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ABSTRACT

Chloride intracellular channel proteins (CLICs) able to exist in a soluble or
membrane-bound state. The mechanism by which #nesitron between the two
states takes place is yet to be elucidated. Itapgsed that structural rearrangements
of the N-terminal domain take place when CLICs emter the lower pH
environment of the membrane surface (pH 5.5). Pnianpts the CLICs to form a
soluble membrane-ready state prior to pore formatind membrane transversion.
Since the insertion of CLIC1 into membranes ocairow pH, perhaps protonation
and electrostatic effects of key conserved residiiethe domain interface situated
within the transmembrane region bring about thecstiral changes necessary for this
transition. Structural and sequence alignmentsaledethat a conserved salt-bridge
interaction between conserved residues on helieasl B of the N-terminal domain is
present at the domain interface of CLICs. Thereftiris interaction was proposed to
play an important role in maintaining the structuirstegrity and conformational
stability of the N-terminal domain. This hypothegias tested by mutating conserved
CLIC1 residues Arg29 and salt-bridge partner Gla8Inethionine, thus removing
the salt-bridge interaction. The conformationalbgiides of each mutant at pH 7
(cytosol) and pH 5.5 (membrane surface) in the ratseof membranes was then
measured and compared to that of the wild typeeprof he mutations did not impact
upon the structural integrity of the protein. Howewemoval of the salt-bridge and
hydrogen bonding interactions caused a loss icdo@erativity of unfolding from the
native to unfolded state that resulted in the fdromaof an intermediate species. The
intermediate species are less stable than theriatBate species of wild type CLIC1
at pH 5.5. Nevertheless, the properties (secoraadytertiary structure, ANS binding
and cooperative unfolding (N> U)) of the intermediate species are the samelfor a
mutants and wild type protein. It can be concludeat the salt-bridge and more
importantly hydrogen bonding interactions betweeficks 1 and 3 stabilise the N-
terminal domain of CLIC1. It can be hypothesiseak tih the absence of membranes
under acidic conditions, such as those at the cairdé the membrane, protonation of
acidic amino acid residues at the domain interfemase destabilisation of the N-
terminal domain. This causes a reduction in thévaiodbn energy barrier for the

conversion of soluble CLIC1 to its membrane-insertonformation.
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CHAPTER 1

INTRODUCTION

Chloride ion channels occur on the plasma membo&n®ost eukaryotic cells as well
as in other intracellular membranes (Croraeal., 2002; Harropet al., 2001). There
are various chloride channels, the most recent lothwvto be characterised are the
chloride intracellular channel (CLIC) proteins falgati, 1995; Jentsch and Gunther,
1997). CLICs are implicated in many physiologicabqesses such as the control of
the absorption and secretion of salt, normalisattbnmembrane potentials, cell
volume homeostasis and organellar acidificatiomaf®feet al., 1996). Disruption of
their functioning can cause severe disease condisoch as Dents disease (Llayd
al., 1996), Bartters’ syndrome (Simehal., 1997) and cystic fibrosis (Riordahal.,
1998).

Metamorphic proteins are proteins that are ablassume different conformations
under native conditions (Murzin, 2008). These dédfé¢ conformations do, however,
contain the same amino acid sequence. These caatforral changes are reversible
for metamorphic proteins and have been shown tanfleenced by changes in
environmental conditions such as pH, temperatuceradox (Murzin, 2008). CLIC
proteins are categorised as metamorphic proteitisegsare able to assume a reduced
and oxidised conformation under native conditiongtlér et al., 2004). The soluble
form of CLIC1 undergoes a structural transition hwithe concomitant loss of
conformational stability when exposed to low pH ditions (Fanucchet al., 2008).
This transition involved the flexibility of certairegions of the protein (Fanucaotti

al., 2008; Stoychewt al., 2009) and the transition state revealed newigndites
(ANS binding) (Fanucchet al., 2008). The above-mentioned changes have been
observed for a number of other metamorphic or &latching proteins (Mottoneat

al., 1992; Yamasaket al., 2008; Bulloughet al., 1994; Tuinstraet al., 2008). Fold-
switching proteins such as CLIC1, appear to addfardnt folds or forms in order to
increase their functionality by developing new hngdinteractions (Bryan and Orban,
2010). Not only are CLIC proteins metamorphic, thay are also able to adopt a
membrane-bound conformation (see reviews, BerryamghBretscher, 2000; Cromer

et al., 2002; Ashley, 2003). This membrane conformatias lbeen shown to be



enhanced at the surface of membranes, where the Ip (5.5) (Van der Goadt al.,
1991). However, the mechanism whereby CLIC chanfyemn its soluble to

membrane-bound form is still unknown.

The CLIC protein family consists of seven membaramely, p64 (CLIC5B in
humans), parchorin (CLIC6 in humans) and CLICs 1l&b@ conserved in vertebrates
(Littler et al., 2004; Littler et al., 2010). However, there is a certain amount of
variation between the vertebrate CLIC family mersbeith bony ray-finned (teleost)
fish having a second copy of CLIC5 (CLIC5L) whileds and lizards lack CLIC1
(Littler et al., 2010). There are also several variants of CLI&gins that are spliced,
a process whereby introns in pre-mRNA are remowggur@aduce a continuous protein
coding sequence (Green, 1986). Examples are CLOCEC5 and CLIC6 (Littleret

al., 2010).

Members of the CLIC family show high sequence ieraf between 47% and 76%
(Cromer et al., 2002). This conservation between the verteb@it¢C proteins
suggests that they originated from rounds of dagiben from a single ancestral
protein in an ancient chordate (Littletral., 2010). This notion is corroborated by the
fact that the urochordat€iona intestinalis contains a single CLIC protein that is
decidedly homologous to the vertebrate CLIC familgmbers with whom it shares
three conserved cysteine residues (Littteal., 2010).

Invertebrates also possess CLIC-like proteins. 3bguences of these proteins are
rather different from the vertebrate CLIC protemh sequence identities of roughly
35%, even though in most instances the three clegistec cysteine residues of the
CLIC protein family are conserved (Littlet al., 2010). In a number of nematodes,
the active site cysteine located in vertebrate ChtGteins has been substituted by
aspartate, examples being EXC-4 and EXL-1 (Litéeral., 2010). The cellular
locations, molecular functions and biological pissss of the CLIC protein family are

summarised in Table 1.

The CLIC protein family does not show sequence titlerwith that of other
membrane proteins but has shown structural homoltmythe glutathioneS

transferase (GST) super-family (Harrepal., 2001). The most closely sequence-



Table 1: Summary of CLIC proteins locations and furctions

CLIC

LOCATION

MOLECULAR FUNCTION

BIOLOGICAL PROCESS

REFERENCES

Membrane and soluble fraction
Integral to membrane

Nucleus

Nuclear envelope and membrane
Cytoplasm

lon channel activity
\/oltage-gated ion activity
Chloride channel activity
Protein binding

lon transport
Transport

Signal transduction
Chloride transport

Harrop et al., 2001

Nucleus

Cytoplasm

Membrane

Chloride channel complex

lon channel activity
\Voltage-gated ion activity
Chloride channel activity
Electron carrier activity

lon transport

Transport

Signal transduction
Cell redox homeostasis

Mi et al., 2008

Membrane

Integral to membrane
Nucleus

Chloride channel complex
Cytoplasm

lon channel activity
\/oltage-gated ion channel activity
Chloride channel activity

Protein binding

lon transport
Transport

Signal transduction
Chloride transport

Littler et al., 2010b

Soluble fraction
Nucleus
Cytoskeleton

lon channel activity
\/oltage-gated ion channel activity
Protein complex binding

Protein binding

lon transport

Cell differentiation

Cytoskeleton organisation
Cellular response to calcium ion

Howell et al., 1996
Li et al., 2006

5A

Microvillus cytoskeleton
Cortical actin cytoskeleton

lon channel activity (in vitro)

lon transport
Chloride transport (not efflux)

Shanks et al ., 2002
Berryman and Bretsher 2000
Berryman et al ., 2004

5B
(p64)

Plasma membrane
Cytosol of HelLa cells
Intracellular membrane

lon channel activity

lon transport

Shanks et al., 2002
Landry et al ., 1993
Edwards et al ., 1998

6 (parchorin)

Gastric parietal epithelia cells
Airway epithelial cells
Membrane bound

Regulate chloride ion transport

Secretory epithelium

Ashley, 2003
Nishizawa et al ., 2000

EXC-4

Cytoplasm

Lysosome

Integral to membrane
Membrane

Apical plasma membrane

lon channel activity
\oltage-gated ion channel activity
Chloride channel activity

Epithelial cell development
lon transport
Regulation of tube size

Littler et al ., 2008

DmCLIC

Chloride channel activity
Calcium ion binding
Lipid binding

Littler et al ., 2008




related GST proteins to the CLIC proteins are G®mZea mays (PDB code 1AW9)
(Neuefeindet al., 1997) and the Omega class GST (PDB code 1EEMar(Bet al.,
2000). The major difference between the CLIC andTl Gfoteins is that CLIC
proteins are monomeric whereas GST proteins arerdir(Harropet al., 2001).

1.1. CLIC1 structure

CLIC family members 1-5A, are approximately 240 amacid residues in length.
However, p64 and parchorin have long N-terminabespns (Cromeet al., 2002).
Perhaps the most extensively studied CLIC familymier is CLIC1. The crystal
structure of reduced CLIC1, the first for the CLi&@nily, was solved at 1.4 A by
Harropet al. in 2001 (Figure 1). CLIC1 was shown to be monamand consists of
an N-terminal domain with a thioredoxin-like folshch an alla-helical C—terminal
domain, which is typical of the GST super-familyigire 1) (Cromeret al., 2002;
Harropet al., 2001). CLIC1 contains an intact glutathione (G3it)ding site and,
therefore, it is likely to be under redox contrbhis is due to the ability of the redox
active Cys24 residue to form a mixed disulfide banth GSH The thioredoxin fold
of the N-terminal domain is shared by families eflox-active proteins (Littlest al.,
2010).

The structure of the soluble form of CLIC1 indicateat it is most similar to that of
the Omega class GST (Boagtlal., 2000). Although, Omega class GST has not yet
been shown to form ion channels it has been shownaddulate ryanodine-sensitive
calcium ion release channels (Dulhustyl., 2001). As mentioned previously, one of
the major differences between CLIC1 and GST preterthat CLICs are monomeric
and GSTs are dimeric. Another distinguishing charéstic of CLIC1 that makes it
different to the GST proteins is a long loop betwaelices 5 and 6 (Pro147—-GIn164)
at the “foot” of CLIC1. This loop is negatively afggd with seven acidic residues
giving CLIC1 a net charge of negative 7 (Harsbpl., 2001).

In 2004, Littleret al. solved the crystal structure of the oxidised foomCLIC1
(Figure 2). It was observed that under oxidisinguditions, in the absence of

membranes, CLIC1 undergoes a reversible but majactaral transition whereby the



55 A

C-terminal N-terminal

Figure 1: Ribbon representation of the crystal stricture of reduced CLICL1.

The N-terminal domain is shown in green, the C-tealdomain in purple and the
linker region in light pink. The lone tryptophansigue is circled in red and
represented by an orange stick molecule. dteelices and3-strands are labelled
accordingly. This image was generated using Swid Fiewer (Guex and Peitsch,

1997) using PDB code 1KOM (Harrepal., 2001).



Figure 2: Superimposed structures of the reduced ahoxidised forms of soluble
CLIC1

Reduced CLIC1 is shown in purple and oxidised CLi<4hown in black. The region
of structural change from the thioredoxin fold to all a-helical arrangement is
circled in red. This image was generated using S®RIBB Viewer (Guex and Peitsch,
1997) using PDB codes 1KOM (Harrepal., 2001) and 1RK4 (Littleet al., 2004).



N-terminal domain becomes adl-helical with the concomitant formation of an
intramolecular disulfide bond between Cys24 andSQy&.ittler et al., 2004) (Figure
2). This structural transition resulted in the esqp@ of a large hydrophobic surface
that forms the domain interface. It has been hygmified that the large hydrophobic
surface of the oxidised dimeric state of CLIC1 wbirsert into a lipid bilayer more
readily then forming a protein dimer (Littlet al., 2004). Therefore, the exposed
hydrophobic surface area has been proposed toniarsito a membrane insertion
“intermediate state” that forms upon oxidation loé tmonomer (Littleret al., 2004;
Goodchildet al., 2009). A similar intermediate state of CLICItlre monomeric form
was recently suggested by Fanucehial. (2008). Studies also revealed that the
oxidised dimeric form of CLIC1 forms chloride iohannels in artificial lipid bilayers
(Littler et al., 2004). Littleret al. (2004) went on to show that if either Cys24 or
Cys59 were mutated to serine, CLIC1 no longer fafraetive ion channels. Other
work on CLIC proteins under oxidising conditionyealed that oxidation enhances
the binding of CLIC4 and DmCLIC to artificial menaore bilayers when compared to
that under reducing conditions (Littlet al., 2005 and Littleret al., 2008). Also see
section 1.2.1.

1.2. CLIC1 channel formation

A 23 amino acid region corresponding to the seqeid@ys24 to Val4d6 comprising
helix 1 andp-strand 2 that is likely to form a single transmeame helix in the
channel form of CLIC1 has been identified (Valerawe al., 1997; Edwardst al.,
1998; Harropet al., 2001). Many studies have since been conductedstipport the
notion that CLIC1 has a single transmembrane regidmese include sequence
alignments and hydrophobicity plots of CLIC1 andIC4 (Ashley, 2003; Shorninet
al., 2003), protease digestion work on membrane-b@ld@4 (Duncaret al., 1997),
electrophysiological studies by Tonidi al. (2000) and by truncation, mutagenesis
and membrane localisation work on EXC-4 by Begtyal. (2003) and Berry and
Hobert (2006). Probably the most convincing evideo€ a single transmembrane
region in CLIC proteins came about when Singh arshldy (2007) showed a
truncated version of CLIC4 that consisted of thietf61l residues of the N-terminal

domain including the TMR formed functional ion chais in planar membranes.



Therefore, there is convincing evidence that ingisdhat the TMR of CLIC1 consists
of helix 1 andp-strand 2 (Duncamt al., 1997; Harropet al., 2001; Warton et al.,
2002; Berryet al., 2003 and Littlert al., 2004; Berry and Hobert, 2006; Singh and
Ashley, 2007). AGADIR, a helix-coil transition algihm (Lacroixet al., 1998) also
predicted that helix 1 angistrand 2 of CLIC1 have high propensities to foretidal
structures even in isolation and, therefore, they @obably helical in membranes
(Fanucchiet al., 2008 and Stoychewet al., 2009) much like the TMRs of other
membrane proteins (White and Wimley, 1999) and foreing toxins (Parker and
Feil, 2005). AGADIR also showed that helix 1 ghdtrand 2 of CLIC1 have high
propensities to form N- and C-capping motifs (Stogxeet al., 2009). These structural
motifs have been shown to stabilise helical stmestyScholtz and Baldwin, 1992)
and so provide further support that the CLIC1 TNRmost likely to be helical when

membrane-bound.

The structural homology between CLIC proteins drelénzyme active GST proteins
as well as the location of the TMR (helix 1 ghdtrand 2) within the central part of
the N-terminal domain, leads to the hypothesis thabvrder for CLIC proteins to
transverse the membrane and form channels, majmt@tal rearrangements of the
N-terminal domain would have to occur. Despite thet that the mechanism by
which CLIC proteins change from the soluble to lobe membrane-bound state
remains unknown, their ability to associate withnmbeanes has been observed. The
ability of soluble CLIC1, CLIC2, CLIC4 and CLICS5 tssimilate into synthetic lipid
bilayers and demonstrate ion channel activity h@snbdemonstrated (Harrap al.,
2001; Tulket al., 2002; Wartoret al., 2002; Berryman et al., 2004; Littlet al.,
2004; Littleret al., 2005; Singh and Ashley, 2006; Cromer, 2007; Biagd Ashley,
2007; Singhet al., 2007). It was also recently shown that the ClhH@mologs,
DmCLIC and EXC-4, produce ion channels in artifitidayers (Littleret al., 2008).

Monomeric CLIC1 co-reconstitutes into asolectiropmes (Tulket al., 2000). The
insertion also occurs spontaneously and does gatresa receptor (Tulkt al., 2000;
Warton et al., 2002; Harropet al., 2001). CLIC1 may or may nhot insert into
phosphatidylcholine liposomes, but cannot funcagma channel without acidic lipids
such as phosphatidylserine (Twkal., 2002). Although CLIC1 monomers are able

to insert into different lipid membranes, native mimane CLIC1 may only



accumulate into functional ion channels in orgatelbr membrane domains that
contain specific lipid components (Singh and Ashl2906). This may be due to
different affinities towards different membranesglsas those shown by dermaseptin
S4 and human-like cecropin LL-37 towards zwitteitorphosphatidylchloline
phospholipid membranes (Shai, 1999). So, althobgheixact mechanism whereby
CLICs transcend into membranes remains unknowiis ibgical to say that the

transition must be a strictly controlled and weltulated process.

1.2.1. Regulation of channel formation

As mentioned previously in section 1.1 the N-terhidomain of CLIC1 contains a
redox active site that covalently binds GSH by nseafna conserved cysteine residue,
Cys24, to form a mixed disulfide (Cromet al., 2002; Littler et al., 2004). A
comparable site on GST proteins implies that GSitlibg sites may be a general
characteristic of proteins with a GST fold (Boagt al., 2000). CLIC protein
structures confirm that the position of the cysteiaulfhydryl is in a basic
environment and that it forms hydrogen bonds to lihekbone amides of helix 1,
probably creating a reactive thiolate group (Harebpl., 2001; Littleret al., 2005;
Cromeret al., 2007; Littleret al., 2008; Liet al., 2006 and Mgt al., 2008). Singh and
Ashley (2007) showed that Cys24 is situated on titams side (exterior lumen) of
membranes and may produce disulfide-linked dimbead bligomerise and thereby
form pores within membranes (Singh and Ashley, 2006is may explain the redox
sensitivity of ion channels and the operation ol CL under redox control (Littlest
al.,, 2004; Singh and Ashley, 2007; Cromer al., 2007; Littler et al., 2008).
Furthermore, mutating residues at the GSH-like ibigpite obliterates the ability of
CLICA4 to localise towards the plasma membrane (Band Hobert, 2006).

CLIC proteins that contain a Cys residue at th@xeattive site bind to lipid bilayers
under oxidising conditions (Littleet al., 2004; Littleret al., 2005; Cromeret al.,

2007; Littleret al., 2008; Goodchildt al., 2009). Goodchilet al. (2009) showed that
monomeric CLIC1 under reducing conditions assosigiorly with membranes and
does not form ion conducting pores. However, themesanonomer under oxidising
conditions exhibits greatest membrane associatnohiasertion and forms effective
ion channels. Interestingly, the CLIC-like proteiXC-4 does not require redox
conditions in order to bind to the lipid bilayeritfler et al., 2008). This may be



rationalised due to the fact that EXC-4 containg\ap residue and not a Cys residue
in the redox active site, unlike the other CLIC &@idC-like proteins (Berryet al.,
2003; Berry and Hobert, 2006).

