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Abstract

CLIC1 is an intracellular membrane protein that dasinusual property distinct from typical
membrane proteins. It is able to exist in both lalde and membrane-bound form in cells.
The membrane-insertion mechanism of soluble CLECtill unknown. However, it has been
proposed that soluble CLIC1 has to undergo unfgldind refolding processes to form its
membrane-bound conformation. In this study, theuso¢s on the understanding of the
unfolding mechanism of soluble CLIC1 under the pidues typical of the cytosol and the
membrane surface. Equilibrium unfolding studiesvsltioat,at pH 7.0, CLIC1 unfolds via a
two-state transition and the unfolding kineticsdsts further confirms that there are no
detectable transient intermediates. At pH 5.5, AL#Bows a three-state unfolding transition
with a formation of an intermediate species at ldajium in the presence of 3 ~ 4 M urea.
The characterisation of this intermediate indicates it has reduced secondary structural
content and native-like tertiary structure with teception of a more buried Trp35 when
compared to the native state. Moreover, this inéeliate has more exposed hydrophobic
surface than the native state. The unfolding kasestudies demonstrate that there are hidden
intermediates in the native-to-unfolded transidmpH 5.5. The formation of the intermediate
state involves, initially, a rapid partial unfolgjfiollowed by a slow repacking of the structure.
The results from equilibrium unfolding and unfoldikinetics studies both suggest that the
intermediate state is more stable than the natae @t pH 5.5, indicating that under this
condition, the stability of native CLIC1 is reducedd the intermediate is energetically
favoured. The results from this study give inforimatabout the conformational stability and
the different unfolding behaviours of soluble CLI@fder the conditions that simulate the
environments of the cytosol and the membrane seyfaad further provide a possible

interpretation for then vivo membrane-insertion mechanism of the protein.
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1. Introduction

1.1. Protein folding

Proteins are the molecules that are necessarydiaous biological activities and diverse
physiological processes. After synthesis in thesdmes, long polypeptide chains need to be
converted into specific native three-dimensionahfoomations in order to conduct their
functions. This process is called protein foldiBgnce the function of a protein is determined
to a large extent by its native structure, theufailof proteins to fold correctly is often the
cause of disorders. These diseases such as Alateidieease are the result of misfolding
and aggregation of certain proteins (reviewed bgoft and Carver, 2008). Therefore, the
study of protein folding is critical for gettingsight into the correct folding mechanism. Only
when we understand the folding mechanism, will weable to know how a protein acquires
its native structure and performs its biologicaidtion. An understanding of protein folding
also allows us to reveal the pathogenic mechaniémadous misfolding disorders and

further to seek the cure for these diseases.

1.1.1. The protein folding mechanism

Energy landscape theory

Many different models have been used to explairptbéein folding mechanism (Chahal.,
1995; Dobson and Karplus, 1999; Rumbleyal., 2001; Clark, 2004). Subsequently, a
general theory was developed in an attempt to ex@t of the current folding models
(reviewed by Dobson, 2004). This theory uses amggnkandscape to describe the protein
folding process. An energy landscape used to iteligaotein folding generally has a
funnel-like shape with a wide top and a minimumnpoand is therefore called a protein
folding funnel (Figure 1). The x-axis of the funmepresents the conformational entropy of a

polypeptide chain. The y-axis is the free energpeamted with the stabilisation of the
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Figure 1: Representative protein folding funnels

Intermediate

Unfolded proteins can exist in different randonustures. The width of the protein folding
funnels represents the conformational entropy. déygth represents the free energy of the
current structure of the polypeptide chain. As timdolded proteins fold, they follow the
landscape downwards as their structures assume kwezgy conformations. This process
terminates with the formation of structures witle towest energy (the native state@)
represents a smooth folding landscape without dalles intermediategB) represents a
more complicated folding landscape with existendeimermediates. This figure was

obtained from Bartlett and Radford, 2009.



polypeptide chain. An unfolded polypeptide chainalde to exist in a large number of
different low-energy conformations that can transfdetween each other rapidly, and thus
the top of the folding funnel is wide. The corréaétive-like) interactions between residues
are relatively more stable than the incorrect (native) interactions and thus finally lead the
polypeptide chain to fold along the funnel to theicture with the lowest free energy at the

minimum of the funnel (Dobson, 2004).

The presence or absence of local energy minimaltsegsu the ruggedness of energy
landscapes. For some small proteins, the energlgt¢ape might be relatively smooth (Figure
1A). However, the energy landscapes of larger prstare often rugged and have local
minima (Figure 1B). This phenomenon may explain whytein folding is so complex. Since
a folding funnel is three-dimensional and polypagtthains are able to fold along the folding
funnel to the lowest energy point of the foldinghiel from different start points, each
protein molecule is able to follow different routés the native state depending on
environmental conditions and thus different streesucan be formed from different

native-like interactions among residues along theifig pathway (Szilagyat al., 2007).

Since some routes are smooth and the others arpybtine route which a polypeptide chain
takes has an influence on its folding rate. An gndrarrier, known as the transition state, is
defined as the energy peak in the folding pathwetween the native and unfolded states that
proteins need to overcome (Onuckical., 1996 and 1997; Onuchic and Wolynes, 2004).
There can be many energy barriers along a sindgiénfp pathway, however, the transition
state corresponds to the energy barrier with tgbadst activation energy and thus will be the
main rate-limiting step of the overall reaction (jgatt and Fersht, 2000). Different obstacles
along different folding routes result in local rditaiting steps in the folding of a protein. For

example, a folding protein trapped in a local egel@ndscape minimum has an energy
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barrier to overcome before it can fold to the nattate. The obstacles for protein folding do
not only come from energy barriers but also frontragic barriers. For example, random
search for stable interactions or structures toticoa the folding process can also be
rate-limiting (Dill and Chan, 1997). Prolings-trans isomerisation and the formation of
disulfide bonds in proteins are also causes of gioecesses in protein folding. These two

mechanisms will be discussed later on.

Folding intermediates

The energy landscape for small proteins (less fltdhresidues) is often smoother than for
large proteins and thus the small proteins oftdd following a two-state process without
formation of any intermediate states (Jackson, 198&ontrast, proteins with more than 100
residues generally fold along pathways that invdhve population of intermediate species
under certain conditions such as high salt conagatr or low pH (Dobsoret al., 1998;
Fersht, 1999). As mentioned previously, the tramsistate is the main energy barrier to the
overall folding process. The ensemble of all intedmte states (both transient and
equilibrium intermediates) on-pathway to the nattete can be seen as the transition state of

the overall folding reaction (Dobson and Karplu@99).

It has been shown that intermediate species fooma&tan either accelerate or slow down the
protein folding processes depending on whether they formed before or after the
rate-limiting step on the folding pathway (Ellisand Cavagnero, 2006; reviewed by
Udgaonkar, 2008). The intermediate states thateqeired to lead proteins to fold to the
native state are so called “on-pathway” intermexdialf these on-pathway intermediates form
after the rate-limiting step, their conformatiomssalving critical interactions are able to
facilitate protein folding by reducing the numbesk possible structures available to the

folding protein (Rami and Udgaonkar, 2002). Morapveometimes point mutations in
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proteins can block the formation of stable interratstates and thus interrupt the normal

protein folding causing diseases (Bychkova ané¥tjt1995; Ptitsyet al., 1995).

A certain distinctive intermediate state has begamtified in many different proteins. has
common featuredescribed as well-packed secondary structuresfigitible side chains and
exposed hydrophobic cores. This protein conformatias named the “molten globule” by
Ohgushi and Wada in 1983 (Ohgushi and Wada, 1983085 and 1986, the molten globule
state ofa-lactalboumin was shown to be identical to its trans folding intermediate by
Kuwajimaet al., 1985 and lkeguclat al., 1986. After this, the molten globule state hesrb
thought to be a common folding intermediate stataumerous proteins (Kuwajima, 1989;
Ptitsyn, 1995; Arai and Kuwajima, 2000jowever, not all the molten globule states are
related exclusively to the protein folding proceSeme molten globules are involved in
specific biological processes such as membraneatimse(Van der Gootet al., 1991),
transmembrane trafficking (Haet al., 1994) andhaperone-assisted refolding (Kuwajima and

Arai, 2000)

Despite the intermediate states which lead prot@nold, some intermediate structures
which accumulate during the folding reaction aré¢ mecessary for protein folding and in
many cases actually impede the process. Thesenietigite states are usually misfolded
structures “trapped” in the local minima of thediolg funnel and require complete or, at least,
partial unfolding to be corrected and continue ifajdto the correct native state (Evetral.,
2005). This kind of intermediate state is calledf-fmthway”. It has been shown that these
transient off-pathway intermediate species are #bleause various diseases which result

from protein misfolding (reviewed by Santuetial., 2008).



Protein misfolding

As mentioned in the beginning of this chaptersihecessary for proteins to have the correct
structures, and retain the correct conformationsrder to function. Furthermore, it has been
shown that failures in protein folding are stronglyrrelated with various human diseases
(Dobson, 2003 and 2004). These diseases are sa-calbnformational” or “misfolding”
diseases. Some of these diseases simply resulttfrerfact that misfolded proteins cannot
function properly. In other cases, the diseasescaused by the formation of misfolded
aggregates that are toxic to the cell. A summarynadfolding disorders and the related

proteins or peptides is shown in Table 1.

The causes of protein misfolding include amino acamposition and environmental
conditions. Certain mutations are also known tougsd misfolding. Protein misfolding is
dependent on the environmental conditions (revielWwgdHerczenik and Gebbink, 2008).
Specific conditions such as extreme pH, increasetpérature, agitation, elevated glucose,
and oxidative agents are able to destabilise theenprotein conformation and further cause
the unfolding or partial unfolding of the proteidss seen in Figure 1, the unfolded state has a
high free energy and is thus thermodynamically allst and unfavourable. Therefore,

unfolded proteins are prone to form aggregatesderao lower the free energy.

The possible fates of a polypeptide chain are detnated in Figure 2. It is possible for a
polypeptide chain to form aggregates from everycstral state depending on the
environment. Furthermore, there are certain fadiwas serve as precursors for the initiation
of aggregation processes such as exposed hydrapdedpnents on proteing.sheet content,
low net charge (Lindinget al., 2004) and peptide segments from incomplete/necor
proteolysis (Stixet al., 2001) or partial unfolded structures such agpathway intermediates

(Laidmanet al., 2006).



peptides

Table 1: List of diseases caused by protein misfalty and the related proteins and

Disease

Associated proteins

Affected tissues

Amyloidosis — systemic

Primary systemic amyloidosis

Ig heavy-chain-associated amyloidosis
Secondary (reactive) systemic amyloidosis
Senile systemic amyloidosis
Hemodialysis-related amyloidosis

Ig light chain

Ig heavy chain
SAA
Transthyretin

B2— Microglobulin

Most tissues

Most tissues

Most tissues
Microvasculature
Osteoarticular tissues

amyloidosis
Amyotrophic lateral sclerosis
Familial British dementia
Familial Danish dementia
Familial amyloidotic polyneuropathy

Superoxide dismutase 1
Abri

ADan, amyloidg
Transthyretin

Hereditary systemic ApoAl amyloidosis ApoAl Liver, kidney, heart

Hereditary systemic ApoAll amyloidosis ApoAll Kidney, heart

Finnish herefitary amyloidosis Gelsolin Most tissues

Hereditary lysozyme amyloidosis Lysozyme Kidney, liver

Hereditary cystatin C amyloid angiopathy Cystatin C Most tissues
Amyloidosis — localised

Injection-localised amyloidosis Insulin Skin, muscles

Hereditary renal amyloidosis Fibrinogen Kidney

Senile seminal vesicle amyloid Lactoferrin, seminogelin Seminal vesicles

Familial subepithelial corneal amyloidosis Lactoferrin Cornea

Cataract Crystallin Eye

Medullary thyroid carcinoma Calcitonin Thyroid tissues
Neurodegenerative diseases

Alzheimer’s disease Amyloid-B, tau Brain

Parkinson’s disease a-Synuclein Brain

Lewy-body dementia a-Synuclein Brain

Huntington’s disease Huntington Brain

Spongiform encephalopathies Prion Brain, peripheral nervous systen

Hereditary cerebral hemorrhage with Cystatin C Cerebral vasculature

Brain
Brain
Brain

Peripheral nervous system

Frontotemporal dementias Tau Brain
Other diseases
Diabetes mellitus IAPP, amylin Pancreas (islet)
Atherosclerosis Modified LDL Arteries
Sickle cell anemia Hemoglobin Erythrocytes

This table was obtained from Herczenik and Gebli0KS8.
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Figure 2: Different states that a polypeptide chaircan form

After synthesis on ribosomes, a polypeptide chaimahle to fold to its monomeric native
structure, with or without involvement of partiallfjolded intermediates. It can also
experience different fates such as aggregationjadhformation and degradation. Native
protein fibres, functional oligomers and proteinystals producedin vitro for X-ray
diffraction structural studies are all formed bys@dation of the monomers of native
structures. The interconversion and population dferdnt states depends on the
thermodynamic and kinetic stabilities under différenvironmental conditions. This figure

was obtained from Dobson, 2003.



There are three kinds of protein forms that arateel to misfolding disorders: soluble
oligomers, amorphous aggregates and amyloid fibFite factors that determine whether a
protein forms amyloid fibrils, amorphous aggregatas soluble oligomers during the
aggregation process are the amino acid sequendbeoprotein and the environmental
conditions (reviewed by Uversky and Fink, 2004)luBte oligomers are often precursors for
the formation of amorphous aggregates and amylbridst Amorphous aggregates refer to
the aggregated proteins that do not form localteoed structure. In contrast with amorphous
aggregates, amyloid fibrils have a highly organjdedg unbranched structure that resembles
a hollow tube. Different from other naturally ocang biological fibrils which often contain
helices, amyloid fibrils formed from different pems share a common crdssecondary
structure (Meredith, 2005; reviewed by Herczenilkd aBebbink, 2008). These tubular
structures are normally formed by two to six “plafents” twisting around one another. The
formation of amyloid fibrils involves interactiorsetween different polypeptide main chains
and the whole structure is mainly stabilised byrbgen bonds (Dobson, 2004). Although the
amyloid fibril is only one of the various aggregatitypes, it bears a significant feature. Since
the structure of amyloid fibril is highly organisatihas unique kinetic stability compared to
the other kinds of aggregate (Dobson, 2003). Sygregates are able to persist for long
periods of time in cells instead of being degrablgdoroteosomes. This further allows the
formation of additional amyloid deposit in diffeterssues. In fact, they can even induce the
conversion of the same protein into amyloid fibr{Bobson, 2003). Since it has unique
properties and it is involved in pathogenesis afotes disorders, amyloid fibrils have been

the most extensively studied among the three tgpaggregation.



1.2. Unfolding of proteins

Despite the fact that protein folding is essenfial proteins to perform their activities, the
unfolding of many proteins is also an important giblpgical process and may be needed for
their complete function (reviewed by Fersht and @ 2002). For example, unfolding is
important for protein degradation via the proteasdBaumeisteet al., 1998). In addition,
transient unfolding is also an important procesiéiitate soluble proteins that lack a leader
sequence to insert into membranes post-transldiofraviewed by Zakharov and Cramer,
2002; reviewed by Matouschek, 2003). Moreover,vedifi unfolded proteins exist that are
functional in their unfolded states because thighlly flexible conformations allow a more
efficient interaction between them and their selvditierent targets (Wright and Dyson,
1999; Dunkeret al., 2001; reviewed by Uversky, 2002). Also, as nared previously, the
unfolding process is sometimes related to certemtepr misfolding diseases where partially
unfolded intermediate states of certain proteing #re main cause of these diseases
(reviewed by Dobson, 2004; Ecroyd and Carver, 2088)ce protein unfolding is involved
in various important biological processes, bothcfiomal and disease-causing, the unfolding
of proteins is often studied to acquire more infation about the mechanism of action of
these proteins or in order to understand the patinegjs of various diseases and to develop

therapies for these disorders.

The unfolding mechanism of a protein can be obskexperimentally in two ways either via

equilibrium unfolding or via unfolding kinetics.

1.2.1. Equilibrium unfolding

Equilibrium unfolding is a method used to studytpno unfolding. The native state of a

protein exists in equilibrium with the unfolded tetaSimply changing in the environment to
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perturb this equilibrium can cause it to shift battone state becomes more or less populated
than the other. In this method, protein can be Ildefib with different concentrations of
denaturant, different temperature or different @since equilibrium unfolding involves
thermodynamic measurements, it is essential tleuttiolding reaction is allowed to reach
equilibrium before measurements are taken andhleatnfolding reaction is reversible (Pace
et al., 1989). The equilibrium unfolding of a proteinaken monitored using more than one
technique such as circular dichroism and fluoreseespectroscopy as probes, which allows
for the detection of changes in different aspetth® structure as a function of denaturation.
An unfolding curve can then be constructed by pigtthe collected data from different
probes against different denaturant concentrati@eserally, an unfolding curve has a single

or a multiple sigmoidal shape.

Equilibrium unfolding curves can be analysed byirfg them to either a two-state or a
multi-state-state model (Pace, 1986). A two-stagéehlmanism is described as:

NoU Mechanism (A)
where N and U represent the native and the unfollgeties respectively, which are
populated at equilibrium during unfolding. In thmeechanism, the unfolding of a protein is
assumed to occur in a single step without any gujwim intermediates. If an unfolding
curve does not show a single sigmoidal transitiorf data monitored using different probes
do not superimpose, especially in the transitiayiorg, the unfolding reaction does not fall
into the two-state category (Paeeal., 1989), and the curve would be better fitted to a
three-state or a multi-state model as follows:

Nol* U Mechanism (B)

where I* represents one or more intermediate(sufaded at equilibrium.

