the proposed transmermlegion becoming more
loose and accessible to solvent.

The structure of the integral membrane form of CLI@inains unknown. Future
studies involving DXMS analysis of CLIC1 inserted into lipows may provide
some insight on this structure. However, the techniqueeptesome complications
that must first be overcome in order to optimise ddas for DXMS analysis of
proteins in lipid bilayers.

4.1.3 CLIC1 sequence and structure analysis

The region predicted to form a transmembrane helix 1dCC based on sequence
analysis was from residue 30 to 40.This predicted segmenmgsponds to the helix 1
and[3-strand 2 regions of CLIC1. Sequence analysis of othé€ @koteins has also
identified this region (Cys24 - Vald6 for CLIC1 numbering) aspuatative
transmembrane helix (Valenzueaal., 1997; Edwardet al., 1999; Qiaret al., 1999;

Berryman and Bretscher, 2000). Experimental support fohgpsthesis also comes
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from proteinase K digestion studies on CLIC4 (Dunetad., 1997) and GFP-tagging
studies on aCaenorhabditis elegans CLIC-like protein (Berry et al., 2003).
Previously, it seemed unlikely that region Cys24 — Vald6 mifgtm a
transmembrane helix in the channel state because @&3felike monomer structure
(Harrop et al., 2001), which would require an unfolding of the N-domain on
membrane insertion. Recent studies involving the transioalimeric form (Littleret

al., 2004) indicate that such an unfolding is indeed possible. Tloemation on
CLIC1 stability obtained by HXMS studies (see section 34 .firther validates this
by indicating that the thioredoxin-domain is more likelyutdold and rearrange than
the highly stable C-terminal domain.

Sequence alignments of the thioredoxin superfamily and @®&illyf with the CLICs
(Figure 63) reveals a conserved feature of the proposedneansane region (P25 —
V46). This region contains many positively charged residue&s ran negatively
charged residues for the CLIC family of proteins. This wWdcg an essential feature
of a pore that transports the negatively charged chlooideacross the membrane.
Furthermore, the conserved positively charged motif (K491 in CLIC1) found at
the end of the putative transmembrane region, may belag™ to stop the
transmembrane region from inserting further into tregatively charged lipid
membrane. The “positive inside rule” (von Heijne, 1986)estahat regions with a
higher content of positively charged residues tend to irenrathe side from where
insertion is occurring. The membrane dipole potential plessia higher energetic
barrier to positively charged residues than to negatsiedyged residues (Flewelling
and Hubbell, 1986).

Analysis of the proposed transmembrane region of CLICthéncrystal structure
(Harrop et al., 2001) shows that Arg29 and Lys37 line one face of the h&he.
central 10 amino acids (Leu30 — Val39) are all non-polaity the exception of
Lys37. This predominantly hydrophobic region is flanked oneeidide by more
polar residues. Polar and aromatic residues at the hel iateract favourably with
the interfacial region of the membrane to “anchofChamberlairet al., 2004). This

pattern is typical for transmembrane helices (SakéiTaukihara, 1998).
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A comparison of the hydrophobicity patterns for the seqeewnd CLICs, GSTs and
thioredoxin superfamily members was undertaken. For th€ @kbteins the highest
level of hydrophobicity was observed at the region cormasipg to residues 25 — 40
(CLIC1 numbering). This highly hydrophobic region was immesdyafollowed by a
highly hydrophilic dip observed in the plots. Analysis of hyelrophobicity plots of
all the GST and thioredoxin superfamily members could detect similar
hydrophobicity patterns for the corresponding region wittha thioredoxin-fold
indicating that the hydrophobic properties of the CLIC pnsteare unique and
conserved and may play a crucial role in the proteingatmlinsert into membranes.

Helix propensity analysis shows a high helical propensay the proposed
transmembrane regiom1 and(32) for CLIC1, and in fact the entire CLIC family.
The loosening of the proposed transmembrane regionvatplé may very well
represent a mechanism by which & helix andp2 strand region become more
exposed to solvent and fulfil their high propensity folida formation. This
extended helical hairpin structure may then be hydrophopidallen to insert into
the membrane. It is also interesting to note that tBABIR helix propensity analysis
for the entire GST and thioredoxin superfamily revealgg GLICs to show this high
helical propensity at the correspondind/32 region with strong N-capping and C-
capping properties. Exceptions were GST Kappa class dsdqoastrin, both of
which have been implicated in membrane interaction @\éral., 1998; Ladneret
al., 2004). The Omega class GST and glutaredoxin-2 proteins, whiah Very
similar folds and topology to CLIC1, do not show this yely high helical
propensity at the corresponding regions. Even thioredfxim which the N-terminal
domain of CLIC1 is thought to have evolved from, doesexbiibit any high helical
propensities in the corresponding regions. Only CLIC2 ankC&Idid not show high
helical propensity at thB2 region. Interestingly, the ability of these CLIC nimars
to form channels has yet to be shown. The high heficapensity ofal and the
“masked” helical propensity o2 may play a crucial role in the mechanism for

CLIC1 membrane insertion.

