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Abstract

CLIC1 is an intracellular membrane protein that bas intriguing property of
being able to exist in both soluble and integrahtbeane forms. It is unknown
how CLIC1 converts from a soluble to a membraneyitesi conformation, but it
has been proposed that the transition involvesuttielding of certain regions of
the protein followed by refolding into a membramempetent form. This study
characterised the structure and stability of redus®luble CLIC1 at the pH
values it would encounter in both bulk cytosol atdthe membrane surface.
Additionally, the preparation and properties of ad®l membrane system were
characterised. At pH 7.0 CLIC1 is more stable foibws a cooperative two-
state unfolding transition with AG20) of 10.3 kcal/mol andnvalue of 2.3
kcal/mol M* urea. At pH 5.5 the CLIC1 native structure isseoand more
flexible with lower secondary structural conterst,leéss stable, and unfolds via a
stable intermediate with exposed hydrophobic sedac TheAGu20) and m-
values for formation and unfolding of this specs well into the dimeric range,
and data from the local probe, Trp35, indicate ttieg intermediate may be
oligomeric. The existence of the intermediate geat low pH and under mild
denaturing conditions suggests a mechanism wheZéb@1 may form channels
in vivo. Anionic large unilamellar vesicles prepared wath#:1:1 molar ratio of
phosphatidylethanolamine, phosphatidylserine aradeskerol, respectively, were
stable up to approximately 50 °C and were highlypraducibly and
homogenously sized at ~200 nm diameter. Basalatgakof encapsulated
chloride-sensitive fluorescent dye at room tempeeatvas modest for two to
three days, and was minimal for up to seven days°&@. These vesicles should
prove to be an ideal membrane system for the stildyembrane-inserted CLIC1
and with encapsulation of a chloride-sensitive dyay provide the means for a

viable functional assay for CLIC1 channel activity.
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CHAPTER 1. INTRODUCTION

1.1. Biological membranes

Biological membranes are essential to life. Theymf specialised, permeable
barriers between cells and their environments, lagtdveen organellar contents
and the cytoplasmic environment, allowing passdgeater and certain solutes
and blocking the passage of other solutes. Contoaearly models of biological
membranes as simple sac-like structures functionirly to enclose the contents
of the cell, biomembranes are composed of hundredst thousands of different
species of lipid molecule that form a highly complmatrix for the basic
functions of respiration, photosynthesis, transpuonitility and signal transduction
(Lee, 2005; Hunte and Richers, 2008). Withinrthelieu exist up to 30 % of the
proteins encoded by the genome of a typical orgarfallin and von Heijne,
1998; Kroghet al., 2001). This exciting, liminal environment itsubject of
intense research, not least because of the multpélenges its complexity

presents to the researcher.

1.1.1.Membrane structure and properties

1.1.1.1. Structure

The defining factor within the cellular environmesiits aqueous nature. Without
water, life as we know it simply would not existhe unique physical properties
of water and its broad solvent power for ions atieeopolar substances allow for
a multiplicity of different functional environmentsiithin the cell and its

compartments. However, thack of solvent power of water for non-polar
substances is as important and unique a propentye svithout this property, the

cell and its compartments could not exist. Biomeanbs are composed mostly of
amphipathic molecules made up of a strongly hydiimpiead group attached via
a glycerol or ceramide molecule to, usually, twagdiydrocarbon chains (Quinn,
1976; Tanford, 1980). The head groups are phosplattespholipids) or

carbohydrate (glycolipids) esters. The amphigattature of phospholipids and



glycolipids gives rise to the common structure @dntembranes in aqueous
solution: the bilayer lipid membrane (BLM), wheretme hydrocarbon tails of the
phospho- or glyco-lipids line up to face each otith the polar head groups
exposed to the aqueous solution (Figure 1.1). s $tructure comes about due to
the hydrophobic effect. The attraction of watereuoales for each other is much
stronger than the attraction of water for hydrooarimolecules or of hydrocarbon
molecules for each other, and thus it is thermodyoally favourable for water to

exclude hydrocarbon-water contacts (Tanford, 1980).

Figure 1.1. Schematic diagram of a typical bilayelipid membrane.
Structure of a typical bilayer lipid membrane iruaqus solvent. The hydrophilic head
groups (pink) are arranged to face the polar sojwehile the hydrophobic fatty acyl

chains (yellow) are buried to exclude the polavent. (Image from Lee, 2005).

The major components of mammalian biological memésa depending on cell
type and organism, are phosphatidylcholine (PC)-600%), phosphatidyl-
ethanolamine (PE) (20-30 %), phosphatidylserine) (R30 %), sphingomyelin
(5-20 %), phosphatidylinositol (PI) (5-10 %), glyipads (10-25 %), phosphatidic
acid (PA) (~1.5 %) and cholesterol (20-30 %) (rexad in Quinn, 1976; Tanford,
1980). The structures of phospholipids will be floeus of this discussion.
Generic structures of PC, PE, PS, PI, PA and ctest@sare shown in Figure 1.2.
PS, Pl and PA are negatively charged at physicdbgitd. These negative
charges act to attract protons to the membranamriendering the pH at the
surface of the membrane and extending 5-15 A auh fthe surface up to 2 pH
units lower than the pH in bulk cytosol (V& al., 1978; Pratst al., 1986;
McLaughlin, 1989; Menestrinet al., 1989; van der Goadt al., 1991; Kraayenhof
et al., 1993; Bortoleto and Ward, 1999; Murretyal., 1999). This fact has



Figure 1.2. Structures of common phospholipids and cholester.

Stick and spacéHing structures of commonphospholipids and cholestero(A)
phosphatidylcholine,(B) phosphatidylethanolamine,CY phosphatidylserine (sodiu
salt), O©) phosphatidyinositol (sodium salt), §) phosphatidic acid (sodium sali(F)

cholesterol. Carbon atoms are green, oxygen: mitrogen: blue, phosphorus: purg

hydrogen: white. Sodium ions eshown in gold.



important consequences for soluble to membraneéauma integral membrane
proteins, and shall be dealt with in Sections 1.ar®l 1.2. The distribution of
phospholipids across the membrane is asymmetrib,the extracellular leaflet of
typical eukaryotic plasma membranes being made wnlyn of PC and
sphingomyelin, while the intracellular leaflet iensposed predominantly of PE
and PS (Bretscher, 1972; Zachowski, 1993). Thsdridution is functionally
significant, for example, for apoptosis, which reqeded by a translocation of PS

to the extracellular leaflet (Balasubramanian adlr&t, 2003).

Phosphatidylcholine and phosphatidylserine areasethe PE structure. In PC,
the nitrogen is triply methylated. In PS, the etilamine is carboxylated.
Generally speaking, saturated fatty acids are iésterto carbon 1 of thesn-
glycerol 3-phosphate, and unsaturated fatty acadsdarbon 2 (Kyte, 1995),
although fully saturated and fully unsaturated rooles can be synthesised.
Saturated fatty acids usually exist in the tedlas conformation, butgauche
conformations may be introduced with low energetist (about 1 kcal/md),
resulting in a kink in the chain (Kyte, 1995). elbtarbon-carbon double bonds in
unsaturated fatty acids are almost all in ¢teeconformation, giving a permanent
kink to the chain at the double bond. Double bcargsnever spaced immediately
next to each other, since this would result ing&driplanar structure forming, and
they appear after carbon 8 in the chain (Kyte, 198%eaning that the chains
closer to the head groups are more restrictedein thovements than those toward
the centre of the bilayer. The existence of doublnds andgauche
conformations in the fatty acyl chains results epg and spaces between the
chains and decreases the packing efficiency optiespholipids. In biological
membranes these gaps are often filled by choldster@id, planar steroid which
IS an important precursor to vitamiry Bnd the steroid hormones. Cholesterol is

marginally amphiphilic by virtue of its single OHayp.

The length of the hydrocarbon chains in biologiw&@mbranes is of the order of
16-20 carbons. This gives an average thickneskeohydrophobic domain of a

membrane of about 30 A, which means about 21 residin a typical protein



helix, untilted, would be required to span the Ilogdobic portion of the
membrane (Lee, 2003).

The mobility of the hydrocarbon chains is tempeeidependent. Below the gel
to liquid crystalline phase transition temperat(ifg), bilayers are in an ordered
gel phase. Above this temperature, rotationaldive® around the carbon bonds of
the acyl chains increases and they take on a dismdiquid state (Figure 1.3).
In this state, the area of the phospholipid headigg and fatty acid tails increases
(Trauble and Eibl, 1974). However, liquid ordestdtes have been observed, for
example, in mixtures of PC, cholesterol and sphmgglin, where preferential
association between cholesterol and sphingomyelise the formation of liquid
ordered states referred to as rafts (London, 200R)on-bilayer phases are also
possible, but less common. Saturated fatty acale thigher phase transition
temperatures than unsaturated fatty acids, whiehuanally in the liquid phase at
room temperature. This has implications for theertion of membrane proteins.
If packing is too tight due to the membrane beimthie gel phase or too-ordered a
liquid ordered phase, proteins will be unable teem. Thus the proportion of
saturated to unsaturated fatty acids within a memdris very important. It
should be noted, though, that in the absence géleemperature fluctuations in
physiological systems, changes in the fluidity cfmibrane structure can and do
occur. Gross changes in bilayer structure canrbaght about by rather small
changes in ionic environment. The presence ofleintacations increases thg, T
of negatively charged membranes by charge neuwtalis in accordance with
Gouy-Chapman theory, and monovalent cations lowerT,, (Trauble and Eibl,
1974). These are critical features, for examenerve excitation and signal
transduction, where cation-induced structural clkangn biomembranes are
essential for function (Trauble and Eibl, 1974heTluidity of BLMs gave rise to
the “fluid-mosaic” model of membrane structure @&n and Nicolson, 1972).
This model basically depicts membrane proteinsl@atihg in a fluid solvent
created by the lipid bilayer. This model is nowarled as an oversimplification,
since regions of restricted motion of both proteind lipids exist in practically all

membranes.



Figure 1.3. Gel and liquid crystalline phases of kayer lipid membranes.
Ordered gel (left) and disordered liquid crystalifright) phases of bilayer lipid
membranes. In the liquid phase hydrocarbon chhige much greater freedom of
movement and are less tightly packed. PDB codds gl and FLUID.pdb from Heller
et al., 1993; modelled using PyMOL™ v. 0.99 (DelLano Stifern 2006).

1.1.1.2. Electrostatic properties

The total electric potential profile of a bilay@pil membrane is made up of the
transmembrane potential, the surface potential iatetnal potentials (Honigt
al., 1986). The transmembrane potential is the etegiotential difference
between the bulk aqueous phases on either sidbeoimembrane. It arises
because of the separation of charges across théoraee) and generally ranges
from 10 mV to 100 mV in biological systems (Honéj al., 1986). The
cytoplasmic side of the membrane is invariably maregative than the
extracellular side, due to relative salt ion coriions, the dominant species
being K, Na" and Cl (Honiget al., 1986). It has also recently been found to be
due partially to the asymmetric distribution of gpbolipids across the membrane
(Gurtovenko and Vattulainen, 2008). The surfactemiial is the electrostatic
potential at the interface of the membrane anditheous phase relative to that in
bulk solution. It is almost always negative, sificarises from the net charge on

the membrane surface, which is mainly derived froegatively charged lipids,



particularly PS in biomembranes. Up to 10-20 %hef membrane surface area is
composed of negatively charged lipids (Hongyy al., 1986; Vance and
Steenbergen, 2005). The negative surface poteadaunts for the lowered pH
at the surface of the membrane, as discussed abdwe. surface potential is
related to surface charge density by the Gouy-Claap8tern model, which
accounts for differences in ion concentrationshat surfacevs. in bulk solution
and the consequent electrical double layer formedeamembrane surface (Stern,
1924). With a negative surface potential, theaaafconcentration of anions will
be depleted, and that of cations will be increaskdernal potentials stem from
dipoles or charges in the low dielectric hydrocarboterior of the membrane
(Honig et al., 1986). Two such potentials are the membrane @ipotential and
adsorption potentials. A dipole potential of sevdrundred mV, inside positive,
arises from the structural arrangement of polarecudes at the membrane-water
interface. This intramembrane potential can bestsubially modified by surface
charge asymmetry and adsorbed amphiphiles or psteAny protein spanning
the membrane will be exposed to a powerful eledtricld, which may have

implications for structure and/or function (Horsigal., 1986).

The dielectric constant of water is 80 at 20 °Cd amils and aliphatic

hydrocarbons have dielectric constants from 2-Segaly accepted as being
around 2 within the interior of membranes (Homdgal., 1986). Dielectric

constants in the range 10-30 exist for the intéafa@gion between bulk water
and lipid hydrocarbons (reviewed in Horegal., 1986). The regions of differing
dielectric constants have important consequenaethéotranslocation of charged
ionic species across membranes. The free energnamdgfer of charged bodies

between regions of differing dielectric constastgiven by the Born expression:
2
wy =L (l— l) Equation 1-1

whereq is the charge on the ion,is the radius of the ion, and ande; are the
dielectric constants of the regions from and tochtthe charged body is moving,
respectively (Born, 1920). The unfavourable Betactrostatic energy is the



primary barrier in translocation of charged molesufrom the aqueous to the
lipid phases, even for so-called hydrophobic ions.

1.1.1.3. Permeability

The Born electrostatic energy barrier is, in féatge enough to virtually exclude
most small ions from the lipid phase of membran&gpical translocation rates
for small physiological ions are in the region 6fcm s* to 10** cm s' (Mimms

et al., 1981; Honiget al., 1986; Paulat al., 1998), with rates for Clgenerally
being faster than Naand K (Papahadjopoulos and Watkins, 1967). In contrast,
rates for water range between“1@m $' and 10° cm $' (Carruthers and
Melchior, 1983; Mathaet al., 2008), rendering BLMs substantially permeable to
water. Translocation rates are highly dependeonupe lipid phase (and thus
temperature) and amount of cholesterol (Carrutlaerd Melchior, 1983), the
permeant size, polarity and partition coefficiehg bilayer thickness, lipid type,
and area per lipid molecule (Mathaial., 2008). BLMs exhibit a sharp increase
in permeability at and above their transition terapgres (Bloket al., 1976;
Xiang and Anderson, 1997). The rate-limiting stepvater permeability appears
to be the interfacial region between the bulk agsgohase and the bilayer lipid
interior, and is strongly correlated with the apea lipid molecule (Xiang and
Anderson, 1997; Mathaet al., 2008). With a higher water than solute
permeability, biological membranes and liposomdsclvdisplay similar osmotic
properties to biological membranes (Banghairal., 1967; Muiet al., 1993), are
acutely sensitive to osmotic gradients. Physiaaldy, this fact may be important
for mechanosensitive ion channels (Miyametal., 1988; Morris, 1990). When
working with liposomes, needless to say, great camst be taken with osmotic

components of intra- and extravesicular buffers.

1.1.1.4. Nuclear/organellar membranes

The membranes surrounding the various intracellaftganelles have their own
idiosyncratic lipid compositions, which are not te@me as that of the plasma
membrane. While Golgi, mitochondrial, lysosomat grlasma membranes of



liver cells contain 35-50 % PC, nuclear and rougboplasmic reticulum (ER)

membranes are composed of more than 60 % PC (regiew Quinn, 1980).

Inner and outer mitochondrial and nuclear membranesnade up of close to 25
% PE, while plasma, rough ER, Golgi and lysosomainioranes contain only 18
%. The outer mitochondrial membrane contains up % more PI than the other
types of membranes mentioned, including the innésahondrial membrane; but
the plasma membrane contains 9 % PS vs. 1-2 % itoclhondrial membranes.
Cardiolipin makes up 17 % of the inner mitochondrieembranes, but is not
present in nuclear membranes, and is only foungerg low to trace amounts in
other types of membranes. Nuclear membranes cordaly about 3 %

sphingomyelin, but lysosomal membranes contain 3§p#ngomyelin. Plasma
membranes contain by far the highest proportionclublesterol, as well as,
incidentally, most of the cellular glycolipids (Qun, 1980). Nuclear and
mitochondrial membrane composition does not vanmysimerably across tissues
and across vertebrate species; rough and smootimé&Rbranes differ across
organs within the same species, although they faee similar in the same organ
in different species. It is clear that the phogipie compositions of cellular and
subcellular membranes are highly specific and nbastunctionally significant.

Typical mammalian nuclear membrane lipid composgiare shown in Table 1.
The fatty acid composition of nuclear membrane pho8pids is fairly unique, as
determined by Khandwala and Kasper (1971). Theomesgturated fatty acids
were found to be palmitate (C16:0) and stearate8(@ 1 the latter comprising
almost half the fatty acids of PS and PI fractiodgachidonate (20:4) made up
35 % of the fatty acids of the PS and PI fractiorSleate (C18:1), linoleate
(C18:2) and dodecahexanoate (C22:6) made significantributions to the

nuclear membrane unsaturated fatty acid compleméinost 50 % of the PC

and PE fatty acids were unsaturated, and the higlexgree of saturation was
found in sphingomyelin. These results were cordoinby Baumrucker and
Keenan (1973).

The nuclear membrane is made up of two bilayer mands up to 7.5 nm thick
and separated by a gap of about 40-70 nm (Quir8Q)19The outer membrane is



Table 1. Nuclear membrane phospholipid composition.

Rat liver nuclear Rat liver nuclear Pig liver Rat liver Rat nuclear Hen Bovine
membrane® membrané’ nuclear nuclear membrane’ erythrocyte mammary
membranes  membrane nuclear gland nuclear
membrane$  membraned
o pg lipid/mg % of % of total P Percent of % of TPL % of TPL % of total % of TPL
Phospholipid/lipid protein  TPL*  (lipid P per pg of total P total lipid P lipid P
=0.64+0.02)
Lysophosphatidylcholine  9.66 + 1.88 6.29 14+04 <1.0 1.2+05 n/i n/i 3.9
Sphingomyelin 13.21+230 8.60 25+0.3 24+04 3.2+1.2 539.03 13.0+15 5.1
Phosphatidylcholine 68.11 +3.17 44.38 61.8+1.0 58.2+24 61.4+1.560.61 +3.19 53.0+2.1 51.7
Phosphatidylserine 13.52+0.05 8.78 13.9+0.2 (PS +PI) 44+0.6 6 $31.0 1.75+0.22 n/i 4.7
Phosphatidylinositol 23.51+0.09 15.32 n/i 8.9+0.9 8.6+0.8 10.13.45 71+1.0 10.3
Phosphatidyl- 13.12+155 854 18.3+1.0 259+1.8 22.7+1.423.52+0.65 26.0+15 19.6
ethanolamine
Dimethylphosphatidyl- 507+0.10 3.30 n/i n/i n/i n/i n/i n/i
ethanolamine
Phosphatidylglycerol 437 £0.98 2.85 n/i n/i n/i n/i n/i 15
Diphosphatidylglycerol 291+0.14 1.89 n/i n/i n/i n/i n/i n/i
Phosphatidic acid n/i 1.4 £ 0.3 (incl. cardiolipin) <1.0 <1.0 n/i n/i n/i
Molar ratio cholesterol n/i n/i 0.104 0.104 n/i 0.42 £0.04 16.4 % total

to phospholipid

neutral lipids

* Total phospholipids.? Neitcheva and Peeva (1995).Khandwala and Kasper (1971Kleinig (1970). % Albi et al. (1997). ¢ Kleinig et al. (1971)." Baumrucker and

Keenan (1973). P: phosphorus. n/i: no infornmtio
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continuous with the rough ER, and the two have lamiphospholipid
complements. The inner and outer nuclear membranastomose at regular
intervals to form nuclear pore complexes about ®0im diameter (Quinn, 1980),

through which most cytosolic-nuclear traffickingcacs.

1.1.1.5. Model membrane systems

One of the primary hurdles in the study of membnarageins is the provisiom
vitro of an appropriate environment to satisfy the caxitructural requirements
of molecules that normally reside within a fluwllieu enriched with an intricate
array of amphiphilic and hydrophobic lipids. Amiber of model membrane
systems have been developed in order to studyttbetwes and functions of
membrane proteins. The major systems in use aelles, bicelles, planar lipid
bilayers, lipid monolayers and liposomes. Miceld#s small, roughly spherical
structures formed from the self-association of dgiet monomers above a critical
concentration threshold called the critical miaetiancentration (CMC) (Garavito
and Ferguson-Miller, 2001). The size and shapmioélles depends on the size,
type and stereochemistry of the detergent monometrtlae solvent environment
(Wennerstrom and Lindman, 1979; Mitchetlal., 1983). A number of different
detergents can be used for micelle formation, theroategories of which are: a)
ionic detergents; b) non-ionic detergents; andvajterionic detergents (Seddon
et al.,, 2004). lonic detergents have a head group witlelea net cationic of
anionic charge attached to a hydrophobic hydrocartizain (as in SDS) or
steroidal backbone (as in bile acid salts suctodaim cholate). lonic detergents
can be relatively denaturing. Non-ionic detergesush as Triton® X-100 are
mild and relatively non-denaturing. They contaimcliarged hydrophilic head
groups with hydrophobic tails. Zwitterionic detengs such as dodecyldimethyl-
N-amineoxide (DDAQO) combine the properties of ioaid non-ionic detergents.
The advantage of using micelle-forming detergestsnadel membrane systems
is that the detergents can both solubilise membgoteins from their lipid
environment and then replace that environment witb@o much disruption to the
native structure of the protein. Mixed detergepidl micellar systems are also in

use for membrane-protein study, and often provideee stabilising environment
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than detergent micelles alone (reviewed in Sedetoal., 2004). Despite their
small size and high surface curvature, micellesehagen used extensively as
biomimetic systems for membrane proteins and pegidtilising techniques such
as high-resolution nuclear magnetic resonance (NMBUrier transform infrared

spectroscopy and circular dichroism (CD) (Jeline# Kolusheva, 2005).

Bicelles are a form of mixed detergent-lipid mieglbut have a much higher lipid
component (Sanders and Prosser, 1998). Usuallyt shain lipids such as
dimyristoylphosphatidylcholine (DMPC) are used wittetergents such as
dihexanoylphosphatidylcholine (DHPC; Sanders andw®oek, 1992) or a
zwitterionic bile salt derivative, 3-[(3-cholamidapyl)dimethylammonio]-2-
hydroxyl-1-propanesulfonate (CHAPSO; Sanders am$tBgard, 1990). Mixed
in the correct composition and the correct tempeeathe detergent-lipid mixture
forms edge-stabilised, bilayered, discoidal strreguknown as bicelles (Figure
1.4). They are used primarily in NMR studies beeaof the fact that they can be
magnetically aligned (Sanders and Landis, 1995).

Planar lipid systems such as bilayers and monday@m to model the
phospholipid ordering within cellular membranes ated mimic the lateral
organisation of cell surfaces (Greenhdllal., 1998). Phospholipid monolayers
deposited at the air-water interface of aqueoustisols (Langmuir monolayers)
are used as model membrane systems for studyingntbeactions of certain
peptides and membrane proteins with membranes. rmiduynamic and
microscopy techniques such as pressure-area ismthaand fluorescence
microscopy can be used to investigate, for examgtieictural disruption and
phase separation caused by peptides incorporatedha monolayers (Chegt
al., 2003). Phospholipid monolayers can also be usedo-called “tip-dip”
electrophysiology experiments, whereby a monolayespread on the surface of
an agueous bath, and a glass pipette passed migaghteugh the monolayer until
the resistance reaches a certain level (e.g. imodat al., 2001; Wartoret al.,
2002). The relevant membrane-insertion-competestem is then added to the

bath and electrophysiological recordings made. mbst common use of planar
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Cross-section of a bicelle composed of a mixtur@haispholipids (blue) and detergent

(red). The detergent molecules stabilise the efigee disc.

lipid bilayers is as black lipid membranes. Thesasist of thin lipid films placed
across small apertures separating baths contaiamg solutions (Winterhalter,
2000). Conductance measurements are then undetialstudy the formation of
pores and ion channels in the membrane, theinvelgermeability and their ion

selectivity.