11



From the analysis of an unfolding curve, two impattthermodynamic parameters can be
obtained: the free energy change in the absencemdturant, AG(H.0)) and them-value
(Pace, 1986). The free energy chanyg, at any denaturant concentration shows a linear
dependence on denaturant concentration. TherefdgH,O) can be obtained using the
linear extrapolation method (Greene and Pace, 1@ack theAG back to zero denaturant
concentration as shown in the following equation:

AG = AG(H,0) —m [denaturant] (1)
The free energy change in the absence of denatut&(H.O), is an estimate of the
conformational stability of the protein, i.e. howalsle the native state of the protein is
compared to the unfolded state (Pace, 1986). Cangpdhe conformational stability of
proteins which have a slight difference in struetumproves our understanding of the forces
that stabilise the structure of the protein (Petcal., 1989). For example, a mutated protein
(even one which only involves a single amino acidtation) may not be able to form a
certain intramolecular hydrogen bond. The equilibriunfolding study of this mutant will
show reduced conformational stability when compaeethe native protein. The importance
of the mutated amino acid residue in the structstability of the protein is thereby observed.
In the same way, conformational stability studias also be used to observe the influence of
environmental conditions such as pH and temperatarghe stability of a protein. The
mrvalue obtained from equilibrium unfolding studiespresents the dependenceASd on
denaturant concentration. Moreover, thevalue has been shown to be proportional to the
amount of the surface area exposed to the solveirtglunfolding, under the assumption that

denaturant binding sites are equally distributedhenprotein surface (Myegs al., 1995).

In addition to the thermodynamic information, eduium unfolding studies can also provide
information about the unfolding and folding meclsamiof a protein (Pace, 1986). If the

equilibrium unfolding of a protein cannot fit tohao-state unfolding mechanism, this clearly
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indicates that the unfolding of that protein occuramore than one step, that is, with the
presence of intermediate(s). However, the obsemvaif an unfolding transition without any
detectable intermediates in the equilibrium unfoddstudies does not definitively suggest
that the protein unfolds in the absence of inteliatedspecies. The observation only indicates
that the intermediate states might not be stabbeigimto be detectable at equilibrium (Pace,
1986). From this point of view, although equilibrivunfolding studies are able to provide
some information about protein unfolding mechanisthss experimental method has its
limitations. Therefore, in order to understand ¢tbenplete mechanisms of protein unfolding,

the rate of unfolding of proteins is typically aiswestigated via kinetics studies.

1.2.2. Unfolding kinetics and unfolding pathways

A two-state transition as detected by equilibriunfolding studies only indicates that no
intermediate states are significantly populateelcaiilibrium or are detectable with the probes
used (Pace, 1986). This method does not give afoyniation about the occurrence of
transient intermediate species. These are inteatediates that form rapidly from the native
state and are then converted into the next inteiatedtructure or the unfolded state during a
denaturation reaction. Since these intermediatesaly transiently populated, they cannot
be detected in equilibrium unfolding studies. Agesult, unfolding kinetics analysis is
required to detect these transient intermediateshén unfolding process and to further

uncover the complete unfolding pathway of a prof@aenicke and Rudolph, 1989).

Unfolding kinetics studies of a protein are ofteonducted by adding the protein into
denaturant and monitoring the progress of the eniifolding reaction. Therefore, these
studies are able to monitor the kinetic events bBap along the unfolding reaction and may

detect those transient intermediates which do mmulate at equilibrium. Similar to
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equilibrium unfolding studies, unfolding kinetics also often monitored using more than one

technique as a probe.

Two-state mechanism
There are a few kinetic mechanisms which have pegposed (Utiyama and Baldwin, 1986).
The simplest mechanism is a two-state mechanistesgibed in the following:

N-U Mechanism (C)
where N and U represent the kinetically populatative and unfolded species of the protein
as unfolding progresses. If only two species ateafable at any time in unfolding, then only
one kinetic phase will be detected, indicating tta¢ unfolding is likely to occur in

accordance with the two-state mechanism (UtiyandeBaidwin, 1986).

Although a single kinetic phase often suggests @adtate unfolding mechanism, there are
two exceptions suggesting the existence of interabedspecies: differential results from
different probes and the appearance of a burstephfathe unfolding kinetics monitored by
different probes exhibit variance, this indicaties existence of hidden intermediates even if
the unfolding kinetics appears monophasic (Bhuyad Bdgaonkar, 1998). When one
observes the kinetics of protein folding or unfalgiusing spectroscopic probes, the observed
amplitude of a kinetic trace is sometimes smahlantthe signal difference between the initial
and final states as monitored at equilibrium. Tpieenomenon is called “burst phase”. In
folding or unfolding kinetics studies, the appeaef burst phases often suggests that at
least one additional kinetic phase exists befoeekihetic events are able to be detected with
the techniques used (Rodgral., 2000). Therefore, a burst phase is another itidicaf the
existence of hidden intermediates where only onetld phase is apparent. Generally, burst
phases occur due to the rapid accumulation ofrigldir unfolding intermediates in the early

stages of protein unfolding (Rodetral., 2000).

14



Sequential unfolding pathways with the appearancefontermediates

If there are intermediates involved, the unfoldofga protein is naturally more complicated.
When monitoring the unfolding kinetics of a protetime appearance of more than one kinetic
phase is a clear indication of the existence otiggeother than the folded native state and
unfolded state (Utiyama and Baldwin, 1986). Theoldihg pathways in the presence of
intermediate species can be separated into twgaas: sequential and parallel unfolding.
In a sequential unfolding pathway, all the kinetients occur in a sequence, that is, step by
step. On the other hand, in a parallel unfoldinthyway, the events occur in parallel, that is,
at the same time. In the following, three thredestafolding schemes are used as examples

of sequential unfolding with an intermediate spgcie

N-Il-U Mechanism (D)
N-U-2I Mechanism (E)
|l «cN-U Mechanism (F)

Since all three species are populated (N, | andwing the unfolding process, two kinetic
phases can be observed. Mechanism (D) represenisfalding reaction via an on-pathway
intermediate. Mechanisms (E) and (F) representldinig reactions with the involvement of
an off-pathway intermediate. In the case of an atmwpay intermediate (mechanism D), all
the native proteins need to pass through thisrmdrate state, and thus the formation of
intermediate becomes a lag phase in the formatiothe® unfolded proteins (Bieri and
Kiefhaber, 2000). In mechanism (E), the off-pathwagrmediate is formed from U and does
not lead N to U. To distinguish mechanism (D) aRjl nterrupted unfolding experiments
need to be performed (Bieri and Kiefhaber, 200@ntthe results, the population of species
can be calculated and plotted against time. Comg@dhe plots, the one without the expected

lag phase in the formation of unfolded speciescaigis that the protein unfolds involving an
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off-pathway intermediate. In mechanism (F), sinneirdermediate state is often less stable
than the native state, it is likely to unfold fastiean the native state and is thus difficult to
isolate kinetically from the unfolded state undative conditions (Bai, 2003). Therefore, the
unfolding reaction described by scheme (F) is gahemunlikely to occur under native
conditions or will only occur under a specific cdrah that stabilises the formation of the

off-pathway intermediate.

Parallel unfolding pathways
Despite the sequential unfolding schemes menti@hedye, it is also possible for unfolding
to occur via a parallel pathway. The parallel udiiog can be described in the following

representative schemes:

U Mechanism (G)

Mechanism (H)

In scheme (G), the reaction starts with two groapsative species unfolding at the same
time to the unfolded state via a parallel pathwidye parallel pathway results from the fact
that the native state consists of two slowly inbereerting forms with a slight difference such
as acis- and trans-proline, and the unfolding reaction is faster ththe interconverison

(Wallace and Matthews, 2002). As with the sequéntiechanisms, there are also two kinetic
phases observed in this scheme. The number ofikiphases detected will represent the
species appearing in the unfolding reaction beaitnot tell whether the unfolding reaction
proceeds via a sequential or a parallel pathwasethod called the initial conditions test

(ICT) is, therefore, required to distinguish whethige observed biphasic unfolding occurs
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via a sequential or a parallel pathway (Wallace Biadthews, 2002). The method relies on
the fact that the rate of unfolding of a proteinpeleds only on the final denaturant
concentrations while the amplitude of the obserkiegtic phase is dependent on both the
initial and final denaturant concentrations (Tadfdt970; Hagerman and Baldwin, 1976). In
mechanism (H), a protein unfolds through two indejent pathways: one directly from the
native state to the unfolded state and one frormé#ire state through an intermediate state
to the unfolded state. Since there are also thpeeiess populated during the unfolding
process, two kinetic phases can be observed amsdrbchanism cannot be distinguished
from mechanism (E) easily. However, when performiagleast-squares fit to the
denaturant-dependence of the two apparent rate¢asdasonly a triangular model can be

used to explain the data obtained from mechanishf\ildegger and Kiefhaber, 1997).

The rate-limiting step in the unfolding reaction

There are two common rate-limiting steps in a protenfolding process. The first one is
proline cis-trans isomerisation of peptides bonds. The configuratbrpeptide bonds in a
protein molecule can be either in tbs- or trans- form. However, thecis conformation is
strongly disfavoured in non-proline dipeptides. Thstability of thecis-form in non-proline
dipeptides results from the steric hindrance betwibe twoa-carbon atoms (Zimmerman
and Scheraga, 1976). On the other handcithérm of an Xaa-Pro dipeptide is relatively
stable. A representative unfolding mechanism wimsfolves prolinecis-trans isomerisation
can be described as follows:

N - Us o Ug Mechanism (1)
where U represents a single unfolded population with magixolyl isomers and dfepresents
one or more unfolded species of non-native isomerthis mechanism, the unfolded form U
is formed in the N-» Us transition and Yis then formed from L These two unfolded forms

are both populated when the protein is completaliplded. This phenomenon was first

17



discovered by Garel and Baldwin in unfolded RNas&/Mch consists of a heterogeneous
mixture of unfolded molecules (Garel and Baldwifi73). Later on, Brandts and co-workers
explained that the transition between the two w@dlforms is caused by prolies-trans

isomerisation in the protein molecule (Brandtsl., 1975). Proline isomerisation is a slow
reaction because it involves rotation about the levhmeptide bond. Therefore, proline

isomerisation results in a slow step not only iotein unfolding but also in protein folding.

In addition to proline isomerisation, the reductmhintramolecular disulfide bonds can also
be a rate-limiting step in protein unfolding andtfog (Creighton, 2000). The disulfide bond
is a covalent bond formed between the thiol groaffsvo cysteine residues. Since disulfide
bonds stabilise the structure of proteins, theylriede reduced before the unfolding reaction
can proceed further. The formation of disulfide d®wan also be rate-limiting in the protein
folding processn vivo. The concentration of thiolate anions and the ssibdity, proximity,
and reactivity of the thiol group and disulfide bigrare the four main factors which influence
disulfide bond formation (reviewed by Mamathambiad Bardwell, 2008). The rate of
thiol-disulfide exchange strongly depends on thieceatration ratio of the reactive thiolate
anions and the unreactive thiol groups (reviewedMamathambika and Bardwell, 2008).
The Ka of cysteine residues in unfolded proteins is al8orn. Therefore, the ideal pH for
formation of disulfide bonds is above 9 where mgtcies will be the reactive thiolate
anions. Below this pH, the reaction will becomeguessively slower due to the decrease of
the amount of the thiolate anions. In cells, thgspdlogical pH is about 7.4 promoting slow
formation of disulfide bonds. In order to solve sthproblem, organisms use disulfide
oxidoreductase to decrease théapof the thiol groups and thus the thiol group camain
ionised and reactive at physiological pH (reviewsdMamathambika and Bardwell, 2008).
Moreover, because a disulfide bond forms betweendysteine residues, the number of free

cysteine residues present and available for ex@&atgp influences on the formation of
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disulfide bonds and further affects the foldingerat proteins. The location of disulfide bonds
also has an effect on the rate of protein unfolddgnerally, if the disulfide bonds are in or
close to the folding nucleus, the protein foldingll woe accelerated (Abkevich and

Shakhnovich, 2000). In contrast, disulfide bonddram the folding nucleus often decelerate

the folding of proteins.

Unfolding of oligomeric proteins

There are two prerequisites for all the unfoldichgesnes discussed above: the protein must
be monomeric and the unfolding reaction must bensble. For oligomeric proteins, over
and above the general unfolding reaction discuabede, the disassociation of the subunits
is also involved in the unfolding process (Jaenieké Rudolph, 1989). For example, the
overall unfolding pathway of a dimeric protein geally begins with a folded dimer gNand
ends with two unfolded polypeptide chains (2U) (Reldt et al., 2008). A few of the

possible mechanisms are given in the following (érakt al., 2009):

N, - 2U Mechanism (J)
N - I - 2U Mechanism (K)
N, - 2N - 2U Mechanism (L)
N, - 21 - 2U Mechanism (M)

The unfolding can simply follow a two-state pathvasyshown in mechanism (J). If there are
more species than the native statg) @hd the unfolded state (2U) involved in the udifod)
reaction, the pathway can be described in mechan{ginto (M). In mechanism (K), the
intermediate is a dimeric intermediatg,If disassembly of two monomeric subunits happens

prior to unfolding, the pathways are described iechanisms (L) and (M). In these two
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mechanisms, the intermediate state is either twivenanonomers (2N) or two monomeric

intermediates (21) (Waltert al., 2009)

Irreversible unfolding

Not all protein unfolding processes are reversibl@versibility of unfolding reactions is a
common problem in protein unfolding studies. A coomsign of the irreversible unfolding
process of a protein is the formation of aggregéktnk and Maity, 2000). The other
indications include the inability to recover eitlibe biological activity or physical properties
of the native protein when the denaturing condgioare removed. The simplest
representative irreversible unfolding pathway camiitten as follows:

No-UD-D Mechanism (N)
where D represents a permanent denatured stateexeingple here is just one of the possible
aggregation pathways. As demonstrated in Figuré B possible for a protein to form
aggregates from any structural state. In kinetiagiss, since the whole progression in the
transition (such as a N U transition) is monitored prior to the aggregatmocess (U to D),
the events that occur along the unfolding pathwap etill be detected. However, in
equilibrium unfolding, the irreversible process miifluence the shape of the transition and
thus lead to unreliable thermodynamic data (Lepcsicidl., 1992). Equilibrium unfolding

studies are thus unable to be performed on thid ddrprotein.

1.3. Metamorphic proteins

It was previously thought that proteins adopt theirque three-dimensional conformations
under native physiological conditions (Anfinsen,73R2 However, more and more studies
have demonstrated that some proteins have moreahamative tertiary structure. These

proteins are called metamorphic proteins (Murzif0&. Metamorphic proteins switch
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between different native structures to conductrthemplete functions. For the conversion
between different native conformations of metamuargiroteins, unfolding of the original
structures and refolding to the new configuratioe essential. These structural transitions
often involve secondary structural content charggpearance of new exposed surface and
protein hydrophobic core repacking (Bryan and Orliil0). Examples of these proteins
include serine protease inhibitor (Mottonenal., 1992), influenza virus hemagglutinin
(Bulloughet al., 1994), lymphotactin (Tuinstrg al., 2008), Mad2 spindle checkpoint protein

(Luo et al., 2004) and the chloride intracellular channel fgurliittler et al., 2004).

Although many different types of proteins are intdd in the metamorphic protein category,
there are three common features needed for staldiansition (Bryan and Orban, 2010).
First, reduced conformational stability of proteissnecessary for fold switching. Since the
native structures of proteins are known as the ratadtle, their location in terms of free
energy is at the minimum of the energy landscajeréfore, it is difficult for proteins in

their native states to transform to a new ordetate sHowever, if the native state of a protein
has a reduced conformational stability, that isn@re flexible structure, then this flexible
structure is able to lower the energy barrier remlifor fold switching between the native
state and the new ordered state and thus makasiérdor the protein to transit into the new
conformation. Second, flexible regions are requteethcilitate the configurational transition.

New exposed surfaces are the last feature in prdodd switching. Sometimes these new
surface areas stabilise the new alternative stétesugh forming stable oligomeric

conformations or else enable the proteins to ioterdth other biological molecules such as
membranes and consequently form new conformatidms formation of these oligomers and

new structures often lead the proteins to a nevogical function.
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1.4. Soluble proteins that insert into membranes

Typical membrane proteins are synthesised on ribesoand inserted into the membrane
co-translationally (reviewed by Shao and Hegde020TIhere are, however, certain proteins
with a property distinct from typical membrane ios in that they are expressed as soluble
proteins without a leader sequence for membrargetiag, but are able to insert into or
associate with membranes subsequently. Because freteins exist in both soluble and
membrane-bound forms, they conform to the definitdd existing in more than one native
conformation and are, therefore, also classifiedretamorphic proteins. These proteins
include some bacterial toxins (Parker and Feil,530@orins (Parker and Pattus, 1993), the
eukaryotic proteins Bcl-2 (Schendglal., 1997; Thuduppathy and Hill, 2005; Thuduppathy
et al., 2006), Bax (Garcia-Saex al., 2004) and the CLIC family (Ashley, 2003). Several o
these proteins function as channels after membiraseztion, indicating that they not only
associate with the membrane but must also completets the lipid bilayer and form a pore.
The most interesting question about these proisihew they change from one native state

to the other.

The insertion mechanisms for some of these sppoins, such as bacterial pore-forming
toxin colicin A and colicin E1, have been uncove(dkharov and Cramer, 2002). The polar
heads of the lipid molecules which constitute byidal membranes are highly negatively

charged. Therefore, the negatively charged memlmariace attracts hydrogen ions and thus
causes the local environment to become acidic (Mghin, 1989). The hydrogen ions at the

membrane surface protonate the acidic residuelesurface of colicin and further increase
the hydrophobicity of the protein. This reduces #tfivation energy barrier to conversion

between soluble and membrane-bound states. Thetiamsef colicin also involves the

formation of a molten globule-like intermediate uced by low pH at the membrane surface.
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As mentioned in section 1.1.1., the molten glolstiéde has a significant amount of exposed
hydrophobic surface. Therefore, the increase iteprdiydrophobicity either by protonation
at the membrane surface or by formation of a majlebule-like intermediate facilitates the

insertion of soluble proteins into highly hydroplmmembranes.