The type of amino acid residue found at the N-termindl@+terminal end of a helix
has a major effect on the stability of the entirexh&errano and Fersht, 1989). These
residues are referred to as N-capping or C-capping residdgday an important role
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in the folding and stability od-helices (Scholtz and Baldwin, 1992; Wan and Wilner-
White, 1999). Based on AGADIR analysis, strong N-cappind) @capping motifs
were identified for CLIC1. The N-cap residue for helix Bexine 27, while the C-cap
residue is Lys37. These residues are strictly consenvidekiCLIC family. N-capping
motifs are also found at Asn42 (CLIC1 numbering) where higlical propensity is
noted in the32-region for CLICs (except CLIC2 and CLIC3). The highly caned
Lysine residue at the C-terminal end3@ was predicted to form a C-capping motif of
CLIC4, CLIC5 and CLIC6 but not CLIC1. The fact that thessidues exhibit strong
helix capping characteristics and are either strictlyighly conserved in the CLIC
family (but not other proteins utilizing the thioredoxin foldylicates that they may

play a crucial role in the proteins functioning in intégne@mbrane form.

Although N-capping motifs have previously been reported fofF =8 helix 6 (Aceto

et al., 1997) and helix 9 (Diret al., 2005) in domain 2, this is the first time N-capping
properties have been observed for regions in the thionedoki domain of GSTs.
An N-cap residue (Serine 12) and C-cap residue (Tyr19) ir helias noted for Mu-
class GST. This may serve as a platform for future esutiivolving GST stability.
The high helical propensity prediction for tlel/32 region of Kappa GST also
indicated Lys21 and Arg40 as possible N-cap and C-cap resmégpsctively. It has
been previously hypothesised that Kappa GST binds to membaanpart of its
function (Ladneret al., 2004). The strong N-capping and C-capping properties
observed for many of the CLICs in the regionodf and32 may be an important

feature for the protein families ability to form stabled functional channels.

Surface area determination of CLIC1 and comparisons @ita2 show that CLIC1
appears to have a larger total accessible surface atieatingl that it is not as tightly
packed and perhaps more flexible than Grx2. Despite ctoes the CLIC1 crystal
structure (Harropet al., 2001) indicating that this increased surface area may be due
to the flexible negatively charged loop region in domain @ppears that domain 2 of
CLIC1 contributes more to the difference in surfaceaasbserved between the two
proteins. The slightly higher percentage value for Grxdebdusurface area at the
domain interface indicates the domain interface is moae closed orientation than
the more open domain interface of CLIC1. This correspamdiswith the hypothesis
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that the CLIC1 domain interface is somewhat plastic am@y be susceptible to
structural alterations as part of its functiorvivo (Harropet al., 2001).

4.2 Interaction of CLIC1 with membrane models

4.2.1 TFE

Trifluoroethanol (TFE) is a co-solvent known to enhanice helical content of
peptides which display intrinsic helical properties (Rethél., 1996; Kumaran and
Roy, 1999). TFE interacts with hydrophobic regions on thaepr by displacing
helix-helix contacts in the bundle conformation. they words, TFE replaces helix-
helix interactions with helix-TFE interactions. Theefarential aggregation of TFE
molecules around peptides induces a stabilizing effect. Takngodisplaces water,
thereby removing alternate hydrogen-bonding partners anddprg\a low dielectric
environment that favours the formation of intra-peptide dbgedn bonds (Roccatamb
al., 2002). Because of the similarity in properties between aikdEthe hydrophobic
interior environment of the membrane, TFE is conside®d membrane-mimetic

solution and is widely used as a membrane model systgniMaket al., 2001).

These results indicate that CLIC1 has a tendency tdichls increase its helical
content when exposed to a lower dielectric constant,opydrbic environment like
that found in the membrane core. The CLIC1 structure egdesice appears to have
a high helical propensity when exposed to membraneelikeronments, and would
probably take on a highlg-helical structure once it has inserted into the menabran
The folding of CLIC1 once it inserts into the membransuld likely take on an
entirelya-helical transmembrane structure based on the highahpliopensity of the

protein observed in this study when in a membrane-mireaeiiconment.