Liposomes are bilayered lipid vesicles which enelas aqueous space separate
from the external solution. There are four maj@sses of liposomes: small
unilamellar vesicles (SUVs), large unilamellar wéss (LUVS), giant unilamellar
vesicles (GUVs) and multilamellar vesicles (MLVsEUVs range in size up to
about 100 nm, averaging between 30-70 nm, and anerglly prepared by
sonication of MLVs (Papahadjopoulos and Miller, 76 LUVs have
hydrodynamic diameters of 100-1000 nm, and canrbpgoed by a number of
methods, including sonication (Laseh al., 2003), reverse-phase evaporation
(Szoka and Papahadjopoulos, 1978), extrusion (Gdsah, 1979; Hopest al.,
1985; MacDonaldet al., 1991) and detergent dialysis (Mimnas al., 1981)
(Figure 1.5). GUVs can range up to 100 um, butgareerally of the order of up
to 10 um. They are prepared by electroporatiorgéfava and Dimitrov, 1986).
MLVs consist of multiple concentric bilayers ane dormed by hand-shaking of
a dried lipid film hydrated with aqueous buffer ficaet al., 2003). The surfaces
and properties or liposomes can be modified bycth@ce of phospholipid, as

13



well as by the incorporation of proteins such asis and glycoproteins, or even
synthetic polymers (Jones, 1995).

i
é‘% . %ﬂiszfd

%: Aqueous %
O
%

77 S

Figure 1.5. Schematic structure of an LUV.
Large unilamellar vesicle showing enclosed aquecosnpartment enclosed by

phospholipid bilayer.

An enormous amount of research has gone into tineaficon, structure, properties
and applications of liposomes, and a search ofPthleMed database at NCBI
retrieves 33 438esults of articles with the word “liposomes” irethtext. This
intense interest is driven by the fact that liposenso closely resemble the
biological cell and as such can be used to studllae processes such as
transport phenomena, and their biological compaglalso means that they are
particularly useful as drug delivery systems (Jod€95). Liposomes have been
used to deliver chemotherapeutic agents (Leylam&s]o1993), antiviral drugs
(Phillips, 1992), antibacterials (Skallebal., 1992), and have also been used for
gene therapy (Li and Huang, 2006; Karmali and Chatid 2007). They have
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also been used as cosmetic agents for the deliokrgnoisturisers or anti-
inflammatory agents to the skin (Pugdiaal., 2004; Betzt al., 2005; Nasgt al.,
2008). Generally, larger vesicles are preferred dtwuctural and functional
studies of membrane-incorporated proteins becafiigeccloser resemblance of
the surface curvature of these vesicles to thdtiabgical cells, and because of
the larger encapsulated volume inside these vesiMatsudaet al., 1997; Kahya
et al., 2000).

1.1.2.Membrane proteins

It has been estimated that up to 45 % of drugsuimeat use target membrane
proteins (Drews, 2000; Terstappen and Reggiani,120@nd the greatest
proportion of pharmaceutical sector research fuarddargeted toward membrane
components (Lee, 2005), yet the structures of mangproteins account for less
than 1 % of the known high resolution protein simoes (White, 2004).
Membrane proteins are involved in a vast array lllee functions, working as
ion and protein transport channels, receptors, asigransducers and proton
pumps, amongst many other functions. Determinatdnhigh resolution
structures of membrane proteins has been stymietthéoylifficulty of obtaining
enough pure protein for structural studies and Iy bbvious necessity of
providing an appropriate membrane-like environmiemt reconstitution of the
native structure and function of the protein. Reagevelopments in the field
have facilitated the high resolution structuraledistination of a small number of
membrane proteins which include tightly bound erehmys lipids with assigned
head groups (http://www.mpibp-frankfurt.mpg.de/naitpublic/memprotstruct.
html). The lipids are co-purified with the protentespite the use of detergents in
extraction and purification. From these structutesn be seen that certain lipid
molecules bind tightly to membrane proteins in &cHfic manner, and in so
doing, ensure that the integrity of the membranel #@s properties as a
permeability barrier are not compromised by thespnee of the protein
protruding through it (Lee, 2003; Lee, 2005; Hur2805; Hunte and Richers,

2008). The interactions of lipids with membranetpins have been classed into
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three types of binding modes: a) “annular lipidsfnh a shell around the surface
of the protein and resemble the lipid bilayer; byfi-annular surface lipids” nestle
into and bind tightly to clefts and cavities in theotein surface, particularly at
interfaces between adjacent subunits; and c) “rategrotein lipids” are found
within membrane proteins or protein complexes,rofteunusual positions, such
as with the head group below the membrane planat@i2005). The crystal
structure of tetrameric aquaporin-O from sheep l&msws an almost complete
representation of annular lipids surrounding thetgin (Gonenet al., 2005).
The identified phospholipids were 1,2-dimyristogkrglycero-3-phosphocholine
(Figure 1.6). The bacterial potassium channel Kcgfstal structure shows two
non-annular surface lipids, modelled as a fattyg acid a diacylglycerol molecule,
bound into grooves on the surface of the protemseclto Trp87, with the
diacylglycerol bound at the interface of two monosngoyleet al., 1998; Zhou
et al., 2001) (Figure 1.7). Integral protein lipids haxeen observed in the yeast
cytochromebc; complex (Langeet al., 2001) and in cytochrome oxidase from
Rhodobacter sphaeroides (Svensson-Ekt al., 2002) (Figure 1.8). It is considered
that these may be important for folding and assgnaid additionally, in the case
of cytochromec oxidase, may act to stabilise subunit IV by indireontacts via
lipid molecules.

Evidence for specific binding of lipids to membrapeoteins and structural
rearrangement of the bilayer around membrane m®tsi not unexpected. The
membrane-spanning portions of integral membranetep® are more
hydrophobic than typical soluble structures and ldngers of lipids that form
around and within the protein prevent any compremdad the membrane
permeability barrier. Internal hydrogen bonding ofembrane-traversing
segments is maximal, since the energetic cost afsterring a non-hydrogen
bonded peptide bond from water to the interiorhef membrane is estimated at
about 6 kcal/mol, but is only about 0.6 kal/mol whe/drogen bonded (Roseman,
1988). The structures that allow the formationtleé maximum number of
hydrogen bonds arehelices ang-sheets, and thus, it is these structures that the

regions spanning the membrane adopt (Lee, 20BbBparrel type structures are
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Figure 1.6. Annular phospholipids in close contactvith protein.
Annular phospholipids surrounding aquaporin-O tega from sheep lens. Each
aquaporin monomer surface is coloured differentlypid molecule carbons are yellow,

oxygens are red, phosphorus orange. Figure fronteHand Richers, 2008.

Figure 1.7. Non-annular surface lipids bound to a ptassium channel.

Two partial lipid molecules, modelled as a fattyaddol (FA) and a diacylglycerol (DAG)
molecule, are shown bound to grooves in the surtdcKcsA, a bacterial potassium
channel. The lipids are on the extracellular sifithe membrane and the DAG molecule
is found at the interface of two subunits (purphel &lue). Trp87 is situated just inside
the membrane-water interface. The lipid carborssiwown in yellow, oxygens in red.
PDB code 1K4C (Zhowt al., 2001); modelled using PyMOL™ v. 0.99 (DeLano
Scientific, 2006).
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Figure 1.8. Integral protein lipids in cytochromec oxidase.

Surface (left) and ribbon (right) diagrams of cytmmme c oxidase fromRhodobacter
sphaeroides showing how lipids integrate into the structuraireg in stability of the
molecule in the membrane via steric effects andipenteractions. The lipids are di-
stearoyl-3sn-phsphatidylethanolamine molecules. Carbons dtewgoxygen atoms red
and nitrogen atoms blue. PDB code 1M56 (Svenssoet-Bl., 2002). Figures modelled
using PyMOL™ v. 0.99 (DeLano Scientific, 2006).

found in bacterial outer coat membrane proteingl alh other known integral
membrane proteins adopt single or multipiaelical transmembrane structures
(Lee, 2005). A characteristic of membrane proteghces is that they are longer
than about 20 A, sufficiently long to span the meanle (White and Whimley,
1999). Fascinatingly, an almost standard featurdraismembrane helices in
particular is the presence of Trp (and often Tgsidues at the interfacial region,
with their non-polar portions embedded in the hgdrbon plane just inside the
membrane-water interface, and their polar amidenyoiroxyl) groups protruding
into the aqueous region. With its large hydropbchirface, considerable dipole
moment and ability to act as a hydrogen bond dohp,is uniquely suited to
interacting at the polar-apolar interface. Trp diyd are proposed to anchor the
helices within the lipid bilayer (Landolt-Marticaraet al., 1993; Ulmschneider
and Sansom, 2001), and can participate in spenticactions with phospholipid
head groups (Lee, 2005; Hunte, 2005). The preterdor Trp and Tyr for the
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membrane interface is even more pronounced in esigsglanning membrane
protein helices (Landolt-Marticoremtal., 1993).

Another prominent feature at the membrane interfasgecifically at the
cytoplasmic surface, is the presence of clustershafged residues, especially
positive residues (Arg, Lys). The common presearicthese positively charged
residues on the protein surface on the negative aidhe membrane gave rise to
the “inside positive” rule (von Heijne, 1986). Heeresidues participate in strong
stabilising interactions with phospholipid head ugre and possibly ester groups,
as exhibited by the much higher resolution in @lystructures of electronegative
membrane surface head groups, and may functiorf@sg to fix the membrane
protein in place (von Heijne, 1986; Hunte, 20090 many cases their long,
flexible, hydrophobic side chains are buried in tipdrophobic core of the
membrane from where they “snorkel” up to the swefar expose their charged
groups (Segresdt al., 1990). They may also play a role in membranealibm
events for certain proteins (Gouaek al., 1997). Thus the presence of both
charged and aromatic groups in the interface regigplies a combination of
electrostatic and hydrophobic interactions at themiorane interface serve to

stabilise membrane proteins.

The Born energy barrier greatly disfavours the slacation of charged residues
into or across the membrane, and yet charged sidare found in

transmembrane segments. The surface dipole paltewtinich arises from the

carbonyl ester groups that link the lipid fattydachains to the glycerol backbone
of the phospholipids, and internal membrane patéstpositive inside, favour the
anionic residues by about 5 kcal/mol and disfaweationic residues by about the
same (Flewelling and Hubbell, 1986). The favoumh@nionic residues has been
explained as being a result of a positive shithe K values of these groups due
to dielectric effects and to electrostatic effeatising from the negative charge at
the surface of the membrane and in the interfdagr, rendering a greater
proportion of acidic residues neutral (KrishtalikdaCramer, 1995). Also, the

lower pH at the surface of the membrane favourgopaiion of carboxylate
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groups. Nonetheless, the energy barrier for aflrgdd residues remains high:
approximately 25 kcal/mol for Asp and Glu, 35 koadl for Arg and 43 kcal/mol
for Lys (Krishtalik and Cramer, 1995). Thus itlikely that translocation of most

of these residues occurs with them in a neutrafised, such as in ion pairs.

The high electrostatic barrier to the movement ofap molecules across the
membrane engenders the requirement for the celbssess some other means of
transporting essential ions into and out of thé aedl its organelles, in order to
maintain specific intracellular ion concentrati@msl the required pH. Two major
classes of specialised ion transporters are theecg@roteins and channel proteins
(Honig et al., 1986; Albertset al., 2002). Carriers are able to transport solutes
across the membrane by binding the specific sdlutbe transported and then
undergoing a series of conformational changes deroto transfer it to the other
side of the membrane. This process may occur ditéed diffusion “downhill”
across the concentration gradient, or via actiaegport, which requires the input
of energy from ATP. Channel proteins transportrgamic ions of appropriate
size and charge only in a passive manner, viait@etl diffusion across
electrochemical or concentration gradients. Inkigdthey can transport up to
100 million ions per second in this manner (Albestsal., 2002)! Channel
proteins normally form narrow, selective, hydrohpores that can exist in open
and closed states — their pores are much narrdwerthose of the pore-forming
toxins discussed in Section 1.2. Their gatingustad regulated by such factors as
voltage and mechanical stress (Jentic., 2002). In order to decrease the Born
electrostatic energy barrier ions would face whewmssing the membrane, the
pores of channel proteins are lined with polar ppasitely charged residues that
effectively raise the dielectric constant withiretmembrane in that region, thus
compensating for the loss of solvation energy &ms iwould encounter otherwise
(Honiget al., 1986).
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1.2. Soluble to membrane-partitioning proteins

A number of proteins have the unique capabilityewisting in both soluble and
integral membrane conformations. These includdebiat pore-forming toxins

(PFTs), some of the pro- and anti-apoptotic mitoch@l proteins and the
chloride intracellular channel protein family (ClIC Transformation from a
soluble cytosolic or nucleoplasmic conformationhalitydrophilic surface residues
to an integral membrane-inserted conformation waittydrophobic or amphiphilic
surface requires a dramatic structural rearrangenaga challenges the notion
that primary sequence determines a unique threerdilonal structure. A better
understanding of how this transformation occurersffunique opportunities to
study protein refolding. In many cases, howevety ¢he soluble structures of
these proteins are known, and although the bass shvolved in pore-formation
are fairly well-understood, mechanisms for theseirtion are still sketchy. The
following briefly covers what is known about therustures and insertion

mechanisms of various classes of pore-forming prste

1.2.1.Classes

1.2.1.1. Pore-forming toxins

At least a third of the approximately 300 proteixihs characterised to date act
by disrupting membranes (Alouf, 2001). Many ofsthare bacterial, but cytolytic
toxins are produced by other organisms too, indlgdiertain insects, poisonous
reptiles and stinging marine invertebrates (Pagket Feil, 2005). Bacterial PFT
toxic activity is realised via the pore-mediatedease of cellular nutrients

required for the growth of extracellularly multiptg bacteria, or by a systematic
attack on host defences, such as phagocytes aadigtimune system cells (Geny
and Popoff, 2006). Many PFTs act simply by petietyecthe membrane to form a
pore, thereby disrupting the cell's permeability rriea, destroying the

transmembrane potential and leading eventually eib @death via necrosis or

apoptosis; others penetrate the host cell membranerder to translocate

21



themselves into the cell to act on a cytosolicgaf@arker and Feil, 2005). Either
way, for penetration to occur, these PFTs, whighsacreted in a water-soluble
form, need to undergo fairly major structural chesigin order to expose
hydrophobic surfaces which are able to penetraéylrophobic core of the host
cell membrane. While the exact structures formeding this process are
unknown, the mode of action is common, and inclubdexling, oligomerisation,
insertion, and assembly of the functional pore (d#nnaet al., 2003) (Figure
1.9).

Binding of the toxin to the cell surface involvespmiting a host cell surface
molecule, such as a protein, lipid (such as chetektin the case of the
cholesterol-dependent cytolysins) or sugar forase receptor. This may serve
to concentrate the toxin on the membrane surfatiewfing which it oligomerises
and inserts into the membrane, or inserts and ofigomerises (Parker and Fell,
2005). The functional channel is then formed. dig to the membrane is driven
by electrostatic and/or hydrophobic events. Inserbccurs via a pH-dependent
process either by the neutralisation of acidic aef residues, whereby the
hydrophobicity of the protein is increased, or hg tormation of a molten globule
state, whereby the energy barrier to insertiorovwgeled. Electrostatics may also
play a role in insertion, since charged residuas Heeen found to play a role in
the insertion mechanisms of a number of PFTs (Parkeé Pattus, 1993).

PFTs have been classified ad®?FTs andp-PFTs, based on certain structural
features (Gouaux, 1997). ThePFTs include the colicins (Parketral., 1989),
exotoxin A (Alluredet al., 1986), the insecticidal Crg-endotoxins (Liet al.,
1991) and diphtheria toxin (DT) (Cheeal., 1992). These toxins form-helical
transmembrane structures. TRdFTs are rich i3-sheets and fornfi-barrel
transmembrane structures. They include aeroly$tarker et al., 1994),
Clostridium septicum a-toxin (Ballard et al., 1995), Saphylococcus aureus o-
hemolysin (Songet al., 1996), anthrax protective antigen (Petesal., 1997),
some insecticidald-endotoxins (Li et al., 1991) and cholesterol-dependent
cytolysins (CDCs) (Tweted al., 2001).
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Figure 1.9. General schematic of PFT insertion anthfection.

Water-soluble toxins are secreted by the bacteriu@nce bound to the host cell,
depending on the toxin, they either oligomerise @rah form a pore, or form a pore as
monomers and then oligomerise to assemble the itumatt channel conformation.
Schematic adapted from Gilbert, 2002; Parker anig Z@05.
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A common feature of the membrane interacting domafrthea-PFTs is a bundle
of a-helices (from six in exotoxin A to ten in colick) arranged in three layers of
two or more antiparallel amphipathic or hydrophob@ices (Figure 1.10). The
core in many cases is made up of a highly hydroghloélical hairpin, which is
usually longer than about 30 A, and is thus longugh to span a typical
membrane (reviewed in Parker and Feil, 2005). Thysrophobic hairpin
structure is the membrane-insertion component etaklins, and is present in the
colicins and diphtheria toxin (van der Gabal., 1991; Parkeet al., 1992) and in
the Cry d-endotoxins to a lesser extent (Grochulekial., 1995). The pore-
forming domain of exotoxin A is made up of sihelices, two of which are long
enough to span the membrane (Alluetdl., 1986), although, in fact, there are no
stretches of hydrophobicity long enough to actudflyso (Parker and Feil, 2005).
Nevertheless, the protein does form pores (Memesdtial., 1991) and it is well-
established that helical pore-forming toxins canvehamembrane-inserted
segments that are not as hydrophobic as normafraitenembrane proteins
(Rosconi and London, 2002).

Another feature ofi-PFTs is that many of them require receptors tal bnthe
surface of the cell, although others can form paresmodel membranes,
suggesting that receptors are not a primary reopgng for pore-formation (Parker
and Feil, 2005). Electrostatic interactions betwesharged residues on the
surface of PFTs and receptors or membranes may alagle in receptor
recognition. Receptor-binding is usually accont@is by a specific domain and
may serve to concentrate the toxin molecules cargeted cell surface, thereby
facilitating oligomerisation and/or pore-formatiofParker and Feil, 2005).
Helical PFTs known to form dimers or oligomers dightheria toxin (Bennett
al., 1994), some of the Crg-endotoxins (Puntheeranurad al., 2005) and
equinatoxin, which, incidentally, requires no relcepand binds directly to the
membrane surface, utilising clusters of aromatsidiges on its surface to do so
(Belmontet al., 1993, Tejucaet al., 1996). The colicins bind receptors, but are
believed to form monomeric transmembrane chanrathpugh there is still

debate about whether a colicin monomer providefgcgarit protein to form the
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Figure 1.10. Comparison of topology of various porforming protein classes.

Ribbon representations of the translocation regafrfeur bacterial pore-forming toxins
(A-D), three apoptosis-regulating proteirs-@) and CLIC1 H, I). Helices/strands
highlighted in red are the proposed membrane-tsavgmregions. In almost all cases a
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hairpin is formed from sequential portions in thietpin sequence, except for exotoxin A
and the CLIC1 proposed C-terminal domain hel®. Pore-forming domain of colicin A,
PDB code 1col (Parkest al., 1992). B) Transmembrane domain of diphtheria toxin;
PDB code 1ddt (Bennet al., 1994). C) Pore-forming domain |l of exotoxin A; PDB
code likq (Wedekindgt al., 2001). D) Pore-forming domain | of insecticidal Cdy
endotoxin; PDB code 1ciy (L&t al., 1991). E) The anti-apoptotic Bclyx PDB code
1maz (Muchmoret al., 1996). F) The anti-apoptotic Bcl-2; PDB code 1g5m (Pesios
al., 2001). G) The pro-apoptotic Bax; PDB code 1f16 (Suzetkdl., 2000). H) The all-
helical C-terminal domain of CLIC1; PDB code 1kOrwafropet al., 2001). [) N- and C-
terminal domains of CLIC1; PDB code 1kOm. Figuresdeiled using PyMOL™ v. 0.99
(DeLano Scientific, 2006).
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well-defined channels detected (Levintbgdl., 1991; Tory and Merrill, 1999).

The fundamental requirement for PFTs to succegshiiid the membrane and
insert into it to form pores is that they must eao undergo a conformational
change which will expose or generate hydrophobitasas which are able to
cross the membrane interior. In the case of tlieigs, a spiral of cavities within
the hydrophobic core of the protein is suggestedprime the structure for
conformational change (Parketral., 1992). In addition, eight positively charged
residues form a ring around the hydrophobic hajrpwssibly ensuring that the
protein is properly oriented for insertion via dlestatic interactions with
negatively charged lipids (Lakey al., 1994). The key factor contributing to the
conformational change undergone ®PFTs in their conversion to membrane-
inserted forms is the low pH found at the surfatehe membrane. Acidic
residues in particular play important roles, intthiaey act as “pH sensors”.
Neutralisation of these residues at low pH not anbreases the hydrophobicity
of certain segments, facilitating hydrophobic iatg#ions with the membrane, but
can also disrupt salt bridges and hydrogen bondshwimay be critical to the
stability of the protein. For example, in colidi#i, local unfolding of a helix is
caused by disruption of a critical salt bridge a@mgirogen-bonding network
formed by three conserved Asp residues (Musse amdlM2003). Acid-induced
neutralisation of the charge on an Asp residudatnd of a helix in exotoxin A
causes helix unfolding that exposes a Trp residwelved in insertion of the
pore-forming domain (Meret al., 2005). Several-PFTs form a molten globule
state at low pH (see Section 1.3.3). These inctadiein A (van der Goott al.,
1991), exotoxin A (Jiang and London, 1990), diphthéoxin (Jianget al., 1991;
Choeet al., 1992; London, 1992), CytlA-endotoxin (Mancevat al., 2004) and
equinatoxin (Ulrihet al., 2004). The molten globule state is characterisgoirt
by a conserved secondary structure and a lossrtidriestructure (Haynie and
Freire, 1993), rendering the surface much more dpfsbic than that of the
native state. This then greatly lowers the endrgyrier to conversion to a
membrane-competent form and to insertion into tleenbrane. In fact, PFTs are

able to insert much more rapidly into membranes theegral membrane proteins
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because they proceed from a partially unfoldedherathan a fully unfolded state
(Kleinschmidt and Tamm, 1996). The acid-inducexkrtion of the translocation
domain of diphtheria toxin into the membrane inesiVirst hydrophobic and then
electrostatic interactions (Cheratlal., 2002). At low pH, DT patrtially unfolds to
form a molten globule state. This exposes theedunlydrophobic helical hairpin
made up of helicee8 anda9, which binds to the membrane and probably inserts
at this point. Electrostatic interactions involyia combination of attractions and
repulsions between residues of the highly charggdidds 1-4 of the translocation
domain and the phospholipid head groups then lafoogit permeabilisation of the
membrane and formation of the pore. Two chargedicacesidues at the tip of
the hairpin on the loop between heliedsanda9 are probably neutralised at the
membrane surface prior to insertion, but then becoharged again in the cytosol
of the target cell. This would help to lock thetain in the membrane (Kaat
al., 1996). Both DT and the colicins have been shtwfollow an “umbrella”
model of insertion, whereby hydrophobic interacsiar the central hairpin with
the membrane initiate insertion, followed by anripg up of the outer layers of
helices to lie flat on the surface of the membratd their hydrophobic faces
embedded into it (Parket al., 1990; Choet al., 1992).