Low pH has also been shown to be a requiremeni@mbrane insertion in other
metamorphic proteins such as colicin A (Mwgal., 1993), diphtheria toxin (Sandvig
and Olsnes, 1980) and Bgl-(Thuduppathyet al., 2006). pH has been observed to
affect CLIC membrane insertion, with more frequisertions occurring at low and
high pH values which suggests that the event cbhealdon-specific (Tullet al., 2000;
Wartonet al., 2002; Littleret al., 2005; Cromeet al., 2007, Littleret al., 2008). pH
has also been shown to influence the ion condigtvdi ion channels with higher
channel activity at low pH (Tulkt al., 2002; Cromeet al., 2007 and Littleet al.,
2007). More recently, unfolding studies (see secii®) (Fanucchet al., 2008) and
HXMS work (see section 1.3) (Stoychetval., 2009) on soluble CLIC1 specify that
low pH primes the N-terminal domain for membranseintion. However, pH alone
does not seem to trigger structural changes in Girlifeins. This can be verified by
looking at the crystal structures of CLIC protearsd mutations thereof solved under
various pH conditions ranging from pH 4.5 to pH 8farropet al., 2001, Littleret
al., 2004; Liet al., 2006; Miet al., 2008; Littleret al., 2010). Also, experimental
work done on CLIC1 confirms that the structure @fiCl is unchanged at pH 5.5
when compared to pH 7 (Fanucehal., 2008; Stoychewet al., 2009).

Therefore, perhaps the low pH environment of thembrane surface primes the
soluble monomeric form of CLIC1 to undergo struatucthanges which permit its
transition to the unknown membrane-bound form (FégB). Consequently, if the
transition of CLIC1 from its soluble to insolubleembrane form (N-terminal
rearrangement) is controlled by redox conditiongl @H, what maintains the
structural integrity and conformational stability the soluble form of CLIC1 and,

more, specifically the N-terminal domain?

1.3. The stability of soluble CLIC1
“The three-dimensional structure of a native protaiits normal physiological milieu
(solvent, pH, ionic strength, presence other corepts such as metal ions or

prosthetic groups, temperature, and other) is mnéhich the Gibbs free energy is the
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Figure 3: The proposed model for the CLIC1 transiton from its soluble to membrane-bound form.
This figure was adapted from Littler al. (2010).
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lowest; that is, that the native conformation istedmined by the totality of
interatomic interactions and hence by the aminod aséquence, in a given
environment” (Anfinsen, 1973). Accordingly, the lstaies of the three-dimensional
structures of proteins arise due to the fine baaoicopposing forces between the
amino acid residues in a protein sequence. Thesedare described in detail by Dill
(1990). It should also be noted that, dependintherbalance of these forces, regions

within proteins may differ in flexibility and rigit.

Flexible and inflexible regions of proteins are omant for protein function as
inflexible regions provide a frame-work while flblk¢ regions are important for
protein movements and function (Singtal., 2001a; Sinhat al., 2001b; Sinhat al.,
2001c). This has been highlighted by the studieedm CLIC1 that show that the N-
terminal domain may provide the flexibility needed the structural changes that are
necessary for CLIC1 to change from its solubletsomembrane form. This concept

was first proposed by Harragal. (2001).

Helices 1 and 3 form the domain interface of CLI&id are proposed to provide
plasticity in the molecule (Harrog al., 2001). Therefore, CLIC1 is more susceptible
to undergo a conformational change in order to farmembrane-bound state much
like that of oxidised dimeric CLIC1. It is also imgant to highlight here that helix 1
provides most of the interdomain interactions. €fae, this region of the protein
may be more vulnerable to structural changes ap&LIC1’s functionin vivo and
may provide a means whereby environmental factties the stability of reduced
soluble CLIC1. This may in turn prime CLIC1 to ungle the changes it requires to
perform a different function such as ion channeifation.

The structure, stability, solubility and functiookproteins are also influenced by the
net charge and ionisation states of individualdess and hence are pH-dependent
(Paceet al., 2009). Therefore, the degree of flexibility andidity of proteins is
greatly impacted upon by the number of hydrogendbaand salt-bridges, as well as
the stabilising and destabilising nature of thoak-lwidges (Sinhaet al., 2001a).
Since the ability of CLIC1 to transverse membraaed form functional membrane
pores has been shown to be pH-dependent (as déscpssviously, section 1.2.1),

perhaps changes in the ionisation states of residuiéhin the flexible regions

12



(outlined above) due to changes in pH may alter dbeformational stability of
soluble CLIC1 thereby enabling it to be “primed’t fmembrane insertion. This may
occur when CLIC1 moves from the cytosol (pH 7)ite membrane surface (pH 5.5)

prior to membrane insertion.

Recently, urea-induced equilibrium unfolding stwd@n reduced soluble CLIC1 in
the absence of membranes revealed that the pnotaliecule became destabilised at
low pH (5.5) illustrated by a loss in cooperativianucchiet al., 2008). However, at
pH 7 CLIC1 unfolds via a two-state transition ic@perative manner much like the
dimeric GST proteins (Wallaast al., 1998; Wallacet al., 2000; Hornbyet al., 2000)
and monomeric glutaredoxin 2 (Gildenhuyst al., 2008). Therefore, the
conformational stability of CLIC1 has been shown lie pH-dependent. The
destabilised form of soluble CLIC1 at low pH resuin the formation of an
intermediate with a solvent-exposed hydrophobifaser (Fanucchét al., 2008). The
intermediate is not a molten globule as it was shdw have a defined tertiary
structure and unfolded in a cooperative manneigit brea concentrations. Fanucchi
et al. (2008) concluded that acid-induced destabilisatmd partial unfolding of
CLIC1 involve helix 1. This is interesting becawse mentioned previously, helix 1
forms part of the TMR and may provide the plastidihe molecule requires to
partially unfold. Fanucchet al. (2008) also suggested that the acidic environment
found at the membrane surface may prime the CLIMIRf the N-terminal domain
by protonating certain amino acids thereby lowerthg energy barrier for the

conversion of soluble CLIC1 to its membrane-bounydnf

Another study that highlights the flexibility oféeldomain interface (helix 1 and helix
3) of CLIC1 made use of amide hydrogen-deuteriurbharge mass spectrometry
(HXMS). This technique was used to investigate gtractural dynamics of soluble
CLIC1 (Stoychevet al., 2009). The core structure of CLIC1 at pH 5.5 (fhH at
which CLIC1 forms channels in membranes (Teflal., 2000; Wartoret al., 2002))
appears unchanged compared to that at pH 7 (Stoythed., 2009). However, the
data also showed that the N-terminal domain of ALi€less stable than the al
helical C-terminal domain and although the strugtuntegrity of CLIC1 is
unchanged at pH 5.5, its conformational flexibilitycreases as the pH of the

environment becomes more acidic (StoycHesl., 2009). Peptide segments 11-81 (
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strand 1 and helix 1) and 68-8B-gtrand 3,p-strand 4 and helix 3) showed
substantially increased hydrogen-deuterium exchaaigs at pH 5.5. Stoycheval.
(2009) proposed that this may be due to protonatf@acidic amino acid residues that
may be involved in salt-bridges. Interestingly, figgp segments 31-34 (helix 1) and
83-86 (helix 3) display almost no deuterium incogimn. This implies that these
regions are extremely stable and may, therefoas, @h important role in maintaining
the conformational stability of the domain integaand more specifically the N-
terminal domain in the soluble form of CLIC1.

In order to explore this idea, conserved residudéhinvthe structural elements
represented by the peptide segments (helices 13andere closely inspected as
conserved residues are hypothesised to play stalc@nd hence functional roles in
proteins. In an attempt to identify residues thaintain the structural stability of the
N-terminal domain in the soluble form of CLIC1, ailtiple sequence alignment of
the CLIC protein family using the ClustalW multipkequence alignment tool
(Thompsonet al., 1994) was conducted as shown in Figure 4. Tigmmkents were
done in order to identify residues which are covesgracross a range of species
within the TMR and N-terminal domain of CLIC pratei The sequence alignments
identified a number of residues that are consewieidh includes Arg29 and Glu81.
This was rather an exciting finding, as these re=sdorm part of helices 1 and 3 and
the TMR at the domain interface and that thesecéeliare proposed to form
interactions with the C-terminal domain. It is innfamt to note that Arg29 is not
conserved within the invertebrate CLIC proteinstas substituted with Glu. Glu81,
however, is conserved throughout all CLICs in thgnanent. Within the N-terminal
domain Arg29 forms hydrogen bonds and a partiallyical salt-bridge with Glu81
(helix 3) and Asn78 (helix 3). The hydrogen bondsl asalt-bridge interactions
between these residues were identified visuallipgSwissPDB viewer (Figure 5)
(Guex and Peitsch, 1997), and were confirmed udit@LTalk (http://imoltalk.org
and the PPI server_(http://www.biochem.ucl.ac.ukitt¥/server/index.html Salt-

bridge interactions are assumed to occur betwegraia of oppositely charged
residues (Asp or Glu with Arg, Lys, His) if (i) treentroids of the side-chains of the
charged residues are within 4 A of one anotherl(®aand Thornton, 1983) and (ii)
if no less than one pair of Asp or Glu side-chaanboxyl oxygen atoms and side-

chain nitrogen atoms of Arg, Lys or His are withil (Kumar and Nussinov, 1999).

14



al B2 a3
hCicl CPFSORLFMVLWLKGVTENVTTV- 4------- - TNKI EEFLEAV
sCicl CPFSORLFMWVLWLKGVTENVTTV- 4------- - TNKI EEFLEAV
bdicl CPFSORLFMWLWLKGVTFNVTTV- §-------- TNKI EEFLEAV
rcicl CPFSORLFMWLWLKGVTFNVTTV- §-------- TNKI EEFLEAV
hdic2 CPFCORLFM LWLKGVKFNVTTV-4-------- FI KI EEFLEQT
bdic2 CPFSORLEFM LWLKGVKFNVTTV-4-------- FI KI EEFLEQT
rcic2 CPFCORLEFM LWLKGVKFNVTTI - 4------- - FI KI EEFLEKT
hdic3 CPSCORLFMVLLLKGVPFTLTTV-4-------- TLQ EDFLEET
bCic3 CPSCORLFM LLLKGVPFTLTTV-4-------- TLQ EEFLEET
rcic3 CPSCORLFMVLLLKGVPFTLTTV-4-------- TLQ EEFLEET
hdic4 CPFSORLEM LMWLKGWFSVTTV-4-------- VNKI EEFLEEV
bdic4 CPFSORLEFM LWLKGWFSVTTV-4-------- VNKI EEFLEEV
rcic4d CPFSORLFM LWLKGWFSVTTV-§-------- VNKI EEFLEEV
hd i ch CPFSORLFM LWLKGWFNVTTV-§-------- VNKI EEFLEET
hd i c5B CPFSORLFM FWLKGWFNVTTV- §-------- VNKI EEFLEET
sCich CPFSORLEM LMWLKGVYMFNVTTV- 4------ - - VNKI EEFLEET
bd ich CPFSORLEFM LMWLKGWFNVTTV-4------- - VNKI EEFLEET
rcich CPFSORLEFM LMWLKGWFNVTTV- 4------- - VNKI EEFLEET
hCcicé6 CPFSORLEM LWLKGVI FNVTTV-4------- - VINKI EEFLEEK
bClic6 CPFSORLEM LWLKGVI FNVTTV- 4------ - - VNKI EEFLEEK
rcicé CPFSORLEM LWLKGVI FNVTTV- 4------ - - VNKI EEFLEEK
hp64 CPFCORLEM LMWLKGVKFNVTTV- 4-------- FI KI EEFLEQT
DnClic CLFCO=YFNVOLYLLAELKKVTTV- §-------- NEKI ERHI MKN
Exc4 DLFCOEFVWELYAL- YEI GVARV- §-------- DNREI EGRI FH

Figure 4: Sequence alignment of the TMR and helix 3 of CLIC mteins.

The 23 amino acid residues making up the TMR asenéd in black. The black
dashed line represents the amino acids betweeNtie and helix 3. The letters
preceding the protein names are indicative of e species, that is, iHemo
sapien), b (Bos taurus), r (Rattis norvegicus) ands (Sus scrofa). The residues making
up the a-helices andp-strands are shown in green and orange, respectivéle
CLIC1 residues Arg29, Asn78, Glu81 are highlightegellow.
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CLIC1 CLIC2 CLICS

Figure 5: Residues which are topologically equivaig to Arg29, Asn78 and
Glu8lin CLIC1

Amino acid residues are represented by sticks ahdlled accordingly. Hydrogen
bonds are represented by green and grey brokers. liMater molecules are
represented by red spheres. This image was gedeuaiag Swiss PDB Viewer
(Guex and Peitsch, 1997) using PDB codes 1KOM @eat al., 2001), 2PER (Met
al., 2008), 3FY7 (Littleet al., 2010), 2AHE (Littleret al., 2005), 2YV7 and 2YV9
(Littler et al., 2008).
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A structure-based sequence alignment was condwsied Cn3D 4.1 (Wanget al.,
2000) in order to check if the conserwvedidues were topologically equivalent across the
CLIC protein family (Figure 6)The structure-based sequence alignment revealéd tha
the hydrogen bonds and salt-bridge interaction@elogically conserved across the

CLIC proteins with the exception of the CLIC inwestate proteins.

Since residues R29 and E81 of CLIC1 contain iomésapoups, the intrinsic pK
values of their ionisable groups could change dejpgn on a number of
environmental factors. This could, therefore, intpapon the structure, stability,
solubility and/or function of CLIC1. Since many isable groups are buried in the
interior of proteins, they frequently influence thenction and stability of proteins
(Paceet al., 2009). Just as the ionisation state of the elidens of charged residues is
pH-dependent, so too are the free energy contabsitof salt-bridges to the stability
of proteins. Also, salt-bridges can supply the oomfational specificity for folding
and function (Hendsch and Tidor, 1994) in that thestrict the number of allowable
conformations to those in which charge compensataigractions can take place
(Paul, 1982).

Therefore, perhaps the role of the hydrogen bomdk the conserved salt-bridge
interaction between Arg29, Glu81 and Asn78 of CLIS1to provide stabilising
interactions in the soluble form of CLIC1 therebgimaining the structural integrity
and stability of the N-terminal domain. This isrgfgcant since it is the N-terminal
domain that is involved in membrane insertion asidhie region of CLIC1 that is
required to change in order for CLIC1 to adopt ntembrane-bound topology.
Therefore, one may speculate that the membranedbdapology is somehow

“trapped” within the soluble topology of the N-tdmal domain.
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10 20 30 40 50 60
* | * | - * | N L
CLI C1 1l ~~~~~~ maeeq PFSQRLFMWV 33
CLI C2 1 mgsshhhhhhssgl vprgshnsgl r pgt qv PFCQRLFM 59
CLI C3 1 ~~~~~~~~ ma aal evl f qgpgnaet PSCQRLFMWV 51
CLI C4 1l ~~~~ e~ mal snpl ngl keedk PFSQRLFM 44
DnCLI C 1l ~~~~~~~ neevesqqgsget n LFCQEYFMD 49
EXC4 1 ~~~~~m amaeayqi qsng LFCQEFWVE 46
70 80 90 100 110 120
e T T [ T I N I
CLI C1 34 LW.Kg~~~~ tetvgkl cp ~~ TNKI EeFLEAV 87
CLI C2 60 LW.Kg~~~~ trkpeel kdl apgt ~~ Fl KI EeFLEQT 113
CLI C3 52 LLLKg~~~~ t rrspdvl kdf apg ~~ TLQ EAFLEET 105
CLICA 45 LW.Kg~~~~ padl gnl a ~~ VNKI EeFLEEV 98
DnCLIC 50 LYLLael pdf rt ~~ NEKI Er H MKN 107
EXC4 47 LYALyei seaf k~~knf | NREI E~GRI FH 103

Figure 6: Structure-based sequence alignment of thd-terminal domain of CLIC proteins.

Alignment was conducted with sequences of CLIC kamembers using the PDB codes 1KOM (CLIC1) (Harebgl., 2001), 2PER (CLIC2)
(Mi et al., 2008), 3FY7 (CLIC3) (Littleet al., 2010), 2AHE (CLIC4) (Littlert al., 2005), 2YV7 (DmCLIC) and 2YV9 (EXC4) (Littleat al.,
2008). Thea-helices and3-strands are shown in green and in orange, respéctiThe residues selected for mutagenesis inghidy are
highlighted in yellow.
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1.4. Objectives

The oxidised CLIC1 dimer structure has been propase resemble a membrane
insertion “intermediate state” (Goodchileg al., 2009). This membrane insertion
“intermediate state” was shown to have a completdtgred N-terminal domain.
Therefore, it seems that in order for CLIC1 to awrrom its soluble to insoluble
form, the N-terminal domain requires major struatuearrangements which requires a
degree of flexibility (Littleret al., 2001; Fanucchét al., 2008; Stoychewet al., 2009).
This flexibility has been shown in the soluble fooMCLIC1 (Stoycheet al., 2009).

The main objective of this project was to identépd characterise residues and/or
interactions that stabilise the structure and btabof the soluble form of the N-
terminal domain of CLIC1, since it appears as thotlhgg membrane-bound topology is
“trapped” within the soluble topology of CLIC1. Ehwas performed as a function of
pH in order to gain a better understanding of hbw tonformational stability of
soluble (cytosolic) CLIC1 at pH 7 changes whersiekposed to the acidic (pH 5.5)
environment at the surface of the membrane. Thig pravide insight as to what
triggers CLIC1 to be primed for membrane insertibareby revealing its “trapped”

membrane-bound topology.

Therefore, the primary aim of this research proyeas to engineer three single amino
acid mutations in CLIC1, namely; R29M, E81M and W78 hese mutations were

designed to break the salt-bridge between Arg29 Glo@1 as well as the hydrogen
bonds connecting Arg29, Glu81 and Asn78. In addjteodouble mutant R29M/E81M

which would remove the salt-bridge and hydrogendsobetween the three residues
was also engineered. The rationale for this wasrthaants R29M and E81M would

essentially maintain bulk but alter charge, whefd@8A would alter both the bulk and

polarity. The effect of the mutations on the N-tarah domain and the protein’s

structure was assessed spectroscopically usingeflaence and circular dichroism
spectroscopy, acrylamide quenching and ANS bindiig. impact of the mutations on

the structural stability was assessed by urea-idlecuilibrium unfolding studies. The

crystal structure of the R29M/E81M mutant was uteetlrther interpret the structural

and stability data. The data obtained were congparth that of the wild type protein.

19



CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

cDNA encoding the GST-CLIC1 fusion protein that wdsned into the pGEX-4T-1
vector was a gift from Dr. S. N. Breit, (Centrelofmunology, St. Vincent's hospital
and University of New South Wales, Sydney, AustfalcDNA encoding the GST
CLIC1-E81M fusion protein cloned into the pGEX-4Tvéctor was a gift from Dr.
Stoyan Stoychev (University of the Witwatersranohahnesburg, South Africa). The
oligonucleotide primers were synthesised by IngRlmdechnical Industries (Pty) Ltd
(Pretoria, South Africa). All sequencing reactiomere done by Ingaba Biotechnical
Industries (Pty) Ltd (Pretoria, South Africa). Th&eneEditol" site-directed
mutagenesis system and thscherichia coli JM109 and BMH71-18mutS cells were
purchased from Promega Corporation (Madison, USH)e QuikChange™ site-
directed mutagenesis kit and tkscherichia coli BL21 (DE3) competent cells were
from Stratagene® (La Jolla, USA). The plasmid DNIgxiPreg™ kit was purchased
from Amersham Biosciences (Buckinghamshire, UK)thbthreitol (DTT) was
purchased from Melford Laboratories Ltd (SuffolkK)J Reduced glutathione (GSH),
1-anilino-8-naphthalene-sulfonate (ANS) and thramiiom bovine plasma were
purchased from Sigma-Aldrich (St. Louis, MO, USA)trapure urea was purchased
from Merck (Darmstadt, Germany). The SDS-PAGE makcweight markers were
purchased from Fermentas (Ontario, Canada). Alerotkagents were of analytical
grade.