This could imply that once CLIC1 structure is rearrangedhe membrane core it
may not have the ability to revert back to its solubtenfo
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4.2.2 Liposomes

The structural and thermodynamic properties of CLIC1 iated with anionic
liposomes of different lipid composition was investigatedorder to establish
whether the protein inserts into this membrane modeksysand what structural
changes are occurring. The role of pH in the interaatioCLIC1 with liposomes was
also investigated. Liposomes containing cholesterol (POBEME holesterol) and
liposomes not containing cholesterol (asolectin) wéundisd with CLIC1 at pH 7.0
and pH 5.5.

Cholesterol is a planar, tetracyclic hydrocarbonr@dfecompound. It is thought to
rigidify membrane structure by breaking up van der Wadksrantions and close
packing of phospholipid tails that make membranes moud.fllt decreases
membrane permeability by strengthening the hydrophobic paakiaactions of the
constituent lipids. The dependence of CLIC1 activityvesicle phospholipid and
cholesterol composition was investigated by Tulk and cd«grsr(2002). The results
indicated that cholesterol-containing membranes signilicaeduced the amount of
CLIC1-mediated chloride efflux and therefore had an inhipiteffect on CLIC1
channel formation or functioning. Other functional studiesGidC1 using similar
electrophysiological experiments used membranes comgalfl % - 17 % cholesterol
(Wartonet al., 2002; Singh and Ashley, 2006). One of those studies could ordinobt
reproducible ion channel activity using membranes that cmdatholesterol (Singh
and Ashley, 2006). In an attempt to clarify the contradyctalata, basic
characterisation and thermodynamics of CLIC1 incubatifd cholesterol-containing

liposomes were undertaken.

A common and useful method for the detection of probamding to membranes is
fluorescence spectroscopy. Data acquired from tryptopharescence studies can be
used to gain qualitative insight into the environment of flm@rophore upon
interaction with lipids. The change in intrinsic protéimorescence, particularly for
proteins with one or low number of tryptophan residues, eaneadily interpreted
based on the sensitivity to the polarity of the surringhdolvent (Duzgunest al.,
2003). When a partially buried tryptophan residue of a protewesito a more polar
solvent or environment, the solvent molecules can reodipoles around the excited
state of the fluorophore such that the energy of xicéesl state is minimised and the

emission wavelength is shifted to a higher wavelengthkkdwicz, 1999). This is
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typical of a protein that is unfolding or re-orientatiso that the tryptophan residue is
becoming more exposed to aqueous solvent. On the other whed,a tryptophan
group moves to a more non-polar environment, like thatdfemithe membrane, there
would be a shift to a more blue emission wavelength. Fluen¢sletection of protein
inserting into phospholipid membranes using intrinsic predssociated fluorophores
and emission wavelength shift is well documented forrahghitropic proteins such
as annexin V (Meers and Mealy, 1993).

The red-shift in fluorescence emission maximum obsewigeh CLIC1 is incubated
with the POPC/DOPG/cholesterol liposomes indicated the protein is partially
unfolding when it comes into contact with the anionmposome membrane. The
negative charge at the membrane surface has previoasly shown to denature
proteins (Endo and Schatz, 1988). The membrane induced dsstaimlior partial

unfolding of CLIC1 may be the initial trigger necessarythe conversion of soluble
CLIC1 to integral membrane form vivo. With the specific lipid composition of the
liposomes used in this study however, it does not appatiCiiC1 inserts into the
cholesterol-containing liposome since we expect the loyetophan to become
buried in the liposome interior and exhibit a blue-shift mofescence emission

maximum.

Far-UV CD analysis of CLIC1 incubated with the cholesteontaining liposomes
show no significant change in secondary structural obmatethe protein. It can thus
be concluded that although CLIC1 partially unfolds or resages in the presence of
anionic cholesterol-containing liposomes, it retains &llit® secondary structure.
Identical results were obtained with CLIC1 at pH 5.5. Toeease in size observed
by dynamic light scattering of CLIC1 incubated with th@FC/DOPG/cholesterol
liposomes may be attributed to oligomerisation of CLIGH adsorption to the

liposome surface or fusion of the liposomes in the piesef CLIC1 protein.

In the literature, the majority of experimental eviderfor CLIC1 insertion into
membranes and channel formation has been extrapolatedetextrophysiological
studies measuring chloride efflux from supposed CLIC1-matiig@nnels (Tullet

al., 2000; Tulk et al., 2002; Wartonet al., 2002; Littler et al., 2004; Singh and
Ashley, 2006). Although this information is useful for thadtional aspect of CLIC1

channels, specific information on the process of memhbrdaeeaction, insertion and
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channel formation is lacking from the scientific litena. The association/insertion of
CLIC1 into membranes has not been demonstrated lgtitactjuantitative analysis of
the thermodynamics involved. In the present study themiynamics of CLIC1

interacting with lipid vesicles was investigated.