The B-PFTs have three features in common, despite tlaege structural
dissimilarities: they are rich ifrsheets, in general there are no extended regions
of hydrophobic residues which could form transmembrregions, and they all
require oligomerisation in order to form a pore rdea and Feil, 2005).
Oligomerisation facilitates the formation of a @d$-barrel structure, which aids
the generation of large enough hydrophobic surfdoesmembrane-insertion.
Most commonly, thé3-PFTs form heptamers (Parker and Feil, 2005; Tidey
Saibil, 2006). In general, they require receptars, many cases as Yyet
unidentified, to bind to membranes. In the casdhef CDCs, the receptor is
cholesterol. The CDCs are the ofifPFTs that switch secondary structure from
ana-helical bundle in the soluble monomer t@-hairpin in the membrane-bound
oligomer (Tilley and Saibil, 2006).
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1.2.1.2. Apoptotic proteins

Some of the members of the Bcl-2 family of apogaesgulators make up another
group of channel-forming proteins. In particuldwe anti-apoptotic proteins Bcl-2
and Bclx,, and the pro-apoptotic Bax, which normally residéhe cytosol (Bax)
or at the mitochondrial membrane surface (Bcl-2 Bolx,), are able to insert
into the membrane upon receiving an apoptotic sig8ahendalet al., 1998;
Shimizuet al., 1999; Shimizuet al., 2000). Their integral membrane functions
involve acting as moderately selective ion andfaten channels for the release
of apoptotic factors from the mitochondrion (Gretsal., 1999). Members of the
Bcl-2 family are divided into three groups basedtogir functions and on whether
they possess certain homology domains, BH1-BH4 f@sdlaand Cory, 1998;
Grosset al., 1999). Type-l members, whose function is antgdptic, include
Bcl-2 and Bcl-x, and contain all four homology domains. They Iseato the
surface of mitochondrial, ER and nuclear membrafid-2) or only to the
mitochondrial outer membrane (Bax(Janiaket al., 1994; Kaufmanret al.,
2003). They are anchored to the membrane by aoplidbic C-terminal domain
(Nguyenet al., 1993; Adams and Cory, 1998). The Type-ll prateame pro-
apoptotic and contain only the first three domaisgch as Bax and Bak.
Members of the Type-Illl group are also pro-apoptdiut contain only BH3.
Both types exist in a soluble form in the cytosblyt translocate to the
mitochondrial outer membrane when apoptotic stinandi received, where they
promote the release of apoptogenic factors (Welted., 1997; Desaghest al.,
1997).

Despite wide sequence diversity and extensive sityeof function, members of
the Bcl-2 family have a remarkably similar foldhi$ fold consists of six or seven
amphipathica-helices surrounding two hydrophohiehelices forming a helical
hairpin at the core of the bundle (Muchmateal., 1996; Suzukiet al., 2000;

Petroset al., 2001) (Figure 1.10). These central helices areernllya5 andab.

A striking similarity exists between the structur@sthe Bcl-2 family and the
translocation domains of the PFTs, particularlyhtliygria toxin and the colicins.

In addition, like the PFTs, these apoptotic regqukhave been shown to exhibit
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channel-forming activity, particularly under acigionditions and in the presence
of anionic membranes (Mingt al., 1997; Shimizwet al., 1999; Saitcet al., 2000;
Vander Heideret al., 2001). In the case of Bax, the functional chamérmed
by a large multimer, although Bax is a monomer atutson (Antonssoret al.,
2000, 2001). Most of these proteins also happemat@ low p values, ranging
between 4 and 5 (Eparetl al., 2002; Thuduppathgt al., 2006). Their channel-
forming activity has been demonstrated in vitrohwiecombinant protein and
synthetic lipid model membranes, so insertion may lne receptor-mediated
(Minn et al., 1997; Basaneegt al., 2001). The structural similarity of the Bcl-2
proteins to the PFTs, and the requirement for aadinditions for their insertion
into membranes led to speculation that they foldbwe similar insertion
mechanism, i.e. via a molten globule state interated However, it was
subsequently shown that, although the solution ®mbrane conformational
change of Bcl-x is pH-dependent, the protein does not form a mogiebule
(Thuduppathy and Hill, 2005). However, it is prepd to follow a similar
“umbrella” or “inside-out” model of insertion (Thugpathyet al., 2006). The
energy barrier to insertion into the membrane duced by acidification of the
side chains, as opposed to acid-induced destahnlisaof the solution
conformation as in the case of the toxins (Ramsagl., 1989; Schendal and
Cramer, 1994; Sathight al., 2002; Thuduppathy and Hill, 2005). The solution
membrane conformational change of Bglig therefore driven by electrostatic
interactions, whereby the free energy of bindinthesmembrane is reduced upon
protonation of acidic residues (Thuduppathy and, B005). The proton gradient
intrinsic to mitochondrial function may play a ralethe process, as well as the
fact that cytosolic pH decreases slightly upon aidun of apoptosis (Matsuyama
et al., 2000).

The exposed location of the Bcl-2 proteins on th#ochondrial or other
organellar surfaces may have driven the evolutiba different conformational
conversion process from that of the toxins due heirt susceptibility to
intracellular proteases in those locations (Thudtizp and Hill, 2005).

Diphtheria toxin, for example, would not be expose@roteases in the endosome
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in which it enters the cell, and thus would be getty safe forming a molten
globule intermediate, which would normally be rdpidargeted by proteases
(Draper and Simon, 1980).

1.2.1.3. CLIC proteins

The chloride intracellular channel proteins (CLIGsake up a unique class of
chloride channels which have the special charatienf being able to exist, like
the PFTs and apoptotic proteins discussed abowdyahsoluble and membrane-
inserted forms. They are the fourth class of etiéoichannels characterised to
date, the others being the chloride channel far(@iC), the cystic fibrosis
transmembrane conductance regulator family (CFTRY #e ligand-gated
gamma-aminobutyric acid (GABA) and glycine recepfamily (Jentschet al.,
2002). A less well-characterised family is thecaah-activated chloride channels
(CaCC). Chloride channels have been implicated broad array of functions,
including cell volume regulation, regulation of &lécal excitability across
membranes, transepithelial transport (Jentsthal., 2002), acidification of
intracellular compartments, accumulation or dissgraof a membrane potential
via chemi-osmotic coupling (Al-Awgati, 1995) andoeytosis (Redheast al.,
1997). Chloride channel malfunction leads to a nenof diseases such as cystic
fibrosis (Riordanet al., 1989), Dent's disease (Lloyd al., 1996), Bartter's
syndrome (Simoset al., 1997) and several myotonias (Kaathal., 1992).

The CLIC nomenclature was initiated by Heiss andsBla (1997) because of the
apparent channel activity of earlier members, letently there have been
suggestions for a review of this terminology, doehte relatively poor selectivity
of more recently cloned members and the fact tbatesof the members do not
appear to manifest pore-forming abilities (Friediial., 2003; Ashley, 2003;
Singhet al., 2007). This is despite high sequence similanityhe family.

CLIC proteins have been found expressed ubiguyousldifferent cells and

tissues, and can localise to the plasma membrane the membranes of many
different organelles (Chuang al., 1999; Duncaret al., 1999; Edwards, 1999;
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Valenzuelaet al., 2000). They are involved in a wide variety ohdtions, as
anion channels or modulators of ion channels oerofinoteins, including signal
transduction (Qiaret al., 1999; Berryman and Goldenring, 2003; Saekal.,
2005), kidney function (Tulk and Edwards, 1998)ulation of the cell cycle
(Valenzuelaet al., 2000; Berryman and Goldenring, 2003), water semmeti
(Nishizawaet al., 2000), bone resorption (Schlesingerl., 1997), spermatozoa
function (Myerset al., 2004), cell division (Toningt al., 2000; Wartonet al.,
2002), apoptosis (Fernandez-Sadaal., 2002; Suhet al., 2005), cellular growth
control (Qianet al., 1999), chaperone activity (Maedhal., 2008) and cardiac
function (Jalilianet al., 2008).

The CLIC proteins are highly unusual for ion chdame that they exist mostly in
a soluble form, and in that they are actually v@mall for typical channel proteins
(most are around 25-30 kDa). Cellular and sublzelllocalisation studies have
found CLICs abundantly expressed in the cytoplasncetls of various tissue
types, although the soluble to membrane-bound piiops seem to vary
according to cell type (Valenzuela al., 1997; Tulk and Edwards, 1998;
Berryman and Bretscher, 2000; Ulmasbal., 2007). In comparison to the CLC
family of chloride channels, for example, whichrfodimers with ten to twelve
transmembrane domains each (Dutaerl., 2004; Dutzler, 2006), the single
putative transmembrane domain of the CLICs was idersd an unlikely
candidate for channel formation. The CFTR familywd twelve transmembrane
domains and the GABA receptors contain four tramsbrane domains which
oligomerise to form a pentameric structure 230-RD@ in size (Jentscht al.,
2002). Nevertheless, conclusive ion channel dagtivas been demonstrated for
p64 (CLIC5B) (Landryet al., 1993), CLIC1 (Toniniet al., 2000; Harropet al.,
2001; Tulket al., 2000, 2002; Singh and Ashley, 2006; Sieghl., 2007), CLIC2
(Cromeret al., 2007), CLIC4 (Singh and Ashley, 2007; Singhal., 2007) and
CLIC5A (Berrymanet al., 2004; Singh and Ashley, 2007), in some case$) a8c

CLIC1 and CLIC4jnvitro in the absence of any other proteins.
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To date, six human CLIC family members have beeentiled: CLIC1
(Valenzuelaet al., 1997), CLIC2 (Heiss and Poustka, 1997), CLIC3 ((@aal .,
1999), CLIC4 (Duncaret al., 1997), CLIC5 (A and B splice variants, CLIC5B
being the homologue of bovine p64) (Berryman anet&iher, 2000), and CLIC6
(the homologue of parchorin) (Nishizawiaal., 2000; Friedliet al., 2003). They
consist of a highly conserved core (40-80 % seqmedentity) of about 230
amino acids (Figure 1.11), while CLIC5B and CLICavh hydrophilic N-
terminal extensions of 200-400 residues which areevolutionarily conserved
(Friedli et al., 2003). Furthermore, CLIC homologues have beemtified in
other mammals, amphibians, birds, fish, nematadssgcts and may even exist in
sea squirts (Berrgt al., 2003; Littleret al., 2007). Despite their ubiquity across
species, tissues and cell types and organelleshithegical function of CLICs
remains obscure, but is speculated to be relatdteinion channel activity, which
has been implicated in several disease procedseseased functional expression
of CLIC1 was observed in brain microglia exposedtte p-amyloid peptide
implicated in Alzheimer’s disease (Novarietal., 2004; Miltonet al., 2008), and
is overexpressed in colon cancer (Petreva., 2008). Antisense suppression of
CLIC4 induced an antitumour response via a pro-ggimppathway in several cell
typesin vitro and retarded tumour growthvivo (Suhet al., 2005).

The CLICs are all acidic proteins, witH palues lower than 5.4, except for
CLIC3, whose pis slightly higher. Those CLICs for which chanmaetivity has
been demonstrated have shown this activity to oswre readily and to a greater
extent at low pH (~5) (and also, incidentally, aghhpH) than at physiological pH
(Wartonet al., 2002; Tulket al., 2002; Berry and Hobert, 2006; Cromnetral.,
2007). CLIC proteins also all share two major loydhobic domains as
determined by hydrophobicity plots (Kyte and Ddtdit 1982). The crystal
structures of soluble CLIC1, CLIC2, CLIC4,xosophila melanogaster CLIC
homologue, DMCLIC, and aCaenorhabditis elegans CLIC homologue, EXC-4,
have been solved (Harr@pal., 2001, Littleret al., 2005; Liet al., 2006; Littleret
al., 2007; Cromeet al., 2007). All structures bear the same canoniddl fo
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Figure 1.11. Multiple alignment of human CLIC sequences.
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ClustalW alignment of the six human CLIC sequencd®mwing the high degree of
conservation within the family. The extended Nxtiral region of CLIC6 was omitted.
The putative transmembrane region is boxed in bladke sequences within this region
are practically invariant. The acidic “foot loogggion is boxed in red. Non-polar residues
are yellow, polar residues are cyan, basic residoesiark blue, acidic residues are red

and cysteines are pink.

which is that of the glutathion&transferase (GST) superfamily (Wilce and
Parker, 1994; Armstrong, 1997; Boagtlal., 2000; Harropet al., 2001). For
example, Figure 1.12 shows a structural alignmesitivéen CLIC1 and a
monomer of Omega class GST (GST 0O1-1), the GST wihikch it shares the
highest structural homology. It is likely, based sequence similarity, that the
CLIC structures not yet solved will exhibit the sar similar homology to GST
structure. The known CLIC structures all have shene or similar thioredoxin
fold in the N-terminal region consisting offafoffa topology, and an all-helical
C-terminal domain. The N-termingisheet is between twohelices on one side
and onea-helix on the other. CLIC sequence identity witte tGSTs is low,
though, being up to only 16 % with GST O1-1 (Dultyet al., 2001), and the
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redox-active cysteine in the N-terminal domain ® monserved throughout.
Also, the CLICs are monomeric, while the GSTs aneediic.

Acidic loop

\ C-domain ) N-domain

\

Figure 1.12. Structural alignment of CLIC1 with GST O1-1.

CLIC1 (cyan) alignment with a monomer of GST O1blué), with RMSD = 1.65 A.
The structure is remarkably conserved, with theoNidins aligning only slightly less
than the C-domains. The major differences areelix h(top right) and in the acidic loop
region of CLIC1, which is absent in GST O1-1. Hiignment was performed using the
MultiProt server (http://bioinfo3d.cs.tau.ac.il/Miirot/) (Shatskyet al., 2004) and PDB
codes 1kOm (Harrogt al., 2001) and 1EEM (Boaret al., 2000). Image rendered using
PyMOL™ v. 0.99 (DeLano Scientific, 2006).

The question as to how, or evermy, CLIC proteins rearrange themselves to
generate a membrane-competent conformation rentagidy speculative. A
number of models for this transition have been psed (Harropet al., 2001;
Cromeret al., 2002; Littler et al., 2004; Singh and Ashley, 2006; Berry and

Hobert, 2006; Fanucclat al., 2008), but until a membrane-inserted structure is
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solved, the subject remains relatively obscure. @xtensive structural
rearrangement involving either the N- or C-termihgtirophobic domains would
be required. These correspond roughly to stfghdnd helixal in the N-domain
or helix 06 in the C-domain (Figure 1.10). Various studiesennarrowed the
putative transmembrane region (PTM) down to theeiitnal domain region.
These include immunological, electrophysiologicadl groteolytic studies which
show that the membrane-inserted forms cross tlagdsilan odd number of times
(Duncanet al., 1997; Toniniet al., 2000; Singh and Ashley, 2006; Singh and
Ashley, 2007). A truncated form of CLIC4 with orlye first 61 residues of the
N-terminal domain exhibited channel activity mudtelthat of the native protein
(Singh and Ashley, 2007). The N-terminal domai#iC-4, the nematode CLIC
homologue, has been shown to be necessary for maemdocalisation and
function, and surprisingly, the same study showed beyond the PTM, the C-
terminal region of invertebrate and vertebrate Gll@as functionally
interchangeable (Berry and Hobert, 2006). Not dhBbt, but the equivalent C-
domain regions of Omega GST and Sigma GST, protelish do not exhibit
any membrane interactions, were also interchangedlilis certainly does appear
to indicate that the proposed N-terminal PTM iseid the region of CLIC
proteins that traverses the membrane, where, itbedieved, based on
electrophysiological evidence, the functional dimoe is a tetramer or higher
order multimer (Wartoret al., 2002; Littleret al., 2004; Singh and Ashley, 2006,

2007). None of the CLICs has a membrane locatisatignal sequence.

The first human CLIC protein, CLIC1, the subjectluf study, was isolated from
a human myelomonocytic line (Valenzuelaal., 1997). It has 241 amino acids
and a p of 4.85. Bovine (p64) and rat brain (p64H1) ClH@mologues had been
isolated prior to CLIC1 (Redheaatlal., 1992; Landryet al., 1993; Howellet al.,
1996), but CLIC1 was interesting in that it locatisto nuclear membranes, an
unexpected locale at the time (Valenzuetaal., 1997; Toniniet al., 2000;
Valenzuelaet al., 2000). It had been believed previously that earclion
channels were redundant, since nuclear pore compldralt with exchange of

large molecules between the nucleus and the cwoplavhilst small ions and
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metabolites diffused passively across the nucleambmane (Milleret al., 1991;
Stochaj and Silver, 1992; Goldberg and Allen, 199%jowever, this nuclear
localisation has since proved to be tissue- andtgeé-dependent. In a recent
study using CLIC1 antibodies, CLIC1 expression \i@asd in a non-polarised
pattern throughout the cytoplasm of non-polarizetiscsuch as basal epithelial
cells of the upper gastrointestinal tract, skeletakcle, and cultured Pancl cells,
with a small proportion present in the plasma memér(Uimasowt al., 2007).
In polarised epithelial cells, however, CLIC1 exgsien is polarised to the apical
domain of the cells, with the vast majority memleramserted. Insertion is not
into the plasma membrane, though, but to the memalsraf subapical vesicles of
the endocytic/recycling compartment (i.e., not termbranes of the ER, Golgi or
trans-Golgi network). The suggestion, thereforaswhat CLIC1 may play a role
in the acidification of compartments along this hwedy. Other areas where
CLIC1 may play a role is in cell division, via rdgtion of chloride concentrations
and therefore regulation of cell volume, or celtleyregulation (Valenzuekt al.,
2000) and kidney function (Tulk and Edwards, 199@®)jle its direct interaction
with F-actin implicates it in functions such asleebvement or division, endo- or

exocytosis, intracellular vesicle fusion and aps@@Singhet al., 2007).

The appearance of novel ion conductance in theepoesof CLIC1 has been
observed time and again, in cultured cells, nugkanar lipid bilayers, lipid
monolayers and liposomes (Valenzueda al., 1997; Tonini et al., 2000;
Valenzuelaet al., 2000; Harropet al., 2001; Wartonet al., 2002; Tulket al.,
2002; Littleret al., 2004; Singh and Ashley, 2006; Singhal., 2007). The lipid
mixture seems to be important for the readinesk which CLIC1 inserts (Singh
and Ashley, 2006), but the functional protein hasrbreconstituted in a number
of different mixtures. Channel activity is reg@dtby redox conditions (Littleat
al., 2004; Singh and Ashley, 2006), and can be diadidy the chloride channel
blocker indanyloxyacetic acid 94 (IAA-94) (Tu# al., 2000; Tulket al., 2002;
Wartonet al., 2002). There can no longer be any doubt thatCZLk an ion
channel, but its poor selectivity suggests thas mot necessarily a chloride ion
channelper se (Singh and Ashley, 2006).
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The ubiquitous tissue and cellular distributionGifIC1 mMRNA, its conservation
across species and the fact that it is presemataf and adult cells imply some
fundamental biological role for CLIC1. Exactly whghis is is yet to be
determined, but its apparent involvement in Alzheis disease (Novarinet al.,

2004; Milton et al., 2008), colon cancer (Petroef al., 2008) and possibly in
cystic fibrosis (Edwards, 2006) indicate that ityrze a potentially important

therapeutic target.

CLIC2 was identified in the telomeric Xq28 regiohtbe human X chromosome,
a region linked to X-linked mental retardation axwdinked epilepsy (Heiss and
Poustka, 1997). It is expressed in most tissuih, particularly high levels in the
lung and spleen, but is not expressed in the Baard et al., 2004). CLIC2
inhibits cardiac ryanodine receptor (RyR2)*Cahannels in the sarcoplasmic
reticulum in a redox-dependent manner, implicaitngs a therapeutic target for
ischemia-induced cardiac cellular damage (Dulhwettsd., 2005; Jalilianet al.,
2008). This function of CLIC2 is interesting besauGST O1-1, the GST to
which the CLICs bear the most structural homologhjle not able to form
channels in its own righglso modulates RyR2 G& channels (Dulhuntgt al.,
2001). CLIC2 is small (243 residues, ~ 27 kDahvatd of 5.24. It has the same
canonical fold as the other CLICs for which struetuare available, and shares 60
% sequence identity with CLIC1 and 63 % with CLIG4e overall root mean
square distance (RMSD) between CLIC2 and CLIC1.8sAl (for 224 residues)
including the flexible so-called “foot loop” regioof acidic residues in the C-
terminal domain (Harropt al., 2001), and 0.9 A excluding this region. HeliX

is disordered in the CLIC2 structure. The RMSDwastn CLIC2 and CLIC4 is
0.8 A (for 211 residues). The foot loop is diswegkin the CLIC4 structure. The
redox-active glutathione (GSH) binding site seerCIldC1 is absent in CLIC2,
replaced by an intramolecular disulphide bond betw€ys30 (Cys24 in CLIC1)
and Cys33 in an interdomain crevice dubbed the tmoegion” (Cromert al.,
2007). In both crystal forms solved, the foot loop one symmetry-related
molecule inserts into the mouth region of anothenng rise to a so-called “foot-
in-mouth” interaction (Figure 1.13). This may bewh CLIC2 interacts with
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RyR2 channels (Cromest al., 2007). Electrophysiological studies showed that
CLIC2 forms redox-sensitive functional channeldilayers with the probability
of observing single-channel conductance increasiagthe pH was lowered.
Addition of 5 mM dithiothreitol (DTT) abolished chael activity (Cromeet al.,
2007). In CLIC1 and CLIC4gxidation at thetrans side of the membrane, where
the redox-active cysteine would be located, lowerhdnnel activity, although
some gating of CLIC1 was noted with 1 mM DTT (Singhd Ashley, 2006;
2007).

Figure 1.13. Structure of CLIC2.

Ribbon structure of symmetry-related CLIC2 molesulghowing the so-called “foot-in-
mouth” interaction between the acidic foot loopoosfe molecule with the interdomain
crevice of another molecule. PDB code 2R4V wagl {&omeret al., 2007). Image
rendered using PyMOL™ v. 0.99 (DeLano ScientifigQ@).

CLICS3, with 236 residues, is slightly smaller th@hlC1 and CLIC2, and shares
49 % sequence identity with CLIC1. Its mass is2@a and its pis 5.99. It

was originally isolated in foetal brain tissue biaet al. (1999) during a search
for proteins which interact with ERK7, a membetloé mitogen-activated protein
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(MAP) kinase superfamily. Co-immunoprecipitatiof GLIC3 and ERK7
confirmed their interaction in mammalian cells, RWC3 is not a direct substrate
of ERK7. CLIC3 localises predominantly to the reud, but also to the
cytoplasm and the plasma membrane, where its preseduces novel chloride
ion channel activity. However, CLIC3 lacks a sfgrant N-terminal hydrophobic
domain, and therefore is proposed to multimeriséotmn channels, if indeed it
does form channels (Qiaa al., 1999). The protein is expressed in human lung,
heart, skeletal muscle, kidney and pancreas, aaluisdantly expressed in human
placenta (Moneyet al., 2007). Its interaction with a MAP kinase supsrilg
member is unique amongst the CLICs, and may playl@ in cell growth
regulation (Qiaret al., 1999).

CLIC4 is slightly larger than the first three CLICat 253 residues, with a
calculated mass of about 28.7 kDa andl @fp5.45. It shares 67 % sequence
identity with CLIC1. Rat (p64H1) and mouse (mtCl.I@omologues were first
identified by Duncaret al. (1997) and Fernandez-Saksl. (1999), respectively.
They were widely expressed in different tissueg] #drey were found in both
soluble and intracellular membrane-associated form¥he expression of
mitochondrial mouse CLIC, mtCLIC, is regulated bg tumour suppressor, p53,
and tumour necrosis factar (TNFo). The human homologue, CLIC4, was
identified in the apical regions of proximal tubutells (Edwards, 1999).
Mammalian CLIC4 mRNA is expressed in many differéissues: lung, liver,
skeletal muscle, testis and skin (Duncainal., 1997; Fernandez-Salas al.,
1999). Membrane-associated rat brain CLIC4 wasveHwy proteolytic digestion
studies to be a single-pass integral membraneipr@emall portion of whose N-
terminal domain protruded into the lumen while taeger C-terminal domain
remained cytoplasmic (Duncaa al., 1997). The cytoplasmic domain of
membrane-inserted CLIC4, corresponding to the @iteal domain, forms
complexes with a number of other proteins, suclbram actin, dynamin | and
tubulin (Sugintaet al., 2001). Cytoplasmic CLIC4 co-localises with A-ase
anchoring proteins (AKAPS) including centrosomesd ame cortical actin

cytoskeleton (Berryman and Goldenring, 2003). Clléhhances cell surface
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expression of histamine H3 receptor (H3R), one g G-protein coupled
receptors (GPCRs) (Maedtal., 2008). This function is thought to occur by the
electrochemical balancing of proton transport irdndosomes by chloride
conductance of CLIC4, thus enhancing recycling &RHback to the plasma
membrane. Mouse CLIC4 levels are enhanced by p83TalFa, which induces
p53-mediated apoptosis marked by depolarisatidhemmitochondrial membrane
potential and release of cytochroméFernandez-Salaa al., 1999, 2002). This
fact links CLIC4 function to that of the Bcl-2 falyi particularly Bax, which is a
target for p53 transcription (Miyashita and Ree@99). CLIC4 may act as an
alternative to Bax for ion flux regulation, and #@pparent function in apoptosis
may mark it as a potential anti-cancer target (&edez-Salast al., 2002).
CLIC4 membrane localisation is diverse. It hasnbfeind in the ER and outer
nuclear membrane (Duncash al., 1997; Suhet al., 2004), caveolae (Edwards,
1999), mitochondria (Fernandez-Saktsal., 1999), large dense core vesicles
(Chuanget al., 1999) and the plasma membrane (Edwards, 1998idRret al.,
2002). It has been functionally reconstituted imt@anar lipid bilayers and
displays redox-sensitive, poorly selective ion s@ldy (Singh and Ashley, 2007;
Singhet al., 2007).