2.2. Methods

2.2.1. Oligonucleotide primer design

The oligonucleotide primers used to generate théCCIR29M, E81M, N78A and
R29M/E81M mutants were designed using PrimerX
(http://www.bioinformatics.org/primerx/cgi-bin/DNAL.cgi). The computer software

package Gene Runner v3.04 was used to analysetieeaged primers.
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The mutagenic primers designed for use with the eGditor" site-directed

mutagenesis system had the following sequences:

R29M forward primer:

5-C TGC CCATTC TCC CAGATETG TTC ATG GTACTG TGG-3'
R29M reverse primer:

5'-CCA CAG TAC CAT GAA CAG_CATCTG GGA GAATGG GCA G-3'

The underlined nucleotides represent the mutati@t generates the Arg> Met

substitution. The oligonucleotides were 5' phospladed.

The mutagenic primers designed for use with the kQuange™ site-directed

mutagenesis kit (Papwordbal., 1996) had the following sequences:

E81M forward primer:

5'-C ACA GAC ACC AAC AAG ATT ATGGAA TTT CTG GAG GCA GTG
C-3'

E81M reverse primer:

5-CAC TGC CTC CAG AAA TTC CATAAT CTT GTT GGT GTC TGT G -
3

The underlined nucleotides represent the mutati@t generates the Gl Met

substitution.

N78A forward primer:

5-CT GAA GTG CAC ACA GAC ACC_GCQAAG ATT GAG GAA TTT
CTG G-3

N78A reverse primer:

5'-C CAG AAA TTC CTC AAT CTT_GGGGGT GTC TGT GCA CTT CAG-
3

The underlined nucleotides represent the mutati@t generates the Asn Ala

substitution.

In order to generate the CLIC1-R29M/E81M mutang fitesmid cDNA encoding the
CLIC1-R29M mutant was used with the CLIC1-E81M fard and reverse primers.
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2.2.2. Site-directed mutagenesis

The CLIC1-R29M mutant was generated using the GeiteE" Site-directed
Mutagenesis system, using single-stranded plasiNid 2mplates as follows:

The plasmid containing the insert coding for CLIG/I- was used to transform
Escherichia coli JM109 cells. This was done using a one-step metlestribed by
Chunget al. (1989). After 5Qul of competent cells had been thawed on ice, 10fng
CLIC1-WT double-stranded DNA (dsDNA) was added e reaction mixture and
returned to ice for 30 minutes. Subsequently, thlls overe heat-shocked for 45
seconds at 42 °C on a heating blackl immediately cooled on ice for 2 minutes. SOC
media (95Qul containing 2 g tryptone, 0.5 g yeast, 1 ml 1 MO¥&0.25 ml 1 M KCl,

1 ml2MMgChand 1 ml 2 M glucose per 100 ml gb) was added to the reaction
mixture and incubated, shaking at 250 rpm for 6@Qutas at 37 °C. The cells were
plated on LB-agar plates containing 10§'ml ampicillin which were then incubated
for 16 hours at 37 °C. Transformants were useaaaulate 100 ml of LB containing
100 ug/ml ampicillin and incubated shaking at 250 rpmX6 hours at 37 °C. Plasmid
DNA was extracted from the LB cultures using thexiPreg™ kit from Amersham
Biosciences and subsequently alkaline denaturediferwith the GeneEditbt site-
directed mutagenesis system. This single-strand¢dl (3sDNA) was then used as the

template DNA in the mutagenic sample reactions.

Sample reactions had a total volume ofuR6ontaining 0.05 pmol of ssSDNA template,
1.25 pmol of mutagenic primer, 0.25 pmol of selattioligonucleotide and 10X
annealing buffer (200 mM Tris-HCI, pH 7.5, 100 mMy®l, and 500 mM NacCl). The
sample reactions were heated at 75 °C for 5 miranesleft to cool slowly to 37 °C.
The mutant strand synthesis and ligation sampleticees were performed in a total
volume of 3Qul containing T4 DNA polymerase, T4 DNA ligase, 16)nthesis buffer
(100 mM Tris-HCI, pH 7.5, 5 mM dNTPs, 10 mM ATP agdl mM DTT) and 2Qu
mutagenic sample reaction. The mutant strand sgistlaand ligation reaction samples
were incubated at 37 °C for 90 minutes.

Mutant strand synthesis and ligation reaction sasl0 ng) were added to 10D
Escherichia coli BMH71-18 mutScells and incubated on ice for 30 minutes before
being heat-shocked for 45 seconds at 42 °C on tngealock after which they were

immediately transferred to ice for 2 minutes. LBD@Ql) was added to the reaction
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mixture and incubated by shaking at 250 rpm forn®@utes at 37 °C. Overnight
cultures were prepared by adding 4 ml LB suppleegernwith 100ul proprietary
mixture of antibiotics (the GeneEditorTM AntibiotiSelection Miy to the
transformation sample reactions. The cultures viszebated by shaking at 250 rpm
for 16 hours at 37 °C. Plasmid DNA was then pregppas previously described in

section 2.2.2.

The plasmid containing the insert coding for CLIR29M was used to transform
Escherichia coli JM109 cells. Transformants resistant to the GerteElfi antibiotic
selection mix were randomly selected and grown B0 Iml 2X YT media
supplemented with 10@g/ml ampicillin and plasmid DNA was prepared asviesly
described above and in section 2.2.2.

The CLIC1-E81M and N78A mutants were generatedgusiie QuikChange™ site-
directed mutagenesis kit by Stratagene® using dsstthnded plasmid DNA
templates, as follows:

A final volume of 50ul was used for the sample reactions. The sampletioea
consisted of Gul (10X) reaction buffer (100 mM KCI, 100 mM (NHMSQy, 200 mM
Tris-HCI, pH 8.8, 20 mM MgS@ 1% Triton X-100, 1 mg/ml nuclease-free bovine
serum albumin), Ll (50 ng) dsDNA template, 4l (125 ng) forward primer, &l (125
ng) reverse primer, Al dNTP mix, 31ul sterile distilled water (dkD) and 1ul (2.5
U/ul) Pfu Turbo DNA polymerase. The parameters used to generattipi®were: 16
amplification cycles of 30 seconds at 95 °C to demathe CLIC1-WT dsDNA,
60 seconds at 55 °C to anneal the mutant primets6@nseconds at 68 °C for DNA
extension. A digestion reaction usingd1(10 U/ul) Dpn | for 1 hour at 37 °C and one
hour at 20 °C was conducted in order to digestmaldONA. The reaction products
were then used to transforEscherichia coli XL1-blue super-competent cells. The
cells were plated onto LB-agar plates containing@ f@/ul ampicillin. The LB-agar
plates were incubated for 16 hours at 37 °C. Tansints were randomly selected and

plasmid DNA was prepared as previously describegkation 2.2.2.

2.2.3. DNA sequencing
CLIC1 cDNA, which encoded the R29M, N78A, E81M aR@9M/E81M mutants,

were sequenced to confirm the incorporation of twerect mutations into the
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pPGEX4T-1 plasmid. This also confirmed that no otimertations were generated during
the mutagenesis amplification reactions. DNA sequmnwas performed by Ingaba
Biotechnical Industries (Pty) Ltd (Pretoria, Soéhnica).

Following the confirmation of the correct incorpioa of the mutations into the
pPpGEX4T-1 plasmids, the plasmids containing the risseoding for CLIC1-R29M,
N78A, E81M and R29M/E81M were used to transfdfasherichia coli BL21 (DE3)
cells. This was also done for CLIC1-WT in prepamatfor the over-expression and

purification of the CLIC1 proteins.

2.2.4. Protein over-expression and purification

2.2.4.1. Induction studies

Induction studies for CLIC1-WT and E81M, were cocigdl as previously described
(Fanucchi, PhD thesis, 2006 (http://wiredspace.adtza/handle/10539/4853) and
Stoychev, PhD thesis, 2008 (http://wiredspace.agtza/handle/10539/5604)).
Induction studies were performed in order to debeemthe optimal induction
conditions for CLIC1-R29M. A late-log growth phasdture ofEscherichia coli BL21
(DE3) cells was used to inoculate LB media, supplemewigd 100 «g/ml ampicillin.
The cells were grown with shaking at 37 °C to naig-growth phaseQDegoo ~ 0.6).
IPTG was added to the cultures to different firmaentrations (0.1-1.0 mM) to induce
the over-expression of the pGEX4T-1 plasmid comgirthe cDNA encoding for
CLIC1-R29M. From the time of induction, whole callquots were removed from the
cultures at 0, 2, 4, 8 and 16 hours. The variouspsss were diluted down to a cell
density equal to that of the two hour sample. Tyas done by diluting the samples in
order to gefODggo readings equal to that of the two hd@Dgoo reading. The samples
were assessed by sodium dodecyl sulfate-polyacig&argel electrophoresis (SDS-
PAGE) according to the method of Laemmli (1970)e(section 2.2.6). The SDS-
PAGE gels were subsequently analysed with Labwba® imaging systems v.4.5
(Cambridge, UK). Also, to reduce the time spentaguiring purified CLIC1-N78A
and R29M/E81M mutant proteins, the over expressmmditions used were the same
as those used for CLIC1-WT.
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2.2.4.2. Over-expression and purification

A cell culture ofEscherichia coli BL21 (DE3) was grown overnight in 100 ml 2X YT
LB (1.6 g tryptone, 1 g yeast, 0.5 g NaCl per 100diH,0O) supplemented with
100 ug/ml ampicillin. This overnight culture was useditmculate fresh 2X YT LB
broth (1:20 dilution) containing 1Q@/ml ampicillin. The cells were grown, shaking at
37 °C (20°C for CLIC1-E81M) until mid-log growth phas®©Dgo ~ 0.6) and protein
expression was induced with 1 mM IPTG for CLIC1-WRR29M, N78A and
R29M/E81M and 0.8 mM IPTG for CLIC1-E81M. Proteirpeession was allowed to
continue at 37C for 5 hours for CLIC1-WT, 4 hours for CLIC1-R29NM|78A and
R29M/E81M, and at 20 °C for 16 hours for CLIC1-E81Wiile shaking at 250 rpm.
The cells were harvested by centrifugation for lifutes at 5000 rpm at 4 °C. The
pellets were resuspended in 3-4 ml resuspensiderb{ffO mM Tris, 200 mM NacCl,

1 mM EDTA, 0.02% Nalhl and 1 mM DTT, pH 7.5). The resuspended cells were
stored in a 50 mL tube at —20 °C to promote csiklyOnce thawed on a rotator at 4 °C,
10uL of 1 M MgCl, 1 ul of 100 mg/ml DNAse and 10 of 10 mg/ml lysozyme were
added to the cells and rotated for a further 15ute at 4 °C. The cells were lysed on
ice by pulse sonication for 60 seconds (4 roundsing a duty cycle of 40% and a
power output of 4. This was done using a Sonichlitrasonic Processor (Misonix
Incorporated). The lysed cells were subsequenthtriéfeged at 15000 rpm for 30
minutes at 4 °C in 30 mL tubes.

The CLIC1 proteins were purified according to thetinod described by Tulkt al.
(2002). The protein-containing cytosol was diluifbld in resuspension buffer and
loaded onto a GSH-Sepharose column pre-equilibratétd equilibration buffer
(100 mM Tris, 200 mM NaCl, 1 mM EDTA, 0.02% Ngind 1 mM DTT, pH 8). The
GST-CLIC1 fusion protein binds the glutathione loé {IGSH-Sepharose column which
was washed with 10 column volumes of GSH equilibrabuffer to elute any unbound
GST-CLIC1 fusion protein and contaminating proteifisereafter, the GSH-Sepharose
column was re-equilibrated with 5 column volumes tbfombin-cleavage buffer
(200 mM Tris, 150 mM NaCl, 0.5 mM DTT, 0.02% NghH 8.4). A volume of 8@l

(2 U/ml) of thrombin per 1 | of original cell culte, was added to 15 ml of thrombin-
cleavage buffer. This thrombin solution was thedeatito the GSH-Sepharose column
and the column rotated for 16 hours at 20 °C ireotd release the CLIC1 proteins

from the GST tag bound to the GSH-Sepharose column.

25



The thrombin solution containing the CLIC1 protewvas eluted from the GSH-
Sepharose column and applied to a DEAE-anion exgghanlumn that had been pre-
equilibrated with 10-column volumes of DEAE equiabon buffer (20 mM Tris,
1 mM DTT, 0.02% Nak pH 6.5) The DEAE-anion exchange column was catetec
to an Aktaprime system (Amersham Biosciences). Theoretical pl values for
thrombin and CLIC1-WT, R29M, E81M, N78A and R29MME8 calculated by the
ExPASy server program ProtParam (Gastegyal., 2005) are 8, 5.02, 4.94, 5.09, 5.02
and 5, respectively. Therefore, at pH 6.5, thrombipositively charged and does not
bind the DEAE-column. However, CLIC1 is negativelyarged at pH 6.5 and should
bind the DEAE-column. DEAE elution buffer (20 mMig,r 300 mM NaCl, 0.02%
NaNs;, pH 6.5) was used to elute the CLIC1 protein frim@ DEAE-anion exchange
column. Fractions (2 ml) were collected and assedse purity using a 15%
acrylamide SDS-PAGE gel (see section 2.2.6). Feastcontaining pure protein were
pooled and dialysed against 2 | of CLIC1 storagiéei 50 mM NaHPQ@, 1 mM DTT,
0.02% NaN, pH 7.0).

The GSH-Sepharose column was regenerated by wasgienGSH-Sepharose column
with 5-column volumes of GSH-Sepharose elution &0 mM Tris, 10 mM GSH,
0.02% NaN, pH 8.0) to elute any column-bound GST as welhiag uncleaved GST-
CLIC1.

For all experiments, the CLIC1 proteins were diatysveekly against CLIC1 storage
buffer containing fresh DTT. Unless otherwise statall experiments described

hereafter were performed in this buffer.

2.2.5. Protein concentration determination

The behaviour of proteins under a variety of solvenditions may be examined by
spectroscopy which also permits comparisons betwedsted proteins, such as
mutated forms and homologous proteins (Schmid, 19%&vantages of this
methodology are that spectroscopic measurementlyigake place in solution and
only tiny amounts of sample are needed for invasttg and since it is non-
destructive, it allows for the recovery of samméthin the UV range of an absorbance
spectrum, proteins absorb and emit radiation. théspeptide groups, aromatic amino

acids and to a smaller degree the disulfide banalsare responsible for the absorption
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(Schmid, 1997). Absorbance spectroscopy is mosharity used to determine the

concentration of biological macromolecules in solut The absorbance of each of the
protein stock solutions was measured spectrosdbpiddne concentrations were then
calculated using the Beer-Lambert law:

Ago = &l (1)

where Agpis absorbance at 280 nenis the molar absorption coefficient of the protein

c is the concentration of the protein and | isdheette path length (1 cm).

The molar extinction coefficient) of the CLIC1 proteins at 280 nm was calculated by
using the extinction coefficients of the tryptoph#&yrosine and cysteine residues as
described by Perkins, (1986):

£280(M*cm) = 5550 Trp + 13408 Tyr + 150X Cys 2)
535)(1) + 1340(8) + 150(6)
#1170 Micm!

2.2.6. Purification analysis

SDS-PAGE is extensively used to analyse proteirtunes qualitatively. SDS-PAGE is
often used to examine protein purification and beeathe method is founded on the
separation of proteins by size, the technique dsm lae employed to determine the
relative molecular masses of proteins (Simpkin®020

Discontinuous SDS-PAGE was used to assess proteinrexpression, as well as the
purity of the purified CLIC1 protein samples (Laetnm970). SDS-polyacrylamide
separating gels consisting of 15% acrylamide amatkstg gels consisting of 4%
acrylamide were used. Protein samples were predayeal 1:1 dilution with sample
buffer. The samples were boiled prior to being &xhdn the SDS-polyacrylamide gel.

Separation was achieved at 140 volts for approxamat hours.

The protein molecular mass markers contained aunextf seven proteins namefx

galactosidase (116 kDa), bovine serum albumin (6@2), ovalbumin (45 kDa),
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lactate dehydrogenase (35 kDa), restriction endease Bsp98l (25 kDa)p-
lactoglobulin  (18.4 kDa) and lysozyme (14.4 kDa).fteA completion of
electrophoresis, the gels were stained overnighit Wioomassie Brilliant Blue and
were destained with destaining solution (25% ethand 10% acetic acid) for 6 hours

prior to visualisation (Laemmli, 1970).

2.2.7. Structural characterisation

2.2.7.1. Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is a methodt ttelies on the fact that when
molecules are exposed to left and right circuladjarised light they interact with the

light in different ways. Circularly polarised light chiral, i.e. it has two non

superimposable forms that are mirror images of amather (Woody, 1995). As most
biological molecules display chirality, they arelealo differentiate between the two
chiral forms of light. CD spectroscopy measuresdiffierence in the absorbance of left
and right circularly polarised light by opticallgtave molecules (Schmid, 1997). Thus,
CD spectroscopy is used to analyse the relativeuatsoof the different secondary
structural elements of polypeptide chains as wesllpeovide information about the

environments of the chromophores of the aromatimaracids, and the contributions
from disulfide bonds and non-protein cofactorsotugson (Kelly and Price, 1997). CD

spectroscopy obeys the Beer-Lambert law in thatGDb spectrum of each constituent
in a solution is directly proportional to its contetion, and the entire spectrum
corresponds to the sum of all the contributing spefGreenfield, 1999). Therefore,
any change in the CD spectrum of a protein whertuggnts such as ligands,
denaturants or heat are applied, are directly ptmpal to the amount of protein

altered by the perturbation (Greenfield, 1999).

Far-UV CD spectra (250-170 nm) are sensitive to #erondary structural

conformation in which the backbone and amide bdmoraophores are arranged in a
structured arrangement suchoakelices ang-sheets (Woody, 1995; Kelly and Price,
1997). Secondary structure conformations presestindt spectral features in the far-
UV CD spectrum. Proteins with a highhelical content display characteristic double
minima, with broad ellipticities at 208 and 222 rfassociated with the low-energy

electronic transition n— n*), as well as an intense positive ellipticity neE80 nm
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(associated with the — n* electronic transition) (Woody, 1995; Kelly andids,
2000).