1.5. Chiloride intracellular channels

The chloride intracellular channel (CLIC) family & group of putative channel proteins
which have different structural properties to ttieeo known classes of channel proteins. This
family consists of six members (CLIC1-6) in veriaes (reviewed by Littlegt al., 2010 and
Singh, 2010). The CLIC homologues have also beentified in plants (Elteet al., 2007)
and in invertebratedDCLIC in Drosophila melanogaster, and CLIC-like proteins EXC-4
and EXL1 inCaenorhabditis elegans) (Berry et al., 2003; Littleret al., 2008). A highly
conserved carboxyl-terminal core segment about 240no acid residues long is the
signature of this family. CLICs share both sequeaod structural homology with the
glutathione Stransferase (GST) proteins and thus CLICs belanghe GST superfamily

(Dulhuntyet al., 2001; Harropet al., 2001).

Although the exact physiological function for CLI@roteins is still uncertain, the high
sequence conservation of the CLICs in vertebrategests their functional importance.
CLICs have been shown to be involved in variouddgical processes, including cellular
division (Valenzuelaet al., 1997; Berryman and Goldenring, 2003), bone pagoT

(Schlesingeret al., 1997), cell cycle regulation (Valenzuedh al., 2000), p53-mediated
apoptosis (Fernandez-Sakisl., 1999 and 2002; Sudt al., 2004 and 2005), kidney function
(Berry et al., 2003), and cancer-related processes such agacelifferentiation (Sutet al.,

2007), tubulogenesis (Bermt al., 2003) and angiogenesis (Tuegal., 2009; Tung and
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Kitajewski, 2010). CLICs have also been implicaited\lzheimer’s disease (Novarire al.,

2004; Miltonet al., 2008).

1.6. Overview of CLIC1

CLIC1, previously called NCC27 (elear_tloride dvannel_2J, has been the most widely
studied of the CLIC family. This protein is distutied in diverse cells and tissues (Ulmasov

al., 2007) and is reported to form functional ion mhels in the plasma and nuclear
membranes of cells (Tulé al., 2000; Wartoret al., 2002). Although previous studies have
shown that the expression of CLIC1 results in iase&l chloride channel activity in cultured
cells (Valenzuelat al., 1997; Toniniet al., 2000), subsequent experiments have suggested
that the CLIC1 channel is not only for chloride sobut also for a wider range of anions
(Valenzueleet al., 1997; Singh and Ashley, 2006). The anion seli#gtof CLIC1 channels is
thus poor and the conductance is dependent on animentration (Singh and Ashley, 2006;
Singh et al., 2007). In the following section, in order to gat insight into the CLIC1

insertion mechanism, the structure and auto-ir@edontrols of CLIC1 will be introduced.

1.6.1. Structure of soluble CLIC1

1.6.1.1. Primary sequence and secondary structure

CLIC1 consists of 241 amino acid residues whiclegtva theoretical molecular weight of
26.9 kDa and alpof 4.85 (Valenzuelat al., 1997; Ashley, 2003). The primary sequence and
secondary structure are indicated in Figure 3. ChEC1 monomer contains 1@helices and
four B-strands, resulting in 47.7%helices and 8.3%-strands in the secondary structure of
CLIC1 according to the crystal structure (Haretgal., 2001). In CLIC1, there is only one
tryptophan, Trp35 (Figure 3). Eight tyrosine and siysteine residues are distributed

throughout the protein molecule.
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Figure 3: Amino acid sequence and secondary struatal elements of CLIC1

The red bars and green arrows represenelices and3-strands beta strands, respectively
(Harrop et al., 2001). The lone tryptophan is indicated by redtle This figure was
generated using the sequence of CLIC1 obtained Bl using the accession code

CAG46868.1.
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1.6.1.2. Tertiary structure

The x-ray crystallographic structure of the solufolen of CLIC1 determined at a resolution
of 1.4 A (Harropet al., 2001) is shown in Figure 4. Soluble, reduced@lLIs monomeric,
consisting of two domains: the N- and C-domainse Madomain (residues 1-90) possesses a
thioredoxin fold which contains a redox-active sgamilar to glutaredoxin. The lone
tryptophan is located in this domain (Figure 4)efghis a proline-rich loop (Cys89-Asn100)
connecting the N- and C-domains. This proline-dcmain-connecting loop is the origin of
domain interface plasticity in the structure (Harret al., 2001). Moreover, since the
N-domain is proposed to detach from the C-domainit@ate membrane insertion of CLIC1,
the loop which leads to flexibility between the twomains is likely to be involved in the

transition between the soluble and the transmeneticaams of CLIC1 (Harropt al., 2001).

The all-helical C-domain closely resembles thaDofiega GST, but there are two distinct
differences: the position of the carboxyl-termihalix a9 and the existence of an acidic loop
region (Prol47-GIn164) (Harrog al., 2001). This loop locates between helie&sanda6

and consists of seven acidic residues. These amdidues result in a highly negative net
charge of -7 for CLIC1. Since this negatively cletdoop is flexible and structurally close to
the proline-rich loop connecting the two domaint,is assumed to play a role in

protein-protein interactions (Harr@pal., 2001).
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Figure 4: Crystal structure of soluble reduced CLICL
The N-domain containing the thioredoxin fold is icated in orange and blue. The all
a-helical C-domain is shown in green and yellow. Pagative transmembrane region is in
blue. The proline-rich loop linking the two domairssshown in pink and the negatively
charged loop is indicated in yellow. The lone togdtan residue, Trp35 is shown in red and
the eight tyrosine residues (two in the N-domaix jrsthe C-domain) are indicated in black.
The cysteine residue (Cys24) located in the GSHib@site is shown in purple. This figure
was generated using PyMOL™ (DelLano Scientific, 30@6ng the PDB file 1KOM (Harrop

et al., 2001).
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Redox effects on CLIC1

The N-domain of CLIC1 contains a glutathione (G®hding site. The center of the active
site is a redox-active cysteine (Cys24), whichosated at the beginning of heli? in the
N-domain (Harropet al., 2001). CLIC1 can form both non-covalent and ¢ewviinteractions
with GSH, however, CLIC1 does not bind to a GSH¥&epse matrix. Also, GSH binding
studies of CLIC1 using isothermal titration caloeitny cannot detect any noncovalent GSH
binding below 10 mM GSH, which is in contrast witle strong binding between GSH and
GSTs (Wilce and Parker, 1994). Therefore, non-aainteractions between CLIC1 and
GSH appear to be weak. In contrast, Cys24 fornteag covalent interaction with GSH via
a mixed disulfide bond under certain oxidising atinds (Harropet al., 2001). It has been
suggested that CLIC1 may use its GSH-binding siteetognise the mixed disulfide bond of
some GSH-modified proteins which may thus target thloride channel to a specific
subcellular location (Harrogt al., 2001). Moreover, the mechanism for opening daslig
the CLIC1 channels once inserted into membranessis related to the redox condition
(Singh and Ashley, 2006). In fact, the redox candithas been thought to be a control for

membrane insertion of CLIC1. This will be discus&sdr on.

Putative transmembrane domain

The region from Cys24 to Val46 has been identihsdhe putative transmembrane domain
(PTMD) for CLIC1 (Duncanet al., 1997; Valenzuelaet al., 1997; Edwards, 1999;
Fernandez-Salaet al., 1999; Qiaret al., 1999; Berryman and Bretscher, 2000). The PTMD
consists of helbal and stran@2 in the N-domain. In the PTMD of CLIC1, there ane
conserved phenylalanines (Phe26 and Phe4l). Teipalanresidues (Leu30 to Val39) are
located between these two conserved phenylalaesidues. The remaining places are filled
in with six to seven polar residues. This sequaridbe PTMD matches a typical pattern for

transmembrane helices (Sakai and Tsukihara, 199®).non-polar residues in the PTMD
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form a hydrophobic surface patch exposed on oreedithe protein molecule (Harr@pal.,
2001). This surface in the proteins that are closalated to the CLICs in terms of sequence
similarity contains several additional chargeddaes and thus is not hydrophobic. Therefore,
the hydrophobicity of helixt1 and stran@2 makes CLIC1 unique in the GST superfamily
(Harrop et al., 2001). It is hypothesised that the transmembragen detaches from the
C-domain, unfolds, and refolds into its membranarab conformation (Fanucchet al.,
2008). However, the exact mechanism of this proesssell as the role that the C-terminal

domain plays in this process is still unknown.

1.6.2. The factors influencing CLIC1 membrane-insdron in vitro

The mechanism of CLIC1 membrane-insertion remaimgown. However, previous studies
have proposed some factors which are able to iméeeCLIC1 insertionn vitro. These

factors include pH and redox status.

1.6.2.1. Redox condition

It has been shown that the insertion of CLIC1 m@mbranes is under redox control (Singh
and Ashley, 2006; Goodchile al., 2009; Littleret al., 2004 and 2010). Under oxidising
conditions, insertion and channel activity of CLI@fe enhanced in artificial membranes.
Cys24 is involved in this reaction. Although the ICL C24A mutant is still able to insert
into membranes, the redox control of insertionemoved (Singh and Ashley, 2006). Upon
oxidation, it has been shown that CLIC1 forms aersiWle non-covalent dimer with an
intramolecular disulfide bond between Cys24 andSQyf-igure 5) (Littleret al., 2004).
Dimeric CLIC1 undergoes a dramatic structural reagement when compared to monomeric
CLICL1. Instead of the foys-strandsgp-helices and loops emerge in the N-domain and form

hydrophobic dimer interface non-covalently interagiwith the other subunit of the CLIC1
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Figure 5: Structure of dimeric oxidised CLIC1

Upon oxidation, CLIC1 undergoes a dramatic struttnansition to form a homodimer. In
this dimeric structure, an intramolecular disulfidend forms between Cys24 (yellow) and
Cys59 (orange). The all-helical C-domain (bluekiret the original structure whereas the
N-domain (cyan) rearranges from threehelices and fou3-strands to an alb-helical
structure. This figure is generated by PyMOL™ (Ded.&cientific, 2006) using PDB entry

1RK4 (Littler et al., 2004).
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dimer (Figure 5). It is proposed that CLIC1 miglsewa structure similar to this hydrophobic
dimer interface to dock it on the membranes (Litéeal., 2010). However, it has been
demonstrated that both monomeric and dimeric CLi&\e the ability to insert into and form
functional ion channels in artificial membranestiler et al., 2004). Moreover, oxidation of
monomer promotes insertion better than oxidationdwher (Goodchildet al., 2009).
Therefore, the CLIC1 dimerisation process is notessary for membrane docking and
insertion (Goodchildet al., 2009). Furthermore, the discrete dimer formedthsy strong
interaction between the hydrophobic interfaces eagn cause steric hinderance for CLIC1
in terms of membrane docking and insertion (Goddattial., 2009). In addition, Cys59 is
not conserved in other CLICs and thus it is difica conclude the role of the intramolecular

disulfide bond in membrane insertion of the CLIGy.

1.6.2.2. The effect of pH

CLIC1 channel formation and activity have been reggabto be highly pH-dependent (Twdk
al., 2002; Wartoret al., 2002). The activity at neutral pH is lowest wehit rises at both
acidic and basic pH (Tul&t al., 2002; Wartoret al., 2002). It has been demonstrated that, in
the absence of denaturant or membranes, the cotuse and size of CLIC1 do not show
any significant changes at different pH values (lahi et al., 2008). However,
hydrogen-deuterium exchange studies do show treatPfiMD in the N-domain is more
flexible at acidic pH than at neutral pH (Stoyctetal., 2009). Equilibrium unfolding studies
of CLIC1 show a two- and three-state transitioptdt7.0 and pH 5.5, respectively. A stable
equilibrium intermediate forms in the presence dafdnurea concentrations at pH 5.5
(Fanucchiet al., 2008), which corresponds roughly to the pH vahiethe surface of
membranes (McLaughlin, 1989), and the intermediats not appear at pH 7.0 (roughly the
pH value in cytosol). This equilibrium intermediattains approximately 50% of the native

secondary structure and has a well-packed tersémycture similar to the native CLIC1
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(Fanucchiet al., 2008). Despite overall similar tertiary struetuthe lone CLIC1 tryptophan
residue which is located in the PTMD becomes maueel in the intermediate state
compared to the native state (Fanuasthal., 2008). The hydrophobic fluorescent dye ANS
binds to the intermediate more strongly than torthve and unfolded states, indicating that
the intermediate has more hydrophobic surfacess®agithan the native and unfolded states
(Fanucchiet al., 2008). As proposed by Littlet al. (2010), the membrane-docking form of
CLIC1 is likely to possess exposed hydrophobicase$ in order to interact with membranes.
Therefore, this equilibrium intermediate which haeposed hydrophobic areas may be

significant in CLIC1 membrane-docking.
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1.7. Objective

Since it has been suggested that CLIC1 needs tddupértially prior to membrane insertion,
the main objective of this study is to determine tinfolding mechanism of CLIC1. This

objective can be divided into three aims.

Aims:

1. Characterise the structure of CLIC1 under diffeqgdtvalues corresponding to the pH in
cytosol and at the membrane surface (pH 7.0 an8.pHrespectively) and different urea
concentrations where the native, intermediate, anéblded states of CLIC1 are

populated.

2. Perform equilibrium unfolding studies to detect tmformational stability of CLIC1 at
pH 7.0 and pH 5.5 to investigate the influencelgfgm the stability of the protein. CLIC1
has been shown to form a stable equilibrium inteliate under mild denaturing
conditions at pH 5.5 (Fanucchi al., 2008). This intermediate has structural propsrti
that are similar to the proposed CLIC1 membranddagcform. Therefore, the exact
conditions at which the intermediate state is stabéed to be determined for the

subsequent kinetic experiments.

3. Measure the unfolding kinetics of CLIC1 from thetina state to the unfolded state
(N - U), from the native state to the intermediate stisite; I), and from the intermediate
state to the unfolded stateIU) at pH 7.0 and pH 5.5. This aim forms the largest of
this study. Unfolding kinetics studies have neveerb done before on CLICL1. First,
unfolding of N- U will be measured at both pH 7.0 and pH 5.5 ireotd compare the

different unfolding behaviours of CLIC1 in the eronments which are similar to the
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cytosol and membrane surface. Since the equilibmiermediate only appears at pH 5.5,
the unfolding of the N- | and |- U transitions will only be monitored at this pH.&h

most important part of this study is to observekimetic mechanism of the formation of
the equilibrium intermediate. This novel study Haes potential to improve the knowledge

of the membrane insertion mechanism of CLIC1.
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2. Experimental procedures

2.1. Materials

The pGEX-4T-1 plasmid encoding the cDNA for reconant GST-CLIC1 fusion protein
was a gift from S. N. Breit, Centre for Imnmunolo@t, Vincent's Hospital and University of
New South Wales, Sydney, Australia. IsopropyiD-thiogalactopyranoside (IPTG) and
dithiothreitol (DTT) were obtained from Melford Latatories Ltd (Suffolk, UK)Thrombin
from human plasma (1 KU) was purchased from Sigruaigh (St. Louis, MO, USA).
Reduced glutathione (GSH), 8-anilino-1-naphthalenfonate (ANS) and ultrapure urea
were acquired from Merck laboratory supplies (Ddatt Germany). SDS-PAGE molecular
weight markers were purchasBdm Fermentas (Ontario, Canada). All the othemabals

used in this study were of standard analytical grad

2.2. Methods

2.2.1. Expression and purification of recombinant CIC1

Expression

CLIC1 was expressed and purified following the methused by Fanuccéial. (2008) with

a few modifications. First of alEscherichia coli BL21(DE3) pLysS cells were transformed
with the pGEX-4T-1 plasmid containing the GST-CLIftision protein. A glycerol stock was
prepared by adding transforméd coli cells at mid-log phase to sterile glycerol in a1
ratio and stored at -80°C. Two hundred microlimé8L21 cells from the glycerol stock were
added into a sterile 200 ml 2X YT medium (1.6% toyye, 1% yeast extract and 0.5% NacCl).
All the sterile media were inoculated with 106/ml ampicillin before use. The cells were
then incubated overnight at 37°C with shaking & 2am. The next day, each overnight

culture was poured into a 2L sterile 2X YT mediund ancubated at 37°C with shaking at
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250 rpm for approximately 2.5 hours until the gf¥eached 0.6 ~ 0.8. The overexpression of
the fusion protein was induced by adding IPTG tmal concentration of 1 mM and the cells

were allowed to grow for another 4 ~ 5 hours. Taksovere then centrifuged at 5000 rpm

for 15 minutes at 5 ~ 20°C in a Sorvall RC5C cémge using a SLA3000 rotor. The pellet

was resuspended in 3 ml resuspension buffer, pH(X0mM Tris-HCI, 100 mM NacCl,

1 mM EDTA, 0.02% Naly) and stored at -20°C.

The frozen cells were defrosted with rotating &t .4After thawing, 5Qul DNase (0.1 g/ml),
500 pl MgCl, (0.095 g/ml) and 25@l lysozyme (0.1 g/ml) were added to each 25 ml cell
solution and mixed properly. The cells were themicated on ice for 5 cycles of 30 seconds,
pulsed (intensity 4, pulsed 0.5 sec) on a Sonifatoitrasonic Processor XL (Misonix Inc.).
The lysed cells were centrifuged at 15 000 rpm3fbminutes, at 4 ~15°C using a SS34 rotor

and the supernatant was collected.