The structure of soluble CLIC4 has been resolvea m®nomer with a 16-residue
C-terminal extension, referred to as CLIC4(ext)tt{er et al., 2005) and as a
homotrimer where the subunits associate via hydbjghand hydrogen-bonded
contacts (Liet al., 2006) (Figure 1.14). The only significant ditfece between
the CLIC1, CLIC4(ext) and CLIC4 trimer structuresn helixa2, which does not
align closely in CLIC1 and CLIC4(ext), and is whotbr partially disordered in
the CLIC4 trimer (as in the CLIC2 structure, tod)his intrinsic flexibility may
play a role in the conformational transition of tG&ICs to their membrane-
inserted forms (Liet al., 2006). The acidic foot loop region is disorderad
CLIC4 and CLIC4(ext). Whether the soluble trimestructure of CLIC4 is
indicative of its membrane-inserted conformation rat is speculative, but
electrophysiological studies indicate CLIC4 may @eetramer or higher order
multimer (Singh and Ashley, 2007).
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Figure 1.14. Structure of CLICA4.

Monomeric (left) and trimeric (right) crystal forna§ CLIC4. The canonical thioredoxin

fold is present in the N-terminal domains. HelXis only really apparent in one of the
trimer molecules (pink), and the flexible acidicmfdoop region is disordered in both
crystal structures (arrows). PDB codes 2AHE an@2Were used (Littleet al., 2005;

Li et al., 2006). Images rendered using PyMOL™ v. 0.99 @l _Scientific, 2006).

CLICS (strictly CLIC5A) has 251 resides with a pietdd molecular mass of
approximately 28.1 kDa. Itslps 5.44. It displays 63 % overall identity with
CLIC1. CLIC5 was isolated in a pull-down assayduse identify proteins that
bind to the C-terminal domain of the AKAP ezrin,n@mbrane-cytoskeleton
linking protein of placental microvilli (Berrymamé Bretscher, 2000). CLIC5
bound tightly to either ezrin or to F-actin in tbhgtoskeleton of these polarised
cells. CLIC5 was detected in a number of tissuesluding heart and skeletal
muscle, with lower levels in kidney, lung and platze(Berryman and Bretscher,
2000). CLIC5 reconstituted into phospholipid liposes exhibited chloride
conductance that could be inhibited by indanyloey@c acid-94 (1AA-94)

(Berrymanet al., 2004), but ionic selectivity was poor (Singhal., 2007). More

recently it has been shown that CLIC5 (and CLICdt bhot CLIC4) interacts

directly with F-actin and that F-actin regulates ibn channel activity (Sing&t
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al., 2007). F-actin inhibition of CLIC1 and CLIC5 clreel activity was
specifically from the cytosolic side, implying thiée C-domains of CLICs play a

role in channel regulation. Inhibition was abodidiby F-actin disassembly.

CLIC®6, the human homologue of parchorin (Nishizaval., 2000), is the largest
of the CLIC proteins, but itslps the lowest of them all, at 4.29. With 704 amin
acid residues, corresponding to a molecular masappfoximately 73 kDa, it
seems strangely out of place in the CLIC familyet dpproximately the last 240
residues of the C-terminal domain have high secgietentity with the rest of the
CLICs. Its extended N-terminal domain is highlydhgphilic, and contains 14
copies of a decapeptide repeat (Friedlial., 2003). CLIC6 is found in the
cytoplasm and perinuclear region of water-secretietis and endocrine cells
(Griffon et al., 2003; Friedliet al., 2003). It interacts with scaffolding proteins
and a dopamine receptor to form a multimeric compriffon et al., 2003). No
ion conductance could be detected in transfectedytes, leading to the
conclusion that CLIC6 is either not an ion chanpsbtein or requires other
proteins for its function which were not presentthe cells used (Friedbt al.,
2003). This is interesting, because parchorin deesibit channel activity
(Nishizawaet al., 2000).

At this point it can probably be said that therétike doubt that most, if not all, of
the CLIC proteins form functional ion channels re tcellular and subcellular
membranes of a wide variety of cells and tissuesl, that their ion channel
activity is wholly or partly related to their nunogis essential biological functions.
Their sequence and structural similarity as welltlaair overlapping cellular
locations suggest that there is a certain amoufunaitional redundancy built into
the family. It is practically indisputable thatistthe N-terminal PTM domain that
traverses the membrane, although this does noti@gxdhe possibility that the C-
terminal domain may also have membrane-insertetbmeg Structurally and
functionally they bear more resemblance to the Bdamily of apoptotic
regulators than to the pore-forming toxins.
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1.3. Protein folding

Protein folding has been studied for over 80 yeand, is a vast and complex field.
Over the years the methodology has moved from aempaorely experimental

basis to a synthesis of experimental and compuiatiapproaches. Ever since
Anfinsen postulated that the three-dimensionalcstine of a protein is determined
by its primary sequence (Anfinsen, 1973), the dtedédprotein folding problem”

has been of concern. The primary questions rdisednfinsen’s postulate are
how, exactly, does the amino acid sequence of gipraode for a unique three-
dimensional structure; and how do polypeptides fddrapidly as they do into
their native conformations despite, in theory, hgvito search through an
infinitely large conformational space, a randonrskeaf which would take longer

than the age of the universe? This is the Levimheadox (Levinthal, 1968).

The folding of most proteins to their biological&ctive conformations occurs
spontaneously as the polypeptide comes off thesolme in the cell, despite
molecular crowding effects. However, the proteiaynmot remain in its folded
state. Many cellular processes, such as the teatsbn of proteins across
membranes and cell cycle regulation require thatepms fold and unfold, and so
it can be expected that proteins within the cell exist in a variety of different
states (Dobson and Karplus, 1999). The abilitfotd and unfold is required for
the function of some proteins (Plaxco and Gros97)9but the chances of
aggregation and proteolytic digestion are greatlyreased the longer a protein
remains in an unfolded conformation. The speedh wihich proteins fold is
probably an evolutionary development to avoid catitipe with aggregation,
which is a relatively slow process (Lomalehal., 1996; Dobson and Karplus,
1999). Misfolded aggregates are a component irnfipearance of the amyloid
fibrils and plaques associated with neurodegeneratxicity in diseases such as
the prion-associated spongiform encephalopathied Atzheimer's disease
(Kelly, 1998, Uverskyet al., 1999a, 1999b). The study of protein folding setek
understand how and why proteins fold to the con&dioms that they do, and how
this information can be used to predict proteidifa and function, as well as to

design polypeptidede novo for use in the biotechnological and medical fields
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1.3.1.Forces stabilising proteins

Globular proteins are only marginally stable. sties of their conformational
stabilities range from 5 kcal/mol to 15 kcal/mola¢@e, 1990). Conformational
stability is defined as the difference in free @yebetween the native and
unfolded conformations, denoteXS.0). Apparently there is an evolutionary
advantage to having such low stabilities, and #fisost certainly has to do with
function (Becktel and Schellman, 1987). There three dominant forces that
contribute to the stability of the native structusé a protein: electrostatic
interactions (including ionic interactions and vder Waals forces), hydrogen
bonds and hydrophobic interactions, the latter teantributing the most
(Matthew, 1985; Dill, 1990; Pacet al., 1996). These forces can be up to two
orders of magnitude weaker than typical covalemdso but it is their very
weakness that is their strength in maintaining thy@mamic stability of the
functional protein. The interplay of their inteti@ns results in a robust network
of surface and buried contacts that acts to oveecthrir greatest opposing force,

conformational entropy (Dill, 1990).

1.3.1.1. Electrostatic interactions

Electrostatic interactions can be either chargegghainteractions between
charged species (ionic interactions) or dipole-tiptype interactions between
electrically neutral species (van der Waals ford@&)et and Voet, 2004). In
proteins, the charged carboxylate groups of a¢i@la, Asp) and amino groups of
basic (Lys, Arg, His) residues can participate pecfic ionic interactions with
each other, forming salt bridges (or ion pairs).hede interactions occur at
distances of the charged species from each otherdofi, and can additionally
result in hydrogen bonds if the species are clasteapouts 3.5 A. Salt bridges
are the strongest of the forces stabilising prateiffheir contribution to protein
stability depends upon their geometry, includingwhthe side chains are
positioned relative to one another, and where #reylocated in the protein itself.
The electrostatic potential between two chargegesawith the distance between
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the two and the dielectric constant of the mediteytare in, as described by

Coulomb’s law:

U =k Equation 1-2

£Ti]'

wherek is a conversion factor to the desired energy ugitandg; are the two
chargesg is the dielectric constant of the medium ani@d the distance between
the charges. The equation shows that the attrabetween the charges is higher
in a low dielectric medium such as the interioraoprotein, where the dielectric
constant is estimated to be between 3 and 5, depeod the degree of flexibility
of the polypeptide backbone (Homggal., 1986). Estimations of the number of
ion pairs buried in the interior of proteins rarigeam 17 % (Barlow and Thornton,
1983) to approximately 33% (Kumar and Nussinov,09® 53 % (Lesser and
Rose, 1990). Salt bridges can be stabilising stad#lising in proteins because of
the balance between the favourable charge-chargeraations and the
unfavourable loss of solvation and structural arderBosshardet al., 2004).
This was shown quite neatly with a study of thefooners in nuclear magnetic
resonance (NMR) structures of proteins, where iairspwere lost in some
conformers and other ion pairs were gained, withesof the interactions being
stabilising and others destabilising (Kumar and $iwsv, 2001). This study also
illustrated that the networks of interactions withproteins are in constant

dynamic equilibrium.

The net contribution of surface ion pairs is of trder of 10 kcal/mol (Matthew,
1985), and these pairs are less likely to be cordgahan buried pairs (Kumar and
Nussinov, 2002). The contributions of buried icairp to overall stability vary
depending on their geometries and the extent aabhuout can be quite high (-5
kcal/mol or higher) (Honigt al., 1986; Kumar and Nussinov, 2002). Complete
ion pairs, where there are two interactions betwiensame two residues, are
more numerous and stronger than so-called “incom@plen pairs, where one
residue has interactions with two different resgl(@owri Shankaet al., 2007).

This could allow for local flexibility. However, ocomplete ion pairs are able to
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form networks, and are therefore likely to conttéto the stability of the protein.
lon pairs contribute to the stability of secondatguctures such ashelices and
B-turns, but are more important for anchoring teytistructure than secondary
structure (Gowri Shanka al., 2007).

The fact that the species making up salt bridgediaatable means that ion pair
interactions are pH-dependent. Addition of prottmthe solution will change the
ionisation status of the charged groups accordinipeir <, values, which may
be shifted in the protein environment from thatnaddel compounds. TheKp
values of Lys and Arg are high, so these residoemtonated at physiological
pH. The K, values for the carboxyl groups on Asp and Gluaaoeind 4, so they
are negatively charged at physiological pH. Highwa K, value around 6.1 for
the imidazole group, is a critical potential “pHnser” within proteins, since it
will be neutralised below itsKy. Deviations in i, values of charged residues of
up to 2 to 3 units have been observed in some ipsoteompared to model
compounds, shifts that are attributed to electtwsiateractions and the local
dielectric environment of the charged species (Matt 1985). Amino acids with
anomalously shifted K, values contribute significantly to the electrostat
component of stability (Paat al., 1990).

The conformational state of a protein which hashiigéer affinity for protons will

be the state stabilised with a drop in pH (Pac801%Vhitten and Garcia-Moreno,
2000). Thus if the acidic residues in the natitegeshave a higher affinity for
protons than those in the unfolded state, the eatiate will be stabilised with a
decrease in pH, andce versa. Much research has been done on the effect of pH
on proteins, with the unsurprising conclusion thidthas a profound effect on the
structure and stability of proteins. Additionaliy, many cases, an acid-induced
intermediate state is found to be stabilised byadn pH (Jianget al., 1991;
Mugaet al., 1993; Finket al., 1994; Whitten and Garcia-Moreno, 2000; Chenal
al., 2002; Nolaret al., 2005).

a7



Van der Waals forces are much weaker than ioneractions, and arise from
electrostatic interactions between molecules wigrmanent and/or induced
dipoles. The carbonyl and amide groups of theigefdiackbone have permanent
dipole moments, an important fact farhelices, since the arrangement of the
backbone in the helix results in a macrodipolejtpastoward the N-terminus and
negative toward the C-terminus (Voet and Voet, }99hus, despite the relative
weakness of these interactions, which attenuaté wit their number and
arrangement within the low dielectric constant nimieof a protein, means that
they are a significant force in protein stabilityfransient dipole moments can
arise in non-polar groups due to fluctuating elmctmotion. Interactions between
these transient dipoles are termed London dispefsizes. These are extremely
weak interactions, and attenuate witf, such that they are only significant
between contacting atoms. Correct packing of tle-shains of the protein
ensures that there are a large number of interatoomtacts, and it is this which
makes these forces an important factor in maimgistability, although they are

not a dominant force in folding (Liang and Dill,@0).

1.3.1.2. Hydrogen bonding

Hydrogen bonds are a type of electrostatic inteyact They arise from dipole-
dipole interactions between a weakly acidic don@mug and an acceptor group
that bears a lone pair of electrons (Voet and Vb@95). In proteins in agueous
solution, the donor and acceptor groups can be hilghly electronegative
nitrogen, oxygen or sulphur atoms found in sidercihesidues and in the peptide
backbone. The interaction is linear, directiorsmid occurs within a distance
range of 2.7-3.1 A. Linearity is not always a givéhough, and significant
deviation can occur within hydrogen bonding netvgoirk proteins where donors
and acceptors can be multiply bonded to other doaad acceptors (Voet and
Voet, 1995). Hydrogen bond strengths range frof® Zcal/mol, depending on
the geometry of the interactions (Dill, 1990). #de majority of the hydrogen
bonding interactions in globular proteins (68 % between the amide hydrogen
and the carbonyl oxygen in the peptide group (&tiekal., 1992), and only 11 %

of carbonyl oxygens and 12 % of amide nitrogens rave hydrogen bonded
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(Baker and Hubbard, 1984). Since the two majoosgary structures in proteins,
a-helices an@-sheets, depend on backbone hydrogen bondingdordtiuctures,
this is no surprise. The desolvation penalty ajul®.5 kcal/mol for burying a
hydrogen bonded peptide group is offset by burfah mon-polar surface area
(Baldwin, 2003). Like van der Waals forces, althouhe individual energetic
contribution of hydrogen bonds to conformationabdity may be small, their
sheer number means they are a formidable forcely @aws of the contribution
of hydrogen bonds to the stability of proteins wéhat they were the most
important factor (Mirsky and Pauling, 1936). By599 however, Kauzmann had
brought the emphasis around to hydrophobic intenastas the dominant force
for maintaining protein stability (Kauzmann, 195%urrent views hold that both
hydrogen bonding and hydrophobic effects are thgomirces involved in
stabilisation of the native state (Patal., 1996; Baldwin, 2003).

1.3.1.3. The hydrophobic effect

The hydrophobic effect, as mentioned in Section1111 comes about due to
water molecules having a much stronger attractioneadch other than to

hydrocarbon molecules, an attraction that is alsechmstronger than that of
hydrocarbon molecules to each other. This results exclusionary effect, such
that non-polar molecules in aqueous solutions msentheir contact with water,

an effect that is observed in bilayer lipid memtgnmicelles and bicelles, and
significantly, in proteins. The process (at ro@mperature) is entropically driven
since the addition of non-polar molecules to walisrupts the hydrogen bonded
structure of water. Thus water molecules ordemedves around the non-polar
molecules to maximise their contacts with each rotimel minimise their contacts
with the non-polar substance (Geiggral., 1979; Stillinger, 1980). The vast
majority (81 %) of non-polar residues in proteime auried in the core (Lesser
and Rose, 1990). Their close packing, aided bsctlinteratomic van der Waals
forces, minimises the surface area exposed todlvers (Pace, 1996). The sheer
abundance of hydrophobic interactions results isigmificant contribution to

protein stability. The hydrophobic free energy trinution to protein stability is

estimated at about 60 kcal/mol (Dél al., 1989). A fascinating observation that
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appears to pinpoint the hydrophobic effect as tbhenidant force in protein
folding is that jumbled protein sequences with athkgir correct hydrophobic and
polar patterning retained, fold to their expectedive states (Kamtekaat al.,
1993; Cordes et al., 1996; Kiehal., 1998; Hechet al., 2004).

1.3.1.4. Conformational entropy

The principle force opposing the conformational b8ty of proteins is

conformational entropy (Dill, 1990). As a protdwids, so its side chains lose
rotational degrees of freedom, decreasing entrgoy,the unfolded state is
favoured by conformational entropy. Conformatioaatropy is large: about 50
kcal/mol, mostly because of the vast differenceéhie number of conformations
available to the native state, where the proteiatigs thermodynamic state of
lowest free energy, compared to the unfolded gtakan and Dill, 1990). Thus
the net stability of the protein is mostly the difnce between the large
contributions from hydrophobic free energy and comfational entropy. The free
energy of stabilisation of the native state is swamsed with the standard

thermodynamic equation:

AG = AH —TAS Equation 1-3

where AH is the sum of the enthalpic effects of bond foiomt T is the
temperature andS is the entropy term, which is composed of the faable
entropy of solvation for when hydrophobic side dsaare removed from water,
and the unfavourable conformational entropy, whopiposes the ordering of the
structure as the protein folds. The formation b& tmaximum number of
interatomic and intramolecular (within the proteinjeractions and bonds will
maximise the negative enthalpic term. The moreatieg this term becomes, the
better it will balance the opposing entropic temntaximise the free energy of
stabilisation. Thus, the dense packing insideganst contributes to its stability
(Harpazet al., 1994).
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1.3.2.Protein folding models

A number of models have been developed over thesyaexplain the rapid,
highly cooperative process of the folding of progeto their native states. Early
models, for example, proposed that protein foldiogk place over a defined
hierarchical pathway of discrete steps, with dddtimtermediates and transition
states, much in the way chemical reactions occtitsy, 1973; Honiget al.,
1976). The protein folding hierarchy correspondsthie hierarchy of protein
structure. A similar model, the diffusion-collisiomodel, proposed that the
protein chain is composed of many unstable secgnstanctural microdomains
which simultaneously search through conformatispace before they coalesce
into higher order structures (Karplus and Weaveéd76). The nucleation-
condensation model considers that secondary atidryestructures are formed
concurrently (Fersht, 1995; 1997). A nucleus ofgmaal stability is formed with
some correct secondary and tertiary structuralractens. The rest of the
structure is then able to condense around thesetwtes, using them as a
template and reducing the number of conformatibespblypeptide has to search.
This model is still currently in use, with adaptats to account for some of the
features of older and newer models (N6lting andrdga008). The hydrophobic
collapse model (Dill, 1985) follows on from the tnes of Kauzmann (1959),
and sees the polypeptide initially collapse cooperly due to long range
hydrophobic interactions, followed by the formatioh secondary and tertiary
structures. While aspects of many of these maalelprobably correct, some of
them fail to account for essential features of fiblding process. Hydrophobic
collapse, for example, cannot account convincirigtystructural features due to

the primary sequence of the protein (Roder and i dle97).

Current models approach the problem in terms dfstitaal ensembles of states
(Wolynes et al., 1995; Dill and Chan, 1997; Dobson and Karplus999and
describe folding using a multidimensional energgction known as a “folding
funnel” or folding energy landscape (Honig, 199Bigure 1.15). The width of
the funnel represents the conformational entropthefpolypeptide chain, while

the depth represents the free energy of stabdisatiThe native state exists at the
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Energy

free energy minimum at the bottom of the funnels the polypeptide transits
through various conformational states within theergy landscape it may
encounter intermediate states and/or kinetic traps,ultimately the landscape
implies that there arenany alternate routes to the native state. This approach
encompasses some aspects of the older models espttgs for events, but
primarily sees folding as a transition from disaortie order, not as a transition
from a reactant to a product (Dét al., 2008). The denatured state exists as an
ensemble of an unknown number of poorly structw@tformations (not random
coils) (Shortle, 1996), which the funnel model adsgly encompasses within its
presentation of conformational heterogeneity. kemnore, the folding funnel
model rationally accounts for the existence of ensdes of structurally and

energetically non-equivalent intermediate states.

Conformational entropy

A
v

Figure 1.15. Different types of folding energy langcapes.

Folding funnel diagrams depictinddY a smooth energy landscape for a fast folding
polypeptide, B) a rugged landscape that contains kinetic tra@3, 8 smooth “golf
course” energy landscape where the conformatiasaich is diffusional, and) a moat
style landscape, where the protein has no choitéobgo through an intermediate state
() in order to get to the native conformation (NJ). represents the unfolded state

ensemble. Image adapted from [ilal. (2008).
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1.3.3.Intermediate states

For many years analyses of denaturation curvesaiéips were premised upon
the two-state assumption, i.e., that the curve p@sulated by only one, or a
mixture, of two possible states, the native stétg ¢r the unfolded state (U).
However, in the late 1960s and the 1970s, the tetecf acid-induced
intermediate states led to the hope that some lohduniversal folding
intermediate existed that would help to solve tlegihthal paradox (Aunet al.,
1967; Tanfordet al., 1967; Tanford, 1970a; Kuwajima, 1977). Furtheédence
for intermediates that formed at low pH and oftermild denaturing conditions
showed that they were a distinct group of speciéschw had more of the
characteristics of the native state than the uefbldtate (Ohgushi and Wada,
1983; Ptitsyn, 1987; Kuwajima, 1989; Baldwin anddBg 1991; Chyaret al.,
1993; Fink et al., 1993; Ptitsyn and Uversky, 1994; Ptitsyn, 1995aJhis
intermediate state was designated the “molten ¢g8b(Ohgushi and Wada,
1983), and defined as having the following generhhracteristics: a) the
intermediate is compact, with dimensions sligh#lyger than those of the native
state, but much smaller than those of the unfoktate; b) the average secondary
structural content approximates that of the nagbate; c) the environments of the
interior side chains is homogeneous, unlike themasgtric environments of the
native state side chains; d) interior amide graangsmore accessible to hydrogen
exchange, and exchange hydrogen atoms with thersairore rapidly than those
of the native state, and more slowly than thosehef unfolded state; e) the
enthalpy of the molten globule is close to thattleé native state, but very
different from that of the unfolded state; f) tmelten globule state interconverts
with the native state slowly and cooperatively, imi¢rconverts rapidly and non-
cooperatively with the unfolded state (Creighto®9@; Ptitsyn, 1987, 1992).
Another distinct characteristic of molten globuieghat they have a much higher
affinity for the fluorescent hydrophobic probe litao-naphthalene-8-sulphonate
(ANS) than either the native or unfolded stategSkmisotnowet al., 1991). This
affinity is derived from the higher accessibility the hydrophobic core of the
intermediate protein conformation to the dye, sitieepacking of the native state

is too rigid to allow this accessibility, and tlus$ of clusters of hydrophobicity in

53



the unfolded state precludes binding of the dyartHérmore, the molten globule
state has been characterised as having a “teftéay, a conformation wherein
the spatial arrangement afhelices and3-sheets is native-like, but without the
specific side-chain packing of the native staten(Pand Kim, 1994). The term
“compact intermediate” is sometimes preferentialbed to describe the molten
globule state because it may exist at one endcoh&inuum of partially unfolded
conformations, and many of the so-called moltenbgles have differing

structural properties (Creighton, 1990).