Far-UV CD spectra were recorded using\ CLIC1-WT and mutant proteins at pH 7

and pH 5.5. CLIC1 storage buffer was diluted 10Xeduce the noise-to-signal ratio at
the lower end of the spectrum owing to the bufignal. Data were obtained using a
Jasco J-810 spectropolarimeter using a cell len§th mm, data pitch 0.5 nm, 0.5

second response, 1 nm band width, standard setyséind a scan speed of 200 nm/min
at 20 °C. The data obtained from the far-UV CD wpsed were an average of 5
accumulations from 250 nm to 190 nm. The negatiymeential smoothing technique

(SigmaPlot® v11.0) was used to smooth the datas Tdchnique smoothes the data
using polynomial regression and weights computethfthe Gaussian density function

with a sampling proportion of 0.1.

Near-UV CD spectra (340-250 nm) are dictated byogiion bands from the side
chains of the aromatic residues, Phe, Tyr and Wpaody, 1995). These aromatic
residues have characteristic— n* absorbance bands in the near-UV and far-Uv
(Woody, 1995). Other contributions may arise dugh®e presence of disulfides or
prosthetic groups (Woody, 1995). The aromatic ananms Phe, Tyr and Trp have
characteristic wavelength contours: Phe displagspstiine structures between 255 and
270 nm, Tyr has a peak between 275 and 283 nm gmtiak a peak near to 290 nm
with fine structures between 290 and 305 nm (Stiuk, 1974). Since near-UV CD is
sensitive to the environment of the aromatic amauwad side chains, it provides

information about the tertiary structure of proge(lVoody, 1995).

Strickland (1974) also showed that useful informmaitan be obtained by recording CD
spectra at low temperatures since these greatlyowepthe CD spectral resolution. In
light of this, low temperature CD makes it possiltte look at the structures of
individual “frozen” conformational states of pratsi that may be speedily inter-
changing at higher temperatures (Strickland, 1974).

Near-UV CD spectra were recorded usingdd CLIC1-WT and mutant proteins at
pH 7 and pH 5.5 at 8C. Data were obtained using a Jasco J-810 spetdropeter

using a cell length of 1 cm, data pitch 0.5 nmeéosd response, 0.5 nm band width,
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high sensitivity and a scan speed of 200 nm/mire Tmperature was maintained at
5 °C by a Jasco PTC-423S Peltier-type temperaturaalystem. The data obtained
from the near-UV CD analyses were an average afcbhiraulations from 310 nm to
260 nm.

The mean residue ellipticitie8][of the spectra were calculated from the equation:

[0] = 1000)/cnl 3)

where,0 is the observed ellipticity signal in millidegreesis the protein concentration
in mM, n is the number of amino acid residues & pinotein chain andis the path
length in cm (Schmid, 1997).

2.2.7.2. Fluorescence spectroscopy

Fluorescence spectroscopy can be used in many teagsmalyse proteins since it

fundamentally analyses changes in the local enment of fluorophores in proteins

(Lakowicz, 1999). Fluorescence emission occurs wénerelectron is excited from a

ground state and then returns from the excitee statk to the ground state (Schmid,
1997). During the excited state, energy is losbugh vibrational, rotational and

conformational non-radiative processes, which meahas the energy of the emitted
light will be less than the absorbed light, andftherescence of the fluorophore occurs

at a greater wavelength than its absorbance (S¢laay).

The fluorescence of proteins originates from Phg, ahd Trp amino acid residues
(Schmid, 1997). Fluorescence is usually governedhieycontribution of tryptophan
residues because both their absorbance at the evajkl of excitation and their
guantum yield of emission are much greater tharvéhees for Tyr and Phe (Schmid,
1997). Trp residues are roughly five times moresgime than Tyr, mainly because Trp
has a molar extinction coefficient of 5.5 x> *cm™ at 280 nm which is greater than
the extinction coefficient for Tyr at 274 nm (E&kin1995). Also, the indole ring of
tryptophan is highly sensitive to solvent polafibpkowicz, 1999). Emission spectra of
this residue reflect the polarity of its surrourglienvironment and therefore, Trp
fluorescence is used to monitor local tertiary creal changes in proteins. CLIC1-WT

and mutant proteins contain one Trp (Trp35), latate the C-terminal end of helix 1
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within the N-terminal domain (Figure 1). This helias been proposed to transverse the
membrane (Harropt al., 2001; Berry and Hobert, 2006; Singh and Ashley,62Ghd
therefore, Trp35 is an excellent probe to reportomal structural changes. CLIC1 also
consists of eight Tyr residues, mainly located imitthe C-terminal domain. Low
guantum vyields are produced when selectively exgitthe single Trp residue
(Fanucchi, PhD thesis, 2006 (http://wiredspace.adtza/handle/10539/4853)) and,
therefore, excitation at 280 nm will be used to iaye the signal. In so doing so, not
only will the eight Tyr residues become excited battoo will the lone Trp residue.
Since the Tyr residues are within close range ¢oTitp residue, fluorescence resonance

energy transfer from the Tyr residues to the Tgidue will occur (Lakowicz, 1999).

A PerkinElmer LS-50B luminescence spectrophotometas used to measure the
fluorescence spectra of @V concentrations of CLIC1-WT and mutant proteingisT
was carried out at pH 7 and pH 5.5 at 20 °C. A paihth of 1 cm was used and the slit
widths used were 5 nm for both excitation and eimissThe proteins were excited at
280 nm and emission spectra obtained for the wagéierange 280 nm to 450 nm at a
scan speed of 350 nm/min. The spectra were an gevesh 3 accumulations. The
negative exponential smoothing technique (Sigm&Piat1.0), mentioned in section

2.2.7.1 was used to smooth the data.

ANS is one of the most commonly used extrinsic iiscent probes for the analysis of
the structural properties of protein molecules (ldkg et al., 1998). ANS was

originally used to investigate the hydrophobicifynative proteins by Stryer in 1965
who found that an interaction of ANS with solvemrpesed hydrophobic clusters of
apomyoglobin and apohaemoglobin resulted in aneas® of the ANS fluorescence
intensity (Stryer, 1965). This increased ANS flismence intensity was accompanied

by a considerable blue shift of the fluorescen@xspm of this probe (Stryer, 1965).

ANS is least fluorescent in polar environments sashaqueous solutions due to
guenching by water but, its fluorescence emissimaneiases substantially in non-polar
environments (Stryer, 1965). The hydrophobic irdtBoa of ANS with proteins is also

a commonly used method for characterising and&timgjuishing partially folded states
of proteins (Semisotnoet al., 1991). Partially folded states of proteins cansis

groups of hydrophobic side chains that are notgetpletely buried in the native core
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structure and make available binding sites for ANSS fluorescence has also been
applied to protein folding in that it has been shdhat there is a preference for ANS to
interact with equilibrium and kinetic molten globustates in relation to native and
totally unfolded proteins (Rodionowhal., 1989, Semisotnost al., 1991).

Free ANS excited at 390 nm emits at 540 nm. Howewben ANS binds to exposed
hydrophobic sites on a protein, the emission iselad to around 470 nm. The change
in emission wavelength is reliant on the hydrophitypiof the ANS binding sites
available on the protein and the quantum yield NSAStryer, 1965).

Stock solutions of ANS (2 mM) were prepared by vaeignd made-up with CLIC1
storage buffer at pH 7 and 5.5. The concentratib/ANS was checked using an
extinction coefficient of 4950 Mcmi* at 350 nm (Weber and Young, 1964). ANS was
added to each sample to a final concentration 6f 20 and incubated for a further
hour at 20°C. This allowed the ANS to bind to exposed hydrdpbcsites on the
proteins.

A PerkinElmer LS-50B luminescence spectrophotometes used to measure each of
the CLIC1-WT and mutant protein samples at pH 7 @idcb.5 at 20 °C. A path length
of 1 cm was used and the slit widths used were Sfamexcitation and emission,
respectively. ANS was excited at 390 nm and enmisspectra obtained from 390 nm
to 600 nm at a scan speed of 350 nm/min. The spegére an average of 3
accumulations. Each unfolding curve was done plitate and averaged. Spectra were
corrected for free ANS by measuring an additiomalod samples but in the absence of
protein.

To check that ANS binding was not a result of groggregationRayleigh scatter
was monitored by fluorescence using slit width&afm and excitation and emission

wavelengths of 390 nm.

Employing fluorescence quenching to provide knogkdbout the dynamic character
of proteins was first established by Lacowicz anébéf in 1973 (Lacowicz and
Weber, 1973). Proteins are not inflexible structyitgut constantly undergo stochastic

structural oscillations that assist the inward wdfbn of quenchers such as iodide,
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oxygen and acrylamide. Consequently, acrylamideb&ansed to quench fluorescence
of exposed and buried tryptophan residues suchasshown in ribonuclease T1 and
aldolase (Eftink and Ghirion, 1975; Eftink and Gdnr, 1976; Eftink and Ghirion,
1977). Acrylamide can be described as an extreefélyient quencher that is neutral,
however, more polar than oxygen in character. Kiaty attribute of acrylamide as a
guencher is that is does not significantly interatth proteins (Eftink and Ghirion,
1976).

The conventional Stern-Volmer equation relatesdberease in fluorescence intensity

to the concentration of collisional quencher Qfcdisws:

G/ F = 1+Ks [Q] (4)

where kb and F are the fluorescence intensities in the radeseand presence of

guencher, respectively, ands, is the Stern-Volmer constant for the collisional
guenching processes. Th&, value supplies information regarding the extent of
exposure of tryptophan residues (Eftink and Ghirik881)

A PerkinElmer LS-50B luminescence spectrophotometas used to measure the
guenching of the CLIC1-WT and mutant proteins mdit tryptophan fluorescence by
acrylamide at pH 7 and pH 5.5 at 20 °C. This infation was used to determine the
exposure of Trp35. Acrylamide (0-0.3 M) was added2tuM protein after which

Trp35 was selectively excited at 295 nm and theréiacence maximum was monitored
at 345 nm, in the presence and absence of acryaniide scan speed used was
350 nm/min. A pathlength of 1 cm and a slit widthSonm for both excitation and

emission were used. The spectra were an average@ofumulations and each sample
was measured in triplicate. The data were plotsdguSigmaPlot® v11.0 and analysed

according to equation 4.

2.2.8. Conformational stability studies
Measuring the unfolding of a protein is a usefulyved estimating the conformational
stability of that protein. The effect of a mutation the stability of a protein can be

studied by comparing the equilibrium unfolding datathe wild type and mutant
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proteins. The unfolding of proteins can be induiceskeveral ways including increasing
or decreasing temperature, adding chaotropic ctentienaturants such as urea or
guanidine hydrochloride, exposing the protein tdresres of pH, and increased
hydrostatic pressure (Eftink, 1995).

Measuring the conformational stability of a proteiecessitates the establishment of
equilibrium and, therefore, it is most importantassess the degree of recovery of the
native state. This will establish that equilibrigxists between the folded and unfolded
state of the protein, thus allowing the thermodyaparameters of unfolding to be
established (Pace, 1986).

Folded protein (Ny Unfolded protein (U) (5)

Recovery of the native state of the CLIC1-WT andantiproteins at pH 7 and pH 5.5
were determined using the method described by BadeScholtz, 1996. A solution of
10 uM protein in 7.5 M urea was incubated at 20 °Clf& hours, allowing the protein
to completely unfold. A 10-fold dilution of the smion was made and left for 1-2 hours
at 20 °C, this allowed the protein to recover igive structure and was monitored
using fluorescence spectroscopy as described tosez.2.7.2.Far-UV CD was not
used as a probe to establish reversibility as igp@abkto-noise ratio was very poock.
sample consisting of &M protein in 0.75 M urea, representing the finahditions
used for refolding, was used as a control. Thegmage recovery was calculated for

each protein unfolded and refolded at pH 7 and fiH 5

Equilibrium unfolding studies were performed at pland pH 5.5 at 28C. Fresh 10 M
urea stock solutions were prepared using CLIClag®rbuffer and used as the
denaturant. The molarities of the urea stock smhstiwvere checked by refractometry
(Pace, 1986).

CLIC1-WT and mutant proteins (@M) were incubated in 0 to 8 M urea at pH 7 and
pH 5.5 at 20 °C and left to establish equilibriubhe conformational stabilities of the
CLIC1-WT and mutant proteins were monitored usiagWV CD and tryptophan
fluorescence spectroscopy as structural probesi¢udy described in sections 2.2.7.1
and 2.2.7.2).
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The equilibrium unfolding data are an average oéd¢hreplicates. Any major outliers

were removed from the data sets.

The extent of Rayleigh scatter due to protein aggpien throughout the unfolding
process was monitored for each protein at pH 7 @idb.5. This was achieved by
setting the excitation and emission wavelength848t nm and then measuring the

fluorescence intensity. The excitation and emissldrwidths were 2.5 nm.

2.2.8.1. Equilibrium-unfolding data fitting

The thermodynamic parameters of equilibrium unfudiAG(H.O) (free energy
change in the absence of denaturant) andrtivalue (dependence of free energy on
denaturant concentration), were determined usimdpagl fitting analysis (Beecham,
1992). This was accomplished by use of the progdarruka v. 6.2.26 (Zitzewit al.,
1995; Bilselet al., 1999) and a Poisson probability distribution. Tgregram uses a
Marquardt-Levenberg type 87 non-linear least-sqiarmutine to analyse
simultaneously multiple sets of data from differemperiments in terms of internally
consistent sets of fitting parameters (Beecham2)L9khis fitting procedure minimises

error and better resolves the model.

Global analysis involves simple modifications ofrremt non-linear least-square
packages. The main change in the algorithm is alitiadal procedure whereby the
model-dependent summation of the normal non-lineast-squares equations can be
performed (Beechman, 1992). Simply put, non-lingatimisation of a model for sets
of data entails an iterative search in parametacesgo reduce differences between
theory and experimental data. A succession of @aducing procedures is selected
where the best new direction is reassessed atmrackdure. During non-linear least-
squares, the change of the search direction is dotlee same way as normal non-
linear least-squares. The only difference is thatglobal comparison of the theory data
is controlled by many data sets. This is accomptisiith global mapping vectors that
connect a specific subset of the total parameteasidcal (single curve) fitting function
(Knutsonet al., 1983).
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2.2.8.1.1. Two-state fitting model (N~ U)
For a two-state monomer unfolding transition, atgiromay exist only in the native
(N) or unfolded (U) state, with the absence of aniermediates (I). This is
characterised by the reaction:
Ku
No U (6)

whereKy represents the equilibrium constant.

As the native and unfolded conformations in a twades unfolding transition are the
only species present,
v+ R =1 (7)

where Iy and k are the fractions of protein in the native andolddgd states,
respectively. Therefore, the y-value (signal oledirior the respective spectroscopic

probe) at any point in the equilibrium unfoldingrsition is represented by:

y= YnFn + YuFu (8)
where Yy and Y, represent the y-values (signal obtained for thepeetive
spectroscopic probe) of the native and unfoldetestaespectively. Y and Y, are
estimated from the linear extrapolation of the pasd post-transition baselines,

respectively. When equations (7) and (8) are coathithe fraction of unfolded protein

is:

Fn=(Yn=y)/ (Yn—Yu) 9

Similarly, the fraction of unfolded protein can tletained:

Fu=(y-Yu)/(Yn- Yu) (10)

The equilibrium constant for the unfolding react{&a,) is:

Keq =R /K (11)
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So, therefore, if equations 9 and 10 are substituni® equation 11.:

Keg= (Yn-Y) 1 (y - Yu) 12)
Given that:

AG = -RT In Keq (13)

where AG is the change in free energy of unfoldirig,is the gas constant, is
temperature in kelvin an#eq is the equilibrium constant for the reaction. Then
order to determineAG(H20) it is assumed thaAG has a linear dependence on

denaturant concentration [denaturant] for all weacentrations (Tanford, 1970).

Then,
AG = AG(H20) —m[denaturant] (24)

whereAG(H20) represents the free energy difference betweeifiolded and unfolded
states in the absence of denaturant. mhalue is determined from the slope of &
versus denaturant concentration plot and is inteatf the difference of the solvent
accessible surface area between native and unfetdézs of proteins (Green and Pace,
1973).

It should be noted that the two-state monomerigsiteon model can only be used if the
data appears monophasic and that the data monitoyedlifferent probes are

superimposable. Any deviations from these critenald lead to the assumption that
the transition from the folded to unfolded statenaslonger monophasic owing to the
incorporation of some form of intermediate spegi@isd should rather be fitted to a
three-state transition model. Also, if the probssdito observe the unfolding events do
not make a distinction between the intermediate amfdlded states, the presence of
intermediate states can be assumed if the unfoldingres shift to a lower

concentration of denaturant and if there is a comtamt decrease in the gradient of the

transition region of the unfolding curve (Soulage398).
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2.2.8.1.2. Three-state fitting model (N» | « U)
For a three-state monomer unfolding transitiony@gin may exist in the native (N),

intermediate (I) and unfolded (U) states:

Ki Ko
Nol oU (15)

whereK; represents the equilibrium constant for the.N transition anK; represents

the equilibrium constant for the 4. U transition.

As the native, unfolded and intermediate conforaretiin the three-state unfolding

transitions are the only species present,
R+th+R=1 (16)

K1 = R/Fy Ko = R/F Ku = FulFn = KiKs 17)
where Fis the fraction of intermediate present. The alguidm constant for N—» U is
represented bi{;K,. y (signal obtained for the respective spectroscopbg) can be
represented as:

y=YnEn+ YR + Yoy (18)
where Y depicts the measured signal of the intermediateaNd Y, are estimated
from the linear extrapolation of the pre- and poanbsition baselines, respectively.
Now, by solving g in terms ofK; andK; and by combining equations (16) and (17)

FU = (K]_Kz)/(Kle +1 +K;|_) (19)

Rearranging and substituting equation (17) intcaéiqu (18) and solving forfFand F

in terms ofK; andKy:

Fn = RUIKiK2
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therefore,

NE= l/[(Kle +1 +K1)/K1K2]

Similarly

= Kl/[(Kle +1 +K1)/K1K2]

Substituting equations (19), (20) and (21) intoaopn (18) gives:

y= (YN +Y\Ki+ Yy (Kle))/(l +K; + K1K2)
We know that:

AG; = -RTInK; henceK; = e¢¥RT
and
AG; = 4Gy(H20) — my[denaturant]

By combining equations (23) and (24):

Kl — e[-AGl(HZO}ml[denaturant]]RT

Similarly,

K2 — e[-AGZ(HZO)ﬂﬂ[denaturant]RT

(20)

(21)

(22)

(23)

24

(25)

(26)

Substituting equations (25) and (26) into (22) fmal equation to fit the data is

achieved:

y:

[YN + YI(e[-Ael(H20)m1[denaturant]]RT) + Yu(e[-AGl(HZO)‘nl[denaturant]RT)(e[-AGZ(Hzo)-

mZ[denaturant]]RT)]/[l + (e[-AGl(HZO)ml[denaturant]RT) + (é-AGl(H20)m1[denaturant]]RT)(e[-AGZ(HZO)-

mZ[denaturant]]RT)]
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2.2.9. Software for structural, sequence and proteiproperty analysis

CLIC1-WT and mutant protein graphics were generatdg Swiss-PDB Viewer v3.7
(Guex and Peitsch, 1997). The CLIC1-WT and mutadA®equences obtained were
viewed using the program Chromas  version 1.45 (32it) b
(http://www.technelysium.com.au/chromas.html; Teaigsium Pty. Ltd., Helensvale,
Australia). The theoreticallpvalues for CLIC1-WT, mutant proteins and thrombin
were obtained using the EXPASY tool ProtParam @getet al., 2005). Assessing the
SDS-PAGE gels for optimum induction conditions wiasie using the Labworks UVP
Biolmaging System. Unless otherwise stated, datae wdotted using SigmaPlot
version 11.0 (SPSS Science, Chicago, lllinois USA).
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CHAPTER 3

RESULTS

3.1. Verification of the CLIC1 mutations

The sequencing confirmed that the desired mutatiortee cDNA encoding CLIC1-
R29M, E81M, N78A and R29M/E81M mutant proteins hé@en correctly
incorporated and verified the absence of any othetations. Portions of the cDNA
sequences containing the codon change of inteveshé CLIC1-R29M, E81M, N78A
and R29M/E81M mutants are shown in Figure 7.