Although the small thermodynamic signals indicated ®akC1 was not inserting
into the cholesterol-containing liposomes, represemathermodynamic profiles
were obtained for comparison of CLIC1 interacting with tiposomes at pH 7.0 and
pH 5.5. At neutral pH the initial endothermic (enthalpycainfavourable) heats
observed may be a result of CLIC1 partially unfoldingearranging when coming
into contact with the liposomes. The structurally ateform may then be able to
favourably (enthalpically) interact and associate \thighn membrane (exothermic heat
signals). At pH 5.5 the lack of any initial endothermiatisemay be due to CLIC1
being in a membrane association competent form at pH Eo Ehe binding and
thermodynamic parameters obtained it appears CLIC1 &.pHbinds more tightly
and favourably to the POPC/DOPG/cholesterol liposaimas CLIC1 at pH 7.0. The
more negative change in enthal@yH) value at pH 5.5 (-5.583 kcal/mol) compared to
pH 7.0 (-0.895 kcal/mol) indicates a more enthalpically tam&ble interaction with
membrane for CLIC1 at pH 5.5. At pH 7.0 the free eneffdyiraling (AG) value was
calculated to be 5.623 kcal/mol while at pH A& was —4.567 kcal/mol. The
negative value foAG at pH 5.5 is indicative of a spontaneous reaction coedpaith
pH 7.0. Less disorder was evident at pH 5.5 based on the magegive change in
entropy QS value at pH 5.5 (-0.0034 kcal/mol/K) compared to pH 7.0 (0.0159
kcal/mol/K). This may be as a result of ordering of thembrane or intra-lipid
interactions within the liposome. A low or negat&8 value is also indicative that
hydrophobic interactions do not dominate the binding proceswitfova et al.,
2002). Entropy losses are anticipated when protein binds tobraem since the
mobility of the protein as well as undulations of thedipembrane are significantly

reduced due to protein adsorption.
Protein conformational change, surface adsorption, memabrmsertion and

membrane partitioning are all usually accompanied by changée iheat content of

the system. The driving forces for protein adsorption andig are hydrophobicity,
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electrostatics, and hydrogen bonding. If the protein amd nlembrane are both
charged, as for CLIC1 and POPC/DOPG/cholesterol lipospineould be expected
that electrostatic interactions would be dominant. EbiC1 at pH 7.0 the regions on
the protein responsible for this electrostatic attoaictnay be hidden and a structural
rearrangement may be necessary for the regions tomeecmmasked and thus
interact with the membrane. The structural rearrangemduated by lowering the pH
value may result in a conformation that can readilgract electrostatically with the

charged membrane surface.

From the studies performed with CLIC1 and cholesterataiaoing liposomes it
appears that the protein only weakly interacts with bposs with this lipid
composition. CLIC1 may electrostatically interact twithe negatively charged
liposome causing adsorption to the membrane surfaceprobein does not, however,
appear to traverse or insert itself into the membrdme process of electrostatic
attraction to the liposome is favoured by the conformmatidopted by CLIC1 at pH
5.5 compared to that at pH 7.0.

In order to establish whether the lack of CLIC1 inseriiato the lipid vesicles was
due to the cholesterol content of the liposmes a sitaby/performed using asolectin
liposomes that contain no cholesterol. In a study bl Bmd co-workers (2002),
investigating the dependence of CLIC1 activity on vesiblespholipid composition,
it was reported that a crude preparation of phospholimch fsoybean (asolectin)
resulted in the most abundant CLIC1-mediated channelitgct The lipid mixture
containing approximately 30 % phosphatidylcholine, 20 % phosptettidnolamine
and 30 % phosphatidylinositol with the remainder of thespholipids undefined is
also known as asolectin. The lipid composition rendengt negative charge on the
surface of the formed vesicles. Based on the reportefgérpnce for asolectin by
CLIC1 to form functional channels, a study was undertalerinvestigate the
properties of CLIC1 association with asolectin vesicle

Fluorescence data shows a blue-shift in emission maximouin sa decrease in
intensity when CLIC1 is incubated with asolectin lipmgs. This increase in
emission maximum wavelength is observed when CLIC1 usifslol the possibility of
CLIC1 unfolding upon interaction with negatively charged estirt vesicles cannot

be ruled out. Data was corrected for free asolectim¢chvpeculiarly exhibited some
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fluorescent properties. Far-UV CD analysis indicated al@ange in secondary
structural content as a result of incubation with thdesterol-free liposomes. These
results, like those obtained for the cholesterol-amimg liposomes, provide no
evidence for CLIC1 insertion. Unlike with the cholesterohtaining liposomes,
however, dynamic light scattering studies with CLIC1 asblectin liposomes
indicated that the proteins hydrodynamic size did not asgeand that the lipid

vesicles remain largely intact.