Classic examples of proteins that form molten glabintermediate states ase
lactalbumin (Kuwajima, 1977; Dolgikkt al., 1981; Grikoet al., 1994), equine
lysozyme (van Daedt al., 1993; Grikoet al., 1995), staphylococcal nuclease (Dill
and Shortle, 1991; Shortle, 1993, 1995, 1996) grahgglobin (Coccoet al.,
1992; Barrick and Baldwin, 1993). What is of pautar interest with these four
proteins, as well as with some others that formtemolglobules, is that one
domain or subdomain of the partially unfolded pirotemains folded, while the
other is unfolded (Freiret al., 1992; Freire, 1995; Privalov, 1996; Vreetsal.,
2004). In general, one of the domains is intriakycless stable than the other.
For example, th@-domain ofa-lactalbumin is less stable than tl€lomain, and
has been found to be the unfolded portion of thdtenoglobule, while thes-
domain retains a native-like fold, without the eMdige side-chain packing seen in
the native state (Peng and Kim, 1994; Chynal., 1993). In the equine
lysozyme intermediate the-domain side chains are largely immobilised and
therefore must be closely packed, while the Gibtesgy of stabilisation of thg-
domain is very low, and NMR experiments show ib&ounstructured (van Dael
et al., 1993; Morozovaet al., 1995). In phosphoglycerate kinase, the N-domain
contains fewer hydrogen bonds per residue thaiCtdemain, and is found to be
stabilised by its interactions with the C-domairreffe et al., 1992). The
intermediate state of this protein has a foldetiyvaedike C-domain, while the N-
domain is unfolded (Adams{ al., 1985; Freirest al., 1992).

54



Other intermediate species that do not exactlyhét criteria of a molten globule
state have been identified (reviewed in Ptitsyn951). These have been
designated pre-molten globule states or highly redlenolten globule states,
depending on their level of native-like structucahtent, reflecting the statement
made above that various similar, but differenteintediates may simply exist on

a continuum between the native and unfolded states.

1.4. CLIC1 structure and properties

1.4.1.Primary, secondary and tertiary structure

CLIC1 is a relatively small, monomeric protein, wi241 residues and a
calculated molecular mass of 26.9 kDa. The crystalicture of soluble,
monomeric CLIC1 was solved at 1.4 A resolution ldt50 (Harropet al., 2001)
(Figure 1.16). The structure is relatively flaitwdimensions of 55 x 52 x 23 A.
It has two domains, a mixedthelicalf3-sheet N-terminal domain containing a
thioredoxin fold, and an adl-helical C-terminal domain. The structure is 46.%
helical and 8 ¥$-sheet, with the remainder in turns. The sequeocgains one
tryptophan residue, Trp35, in the N-terminal domagar the domain interface,
and eight tyrosine residues, two in the N-domaid iR in the C-domain. There
are 35 acidic and 27 basic residues in the CLIGLiesece, giving the protein a
net negative charge of -7 at physiological pH. Cllhas six cysteine residues,
three in each domain. One of these, Cys24, isxradtive, and forms the centre
of a glutaredoxin-like active site, although CLIG4s not exhibited any catalytic
activity (Harropet al., 2001). Cys24 is able to form a mixed disulphidadwith
glutathione (GSH), but binding overall is weak. cia-proline residue conserved
in almost all GSTs and CLICs creates the appropréative-site geometry for
GSH binding (Harropt al., 2001). CLIC2 and CLIC3 contain the second Cys of
the thioredoxin/glutaredoxin redox motif Cys-XaaaX@ys, but unexpectedly, the
recently solved crystal structure of CLIC2 showattthe GSH binding residues
present in CLIC1 are absent in CLIC2, and GSH-Inigds thus abolished
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Figure 1.16. CLIC1 crystal structure.

Ribbon diagram of the crystal structure of reducsmuble CLIC1. The N-domain is

shown in red and grey, and the C-domain in greeha@ange. The domain linker is

shown in purple. The putative transmembrane reigi@oloured red and the acidic “foot
loop” is shown in orange. Selected residues aocevshin ball and stick models. The
single Trp residue (Trp35) is shown in red, theneibyr residues in blue and the redox-
active Cys24 in yellow. PDB code 1kOm (Harretpal., 2001). Image rendered using
PyMOL™ v. 0.99 (DeLano Scientific, 2006).

(Cromeret al., 2007). CLIC1 has two putative nuclear localisatsequences,
KRR (residues 49-51) and KKYR (residues 192-195j9rsequence, as well as a

cAMP phosphorylation site and several putative girokinase phosphorylation
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sites (Valenzuelat al., 1997). A hydrophobic patch on the protein swefa
probably a protein interaction domain (Ashley, 20@&it may also be involved in

membrane binding.

Upon oxidation, CLIC1 is able to transform revelgilb an all a-helical non-

covalent dimeric conformation during which an imi@ecular disulphide bond
forms between Cys24 and Cys59, which are usualiyadi from each other
(Littler et al., 2004) (Figure 1.17). The C-domain undergoele ldhange, but the
N-domain exhibits a major structural transitionpyng the theory that it is
intrinsically more susceptible to structural chatiggn the C-domain. The dimer
interface is mainly hydrophobic, and could form tpaf a membrane-docking

interface if exposeth vivo. The dimer does not resemble those of the GSTs.

Figure 1.17. Structure of oxidised CLIC1.

Oxidised CLIC1 undergoes a major structural tramsitto form a dimer with
intramolecular disulphide bonds between Cys24 dgyelland Cys59 (red). The C-
domain (blue) structure changes very little, white N-domain (cyan) transforms
completely from a mixed-helicalp-sheet conformation to an a#helical conformation.
PDB code lirk was used (Littlet al., 2004). Image rendered using PyMOL™ v. 0.99
(DeLano Scientific, 2006).
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Functional studies on Cys mutants showed that Cym2d Cys59 are both
essential for channel formation and for dimerisataf CLIC1 (Littler et al.,

2004). Cys24 is conserved only in vertebrates@ysb9 is conserved in neither
vertebrates nor invertebrates, leading to speamdtiat the oxidatively regulated
conformational change undergone by CLIC1 is speddr CLIC1 only (Berry

and Hobert, 2006). The biological significancetttg dimer formation may only
be relevant at specific times though, when the @atlynreducing environment of

the cell becomes oxidised, such as during cellecghbnges or even apoptosis.

As already mentioned, CLIC1 bears strong structnoshology with GST O1-1.
However, the CLIC proteins all have an acidic laegion in the C-terminal
domain (Prol47 — Thrl74, CLIC1 numbering), whiclmag present in GST O1-1.
This region appears to be very flexible and thenlyignegatively charged region
Prol47-GIn164 is speculated to be involved in pnepeotein interactions
(Harropet al., 2001). This is borne out by the recently restlegystal structure
of CLIC2, where the acidic loop of one moleculesnatcts with the groove formed
at the active site region of Cys30 of a symmetigitesl molecule (Cromest al.,
2007) (Figure 1.13). The flexibility of this regiawithin the family in general is
attested to by its lack of electron density in widhe crystal forms of CLIC1 and
both the CLIC4(ext) and CLIC4 trimer structures (o et al., 2001; Littleret
al., 2005; Liet al., 2006). An additional region which has a high signof
negative charge is near the C-terminus, in hefix This region contains six
negatively charged residues. The profoundly negatature of CLIC1 in general,
with spots of basicity, give the molecule a didtidipolar character (Figure 1.18).

This may be important for its orientation prioringertion into the membrane.

Another region of pronounced flexibility is the pre-rich linker loop between
the N-domain and C-domain (Cys89 — Asnl100). Pre¥sts as a majatis or
minor trans conformer in the A and B monomers of the 1kOm tedystructure,
respectively. The minor conformer shifts heliecdsanda3 somewhat relative to

their conformation in the major conformer, givifgetdomain interface a certain
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degree of plasticity which is speculated to beteeldo the structural alterations
that would be required for CLIC1 function in vivddrropet al., 2001).

C-domain N-domain

Figure 1.18. Electrostatic potential of CLIC1.

Side (left) and top (right) views of CLIC1 showitlge electrostatic potential. Negative
charge is red, positive charge is blue. Residues@oured according to type: acidic —
red; basic — blue; polar — yellow; non-polar — grElge acidic nature of CLICL1 is evident.
The view on the right shows that the electrostptitential is somewhat biased toward
one side of the molecule. Electrostatic potentias calculated using Swiss PDB Viewer
v. 4.0.1. (Guexet al., 1995) with solvent dielectric constant = 80, pmotdielectric
constant = 4, ionic strength = 0.05 M, and defphlt= 7.0.

1.4.2.CLIC1-membrane interactions and insertion mechanism

It is no longer disputed that CLIC1 is an ion chelpror that it exists in dual
soluble and membrane-inserted forms. The exacrenaf the membrane-bound
form and its significance within the wider biologicfunction of CLIC1 are
matters still receiving much attention. The stwetof the CLIC1 channel is
unknown, but is generally proposed to be tetram@iartonet al., 2002), or even
a multimer of up to 16 subunits (Singh and Ash2§06). This is because of the
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rather varying single-channel conductances notedlifigrent research groups,
which have been suggested to represent differdodtaies of the channel (Singh
and Ashley, 2006). It was also suggested that apeearance of different
substates may be related to the type of lipids usdélde membrane system (Singh
and Ashley, 2006), or to the chloride concentratiosed (Toninet al., 2000).

The conserved putative transmembrane region (Cys24l46) of CLIC1 is
significantly hydrophobic, and like all of the hum&LICs, but not necessarily
the invertebrate CLICs, has an amphipathic charaateich is ideal for a
membrane-traversing ion channel helix (Littler al., 2007). The proven
membrane-insertion ability and functionality of thevertebrate CLICs would
tend to suggest that this amphipathic charactanisan absolute requirement for
channel formation and function (Littlet al., 2007). Cys24 is located at the N-
cap position of helixil, and would be present just on the outside oftenbrane
in the membrane-inserted conformation. Its locatlere was proposed, and has
been shown, to regulate channel activity via redortrol, with Pro25 possibly
acting as a hinge region for opening and closimgcttannel (Harropgt al., 2001;
Singh and Ashley, 2006). Channel activity of CLIE@tonstituted in bilayers was
lowered in the presence of 5 mikéns GSH or 1 mM dithiothreitol (DTT). The
channels also remained open or closed longer. Kenveans oxidation with
oxidised glutathione (GSSG) greatly reduced chaangVity, andcis GSSG had
no effect on function. The thiol-reactive reagéwethylmaleimide (NEM)
blocked channel activity from theans side, but had no effect from tloes side,
and a Cys24 mutant was insensitive to the effettslEEM. These results are
somewhat in conflict with those of Littlet al. (2004), who found that oxidation
was essential for dimer formation and channel @gtiv In their experiments,
oxidation greatly increased channel activity, ahid activity of oxidised CLIC1
was abolished in the presence of 5 mM DTT. Thaues,exact role of oxidation in
the function of CLIC1 is still being studied.

While studies of the truncated N-domain of CLICVdget to appear, work on
the truncated N-domains of CLIC4 and the nematodeCComologue EXC-4
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have shown that this portion of the protein is takt is required for function
(Berry and Hobert, 2006; Singh and Ashley, 2007Tyuncated CLIC4 formed
channels less readily and with reduced conductaacd selectivity, but
nevertheless functioned reproducibly in every expent. They demonstrated the
same redox sensitivity as the full-length proteifihis would indicate that the
extramembranous C-domain region serves only tabtlee protein and act as a
concentrating vestibule for ions travelling througk channel (Singh and Ashley,
2007). A vestibule-like function would greatly ditke efficient functioning of the
channel, given that a negative surface potentipleties the surface concentration
of anions, as discussed in Section 1.1.1.2. likedy that the conserved KRR
motif acts as a “plug” to anchor the protein in thembrane surface and possibly

to direct ions toward the channel opening.

A study on EXC-4, &aenorhabditis elegans excretory canal cell CLIC protein
showed that deletion of strang? in the PTM region resulted in decreased
membrane localisation, and that mutation of a lyiglinserved Leu46 in helixl
(also in the PTM region) to a helix-breaking Prelimisrupted membrane
localisation, indicating that these secondary stmat elements are important for
membrane insertion of CLIC proteins (Bemrtyal., 2003). The crystal structures
of CLIC2 and trimeric CLIC4 show helixi2 to be disordered, and slight
differences exist in this helix in the differenystal forms of CLIC1, suggesting a
possible susceptibility to conformational change tims region leading to
membrane docking (Liet al., 2006; Cromeret al., 2007).  Structural
rearrangement of the N-terminal domain would reguithe Blolp2
supersecondary motif to detach from the rest optioéein, extend and refold into
a helical membrane-traversing structure (Fanuathal., 2008). Inherent
plasticity in the domain interface and the proveility of the N-domain to form
an alla-helical conformation show that this may certaibb/ possible (Harropt
al., 2001, Littleret al., 2004). The protein may oligomerise either ptoor post-

insertion, but appears to function as a monomewagyWartonet al., 2002).
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Further to studies that showed that CLIC1 actieitgurred more readily and with
greater conductance at low pH (Wartgiral., 2002; Tulket al., 2002), a recent
study from our laboratory investigated the struaturproperties and
conformational stability of CLIC1 as a function @H in the absence of
membranes (Fanuccéi al., 2008). A highly populated intermediate speciéh w
a solvent-exposed hydrophobic surface was detattaddic pH £ pH 5.5) under
mildly denaturing conditions. An intermediate withe same properties was
detected at pH 7.0 and 37 °C. Thus it was propdisadthe negative potential
and acidic environment encountered at the surfideeomembrane could alter
local and long range electrostatic interaction$iwithe protein structure, priming
it for membrane insertion via a lowering of the mgyebarrier for its conversion

from a soluble to a membrane-bound conformation.

1.5. Obijectives

The exact mechanism whereby CLIC1 transforms from saluble
cytosolic/nucleoplasmic protein to an integral meane-bound channel is
unknown. All models proposed to date agree thatramatic structural

rearrangement of the N-domain would be requiredHertransformation to occur.

The objectives of this project are threefold: Tinst is to characterise CLIC1 in
terms of its secondary and tertiary structure, $keond is to investigate its
conformational stability using urea-induced equilim unfolding, and the third is
to characterise a model membrane system that camsée for studies on the
membrane-bound form of CLIC1. A reliable systentho$ sort has not yet been
established in our laboratory. The aim is to cti@r@se the structure and stability
of CLIC1 at physiological pH and at the pH foundtla® membrane surface in
order to detect if these conditions would have #ace on the structure and
stability of CLIC1in vivo. This may help to provide an explanation for hitne
protein is able to undergo the structural changes would be required for its

insertion into membranes.
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CHAPTER 2. EXPERIMENTAL PROCEDURES

2.1. Materials

The cDNA encoding wild-type GST-CLIC1 fusion preotailoned into the pGEX-
4T-1 vector was a gift from Dr. S. N. Breit, Centielmmunology, St. Vincent's
Hospital and University of New South Wales, Sydne&ystralia (Valenzuelat
al., 1997). Escherichia coli XL1-Blue cells (Stratagene, USA) transformed with
the pGEX-4T-1 plasmid encoding wild-type CLIC1-G$dsion protein were
donated by Stoyan Stoychev, Protein Structure-komctResearch Unit,
University of the WitwatersrandEscherichia coli BL21(DE3)pLysS chemically
competent cells were obtained from Stratagene (UEATIoni® 10G chemically
competent cells were from Lucigen. Dithiothreif®TT), reduced glutathione
(GSH), bovine plasma thrombin (T3399 and T6884) gintathione-agarose were
purchased from Sigma-Aldrich (USA). d-phosphatidylethanolamine Type IV,
L-a-phosphatidylserine,  k-phosphatidylcholine, la-phosphatidylinositol,
sphingomyelin, cholesterol and asolectin were afsom Sigma-Aldrich.
Ultrapure urea was purchased from Merck (SouthcAjti The SDS-PAGE
markers #SM0431 and #SMO0661 and isopropyl-1-fhd-galactopyranoside
(IPTG) were obtained from Fermentas. Blue Dexg#&00 000 was supplied by
Sigma-Aldrich (USA), and the GenelJet Kit for pladnid)NA purification was
obtained from Fermentas. Electron microscopy (Ejvgde uranyl acetate was
supplied by Merck (Germany) and EM grade glutaiade was purchased from
SPI-Chem™ Chemicals (USA). All other chemicals duseere of analytical

grade.

2.2. Experimental Procedures

2.2.1. Plasmid purification and insert identificaton

Glycerol stocks of XL1-Blue cells (Stratagene, U3ransformed with the pGEX-
4T-1 plasmid containing the cDNA encoding wild-tyg@ST-CLIC1 fusion
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protein were plated on sterile Luria-Bertani (LByaicillin agar (per 100 i
dH,O: 1 g tryptone, 0.5 g yeast extract, 0.5 g Na@, d agar and 10Qg/m¢
ampicillin, added to cooled LB agar) and grown onght at 37 °C. The high
copy number pGEX-4T-1 plasmid contains an ampiciléisistance (amjpregion
coding forp-lactamase. This enzyme is able to destroy antipitiyy cleavage of
the B-lactam ring in the ampicillin structure. It isadsin the pGEX system as a
selectable marker. A single colony was used to utate 100 ni sterile LB
medium (1 g tryptone, 0.5 g yeast extract, 0.5 ¢CINper 100 nfi dH,O)
containing 10Qug/mt ampicillin. The culture was grown overnight irslaaking
incubator at 250 rpm and 37 °C.

The XL1-Blue strain is endonucleasmd@A) and recombinationr¢cA) deficient.
These mutations improve plasmid DNA purificationalijty and insert stability.
The overnight culture was used for small-scale mpldsDNA purification.
GenelJet Kit (Fermentas) was used for the puriboati The kit employs a
standard alkaline lysis procedure (Birnboim andypdl979; Ish-Horowicz and
Burke, 1981; Sambrooét al., 1989). Briefly, the procedure uses alkali (N9OH
and detergent (sodium dodecyl sulphate (SDS))nrewat to lyse bacterial cells
and denature chromosomal DNA and proteins. Thasgeother cell debris are
removed by centrifugation. Supercoiled DNA is dehatured and is thus not
precipitated. The kit protocol was followed as ttem, except that initial cell
culture volume was 4.5 ftnas opposed to 1.9m The presence and purity (in
terms of chromosomal DNA) of the plasmid was vedfiby running 5.t of
purified plasmid DNA on a 1% agarose géhelRed™ (Biotium) was added to
the loading buffer at 0.p£/100 ut and 2ut of this was added to |5t of sample
and marker DNA. GelRed™ is a fluorescent dye thtdrcalates between the
stacked base pairs of DNA, allowing visualizatidrnttee DNA under ultraviolet
light. The electrophoretic buffer used was 0.04Thé base and 2.54 x oM
ethylenediaminetetra-acetic acid (EDTA), titratedpH 8.5 with glacial acetic
acid. A spectrum of a 21x dilution of the purifipthsmid DNA was recorded
from 220-300 nm on a Jasco V-550 UV/VIS spectrophmter, and the

concentration was determined using a NanoDrop™ RQO01spectrophotometer
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(Thermo Scientific, USA). The NanoDrop™ measuragous types of samples
including nucleic acids and proteins, and can datex the concentration of as
little as 1t of sample. It utilises surface tension to keep shmple in place.
The optical density (OD) output is given for a adfllpath length 1 cm. Fivel
purified plasmid DNA was sent to Inqgaba Biotec {Brea, South Africa) for
sequencing of the insert using the 5and 3' pGEXmprs which bind at
nucleotides 869-891 and 1041-1019 of the plasn@spectively. The resulting
sequence was aligned with the known CLIC1 ORF mticle sequence (Genbank
AC: BC064527) using the global alignment tadEEDLE, in the EMBOSS suite

of bioinformatics tools (Ricest al., 2000). The nucleotide sequence was also
translated usingRANSEQ and the resulting peptide sequence aligned with the
known CLIC1 peptide sequence (GenBank AC: O002B&)eet al., 2000).

2.2.2. Transformation ofEscherichia coli BL21(DE3)pLysS cells
with pGEX-4T1-CLIC1

Transformation ofEscherichia coli BL21(DE3)pLysS cells (Stratagene, USA)
with the pGEX vector containing the CLIC1 insertsygerformed using a one-
step transformation method described by Cheingl. (1989). The control was
pUC19 DNA. Fiftypt competent BL21(DE3)pLysS cells were thawed orface
10 minutes. One hundred ng of dsDNA was addeth¢ocells and the reaction
mixture stored on ice for 30 minutes. The cellsengeat-shocked for 60 seconds
at 42 °C and then immediately placed on ice fori@utes. Nine hundred and
fifty put of 37 °C 2x yeast tryptone (YT) medium (1.6 g tope, 1.0 g yeast
extract, 0.5 g NaCl per 100tmiH,O) was added to the reaction mixture, which
was then incubated on a shaking incubator at 37of(.25 hours. Stock and
concentrated samples were spread onto LB-ampi¢llBxamp) agar plates. For
the stock sample, 10 of the reaction mixture was plated. For the cotreg¢ed
sample, the remaining 90Qt cells were centrifuged at 13 000 rpm in an
Eppendorf MiniSpin for one minute, 80(¢ of supernatant aspirated and
discarded and the cells resuspended in the rengairiut 2xYT medium. The
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resuspension was plated on LB-amp agar, and thiespl@ere incubated for 16
hours at 37 °C.

E. Cloni® 10G chemically competent cells were tfamaed with pGEX-4T-1-
CLIC1 in the same manner for plasmid maintenandepamification stocks.

2.2.3. CLIC1 heterologous over-expression and purdation

Heterologous over-expression of recombinant CLICaswenabled by the
inducible expression vector system, pGEX-4T-1, imioich the CLIC1 cDNA
was cloned. The system uses a strong prompleg, a hybrid of two other
strong promoterstrp andlacUV5 (Amannet al., 1983). pTac contains the -10
region of thdacUV5 promoter and the -35 region of tti@ promoter (Amanret
al., 1983). LacUV5 is repressed by théacl® gene product, which itself is
inactivated by the lactose analogue, IPTG. Thugression is repressed by lacl
until IPTG is added in the early- to mid-log phasfecell growth to induce
expression. The amount of expressionddac should be proportional to the
amount of IPTG added (Amaret al., 1983), although clearly there are limits.
BL21(DE3)pLys cells carry a chromosomal copy of TiTeRNA polymerase gene
under the control of thecUV5 promoter. They also contain the coding sequence
for T7 lysozyme, a bifunctional protein which ishatural inhibitor of T7 RNA
polymerase (Moffat and Studier, 1987), and als@awde specific bonds in the
peptidoglycan cell wall ofescherichia coli cells (Inouyeet al., 1973). Pre-
induction basal expression can thus be limited, gedtler sonication cycles
employed. BL21(DE3) strains are particularly usefior high-level protein
expression because they are ompT and Lon protediseedt. Target proteins are
therefore less vulnerable to protease cleavageithhost strains not deficient in
these proteases (Studatral., 1990). CLIC1 is expressed as a fusion proteih w
a 26-kDa GSTHGST)encoded by the parasitic helmirgithistosoma japonicum
(Smith and Johnson, 19885GST is a well-characterised protein, which can be
purified on a GSH-agarose affinity column with alfahigh degree of confidence
and yield (Smith and Johnson, 1988). The pGEX-4fldsmid is engineered
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with a thrombin cleavage site between the GST aedtarget protein, allowing
on- or off-column cleavage of the target, CLICDhnfrthe GST with thrombin.

CLIC1 over-expression and purification were baspdrnuthe methods used by
Tulk et al. (2000). Sterile LB (400 @) containing 100ug/mt ampicillin was
inoculated with 5Qu¢/100 nt Escherichia coli BL21(DE3)pLys cells transformed
with the pGEX-4T-1 plasmid containing the cDNA edicwy for the fusion
protein GST-CLIC1. The cells were incubated owginhiat 37 °C with shaking at
250 rpm. Fresh sterile 2xYT medium Qtcontaining 10Qug/mt ampicillin was
inoculated with 20x dilutions of the overnight aukts. The cultures were grown
for approximately 2 hours after inoculation, to @Dgo 0f ~0.6. Protein over-
expression was induced with 0.8 mM IPTG, and ocslise allowed to continue
growing for a further 4-5 hours. The cells wererttharvested by centrifugation
in a Sorvall RC5C centrifuge using an SLA3000 r@b5000 rpm for 15 minutes
at 4 °C. The pellet was resuspended in approxig8tent culture resuspension
buffer, pH 7.5 (10 mM Tris, 200 mM NaCl, 1 mM EDTB,02% NaN and 1 mM
DTT added fresh) per litre of original culture afndzen at -20 °C to initiate cell

lysis.