Glutathione-Sepharose affinity chromatography

Before use, a 10 ml GSH-Sepharose column was brati#id at 4°C with 150 ~ 200 ml
GSH-equilibration buffer, pH 8.0 (10 mM Tris-HCI5Q2 mM NaCl, 1 mM EDTA, 1 mM
DTT added fresh). The supernatant obtained fromlysed cells was diluted 5X with
GSH-equilibration buffer and loaded onto the GSHt&eose column. This method is based
on the strong affinity between CLIC1-fused GST &f8H. The GST-CLIC1 fusion protein
can thus be retained in the column and separated the contaminating proteins in the
supernatant. To improve the quantity of bound G&IGQ fusion protein to the resin of the
GSH-Sepharose column, the flow-through was colteeted reloaded. After the supernatant
was reloaded, the column was washed with 300 ml-@&Hlibration buffer in order to wash
off all the unbound fusion protein and contaminaiiitsen the column was equilibrated with

five column volumes of thrombin cleavage buffer, 84 (200 mM Tris-HCI, 1.5 M NacCl,
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25 mM CaC4, 0.8 mM DTT added fresh). To separate CLIC1 frasin-bound GST, two
column volumes of thrombin cleavage buffer contagnhuman plasma thrombin (80 per
litre cell culture) was loaded on the column. Theagage reaction was allowed to continue
for 16 hours at 20°C on a rotator. The next dagrafigestion, the GSH-Sepharose resin was

allowed to settle before the CLIC1 and thrombin toni& was collected.

Anion-exchange chromatography

A 40 ml DEAE-Sepharose column was equilibrated widd ml DEAE-equilibration buffer,
pH 6.5 (20 mM Tris-HCI, 0.02% Naj\ before use. DEAE is a positively charged group
covalently linked to the Sepharose beads and hasbility to bind and retain negatively
charged particles. Increasing the ionic strengtkianying the pH value of the elution buffer
are common methods used to elute bound particleBCXCand thrombin are able to be
separated due to the difference in théivglues. At pH 6.5, human thrombin with bvalue

of 7.0 ~ 7.6 (Fentoset al., 1977) is positively charged and does not bintheoDEAE resin
whilst CLIC1 with a p value of 4.85 (Ashley, 2003) becomes negativelgrgeéd and binds
to the resin. The solution containing CLIC1 andthbin from the GSH-Sepharose column
was loaded onto the DEAE-Sepharose column and dghena was washed with 150 ml
DEAE-equilibration buffer to ensure that all theaimbin was removed. CLIC1 was then
eluted with an increased salt concentration (DEAERH@ration buffer containing 300 mM
NaCl) and the fractions were collected for evenyl3 The high concentration of salt results
in an enhanced competition between the anions enbtiffer and the negatively charged
CLIC1 for the positively charged DEAE groups on tlesin, and hence it reduces the
interaction between the resin and CLIC1 molecutes] thus causes the protein to elute.

CLIC1 was successfully eluted between 30 ml anch60
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2.2.2. Confirmation of protein purity

SDS-PAGE is a technique used to separate and ¢basaccomplex mixtures of proteins

(reviewed by Makowski and Ramsby, 1997). The bgsiociple for the method is that

charged particles in an electric field move towtrd electrode of opposite sign. SDS is an
anionic detergent that is able to denature secgndad non-disulfide linked tertiary

structures of proteins. SDS generally binds toganoimolecules in a ratio of 1.4 g/g protein.
Since the negative charge of the bound SDS is lérgpas ability to mask the net charge of
the protein effectively, giving all the proteins the sample a uniform charge:mass ratio.
Therefore, the coated negative charge is in prapotd the mass of the protein molecule so
that the distance of migration of the protein tlgiloduhe gel is only related to the size of the
protein (reviewed by Makowski and Ramsby, 1997) @ifferent proteins in the sample are

thus able to be separated according to their size.

In this study, the discontinuous system (Laemn®i7d) was used for SDS-PAGE analysis.
Discontinuous systems divide the gel into two paats upper part called the stacking gel
with large pore size and low pH (pH 6.8) and a lowart called the resolving gel with

smaller pores and higher pH (pH 8.8). The electrodier contains glycine anions while

both gels use chloride ions as the main mobileremitn the stacking gel with a pH value of
6.8, glycines are mainly zwitterions without netaaye and thus move very slowly in the
electric field. On the other hand, the stronglyrged, smaller chloride ions move relatively
faster in the electric field and cause the formmatdan ion front. The faster-moving chloride
ions followed by the slower-moving glycine zwit@ns result in two separated fronts of
migrating ions and thus creates a narrow zone leetvilege two fronts. All the proteins in the

gel have an intermediate mobility between the gig@and chloride ions. Therefore, when the

two fronts pass through the sample wells, the prst&ill be concentrated in the narrow zone
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between the chloride and glycine ion fronts. Whwa glycine front reaches the running gel
which has a pH of 8.8, the increase in pH makesgtileine molecules ionised and then
increases their mobility. The proteins are, thaeefteft behind and stack in the narrow band
at the interface between the stacking and runnatg; §he function of the protein stacking is
to improve band sharpness and resolution. The ipsotare now allowed to separate

according to the difference in their molecular virtigp the resolving gel.

For all SDS-PAGE experiments in this study, thelgtay gels (4%) used were composed of
1.3 ml 30% acrylamide/bis (acrylamide : bis = 37.%), 2.5 ml 0.5 M Tris-HCI, pH 6.8,
0.1 ml 10% SDS, 5@l 10% ammonium persulfate, 10 TEMED and 6.1 ml dBEO. The
separating gels (15%) used consisted of 5 ml 3Q%aanide/bis (acrylamide : bis = 37.5 : 1),
2.5 ml 1.5 M Tris-HCI, pH 8.8, 0.1 ml 10% SDS, p010% ammonium persulphate,ub
TEMED and 2.4 ml dpD. Sample buffer was composed of 0.5 ml 2% bromiephblue,
2.5 ml 0.5 M Tris-HCI (pH 6.8), 8 ml 100% glycerdlml 10% SDS, 1 ml 2-mercaptoethanol
and 3.5 ml dHO and was added to each sample in a 1:1 samplerbwoffsample ratio.
Samples were then boiled for 5 minutes and 10 ¢l % each sample was loaded on the gels.
The electrode buffer, pH 8.3, consists of 14.4%cigly, 3% Tris-HCI and 1% SDS in 1 L.
The electrophoresis was performed at 200 V ungl dige front reached 0.5 cm from the
bottom of the gels. The gels were stained for 2kdérs in Coomassie Blue stain solution
made up of 0.25% (w/v) Coomassie Brilliant Blue B285% (v/v) methanol and 10% (v/v)
glacial acetic acid. Then gels were destained enddstain solution consisting of 25% (v/v)

ethanol and 10% (v/v) glacial acetic acid for 36-hburs.

In this study, samples for the gels included thetggn complement dEscherichia coli cells
before and after induction with IPTG, the pelledasupernatant of the lysed cells, the

flow-through from the GSH-Sepharose column, the@l-thrombin mixture from thrombin
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cleavage, thrombin separated from the CLIC1 andnthin mixing solution, cleaved GST
and purified CLIC1. The molecular mass markers usede f-galactosidase (116 kDa),
bovine serum albumin (66.2 kDa), ovalbumin (45 kDagtate dehydrogenase (35 kDa),
restriction endonucleas®sp981 (25 kDa), pB-lactoglobulin (18.4 kDa) and lysozyme

(14.4 kDa).

After confirming the purity, CLIC1 was dialysed in€CLIC1 storage buffer, pH 7.0 (50 mM
sodium phosphate, 0.02% NgNL mM DTT) using Snakeskin™ Pleated dialysis tgbin
MWCO 10 000 (Pierce). The purified protein useddbrsubsequent experiments was either
snap-frozen with liquid nitrogen and stored at €0t dialysed every week against a storage
buffer containing 1 mM fresh DTT in order to maintéhe protein under reducing conditions.
Depending on the experiments, CLIC1 was also déalyasto acetate buffer (50 mM sodium

acetate, 0.02% NajN1 mM DTT, pH 5.5) for the studies performed atp8.

2.2.3. Determination of protein concentration

The concentration of purified CLIC1 was determinsdh ultraviolet (UV) absorbance
spectroscopy before each experiment in order tarenthe integrity of the results. The
Beer-Lambert law, A =cl, was used. For a protein solution, A represergsathsorbance at
280 nm;e is the molar extinction coefficient of the proteih 280 nm in Mcm™; ¢ is the
concentration of the protein solution in M ani$ the path length of the cuvette in cm. The
molar extinction coefficient of CLIC1 was determihkbased on the numbers of tryptophan,

tyrosine and cysteine residues (Perkins, 1986):

&280 (M™em®) = 55505 Trp + 1340%Tyr + 150XCys
= 5550(1) + 1340(8) + 150(6)
= 17170 M'em*
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The 280 nm absorbance readings of five serialiditgt(4X, 5X, 6X, 8X and 10X) of CLIC1
stock were collected to construct a dilution curVee absorbance at 340 nm that indicates
the existence of aggregation was also collecteccdorection purposes. The absorbance at

280 nm was corrected using the following equati®egdet al., 2003):

A280 (corrected): A280 (protein)™ A280 (buffer)™ (A34O (protein)™ A34O (buffer) (A280 (buffer)/A34O (buﬁer? (2)

By fitting a linear regression analysis to the d&nd curve, the molar concentration of
CLIC1 can then be calculated. Furthermore, an &lasme spectrum of purified CLIC1 was
also collected over a wavelength range of 190 @ r8&. DNA has a maximum absorbance
at 260 nm while proteins absorb UV light mainly280 nm. The Agy/Azeo ratio of CLIC1
was therefore used to assess DNA contaminatioratid close to 1.8 generally indicates a
pure protein with low DNA contamination. All absarice measurements were performed on

a Jasco V-550 UV/VIS spectrophotometer at 20°C.

2.2.4. Structural characterisation of CLIC1

Far-UV circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is a technigirech is often used to characterise the
structures of various biological molecules suclhadeic acids and proteins. The principle of
this technique relies on the fact that opticallyiveec chromophores absorb right and left
circularly polarised radiation components diffefgn¥Vhen an equal amount of right and left
polarised components of radiation pass through rapka at a given wavelength, an
asymmetric chromophore does not absorb the two ocoemgs equally. The differential

absorption of two polarised components from theogtaphore then gives the dichroism at

the specific wavelength which is often expresseeideer the ellipticity in degrees or the
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difference in absorbance of two components (reviclweKelly and Price, 1997). In proteins,
the optically active chromophores are the peptigekbone, aromatic residues and disulfide
groups (Woody, 1995). Far-UV CD is performed ovevavelength range of 190 ~ 250 nm
to assess the content of global secondary structu@ protein. In this region, the main
absorbing group is peptide bonds linking amino aeisidues (Woody, 1995). It has been
known that different regular secondary structuree glifferent specific far-Uv CD spectra
(Woody, 1995). Therefore, far-UV CD is able to itate characteristics of the secondary
structural content of proteins. A predominanitelical protein has a specific spectrum with
a strongly positive ellipticity near 190 nm and twlominant minima near 208 nm and

222 nm (Woody, 1995).

In this study, to characterise the secondary strastof CLIC1 in the native, intermediate and
unfolded states, far-UV CD was performed. For f&-CD spectra, each protein sample was
made up with 1QuM CLIC1, CLIC1 storage buffer, pH 7.0 (50 mM sodiyshosphate,
0.02% NaN, 1 mM DTT) or pH 5.5 (50 mM sodium acetate, 0.0R%N\;, 1 mM DTT) and
different concentrations of urea (0 M and 7 M, whpopulate the native and unfolded state
of CLIC1, respectively). Since the intermediatetestaf CLIC1 has exposed hydrophobic
surface, it is prone to form aggregates while tragin concentration is high. Therefore, in
order to prevent the formation of aggregates, #memes of intermediate state were made up
with 2 uM CLIC1, in CLIC1 storage buffer (pH 7.0 or pH 5&0d in the presence of 3.4 M
urea (which populates the intermediate state ofd2Lostly). The spectra were obtained on
a Jasco J-810 spectropolarimeter at 20°C. Thesmeed was 200 nm/min over a wavelength
range of 190 ~ 250 nm, with a cuvette of path ler®iymm. The spectra were the result of 10

accumulations.
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For all the far-UV CD measurements, the unit, &bipy, obtained from CD was converted

into the mean residue ellipticit@p] (deg.cnf.dmol™*.residué) using the following equation:

[®] = 10(/cnl (3)
where 6 is the ellipticity (mdeg);c represents the protein concentration in mMis the
number of residues in the protein angs the path length (cm) of the cuvette. All the CD

spectra were smoothed using the negative expohemihodology (SigmaPIBtv11.0).

Fluorescence spectroscopy

Fluorescence spectroscopy is a type of electronti@gispectroscopy that analyses the
fluorescence of a sample (Lakowicz, 2006). Wheluaréphore absorbs light of a specific

wavelength, the electrons in the molecule whichimardeir ground state can be excited to a
higher energy state. These electrons then fall hack the excited state to the ground state
by losing electronic energy in the way of emittgght (that is, fluorescence). A common

phenomenon known as Stoke’s shift is the explandbo the bathochromic (red) shift in the

emission spectra compared to the excitation wagéhenn proteins, the amino acid residues
which contribute to the fluorescence are mainlypsyme and tryptophan. Tryptophan is the
one which absorbs light at the longest wavelengthits extinction coefficient is the largest.

Therefore, the energy from tyrosine is often transd to tryptophan and thus the

fluorescence of most proteins is dominated by typan. In addition, tryptophan residues
can be selectively excited at 295 nm in order toichthe effect from tyrosine residues and
make the fluorescence specific to that of the bgpan residues rather than of Tyr-to-Trp

energy transfer.

The indole group of tryptophan is very sensitive doanges in environment polarity

(Lakowicz, 2006). The wavelength at which tryptophasidues emit light depends on the
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polarity of the environment to which they are exgbsSince the polar solvent molecules
lower the energy of the excited state, when a npokar environment surrounds the
tryptophan residues, the spectrum will display é shkifted maximum emission wavelength
toward a longer wavelength (Lakowicz, 2006). In tcast, if the environment is more
nonpolar, the maximum emission wavelength showslug Ishift toward to a shorter
wavelength. Therefore, the location of tryptophasidues in the protein can be inferred and
fluorescence spectroscopy can be used as a prabertor the change in tertiary structure

of a protein, specifically in the microenvironmentrounding the tryptophan residues.

For the fluorescence spectroscopy measurements, pratein sample was made up with
10 uM CLIC1, in CLIC1 storage buffer, pH 7.0 (50 mM sach phosphate, 0.02% NaN

1 mM DTT) or pH 5.5 (60 mM sodium acetate, 0.02%N\pJal mM DTT) and different
concentrations of urea (0 M and 7.M, which poputatenative and unfolded state of CLIC1,
respectively). As mentioned in the far-UV CD segfiin order to avoid the formation of
aggregation, the representative samples of theneidiate state of CLIC1 were made up
with 2 uM CLIC1, in CLIC1 storage buffer, pH 7.0 or pH 5ahd in the presence of 3.4 M
urea (where the intermediate populates mostly). Bpectra were measured on a
Perkin-Elmer Luminescence Spectrometer LS50B at 2The scan speed was 100 nm/min
over a wavelength range of 280 ~ 450 nm using ettenof path length 10 mm. The
excitation wavelengths were 280 nm and 295 nm tteboth tyrosine and tryptophan
residues and to selectively excite only the tryptopresidue, respectively. The spectra were
the result of 10 accumulations. All the fluores@spectra were smoothed using the negative

exponential methodology (SigmaPlot11.0).
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2.2.5. Urea-induced equilibrium unfolding

Equilibrium unfolding is a process of unfolding aotein by gradually changing its
environment with a chemical denaturant, temperathesnge or pH change. The functions of
denaturation curves include comparing conformatiatability among proteins, observing
equilibrium unfolding intermediates and furtherisating unfolding and folding pathway of
proteins (see Section 1.2.1.). Since the existefaefolding intermediates often indicates
that the protein has more than one domain andithatfolds following a more complex
pathway, denaturation curves are also able toigieemation about the structure (number of
domains) of a protein. For equilibrium unfoldingudies, two important thermodynamic
parameters can be obtained3(H,O) andm-value. TheAG(H,O) of an unfolding reaction is
defined as the change in free energy between tineerend the unfolded state in the absence
of denaturant. It serves as an indication of thefaonational stability of proteins. The
mrvalue is the slope of the transition region ofaldiihng curves. It has been shown that
m-values are related to the surface area of protexposed to solvent during unfolding
(Myerset al., 1995). Equilibrium unfolding of CLIC1 has beereywously studied (Fanucchi
et al., 2008). However, in order to determine the peecenditions which are required for the

subsequent kinetics experiments, the equilibriufieldmg of CLIC1 was repeated.

Recovery studies

Since the equilibrium constant of the unfoldingatean is required for calculating the free
energy change between the native and the unfoldéel, & is essential to make sure that the
unfolding reaction is at equilibrium and hence reide (Pace, 1986). The recovery and
reversibility of wild type CLIC1 have both been yieusly demonstrated (Mcintyre PhD
thesis 2008; Fanucchi al., 2008). Therefore, in this study, recovery stadi€native CLIC1

were just performed to demonstrate the CLIC1 umfgighrocess is reversible.
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Recovery studies were conducted by unfoldingi®0CLIC1 in 7 M urea at pH 7.0 (50 mM
sodium phosphate, 0.02% NaN mM DTT) or pH 5.5 (50 mM sodium acetate, 0.0R8aN\s,

1 mM DTT) at 20°C for 2 hours or 1 hour to reachuilgrium, respectively. Unfolded
CLIC1 was then diluted 10X to a final concentrati@h2 uM protein in 0.7 M urea and
allowed to refold for 1 hour. Far-UV CD and fluoteace spectroscopy were used as probes
to detect changes in secondary and tertiary streicflhe spectra of 2M native and
unfolded CLIC1 (in 0.7 M and 7 M urea, respectiyehere used as controls. The CD and
fluorescence spectra were collected over wavelengtiges of 190 ~ 250 nm and
280 ~ 450 nm, respectively. The excitation wavelerfgr fluorescence measurements was

280 nm.