The thermodynamics of CLIC1 interaction with asafeatesicles were investigated
using isothermal titration calorimetry. The resutithermodynamic profile observed
is indicative of weak binding and probably only reflects alsdegree of electrostatic
attraction or lipid-induced conformational change on CLIE&ven though no

significant insertion of CLIC1 into the membrane is lfjkéo be occurring, the

corrected data once again indicates more enthalpidalpurable interactions,
probably electrostatic, between CLIC1 and asolectirclessat pH 5.5 compared with
pH 7.0.

This finding that CLIC1 does not readily or spontaneousheringnto asolectin
vesicles is consistent with recent results, whichagibthat CLIC1 failed to form
well-defined ion channels and thus produce any ion channeityethen incubated
with asolectin bilayers (Singh and Ashley, 2006). It wpsculated by Singh and
Ashley (2006) that CLIC1 may require specific lipids in arde refold or form
oligomers after membrane insertion. The results of pmesent study, however,
indicate that CLIC1 may be weakly associating but neeriing into asolectin

vesicles, explaining why no channel activity was observed.

4.2.3 Sarkosyl micelles

Since CLIC1 did not appear to insert and form channelseitipid membrane models
used (POPC/DOPG/cholesterol liposomes and asolectsicles), a simpler

membrane model system was considered to compare thé afiéaole of factors

such as pH, ligands, inhibitors and specific residues amarane insertion. When

using lipid vesicles many variables such as lipid compasitaholesterol content,

surface charge, vesicle size and vesicle curvature cem &a effect on CLIC1

membrane interaction and insertion. In order to elinginbese variables and provide

the simplest system, for comparative reasons, detergieerlles were used to better
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understand the process of soluble CLIC1 inserting intohtlatetophobic membrane

core.

Detergent micelles are invaluable tools for mimicking memér conditions and
therefore for studying membrane proteins. Detergents céassically used to
solubilize proteins already imbedded in membranes or proagdcegation and for
high-resolution structural analysis (i.e. NMR and X-caystallography) of membrane
proteins. The fact that detergent micelles are useddonstitute membrane proteins
for three-dimensional structure determination impliest etergent micellar systems
should also be suitable for investigations of soluble prat¢éh membranes. Because
of the membrane-like properties of the detergent micelf@ovides a simple model
for protein-membrane interactions. Using detergent corat@ms above the critical
micellar concentration (CMC) is crucial in ensuring eflar structures have been
formed that will have the polar head of the detergerthersurface and a hydrophobic
interior, thus replicating the properties of a lipid fda (Figure 69). The balance of
the attraction between alkyl chains in the micellkerior and the repulsion of polar
head groups determine the CMC and size of the micellgeheral, detergents with
longer alkyl chains form larger micelles because strorgmrlsion of the head groups
are required to terminate micelle growth (Garavito andguéson-Miller, 2001).
Certain differences in properties do exist between detergectlles and lipid
bilayers, however, both amphoteric compounds provide ar,palften charged
interfacial surface and a non-polar hydrocarbon core.nyMgroperties of
transmembrane oligomerisation are also conserved béetwhe environments
provided by detergent micelles and natural membranes (RdsErgelman, 1999).
Artificially reconstituted proteins generally exhibit lowastivity and this may reflect
their random orientation in foreign environments, whetlpid or detergent. These
systems, however, provide a means for comparative studies membrane-
mimicking environment. Sarkosyl is an anionic detergent witthain length of 15
carbons. It was used in this study because the midelle®ed would have a negative
charge at their surface due to the ionic form of the hydliogtead group.

When CLIC1 was incubated with 10.3 mM sarkosyl, a fluaese shift from 347
nm to 342 nm was noted. This blue-shift pattern could be indecafithe proteins
lone tryptophan moving to a more non-polar environment andre@esent CLIC1

insertion into the micelle. The other possibilities that the micelles have a structural
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Figure 69: Chemical stucture of sarkosyl and micelle fonation with protein
insertion.

A. The chemical structure of the anionic detergent N-laumydsane (sarkosyl)

B. Schematic showing micelle formation and protein incaapon. At a
concentration higher than its critical micelle camtcation (CMC), a detergent
solubilises lipids and integral membrane proteins, forminggies containing
detergent and protein. At concentrations below the Ci&hy detergents can
dissolve membrane proteins without forming micelles hyatiog the
membrane-spanning regions. Since sarkosyl has a low CNKCparticularly
effective in solubilizing integral membrane proteins byrforg micelles
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effect on the protein causing the lone tryptophan to becoore buried within the
protein itself, or at the protein-membrane interfacee Tike of fluorescent detection
of protein inserting into phospholipid membranes using intripsotein-associated
fluorophores and emission wavelength shift is well docue® (Duzgunest al.,
2003). This method has been used to study the membrane onseftiother
amphitropic proteins such as annexin V (Meers and Mealy, 1993).