The frozen cells were thawed on a rotator at 4 @eut of 1 M MgCh, 1 ut of
100 mg/ml DNase and 1Q¢ of 10 mg/mt lysozyme were added pertrof cells.
Cells were rotated at 4 °C for a further 20-25 nesu They were lysed by
sonication on ice for 3 cycles of 30 seconds, pu(g&ensity 3, pulse 0.5 sec) on
a Sonicato Ultrasonic Processor XL (Misonix Inc.). Cell disbwas removed
by centrifugation in an SS34 rotor at 15 000 rpm 306 minutes at 4 °C. The
supernatant containing soluble proteins was dilutgith an equal volume of
culture resuspension buffer, pH 7.5, and filteracbiigh a 0.45um filter to

remove any remaining cell debris.

2.2.3.1. GST-CLIC1 fusion purification and cleavage

GST fusion proteins can be purified a number ofsyaycluding cation exchange

and affinity chromatography. The high specificaf affinity chromatography,
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however, makes it an attractive purification optiespite its cost. A specific
ligand is covalently immobilised on a suitable mafagarose). Only molecules
in the mobile phase that have an affinity for tmeniobilised ligand will be bound
to the column. This principle was used to bindibtd GST-CLIC1 fusion protein
in the supernatant dEscherichia coli BL21(DE3)pLysS lysate to a glutathione
(GSH)-agarose column, where GSH and GST-CLIC1 lasarhmobilised ligand
and the target molecule, respectively (Figure 2The binding of CLIC1 to GSH
is too weak to immobilise CLIC1 alone on a GSH-agarcolumn (Harrogt al.,
2001). Purification and all experimental procedumgere performed under
reducing conditions, using 1 mM DTT, to preventdative dimerisation of the
protein (Littleret al., 2004).

Figure 2.1. Glutathione immobilised to Sepharose.
Glutathione is coupled to Sepharose™ via the ogirgroup using epoxy activation

(image from GST Gene Fusion System Handbook, AraendBiosciences).

A 20 mt GSH-agarose column was equilibrated at 4 °C wild 8¢ GSH-
equilibration buffer, pH 8.0 (10 mM Tris, 200 mM @& 1 mM EDTA, 0.02%
NaN; and 1 mM DTT added fresh). The diluted superratas loaded onto the
column at a flow rate of approximately 1.2/min. This was to ensure adequate
binding of the§GST to the GSH. Flow-through was collected andagéd at the
same flow rate. Bacterial proteins and any unbo@&d-CLIC1 were removed

by washing the column with 300{nGSH-equilibration buffer pH 8.0, followed
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by 300 nt GSH-equilibration buffer pH 8.0 containing 1 M NaCThe column
was then equilibrated with 125¢nthrombin cleavage buffer, pH 8.4 (20 mM Tris,
150 mM NaCl, 2.5 mM Cagl 0.02% NaN). To cleave the CLIC1 from the
bound GST, a solution of 25rthrombin cleavage buffer pH 8.4 containing 80
put of 1000U/mt bovine thrombin per litre of cell culture was add® the
column, which was then sealed and digestion alloiwenccur for 16 hours at 20
°C on a rotator. The GSH-agarose was allowed tites®r ~30 minutes post-
digestion and the flow-through containing the CLI€léaved from the GST and
the thrombin used for cleavage (thrombin+CLIC1) wakllected and pooled. The
GST remained bound to the column. The column waseqjuently washed with
a 50-75 ni diethylaminoethyl (DEAE) equilibration buffer, p&l5 (20 mM Tris,
0.02% NaN, 1 mM DTT added fresh) and the flow-through colsecaind pooled.
The GST was eluted from the GSH-agarose column 5@tth00 ni GSH-agarose
elution buffer pH 8.0 (50 mM Tris, 0.02% NgN.O mM GSH added fresh). The
column was regenerated according to the manufatguirgstructions. During
purification, samples of whole cell, supernatamt]gt, supernatant flow-through,
washes, thrombin+CLIC1 elution and GST elution wesbected for analysis on
SDS-PAGE (section 2.2.3.3).

2.2.3.2. CLIC1 purification

CLIC1 was separated from the thrombin used for @RIC1 cleavage by anion-
exchange chromatography. Anion-exchange chromapbgr is based on the
attraction between molecules with opposite chargBepending on the pH, a
protein may carry a net positive or net negativargh. This is determined by the
isoelectric point (P of the protein. At a pH above or below it§ p protein
carries a net negative or positive charge respagtiv A 30 nt Fast Flow™
diethylaminoethyl-agarose (DEAE) column (Amershamds used to purify
CLIC1 from the thrombin used to cleave it from GSThe column is positively
charged within a fairly narrow pH range, and bindgatively charged molecules.
The column was equilibrated at 20 °C at 3/min with 300 nmt DEAE-
equilibration buffer, pH 6.5 (20 mM Tris, 0.02% NaN mM DTT added fresh),

using anAKTAprime protein purification system (Amersham Bi@sices). At
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pH 6.5, CLIC1 (pp ~4.85) has a net negative charge and bovine thro(pb9.3)
has a net positive charge, as determined by th#&P&m@m tool on the ExXPASy
proteomics server (Gasteigaral., 2005). Thus CLIC1 binds to the column and
thrombin does not. The thrombin+CLIC1 eluted frame {GSH-agarose column
was loaded onto the DEAE column at 2.8/min. The column was washed with
120 mt DEAE equilibration buffer, pH 6.5, to elute thedmbin. CLIC1 was
eluted from the column with ~80 i/ DEAE-elution buffer, pH 6.5 (20 mM Tris,
300 mM NaCl, 0.02% NaiN 1 mM DTT added fresh) and 2 tnfractions
collected. The DEAE column was regenerated withi30 1 M NaCl. Alternate
fractions coinciding with thé\KTAprime elution profile peak were analysed on
SDS-PAGE to assess protein purity and approximatkecualar mass. Fractions
with significant bands (&, higher than ~0.1) were pooled and dialysed into
CLIC1 storage buffer, pH 7.0 (50 mM sodium phosph&02% Nahkl 1 mM
DTT added fresh) using SnakeskinPleated Dialysis Tubing MWCO 10 000
(Pierce). Thereafter, CLIC1 protein stock was esieely dialysed every 6-7
days into 2-3 changes of storage buffet/0 mt protein) containing 1 mM fresh
DTT to maintain a reducing environment. High conications of CLIC1 (over
~120 pM) dialysed and stored at pH 5.5 tended teggate somewhat. If this
occurred, the protein was centrifuged for 30 misutg 13 400 rpm in an
Eppendorf Minispin benchtop centrifuge at 4 °C aggregates removed before
concentration was determined and experimental wortertaken. All buffers
were filtered through a 0.45 pm or sometimes 0.22 pore-size membrane to
remove dust particles or other large contaminanmitsr go spectroscopic work

being undertaken.

2.2.3.3. Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Complex mixtures of proteins can be separated dmadlacterised using SDS-
PAGE. The method relies on the fact that chargadigbes in an electric field
will move toward the electrode of opposite signolMities of different ions will
differ in an area of the same field strength, datiree concentrations will adjust to
maintain current (Wilson and Walker, 2005). Thgcdntinuous system described
by Laemmli (1970) was used for all SDS-PAGE anayse this study. The
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system utilises differences (discontinuities) iracking and separating gel
acrylamide concentrations, and differences in iatiengths and pH values of the
stacking and separating gel buffers, to “stack”, cmncentrate protein-SDS
complexes between leading and trailing ions instiaeking gel. Once the trailing
ions move into the higher pH of the separating ey gain higher mobility and
move ahead of the protein-SDS complexes. The m®téhen separate out
according to their sizes. Some proteins run mmelg on SDS-PAGE gels than
their calculated molecular weights would suggestytishould, giving them a
higher apparent molecular weight. This may havdaavith variable binding of
SDS to the protein due to higher numbers of chamgedips (Reynolds and
Tanford, 1970).

SDS is an anionic detergent that binds to proteiresratio of approximately 1.4 g
SDS/g protein, although binding ratios may varglycosylated proteins or those
with very high or very low isoelectric points (PRivers and Impiombato, 1968;
Reynolds and Tanford, 1970). The large negativargd of the bound SDS
effectively masks the native net charge of thegamtconferring upon all proteins
in the sample the same charge:mass ratio (Makowski Ramsby, 1997).
Proteins are denatured by SDS, and 2-mercaptodtimramlded to the sample
buffer to reduce any inter- or intramolecular dgutle bonds. Thus, proteins are

separated purely on the basis of size, due to tleaular sieving effect of the gel.

The stacking gels (4% T, 0.36% C) used were contpot8.125 M Tris-HCI, pH
6.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphahd 0.1% TEMED
(w/v). Separating gels (15% T, 1.3% C) consiste@.875 M Tris-HCI, pH 8.8,
0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphate arido (w/v) TEMED.
Sample buffer was composed of 40% (w/v) glycerdd2@ (w/v) SDS, 0.05%
(w/v) 2-mercaptoethanol, 0.05% (w/v) bromophenalebdnd 0.0625 M Tris-HCI,
pH 6.8, and was added to samples in a 1:4 samplgsataple buffer ratio.
Electrophoretic buffer, pH 8.3, was 0.192 M glygifel24 M Tris base and 0.5%
(w/v) SDS. The molecular mass markers (Fermen&d0431) used werg3-

galactosidase (116 kDa), bovine serum albumin (BB&), ovalbumin (45 kDa),
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lactate dehydrogenase (35 kDa), restriction endeageBsp98I (25 kDa), -
lactoglobulin (18.4 kDa) and lysozyme (14.4 kDaAnother set of molecular
mass markers used was #SM0661 (Fermentas), witls sanging from 25-200
kDa. Protein identities were not included in th®duct literature for these.
Samples were boiled for 5 minutes to ensure deai@uar and 20-3Q¢ of each
sample was loaded on the gels. The gels were rad@d for 2-3 hours. They
were stained for 3-16 hours in Coomassie Blue staintion made up of 0.25%
(w/v) Coomassie Brilliant Blue R250, 45% (v/v) matiol and 10% (v/v) glacial
acetic acid. Gels were destained in 25% (v/v)reghand 10% (v/v) glacial acetic
acid for 5-16 hours. Images of the gels were aealyusing Labwork¥ Image
Acquisition and Analysis Software v.4.5 (UVP Bioigiag Systems, California,
USA).

2.2.3.4. Protein concentration determination

Purified CLIC1 concentration was determined by avinlet (UV) absorbance

spectroscopy using the Beer-Lambert law:

A =gl Equation 2-1

where A is the absorbanceis the molar extinction coefficient of the absorbér
wavelengthi, c is the concentration of the absorbing solutiadl is the cuvette
path length. The molar extinction coefficient dfIC1 was determined using the
method of Perkins (1986), based on the molar etxtinccoefficients of

tryptophan, tyrosine and cystine:

£280 (M tem™®) = 555@Trp + 13405 Tyr + 150=Cys  Equation 2-2
= 5550(1) + 1340(8) + 150(6)
=17 170 M'em™

An apparently more rigorous method by Patal. (1995) gives am,g value of

17 420 M* cm? for CLIC1, but this value results in less than ti#fference in

calculated protein concentration, and this laboyatotilises the method by
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Perkins. A buffer-corrected standard curve wassttanted from Ago readings
for five or more dilutions of stock CLIC1 and thencentration of the stock
calculated from linear regression analysis of theve. Dilution factors were
expressed as the ratios of the final fractionakeotration of the diluted solutions
to the initial concentration of the stock solutiavhere the latter was taken as 1
(Reedet al., 2003). For example, the dilution factor for @efiold dilution, using

1 part stock protein solution and 4 parts bufferexpressed as 1/5, or 0.2. The
Ago readings were corrected for absorbance by anyeggtgs at 340 nm by using

the following calculation:

A2gocorrected) = (A280protein) — Acgoputfer) — (Asaoprotein) — Assoputtery) Equation 2-3

A spectrum from 240-340 nm of 4x diluted CLIC1 wasorded on a Jasco V-550
UV/VIS spectrophotometer. A quartz cuvette of 1gath length was used for all

readings.

2.2.4. Spectroscopic methods

2.2.4.1. Circular dichroism spectroscopy

Circular dichroism (CD) relies upon the differeht@éosorption of left- or right-
handed circularly polarised light by optically aeti chromophores. The
chromophore must either be intrinsically chiralbar in an optically asymmetric
environment (Pain, 2004). The relevant opticatiinee molecules in proteins are
the peptide backbone, disulphide groups and arcemesidues (Woody, 1995).
Circularly polarised light with equal right and tefomponents is passed through
the absorbing substance at a particular wavele#gthasymmetric chromophore
or chromophore in an asymmetric environment will absorb both components
equally. The difference gives a resultant vedat is elliptical (Woody, 1996).
The signal in the far-UV region (170-250 nm) ariggedominantly from the
peptide backbone, while the near-UV signal (250-3#0) is dominated by

characteristic absorption bands of the aromaticlues, specifically Phe, Tyr and
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Trp, but also His to a certain extent. The sigsataused by the transition of an
electron from a filled ground state orbital (nmdrto an empty excited state orbital
(=*) with higher energy. Far-UV spectra are highlgesific for specific
secondary structures (Adlet al., 1973). Proteins with high-helical content
exhibit characteristic minima at 222 nm and 208 with a strong positive band
around 190 nm (Woody, 1995). The negative bantd @i222 nm minimum has
been assigned to the amide transition, while the 208 nm negative band aral th
190 nm positive band result from exciton splittofghenn* absorption band into
long- (208 nm) and short-wavelength (190 nm) congmts polarised along and
perpendicular to a right-handed helix axis respetti(Woody, 1996).

Near-UV absorption and CD bands of proteins are hmweaker than far-Uv
bands, but are, in a sense, more sensitive toregiig of specific features due to
fine vibronic structure and wavelength differenc@se Platt classification system
characterises the electronic components of tharglatipole transition moments
of the aromatic residues ak, and 'L, (Woody and Dunker, 1996). These
transitions are perpendicular and parallel to this af rotation of the phenolic
ring, respectively (Woody and Dunker, 1996). $aad (1974) identified the
peak wavelengths of these transitions for Phe, @yd Trp, with the'l,
transitions of Phe and Tyr occurring around 262 amd 268 nm (Phe) and 277
nm and 283 nm (Tyr). The broad, somewhat featsséle, transition for Trp
overlaps thé'L, transition of Phe, while th&, transition of Trp occurs above
275-285 nm up to about 300 nm and has much moeediructure. The fine
structure is due to transitions between the grostate and different vibronic
levels of the excited state, where 0-0 is a trasifrom the ground state to the
lowest excited state vibronic level, 0 + 4207tis a transition from the ground
state to the 420 cthvibronic level in the excited state, and so onri¢8and,
1974). Coupling between two electronic transitiomslifferent residues near to
each other (up to 10 A or even 15 A (Strickland74)9 is a major mechanism
contributing to aromatic near-UV CD bands, thustdung of these residues will
greatly influence the spectrum shape (Vuilleungeal., 1993). The sign and

magnitude of near-UV CD signals is determined lmesihain orientations and
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the tertiary environments of certain residues undferent conditions.

Assignation of specific bands to specific residigesnost easily achieved with
multiple site-directed mutants; nonetheless, agedmount of information about
tertiary structure can be gleaned from the spectréhe same protein under
different conditions. CLIC1 has 14 Phe, 8 Tyr am& Trp residues, the latter of
which makes assignation of tHg, Trp transition signal relatively uncomplicated.

All circular dichroism measurements were undertakem a Jasco J-810
spectropolarimeter constantly flushed with nitrggand using Spectra Manager
software v. 1.5.00. A 2 mm path length quartz tievevas used for all far-Uv
CD measurements. Protein concentration was 2 pNCClin CLIC1 storage
buffer (50 mM sodium phosphate, 0.02% NaNmM DTT added fresh), pH 7.0
or pH 5.5. All spectra were the result of 10 acualations recorded at 50 nm/min
with standard sensitivity (100 mdeg) over the raoQ#85-250 nm at 20 °C. The
bandwidth was set at 0.5 nm, with a response @clasd data pitch of 0.1 nm.
Since most buffers above 10-20 mM and any buffertaining urea are not
transparent below about 210 nm, CLIC1 storage bwtes diluted 10x for native
spectra to reduce the noise signal at the loweraérile spectrum. All spectra
were buffer-corrected and the raw signal in mdegveded to mean residue

ellipticity (MRE) [©] (deg.cnf.dmol™.residué") using the following equation:
[@] = (1000)/cnl Equation 2-4

wheref is the raw signal in mdeg, c is the concentratibthe protein (mM), n is
the number of residues in the protein dnd the path length (Woody, 1995).
Native spectra were smoothed using the negativeoreial function in
Sigmaplot v. 11.0 with a sampling proportion of @rid a first degree polynomial.
This function applies a Gaussian weight functionweight the data and a
quadratic fit. Far-UV CD at 222 nm k) was also used to monitor changes in
secondary structure during urea-induced unfoldiagsitions (see Section 2.2.5.).
E.., was used because CLICL1 is known to be predominastikelical, with 100-

helices and #-strands.
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Near-UV CD spectra were recorded at 5 °C over aelesngth range of 250-340
nm at a scanning speed of 100 nm/min. The tenyreratas maintained by a
Jasco PTC-423S Peltier-type temperature contrdesys A 1 cm path length
cuvette was used, sensitivity was set at high (tlegy data pitch was 0.05 nm,
response 1 sec, bandwidth 0.5 nm, and each spectrasnthe result of 10
accumulations. Protein concentration was 50 puNMdm€mM sodium phosphate,
0.02% NaN 1 mM DTT added fresh. Low temperature CD measargmon
proteins sharpen the CD bands because of lowerétitynof the side-chains, and
at very low temperatures (77 K) increase the intgred the signal (Strickland,
1974). Near-UV CD signal data were not converteRE since only four types
of residues contribute to the signal, making aveggver all residues unjustified.
However, the HT voltage data for the near-UV CDcs@ewere converted to
optical density (OD) using the Spectra Managemgoi in order to compare the
absorbance and CD spectra.

2.2.4.2. Fluorescence spectroscopy

Fluorescence is the other side of absorbance eofatle of a molecule after it has
been excited to a higher energy state by the ahsoebof light. The phenomenon
is best explained with a standard tdébki energy diagram. Molecules in their
ground energy state are excited by the absorpfitighd of a specific wavelength

to a higher energy state, from where they canbfatk down to the ground state
by several processes: initially by loss of heatritgrnal conversion, which is loss
of energy within an energy state, across vibroemels; and then via non-radiative
or radiative transitions (Van Holdet al., 1998). The radiative transitions are
either fluorescence or phosphorescence. Phosglenes is a comparatively
slow process and thus relatively rare. Fluoreseesdhus basically the loss of
electronic energy by emission of light, which enuesoccurs at a longer

wavelength than the excitation radiation. Thislo§ energy between absorption
and emission of light is termed “Stokes’ shift” aisddue to processes including
dissipation of vibrational energy and solvent-fljainore interactions (Lakowicz,

1999). Generally speaking, the delocalised elestion orbitals of aromatic ring
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structures are most easily excited to higher enstates, and these molecules are
prone to fluoresce.

The tertiary structure of a protein can be charasgd by fluorescence
spectroscopy because of the presence of the ictramematic fluorophores, Tyr
and Trp in just about every protein molecule. F#scence spectroscopy gives
information about the packing and local environmainTyr and Trp (Lakowicz,
1999), although protein fluorescence spectra araergdly dominated by
tryptophan emission. The quantum yields for Tyd dinp - basically the ratio of
the number of photons emitted to the number abdorbare not that different
(0.14 vs. 0.13 respectively) (Lakowicz, 1999), tha molar extinction coefficient
for Trp is much higher, resulting in greater togald. The indole ring of Trp is
highly sensitive to solvent polarity because of doenplexity of the electronic
transitions to thélL, and’L, states and the relative orientations of the abegrbi
and emission states (Lakowicz, 1999). Proteingb@éxtharacteristic fluorescence
spectra according to the environment within whilsd main fluorescing species
are packed. Fluorescence intensity varies acogrdéiin the polarity of the
environment, but the fluorescence wavelength doets amange for tyrosine
(Lakowicz, 1999). The contribution of tyrosine da@ undetected in the folded
protein, due to energy transfer to tryptophan ressd or to quenching by nearby
groups, but will often become apparent in a deeatwample (Lakowicz, 1999).
Fluorescence emission intensity and wavelengthrigtophan change according
to the polarity of the environment within which ttrgptophan is found, and the
degree of quenching experienced by the fluorophase a result of that
environment (Lakowicz, 1999). The greater the expe of Trp to the polar
aqueous environment, the longer its wavelength akimum emission will be,
since the polar solvent molecules lower the en@fgthe excited state (Royer,
1995). Tryptophan can be selectively excited & @& since Tyr absorbs well
below this wavelength. CLIC1 has eight Tyr and dmne residue. The tyrosine
residues are mostly in the C-terminal domain, vattly two in the N-terminal
domain, and Trp35 is in the putative transmembnatgon in the N-terminal

domain, acting as a local reporter for that region.
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2.2.4.2.1. Intrinsic fluorescence

All fluorescence measurements on CLIC1 were peréoiron a Jasco FP6300
spectrofluorometer with Spectra Manager v. 1.54s08ware, using a quartz
cuvette. Scan speed was 200 nm/min over a wavblaagge of 280-450 nm
using a quartz cuvette of path length 1 cm. Exomawas at 280 nm (Ex.280) or
295 nm (Ex.295), with excitation and emission wslitiths at 5 nm. Sensitivity
was set to manual with the photomultiplier (PMT)ltage set to 350 V, and
response set tiast. The data pitch was 0.5 nm. Native and unfokieectra of 2

uM CLIC1 in CLIC1 storage buffer (50 mM sodium phbsage, 0.02% Naj 1

mM DTT), pH 7.0 and pH 5.5, and in 3.8 M and 8.QuMa made up with CLIC1

storage buffer, were measured. All data were pufberected.

2.2.4.2.2. Extrinsic fluorescence

8-Anilino-1-naphthalene sulphonate (ANS) (Figurg2)2an amphipathic dye with
a tendency to bind hydrophobic surfaces, has lomgnbused as an extrinsic
fluorescent probe of protein conformations becaaets greatly enhanced
guantum vyield upon binding to exposed hydropholaitcipes (Rosen and Weber,
1969; Brand and Gohlke, 1972). In particular, ANSvidely used for probing
intermediate states in the unfolding transitions pobteins since clusters of
hydrophobic residues not normally exposed in theveaconformation of the
protein become available for ANS binding (Semiswetebal., 1991). ANS has
complex photophysical properties. The polaritytieg environment affects both
the quantum yield and energy of emission (and thagelength of emission) of
the molecule (Gasymov and Glasgow, 2007). In agsiesplution the dye’s
fluorescence is quenched, but in a hydrophobic renment the intensity of
fluorescence is greatly enhanced, and the maximmrsseéon wavelengtivf,ay) is
blue-shifted. This is due to different excitedtassaof the molecule. The first
excited state — the non-polar (NP) state - is Ieedlon the naphthalene ring, and
high energy emission from this state occurs in polar solvents (Kosower and
Kanety, 1983; Kosower, 1986). If the solvent isrenpolar, an intramolecular
electron-transfer reaction from the NP state fotinescharge-transfer state (CT), a
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low energy state. In agqueous solution, intermd&ecelectron-transfer results in
electron solvation and subsequent radiationlessayddecom the CT state,
explaining the low quantum vyield in aqueous sohlutigtosower and Kanety,
1983; Kosower, 1986).

NH SO5

Figure 2.2. The structure of ANS.