Sample preparation

Equilibrium unfolding of CLIC1 was performed usingea as the denaturant. Samples and
urea stock (10 M) were made up with CLIC1 storagéfelp, pH 7.0 (50 mM sodium
phosphate, 0.02% NaNL mM DTT) or pH 5.5 (50 mM sodium acetate, 0.0R%N\;, 1 mM
DTT). Samples of 2M CLIC1 were prepared in urea concentrations ragp@jiom 0 to 8 M

at both pH 7.0 and pH 5.5. After sample preparatioriolding at pH 5.5 and pH 7.0 were
allowed to unfold at 20°C for one and two hourspeztively, in order to reach equilibrium.
Far-UV CD and fluorescence spectroscopy were usgutabes to monitor structural changes

of CLIC1 in the equilibrium unfolding studies.

Far-UV CD measurements

As mentioned previously, since CLIC1 is a predomilyaa-helical protein, the CD spectra
for CLIC1 show a specific signature of two minima2®8 nm and 222 nm, respectively.
Furthermore, the signal at 222 nm of a native he&licotein is relatively larger when

compared to the low signal at 222 nm from its utkéal structure. Therefore, the ellipticity at
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222 nm was chosen as a probe to detect any charggrondary structure of CLIC1 in the
equilibrium unfolding studies as the denaturantcemtration increases. The ellipticity at
222 nm was recorded over a urea concentration raih@e¢o 8 M. The CD measurement was
conducted over 60 seconds with 0.5 second intéovadach sample and then averaged. For

each urea concentration, the final result was obthfrom the average of three experiments.

Fluorescence measurements

When excited at either 280 nm or 295 nm, CLIC1 aamaximum fluorescence emission
wavelength at 345 nm. However, excitation at 295 nesulted in a rather small quantum
yield compared to excitation at 280 nm. Theref@®) nm was chosen to be the excitation
wavelength for the equilibrium unfolding studies@£IC1. For fluorescence measurements
of equilibrium unfolding, the emission spectrum wasorded over a wavelength range of
280 ~ 450 nm for each sample over a urea concemtreange of O to 8 M. The excitation

wavelength was 280 nm. The scan speed was 350 nmiiné path length of cuvette was

10 mm. Each spectrum was the result of 3 accunoulsti

Since tryptophan fluorescence spectroscopy is themsio environmental polarity, the
maximal emission wavelength is usually used asabgro monitor any change in the
microenvironment of tryptophan residues (Lakowic2006). However, tryptophan
fluorescence spectroscopy is also sensitive togdsim protein concentration. Change in
protein sample concentration can lead to changehef emission intensity. Therefore,
intensity-averaged emission wavelength (IAEW) setter way to measure any change in the
spectral shift or in the shape of spectra thanetiéssion maximum wavelength because it
takes both intensity and wavelength of an entiecgpm into account (Royet al., 1993).

In addition, IAEW is also an integral measuremamd #&us it is able to avoid instrumental

noise. IAEWs<A> of fluorescence-monitored equilibrium unfoldingtalavere calculated
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using the following equation:

<> = ZN: () / i (1) 4)

where ]is the intensity at wavelengihandi represents any point along entire spectrum.

ANS binding

ANS, a hydrophobic fluorescent dye, is often ussedaaprobe to examine the nonpolar
character of macromolecules such as membranes @ding. ANS is an amphipathic

molecule with a hydrophobic naphthalene part anmiegatively charged sulfonate group.
Binding of ANS to proteins is mainly initiated thugh the electrostatic interaction between
the cationic groups on proteins and the ANS sul®mgoup (Matulis and Lovrien, 1998).

Therefore, the cationic charge of a protein andptHeof the protein solution are both able to
influence the binding of ANS. However, the most artant property of this dye is that the

hydrophobic naphthalene moiety of ANS is able todbto the hydrophobic clusters on

macromolecules. When ANS is excited alone in watlee, emission maximum is above

500 nm with a very small quantum yield (Lakowic®08). Once ANS binds to the nonpolar
clusters on a protein, the maximum emission wawgtlteof the fluorescence spectrum will

display a blue shift (shift to a lower wavelengtrd the quantum yield increases largely
(Lakowicz, 2006). Since unfolding intermediatesaluhave exposed hydrophobic surface,
ANS is often used to detect the existence of inggliates in protein unfolding reactions in
both equilibrium unfolding and unfolding kinetictudies (Stryer, 1965; Kuwajimet al.,

1991; Semisotnoet al., 1991).

ANS binding was conducted along with equilibriumfalding experiments of CLIC1 at
pH 7.0 and pH 5.5 to detect the formation of thermediate. ANS stock was prepared to

2 mM. After the protein was allowed to unfold toack equilibrium at different urea
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concentrations, ANS was added from the stock td earnple to a final concentration of
200uM and allowed to bind for one hour. The spectru80(3 600 nm) for each sample was
recorded on the fluorimeter with an excitation wawmgth of 390 nm. The scan speed was
500 nm/min. A cuvette of path length 10 mm was u&eath final spectrum was the result of
3 accumulations. After ANS binds to the intermegliatate of CLIC1, the ANS spectrum
displays a maximum emission wavelength of ~460 fherefore, the ANS binding as a
function of urea was plotted using the fluoresceimtensity at 460 nm. All the spectra of
ANS binding were corrected with blank controls €reANS + urea at different

concentrations).

Data analysis

The data chosen to construct unfolding curves W&eellipticity at 222 nm and fluorescence
intensity at 310 nm and 345 nm. The spectra ofveaiLIC1 show a maximum emission
wavelength at ~345 nm. The maximum emission waggfenf unfolded CLIC1 shifts to
~356 nm. Like CD ellipticity at 222 nm, the fluooesice intensity at 345 nm displays a
relatively large difference between the spectraative and unfolded CLICL1. It can, therefore,
serve as a good probe to monitor changes in tedtancture of CLIC1. Previous equilibrium
unfolding studies at pH 5.5 have shown that, whettgl using emission intensity at 310 nm,
the unfolding curve of CLIC1 does not display agtnsigmoidal transition (Fanuccéial.,
2008). Therefore, fluorescence intensity at 310wan selected as a probe to demonstrate the
appearance of the intermediate. In addition, tHEWAof CLIC1 was also plotted against urea

concentration of 0 ~ 8 M to create unfolding curassan indication of the intermediate.

The unfolding curves @ro, Fsss, and By obtained from equilibrium unfolding studies at
pH 7.0 and at pH 5.5 were globally fit to a twotstanodel or a three-state model,

respectively. Global analyses of data involve tineutaneous analysis of multiple data sets
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from different experiments with reference to inedy unified sets of fitting parameters

(Beechem, 1992). The advantage of global analgsihat using consistent parameters to
analyse all sets of data gives more precise rethats the separate fits. All the data fitting
were performed using a nonlinear least-squaresranuge, Savuka 6.2.26 (Zitzewigz al.,

1995; Bilselet al., 1999).

Two-state monomer unfolding mechanism
A two-state equilibrium unfolding mechanism for amomeric protein is presented as-NJ,
where N and U represent the native and the unfosdaes, respectively. This mechanism
assumes that the protein can only be in the natiae or in the unfolded state along the
unfolding transition. Therefore, if we sum up thaction of the native proteirfj and the
fraction of the unfolded proteirfi{), the value is 1.
fy+fu=1 ®)
The observed valueg)(using CD or fluorescence as a probe at any @damtg the unfolding
transition will be:
y = ynfn + Yufu (6)
wherey is the recorded value obtained from CD or fluoeese;yn andyy are the values of
of the native and unfolded protein, respectivelyei, combining equation 5 and 6 leads to:
fu=Wn-y) / (\n—Yu) (7)
fn=0u-Y) / (Yu—W) (8)
An equilibrium constant between the native protam the unfolded proteirKe, can be
calculated using the following equation:
Keq:fU / fn
=fn-y) [ (Yy—-w) (9)
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The free energy changaG, is a measure of stability of a protein in thealdihg reaction.
AG will be:
AG = -RT In Kgq
=RTIn [ (W=y) / (y-wu) | (10)
whereR represents the universal gas constant (1.987ml:. K%); T is the temperature in

kelvin.

Two important parametergy\G(H,O) and them-value, can be obtained from equilibrium
unfolding curves using the linear extrapolation moet (Greene and Pace, 1974). This method
is based on the assumption thAg% has a linear dependence on denaturant concentiatio
the transition region and can be tracked back to denaturant concentration to obtain the
AG values in the absence of denatura@(H.0)) using the following equation:

AG = AG(H,0) —m[denaturant] (11)

In a two-state unfolding mechanism, t8g value represents the midpoint of the unfolding
curves and is defined as the denaturant concearirati which the native and the unfolded

species are equally populated at equilibrium. Thevalue was obtained using the equation:

Cm =AG(H,0) / m (12)

Three-state monomer unfolding mechanism:

A three-state equilibrium unfolding mechanism formanomeric protein is presented as

N o | « U, where | represents the intermediate detecteegatlibrium. This mechanism

states that the protein can be in the native, nmteliate or the unfolded state. Therefore, the

sum of fraction of the native, intermediate andolohéd protein can be written as:
fytfi+fy=1 (13)

wherefy, f, andfy represents the fraction of the native, intermedzate unfolded protein,
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respectively. In this model, there are two equillibr constantsK; for the N | transition
andKj; for the I - U transition. The equilibrium constarks andK; can be written as:

Ki=f / fy (14)

Ka=fy / fi (15)
Therefore, the equilibrium constant for the whaeaation (N~ U transition) is:

Ku =K1 Kz (16)
The observed signal, y, can be written as:

y =yin +yifi + yufu (17)

In terms ofK; andK,, equation 13 can be described as:

fu+r(fu / KiKg)+(fu / K1) =1 (18)
Therefore, we can get:
fu=Ki Kz / Ki Kz +1+K; (19)
fi=K; / KiKy+1+K; (20)
=1 / [ (KiKo+1+Ky) [ (KiKo) | (21)

The AG(H20), andAG(H20), can be obtained from equation 22 and 23:

AG(H,0), = RT InK; (22)
AG(H,0); = -RT InK; (23)
Also,
AG, = AG(H,0), - m, [denaturant] (24)
AGy = AG(H,0), - my [denaturant] (25)

where subscript | and 1l represent the-N and | - U transitions, respectively.

Therefore,

Kl —e (my [denaturant] AG(H,0);) / RT (26)

K2 —e (my [denaturant] AG(H,O);) / RT (27)
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Combining equations 19 ~ 27 with equation 17, thalffit is obtained as:
y= [ wHyiKitywKiKe |/ [ 1+Ki+KK; | (28)

WhereKl IS e (m [denaturant] AG(Hzo)l) / RT and K2 IS e (my [denaturant] AG(HZO)”) / RT.

From the three-state global finG(H.O) and AG(H,O), were obtained. The fractional
population of the native, the intermediate and uh#&lded protein was calculated froka

andK; using equation 19 to 21.

2.2.6. Unfolding kinetics

Equilibrium unfolding studies provide informatiobaut conformational stability of proteins
while unfolding kinetics studies are used to detketpresence of transient intermediates that
emerge during the unfolding process and enablecdinstruction of the specific unfolding
pathway. In this study, the kinetics of CLIC1 umfioly was separated into three sections:
unfolding from the native state (N) to the unfoldsdte (U), from N to the intermediate state
(I, and from I to U. All the unfolding experimenigere conducted with a final concentration
of 2 uM CLIC1 at 20°C using a manual mixing method. TH2 @lipticity at 222 nm (&»)

and fluorescence intensity at 345 nmg{Fwith an excitation wavelength of 280 nm were
used as probes to monitor any change in structutbeoprotein over time. To prevent the
separation of urea from the buffer, a stirring apphss was used for all

fluorescence-monitored unfolding kinetic experinsent

For unfolding kinetics of the N U transition, native CLIC1 was added to a solutidra
final concentration of 5.5 M to 8 M urea (which regents the posttransition region in the
equilibrium unfolding studies) at pH 7.0 and pH %o5produce unfolded protein. The data

recording time ranges using fluorescence and Cprabes for the N- U transitions at

53



pH 7.0 and pH 5.5 were at most 2 hours and 10 méuespectively. Since the intermediate
state is only detectable at pH 5.5, the unfoldimgegiments of the N | and the |- U

transitions were only performed at pH 5.5. For thdolding experiments of the N

transition, native CLIC1 was added to a solutioradinal concentration of 3 to 4 M urea
(which corresponds to the condition where the meatiate appears in the equilibrium
unfolding studies). The unfolding traces of the-N transition were recorded using both
probes over at most 1 hour. For the U transition, CLIC1 was incubated in the preserfce o
3.4 M urea (the condition where the intermediatenast populated) for one hour to obtain
the equilibrium intermediate. The intermediate wasn unfolded in the presence of 5.5 to

7 M urea and the unfolding traces were recorded atveost 20 minutes.

The native baselines (the NU transition and the N. | transition) were obtained from the
signal of native protein at both pH values. Theimtediate baselines for the-NI and the

| - U transition were constructed by measuring theaigh native protein incubated in the
presence of 3 ~ 4 M or 3.4 M urea for at least lomar, respectively. The unfolded baselines
(the N- U and the |- U transition) were acquired from the signal of watiprotein
incubated in the presence of 5to 7 M urea (demgnaoin the experiments) for at most 2 hours.
All the measurements were repeated three times.dakee analysis was done on all of the
three recorded kinetic traces from each experimsimy SigmaPletv11.0 and the results of

analysis were then averaged.

Data analysis

In this study, all the kinetics data were fit t@ tbxponential decay model. Depending on the
data, the kinetics trace was fitted to either glsiror double exponential model. However,
there was an exception: the N | transition. For this transition, all the

fluorescence-monitored traces were fitted to twuasate single exponential models using the
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minimum of each trace as a boundary. The single @domable exponential models can

described using the general equation shown inath@nfing:
Ap=Yo+ Y Ae (29)

A represents the observed ellipticity from circulgchroism or the observed fluorescence
intensity, t is time, yis the amplitude from the beginning to the enca&th kinetic trace at
given time, KandAi are the apparent rate constant and aheplitude of the phasg
respectively. The residuals for each plot were aatexqb to facilitate better choice of the two
models and presented to indicate the quality oh ditting. The obtained apparent unfolding
rate constants for each trace were then plottethstgdifferent final urea concentrations to
construct chevron plots. To obtain the unfoldingg reonstant in the absence of denaturant,
every chevron plot was fit to linear regressiomgghe following equation:

log (k) = log ky(H.0)) + m, [denaturant] (30)
wherek, is the apparent rate constant for unfolding atedéit urea concentratiorig(H,0)
is the value of apparent unfolding rate in the abseof denaturant, anm, represents the
amount of exposed surface area to the solventffaretit denaturant concentrations during

unfolding.
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3. Results

3.1. CLIC1 expression and purification

SDS-PAGE (Figure 6) was utilised to demonstrate pghecess of the purification and to
confirm the purity of purified CLIC1. IPTG (finaloncentration 1 mM) was confirmed to
induce the overexpression of GST-CLIC1 fusion profgigure 6A, lanes 2 and 3). The
GST-CLICL1 fusion protein demonstrates a moleculeigivt of approximately 58 kDa on the
SDS-PAGE gel. After harvesting, the fusion proteppeared to be soluble and was mainly
present in the supernatant compared to the smattidn of insoluble protein, which
remained in the pellet (Figure 6A, lanes 4 andTbe fusion protein was separated from all
other cellular proteins by using the affinity beemethe GST fusion protein and a
GSH-coated resin, GSH-Sepharose. The supernatathieodfysed cells was loaded on the
GSH-Sepharose column and the flow-through was aelteonce the fusion protein bound to
the column. Comparing the much smaller band reptege the fusion protein in the
flow-through with the larger band of the fusion f&ia in the supernatant indicates that most
of the fusion protein was captured and retainedhenGSH-Sepharose column (Figure 6A,

lanes 4 and 6).