In order explain the decrease in emission intensitgrw@LICL is incubated with
micelles an investigation into the quenching effects okasadl on tryptophan
fluorescence was undertaken. Fluorescence spectrajfivt NATA incubated with
micelles showed a decrease in fluorescence emissiondprgvevidence for a
guenching effect of micelles on tryptophan fluorescence. @vgerved decrease in
fluorescence emission intensity observed for CLICulated with micelles can thus
be attributed to this quenching effect. However, no shignmssion maximum was
noted when NATA was mixed with micelles suggesting thmt shift observed for
CLIC1 with micelles was a result of the protein inisgy into the micelle, positioning
the lone tryptophan residue within the non-polar hydrophobre. The possibility
that the micelles have a structural effect on thegmatausing the lone tryptophan to
become more buried within the protein itself cannot, éwex, be ruled out. No
significant change in secondary structural contentacasirring as a result of CLIC1
interaction with micelles, as observed by far-UV CBthods.

Dynamic light scattering studies show that when CLiKCihcubated with micelles the
hydrodynamic diameter of the micelles increases frofhrnm to 5.2 nm. This
increase in diameter may be a result of portions @firikerted protein “sticking out”
and thus increasing the reported hydrodynamic diameterhefnticelles. This
diameter would be indicative of the size of the insggirotein, which when compared
to the diameter of free CLIC1 (6.6 nm) would suggest thatrtberted form of CLIC1

has a decreased hydrodynamic volume and is assuming a&omypact form.

Isothermal titration calorimetry was used to investightethermodynamic properties
of CLIC1 insertion into micelles. This technique provideday to compare the roles
of pH, ligands, inhibitors and specific residues in CLICAnmbrane insertion. At pH
7.0 the initial endothermic heat signals may represemttstal changes occurring to

CLIC1 when the protein comes into contact with anioniceftes. The binding
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isotherm (corrected for heats of dilution) for th@#sermic portion of the experiment
fitted best to a 2 binding sites model. The exothermatshmay thus be a contribution
of 2 distinct steps, namely, electrostatic adsorptioprotein to micelle followed by

hydrophobic adsorption or protein insertion into the macell

Functional CLIC1 studies have investigated the effecedficed glutathione (GSH),
oxidised glutathione (GSSG), and a known chloride chanitédcker,
indanyloxyacetic acid-94 (IAA-94) on chloride efflux in order establish any
inhibitory effects these molecules may have on CLéGannel functioning (Tullet
al., 2000; Tulket al., 2002; Singh and Ashley, 2006). The effects of reducing and
oxidizing conditions on channel functioning have also beedied (Littler et al.,
2004; Singh and Ashley, 2006). The results from these stuwdies however,
contradictory, making it difficult to draw valuable cdusions. It is also unclear
whether the effects observed in the experiments aréodihe direct association of the
compound to CLIC1 or whether it is a secondary effeaised by a change in
environment (i.e. reducing and oxidizing conditions). Ieatial titration calorimetry
was used to study the binding properties of GSH and IAA tcCCldt pH 7.0 in the
absence of micelles initially, and thereafter the&fbf these compounds on CLIC1

membrane insertion.

From the ITC data obtained when GSH was titrated taCClLil can be concluded that
if reduced GSH does indeed bind CLIC1 it does so very weakd with a
dissociation constant greater than 35 mM. This contragtsthe strong binding of
GSH to other GSTsKy in uM range) (Wilce and Parker, 1994). Relevant GSH
binding may, however, occur in the dimeric form of CLICheSe results indicate
that any effect of reduced GSH on functionality is aulteof the creation of a
reducing environment and not noncovalent binding of the mi@eo CLIC1. Tulk
and co-workers (2002) found 2 mM GSH to significantly inhibitlC1-mediated
chloride efflux, which seems unlikely due to the weak bindih@SH to CLIC1. The
effect cannot be attributed GSH creating a reduced envintneitber since results in
that same study showed increasing DTT concentration fréo 5 mM yielded higher
levels of channel activity. Another possibility is thiagé binding or effect by GSH on
CLIC1 may be different when CLIC1 is inserted in theemmbrane. Recent
contradictory results form Singh and Ashley (2006) showMb@&8H to only slightly

effect chloride efflux. Isothermal titration calorimgtwas not successful in
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determining any thermodynamic parameters or the disgmtiabnstant for 1AA
binding to CLIC1 at pH 7.0. The mechanism by which IAA inhibh&ride channels

remains unknown.