3.2. Protein over-expression and purification

The over-expression conditions for CLIC1-WT and HE8had been previously
determined (see section 2.2.4). Therefore, the-expression of CLIC1-WT, E81M,
N78A and R29M/E81M was conducted as describedahmse?2.2.4. However, prior to
over-expression of CLIC1-R29M, induction studiesrevecarried out in order to
determine the optimal induction time and IPTG concdion. The results of the
CLIC1-R29M induction study showed that the optiminduction conditions were a
four hour growth time and 1 mM IPTG (Figure 8).

The solubility of CLIC1-R29M was assessed by SDSsEAof the cytosol and the
pellet fractions. The mutant protein was found & dwluble, with no visible band
appearing at 27 kDa in the insoluble pellet frattidhis result was the same for
CLIC1-WT, E81M (induced at 26C), N78A and R29M/E81M. Therefore, all the
expressed CLIC1 proteins were soluble.

The CLIC1-WT and mutant proteins were purified asatibed in section 2.2.4 and the
purity was assessed by SDS-PAGE (Figure 9A). ThECCIWT and mutant proteins
were found to have a molecular mass of approxima@ kDa (Figure 9B),
corresponding to that previously reported (Litierl., 2004). In the absence of other

protein bands in the SDS-PAGE gels, and since aisiygle band corresponding to a
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CLIC1-R29M mutation

Mutant sequence ATG (M) replaces CGC (R)

&0 70 80 a0
GLL AT TGITTCG TG A AGGCTGHCAGTGE[ATGGGCC

Met
| A

il b

=
—
p——
—
—
————
—
———
e
o=
——
——
—
e
—

100

GATTGGG

CLIC1-N78A mutation

Mutant sequence GCC (A) replaces AAC (N)

TGAAGTGC ACAC AGACACCloC(JAABATTGAGGAATTTCTGE,
310 320 0 340 350
Ala

CLIC1-E81M mutation

Mutant sequence ATG (M) replaces GAA (E)

a=C==G:"!I!G::"_C_GG:GGC:G'GC_G'GCCC_CCL
30 320 330 340 350
Met

itk

CLIC1-R29M/E81M Mutation
Mutant sequence ATG (M) replaces CGC (R)
Mutant sequence ATG (M) replaces GAA (E)
cTcccAaGlaTElcTETTE 3”*0"‘3”“_3}{° 86
Met

140 150 30

Figure 7: Verlflcatlon of the CLICl R29M, E81M N78A and R29|\/VE81M mutations

The  sequences obtained from

(http://www.technelysium.com.au/chromas.htmi;

CLIC1-R29M/E81M codons (ATG/ATG).

sequencmg were

vieweing  the

program  Chromas

version

1.45

Tegdipgium Pty. Ltd., Helensvale, Australia). Shownreheare segments of the
sequences. The boxed regions indicate the CLICAMRRodon (ATG), CLIC1-E81M codon (ATG), CLIC1-N78¢odon (GCC) and
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Relative Band Intensity

Figure 8: Over-expression and induction study of CLC1-R29M

(A) SDS-PAGE gel (15% acrylamide) showing the sampidaced for 4 hours at various
IPTG concentrations. Lane 1: SDS molecular maskensr Lanes 2 to 8: the samples at
various IPTG concentration$B) Three-dimensional bar-chart showing the band sitgn

corresponding to that of CLIC1-R29M at various timand IPTG concentrations. The
greatest band intensity occurred at 4 hrs at aGIBdncentration of 1 mM.
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Figure 9: SDS-PAGE and calibration curve

(A) SDS-PAGE gel (15% acrylamide) showing the molacoiass of the purified CLIC1-
R29M protein (27 kDa). Lane 1. SDS molecular masskers. Lanes 2-Furified CLIC1-
WT, R29M, E81M, N78A and R29M/E81kroteins(B) Calibration curve indicating the
molecular mass of the CLIC1 proteins relative ®folecular mass markers?@0.98).
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molecular mass of 27 kDa was present, one can wdedhat the CLIC1-WT and mutant

proteins had been purified successfully.

3.3. Protein concentration determination

CLIC1-WT and mutant protein concentrations wereedusined after purifications as
described in section 2.2.5. It is important to n@nthat all CLIC1-WT and mutant protein
stocks were maintained at lower concentrations 3@@M) when dialysed into pH 5.5
compared to pH 7. This was done since CLIC1 teodggregate at low pH when the protein
concentration is high (40-1Q@M). Concentration determinations were consistergliable,

with R?values ranging between 0.98 and 1.

3.4. Structural integrity of the CLIC1 mutant proteins

3.4.1. Far-UV and near-UV CD spectroscopy

The far-UV CD spectra for native CLIC1-WT and mutaroteins were determined between
250 nm and 190 nm at 20 °C and plotted as meadue=llipticity versus wavelength
(Figure 10). The spectra of CLIC1-WT and mutantig@res displayed troughs at 208 nm and
222 nm and a peak at 190 nm, at pH 7 and pH 5. iShindicative of proteins with a
predominantlya-helical content and conforms to the CLIC1 crystalicture (Harropet al.,
2001).

This result indicates that the mutations have natised significant global secondary
structural changes to the CLIC1 protein. This vederl confirmed by the crystal structure of
the R29M/E81M mutant (see Appendix).

As mentioned in section 2.2.7.8pme buffers produce poor signal-to-noise ratiod, an
therefore, readings below 210 nm are often noaloédi The signal-to-noise ratio was best at
a wavelength of 222 nm and, therefore, the eliigtiwalues at 222 nm were used for
comparative purposes. The secondary structuralenbnof CLIC1-WT decreased by

approximately 13.5%, when subjected to a pH of 3tis value is comparable to values
previously reported (Fanucclet al., 2008). The CLIC1-R29M mutant also shows a
decreased secondary structural content at pH Srpaed to that at pH 7. Interestingly,

CLIC1-R29M/E81M appears to have increased secorstaugtural content at pH 5.5
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Figure 10 Far-UV CD spectra of the native CLIC1-WT and mutant proteins at pH 7
and 5.5.

Spectra of the CLIC1-WT, R29M, E81M, N78A and R2881M proteins are represented
by green, blue, red, cyan and black, respectiveisepresentative of the unfolded proteins in
8 M urea is shown.). The spectral analyses were performed at@sing 2uM protein at
pH 7 (top panel) and 5.5 (bottom panel).
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compared to that at pH 7. The CLIC1-E81M and N78iatants do not show significant
changes in secondary structural content. Despitall sthanges in ellipticity, the crystal
structure of the R29M/E81M mutant confirms thatréhevere no significant changes in the

secondary structural content owing to the mutat{@ppendix).

The secondary structures of the CLIC1-WT and mupaoiieins were found to be completely
disrupted once unfolded in 8 M urea as shown iufedlO. The distinctive double minima

initially observed for the native conformations weio longer evident.

Close packing of the aromatic functional groupgsative protein cores produce near-Uv CD
spectra which are reliant on the solvent and theendiacy of the other functional groups
(Towell and Manning, 1994; Kahn, 1979; Stricklad®74). The near-UV CD spectra of
CLIC1-WT and mutant proteins at pH 7 and pH 5.plkiged bands at 264 nm, 267 nm and
270 nm (Phe bands), 274 nm and 284 nm (Tyr bamig)aalarge predominant band at
287 nm, as well as broad band at 297 nm, due t¢Higure 11), indicating that each protein
has a tightly packed core. The overall similaritéshe near-UV CD between the wild type
and the mutant CLIC1 proteins indicate that theatioims do not considerably disturb the

packing of the proteins.

3.4.2. Fluorescence spectroscopy

CLIC1's single Trp35, within the TMR region, wasedsas a fluorescence probe to monitor
tertiary structural changes at the domain interfade fluorescence spectra for CLIC1-WT
and mutant proteins at pH 7 and pH 5.5 were detedby excitation at 280 nm (Figure 12).
The emission maxima of native CLIC1-WT and mutardt@ns occur at about 345 nm
(Figure 12). This result is consistent with thestay structure of CLIC1, in that Trp35 is
partially exposed to the solvent in its native est@tiarropet al., 2001). The CLIC1- R29M,
E81M and R29M/E81M mutants have red wavelengthisbif approximately 2 nm at pH 7.
However, this small shift does not appear to baiaant suggesting that there were no
significant changes in the environment of the Trp@&idue. This result was later confirmed
by the crystal structure of R2OM/E81M (see Appehdix
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Figure 11 Near-UV CD spectra of the native CLIC1-WT and mutart proteins at pH 7
and 5.5.

Spectra of the CLIC1-WT, R29M, E81M, N78A and R2841M proteins represented by
green, blue, red, cyan and black, respectively. Sgextral analyses were performed 8€5
using 40uM protein at pH 7 (top panel) and 5.5 (bottom panel
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Figure 12: Fluorescence spectra of the native CLIGWT and mutant proteins.

The tyrosine and the tryptophan residues were exet 280 nm. Spectra of the CLIC1-WT,
R29M, E81M, N78A and R29M/E81M proteins are repnése by green, blue, red, cyan and
black, respectively. Maximum emission for all thetgins occurred at 345 nm. The spectral
analyses were performed at 2D using 2uM protein at pH 7 (top panel) and 5.5 (bottom
panel).
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The fluorescence intensities of the native CLIC1-AAd mutant proteins were also similar.
However, at pH 7, a slight increase in fluorescemtensity (approximately 18%) was
observed in the emission spectrum of the CLIC1-R28htant when compared to that of
CLIC1-WT. Changes in the intensity of the other CLImutants at pH 7 were not considered
to be significant as the values were within the gearof error of the fluorescence

spectrophotometer.

Also, at pH 5.5, slight increases in fluorescenterisities were observed in the emission
spectra of all the CLIC1 mutants when compared tdCT-WT, but increases above that
owing to error were only observed for the CLIC1-RR&nd CLIC1-N78A (approximately
21% and 15%, respectively).

Once unfolded in 8 M urea, fluorescence specttaefCLIC1-WT and mutant proteins at pH
7 and pH 5.5 showed that the emission maximum \eagths of the proteins were red-
shifted from approximately 345 nm to 356 nm (FigdB). This is indicative of the Trp35
residue becoming exposed to solvent. When the desthstates of the proteins were excited
at 280 nm, a small peak appeared at around 310uartad Tyr fluorescence. This can be
explained by the fluorescence resonance energgfénafiom Tyr to Trp becoming disrupted
as the Tyr and Trp residues move further apartnduthe unfolding process (Edelhoch,
1967).

Furthermore, the fluorescence intensity of the tleed CLIC1-WT and mutant proteins
decreased substantially, about 60%, compared tondtiee proteins (Figure 13). This is
indicative of the Trp35 residue having moved intqueenching environment as the proteins
unfold. Also, during the denaturation process, gldrresidues such as Arg and Lys may be
positioned closer to the Tyr residues and the Tmg3%ue than they are in the native folded
state of CLIC1. For example, in the native stat€CbfC1, Lys37 is positioned away from
Trp35. However, once the protein unfolds, Lys37asitioned adjacent to Trp35, which

means that it is able to quench Trp35 fluorescence.

The ability of acrylamide to quench Trp35 fluoresoe is a useful way of determining the
exposure of Trp35 to the solvent (Figure 14). Khevalues (Table 2) for the CLIC1-WT
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Figure 13: Fluorescence spectra of the unfolded CO1-WT and mutant proteins in the
presence of 8 M urea.

The tyrosine and the tryptophan residues were exet 280 nm. Spectra of the CLIC1-WT,
R29M, E81M, N78A and R29M/E81M proteins are repnése by green, blue, red, cyan and
black, respectively. Maximum emission occurred ppraximately 356 nm. The spectral
analyses were performed at 2D using 2uM protein at pH 7 (top panel) and 5.5 (bottom
panel).
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Figure 14: Stern-Volmer plots of the native CLIC1-WT and mutant proteins

Fo and F are the fluorescence intensities in the ralgsend the presence of acrylamide,
respectively. Data for the CLIC1-WT, R29M, E81M, & and R29M/E81M proteins are

represented by green, blue, red, cyan and blackbalgnrespectively. The experimental
conditions were 20C and 2uM protein. pH 7 (top panel) and 5.5 (bottom panel).
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Table 2: Kg, valuesfor the quenching of fluorescence by acrylamide

pH 7

CLIC1 Ko R?
WT 95+/-0.3 |0.98
R29M 10.2 +/- 0.3 | 0.97
E81M 10.5+/-0.3 | 0.98
N78A 9.2+/-0.3 |0.96
R29M/E81M 9.6+/-0.3 |0.96

pH 5.5

CLIC1 K R?
WT 8.2+/-0.1 |0.99
R29M 10.4 +/-0.4 | 0.96
E81M 11.1 +/-0.5 | 0.95
N78A 9.6+/-0.3 |0.98
R29M/E81M 10.1 +/- 0.3 | 0.98
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and mutant proteins were relatively high, whicltamsistent with a protein with a partially

exposed Trp residue(s) (Eftink and Ghiron, 197heKs, values were similar to each other
at both experimental pH values. Also, treues for the CLIC1 mutant proteins were similar
to that of CLIC1-WT at both experimental pH val{&able 2). Therefore, it can be said that
the acrylamide quenching of the CLIC1-WT and mutamoteins shows that the mutations do

not appear to significantly alter the exposurehefTrp35 residue to the solvent.

3.5. Conformational stability of the CLIC1-WT and mutant proteins

3.5.1. Recovery

To define the thermodynamic parametersG(H.O) and themrvalue) of equilibrium
unfolding, the unfolding process must be shown ttaim equilibrium (Pace, 1986). This
requires one to show that the native state is @blee recovered once the protein has been
unfolded. CLIC1-WT and mutant proteins were unfdldie the presence of 8 M urea. The
protein solutions were then diluted 10 fold withICIL storage buffer. This was necessary to
allow recovery of the native state. Far-UV CD spestopy produced poor signal-to-noise
ratios, owing to the low concentrations of proteised, and therefore, only fluorescence
spectroscopy could be used as a probe to reliabhsuare the recovery of the native state of

the proteins.

The percentage recoveries reported in Table 3 shatthe unfolding events of the CLIC1-
WT and mutant proteins are reversible. In lighttus, equilibrium unfolding studies were

undertaken in order to establish the thermodyna@aiameters of equilibrium unfolding.

3.5.2. Urea-induced equilibrium unfolding

Intrinsic fluorescence and far-UV CD spectroscogrewused to monitor the unfolding of the
CLIC1-WT and mutant proteins (section 2.2.7 and8).Z2roteins at a concentration gl
were unfolded in 0-8 M urea at 20 °C and alloweddbieve equilibrium over a period of 16
hours. This was done at both pH 7 and pH 5.5.

The unfolding data were plotted by overlaying theves obtained by far-Uv CD and
fluorescence spectroscopy. The unfolding curveg&oh protein are shown in Figure 15. It
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Table 3 Percentage recoveries of the native folds of theLGC1-WT and mutant

proteins
Fluorescence Fluorescence
Intensity at 345 nm Intensity at 345 nm %
CLIC1 (native) (refolded) Recovery

WT pH 7 248.7 248.3 99.8
WT pH 5.5 270.3 290.5 107.4
R29M pH 7 266.7 264.6 99.2
R29M pH 5.5 245.9 284.9 115.9
E81M pH 7 251.8 281.8 111.9
E81M pH 5.5 289 261.3 90.4
N78A pH 7 292.6 295.9 101.2
N78A pH 5.5 258.6 301.8 116.7
R29M/E81M pH 7 254.5 260.4 102.3
R29M/E81M pH 5.5 327.1 308.4 94.3
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Figure 15 Urea-induced equilibrium unfolding of CLIC1-WT and mutant proteins
monitored by far-UV CD and fluorescence spectroscop

The unfolding curves for the CLIC1-WT, R29M, E81N78A and R29M/E81M proteins are
represented by green, blue, red, cyan and blaclkalgmrespectively. Studies conducted at
pH 7 (light, full symbols) and pH 5.5 (dark, opgmbols) are represented on the left and
right hand side of the page, respectively. Expenismievere conducted at 2@ using 2uM
protein.
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is evident that the unfolding curves of CLIC1-WT8IM and N78A mutants, at pH 7, are
single sigmoidal curves. The far-UV CD and fluoessme data superimpose throughout the
transition and the slopes of the curves show thatléss of secondary structure and the
tertiary environment of Trp35 occur simultaneoustpwever, the unfolding data monitored
by far UV-CD and fluorescence spectroscopy for Cl1-R29M and CLIC1-R29M/E81M at
pH 7 are not superimposable (Figure 15). The twiividual data sets for CLIC1-R29M and
CLIC1-R29M/E81M separate within the transition @gibetween 3 and 6 M urea,
suggesting the formation of intermediate speciemdwnfolding.

The far-UV CD and fluorescence unfolding data & thdividual proteins, monitored at pH
5.5, are not single sigmoidals. The far-UV CD ahabriescence unfolding data of the
individual proteins were also not superimposablae Transition regions of the pH 5.5
unfolding data are broader compared to the tramsiggions of the unfolding data at pH 7.
Also, the transition regions, at pH 5.5, are sHifte lower urea concentrations compared to
the transition regions at pH 7. The slopes of thedition curves at pH 5.5 show that the loss
of secondary structure and the environment of Trp@be reduced cooperativity when
compared to the slopes of the transition curvegHaf7. The results obtained for the urea-
induced equilibrium unfolding at pH 5.5, therefoseiggests that significant populations of

intermediate species are present at pH 5.5 (Soxl4§88).

Furthermore, using intrinsic fluorescence as a @rgblots of the maximum emission
wavelength were constructed as a function of theauconcentration (Figure 16).
Representing the fluorescence data in this wapdependent of the fluorescence intensity,
but may be used to identify wavelength shifts aséed with the presence of an intermediate
species. During urea-induced unfolding the CLIC1;VEB1M, and N78A proteins at pH 7
undergo red wavelength shifts. This is consisteith the proteins undergoing a transition
from the native folded state to a denatured untblgate that is, N~ U. However, it is
evident from the maximum emission wavelength paitpH 7, that blue wavelength shifts
occur for the CLIC1-R29M and R29M/E81M mutants bew 3.5 and 5.75 M urea (Figure
16). This shows that intermediate species arefsignily populated between 3.5 and 5.75 M
urea for the CLIC1-R29M and R29M/E81M mutant pnosei This is consistent with the
proteins undergoing a transition from the natividéd state to an intermediate state (blue
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Figure 16: Maximum emission wavelengths of CLIC1-WTand mutant proteins.