Thrombin was used to separate fused GST and CLAGter thrombin cleavage on the
GSH-Sepharose column for 16 hours, CLIC1 and thmomkere recovered from the
GSH-Sepharose column (Figure 6B, lane 2). The G&Tamed bound to the column and
was then eluted with a high concentration of GSHe Eluted GST is displayed on the gel
along with a band at 58 kDa representing uncledwsidn protein (Figure 6B, lane 3). Since
the band of uncleaved fusion protein is tiny whempared to the thick band of the cleaved

GST, the cleavage was relatively efficient.
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Figure 6: SDS-PAGE gels illustrating a representatie purification process of CLIC1

(A) Lane 1 contains molecular weight markers; laneen@ 3 contain wholé&. coli cell
extract before and after induction with 1 mM IPTi@spectively; lanes 4 and 5 contain
supernatant and pellet of the lysed cells, respagti Lane 6 shows the flow-through from
the GSH-sepharose column indicating that mosteflion protein bound. The GST-CLIC1
fusion protein is displayed on the gel with a malac mass of approximately 58 kD@)
Lane 1 contains a molecular weight marker. Lanéh@wvs CLIC1 and thrombin mixture
recovered from the GSH-Sepharose column. Lane @ays the cleaved GST with a small
amount of uncleaved fusion protein from the GSHasepse column. Lane 4 contains the
separated thrombin. Purified CLIC1 with an apparemlecular mass of approximately
32 kDa is shown in lane 5.
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CLIC1 has a pvalue of 4.85, and thus it is negatively chargegth 6.5 and binds to the
positively charged DEAE-Sepharose resin. Throminirgonstrast, with alpvalue of 7~7.6
(Fentonet al., 1977) is positively charged and does not bintheoDEAE-Sepharose resin at
pH 6.5. Therefore, the CLIC1 recovered from the &S#pharose column was able to be
separated from thrombin by DEAE anion exchange ratography at pH 6.5. Human
thrombin demonstrates a molecular weight of 36.@& kih SDS-PAGE gels (Fentah al.,
1977). In this study, the eluted thrombin migratesdistance which corresponds to a
molecular size of approximately 34 kDa (Figure Ge 4) on the SDS-PAGE gel, which is
slightly smaller when compared to the result shawvifrentonet al., 1977. The DEAE-bound
CLIC1 was then eluted with an increased salt camagon of 300 mM NaCl at pH 6.5.
Purified CLIC1 demonstrates a molecular weightpgraximately 32 kDa (Figure 6B, lane 5
and Figure 7). The theoretical molecular weight QfIC1 is 26.9 kDa. It has been
demonstrated that CLICs, on SDS-PAGE gels, displiygher molecular weight than their
theoretical molecular weights (Tulk and Edward998&®Berryman and Bretsher, 2000; Tulk
et al., 2000; Boardtt al., 2004). A possible reason for this unusual migraisotiat the acidic
nature of CLIC1 has an influence on SDS bindinch(beaara, 1978). The negative charge of
CLIC1 might reduce the SDS:protein ratio and furtdogver the mobility of the protein. To

conclude, the lone band of the CLIC1 sample inés#ihat CLIC1 was purified successfully.

For protein concentration determination of CLIGIe Beer-Lambert law was used. The yield
of CLIC1 from 4 litres of cell culture was calcuddt to be approximately 80 mg. The
A2ssAzeo ratio was close to 1.8, indicating that there wassignificant DNA contamination

(Figure 8).
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Figure 7: Calibration curve obtained from the SDS-RRGE gel
The curve was constructed from the log values efntlolecular weight (in kDa) of molecular
weight marker against their migrated distanceshengel. The molecular weight of CLIC1

was calculated as 32 kDa.
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Figure 8: Absorbance spectrum of purified CLIC1

The absorbance of CLIC1 at 280 nm is 1.14, thisesponds to a protein concentration of
66 uM. There is no significant DNA contamination detdae in the purified protein since the
AzsaAgep ratio is close to 1.8. The negligible absorbartc@&@ nm indicates that the level of

aggregation is negligible.
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3.2. Structural characterisation of CLIC1

Secondary structure

Far-UV CD (190-250 nm) was performed to study tBeosdary structural content of the
native and unfolded states of CLIC1 at pH 7.0 aHd5pb. Two minima at 208 and 222 nm
are shown in the spectra of native CLIC1 at bothvahlies (Figure 9), which is typical for

a-helical proteins (Woody, 1995).

The CD spectra of native CLIC1 at pH 5.5 shows ald@% reduction in the CD signal
compared to at pH 7.0 (Figure 9). This indicatdsveer secondary structural content under
this condition (at pH 5.5). However, the two cleamima demonstrate that the entire
secondary structure is still maintyhelical and not significantly different from then® at
pH 7.0. The result suggests that the pH level drdg a small effect on the secondary

structure of the native state of CLIC1.

The spectra of unfolded CLIC1 at pH 7.0 and pH IBo%h display a spectral signature of
random coil structures (Woody, 1995), suggestirag @LIC1 is unfolded in the presence of
8 M urea at either pH 7.0 or pH 5.5 and most of phedominantlya-helical secondary

structure is disrupted (Figure 9).
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Figure 9: Comparison of the circular dichroism spetra of CLIC1 at pH 7.0 and pH 5.5
Far-UV CD spectra of 1M CLIC1 at pH 7.0 (blue) and pH 5.5 (pink) recordsd20°C.
The buffers used: pH 7.0 (50 mM sodium phospha@% NaN, 1 mM DTT) and pH 5.5
(50 mM sodium acetate, 0.02% NaN mM DTT). Two minima, one at 208 nm and one at
222 nm in the spectra of native CLIC1 (closed esglare indicated by arrows. In the
presence of 8 M urea, the spectra of unfolded Cla€Choth pH 7.0 and pH 5.5 display a
spectral pattern typical for random coil (solidelg). The spectra were smoothed using the

negative exponential methodology (SigmaPhlt 1.0).
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Tertiary structure

The tertiary structure of CLIC1 was monitored usifigorescence spectroscopy. This
technigue demonstrates specifically the environmsuatrounding tryptophan residues
(Lakowicz, 2006). Fluorescence resonance energgfea (FRET) is a mechanism of energy
transfer between a donor chromophore in its ex@tate and an acceptor chromophore. In a
protein, the chromophores are mainly tyrosine agptophan residues. When a protein is
excited at 280 nm, both tyrosine and tryptophardues are excited resulting in FRET to the
final acceptor, the tryptophan residues (Lakow®206). CLIC1 has only one tryptophan,
Trp35, which is located in the putative transmembreegion in the N-domain (see Figure 4)
(Harrop et al., 2001). In the case of CLIC1 which has one tryptpand eight tyrosine
residues, excitation at 280 nm results in a higheantum yield than excitation at 295 nm

which only excites the tryptophan residue (Figudg 1

The fluorescence spectra of native CLIC1 at both 78 and pH 5.5 show a maximum
emission wavelength of 345 nm (Figure 10). Thensitges of the spectra are also similar at
both pH values. The maximum emission wavelengtlitssihen tryptophan residues are
exposed to environments of different polarity (Lakzz, 2006). The fact that the maximum
emission wavelengths of the spectra at pH 7.0 @b are identical indicates that the
location of the lone tryptophan residue of nativiel@ at both pH values is similar. This
suggests that the tertiary structure, specificatyund Trp35, is not influenced by changes in
pH. In the presence of 8 M urea, the maximum ewmssvavelength of unfolded CLIC1
shows a red shift to 356 nm (Figure 10), which ¢atks the exposure of the tryptophan
residue to the polar solvent. The unfolding of CLI&lso increases the distance between the
lone tryptophan and the tyrosine residues, regulitnthe FRET from the tyrosine to the
tryptophan being disrupted. Therefore, the quanjietds of the spectra of unfolded CLIC1

are reduced and the emission from the tyrosine€uesican be seen as a shoulder at 310 nm.
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Figure 10: Comparison of the fluorescence spectra €LIC1 at pH 7.0 and pH 5.5
Fluorescence emission spectra of M CLIC1 at pH 7.0 (blue) and pH 5.5 (pink) when
excited at 280 nm (circles) or 295 nm (squaresprobd at 20°C. Native CLIC1 (closed
symbols) has a maximum emission wavelength of 3d5indicated by the red arrow) when
excited at either 280 nm or 295 nm. Unfolded CLI@pen symbols) shows a red-shifted
emission wavelength of 356 nm (indicated by they gneow) when excited at 280 nm and
has a shoulder at 310 nm (indicated by the gremwarWhen unfolded CLIC1 is excited at
295 nm, the spectra peak at 360 nm. The bufferd: yge¢ 7.0 (50 mM sodium phosphate,
0.02% NaN, 1 mM DTT) and pH 5.5 (50 mM sodium acetate, 0.028bs, 1 mM DTT). All

the spectra were smoothed using the negative erfiahmethodology (SigmaP®t/11.0).
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3.3. Urea-induced equilibrium unfolding

3.3.1. Recovery studies

It is very important for equilibrium unfolding datmalysis that the unfolding reaction is at
equilibrium and is reversible (Pace, 1986). Thawfdhe reversibility of unfolding of a
protein needs to be established in order to endide analysis of its thermodynamic
parameters obtained from equilibrium unfolding #tsd (Pace, 1986). Recovery and
reversibility studies of CLIC1 have been previoudgmonstrated by Fanucadtial., 2008.
The recovery of the secondary and tertiary strectirCLIC1 was conducted by denaturing
native CLIC1 in the presence of 7 M urea then ohiyit ten times so as to refold it. Both
circular dichroism and tryptophan fluorescence wesed as probes to detect any change in
secondary and tertiary structure. In this studg, ridcovery monitored by CD at pH 7.0 and
pH 5.5 is 93% and 91%, respectively (Figure 11A)e Tluorescence-monitored recovery at
pH 7.0 and pH 5.5 is 96% and 97%, respectivelyf@gl1B). The high recovery of the
native structure at pH 7.0 and pH 5.5 indicates ttie unfolding of CLIC1 is reversible after
denaturation in the presence of 7 M urea at bothvplies. Therefore, the equilibrium

unfolding curves of CLIC1 can be analysed in teainthe thermodynamic parameters.
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Figure 11: Recovery of secondary and tertiary struttre of CLIC1

Recovery of secondarjp) and tertiary(B) structure of CLIC1 at pH 7.0 (blue) and pH 5.5
(pink). Twenty microlitres of CLIC1 was unfolded the presence of 7 M urea and diluted
10X to refold to a concentration of M protein in 0.7 M urea. The spectra of native and
unfolded CLIC1 (7 M urea) are shown as referenogsaaie indicated with closed circles and
solid lines, respectively. The spectra of refold®dC1 are given by dashed lines. All the

spectra were smoothed using the negative expohergihodology (SigmaPIBtv11.0).
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3.3.2. Effect of pH on the conformational stabilityof CLIC1

Equilibrium unfolding studies were performed usi@® and fluorescence spectroscopy as
probes to monitor changes in secondary and tersimugture, respectively. The influence of
pH on the equilibrium unfolding of CLIC1 is shown Figure 12. At pH 7.0, the CD- and
fluorescence-monitored unfolding curves, especiallthe transition region, coincide within
error and show a monophasic transition (Figure 1IA)s behaviour suggests a cooperative
two-state unfolding process, MU, where N and U represent the native and the detbl
states, respectively. Therefore, a two-state madslused to globally fit the unfolding data at
pH 7.0. The global fit of the CD- and fluorescemaeenitored data at pH 7.0 give\&(H-0)

of 7.9 = 0.46 kcal/mol andma-value of 1.8 + 0.11 kcal/mol/M urea (Table 2).

At pH 5.5, the 45 -monitored curve also shows a single sigmoidaisiteon. However, the
Fs10 - and k2, -monitored curves display more than one transitibrgure 12B). This
suggests that the unfolding of CLIC1 at pH 5.5 cdnbe described using a two-state
mechanism. Therefore, the unfolding data monitoas¢dpH 5.5 were globally fit to a
three-state model, N | « U, where | represents an intermediate. ABH,0O) andm-value
for forming the intermediate species (the-N transition) are 6.7 + 1 kcal/mol and 2.5 £ 0.45
kcal/mol/M urea, respectively (Table 2). TheG(H,O) and mvalue for unfolding the
intermediate (the & U transition) are 13.7 + 2.1 kcal/mol and 3.5 + Rdal/mol/M urea,
respectively. TheAG(H,O) of the N« | transition is smaller than the one of thes U
transition, suggesting that these conditions arelgoive to the formation of the intermediate

of CLIC1.
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Figure 12: Equilibrium unfolding of CLIC1 at pH 7.0 and pH 5.5



Equilibrium unfolding experiments conducted opM CLIC1 at 20°C as a function of urea
at pH 7.0(A) and pH 5.5(B). In (A) and (B), the ellipticity at 222 nm (bluand the
fluorescence emission intensity at 310 nm and 3#5(red and green, respectively) were
used as probes. The solid lines represent the Igiblod a two-state (A) and a three-state (B)
model to the data. The IAEW and ANS binding asrecfion of urea are shown {i€) and
(D), respectively, where data monitored at pH 7.0 @dcb.5 are indicated in blue and pink,
respectively. The buffers used: pH 7.0 (50 mM sodphosphate, 0.02% NgNL mM DTT)

and pH 5.5 (50 mM sodium acetate, 0.02% iaNnM DTT).

Table 2: Comparison of the thermodynamic parameterobtained from the equilibrium

unfolding studies at pH 7.0 and pH 5.5

pH 7.0 pH 5.5
N o U N o | | o U
AG(H->0O
(H20) 7.9+ 0.46 6.7x1 13.7+2.1
(kcal/mol)
m-value
vald 18+0.11 2.5+0.45 35+05
(kcal/mol/M urea)
C
m 4.2 2.7 3.9
(M urea)
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The existence of the intermediate is further coméid by intensity-averaged emission
wavelength (IAEW) changes along the equilibriumaldihg transition and ANS binding
studies (Figure 12 panel C and D). At pH 7.0, thEW curve of the fluorescence-monitored
unfolding shows a single transition. At pH 5.5, mimum at 3.4 M urea of the IAEW curve
indicates that the unfolding does not follow a tstate mechanism. This transition occurs at
the same urea concentrations that the peak of $higm®nitored unfolding curve occurs.
Furthermore, the decrease in IAEW at 2.5 ~ 4 M @gggests that the location of the lone

tryptophan moves to a more nonpolar environment tha native state under this condition.

ANS is a fluorescent dye which binds to hydrophgi@tches on proteins and is often used to
detect unfolding intermediates (Stryer, 1965; Semisvet al., 1991). ANS does not bind to
CLIC1 in the native and unfolded state or at aninfalong the unfolding transition at pH
7.0 (Figure 12D). At pH 5.5, the binding of ANS ieases from 2 to 5.5 M urea and peaks at
3.4 M urea which corresponds to the condition wilbesdecrease in IAEW and the peak in

the k16 monitored curve occur (Figure 12 C and D).

In addition, the population plot calculated frone tlobal fitting shows that the intermediate
is most highly populated in the presence of 3.4rBauApproximately 91% of species are in
the intermediate state under this condition (Figl@e The high intermediate population is
significant for the feasibility of the subsequenhetics studies (the N1 and |- U

transitions).
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Figure 13: Fractional populations plot of CLIC1 asa function of urea concentrations at

pH 5.5
The populations were obtained from the global rgtiof the equilibrium unfolding to a
three-state model. The native (N), unfolded (U) emermediate (I) populations are indicated

in solid, dashed and dotted lines, respectively.

71



3.3.3. Structure of the intermediate

The equilibrium unfolding studies of CLIC1 at pH55indicate the appearance of an
intermediate species that is stable at equilibniunder mild denaturing conditions (Figure 12).
In order to obtain the intermediate species, CLW&k incubated in the presence of 3.4 M
urea at pH 5.5, which corresponds to the highestilation of the intermediate relative to the
native and unfolded state. The secondary and nersiiaucture of the intermediate state of
CLIC1 were then further characterised using far-@Wcular dichroism and intrinsic

tryptophan fluorescence spectroscopy, respectiveNS binding was also performed to

establish the hydrophobicity of this intermedigteses.

Secondary structure

The far-UV CD spectra of the native and the intaliae states of CLIC1 are shown in
Figure 14. For comparison, CLIC1 was also incubaie®i4 M urea at pH 7.0. When CLIC1
is exposed to 3.4 M urea at pH 7.0, the secondaugtare does not change significantly
compared to native CLIC1 at pH 7.0 (Figure 14).sTi@sult is consistent with the fact that
there is no detectable intermediate species urtteset conditions. At pH 5.5, however,
CLIC1 intermediate displays an approximate 40% iosgecondary structure from that of the

native state at pH 5.5 (Figure 14).

Tertiary structure

The fluorescence spectra of the native and thenmadiate states of CLIC1 are shown in
Figure 15. At both pH 7.0 and pH 5.5, the fluoresee emission intensities between the
spectra of native CLIC1 and CLIC1 in the presenic8.4 M urea do not show a significant
difference (Figure 15). The maximum emission wavglks of the spectra of native CLIC1

and CLIC1 at 3.4 M urea both locate at 345 nm a7@gH However, the maximum emission
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Figure 14: Comparison of CD spectra of the nativerad the intermediate state

Far-UV CD spectra of M CLIC1 at pH 7.0 (blue) and pH 5.5 (pink) recordg¢®0°C.The
buffers used: pH 7.0 (50 mM sodium phosphate, 0.0288k, 1 mM DTT) and pH 5.5
(50 mM sodium acetate, 0.02% NaN mM DTT). At pH 7.0, CD spectra of CLIC1 in the
native state (closed circles) and in the preseh@4oM urea (dashed lines) do not display a
significant difference, indicating a similar secang structural content. At pH 5.5, the
intermediate state of CLIC1 at 3.4 M urea only irtapproximately 60 % of the secondary
structure compared to the native state. The spettianfolded CLIC1 are indicated with
solid lines. The spectra were smoothed using thgathee exponential methodology

(SigmaPlof v11.0).
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Figure 15: Comparison of tryptophan fluorescence sgctra of the native and the
intermediate state of CLIC1

Fluorescence spectra ofy® CLIC1 at pH 7.0 (blue) and pH 5.5 (pink) recordsd20°C.
The excitation wavelength of the measurements w&s rim. The buffers used: pH 7.0
(50 mM sodium phosphate, 0.02% Nall mM DTT) and pH 5.5 (50 mM sodium acetate,
0.02% NaN, 1 mM DTT). At pH 7.0, CLIC1 in the native statdgsed symbols) and in the
presence of 3.4 M urea (open symbadls)not show a significant difference in either sty

or maximum emission wavelength. The spectrum ofitbermediate state exhibits a blue
shift from 345 nm (indicated by the red arrow) bmat 340 nm (indicated by the grey arrow)
at pH 5.5, which indicates a more embedded try@opfhe spectra of unfolded CLIC1 are
shown with solid lines. All the spectra were smeothusing the negative exponential

methodology (SigmaPIBtv11.0).
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wavelength of the spectra at pH 5.5 shifts from B4bin the native state to approximately
340 nm in the intermediate state (in the presen@4oM urea). This blue shift indicates that
CLIC1 in the intermediate state has a more embediggdophan in the tertiary structure

when compared to the native state.