The effects of GSH and IAA on CLIC1 membrane insertisere investigated.
Results show that 2 mM GSH had no effect on thembdynamics of CLIC1
interaction with micelles. Previous results claimingtth mM GSH has an inhibitory
effect on CLIC1 function (Tullet al., 2002) must thus be attributed to an effect on the
CLIC1 channel directly and not to the membrane insertidnteraction process.
Similarly 1AA did not have any effect on the thermodymics of CLIC1 membrane
insertion process and any inhibitory effects previouslhead@Tulket al., 2002; Singh
and Ashley, 2006) are probably as a result of an effecthenformed channels
functioning and not from inhibiting the interaction aseértion of the protein into the

membrane.

For CLIC1 at pH 5.5, the exothermic data, like those at7pH fitted to a 2-site
binding model. The thermodynamic parameters and enthalpicsignals indicate a
more enthalpically favourable and tighter associataonCLIC1 with micelles at the
lower pH. Because all data was fitted to a 2-binding sibeleh) two values were
obtained for each thermodynamic parameter. A moretiwvegisH, was noted at pH
5.5 (- 0.394 kcal/mol) compared with pH 7.0 (- 0.294 kcal/mol)catiihg a more
enthalpically favourable reaction at the lower pH valdigher values foAS; andAS,
were noted for pH 5.5 (0.169 and 0.291 kcal/mol, respectivelypaoed with 0.018
and 0.030 kcal/mol at pH 7. This more positM@ value indicates more disorder for
CLIC1 interacting with micelles at pH 5.5. The stoichitiméN) of the experiments
performed at the different pH values also appears wduficantly different. At pH
7.0, stoichiometry was 59 and 60 fdf and N, respectively, while for pH 5.5 the
values were 71 and 101, respectively. The higher stoichimmetiues of CLIC1 at
pH 5.5 indicate that the protein interacts with moré&asyl molecules, and therefore
a greater area of the micelle aggregate, than CLIC1 & @H

The chemical structure of NEM is shown in Figure 70AMNEeacts with sulfhydryl
groups in proteins with considerable specificity (Gregory, 199%)e effect of
attaching the relatively bulky thiol-reactive reagenth® proteins accessible cysteine
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residues was investigated in the context of CLIC1-midetleraction. According to
the CLIC1 sequence and structure a total of 6 cysteinduessiexist, 3 of which are
in domain 1 and 3 in domain 2 (Figure 70B).

The DTNB assay performed on unfolded CLIC1 verified thiscating a total of 6
free thiols. For native/folded CLIC1 a total number fudfhydryls were determined
indicating that this is the number of exposed cysteineshie folded protein and,
therefore, the number of NEM molecules bound to CLITGA&0 cysteine residues are
therefore buried in the CLIC1 structure.

The NEM-modified proteins tertiary or secondary structmMas not compromised or
affected. Despite this, however, the attachment of N#&Mhe proteins exposed
cysteine residues resulted in a net effect of no guithaignal when brought into
contact with micelles. This indicates that the attamhtimof the relatively bulky
reagent to the proteins cysteine residues completelyiiadiinteraction and insertion
with the micelles. This finding emphasises the cruaild of CLIC1 cysteine residues
in membrane insertion. Although the role of cysteinedre=s on CLIC1 channel
functioning has been previously investigated (Tetlkal., 2002; Littler et al., 2004;
Singh and Ashley, 2006), this represents the first thermadic study showing the
role of the cysteine residues on direct membrane ttieraand insertion. In the
electrophysiological (functional) studies of CLIC1, ngégrnesis of individual cysteine
residues showed Cys24 and Cys59 to play an important roleLli@1Cchannel
functioning, but not Cys89 (Littleet al., 2004). In another electrophysiological
CLIC1 study (Tulket al., 2002) preincubation with 10 mM NEM dramatically
inhibited valinomycin-dependent chloride efflux and it wascluded that the CLIC1
sulfhydryl groups are essential for channel activity. Basa the ITC studies
presented here it is now clear that this decreased ehaatwvity was as a result of
NEM inhibiting CLIC1 membrane insertion and not becausehahnel blocking or

functioning.
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Figure 70: NEM chemical structure and CLIC1 ribbon structure showing
cysteine residues.