The data points for the CLIC1-WT, R29M, E81M, N7&hd R29M/E81M proteins are
represented by green, blue, red, cyan and blackhalgmrespectively. Studies conducted at
pH 7 (closed symbols) and pH 5.5 (open symbolsyepeesented on the left and right hand
side of the page, respectively. Experiments werglgoted at 26C with 2uM protein at pH

7 and pH 5.5.
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wavelength shift) and finally to a denatured unéalctate (red wavelength shift) that is¢N

| < U. When the maximum emission wavelengths for théCT-WT and mutant proteins

unfolding curves at pH 5.5 were plotted all thetpies displayed blue wavelength shifts
from 2.75 to 6 M urea (Figure 16). Blue wavelengtiifts are also indicative of Trp35
moving into a more hydrophobic environment. The C1IWT and mutant proteins spectra
did not show any significant increase in the Raflescatter along the entire unfolding

transition at both pH values (Figure 17) indicatihg absence of protein aggregation.

3.5.3. Fitting of equilibrium unfolding data

Criteria have been established in order for a prdte be considered to undergo a two-state
unfolding transition (Whitten and Garcia-Moreno0R). Namely: (1) the proteins must have
identical AG(H20) values when monitored by different probes, &) quality of the two-state
fits to the data must be good, (3) the far-UV CI dlmorescence unfolding curves for the
proteins must be superimposable, and (4) the sbhgee unfolding curves must be single
sigmoidal. Furthermore, as mentioned in section82121, if the probes used to observe the
unfolding events fail to differentiate between timermediate and unfolded states, the
presence of intermediate states can be assumdu ititfolding curves shift to a lower
concentration of denaturant and if there is a contamt decrease in the gradient of the

transition region of the unfolding curve (Soulage398).

In addition to the criteria set out by Whitten aadrcia-Moreno (2000) and Soulages (1998),
it should be mentioned that the fluorescence saeatrproteins that undergo two-state
unfolding transitions display only red fluorescemeavelength shifts when they go from the
folded to the unfolded state N U).

3.5.3.1. Two-state unfolding model

Since the pH 7 data for CLIC1-WT, E81M and N78A @iynwith the conditions outlined
for a two-state model (section 3.5.3) and the pmetelisplayed only red wavelength shifts
during unfolding (Figure 16), the intrinsic fluooesice intensities at 310 nm (F310), 320 nm
(F320), 330 nm (F330) and 345 nm (F345), as wethasellipticity at 222 nm (E22®)ere

globally fit to a two-state monomer model @ U) (Beecham, 1992), as described in
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Figure 17: Rayleigh scatter measured during urea-iduced equilibrium unfolding.

The data points for the CLIC1-WT, R29M, E81M, N78Ad R29M/E81M proteins are represented by greem, bbed, cyan and black
symbols, respectively. Studies conducted at pHght(l closed symbols) and pH 5.5 (dark, open sys)bale represented on the left and
right hand side of the page, respectively. Expemnimavere conducted at 2C. The excitation and emission wavelengths used wer
340 nm.
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2.2.8.1.1 and 2.2.8.1.2 (Figure 18). By combiniongether multiple sets of data using
different probes the resolution of the model usedittthe data is better resolved (Beechem,
1992). Residual plots for the fits of the data shewn in Figure 19. The’ statistic is a
function that advances to unity when the data isectly weighted and the fits are good. This
statistic will increase in value as the data fitdres poorer (Beechem, 1992). T@(H,0)
andm-value for CLIC1-WT obtained from the global fittjrprocedure were similar to those
previously reported by Fanucchet al. (2008), that is aAG(H,O) value of
9.5 +/- 0.6 kcal.mot and armrvalue of 2.0 +/- 0.1 kcal.mo{M urea)™.

The CLIC1-N78A mutantsAG(H,O) andm-value are similar to that of CLIC1-WT at pH 7
(Table 4). Therefore, it appears that this mutatitmes not appear to impact upon the
conformational stability and cooperativity of CLI@GLpH 7.

The thermodynamic parametek&,, and my, generated by the global fitting of the ES1M
mutants unfolding data at pH 7 were increasediveldab those of CLIC1-WT (Table 4). This
indicates that the CLIC1-E81M mutation appears #tweh caused an increase in the
conformational stability of CLIC1 as well as itsoperativity. The increase in ting,, value is
consistent with an increase in the accessibilitydematurant that may be caused by an

expansion of the denatured state of the mutanejrot

3.5.3.2. Three-state unfolding model

CLIC1-WT has been previously shown to follow a thstate unfolding transition at pH 5.5
(Fanucchiet al., 2008). CLIC1-WT and mutant proteins at pH 5.5¢d dhe R29M and
R29M/E81M mutants at pH 7 do not conform to thdecia stipulated for a two-state
unfolding transition (Whitten and Garcia-Moreno,02Q. For example, the proteins do not
have identicahG(H,0) values when monitored by different probes, thality of the two-
state fits to the data were not good, the far-UV &id fluorescence unfolding curves for the
individual proteins were not superimposable (Figd#®), and lastly, the shape of the
unfolding curves were not single sigmoidal. Alstyebfluorescence wavelength shifts were
observed during unfolding (Figure 16). In light thfese findings, a three-state unfolding
transition model was used for global analyses ef uhfolding events of CLIC1-WT and
mutant proteins at pH 5.5 and for the CLIC1-R29M &iI1C1-R29M/E81M mutants at
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Figure 18: Global fitting of unfolding data obtained at pH 7 and pH 5.5
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Figure 19: Residual plots of the globally-fitted déa.

The CLIC1-WT, R29M, E81M, N78A and R29M/E81M fluseence and CD residuals
measured at pH 7 (left panel) and pH 5.5 (righteaare represented by green, blue, red,
cyan and black symbols, respectively.
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Table 4: Thermodynamic parameters and statistical dta from global fitting

AG
CLIC1 pH 7 (2-state) (kcal.mrgl Y | mp (kcal.mol *(Murea)™) | Reduced y° Goodness of Fit
WT 9.2 +/-0.7 2.0+/-0.1 0.35 1
ES1M 16.8 +/- 1.5 3.7 +-0.3 0.17 1
N78A 9.0 +/-0.5 2.0+/-0.1 0.34 1

AGni AGiu
CLIC1 pH 7 (3-state) (kcal.mol ) | myi(kcal.mol *(Murea)™) | (kcal.mol ) [ my, (kcal.mol *(M urea)™) | Reduced y°> | Goodness of Fit
R29M 9.1+/-15 2.0+/-0.4 19.6 +/- 3.6 3.7 +/-0.7 0.7 1
R29M/E81M 43 +/-1.6 1.2 +/-0.5 11.6 +/- 1.6 2.2 +/-0.3 0.49 1

AGni AGiu
CLIC1 pH 5.5 (3-state) (kcal.mol ) | myi(kcal.mol *(Murea)™) | (kcal.mol ™) [ my (kcal.mol *(M urea)™) | Reduced y°> | Goodness of Fit
WT 75 +/-2.2 2.3+/-0.7 18.8 +/-5.5 3.8+/-1.1 0.41 1
R29M 83+/-1.4 2.8 +/-0.5 7.8 +/-0.7 1.6 +/- 0.1 0.18 1
E81M 8.9+/-49 3.3+/-19 58+/-0.5 1.5+/-0.1 0.16 1
N78A 14.6 +/-5.4 4.7 +/- 1.8 23.2+/-3.1 56 +/-0.7 0.51 1
R29M/E81M 7.0+/-1.9 1.8 +/- 0.6 32+/-21 0.7 +/- 0.3 0.44 1

The subscripts nu, ni and iu refer to native-toeloiéd, native-to-intermediate and intermediate+itelded transitions of the proteins,

respectively.
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pH 7. The intrinsic fluorescence intensity dataaious wavelengths as well as the ellipticity
at 222 nndata were thus fitted accordingly (Figure 18). Real plots for the fits of the data
are shown in Figure 19.

The CLIC1-R29M and R29M/E81M mutants at pH 7 seemmimic the behaviour of
CLIC1-WT at pH 5.5 in that they unfold via a thret@&te transition with a highly populated
and energetically favourable intermediate spedigufes 16 and 18). The impact of these
mutations on the CLIC1 protein at pH 7 is a losghe cooperativity of unfolding of the
proteins, that is, the proteins no longer follotwa-state unfolding transition from N> U at

pH 7.

The AG(H,0O) and mvalue of N78A mutant for the N» | and | «— U transitions are
comparable to those of CLIC1-WT at pH 5.5 (considgthe standard error). Once again, as
also observed at pH 7, Asn78 does not seem to $ental for the maintenance of the
conformational stability of soluble CLIC1 as it dogot appear to perturb the thermodynamic

parameters of equilibrium unfolding.

The AG(H20) andm-values of the R29M, E81M and R29M/E81M mutantstfog N« |
transition are similar to those of CLIC1-WT at ptb5However, diminished G(H,O) and
m-values for the k- U transitions for the R29M, E81M and R29M/E81M amit indicate
that their intermediate species at pH 5.5 are etieally less stable than that for the WT at
pH 5.5 (Table 4). Reducedhvalues indicate a loss of cooperativity (slopeuafolding
transitions). Therefore, the CLIC1-R29M, E81M an@9RI/E81M mutations appear to

negatively impact upon the conformational stabitifyhe CLIC1 intermediate at pH 5.5.
3.6. ANS binding

ANS is an anionic dye that binds to hydrophobidaes of proteins through its hydrophobic
aniline naphthalene group (Figure 20) (Semisota@l., 1991). Thus, ANS was used as a
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NH SO4

Figure 20: Chemical structure of 1-anilinonaphthal@e-8-sulfonate (ANS).
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probe to detect the intermediate species that becpapulated during the urea-induced
equilibrium unfolding of CLIC1-WT and mutant pratei In the absence of protein, free
ANS in water was observed to have an emission maxirat 530 nm. Upon binding of the
ANS to the intermediate species of CLIC1-WT andanuproteins, blue wavelength shifts in
the emission maximum to 470 nm were observed. Tihigston at 470 nm was plotted as a
function of urea concentration. The fits througle tthata were done using a 4 parameter
Gaussian fit in SigmaPlot® v11.0. This was doneider to more easily define the ANS
binding peaks.

No significant binding of ANS was observed along tmfolding curves for the CLIC1-WT,
CLIC1-E81M and CLIC1-N78A mutants (Figure 21). Hawe the R29M and R29M/E81M
mutants displayed ANS binding peaks that were nettd protein aggregation (Figure 22).

The ANS binding observed in the transition regidnucea-induced unfolding for CLIC1-
R29M and R29M/E81M at pH 7 compared well with tteadshown in Figure 1t that
ANS was observed to bind at urea concentrationgimgrfrom 2-6.25 M and these regions of
unfolding displayed blue fluorescence wavelengifisiCLIC1-R29M showed ANS binding
between 3.5 and 5.75 M urea and CLIC1-R29M/E81MndoANS between 3.75 M and 6 M
urea. This data strongly supported the blue-shifteztescence wavelengths observed for the
two mutant proteins at pH 7 (Figure 16).

Fanucchiet al. (2008) reported that ANS binds to CLIC1-WT at p13 between 3 M and 4.8
M urea. In this study, CLIC1-WT, R29M, E81M, N78AchR29M/E81M mutant proteins
bind ANS between 2-5.5 M, 2-5.5 M, 1.5-6 M, 2.58M and 2.5-6.25 M urea, respectively.
The blue fluorescence wavelength shifts observethglwrea-induced unfolding at pH 5.5,
represented in Figure 16 compare well with the ANgling observed during urea-induced
unfolding at pH 5.5. Fluorescence properties of AtSnot change in the pH range 2-11
(Freedom and Radda, 1969). This is because thefpieosulfonate group of ANS lies
between 0 and 1 (Flanagan and Hesketh, 1973). fOnere¢he results obtained here are not
likely due to any effect of pH on ANS itselANS binding during unfolding suggests the
formation of an intermediate which is consisterthva three-state model. Therefore, it can be
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Figure 21: ANS binding during unfolding.

Binding of 200uM ANS (closed and open spheres) are representaduaction of urea. The
lines through the data provide an easy means tinglissh each of the ANS binding profiles.
The data are an average of three separate expésiaueth were corrected for the contribution
due to free ANS in buffer. The experimental comdis were 20C and 2uM protein. pH 7
(top panel) and 5.5 (bottom panel).
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Figure 22: Rayleigh scatter plots for unfolding inthe presence of ANS.

The data points of the CLIC1-WT, R29M, E81M, N78AdaR29M/E81M mutant proteins

are represented by green, blue, red, cyan and tdgcibols, respectively. Studies were
conducted at pH 7 (light, full symbols) and pH %dark, hollow symbols), respectively.

Experiments were conducted at ZDusing 2uM. The excitation and emission wavelength
used was 390 nm.
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concluded that all the CLIC1 mutants at pH 5.5 #&mel CLIC1-R29M and R29M/E81M

mutants at pH 7 unfold via a three-state transivith a well populated intermediate species.

Rayleigh scatter was used to monitor protein aggireg during urea-induced unfolding
(Figure 22). No significant increase in the Rayhegratter measured was observed during

unfolding of either CLIC1-WT or mutant proteins.

3.7. Properties of unfolding intermediate

The intermediate species of the CLIC1-WT and mupaoteins are most populated between
3.2 and 5.2 M urea (Figure 23). Under these ureaitons, the intermediate is more
populated than the native and unfolded states.ofih the secondary structure of the
intermediate species differs to that of the naBldC1-WT (Figure 24), the intermediate
species do maintain a certain amount of structsrshewn by their fluorescence spectra
(Figure 25) and indicate that Trp35 has moved antoore hydrophobic environment. This is
consistent with the blue wavelength shifts in feswence observed during the formation of
the intermediate (Figure 16). Furthermore, thermesiate species of CLIC1-WT and mutant
proteins bind ANS through their exposed hydrophgaitches (Figure 21). The hydrophobic
character of the ANS binding patches of the inteliates are shown by the blue wavelength
shifts in fluorescence as well as the enhanceddkaence intensities of the intermediate-
bound ANS (Figures 16 and 21).

The intermediates unfold cooperatively at high @miations of urea from4» U. This is
consistent with the presence of significant teytiateractions. Together, the properties of the
intermediate species of the CLIC1 proteins arensistent with that of a molten globule-like
state. Molten globule proteins typically displayopg defined tertiary structure, bind to ANS
weakly (millimolar range) and unfold in a non-coogte/e manner at low urea concentrations
(Ptitsyn, 1995; Fink, 1995; Kuwajima, 1989; Chantdierand Marqusee, 1998; Jananal.,
2000; Baileyet al., 2001 and Banerjee and Kishore, 2005). Thereftire, intermediate
species of CLIC1-WT and mutant proteins appeartthie same although they may differ in
stability.
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Figure 23: Fractional populations of N, U and | stées of CLIC1-WT and mutant
proteins

Fractional populations of the native)( unfolded @) and intermediate state®)(of the
CLIC1 proteins as a function of urea concentratibime populations were calculated using
the thermodynamic parameters obtained from glolatipg the data to a two-state model at
pH 7 (left panel) and to a three-state model at 58l (right panel). Experiments were
conducted at 28C with 2uM protein at pH 7 and pH 5.5.
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Figure 24: Far-UV CD spectra of the intermediate spcies of CLIC1-WT and mutant
proteins

The far-UV CD spectra of the CLIC1-WT and mutariermediate species (see insert). Also
shown is the spectrum of native CLIC1-WT at pH @p The intermediate species maintain
a degree of secondary structure. The spectral semlyere performed at 2G using 2uM
protein.
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Figure 25: Fluorescence spectra of the intermediate species GLIC1-WT and mutant

proteins

The fluorescence spectra of the CLIC1-WT and muitaermediate species are shown (see
insert). Also shown is the spectrum of native CLNUT at pH 5.5 (0). The tyrosine residues
and the tryptophan residue were excited at 280 Time. intermediate species display blue
fluorescence wavelength shifts when compared tovenatild type. The spectral analyses

were performed at 2{C using 2:uM protein at various urea concentrations.
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CHAPTER 4

DISCUSSION

CLIC proteins exist in two forms, namely; a cytasaoluble form with a GST topology and
an insoluble membrane-bound form with an unknowokogy (Harropet al., 2001; Tulket

al., 2002; Wartoret al., 2002; Berrymaret al., 2004; Littleret al., 2004, Littleret al., 2005;
Singh and Ashley, 2006; Cromer, 2007; Singh andl&ysh2007; Singhet al., 2007).
Triggers such as redox conditions (Harebpl., 2001; Littleret al., 2004; Littleret al., 2005;
Singh and Ashley, 2007 and Goodcletchl., 2009) and pH (Tulkt al., 2002; Wartoret al.,
2002; Cromeet al., 2007; Littleret al., 2007), have been shown to play a role in thétybi
of CLIC proteins to bind to and transverse memlsanerder to function as ion transporters,
with maximal binding and insertion occurring at lpi (5.5) and under oxidising conditions
(Tulk et al., 2000; Wartoret al., 2002; Littleret al., 2004, Littleret al., 2005; Cromeet al.,
2007; Littleret al., 2008; Goodchilet al., 2009). However, the mechanism by which CLIC
proteins change from their soluble to membrane-ddorm is still unknown. Recent studies
have shown that in order for CLIC proteins to btodand transverse membranes and form
functional ion selective pores, large scale regeaments of the N-terminal domain
(consisting of the TMR (helix 1 arfiisheet 2)) are required (Littlet al., 2004; Goodchilet

al., 2009). These structural rearrangements requicertain amount of flexibility in the
structure of CLIC proteins and result in the expesof hydrophobic surfaces that can bind

and insert into membranes (Goodclaldl., 2009).

Littler et al. (2001) were the first to hypothesise that theeMrinal domain of CLIC1 could
provide the flexibility required for CLIC1 to undg large scale structural rearrangements in
order to form its membrane-bound topology. Recadiss supporting this hypothesis have
been reported. HXMS data showed that the N-terndoatain of CLIC1 is less stable than
the all a-helical C-terminal domain and although the struatuntegrity of CLIC1 is
unchanged at pH 5.5 (low pH conditions preserti@intembrane surface), its conformational
flexibility increases (Stoycheet al., 2009). Urea-induced equilibrium unfolding studien
CLIC1 also revealed that its conformational stapils reduced at low pH (5.5) (Fanucehi
al., 2008). It was proposed that the acid-inducedatddsation and partial unfolding of
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CLIC1 involve helix 1 (Fanucctlet al., 2008) since it provides most of the domain-demai
interactions. They also proposed that the acidirenment found at the membrane surface
(van der Gootet al., 1991) may prime the CLIC1 TMR of the N-termirdbmain by

protonating certain amino acids and thereby lovgetite energy barrier required for CLIC1

to change from its soluble to membrane-bound tapolo

It appears as though the membrane-bound topologldC proteins is “trapped” or
“hidden” within the soluble N-terminal domain. Tkérre, understanding what determines
the conformational stability of the soluble GSTelitopology of CLIC proteins, in particular
the N-terminal domain (TMR) is important since tNeterminal domain is involved in
membrane insertion and is required to undergo latgectural rearrangements in order to
insert into membranes. This information may providsight into how the topology of
soluble CLIC1 is primed or changed to reveal itsnbhene-bound topology.