ANS binding

Free ANS in the absence of protein produces adhamnt peak at 510 nm when excited at
390 nm. Once ANS binds to hydrophobic clusters qmagein, the maximum emission will
show a blue shift toward lower wavelength and titensity will increase largely (Lakowicz,
2006). Representative spectra of CLIC1 in the preseof ANS at pH 7.0 and pH 5.5 are
shown in Figure 16. The spectra of CLIC1 show #86 does not bind to native CLIC1 at
both pH 7.0 and pH 5.5. Furthermore, ANS does i bb CLIC1 when in the presence of
3.4 M urea at pH 7.0 either. This is consistenhwiite results obtained from the equilibrium
unfolding studies showing that ANS does not bindQbIC1 over the entire unfolding
transition at pH 7.0 (Figure 12D). At pH 5.5, howevthe maximum emission wavelength of
the ANS spectra of the CLIC1 intermediate shiftd® nm and the intensity of the emission
increases significantly, indicating that ANS birtdshydrophobic patches on the surface of
the CLIC1 intermediate (Figure 16). To conclude,ICL in the intermediate state, which
forms in the presence of 3.4 M urea at pH 5.5,faamore exposed hydrophobic patches on

its surface than in the native or the unfoldedestatboth pH 7.0 and pH 5.5.
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Figure 16: ANS binds to the intermediate state of CIC1

The ANS binding spectra of gM CLIC1 in the native state (open symbols) andha t
presence of 3.4 M urea (closed symbols) at pH e and pH 5.5 (pink) after incubation
with 200 uM ANS for one hour. Only the spectrum of the CLI®@iermediate (pH 5.5 and
3.4 M urea) displays a significant quantum yieldewltompared to the protein in the native
state at both pH and in the presence of 3.4 M atged 7.0, indicating that ANS only binds
to the intermediate state. The excitation wavelemjtthe spectra is 390 nm. All the spectra
were corrected for free ANS. The spectra were sheabtusing the negative exponential

methodology (SigmaPIBtv11.0).
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3.4. Unfolding kinetics

Unfolding kinetics studies were performed to ungovee unfolding pathway of CLICL1. In
the equilibrium unfolding studies, CLIC1 followstwo-state unfolding transition at pH 7.0
while at pH 5.5 it forms an intermediate in thegenmece of 2.5 ~ 4 M urea (see section 3.3.2.).
Therefore, the unfolding kinetics studies were didd into three transitions: NU, N - |

and I1- U, where N, | and U represent the native, the dmuim intermediate and the
unfolded states of CLIC1, respectively. CD elliggicat 222 nm (k) and fluorescence
intensity at 345 nm (fzs) were used to monitor the rate of unfolding of #szondary and
tertiary structure, respectively. Since the sigrdl&;,, and k45 show the largest difference
between native and unfolded CLIC1, these two prokee chosen for clear indication of

change in structure.

The N - U transition

CLIC1 was denatured from the native state (N) te timfolded state (U) by adding the
protein into urea with a concentration ranging fré&m® M to 8 M which represents the
post-transition region of the equilibrium unfoldingurves (Figure 12). Representative
unfolding traces for CLIC1 at pH 7.0 and pH 5.@dinal urea concentration of 7 M urea are
shown in Figure 17. For the N U transition, all the unfolding traces fit to a gle
exponential model without any detectable burst ehatsboth pH 7.0 and pH 5.5. The urea
dependence of the unfolding rate constants at Ha@d pH 5.5 was plotted to obtain the
ku(H.O) and m, values (Figure 18). All the parameters obtainednfranfolding kinetic
studies are shown in Table 3. The unfolding ratthenabsence of denaturaki(H,0), is an
estimate of thean vivo unfolding rate of a protein. They, value gives a measure of the
amount of surface area exposed in the transitiate sis a protein unfolds (Myees al.,

1995).
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Figure 17: Representative unfolding kinetic tracedor the N - U transition at pH 7.0
and pH 5.5

The protein was unfolded in the presence of urea faal concentration of 7 M and the

structural changes were monitored bysKA) and B22 (B) as probes. The solid lines

represent the fit to a single exponential modgbtdt7.0 (blue) and pH 5.5 (pink) and the

residuals from the fit are also plotted in the parieeneath each figure. The baselines of

native and unfolded (7 M urea) CLIC1 are indicatedrey and show that no burst phase is

present.
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Unfolding kinetics experiments were performed dt20sing circular dichroism ellipticity at
222 nm (circles) and fluorescence emission at 3A5(squares as single or fast phase and
triangles as slow phase) as probes. All the kintetices were fitted to either a single or a
double exponential model. The urea dependenceeotitifiolding rate constantg&,{) were
plotted and fitted to a linear regression to acaguine slope rfu values) and apparent
unfolding rate in the absence of denaturkfti.O). (A) Unfolding of the N- U transition at

pH 7.0 (blue) and pH 5.5 (pink()B) Unfolding of the N- I transition.(C) Unfolding of the

| - U transition.

Table 3: Parameters for the unfolding kinetics of CIC1 at pH 7.0 and pH 5.5

m, (kcal/mol/M urea) ky(H,0) (min™®)
CD Fluorescence CD Fluorescence
pH7.0| N-U| 019+0.02 | 0.21+0.03 5.6x10° 6.1x10°
(+ 1.8x107) (+ 2.4x10%)
N-U| 037+0.01 0.15+0.01 4.8x10° 0.4
(+ 8.8x10% (+ 0.08)
Fast phase: First phase:
pH 5.5 N - | 0.97 £0.07 -0.13+0.22 2.3x10° 19+22
Slow phase: (+ 1.3x10°) Second phase:
-0.15+0.14 0.17+0.31
Fast phase: Fast phase:
| -U | 0.47+0.03| 0.42+0.09 6.3x10" 4.6x10°
Slow phase: | (¢3.1x10% (+ 6.3x10°)
0.45+0.04 Slow phase:
7.9x10*
(+ 5.1x10%
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At pH 7.0, thek,(H>.0) andm, values of CD- and fluorescence-monitored unfoldarg

similar indicating that the secondary and tertistryicture of CLIC1 unfold at a similar rate
(Table 3), although the CD-monitored unfolding liglgly slower. This phenomenon might
result from the fact that CD at 222 nm monitorsbglochanges of an entire protein while

fluorescence monitors local environmental changes the lone tryptophan.

At pH 5.5, if only comparing th&,(H>O) of the fluorescence-monitored unfolding with the
ku(H20) of both the CD and fluorescence data at pHtf@unfolding rate of CLIC1 is much
faster than at pH 7.0. However, thgH,O) from the CD data at pH 5.5 shows a very similar
value to the values obtained at pH 7.0 (Table B)CCT is a predominaiy a-helical protein
and the far-UV CD spectra of CLIC1 show a pattgqpidal of a-helical proteins with two
minima at 208 and 222 nm. CLIC1 has two domains:simaller N-domain with mixture of
a-helices andB-strands and the bigger all-helical C-domain. Tfeese the majority of
E.o>-monitored signals comes from the bigger all-héli€Cadomain. Hydrogen-deuterium
exchange has demonstrated that at pH 5.5 the Nidobeomes more flexible than at
pH 7.0 (Stoychewt al., 2009). In contrast, the C-domain is not reatiffjuenced by the low
pH. In unfolding kinetics, the similak,(H2O) of the CD-monitored unfolding at both pH
values might suggest that in the absence of dem@tuthe stability of the C-domain is not
influenced by pH. The largey, value of the CD-monitored data at pH 5.5 indicatdarge
increase in solvent accessibility of CLIC1 upon alding. This result might suggest
C-domain is more compact than the N-domain in tteenace of urea at pH 5.5. On the other
hand, the fluorescence monitors the changes in tedsary structure where the tryptophan
residues are located. In the case of CLIC1, thes logptophan, Trp35, locates in the
N-domain and thus the fluorescence is able to moohianges specifically in the N-domain.
In contrast with the largey, value obtained from CD-monitored data, the smatigvalue

obtained from fluorescence-monitored unfolding mighggest that the conformation of the
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N-domain is less compact at pH 5.5 and thus theoiadn exposes less solvent accessible
area compared to the C-domain upon unfolding. Maggothis significant difference
between then, valuesof CD and fluorescence-monitored unfolding is cdyected at pH 5.5.
Although the CD- and fluorescence-monitored unfajditraces at pH 5.5 both show a
single-phasic transition, thisn, value difference suggests the existence of hidden
intermediate species appearing in the unfoldingti@a at this pH which is confirmed by the

equilibrium work (Bhuyan and Udgaonkar, 1998).

The N - | transition

CLIC1 was denatured from the native state (N) ® ititermediate state (I) by adding the
protein into buffers with a final urea concentratianging from 3 M to 4 M at pH 5.5 which
represents the condition that the intermediateestatms at equilibrium (Figure 12).
Representative unfolding traces are shown in Fig9teThe CD-monitored traces fit well to
a single exponential model. However, the fluoreseamonitored unfolding kinetics of the
N - | transition is no longer monophasic. Hypofluoresme is initially detected and
separates the unfolding traces into a clear biphaansition as the protein unfolds (Figure
19). Therefore, the fluorescence-monitored kinétaxzes were fit to two separate single
exponential models. The(H.0) values of the first and second detected phase #hat the
first phase proceeds at a faster rate when comparid@ second phase (Figure 18 and Table
3). Them,value of the CD-monitored data is large (Figureab@ Table 3), indicating that
the structure of CLIC1 in the NI transition is very sensitive to urea concentratio
Moreover, the largen, value of the CD-monitored data indicates that tloda structure of
the intermediate has a much more exposed surfaeecampared to native CLIC1. However,
the m, values of both fluorescence-monitored phases shegative trends (Figure 18),
suggesting that the local tertiary structure (wh@&rp35 locates) of the intermediate is

changed and Trp35 becomes more embedded compatreat td the native state of CLIC1.
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Figure 19: Representative unfolding kinetic tracef CLIC1 from the N - | transition

at pH 5.5
CLIC1 (2uM) was unfolded from the native state to a finah@entration of 3.4 M urea. The
traces were monitored using botkdtA) and B22(B) as probes. The solid lines represent the
fit to a single (B) or two separate single (A) erpotial models and the residuals are plotted
in the panels beneath each figure. The baselindseafative and the intermediate states are
indicated in grey (A) and by arrows (B).
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This observation is consistent with the fluoreseesgectra that show that CLIC1 has a more

buried tryptophan in the intermediate state (FidLlbe

The | - U transition

For this study, CLIC1 was firstly incubated in theesence of 3.4 M urea at pH 5.5 which
corresponds to the condition that the most interatedspecies accumulates (Figure 13) for 1
hour in order to obtain the stable equilibrium mtediate species. The intermediate was then
unfolded in the presence of a final concentratibrb® M to 7 M urea. Representative
unfolding traces are shown in Figure 20. The CD-tooed traces fit to a single exponential
model without any detectable burst phase. Howeterfluorescence-monitored traces fit to
a double exponential model, indicating that them tavo kinetic phases. The two phases
monitored by fluorescence are similar in thejivalues (Figure 18 and Table 3), indicating a
similar amount of surface area exposed as the ipratdolds in the two phases. Both the
fluorescence-monitored phases have similar ureardbgnce on the rate constants to the
CD-monitored data. Thie,(H2O) of the CD-monitored unfolding, however, is oslyilar to

the one from the fluorescence-monitored slow ph@kes suggests that CD is only able to

record this slow phase.
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Figure 20: Representative unfolding kinetic trace®f the | — U transition

CLIC1 (2 uM) was incubated in the presence of 3.4 M ureaHhbb, then unfolded in the
presence of a final concentration of 7 M urea. hees were monitored using botk#A)
and B22(B) as probes. The solid lines represent the fit tsingle (B) or a double (A)
exponential model and the residuals are plottedhan panels beneath each figure. The
baselines of the intermediate (3.4 M urea) andutifelded CLIC1 (7 M urea) are indicated
in grey.
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4. Discussion

CLICs are channel proteins which have distinct props from traditional channel proteins.
The most unusual one is that, unlike typical charpreteins, they do not insert into
membranes cotranslationally. Instead, CLIC protaiestranslated as soluble proteins in the
cytosol without leader sequences to direct themdert into membranes (reviewed by Singh,
2010). An as yet unknown signal directs the proteam the cytosol to the membrane where
it changes conformation from a soluble form toamsmembrane protein. The main question
that puzzles many scientists is how CLIC1 convbdsveen soluble and membrane-bound
forms. In its transition from a fully folded sol@blprotein to a membrane-bound protein,
CLIC1 has been hypothesised to unfold or at leadigly unfold in order to insert into the
membrane (Littleret al., 2010). However, the exact mechanism of this easion is still
unknown. Therefore, in an attempt to get insight e conversion between CLIC1 soluble
and membrane-bound states, the unfolding mechamisuluble CLIC1 was investigated at

the pH values typical of the cytosol and the memérsurface.

4.1. A stable equilibrium intermediate state of CLC1 is

formed at pH 5.5

The equilibrium unfolding studies of CLIC1 were doicted at pH 7.0 and pH 5.5 which
correspond to the pH values in cytosol and nearstivéace of membranes (McLaughlin,
1989), respectively. At pH 5.5, under mild denatgriconditions, CLIC1 forms a stable
equilibrium intermediate species which is unlikentative state or unfolded state, while there

is no intermediate formed at pH 7.0 (Figure 12).

At low pH (pH 4.0 or lower), the channel peptidetbé bacterial channel-forming toxin,

colicin E1, has been shown to transit into an imnsercompetent state (Merridt al., 1990;
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Merrill et al., 1993; Schendel and Cramer, 1994). These toxang la similar property to
CLIC1: they are also translated as soluble fornt taansform into their membrane-bound
forms once they reach their targets (Parker ankl Z&05). The insertion-competent state of
colicin E1 increases the exposure of the peptidg/drophobic core due to structural
rearrangements. Moreover, it has been reportedldatpH acts as a general trigger to
activate the membrane-insertion mechanism for thesterial pore-forming toxins (Musse
and Merrill, 2003). The mechanism starts with theudures of the toxins becoming
destabilised at low pH (corresponding to the pHeleat the membrane surface) and forming
molten globule-like intermediate states. The “moltgobule” is characterised by native-like
secondary structure with a poorly defined tertisityicture (Ptitsyn, 1995) and binds to the
hydrophobic dye ANS which is how it can be detec®dnerjee and Kishore, 2005). Since
the structure of these molten globule-like interratab is more flexible and hydrophobic, it
also lowers energy barriers needed for exposurtheoburied hydrophobic helices and for

interaction with membranes in order to facilitatembrane-insertion (Parker and Feil, 2005).

Is the equilibrium intermediate of CLIC1 a “molten globule” state?

In the case of CLIC1, an intermediate state is @rat pH 5.5 in the presence of 3 ~ 4 M
urea. Moreover, ANS is also able to bind to thieimediate state of CLIC1 (Figure 16).
Therefore, since the intermediate state forms umdét denaturing conditions and it has
exposed hydrophobic surface, it is suspected to laemolten globule-like state. The CLIC1
intermediate state has approximately 60% seconstangture when compared to the native
CLIC1 (Figure 14). The fluorescence spectra of @dC1 intermediate show neither
increased nor decreased fluorescence intensity veoempared to the native state. This
suggests that the compactness of CLIC1 tertianctre in the intermediate state does not
change significantly compared to the native stéke only difference in the spectra between

the native and intermediate state is that, the mami emission wavelength of the
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intermediate shows a slight blue shift from 345 tom340 nm, indicating that the single
tryptophan, Trp35, is more embedded in the proteen it is in the native state. The
observations from fluorescence spectra indicaté¢ tha CLIC1 intermediate still has a
well-defined tertiary structure and is even morepact in the environment around the lone
tryptophan residue than in the native state. Thtiged secondary and the well-packed
tertiary structure of the intermediate state makéali out of the definition of “molten

globule”. Therefore, CLIC1 does not form a moltdobgle-like equilibrium intermediate

state that is true to the definition as the cofidio.

The hydrophobicity of the intermediate

Previous studies have proposed that it is likebt the membrane-docking form of CLIC1
has exposed hydrophobic surface area (Lidtlat., 2010). In this study, ANS binding studies
show that the intermediate state of CLIC1 alsorhase hydrophobic area on its surface than
in the native state (Figure 16). Whether this eluaium intermediate of CLIC1 is a
membrane-competent form or not, still remains to tetermined. However, the
hydrophobicity of the intermediate clearly has ptitd to enable the protein to interact with

highly hydrophobic biological membranes when irs thiate.

The low pH-induced destabilisation of CLIC1

Even though CLIC1 does not form an intermediate ihdrue to the definition of “molten
globule”, it is likely that the structural transiti between soluble and membrane-insertable
CLIC1 might involve intermediate states and miglsbébe induced by low pH in a similar
way to the colicins. It has been demonstrated that pH-activated membrane-insertion
mechanism of colicin E1 involves protonation of soracidic residues which form a
pH-sensitive motif, resulting in disruption of soroetical hydrogen bonds and salt bridges

which further loosen the tertiary structure for nigame-insertion (Musse and Merrill, 2003).
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In the N-domain of CLIC1, there are two salt brisigarg29-Glu81 and Lys37-Glu85), and
one formed across the domain interface (Lys20-ASp22rg29 in helixal forms a salt
bridge and a hydrogen bond with Glu81 in heiswhile Asn78 forms hydrogen bonds with
both Arg29 and Glu81. It has been reported thatcadic pH, the N-domain of CLIC1,
especially in the putative transmembrane regiogpives more flexible than at neutral pH
(Stoychevet al., 2009). Also, breaking the salt bridge betweeg28rand Glu81 via R29M
and E81M single mutants as well as the R29M/E81Mbt mutant, has been shown to
decrease the conformational stability of the N-dom@egg E’Silva PhD thesis, 2011),
indicating that the salt bridge and the hydrogendbare responsible for the stabilisation of
the N-domain. Moreover, hydrogen-deuterium exchasigelies of CLIC1 shows that the
residues in these salt bridges (Arg29-Glu81, Ly&BI85 and Lys20-Asp225) are located in
the two segments (peptide 11-31 and peptide 68Fg2)display the highest exchange rate at
pH 5.5 (Stoychewt al., 2009). Therefore, at pH 5.5 (roughly the pH la¢ tmembrane
surface), protonation of these acidic residuesesugstical salt bridges and hydrogen bonds
in the N-domain and in the domain interface to kréaading to structural flexibility in the
N-domain. This flexibility of the N-domain is abke reduce the energy barrier for the
structural transition from the soluble protein lhe membrane-competent conformation and is

further able to facilitate the membrane insertib&bIC1.