ANS is charged, but is highly hydrophobic due ®tiiple ring structure. Electronic
transitions of the delocalisedelectrons within these rings are the basis diutsrescent
properties, but the polarity of the solvent wilfeaft electron transfer reactions which

determine the energy and intensity of emission.

ANS stocks were made up to between 2 mM and 6 mikguke 50 mM sodium
phosphate storage buffer, 0.02 % Natth 1 mM fresh DTT into which CLIC1
had been dialysed that week. Separate stocks pvepared using pH 5.5 or pH
7.0 buffers. The stocks were warmed slightly dyrstirring and then filtered
through 0.45 pm filters because ANS does not drssedsily in aqueous solution,
and black precipitate remains even after extensiveng. The pH was checked
and adjusted using NaOH and the ANS concentratioms veonfirmed
spectrophotometrically using a series of dilutiofstock ANS and an extinction
coefficient ofesso = 5000 M* cm* (Weber and Young, 1964). Dilution factors

were expressed as the ratios of the final fracti@oacentration of the diluted
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solutions to the initial concentration of the staalution, where the latter was
taken as 1 (Reedt al., 2003).

Fluorescence spectra of ANS in the presence arehebsf CLIC1 in 0.0 M, 3.8
M and 8.0 M urea were recorded at pH 5.5 and pHohnOa Jasco FP6300
spectrofluorometer with Spectra Manager v. 1.54df8vare, using a 1 cm quartz
cuvette. The scan speed was 200 nm/min over alerayt@ range of 400-650
nm. Excitation was at 390 nm, with excitation amdission slit widths at 5 nm.
Sensitivity was set to manual with PMT voltage 30 &, and response setftst.
The data pitch was 0.5 nm.

Equilibrium unfolding in the presence of ANS wasfpamed by allowing 2 uM
samples of CLIC1 to unfold in 0-8 M urea for 1-2um® as described in Section
2.2.5.4. The samples were then brought to 200 uMs ANd incubated at room
temperature (20 °C) for a further hour before p@niag measurements.
Equivalent samples containing no CLIC1 were pregaed treated in the same
manner. These are necessary to correct for threasimg free ANS emission
signal in increasing concentrations of urea. Sasiplere excited at 390 nm and
the emission signal monitored at 460 nm (F460)gutwe time drive function on a
Perkin Elmer LS50-B spectrofluorometer (pH5.5) pectrum measurement on a
Jasco FP6300 spectrofluorometer (pH 7.0). A queuizette with a 1 cm path
length was used, and both excitation and emissionachromator slit widths,
respectively, were set to 5 nm on both machines.th@ Perkin Elmer LS50-B,
recordings were made at a data pitch of 0.5 se6da@econds, and the free ANS-
corrected F460 plotted as the average emission thvertime period. On the
Jasco FP6300, scan speed was 200 nm/min, dataQoiaim, responskast and
sensitivity manual with PMT voltage at 350 V. F46@@ta were extracted,
corrected for free ANS and plotted as a functionucda concentration using

Sigmaplot v. 11.0.

The binding affinity of ANS for CLIC1 was determuhdy titrating aliquots of 2
mM stock ANS into 2 uM CLIC1 in 50 mM sodium phosph buffer, 0.02 %
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NaN; and 1 mM DTT at pH 5.5 and 7.0 in the presence assence of 3.8 M
urea. The same titrations were performed in tleeade of CLIC1 to correct for
free ANS. Data were collected on a Perkin EImebQ-8 spectrofluorometer
using the time drive function with excitation atl3@m and emission at 460 nm.
Recordings were made for 60 secs at a data pit€hSo$ec, with excitation and
emission slit widths both at 5 nm. The averagetttdrive data was corrected for

free ANS and plotted using Sigmaplot v. 11.0.

2.2.5. Urea-induced equilibrium unfolding

2.2.5.1. Urea solution

Equilibrium unfolding was performed using ultrapuseea in CLIC1 storage
buffer (50 mM sodium phosphate, 0.02% NaNmM DTT), pH 7.0 or pH 5.5, as
the denaturant. Stock urea solutions of approxipat0 M were made up using
0.45 pm-filtered dialysis buffers into which CLICd#ocks had been freshly
dialysed and the pH adjusted by titration with oghosphoric acid. The stock
urea concentration was determined using the foligvaquation from Pacet al.
(1986):

[Urea] = 117.66QAN) + 29.753AN)? + 185.564AN)? Equation 2-5

where AN) is the difference between the refractive indioésthe denaturant
solution and water. Urea stocks were then kef2@fC until required, but for no
longer than a week, because cyanate and ammonias farm during the
decomposition of urea, the former of which can cleaity modify the amino
groups of proteins (Stark, 1965). Once thawed,uamused urea was discarded.
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2.2.5.2. Recovery

The reversibility of protein unfolding must be dditshed before equilibrium
unfolding studies can be performed. The shiftqaikbrium toward the unfolded
species that occurs in the presence of a chemieahtdrant allows for the
accurate determination of the equilibrium consta€, which is required to
calculateAG and other thermodynamic parameters which definestbility of
proteins. Fluorescence with excitation at 280 288 nm and far-UV CD (see
section 2.2.4.) were used to follow refolding. p& 7.0, triplicate 1 rh samples
of 10uM CLIC1 in 8 M urea were allowed to unfold for 2ure at 20 °C. They
were diluted 10x with CLIC1 storage buffer, pH 73D mM sodium phosphate,
0.02% NaN 1 mM DTT), and allowed to refold for 2 hours bef@pectra were
recorded. Controls consisted ofill CLIC1 in 0.8 M urea. At pH 5.5, triplicate
1 mt samples of M CLIC1 in 8 M urea were allowed to unfold for 1urcat 20
°C. They were diluted 10x with CLIC1 storage buffeH 5.5 (50 mM sodium
phosphate, 0.02% NaN1 mM DTT), and allowed to refold for 1 hour before
spectra were recorded. Controls consisted of W6 CLIC1 in 0.8 M urea.
Averages of triplicate spectra were buffer-corrdcaad plotted using Sigmaplot
v. 11.0.

2.2.5.3. Equilibrium unfolding

The aim of equilibrium unfolding studies is to cheterise the relationship
between observed experimental results and the tdmamic properties of a
system by estimating the values of parameters whedctribe this relationship
according to an applied denaturation model. Tlleeaturation models are in
common use: Tanford’s model, which makes use o& det the solubility of

amino acid analogues upon transfer from water teeags urea or guanidine
hydrochloride (GdnHCI) solutions (Tanford, 1970klie denaturant binding
model, which assumes that urea or GdnHCI moledbiled to amino acid side
chains or the peptide group, and calculates theymandic parameters from the
difference in the number of binding sites betweativie (N) and unfolded (U)

states (Aune and Tanford, 1969); and the linearapwtation method, which is
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based upon the linear dependence of the free emdrggfolding on denaturant
concentration (Schellman, 1978), and extrapolates tependence from the
transition region to zero denaturant concentraéreene and Pace, 1974). This
last method is the method used here, and is thé wdsly used for two reasons:
additional parameters such as those representsad@rdhsfer of protein residues
into denaturant or the binding behaviour of derattimolecules are not required;
and agreement between estimates of the changébs @&ee energy of unfolding
in the absence of denaturanGn20)) from urea and GdnHCI denaturation is the
closest (Greene and Pace, 1974). This method algiags the lowest estimate of
AGg20) (Greene and Pace, 1974), and relies on a numbeassdmptions:
reversibility of unfolding, that the transition i&o-state, that the assumption of
linear dependence of the free energy of unfoldinglenaturant concentration is
valid, and thatAGu20) is independent of denaturant, i.e. is a propeftyhe
protein system itself (Santoro and Bolen, 1988).

Denaturation curves are useful for several reasonf®r determining the
conformational stability of proteins, for inferringpe folding mechanism of a
protein, for inferring the structure of a protesad. number of domains) and the
relative stabilities of domains (Pace, 1986), fetedting the existence of stable
unfolding intermediates and for comparing differemicin conformational
stabilities among proteins. The elucidation ofaldihg pathways and typical
parameters should someday allow for the developmkrdliable models for the
prediction of protein folding pathways. The comf@tional stability of a folded
protein refers to the free energy chang@, for the unfolding of a protein from
its native to denatured states (Schellman, 197B)e native conformations of
proteins have been found to be only marginally nstable (approximately a few
hydrogen bonds in terms of free energy change) tematured, biologically
inactive conformations (Tanford, 1970b; Privalowda@ill, 1988; Pace, 1990;
Paceet al., 1996). Forces that contribute to the confornmatiostability of
proteins are van der Waals forces, electrostatice®) hydrophobic interactions
and hydrogen bonding (Dill, 1990; Lins and Brassd®95; Pacet al., 1996).

Chemical denaturation by chaotropic agents sucluraa or GdnHCI can be
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monitored by a number of methods, including fluoegxe (Brand and Witholt,
1967), CD (Adleret al., 1973), UV difference spectroscopy (Donovan, 1973
Herskovits, 1967) and nuclear magnetic resonancectgscopy (NMR)
(Wthrich et al., 1980). Urea is believed to exert its denaturgfigct either
directly, by binding to the protein, or indirecthpy altering the solvent
environment (Bennion and Daggett, 2003). It thitesrsthe equilibrium between
the folded (N) and unfolded (U) states of the proteN « U.

2.2.5.4. Probes

The probes used in this study were fluorescencefamdV CD spectroscopies
(see Section 2.2.4.). These techniques are coreplany because far-Uv CD
measures secondary structure (Addeal., 1973) while fluorescence spectra can
indicate changes in the tertiary environments afdnd Trp residues (Lackowicz,
1983; Brand and Witholt, 1967). The simultaneoss of both of these probes is
convenient because both require very low conceatratof protein and are
relatively straightforward to execute. In additiantermediate states along the
transition curves are likely to be detected becadsbfferences in the transitions

obtained by monitoring both secondary and tertsinyctural changes.

Triplicate 1 m samples of 22M CLIC1 in urea concentrations ranging from 0.0-
8.0 M in 0.2 M intervals were prepared by addingatarant slowly to protein
and mixing by gentle inversion 3 times. Samplesavadlowed to unfold at 20 °C
for 1 hour at pH 5.5 and for 2 hours at pH 7.0. fdlthng was followed using
fluorescence with excitation at 280 and 295 nm &ardUV-CD (see Section
2.2.4.). Fluorescence spectra were recorded orasaoJFP6300 spectro-
fluorometer with Spectra Manager v. 1.54.03 sofeyarsing a 1 cm quartz
cuvette. The scan speed was 200 nm/min, data @iicmm, responskast and
sensitivity manual with PMT voltage at 350 V. Chta were collected by
monitoring the signal at 222 nm on a Jasco J-8&0teppolarimeter. Data were
collected for 60 sec at a data pitch of 0.1 seb siandard sensitivity, bandwidth
of 0.5 nm and response of 1 sec. Fluorescence iemiasd CD spectra of 0.0-8.0

M solutions of urea prepared with CLIC1 storagefdruivere measured to check
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background signal. Light scatter for each samplech indicates the presence of
aggregates, was recorded with both excitation anson wavelengths set at
340 nm. Data were collected for 60 sec at a diéth pf 0.2 sec with slit widths
of 2.5 nm. Sensitivity was set hogh and response to 2 sec. All data were buffer-

corrected, and were plotted in SigmaPlot v. 11.0.

2.2.5.5. Equilibrium unfolding data-fitting

Calculation of thermodynamic parameters from unfgdlata can only be carried
out if 2 conditions have been met: the reversipitif the reaction has been
established and the reaction was at equilibriumoreefmeasurements were
undertaken (Pace, 1986).

The fluorescence unfolding data were presentechaatysed in 3 ways:
i.  The maximum emission wavelength,fy), i.e., the wavelength at
which each spectrum peaked, was plotted againatamecentration.

ii.  The emission intensities at the wavelength at wkhehnative species
peaked were plotted against urea concentration.

iii.  The emission intensities at a number of differeav@engths along
the rising, peak, and falling portions of the speetere plotted against
urea concentration.

Averages of triplicate data sets were used in eade. Data sets were first
overlaid to ensure that their transition regionpanticular were superimposable.

The circular dichroism data was plotted as the ayerof triplicate data sets
(which had been confirmed to superimpose) of adlifyt at 222 nm as a function

of urea.

The unfolding data at pH 7.0 was fitted totwo-state monomer (N < U)
unfolding model. The pH 5.5 data was fitted tibraee-state monomer (N < | —

U) unfolding model. The fits were calculated bglzdl analysis (Beecham, 1992)
using the program Savuka v. 6.2.26 (Zitzewdtal., 1995; Bilselet al., 1999) and

a Poisson probability distribution. The progranesia Marquardt-Levenberg type
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non-linear least squares routine to analyse simedttasly multiple data sets from
different experiments in terms of internally conesig sets of fitting parameters
(Beecham, 1992), thus minimising error. The tésigics generated are the chi-

squaredy®) and goodness-of-fit parameters.

2.2.5.5.1. Two-state monomer fit

In a two-state monomer unfolding transition, onkotspecies exist: the native

species (N), and the unfolded species (U3»N.

A two-state unfolding curve has three regions (RakStoltz, 1997):
I. The pre-transition region, in which the native sgatedominates.
il. The transition region, where native and unfoldin@p@es exist in
varying concentrations, and cooperative unfoldioguos
iii. The post-transition region, in which the unfoldéate predominates.

The sum of the fraction of protein in the nativefommation {y) and the fraction

of protein in the unfolded conformatiofy) will always be 1:

fn+fu=1 Equation 2-6
The physically observed signal, recorded using utarc dichroism and
fluorescence in this study, is represented,byhich at any point in the curve will
be:

y=ywfn+yfu Equation 2-7
whereyy andyy represent the measured properties of the foldedusarfiolded
states, respectivelyyy andyy for the transition region are calculated by linear

extrapolation of the pre- and post-transition ragio Equations 2-6 and 2-7 are

combined to give:
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f, = (ry-)

= Equation 2-8
(yN _yu) 9

The Gibbs-Helmholtz equation relates the Gibbs &rergy for the transition,

AG, to the equilibrium constarkeq
AG = RTInKgq Equation 2-9

whereR is the universal gas constant (1.987 cal h#f") andT is the absolute

temperature. For a two-state monomer transition:

_fu

Keq_E

N
1~ fo

_ On-y)

= Equation 2-10
(¥ -yv) a

Substituting into Equation 2-9:

AG = —RT In (%) Equation 2-11
- Ju

The method assumes a linear relationship betwa&h and denaturant
concentration (Greene and Pace, 1974) suchAGai,o) can be determined by

extrapolation from a plot &G vs. [urea] according to:

AG = AG(HZO) - m[urea] Equat|0n 2-12
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Themvalue is the slope of the plot described by Equa#idl 2, and is defined as
the dependence of the free energy of unfoldingesratlirant concentration:

SAG
m = Equation 2-13

T8 [urea]

It is an indication of the difference in solventcassible surface areAASA)
between the native and unfolded states of the ipr¢@&reen and Pace, 1974). It
can indicate the presence of intermediates in tiielding pathway, and indicates
the level of cooperativity of the unfolding proce&chellman, 1978; Shortle,
1995; Soulages, 1998; Luqaeal., 2002).

Changes in solvent accessible surface af@&A) upon unfolding in urea were

calculated according to Myeesal. (1995), whereby:
AASA (A% = -907 + 93(#res) Equation 2-14

Predicted values fan were calculated according to Myeatsal. (1995) from the

AASA upon unfolding in urea, whereby:
m = 374 + 0.11AASA) Equation 2-15

Predicted G values (the midpoints of the transition curvesjemealculated using
the experimentally derivedG20) values and the above predictedralues, such
that:

AGg20)
Ch = —

Equation 2-16

For a two-state model to be applicable, the unf@dicurve needs to be
monophasic, with no shoulders or inflections in tfansition. Also, the curves
generated by different techniques should be supasable. A three-state fit can

be applied if these conditions are not met.
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2.2.5.5.2. Three-state monomer fit

A three-state monomer fit can be applied to datare/lan intermediate species (1)
can be detected at equilibrium (Pace, 1986), wiyetkb equilibrium equation
becomes N— | «— U. In this case, the equilibrium constant for tHe— |

transition isK1, and isK for the 1< U transition:

Int fit fu =1 Equation 2-17
K _ fI E .
1 = L quation 2-18
/N
K — fU E .
2 = E quation 2-19
Ky = ;—U = KK, Equation 2-20
N

Here, the sum of the fraction of protein in theivetconformation fy), the
fraction of protein in the intermediate conformati) and the fraction of protein
in the unfolded conformationfy) is 1. The N« U equilibrium constant is

represented bi;K,. The observed signaj, is represented as:

y = ynfn+nifi + yufu Equation 2-21

wherey, are the measured properties of the intermediate.
To getfy in terms ofK; andKj, equations 2-17 to 2-20 are combined:

fu_ | Ju

v_14
K.K, K,

fu+
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K1K,

s~ fu = KiKp+ 14 K1 Equation 2-22

Similarly:

Kq

fi= m Equation 2-23

and:

1
fv = (K1K2 +1 + K1)/(K1K3)

Equation 2-24

We know from Equations 2-9 and 2-12 thAG = -RTInK;

and: AG1 = AG1yy0) — mlfurea]

therefore:

K, = e(m1lureal—AG1(20))/RT Equation 2-25
and similarly forkK:

K, = e(m2[ureal- A62(1120))/RT  Equation 2-26

Substituting Equations 2-22 to 2-26 into EquatieR12gives the model for the

final fit:

[)’N n yl(e(ml[urea]— AGI(HZO))/RT) + vy (e(ml[urea]— AGl(HZO))/RT) (e(mZ[urea]— AGZ(HZO))/RT)]

[1 4+ e(milureal- A61(y20))/RT (e(ml[urea]— AGI(HZO))/RT)(e(mz[urea]— AGZ(HZO))/RT)]
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2.2.6. Liposome preparation

2.2.6.1. Freeze-thaw extrusion method

A number of methodologies are in use for lab- amdd-scale preparation of
unilamellar and multilamellar liposomes rangingnir@0 nm to several pm in
diameter (reviewed in Mozafari, 2005). Some of tth@re common methods are
detergent dialysis (Millsmaret al., 1978), sonication (Papahadjopoulos and
Watkins, 1967), reverse-phase evaporation (SzoklaPapahadjopoulos, 1978),
high pressure homogenisation (Mayhewal., 1984) and extrusion (Olsa al .,
1979; Hopest al., 1985). Clearly the method chosen depends vemghnon the
intended application of the liposomes, particulailyce residual organic solvents
or detergents could prove severely problematic iertain downstream
applications. Regardless of the method used thaighunderlying principle of
how liposomes form remains the same: hydrophydrbphobic interactions
between lipid-lipid and lipid-water molecules insgstem perturbed by some
physical means such as shaking, sonication, ertrusic., cause the spontaneous
arrangement of the lipid and water molecules iherhost energetically favoured
conformation: the bilayered vesicle form (Mozaf2005).

Consideration of the expected applications of a ehadembrane system that
would be used to characterise the structural andtienal interactions of CLIC1
with membranes (in future work in this laboratorggnerated five basic
requirements for the model membrane system unddy stere:
)] The system had to be as biomimetic as possibleerims of lipid
composition and size, which affects the extent efirhrane curvature.
i) The encapsulation capacity of the liposomes hdukttarge enough to
enclose experimentally significant quantities ofotpm or other
molecules, such as fluorescent dye or chemical fieosli
i) The size distribution had to be as narrow as ptess prevent the
generation of extraneous noise in certain expermegsuch as

isothermal titration calorimetry, for example).
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Iv) The liposomes had to be relatively stable over tiespecially in light
of the prohibitive cost of purified phospholipidddaving to discard
any portion of a single preparation is not ideal.

V) The system had to be amenable to different buféeditions which
would be used to explore the ideal environmentaftarge fraction of
CLIC1 to insert into the membrane.

With these conditions in mind, thestrusion method of liposome preparation first
described by Olsed al. (1979) and improved by Hopat al. (1985) was chosen,
using a freeze-thaw protocol and 400 nm polycarteomaembranes. The
development of the small volume extrusion apparbyuslacDonalckt al. (1991)
appreciably extended the applicability of this noeth Large unilamellar vesicles
prepared by the extrusion technique (LUVETS) haveesidual organic solvent
or detergents, have a sharp size distributionpeaprepared in sizes ranging from
50-1000 nm, resemble biological membranes in tiy &ire unilamellar and have
a relatively good encapsulation efficiency, aratiekely stable in that their lipid
arrangement is at equilibrium, and are reasonaddy €0 prepare (MacDonaéd
al., 1991).

Three types of lipid composition were used for LUNEN this study:

) Asolectin (Sigma-Aldrich product number 11145), aude and
relatively inexpensive extract from soybean compgspproximately
20-24 % phosphatidylcholine (PC), 18-22 % phosplyti
ethanolamine (PE), 12-15 % phosphatidylinositol) (Bhd 4-7%
phosphatidic acid (PA). This product was usedalltjtto optimise the
extrusion process and encapsulation of fluorescdgmet Asolectin
(Sigma P5638) was successfully used by Tetkal. (2000) to
demonstrate functional reconstitution of CLIC1 idiposomes and
planar lipid bilayers.

i) A combination of ~60 % PC, ~10 % PIl, ~10 % PE, ~%0
phosphatidylserine (PS), ~10 % cholesterol and thmainder

sphingomyelin, based on approximate values gaimeth fseveral
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studies of typical nuclear membrane lipid compossi (Table 1).
This lipid mixture is attractive for its resemblanto typical nuclear
membrane composition, but in practice is almost assible to
reproduce batch to batch due to the very small esaksing weighed
out and the extreme stickiness of the lipids théwese Thus this
mixture was only used once or twice.

i) A 4:1:1 mol/mol ratio of PE:PS:cholesterol (hereafreferred to
simply as PE:PS:chol) determined by Singh and AslK&O06) to
produce the most reproducible ion channel activityhe presence of
CLIC1 of all lipid mixtures tested. While Singhdaishley (2006)
used palmitoyloleoyl phosphatidylethanolamine (PPPE&Nd
palmitoyloleoyl phosphatidylserine (POPS), the mitnmdipids used in
this study were purified l-PE Type IV and La-PS from soybean
(Glycine max) (Sigma-Aldrich P8193 and P0474, respectively).
Oleoyl is a monounsaturated C18:1 fatty acid, aatinfgoyl a 16-
carbon (C16:0) saturated fatty acid chain. TheceXatty acid
composition of Le-PE Type IV is unknown, but it contains 65 % C18
unsaturated fatty acids, primarily linoleic acidl@2), and 12.5-28.5
% saturated fatty acids. The fatty acids in the-RS used are
primarily linoleic acid. Le-PE Type IV and La-PS rather than POPE
and POPS were used in this study simply becauskeotogistical
reason of availability, but they were chosen beeaheir fatty acid

chain lengths were at least similar.

Glassware used in the preparation of liposomes @leaned thoroughly in
phosphate- and chlorine-free detergent (Contradfitsed in distilled water
(dH0), twice in deionised water (DI water) and twice methanol to remove
excess water. Tubes and beakers were then sedlregarafilm and stored for no
longer than 30 days prior to use. LUVET preparatalowed the basic protocol
described by MacDonale al. (1991). Lipids were stored at -20 °C and brought
to room temperature prior to opening the containdtipid mixtures were made

up in concentrations from 20-100 mg/mThe appropriate mass was weighed out
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under nitrogen as far as possible and the storagtioer then flushed gently
with nitrogen and sealed with parafilm before bepigced back in the -20 °C
freezer. Asolectin was solubilised in 1¢ ehloroform and PE:PS:chol in 2:1
chloroform:methanol. For stocks, no more than fbatches of lipids were
solubilised and then stored layered under nitragem Schott bottle with the lid
sealed with parafilm at -70 °C. The lipids wergédrunder a gentle stream of
nitrogen while rotating the tube by hand or usingaatex mixer. Residual
nitrogen was removed overnight under vacuum okastl 300-500 mtorr. The
lipid film was hydrated while shaking at a temparatabove the phase transition
temperature (f) (~18 °C for asolectin and less than that for FEcRol) in 30-
500 mM potassium acetate or potassium nitrate ilCClstorage buffer (50 mM
sodium phosphate, 0.02 % NgN. mM DTT), pH 5.5 or 7.0, used for dialysis
that week; or in 200 mM KCI in CLIC1 storage buffedin cases wherél-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE) was
encapsulated in liposomes, the hydration buffetaioed 10 mM MQAE. The
hydration phase with shaking or vortexing causesféinmation of multilamellar
vesicles (MLVs) as the lipid film lifts off the imm surface of the glass tube
(Figure 2.3).