An inspection of the N-terminal domain using stumat and sequence alignments of the
CLIC proteins (see Figures 4 and 6) revealed a erord salt-bridge (Figure 5). The
topologically equivalent residues in CLIC1 are Agihd Glu81 (Figure 5). Residues Arg29
and Glu81 also form hydrogen bonds with Asn78 (Faghbl). Since these residues and the
salt-bridge between them are conserved in the Qirt@eins (Figures 4, 5 and 6) they may
play an important role in maintaining the structundegrity and conformational stability of
the soluble form of CLIC proteins. This hypothegias investigated by mutating residues
Arg29 and Glu81 to methionine (bulk maintained blnarge altered) and mutating Asn78 to
alanine (polar, uncharged to non-polar) and assgd$ie effect of the mutations on the
structure and stability of CLIC1.

This was done by spectroscopically analysing thecgires of the mutant proteins using CD
and fluorescence spectroscopy, acrylamide quen@nd@NS binding. The stabilities of the
mutant proteins were assessed by urea-induceditequit unfolding studies. The crystal
structure of the double mutant protein, R2OM/ESIRDB code: 3P8Wvas used to verify
and interpret the spectroscopic structural andilgtadata. All the data were compared to

that of the wild type protein.
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4.1. Impact of the mutations on the structural intgrity of CLIC1

The residues selected for mutagenesis namely, ArGA81 and Asn78 are positioned on
helices 1 and 3 of the N-terminal domain at the aionmterface. Here, they form hydrogen
bonds and a salt-bridging interaction (Figure 3)e Tole these residues play in maintaining
the structural integrity of CLIC1 was investigatgmkectroscopically for the solution structures
of the mutant proteins. The far-UV CD spectral gmies of the native mutant proteins when
compared to those of CLIC1-WT showed that the jmetdisplayed minima at 208 nm and
222 nm at both pH 7 and pH 5.5 (Figure 10). Thsulteis typical for proteins with a high
helical content (Woody, 1995) and agrees with tiystal structure of CLIC1 (Figure 1).

Fluorescence spectroscopy revealed a maximum emisgi 345 nm for all the mutant
proteins at both pH 7 and pH 5.5 (Figure 12). Ti@sult is consistent with the partial
exposure of Trp35 to solvent in native CLIC1 (Hareb al., 2001). Acrylamide quenching
studies show similar results to near-UV CD and riisgcence spectroscopy in that Trp35 is
partially solvent exposed for all mutant proteinsl @hat no major secondary or tertiary
structural changes have taken place due to thepocation of the mutations (Figures 11, 12
and 14).

The crystal structure of R29M/E81M (PDB code: 3P8Was used to verify the
spectroscopic data. The crystal structure of R2BINE showed that the mutations did not
cause significant global structural changes antdtt&aR29M/E81M structure compared well
with that of the CLIC1-WT structure (see FiguremMAppendix). Since Trp35 was used as a
local structural probe, it is important to look #$ position and interactions in the
R29M/E81M structure and make comparisons with thE pkbtein. It can be seen in Figure
26 that no significant change has occurred in th&tjpn of Trp35 in the mutant protein
compared to the WT. Therefore, it was concluded thea mutations are structurally non-
disruptive and that residues Arg29, Glu81 and Asd@&ot play a role in maintaining the
structural integrity of CLIC1.
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a-helix 8

a-helix 1

Figure 26: Ribbon representations of the tertiary environmentaround Trp35 of CLIC1-
WT and CLIC1-R29M/E81M

Superimposed helices 1, 3 and 8 of CLIC1-WT (blagkyl CLIC1-R29M/E81M (grey)
showing the position of Trp35 (WT (dark amber) aREOM/E81M (light amber)). This
image was generated using Swiss PDB Viewer (GuexPaitsch, 1997) using PDB codes
1KOM (Harrop et al., 2001) and 3P8W (http://www.rcsh.org/pdb/explexplore.do
?structureld=3P8W).

77



4.2. Impact of the mutations on the stability of CILC1

Urea-induced equilibrium unfolding of CLIC1-WT andutant proteins showed that the
native states of the proteins were recovered aftélding in urea (Table 3). Fanucchial.
(2008) have shown that CLIC1-WT unfolds via a twakte unfolding transition at pH 7. At
pH 5.5, however, CLIC1-WT is destabilised resultinghe formation of a highly populated
intermediate species that has a solvent-exposeapiydbic surface (Fanucchi al., 2008).
This destabilisation may be due to the protonadibcertain amino acids at pH 5.5 (Fanucchi
et al., 2008). Therefore, at pH 5.5 CLIC1-WT unfolds waahree-state transition with an
intermediate state that compares to that of thdiged form of CLIC1 in that it resembles a
membrane insertion ‘intermediate state’. This isawuse both the CLIC1-WT intermediate
and the oxidised form of CLIC1 contain a large esqubhydrophobic surface (Goodchéd
al., 2009).

Trends in the thermodynamic stability of the WT andtant proteins are summarised and
illustrated in Figure 27. The urea-induced equilibr unfolding at pH 7 of N78A and E81M
mimics that of the WT protein in that unfolding éskplace via a two-state transition (Figure
16). Also, N78A and E81M do not bind ANS and do mlisplay blue fluorescence
wavelength shifts during unfolding (Figures 16 &f). The thermodynamic parameters,
AGpyandmy,, for N78A at pH 7 are almost identical to thatloé WT protein (Table 4). This
indicates that the N78A mutation does not impaarughe stability of CLIC1 at pH 7.
Residue Asn78 is solvent exposed as indicatedsbgdtessible surface area calculated by
GET AREA (Fraczkiewicz and Braun, 1998). The N78Atation does not appear to impact
upon the packing density of the core of CLIC1. Aldsn78 is not conserved amongst the
CLIC proteins, as shown by the sequence and stalcilignments (Figures 4 and 6) and,
therefore, appears not to be critical for the $itgtwf CLIC1 at pH 7.

The increased G, andm,, values of E81M at pH 7 compared to that of the {Vable 4)
are rather unexpected since its unfolding behauoumics that of the WT. Also, Arg29 is
likely to remain positively charged at pH 7 and sithting the charged Glu81 with an
uncharged methionine would leave the partially édirand charged Arg29 electrostatically
unsatisfied. It is expected that this would calmgegrotein to become destabilised. However,
this is not the case. It is interesting to speeutd to why the E81M mutant does not show
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pH 7
R29M
R29M/E81M

pH 7
R29M
R29M/E81M

Figure 27: Schematic of the thermodynamic unfoldingpathways of the CLIC1-WT and mutant proteins.

The subscripts nu, ni and iu refer to native-toelotdd, native-to-intermediate and intermediatefilded transitions of the proteins,
respectively. N— U represents a two-state unfolding transition wher N— | <» U represents a three-state unfolding transition.
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decreased thermodynamic stability at pH 7. A pdsslzplanation for the increased stability
of E81M is that the charge-charge pair Arg(+)-Glué less stabilising than the Arg(+)-
Glu(neutral) pair. Consequently, substituting argkd Glu81 with a neutral methionine
would stabilise the protein. An example of this wegorted by Bossharet al. (2004) who
calculated free energy contributions of salt-brel@py measuring changes in p¥alues. In
an interhelical salt-bridge (Glu22-Arg27) in a lenwe zipper, the negatively charged side
chain of Glu22 was shown to destabilise the ngtratein while the positively charged side
chain Arg27 stabilised the native protein (Bosstwrdl., 2004). Others have also reported
increased protein stabilities by removing one ef tharges within a charge(+)-charge(-) pair
(Andersonet al., 1990; Sanchez-Ruiz and Makhatadze, 2001). Baidd one to believe that
Glu81 may be destabilising in its charged form ldtf while charged Arg29 is stabilising
and therefore, by removing Glu81 the stability loé¢ fprotein is enhanced. This hypothesis
could be tested by measuring the pK values for 8rg2d Glu81 and then using these values
to calculate the stability contributions to thet4mldging interaction. However, the stability
of the E81M mutant at pH 7 does not provide eviéemgainst the salt-bridge as only the net
free energy of a salt-bridge (net energetic countitims of Arg29 and Glu81 together) can
distinguish between a stabilising or destabilisimjeraction (Bosshardet al., 2004).
Furthermore, if two charged residues are interg¢ctine change in stability of the double
mutant will not equal the sum of the changes ibibta of the single mutants, as is the case
for R29M, E81M and R29M/E81M. This shows that althb charged Glu81 may be
destabilising at pH 7, it does form interactionghwArg29 in the wild type protein.

The Arg29-Glu81 salt-bridge is partially buried time protein interior and to bury a salt-
bridge in the protein interior is energetically amnburable and costly. This implies that
replacing a residue that forms part of a buried-lsadlge with a hydrophobic residue
(preferably isosteric), is favourable (Hendsch aidbr, 1994; Waldburgeet al., 1995). In
fact, this was exactly the finding of a study by limgeret al. (1995) with the Arc repressor
homodimer. The Arc repressor comprises two paytibliried salt-bridge triads, the most
stabilising type of salt-bridge interaction (Kumand Nussinov, 1999). Walburget al.
(1995) replaced each of the salt-bridge residugl isoteric, non-polar groups. The result
was that the Arc repressor protein was stabiliseet45 kcal.mof. Therefore, it is possible
that the E81M mutant has an increased stabilitypaoed to that of the WT protein due to
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the formation of stabilising hydrophobic interaciso with the surrounding hydrophobic
residues namely, Val33, 11e80, Leu84 and Leul75e Tlgdrophobic residues may pack
tightly against each other and thereby stabiligeftotein. This hypothesis may be verified
by obtaining the crystal structure of CLIC1-E81M.

Furthermore, Arg29 may form cationinteractions with Phe26 and Phe31 (both of whieh a
conserved in CLICs 1-4). Catiagn-interactions are becoming accepted as significant
noncovalent binding interactions that are relatedttuctural biology (Dougherty, 1996; Ma
and Dougherty, 1997; Scrutton and Raine, 1996)tulysby Piromjitponget al. (2007) on
Anopheles dirius GSTD4-4 investigated the role of a conserved elstdtic region at the
dimer interface comprising Arg96 in helix 4 and @uin helix 3. They created two single
mutants namely R96A and E75A to assess the roldhef conserved interaction in
maintaining stability and folding of GSTD4-4. Whttey found was that both mutants
reduced the stability of GSTD4-4 but far more so tbe R96A mutant. A possible
explanation for this is that Arg96 forms interaoBowith Glu75 and it also forms catiom-
interactions with the aromatic ring of Tyr89. Thesgions interactions may compensate for
the loss of interaction with Glu75 in the E75A mitaConsequently, it is feasible that a
similar stabilisation of Arg29 in CLIC1 occurs dte cations interactions with Phe26 and

Phe31 and thereby compensates for the loss oastiens with Glu81 in the E81M mutant.

Therefore, it appears as though other interactmormepensate for the loss of electrostatic
contacts that are normally provided by Glu81 inhiel type protein, or that charged Glu81

at pH 7 is destabilising and therefore its remaaathances stability. These compensatory
interactions and/or the removal of a destabiligiig81 enable E81M to retain a two-state
unfolding transition at pH 7 much like that of CLIGNT.

Unlike the WT, N78A and E81M proteins, the R29M aR@9M/E81M mutants do not
follow a two-state unfolding transitions from& U at pH 7. This indicates that the R29M
and R29M/E81M mutants no longer unfold in a coofpeeamanner from N— U. This loss
in cooperativity from N~ U was concomitant with the formation of an intedia¢e species.
Therefore, the R29M and R29M/E81M mutations at pHiihic the effects of low pH (5.5)
that are exhibited by the WT protein. UltimatelhetR29M mutation removes all the
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hydrogen bonding interactions between Glu81 andues29, leaving the negative charge on

Glu81 electrostatically unsatisfied and thus cadessabilisation.

The R29M/E81M mutants loss in cooperativity from-NU at pH 7 compared to wild type
is probably due to the replacement of Arg29 and8Glwith methionine. This has removed
van der Waals interactions that are normally presernhe wild type protein namely; the
hydrogen bonding interaction Arg29 makes with As@n@ the van der Waals interactions
Glu81 makes with Val33 and Leul75 (Table 5). Trasses changes in the packing of the
protein that reduce van der Waals contacts anelgealters the cooperativity of unfolding
from N « U of the protein. Furthermore, a number of hydrogpending interactions that
Arg29 and Glu81 make with surrounding water molesulre also lost due to the
incorporation of the mutations, thereby reducing #an der Waals contacts. This can be
verified by looking at the crystal structure of 6&IC1-R29M/E81M mutant (Figure 28) as
well as schematic representations that highligatrtetwork of interactions between Arg29,
Glu81 and other interacting residues and water cotds (Figure 29). Figure 29 also
illustrates how the R29M/E81M mutation reduces thenber of interactions within this

network.

At pH 5.5 CLIC1-WT, R29M, N78A, E81M and R29M/E81Mll follow a three-state
unfolding transition. Th&aGp andm,; values of all the mutant proteins were not sigaiffitty
different to that of the WT when including the stard error (Table 4). However, ti&s;,

and my, values at pH 5.5 are reduced for the mutant preteompared to WT, except for
N78A (Table 4). This shows that the mutations hearesed changes in the stability of the
intermediate species of CLIC1. Also, one shouldenibiat the reducedy, values of the
mutants compared to the WT implies that the inteliate species unfold less cooperatively
compared to the wild type intermediate species. Mperalue for N78A may appear to be
greater than the wild type value. However, whenstla@dard error is taken in to count, there
is no significant difference between the N78A mutand the wild type protein. It is also
interesting to note that th&G;, andmy, values of R29M at pH 5.5 are reduced compared to
those at pH 7. This further reduction in stabitifythe intermediate specie may be due to an
increase in thek, of Glu81 such that Glu81 becomes uncharged, sinced non-charged

polar groups that are unable to hydrogen bond es&adilising and sustain energy costs of up
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Table 5: Residues
CLIC1-R29M/E81M

interacting with

residues 29 and81l

in CLIC1-WT and

Residues within 4 A

Residues within 4 A

Residues within 4 A of

Residues within 4 A

of R29 in CLIC1-WT of M29 in E81 in CLIC1-WT of M81 in
CLIC1-R29M/E81IM CLIC1-R29M/E8IM

Pro25 Pro25 Arg29 Met29
Phe26 Phe26 Val33 No Interaction
Ser27 Ser27 No Interaction Leu 30
GIn28 GIn28 Thr77 Thr77
Leu30 Leu30 Asn78 Asn78
Phe31 Phe31 Lys79 Lys79
Met32 Met32 11le80 1le80
Val33 Val33 Glu82 Glu82
Thr77 Thr77 Phe83 Phe83
Asn78 No Interaction Leu84 Leu84
Glu8l Met81 Glu85 Glu85
Cys178 Cys178 Leul?75 No Interaction
Asnl179 Asnl179 HOH607 No Interaction

No Interaction HOH309 HOH608 No Interaction

No Interaction HOH426 HOH631 No Interaction

No Interaction HOH427

HOH565 No Interaction
HOH566 No Interaction
HOH608 No Interaction
HOH631 No Interaction
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Figure 28: Hydrogen bonds between residues 29, 78l and water in CLIC1-WT and R29M/E81M

The hydrogen-bond interactions between the residi€s1C1-WT (A) and CLIC1-R29M/E81M (B) are inditeal by green dashed lines.
The water molecules are represented by red sphackare numbered accordingly. This image was getkressing Swiss PDB Viewer
(Guex and Peitsch, 1997) using PDB codes 1KOM (eetral., 2001) and 3P8W (http://www.rcsb.org/pdb/explexglore.do? structure
[d=3P8W).
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Figure 29: A schematic representation of the eleabstatic network of CLIC1-WT and
CLIC1-R29M/E81M with reference to residues 29 and 8.

The electrostatic network in CLIC1 with referenceArg29 (A) and Glu81 (B) and Met29
(C) and Met81 (D). The LIGPLOTS were generated by M Soliman from the
Computational Chemistry & Modelling Department digbnistry, University of Bath, using

the program, LIGPLOT (Wallacet al., 1995).
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to 2.99 kcal.mot (Blaberet al., 1993). Environmental factors have been showrltes the
pK’s of ionisable groups whereby they are markadisreased or decreased compared to
their intrinsic pK value (Pacet al., 2009). Furthermore, hydrogen bonds provide up to
2 kcal.mot' to protein stability (Takanet al., 2003) and when hydrogen bonds are made to
ionisable groups, as is the case for the Arg29 @GhuB1 residues, the hydrogen bonds can
increase or decrease the pK by several pK unitst(lal., 2005). An example of this was
provided by Thurkillet al. (2006) who measured the péf the carboxyl group of Asp76 in
RNase T1. The Asp76 residue is a buried chargeduesvith a pK value of 0.6. It forms
three intramolecular hydrogen bonds to the sidenshaf Asn9, Tyrll and Thr91. These
hydrogen bonds were removed and the pK of Asp76sured. As a single hydrogen bond
was removed the average pK increased to 3.3, whkerhydrogen bonds were removed the
pK increased to 5.1 and when the third hydrogerdheas removed the pK increased to 6.4.
So it is possible that the pkof Glu81 increases such that Glu becomes uncharfjeel
further reduction in thaG;, andmy, values of R29M at pH 5.5 compared to pH 7 may béso
due to the side chains of Arg29 and Glu81 intenactvith other charges apart from their
reciprocal partner residues. Therefore, other vaokd interactions may be forming and/or
breaking and thereby altering the stability of theermediate species of R29M at pH 5.5.
Since both Arg29 and Glu81 are partly buried inriagve state of the protein there may also
be contributions from solvation or desolvation dgriunfolding. Therefore, the major
changes in the stability of CLIC1 that lead to ae#astate unfolding transition and the
simultaneous formation of an intermediate speaesnsto be “triggered” by either a change
in pH from 7 to 5.5 or when the hydrogen bondingeriactions (including the salt-bridge)

between residues 29 and 81 are removed from tleFrhisial domain.

In CLIC1-WT, it is possible that at pH 5.5 the dtestatic interactions between the salt-
bridge residues Arg29 and Glu81 are altered arsl tifiggers a conformational stability
change in CLIC1 that destabilises the N-terminahdm (specifically helix 1) to such an
extent that it forms an intermediate species tlaat & solvent exposed hydrophobic surface

that may interact with membranes.

Therefore, it can be hypothesised that the Arg2®8Glsalt-bridge may function as a pH-
induced switch. A proposed mechanism is that inciftesol (pH 7) the polar charged amino

86



acids are either positively or negatively charged, aherefore, the salt-bridge between Arg29
and Glu81 will form. However, when CLIC1 moves n#a surface of the membrane, where
the environment has a low pH (pH 5.5), the Glu&idwe may become protonated and may,
therefore, no longer be able to form a salt-bridgia Arg29. This salt-bridge destabilisation
would reduce the stability of the protein’s domaiterface and thereby enable the protein’s
domain interface to become more flexible therebynpry the protein to undergo the

conformational change required for membrane inserti

In order to assess the feasibility of the aboveokiygsised role of the Arg29-Glu81 salt-
bridge, one needs to look at what others have desed regarding the roles of salt-bridges in

maintaining the structural integrities and thermuaiyic stabilities of proteins.