Panel A shows the chemical structure of the sulthydmtlifying agent NEM. Panel
B shows a ribbon representation of CLIC1 highlighting di&ribution of cysteine
residues (red). The image was generated with Swiss PDEiEuex and Peitsch,
1997) using the PDB file 1kOm (Harrepal., 2001).
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4.2.4 Model for membrane insertion and channel orientation

Early speculations on CLIC1 membrane insertion (Craghat., 2002) suggested that
it was unlikely that the N-terminal domain will readiyfold to form a membrane-
interacting domain since it has evolved from the thioredsxperfamily. HXMS and
AGADIR helix propensity analysis show that a change in pH meveal hidden
propensities and dynamic structural properties that areseeh in the crystal
structure. We propose that the membrane insertion scledn@LIC1 involves
destabilisation of thetl / 32 region as CLIC1 approaches the membrane and enters
into a lower pH environment. This destabilisation resintshe region to fulfil its
propensity to form a helical hairpin structure. This redltan has the ability to insert
into the membrane resulting in the N-terminal end goingsacthe membrane and the
C-terminal end (domain 2) remaining behind. This is consistiht FLAG-epitope
studies done previously (Tonidi al., 2000) showing the N-teminal end of CLIC1 to
traverse to the outside of the membrane while ther@ieal end remains on the

inside.

The proposed transmembrane region (P25 — V46) shows all ndtessary
characteristics in terms of length (31 A) and chargenggatively charged residues)
to form the membrane spanning / pore region of the CLIg&hwrel. This, along with
the DXMS data showing domain 1 to be more flexible ansl $&gble than domain 2,
indicates a high probability that the membrane inserggion is found in domain 1
rather than domain 2 and that the thioredoxin fold hasdvesiocand specialised to
adopt the ability for membrane interaction. This eviderdeng with GFP-tagging
translocation studies in EXC-4 CLIC-like protein (Beetyal., 2003) and mutational
studies of residues in the proposed transmembrane regiGhIGEL (Littler et al.,
2004; Singh and Ashley, 2006), seem to provide sufficient predfdbmain 1, and
more specifically region P25 —V46, is responsible for ALKGembrane insertion and
channel activity. Recently, this region has been showno to be a key determinant
of membrane localisation and function of invertebratdCproteins (Berry and
Hobert, 2006).
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Figure 71 shows a schematic representation of the propasesmembrane segment
and its possible orientation. Since the highest amol@LIC1 localisation has been
reported in the cell nucleus (Valenzuelal., 1997), a theoretical scheme for CLIC1
functioningin vivo may involve a change in nucleoplasm conditions (such asrpH
redox changes during cell division), signalling or reagmg the protein to a
membrane-insertion competent form. Soluble CLIC1 in thhdeoplasm would then
be hydrophobically driven to insert into the nuclear mamé, where it probably
oligomerises to form a channel or pore. The movemeahloride ions can then take
place from the cytoplasm into the nucleoplasm. Tipening and closing of the pore
may be controlled by the redox environment of the N-terh@nd of the protein as
shown in studies by Singh and Ashley (2006), with Cys24 plagirgyucial role.
Exposure of the N-terminal end of the channel to oxidismgrenments would result
in the pore being closed possibly due to disulphide bordabon, while a reducing

environment would ensure it stays open (Singh and Ashley, 2006).
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Figure 71: Schematic showing proposed transmembrane segment@£IC1 and
its possible orientation within the membrane.

The proposed model shows region 24 — 46 of two transmembegneents spanning
a typical 30 A thick membrane and conducting chloride froen Nlkterminal ends
toward the C-terminal end. Insertion is proposed to oftoan the nucleoplasmic side
with the N-terminal end of the protein inserting throudpe tmembrane to the
cytoplasmic side. The bold dashed lines indicate the fadial region of the
membrane while the smaller dashed lines represent the basdathe hydrophobic
core within the membrane. Positive residues are shovnugn negatively charged
residues in red and uncharged residues in yellow. In this Imibdelone Trp35 is
proposed to lie within the hydrophobic core of the membr&ys24 would be
positioned at the interfacial region of the membrgressibly serving a REDOX-
controlled gating function.
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APPENDIX

Figure A: Sequencing results for CLIC1 plasmid DNA

Figure B: Calorimetric titration profile of the binding of reduced glutathione to
CLIC1. 5uM CLIC1 was titrated with 41 injections of [l 200mM reduced
glutathione. Experiments were performed at 25 ° C.

Figure C: Calorimetric titration profile of CLIC1 titrated with IAA

The exothermic heat effects associated with tipg i@jections of 560uM IAA into

the ITC sample cell containing 138 CLIC1. The experiment was performed at 25
°C.

Figure D: Heat of dilution effects of asolectin vesiclesttated to buffer

Figure E: Heat of dilution effects of sarkosyl into buffe at pH 5.5
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Figure C: Calorimetric titration profile of CLIC1 titrated with IAA
The exothermic heat effects associated with thd @jections of 560uM IAA
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