4.2. Unfolding of CLIC1

The equilibrium unfolding of CLIC1 has revealed ttHaLIC1 unfolds via a two-state
mechanism at pH 7.0 and via a three-state mechanmigman appearance of an equilibrium
intermediate at pH 5.5. Therefore, in order to detiee transient intermediate species and to
obtain more information on the mechanism of unfoddiCLIC1 unfolding kinetics were

conducted by unfolding CLIC1 from the native stdte the unfolded state and the
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intermediate state, and also unfolded from thanmégliate state to the unfolded state.

4.2.1. The appearance of hidden intermediates in éWN - U transition

At pH 7.0, unfolding of native CLIC1 monitored bjudérescence and CD both show a
single-phasic transition. The similax, values obtained from both probes (Table 3) further
suggest that there is no detectable intermediatieeiprocess of unfolding the native CLIC1
at pH 7.0. At pH 5.5, CLIC1 also demonstrates sifgiiasic unfolding kinetics traces when
monitored using both probes. However, the non-éderce of than, values obtained from
the fit of CD- and fluorescence-monitored unfoldikopetics suggests the existence of
“hidden intermediate species” along the unfoldiegation (Bhuyan and Udgaonkar, 1998).
The single-phasic transition of both the CD- anmféscence-monitored kinetic traces might
result from the fact that under these strong demafwconditions (5.5 ~ 7 M urea) the hidden
transient intermediates of CLIC1 in the-NU transition are less stable than the unfolded
state (Bai, 2003) and thus they cannot be sigmifiggoopulated and detected by the probes
used during the unfolding process. In addition, uinéolding kinetic studies of the N U
transition further show that the intermediate sf(ateluding hidden intermediates) only forms
at pH 5.5, which is same as with the equilibriunfolding studies. However, in this study,
we do not have enough information to conclude tthathidden transient intermediate formed
in the unfolding transition between the native antblded state and the intermediate formed

at equilibrium under mild denaturing conditions atentical.

4.2.2. The equilibrium intermediate is more stablghan the native state at
pH 5.5

Unfolding of the equilibrium intermediate state gtH — U transition) monitored by

fluorescence occurs in two phases: a fast phaseaaidw phase. The appearance of two

kinetic phases generally suggests that three spapgear along this unfolding transition.
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Although fluorescence-monitored unfolding of théemrmediate state displays two kinetic
phases, the CD-monitored unfolding only shows glsiphase. Since CD is a probe used to
monitor change in global secondary structure, ghtinot be as sensitive as fluorescence to
the local structural change around Trp35 in theaidin when the equilibrium intermediate
unfolds. When comparing thie,(H.O) of the CD-monitored unfolding of the native and
intermediate states, the intermediate state is sltowunfold at a slower rate than the native
state in the absence of denaturant at pH 5.5 (T3biedicating that the intermediate appears
to be more stable than the native state at this T same result can be seen in the
equilibrium unfolding studies where tid&(H,O) for the I- U transition at pH 5.5 is larger
than theAG(H,O) for the N- | transition at pH 5.5 or the N U transition at pH 7.0
(Table 2). This may imply that, at pH 5.5, the vatstate is destabilised and the intermediate

of CLIC1 is more energically favoured than the vastate under this condition.

4.2.3. Formation of the equilibrium intermediate

When using fluorescence as a probe to monitor Clu@fblding from the native state to the
equilibrium intermediate state (the NI transition), a hypofluorescence minimum occurs
and separates the unfolding into two clear kinepbases (Figure 19). The
fluorescence-monitored unfolding traces of the- N transition occur initially with a fast
decrease in intensity followed by a gradual inceemsintensity. These two kinetic phases
both fit to a single exponential model. Although wannot be certain how many species are
involved in this transition, the observation of tpbases suggests that there are likely three

species involved in the N | transition of CLIC1 (Utiyama and Baldwin, 1986).

The first phase in the formation of the CLIC1l imediate displays a decrease in
fluorescence intensity, indicating the likelihoddan unfolding reaction. Unfolding processes

often increase the distance between the tyrosiddrgptophan residues in the same protein,
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and disrupt the FRET between these residues attfiefurause the fluorescence intensity of
the protein to decrease (Lakowicz, 2006), althomgh certainly possible to get an increase
in fluorescence intensity upon unfolding. After thest rapid unfolding, the second phase
displays a slight increase in fluorescence intgrdidwer than the first phase. For the data,
we are unable to state conclusively whether thesekinetic phases occur in sequence or in
parallel. However, from the fractional populatiolotpobtained from equilibrium unfolding,

at 3to 4 M urea at pH 5.5, majority of the speages the intermediate state (Figure 13).
Also, the equilibrium intermediate shows a compadiary structure when compared to the
native state. It is likely that the enhanced flsoence intensity in the second phase results
from the fact that the unfolded structure of CLI€dmehow refolds, recovering the FRET
between the tryptophan and the tyrosine residues thus increasing the fluorescence
intensity at 345 nm. Moreover, the negatiag values of these two phases suggest that the
structure of CLIC1 in the intermediate state, egllgcaround Trp35, becomes more compact
than the native state (Table 3). This observatsooonsistent with the results obtained from
the equilibrium unfolding studies where the speofrthe equilibrium intermediate show that
Trp35 becomes more buried in the intermediate $tabe in the native state. Therefore, these
two kinetic phases might be interpreted to be aueetipl process: the increase in
fluorescence intensity in the second phase repteseslow repacking or rearrangement of
the protein structure after the fast unfolding tmec shown in the first phase (Steer and

Merrill, 1997).

Slow reactions in unfolding processes of proteias be caused by formation of disulfide
bonds. All the unfolding kinetics experiments imstetudy were performed in the presence of
1 mM DTT. Under reducing conditions, CLIC1 is uraal form either intermolecular or
intramolecular disulfide bonds. Therefore, it islikely that the slow rearrangement of

CLIC1 structure after the rapid unfolding is duedisulfide bonds formation. On the other
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hand, the proline isomerisation process is alsause of slow steps in unfolding reactions but
it often cannot be detected using usual spectrascopthods. However, it can be measured
using a “double-jump” assay. This method reliestlom fact that proline isomerisation is a
slow process and the refolding rate of the-\N and the Y- N transitions are thus different
(Brandtset al., 1975; Schmid, 1986), wherg &hd U represent unfolded species with native
and non-native prolyl isomers, respectively. P®lisomerisation in unfolding reactions can,
therefore, be detected and monitored. GenerallyublBjump” assays can be performed
using stopped-flow techniques. However, in thigddgtihe unfolding kinetics studies were
conducted using a manual mixing method and thugriumately, “double-jump” assays
were not able to be performed. Therefore, whether $slow structural rearrangement is
caused by proline isomerisation or not, remaindaodetermined. In addition, after rapid
unfolding, hydrophobic residues of partially unfettprotein are exposed to the polar solvent
and thus they are prone to interact with each adinerbecome buried again in order to get
away from the solvent. Therefore, the hydrophobteraction among residues might also be
one of the possible forces that drive the repackirte partially unfolded CLIC1. Combined
with the assumptions that there are three speaesivied in this reaction and that the
reaction occurs in sequence, a pathway of the INransition can thus be described as an
initial rapid unfolding of native CLIC1 to a patippunfolded structure, followed by a slow

rearrangement of CLIC1 structure to form the efuiim intermediate.
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4.2.4. Unfolding pathway of CLIC1

Unfortunately, from the limited data, there is Heatr evidence to conclude either that the
equilibrium intermediate is on- or off-pathway bat the hidden intermediate species formed
in the N- U transition at pH 5.5 are the same species agdbdibrium intermediate. The
overall view of the unfolding pathway that is dedvfrom the results in this study is
summarised in Figure 21. At pH 7.0, which corregfsoto the pH value in the cytosol,
CLIC1 unfolds from the native state to the unfoldsthte without any detectable
intermediates. At pH 5.5, which corresponds togHevalue near the membrane surface, the
unfolding of CLIC1 from the native state to the alded state occurs in a single phase, but

this unfolding transition is accompanied by unstaiidlden intermediate species.

The formation of the equilibrium intermediate occum two phases. Native CLIC1 unfolds
rapidly in the first phase to form a partially ultfed structure. In the second phase, the
partially unfolded structure of CLIC1 repacks doeunknown interactions among residues
and rearranges to form the native-like equilibritntermediate state gradually. The partially
unfolded equilibrium intermediate with more expossairophobic area than native CLIC1
(Figure 16) then might be able to serve as a psecun membrane docking (Littlet al.,
2010). The free energy required to form the eguilib intermediate is the least among three
transitions (N- U, N- 1 and I- U) and thus, at pH 5.5 CLIC1 is prone to form the

equilibrium intermediate from the native state (€ad).

The unfolding of the intermediate state occursvilo fphases: a fast and a slow phase.
However, we are unable to state conclusively whethe two phases in the-l U transition
are sequential or parallel. The free energy neddedhis transition is the highest among
three transitions (Table 2). This further confirthat the intermediate state is fairly stable at

pH 5.5 when compared to the native and unfoldegstat both pH.
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Figure 21: Proposed unfolding pathway of CLIC1
Possible unfolding scheme for CLIC1 at 20°C. Thews with solid line and dashed line

represent fast/faster and slow/slower phases, ctgply. At pH 7.0, the protein unfolds from
the native state (N) to the unfolded state (U) single-phasic transition without formation of
any detectable intermediate. However, at pH 5.8, uhfolding of CLIC1 occurs in a fast
phase with hidden intermediate species. In the d&tion of the native-like equilibrium
intermediate @) at pH 5.5, N unfolds to a partially unfolded fofd,) in a fast phase and
then restructures to form the stable equilibriunenmediate in a slow phase. The unfolding
of the intermediate state occurs in a fast andow glhase. However, whether these two

phases occur sequentially or in parallel, remaigawn.
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4.3. Proposed CLIC1 insertion mechanism

The signal that triggers CLICL1 to insert into meari®s is still unclear. Both oxidation and
low pH have been shown to increase the channelifgrractivity of CLIC1 in artificial
bilayers (reviewed by Singh, 2010). However, iumdikely that either oxidation or low pH
can be the only control for CLIC1 insertion (Littkt al., 2010). Therefore, it is possible that
the function of these two factors is cooperativethis study, the focus is on how the different
pHs, typical of the cytosol and the membrane setfaan influence the unfolding behaviour

of soluble CLIC1 in the absence of the membranes.

At pH 7.0 (cytosol), the equilibrium unfolding atide unfolding kinetics of soluble CLIC1
both show that CLIC1 is relatively stable and neitequilibrium nor transient intermediates
are detectable so unfolding is highly cooperatitepH 5.5 (membrane surface), the structure
of soluble CLIC1 becomes more flexible (Stoychetval., 2009), the native state is
destabilised and a stable equilibrium intermediatens. Therefore, at pH 5.5, it is likely that
the energy barrier needed for the structural tteomsi between soluble and
membrane-competent form is reduced. The membragertion of CLIC1, therefore,

becomes accessible more easily due to the reduegdyebarrier.

The possible insertion mechanism of CLIC1 has hweposed previously in the literature
(Littler et al., 2010). Applying the results of CLIC1 differertianfolding behaviour at

various pHs obtained in this study to the previpysioposed CLIC1 membrane insertion
mechanism, a hypothetical scheme of CLIC1 inserigoshown in Figure 22. Since there is
no membrane work involved in this study, the me@rarfor the membrane insertion and the

pore formation of CLIC1 proposed in the followirggsimply a hypothesis.
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Figure 22: Proposed membrane insertion model of CIC1

The C-domain and PTMD are indicated in green and,ldespectively. In the cytosol where
the pH is close to 7.0, CLIC1 exists in its solutdem which is a monomeric conformation.
Once the soluble CLIC1 is stimulated by a certagma or stress, CLIC1 monomers move
close to the membrane surface where the pH isrid5age protonated by hydrogen ions on
the membrane surface. The protonation destabilisesstructure of the soluble CLIC1
monomer, causing a rapid unfolding of the strucfotl®wed by a restructuring to form the
membrane docking form. The membrane docking straghessesses exposed hydrophobic
areas on its surface and thus has the abilityteyant with the membrane. After the docking
process, the PTM region inserts into the membrdadelC1 integral monomers then
oligomerise to form a functional ion channel.
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Under normal conditions, CLICL1 is in the cytosdglde and soluble. Once there is a signal
(could be oxidation or another unknown signal) ¢tivate CLIC1 insertion, CLIC1 moves
close to the membrane surface. The local low pHh@tmembrane surface then destabilises
the structure of CLIC1 by breaking critical salidges, resulting in a more flexible and
destabilised structure, and allowing CLIC1 to cobvato the membrane-docking form

(Figure 22).

The equilibrium intermediate is likely to have dianiproperties to the membrane-docking
form of CLIC1, in terms of flexibility and hydropbeity. The unfolding kinetics of the

N - | transition shows the most significant result loiststudy. After destabilisation by the
local low pH, CLIC1 goes through a rapid unfoldipgocess followed by a gradual
rearrangement of the structure to form the inteiatedwith exposed hydrophobic surface
areas. The membrane-docking form has thus reduwecrergy barrier to the interaction

with and insertion of soluble CLIC1 into membranes.

After membrane docking, CLIC1 inserts into the meanle with the PTMD embedded in the
lipid bilayer. In order to form a functional chahrad to conduct the complete function of
the protein, the integral CLIC1 with only one tramenbrane helix is likely to form an
oligomer (Singh, 2010). It has been proposed that@LIC1 membrane-competent form
might form an oligomer before insertion into mem@as (Mcintyre, PhD thesis). In this
study, because of the exposure of the hydrophab&sathe equilibrium intermediate has the
potential to form oligomeric structure through hygplnobic interaction. However, this cannot
be concluded without further experiments. Althowdjmeric CLIC1 is able to insert into
artificial membranes, oligomerisation is still mdikeely to happen after monomeric CLIC1
inserts into membranes due to the fact that thensertion oligomeric form of CLIC1 might

cause steric hindrance to the insertion procestditét al., 2004).
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4.4 Conclusions

The focus of this study was to examine the effdcthe pH typical of the cytosol and
membrane surface on the unfolding mechanism ob#®IGLIC1. It was found in this study

that the unfolding behaviour of soluble CLIC1 iffelient under different conditions.

Unfolding of CLIC1 is cooperative at pH 7.0 withoeither equilibrium or transient
intermediates detected. At pH 7.0, the unfoldinghafive CLIC1 occurs at a significantly
slower rate than at pH 5.5. This indicates that ¢baformational stability of CLIC1 is
reduced at low pH when compared to neutral pH. @e&stabilisation might result from the
breakage of critical stabilising salt bridges andlrbgen bonds by protonation at low pH.
The low pH also leads CLIC1 to unfold following dferent pathway with the existence of
intermediate species. At pH 5.5, equilibrium unfotd and unfolding kinetics studies
demonstrate that both stable intermediate speaidgransient hidden intermediate species

are populated during the transition, respectively.

It has been proposed that CLIC1 needs to unfold eefdld in order to form a
membrane-competent form to interact with or inggd the membrane. It can be seen in this
study that at pH 5.5 CLIC1 experiences a rapid ldifig and a slow refolding to form the
equilibrium intermediate state which is proposed&a membrane-competent form of the
protein. This result appears to be in agreemenh wie proposal that CLIC1 converts

between two conformations by the unfolding and |ldefg process.

Although the results of this study provide someoinfation and hypotheses toward the
membrane insertion mechanism of CLIC1, a numbeuektions still remain unanswered. Is

the equilibrium intermediate state of CLIC1 realhe membrane-competent form of the
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protein? All the unfolding kinetics studies in thigidy were conducted at 20°C. What will
the unfolding kinetics be like if the experiments @erformed at 37°C, the physiological
temperature of human bodies? In this study, unfigldiinetics studies were performed using
a manual mixing method which might not only lintietmonitoring of fast events in the early
stage of unfolding but also limit the detection mbline isomerisation reactions. Further
unfolding kinetics studies can be conducted usistppped-flow technique in order to detect
fast events or to detect proline isomerisation gisidouble-jump” assays. The initial

conditions tests can also be performed for morerinétion about whether the pathways
occur sequentially or in parallel to supplementaRkisting knowledge. Also, CLIC1 has only

one tryptophan residue located in the putativestrambrane region in the N-domain. The
lone tryptophan, Trp35, is advantageous becausmables us to monitor the structural
changes specifically in the transmembrane regiah the N-domain by using tryptophan

fluorescence spectroscopy during the unfolding @sec However, the lone tryptophan also
restricts the observation of changes in the C-domW@ihat role does the C-domain play
during the unfolding process? Although CD is a teghe that is able to monitor a global
structural change, tryptophan bears an advantageiitor the local environment. Therefore,
locating a tryptophan in the C-domain and knockmg the one in the N-domain by

mutations can be done to monitor any structurahgba in the C-domain to complement the

current results obtained from the single tryptophgr85.
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