Salt-bridges are important in maintaining the dtricess and functions of proteins. This has
been illustrated in oligomerisation, molecular mgution, allosteric regulation, domain
motions, thermostability and-helix capping (Perutz, 1970; Fersht, 1972; Barland
Thornton, 1983; Musafiat al., 1995; Xuet al., 1997; Xuet al., 1997a; Kumaet al., 2000).
Theoretical and experimental approximations ofdleztrostatic free energy contribution of
salt-bridges vary from stabilising (Andersah al., 1990; Horovitz and Fersht, 1992,
Marqusee and Sauer 1994; Lounnas and Wade, 19%dsele and Tidor, 1994, Kumar and
Nussinov, 1999) to being insignificant (Peretal., 1985;Singh 1988; Serranet al., 1990)
and to being destabilising (Sehal., 1991; Hendsch and Tidor, 1994). The stabilisatio
destabilisation of salt-bridges depends on a nurabfctors such as whether or not the salt-
bridge is buried or exposed with respect to thegmmcstructure, the position of the side-chain
groups of the residues forming the salt-bridge watpect to each other and the interaction of
charged groups of the salt-bridge with other chérg®ups in the protein structure (Kumar
and Nussinov, 1999). Amino acid residues that feurface exposed salt-bridges ordinarily
have lower desolvation energy costs when compardtiase that form buried salt-bridges
(Hendsch and Tudor, 1994). Interestingly, buridtHsadges have frequently been shown to
be destabilising (Honig and Hubell, 1984; Dao-giral., 1991; Hendsch and Tudor, 1994;
Waldburgeret al., 1995). However, exceptions have been reported.dynas and Wade
(1997) and Andersod al. (1990) amongst others. Furthermore, it has besrdthat there
are no major differences between surface-locatedbanied salt-bridges insofar as both can
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be stabilising or destabilising (Hendsch and Tud®94; Kumar and Nussinov, 1999;
Kajanderet al., 2000) and consequently the influence of salides on protein structures and
stabilities seems to be strongly context dependent.

There are many studies that demonstrate that bsa#ebridges have numerous functions.
This can be highlighted by looking at the work griochrome P450cam by Lounnas and
Wade (1997). Cytochrome P450cam contains four resbdy stable salt-bridges, two of
which are buried. These salt-bridges have evoluedtional roles. Firstly, these salt-bridges
bind the heme cofactor and secondly they contmlaitcess of substrate to the buried active
site (Lounnas and Wade, 1997). They have propasédd this by regulating protein motions
that are essential for substrate access chanmabfiam. Other examples of salt-bridges are
the salt-bridges at the interface of bovipiactoglobulin that function to manipulate its
monomer-dimer equilibrium in a pH-dependent mar{k@zumasa and Goto, 2002) and the
Arg75-Glu81 buried salt-bridge in parvalbumins tipddy a role in adjusting calcium and

magnesium affinity as well as conformational changgits AB loop (Holet al., 2009).

However, a major finding in this study was that tiée of the buried salt-bridge formed
between Arg29 and Glu81 appears to be stabilisaifotine N-terminal domain of soluble
CLIC1 and more particularly stabilising the intdran between helices 1 and 3. In fact, many
studies have illustrated the significance of busall-bridges in maintaining the stabilities of
helices. Many of these studies show that the gholitburied salt-bridges to stabilise helices
occurs in a pH-dependent manner. An example whelie stability has been shown to rely
greatly on pH is that of the isolated C-peptideibbnuclease A (Bierzynskat al., 1982). It
was revealed that the protonation or deprotonastate of residues Glu9 and Hisl12
determined helical stability of the C-peptide (Bigrski et al., 1982). pH titration data
indicated that stable helix formation required bathegatively charged Glu9 residue and a
positively charged His12 residue. Other work on Meptide of ribonuclease A also
illustrated that pH-dependent side-chain interasti@re imperative in stabilising the C-
peptide helix (Ricat al., 1983; Shoemakett al., 1985). The role of the Glu2(-) - Arg10(+)
side chain interaction, also in the C-peptide obdRuclase A, was assessed using pH

titration, substitution testing and ion screeniRgirmanet al. (1990) reported that the Glu2(-)
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- Arg10(+) salt-bridge is linked to helix formati@nd contributes to the stability of the C-
peptide helix.

T4 lysozyme comprises a salt-bridge between residdis31 and Asp70 that has been
demonstrated to be stabilising (Andersbml., 1990). His31, as reported by Bosshetrdl.
(2004), needs to be positively charged and Asp&aisi¢o be negatively charged in order to
contribute to stabilising T4 lysozyme. At low orghi pH the salt-bridge is broken due to
protonation of the side chain of Asp70 and depration of the His31 side chain. Therefore,
the His31-Asp70 salt-bridge in T4 lysozyme providemther example of a stabilising pH-
dependent buried salt-bridge.

In 1996, Pervushin and co-workers explained that@8 residue N-terminal DNA-binding
domain of the 434 repressor includes a buriedsalge Arg10-Glu35 that has demonstrated
stabilisation. The NMR solution structures of ti#&4epressor (residues 1-63) and mutant
434 repressor R10M (residue 1-63) were determineatder to assess the structural role of
the Argl0-Glu35 salt-bridge (Pevustehal., 1996). Both protein structures comprised the
global fold of five helices and a helix-turn-hefixotif that is formed by helices 2 and 3. The
most important difference between the structures tanslation of helix 1 along its axis
relative to the helix 2- turn-helix 3 motif. A chgain the stability of the mutant protein 434
repressor R10M was also reported as being decreagptti4.8 (Pevushia al., 1996).

Therefore, based on the fact that a number of esudn buried salt-bridges illustrate their
ability to provide stabilisation in proteins andibes, it is reasonable to state that the role of
the Arg29-Glu81 salt-bridge in soluble CLIC1 is dtabilise the N-terminal domain. Two
other salt-bridges are also present at the donma@rface namely, the Lys20-Asp225 salt-
bridge betweei-strand 1 and helix 9 and the salt-bridge Lys3785lbetween helices 1 and
3 (Figure 30). There are a number of polar residiesged and uncharged that appear to
form an intricate electrostatic and hydrogen bogdietwork along the domain interface of
CLIC1. These bonding interactions indirectly joivetthree salt-bridges together (Figure 31).
Consequently, the Arg29-Glu81 salt-bridge may mbtim isolation and is likely to form part
of an electrostatic and hydrogen bonding netwoikt thcts in a cooperative manner to
stabilise the domain interface of CLIC1.
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Figure 30: Salt-bridges at the domain interface o€LIC1

The salt-bridging residues, and secondary strustatethe domain interface are labelled
accordingly. The hydrogen bonding interactionsrepresented by green dashed lines.
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Figure 31: A schematic representation of the eleabstatic and hydrogen bonding
network at the domain interface of CLIC1.

AB, CD and EF show the electrostatic interactiomgolving salt-bridges Asp225-Lys20,
Arg29-Glu81 and Arg37-Glu85, respectively. Thisvmatk of interactions “runs” along the
domain interface of CLIC1. The LIGPLOTS were getedlaby Dr M Soliman from the
Computational Chemistry & Modelling Department digbnistry, University of Bath, using
the program, LIGPLOT (Wallaos al., 1995).
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At pH 5.5, acidic residues Glu81, Glu85 and Aspads likely to be protonated and neutral
due to shifts in their pKvalues (described previously) and so would no éorfgrm salt-
bridges with Arg29, Lys37 and Lys20 respectivehisTwould also impact upon other
hydrogen bonds these residues make with other yeadidues as well as water mediated
hydrogen bonds.

Therefore, under acidic conditions, such as thesbeamembrane surface, the salt-bridges
and electrostatic and hydrogen bond network of AQLiuld be destabilised resulting in
decreased protein stability at the domain interfddes would increase the flexibility of the
domain interface and thus allow the protein to be@d to undergo conformational changes

required for membrane insertion.

A number of proteins utilise hydrogen bonding neatgoor electron sharing networks to
perform certain functions. For examplanopheles dirius GSTD3-3 contains an electron
sharing network that consists of a salt-bridge ketwthe negatively chargedcarboxylate
group of GSH and the positively charged Arg66 aadatively Aspl100 (Winayanuwattikun
and Ketterman, 2005). These functional groups preda motif that is stabilised by a
network of hydrogen bonds provided by Ser65, ThyEs®l Thr162 and a conserved water-
mediated contact. Residues Arg66 and Aspl00 wetatetuto alanine and this resulted in
the disturbance of the electron sharing in the otwWinayanuwattikun and Ketterman,
2005). The study revealed that the electron sharatgork aids in the ionisation of the thiol
group of GSH through the base-assisted deprotonatiodel. Interestingly, this network in
other GST proteins has not yet been characterisédsanot conserved in the primary amino
acid sequence. However, structural comparisons QF Grystal structures propose that the
electron sharing network is located within in thame region in all GST proteins

(Winayanuwattikun and Ketterman, 2005).

A network of hydrogen bonds that fastens helix 1haf N-terminal domain to the last helix
of the C-terminal domain is present @chrobactrum anthropi beta-class GST (Federiei
al., 2009). The network is formed by Serll and Glufted interact indirectly through a
water molecule that is hydrogen bonded to bothdues. Also, His15 forms hydrogen bonds
with Glu198 - these residues are conserved thrauigihe beta-class GSTs (Fedesetial .,
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2009). When Serll was mutated to an alanine residaeecatalytic efficiency of the protein
was reduced due to loss of global structural stal§fredericiet al., 2007). Also, when His15
and Glul98 were mutated to alanine the enzymeitsictivity and had reduced stability.
The loss in stability of the hydrogen bond netwatks due to His15 deprotonation and loss
of its interaction with Glu198 (Federiei al., 2009).

Electrostatic mechanisms have also been shownatogolicial roles in protein systems that
cycle between being soluble and membrane-bound. sl example is the myristoyl-
electrostatic switch of the myristoylated alaninehrprotein kinase C substrate protein
(McLaughlin and Aderem, 1995; Arbuzowat al., 2000; Seykoraet al., 1996). The
myristoylated alanine rich protein kinase C sultstpaotein is attached to the membrane by a
myristoyl tail but this attachment is not sufficidn maintain attachment to the membrane.
Full membrane attachment necessitates favouralgletrestatic interactions between the
effector domain of the protein and the negativelharged inner portion of the plasma
membrane (Thuddappatley al., 2006a). The electrostatic interaction is re\seswhen the
effector domain is phosphorylated. This phosphdighaalters the net charge of the protein
thus driving localisation to the cytosol (Kiehal., 1994).

There is also evidence that electrostatic netwptlg a role in the membrane insertion of
Bcl-x. (Thudappathyet al., 2006a). Thein vivo signal for Bclx. to undergo the
conformational change that is necessary for its brane insertion remains unknown.
However, low cytosolic pH during apoptosis has besported (Matsuyamaet al., 2000).
Thudappathyet al. (2006a) suggested that an electrostatic mechawsmnly a few
kcal.mol'is sufficient to lower the activation energy forlB¢ to undergo a conformational
change that enables Bgl-to go from its soluble to membrane conformatiohisTwould
require a small change in the surface charge okB¢TIhudappathyt al., 2006a). However,
Bcl-x. may be controlled by an isolated switch that sgi only a few residues such as that of
the myristoylated alanine rich protein kinase Cssiate protein or it may be controlled by

changes to its conformational state generated aggihg the pKvalues of many residues.

Therefore, from the evidence provided above itasunreasonable to propose that the salt-
bridges and electrostatic and hydrogen bond intiersc at the domain interface of CLIC1
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provide a means whereby pH is utilised to induebisty changes in the protein, ultimately

priming it for membrane insertion.

4.3. Conclusion

Low pH has been demonstrated to play a role ngt ionhltering the conformational stability
and flexibility of soluble CLIC1 but also in the iy of soluble CLIC1 to interact with
artificial membranes and form functional ion chdanédiowever, pH alone has not been
illustrated to trigger the conformational changeguired for CLIC1 to assume its membrane-
bound form. Mutating the amino acid residues Arg@€é Glu81, residues that are involved in
an N-terminal domain salt-bridge and hydrogen boetivork causes decreased CLIC1 and
CLIC1 intermediate stability. These findings shadwatt the Arg29-Glu81 salt-bridge and
interacting hydrogen bonds are involved in stafiien of soluble CLIC1 and its
intermediate species and that altering or remothiegsalt-bridge and hydrogen bonds, due to
protonation of Glu81 at low pH (CLIC1-WT) or by natibn of the salt-bridge residues at pH
7 (R29M and R29M/E81M) and pH 5.5 (CLIC1-R29M, E81RROM/E81M) decreases the
stability and cooperativity (N> U) of CLICL1.

Therefore, the low pH at the membrane surface apgeaalter the electrostatics of the salt-
bridge and surrounding hydrogen bonding interastiand thereby enables the N-terminal
domain to become destabilised and more flexible.

This flexibility may promote structural rearrangartgeof the N-terminal domain that permit
the emergence of the “trapped” membrane topologys mappens due to the lowering of the
activation energy barrier between the soluble aedthbrane-bound form of CLIC1 initiated

by changes in pH.
Finally, it can be hypothesised that the Arg29-Gluslt-bridge functions as part of an

electrostatic network at the domain interface ol L that forms as a pH-induced stability

switch.
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CHAPTER 6

APPENDIX

Table A: Data-collection and refinement statistics

Figure A: Ribbon representation of the superimposed crystattsires of CLIC1-WT and
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Figure B: Ramachandran plots of CLIC1-WT and CLIC1-R29M/E81M.................
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Determination of the crystal structure of CLIC1-R29M/E81M

| would like to acknowledge Dr Fanucchi and Dr Aohu from the Protein Structure-
Function Research Unit, School of Molecular and | (&iology, University of the
Witwatersrand and Dr Fernandes, School of Chemikinyversity of the Witwatersrand for
their hard work obtaining the crystal structureCafiC1 R29M/E81M.

6.1. Purification of CLIC1-R29M/E81M
CLIC1 R29M/E81M was purified as described in Chap® section 2.2.4. Possible

impurities were removed via size exclusion chrometphy using a G-75 sephadex column.

6.2. R29M/E81M crystal structure

6.2.1. Crystallisation of CLIC1-R29M/E81M

The crystallisation of CLIC1-R29M/E81M was perforendy Dr Ikechukwa Achilonu,
University of the Witwatersrand, Johannesburg, Bdirica. Crystals were grown by the
hanging-drop vapour diffusion method at 293 K using4-well microplate. Each hanging
drop consisted of equal volumes of protein (10 mgm®0.1 M Tris-HCI, 5 mM DTT and
0.02% NaN, pH 6.5) and reservoir buffer consisting of 0.1BM-Tris, 25% (w/v) PEG 2000
monomethyl ether, 0.02% Nalind 1 mM DTT, pH 6.5. The reservoir volume used W&s
ml and consisted of 1 mL reservoir buffer and 0I5 @il (silicon oil : paraffin oil, 1:1) for
favourable conditions for the growth of large cajst by slowing evaporation and

supersaturation in the wells (Chayatral., 1990).

The crystals were harvested, briefly soaked inrvesebuffer and mounted on a cryo-loop.
X-ray diffraction data was collected on a Bruker R&teum system with a Microstar copper
rotating-anode generator with Montel 200 opticRLBATINUM 135 CCD detector and an
Oxford Cryostream Plus system. Crystals were comledstream of nitrogen to 113 K during
data collection and images were collected coveaingscillation angle of 0.% per image.
Data were processed using the programs SAINT anBXABruker AXS Inc, Madison,
Wisconsin, USA) by Professor Manuel Fernandez, ensity of the Witwatersrand,
Johannesburg, South Africa.
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6.2.2. Structure solution

The CLIC1-R29M/E81M crystal structure was solvedySylvia Fanucchi, University of
the Witwatersrand, Johannesburg, South Africa. Phetein structure was solved by
molecular replacement using PHASER (McGaal., 2007), as implemented in the CCP4
suite of programs using CLIC1-M32A (PDB entry 303E)the search model. The structure
was refined using TLS and restrained refinemenigéemented in the program REFMACS5
(Murshudovet al., 1997). Addition of waters and real space refiapthwere performed using
COOT (Emsley and Cowten, 2004). The model was atddl using MolProbity (Chest al.,
2010, Davist al., 2007.

6.3. Crystal structure of R29M/E81M

As mentioned previously, the crystal structure afi@l-R29M/E81M was solved by Drs
Ikechukwa Achilonu, Manuel Fernandes and Sylvia ueahi, University of the
Witwatersrand, Johannesburg, South Africa. Theildet&the structure are reported here and

are used to further interpret the structural aaiibty data obtained in this study.

The structure of human CLIC1-R29M/E81M was detegdimo a resolution of 1.78 A and
the data-collection and refinement statistics arehowsnr in Table A
(http://www.rcsb.org/pdb/explore/explore.do?struetd=3P8W). The Matthews coefficient
(Vm; Matthews, 1968) for the crystal was calculatethgigshe CCP4 suite of programs
(Collaborative Computational Project, Number 4, 499 Vy value of 2.13 ADa* was
obtained with associated solvent content of 42.288cating that the crystal contained 1
molecule in the asymmetric unit. The electron dgnsi the final model is well defined for
residues 6-241.

The electron densities for residues 29 and 81arRRBOM/E81M mutant are consistent with a
methionine residue. The replacement of Arg29 anaBGIlby methionine does not alter the
backbone structure as indicated by an rmsd of . B&tween the backboné' 6f the CLIC1-
WT and R29M/E81M proteins (Figure A). The Ramachandplots for the WT and
R29M/E81M mutant proteins are shown in Figure B andicate that the backbone
conformation of R29M/E81M mutant is not significgdifferent to that of the WT.
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Table A: Data-collection and refinement statistics

R29M/E81M CLIC1

PDB code 3P8W
Wavelength (A) 1.518
Space Group P2,2,2
Unit Cell Parameters (A, °) a=42.39 b=64.61 c=82.98
a=B=y=90
Wilson plot B factor (A ) 17.376
Solvent content (%) 42.23
Resolution Range (A) 50.98 -1.78
No. of observed reflections 15972
Completeness % 98.2
(o (1)) 12.41
Reym 0.27
Final overall R factor 0.2141
Ruork 0.2104
Riree 0.2815
No. of protein atoms 1850
Matthews coefficient V. (A°Da-") 2.13
Average B value (A %) 16.29
rmsd in bond length (A) 0.019
rmsd in bond angles ( °) 1.758
Ramachandran statistics
Most allowed (%) 97.6
Allowed (%) 99.6
Asymmetric unit content Monomer
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Figure A: Ribbon representation of the superimposedrystal structures of CLIC1-WT
and CLIC1-R29M/E81M.

CLIC1-WT (black) and CLIC1-R29M/E81M (grey) protsinThis image was generated
using Swiss PDB Viewer (Guex and Peitsch, 199Mai$iDB codes 1kOm (Harrogt al.,
2001) and 3P8W (http://www.rcsb.org/pdb/explorelesgado?structureld=3P8W).
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Figure B: Ramachandran plots of CLIC1-WT and CLIC1-R29M/E81M

The most allowed region of the Ramachandran platsisted of 97.6% of residues for CLIC1-WT and R2881M. The allowed region

consisted of 99.6% and 99.4% of the residues fdCTCAWT and R29M/E81M, respectively. This image waserated using Swiss PDB
Viewer (Guex and Peitsch, 1997) using PDB codes MK@ild type) (Harrop et al., 2001) and 3P8W (R29M/E81M)
(http://www.rcsb.org/pdb/explore/explore.do?struetd=3P8W).
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