Once it could be seen that the lipid film had bédly removed from the inner
surface of the tube by the hydration buffer, th&utsan was subjected to 10
freeze-thaw cycles in an ethanol/ice bath and lakewwater bath (45 °C for
asolectin, 30 °C for PE:PS:chol). Cycles were miButes each for asolectin, or
1-2 minutes freezing and very brief thawing for P&:chol. The freeze-thaw
cycles ensure equilibration between trapped an# balutions (Mayeret al.,
1985) and have also been shown to increase enatipsutfficiency of liposomes
(Manojlovic et al., 2008). Extrusion was performed using an AvaniniM
Extruder (Avanti Polar Lipids, Alabaster, USA) epgped with two 1 m
Hamilton syringes with removable needles (The HemilCompany, Nevada,
USA). The mini-extruder apparatus fits into a meatblock which was
maintained at 42 °C for asolectin and 22 °C forHE¥Echol during extrusion.
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Figure 2.3. Multilamellar vesicles formed during hyration of vacuum-dried
lipid film.

(1) A lipid mixture solubilised in organic solveistdried to a film around the bottom of a
glass tube under a stream of nitrogen. The tulmetited or vortexed while drying,
resulting in layers of lipid drying over each othgR and 3) When hydrated in aqueous
buffer these layers peel off to form multilamellagsicles. Image from Laso#t al.
(2003).

Multilamellar dispersions were extruded throughiagle 400 nm Nuclepore
polycarbonate track-etched membrane (Whatman) 1tln¥és. Dead space was
reduced by pre-wetting the extruder parts by pags€ir22 pm-filtered buffer
through the apparatus several times prior to ekigudpids. An odd number of
passes was always used so that any large partelesther contaminants
remaining after extrusion would be left in the ffisyringe. After extrusion the
asolectin liposome suspensions were centrifuge#l3a400 rpm in a benchtop
Eppendorf Minispin for 30 minutes to pellet largaarticles. The PE:PS:chol
mixture was found not to form any pellet at thiaga so these mixtures were not
centrifuged in subsequent preparations. The suf@rhaas aspirated into a clean

tube, layered with nitrogen and the lid sealed vp#rafiim. Liposomes were
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stored at 4 °C sealed under nitrogen at all timEsey were used within 3-4 days

of preparation.

2.2.6.2. Encapsulation of fluorescent dye, MQAE, in liposomes

The fluorescent dye, MQAE (Figure 2.4), is collisadly quenched by chloride
ions via a charge-transfer quenching mechanisnafdayan and Verkman, 2000).
Collisional quenching is the deactivation of theieed state of a fluorophore by
contact with a quencher molecule in solution (Lakaw1999). The decrease in

fluorescence intensity is described by the Sterfir\o equation:

FFO =1+ K¢y[Q] Equation 2-27

where I is the fluorescence intensity in the absence dangher, F is the

fluorescence intensity in the presence of quencKey, is the Stern-Volmer
guenching constant and [Q] is the quencher conaiorr.

H3CO

Br
O\/CHg

O

Figure 2.4. The structure of MQAE.

The basis of the molecule’s fluorescent properiteshe quinolinium ring structure.
MQAE was designed as an analogue to 6-methidx$-sulfopropyl] quinolinium (SPQ)
as a more sensitive chloride indicator, which.it This is probably due to the deletion of
the negative charge of the sulphonate of SPQ (Venletnal ., 1989a).
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One of the objectives of this project was to endhat the model membrane
system characterised would be viable later for tional studies of CLIC1. All
functional work on CLIC1 to date has been done gisalectrophysiology
(Valenzuelaet al., 1997; Toniniet al., 2000; Valenzuelat al., 2000; Harropet
al., 2001; Tulket al., 2000; Wartoret al., 2002; Tulket al., 2002; Littleret al.,
2004; Singh and Ashley, 2006; Singa al., 2007). This type of
electrophysiology requires much investment in higépecialised equipment and
some technical skill. It was considered for thisjgct that it may be possible to
develop a fluorescence-based functional assaycthdt be performed relatively
easily and could be used to compare CLIC1 and Clohdfant-mediated chloride
flux into liposomes. The aim of the assay wouldsimeply to indicate that CLIC1
was actually inserted into the membrane and wadifuring to allow quantifiable
chloride conductance across the membrane. Thisotsan entirely novel
application within the CLIC family. Nishizawat al. (2000) used the
quinolinium-based MQAE analogue 6-methdXy3-sulfopropyl] quinolinium
(SPQ) to detect parchorin-mediated chloride effitom LLC-PK1 cells. This
was done by monitoringnquenching of the signal as chloride was transpated
of SPQ-loaded cells. The assay proposed here wualdtor quenching of the
MQAE signal as chloride flowed into MQAE-loadeddgomes. Demonstrating
quantifiable function would be a fundamental preisige for any structural
studies on the membrane-inserted form of CLICladdition to the rather more
formidable requirement that most or all of the CLIGe in its integral membrane
form. This latter point, though, is rather beyoim@ scope of this project at
present. Verkmaret al. developed a number of quinolinium-based chloride-
sensitive fluorescent indicators (reviewed in Veakm1990) which they showed
to be able to measure, quantifiably, chloride fapross liposomal membranes
(lllsley and Verkman, 1987; Verkma al., 1989a; Verkmast al., 1989b). The
principle is simple: the fluorescent dye (MQAE tims case) is encapsulated
inside the liposomes and the extravesicular dyeovewh by size exclusion
chromatography. The chloride channel protein isoduced to the liposome
suspension with extravesicular chloride and theaignonitored at the emission

maximum of the fluorescent molecule. If the chdammetein (CLIC1 in this case)
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Is inserted into the membrane and transportingrictddons across it, the MQAE
signal will be quenched. If not, the signal wilnnain the same and it can be
assumed that the protein is not functioning aslericte channel. The system can
be calibrated in the sense that initial chloridaaamtration is known, the baseline
signal for total quenching can be measured by lgEthe liposomes with Triton
X-100, and rates of flux can therefore be calcualdtem a line fitted to the initial
drop in signal. MQAE is quenched by @Br, I, SCN and citrate (Verkmamt
al., 1989a). It is unaffected by NeK*, Cd or pH in the range 4-8 (Verkmas
al., 1989a). It is highly water-soluble and its netsifge charge probably
prevents leakage across the membrane.

Ten mM MQAE was encapsulated in LUVETs by prepaitnig the buffer used
for hydration of the dried lipid. The buffer wakvays the most recent CLIC1
storage buffer used for dialysis (50 mM sodium mpimage, 0.02 % NaiN 1 mM
DTT), pH 5.5 or 7.0, containing 30-500 mM potassiagetate or potassium
nitrate. Buffer was filtered through a 0.22 pntefilprior to use.

2.2.6.3. MQAE fluorescent dye concentration determination

MQAE concentration was determined using the Beenthert law (Equation 2-1)
and a molar extinction coefficient afso = 2 800 M' cm* (Verkman et al.,
1989a). Ten to 15 serial dilutions of the MQABckt were measured at 350 nm
using a Jasco V-550 UV/VIS spectrophotometer. Artpucuvette of 1 cm path
length was used for all readings. Readings weféeboorrected, plotted as a
function of dilution factor and the concentraticgtemined from the line fitted by
linear regression. Dilution factors were expresssdthe ratios of the final
fractional concentration of the diluted solutionsthe initial concentration of the
stock solution, where the latter was taken as D @) (Reedkt al., 2003). An
absorbance spectrum of approximately 0.1 mM MQAE wecorded from 250-
450 nm.
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2.2.6.4. Determination of MQAE Stern-Volmer chloride quenching

constant

All fluorescence measurements of MQAE were perfatoe a Jasco FP6300
spectrofluorometer with Spectra Manager v. 1.54®&8wvare. The Stern-Volmer
chloride quenching constant for MQAE was determimedrder to ascertain
appropriate Ct concentrations to use in a functional assay basdtie use of this
dye. Ten mM MQAE in CLIC1 storage buffer (50 mMdaam phosphate, 0.02
% NaNs, 1 mM DTT), pH 7.0, containing 30 mM potassiunraii¢ was titrated
with approximately 5 mM aliquots of 2 M KCI. Exatton was at 350 nm, and
the emission signal was monitored for 40 secondkb@tnm using the time drive
function. Sensitivity was set tagh, the data pitch was 0.2 sec, excitation and
emission slit widths were both 5 nm, and the respomas 2 sec. A 1 cm quartz
cuvette was used. Data were buffer-corrected &otted as the average intensity
over 40 secs, and duplicate sets of data werectetle The same experiment was
carried out with 10 mM MQAE in diD. Fluorescence spectra of MQAE in the
same buffer as above and inAgHwere recorded from 350-600 nm at 200 nm/min
with sensitivity set tahigh, the data pitch 0.5 sec, excitation and emisslin s

widths both 5 nm, and the response séaso

2.2.6.5. Removal of extravesicular MQAE

Complete removal of any unencapsulated dye is sacgdor the success of
downstream experimental work. This was achieved dige-exclusion
chromatography. Initially an 85 imSephadex G25 column pre-equilibrated in
CLIC1 storage buffer (50 mM sodium phosphate, @®ORaNs, 1 mM DTT), pH
7.0 or pH 5.5, containing 30-500 mM potassium dhbmwrwas used for the
separation of liposomes containing MQAE and extsangar dye. Liposomes
were applied manually to the column and chased twih column volumes of
equilibration buffer. Eluate was collected in B fractions from shortly before
the liposome fraction could be seen to reach thigotvo of the column (the
asolectin formulation is yellow and the PE:PS:clysbsome mixture is white).
Later, an 82 m Sephacryl™ 300 High Resolution (S300HR) (Amersham
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Biosciences) column was used on the AKTAprime profeurification system
(Amersham Biosciences) to achieve higher resolubetween liposome and
MQAE fractions. The void volume of this column waestermined by passing 2
mt of 2 mg/mt Blue Dextran 2 000 000 (Sigma-Aldrich) through Tthe column
was equilibrated with 300 InCLIC1 storage buffer (50 mM sodium phosphate,
0.02 % NaN, 1 mM DTT), pH 7.0 or pH 5.5, containing 30-500 ni¥CIl. One-
two mt of extruded liposomes were injected onto the coluah?2 nt/min and
were eluted with up to 150 trequilibration buffer. Fractions which were vigibl
cloudy and which were 2-3 fractions into the liposoelution peak visualised by
the AKTAprime software (PrimeView™ v. 1.0, Amershamere pooled in a
clean tube, layered with nitrogen and the lidsesalith parafilm. Extravesicular
MQAE was collected in 2 infractions and an absorbance spectrum from 250-450
nm recorded to confirm that it was indeed MQAE. AMcontaining liposomes
were stored under nitrogen at 4 °C in the dark,\@eck kept in the dark until just

prior to experiments.

Fluorescence emission spectra of MQAE-containingodomes and the
extravesicular MQAE fraction were recorded on a cdasFP6300
spectrofluorometer using the same settings as le@téor MQAE spectra in
Section 2.2.6.4. above.

2.2.6.6. Basal leakage study

The usefulness of fluorescent-dye-containing lipess only extends so far as the
dye does not leak out of the vesicles. The lipldyer is fluid, dynamic and
permeable, and is more or less so depending diptdeomposition (Finkelstein,
1976; de Gier, 1993; Albet al., 1997; Manojlovicet al., 2008; Mathaiet al.,
2008), particularly in relation to cholesterol, tls®-called “packing lipid”
(Carruthers and Melchior, 1983; Laneéeal., 1995). While permeability is a
unique and critical property of biological membraneninimisation of this
property was highly desirable for this study. Omogravesicular MQAE had
been removed from the liposome dispersion, bas&llge rates were monitored

to indicate for how long the liposomes could bedubefore the MQAE signal
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dropped too significantly. Aliquots of the prepdréposomes were stored
protected from light at 4 °C or at room temperat(®2@ °C). Quenching was
monitored by fluorescence emission intensity whbk tvavelength fixed at 440
nm on a Hitachi Model 650 fluorescence spectropheter. A 1 cm path length
quartz cuvette was used. The excitation wavelength 350 nm, and excitation
and emission monochromator slit widths were sdi0ahm. Measurements were
taken every few hours for the first few days, ahdnt once or twice a day
subsequent to that. Percentage leakage was deltwdéter complete release of

all dye from the vesicles with 0.1 % Triton X-1@@hich lyses the vesicles.

2.2.7. Phospholipid concentration determination

A number of sensitive methods are available forddétermination of phospholipid
concentration, most based upon the colorimetricerdahation of organic
phosphorus, such as the Barlett assay (Bartle§9)19he Fiske and Subbarow
assay (Fiske and Subbarow, 1925) and a method biv&H4jian and Rudnicki
(1970). The Stewart assay (Stewart, 1980) religsnuthe complexation of
ammonium ferrothiocyanate with phospholipids. Thethod used here was
based on that of Cheat al. (1956) and is a total phosphorus assay. Althatugh
cannot directly account for cholesterol, which doe$ have a phosphate head
group, the cholesterol concentration can be caledl&om the molar ratio once
the phosphorus concentration is known. The phasishassay is a colorimetric
assay for inorganic phosphate which involves agidralysis of phospholipids
followed by conversion of inorganic phosphate toggho-molybdic acid with the
addition of ammonium molybdate. This compounchentreduced while heating
by ascorbic acid to form a blue-coloured complexséabsorbance is read at 820

nm. The more phosphorus present, the deeper lidueotour development.

A standard curve was constructed from triplicatengas of 0.0-0.228 pmol
phosphorus made up from 0.65 mM stock phosphorlgiao (Sigma-Aldrich
661-9). Glassware was washed as described ino8e2i?.6.1. The standard

samples and triplicate samples of asolectin lipasprepared in 20 mM Tris-
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HCI pH 7.0 were acid-hydrolysed by addition of 08 8.9 N HSQO, to each
tube with heating in an aluminium block at 200-Z%for 25 mins. The tubes
were removed from the heating block and allowedadal for five minutes before
150 W H,O, was added to each tube. Heating was continuedead@0 °C for a
further 30 minutes. DI water (3.9¢nwas added to each tube, followed by 0.5
mt 2.5 % ammonium molybdate (VI) tetrahydrate solutioAll tubes were
vortexed five times, 0.5 10 % ascorbic acid added, and vortexed five times
each again. Tubes were covered with marbles teepteevaporation and heated
at 100 °C for 7 minutes. Once cooled to room temtpee (20 °C) the absorbance
at 820 nm of all standards and samples was detedninThe 0.0 pmol
phosphorus standard was used for blank-correctidrtrgplicate averages plotted
at a function of phosphorus amount. The phosphooasentration, and thus the
phospholipid concentration of the samples wererdeteed from the equation of a
regression line fitted to the data.

Of great interest was the determination of whetied weight would give a
relatively reliable concentration estimation if &pid lost during the liposome
production process was accounted for. This wasalds not only because most
phospholipid concentration determination methode é&ngthy and rather
unwieldy processes not really suited to frequedt@myoing use, but also because
the protein storage buffer used throughout thidystor storage, assays and LUV
preparation, is a phosphate buffer, chosen faelttively wide buffering range —
the range concentrated on in this study. Cleaghi@sphate buffer cannot be used
in a total phosphorus assay, but the assay itsadf perfectly suited in all other
aspects. Thus it was decided to use dried weighinates if it could be
confirmed that the phosphorus assay and dried wemjnes corresponded. All
glassware and other tubes used during the LUV mtomiu process were weighed
prior to lipid solubilisation and after vacuum drgi Residual lipid left in tubes
was vacuum dried and the tubes weighed again.| lbsmfrom the original mass
was accounted for and the lipid concentration dated from an average
molecular mass estimated for the lipid mixturesnfdgtunately, small volume

losses during extrusion could not be perfectly aoted for.
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2.2.8. Liposome size determination

The size of LUVs was determined, in most casesigit after extrusion and
again after passage through the S300HR columne W&s determined using
dynamic light scattering (DLS). DLS is based oa frinciple that the speed of
the motion of a molecule in solution can be useestimate its size. Molecules in
solution undergo constant random bombardment from molecules of the

solution surrounding them. These collisions camewement termed Brownian
motion (Harding, 1997). The smaller and more corhpamolecule is, the faster
its Brownian motion is likely to be than that oflaxge, asymmetric, extended
molecule. In DLS, laser light is scattered by noawnlecules in solution and the
scatter pattern detected. Fluctuations in thengites within the scatter pattern
caused by Brownian motion of the macromoleculesererded and correlated by
the computer (Harding, 1997). A diffusion coeféict O) is produced from an

exponential fit to the correlation data and a gsirsribution calculated. The
Stokes-Einstein equation, which relates the spdedhation of molecules in

solution to their size, is then used to calculbtedize of the particles:

kT kT :
Dy = = 3mD Equation 2-28

where Dy is the hydrodynamic diametek,is the Boltzmann constant, T is the
absolute temperaturd, is the particle frictional coefficienty is the solvent
viscosity andD is the diffusion coefficient (Harding, 1997). &hydrodynamic
diameter is given as th&-average. The polydispersity index (PDI) provides
measure of how broad the distribution is. A valower than 0.3 is generally
acceptable.

Size measurements of LUVs were performed usingtasézer Nano-S Zen 1500
light scattering instrument (Malvern Instrumentd{)Uequipped with a 633 nm
laser with backscatter detection at 173°. Thepdamvas in a 1 cm glass cuvette.
Manual measurement settings were used with dispeasaphosphate buffer with

potassium nitrate or potassium chloride, measurernyge as size, material as
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lipid, equilibration time as 3 min, temperature ) and the result calculation as
general purpose. Eachraverage was the average of five measurements, with

each measurement the result of approximately 12titas.

A melting curve of PE:PS:chol liposomes was als@asnesd using DLS from 4-
80 °C to determine their heat stability.

2.2.8.1. Entrapped volume calculation

The volume of aqueous buffer entrapped within fhesomes during extrusion
was estimated from the measured sizes according to:

Entrapped volume @¢/mol lipid) = (500/3)ANR Equation 2-29

where A is the area of the membrane occupied by lgme (in m?), N is
Avogadro’s constant (6.022 x ¥mol™) and R is the radius of the vesicles (in m)
(Zuidamet al., 2003). This is basically a modification of tharglard volume of a
sphere equation (V=R/3 x A), with 500 used as avemion factor. The lipid
mixture was taken as 4:1:1 mol/mol PE:PS:chol. rAge liposome size was
taken as 200 nm. Average areas of phospholipid geaups were taken as 0.57
nn for PE, 0.65 nrhfor PS and 0.30 nfrfor cholesterol (Zuidanet al., 2003;
Mathaiet al., 2008).

2.2.9. Electron microscopy

Asolectin LUVETs were visualised using transmissielectron microscopy
(TEM) in order to get a visual size comparison with DLS sizing data, and also
to get a sense of the morphology of the liposomEkectron microscopy (EM)
works by accelerating a beam of electrons in a wacat a sample which is
stained with some electron-dense material (Albetrtal., 2002). This material
scatters electrons directed at it, and they ateflos the beam. Areas of reduced

electron flux show up as dark in the image. Arctet® microscope with an
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accelerating voltage of 100 keV allows for a théoet resolution of 0.002 nm
because of the tiny wavelength of electrons at Niglocity, but in practice this
resolution is closer to 0.1 nm (Albesdisal., 2002).

Asolectin liposomes of 200-230 nm diameter as dateed by DLS were
prepared by extrusion as described in Section 2.2 8 saturating solution (2 %)
of uranyl acetate (Merck) was prepared and cegediufor 10 minutes at 13 400
rpm in a benchtop Eppendorf Minispin centrifugehisTsolution was protected
from light at all times. Five ul of liposomes weagently pipetted onto a carbon
film-coated copper EM grid and allowed to dry fofeav seconds. Excess liquid
was carefully blotted off the grid, and the sampées then negatively stained with
2 % uranyl acetate for 10 seconds in the dark. eExdiquid was once again
blotted, and the grid placed in a JEOL 100S trassioin electron microscope
operating at an accelerating voltage of 80 keV. ades were recorded at
magnifications from 25 000x-100 000x.
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CHAPTER 3. RESULTS

3.1. CLIC1 purification

3.1.1. Plasmid purification and verification

Several small-scale plasmid DNA purifications fréfl-Blue cells or E. cloni®
cells harbouring the pGEX-4T-1-CLIC1 plasmid yiedldeNA concentrations of
between 104 ngt and 177 ngit, giving total amounts of 5.4g to 8.9 ug.
A2s0/Azgo ratios were 1.78 to 1.93 (Figure 3.1), indicatimgh purity of the DNA.
The ideal value indicating low to no protein contaation is 1.8 (Brown, 1986),
below which significant protein contamination candssumed. A 1% agarose gel
showed the plasmid DNA to be free of chromosomalAD&hd to have been
treated gently enough during the purification tointan the plasmid largely in
covalently closed circular form (Figure 3.2). Tdiee cannot be determined from
the gel because the plasmid was not linearised poi@®lectrophoresis, but the
expected size is approximately 5 600 bp. The semjngmresult translated to the
correct CLIC1 sequence. There are two expectediaddi residues (Gly, Ser) at
the N-terminus which form part of the thrombin clage site between tHfGST
and CLIC1 fusion (Harropet al., 2001). Transformation of competent
BL21(DE3)pLysS cells with plasmid DNA yielded appimmately 90 000

transformants/g. No growth was seen on control plates.

3.1.2. CLIC1 expression and purification

Purification of CLIC1 was carried out following tlgeneral method of Tulkt al.
(2000), using affinity chromatography followed byEBRE-anion exchange
chromatography. The purity of CLIC1, as well as sluccess of each step of the
purification protocol, was assessed using 15% aorgle SDS-PAGE gels.
Figure 3.3A and Figure 3.4B show representative -BBSE gels of samples
collected throughout the purification processA band corresponding to

approximately 60 kDa in Figure 3.3A, lanes 1-4jc¢ates the position of the
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Figure 3.1. Representative absorbance spectrum of GEX-4T-1-CLIC1
plasmid DNA.

DNA was diluted 21 times in distilled water and moad from 220-300 nm. The
AsedAngo ratio was 1.78, indicating low protein contamioati The spectrum was
recorded on a Jasco V-550 UV/VIS spectrophotonstg0 °C.

bp

20 000
7 000
4 000

Figure 3.2. Purified pGEX-4T-1-CLIC1 cDNA agarose gl analysis.

Samples, ol of purified 104 ngit (Lane 2) and 177 ngf (Lane 3) plasmid DNA were
analysed on a 1% agarose g€8elRed™ was added to the loading buffer aty 2400

put and 2pt of this was added to pt of sample and marker DNA. Lanes 1 and 4 are
marker DNA.
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Figure 3.3. GST-CLIC1 purification.

(A) 15% SDS-PAGE gel showing samples collected fron@§arose affinity column
purification: total lysate, 40x dilution (lane ellet, 40x dilution (lane 2); supernatant,
40x dilution (lane 3); supernatant flow-throughx4dlution (lane 4); MW marker (lane
5); wash 1 (lane 6); wash 2 (lane 7); thrombin+CLKution (thrombin not visible) (lane
8); thrombin wash from DEAE column (lane 9); GSTitein (lane 10). The redrrow
shows the position of the GST-CLIC1 fusion prote(B) Calibration curve constructed
from mobilities of molecular mass standards on TP&-PAGE, indicating the positions
within the curve of GST-CLIC1 and CLIC2*( 0.98).
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Figure 3.4. CLIC1 purification.

(A) Elution profile of CLIC1 from DEAE column. Thertmbin signal was very weak.
CLIC1 was eluted in 2 fnfractions using DEAE elution buffer, pH 6.5 (20 nivis, 300
mM NacCl, 0.02% Nakl 1 mM DTT). (B) 15% SDS-PAGE gel showing fractions eluted
from DEAE-agarose anion exchange column. Lanes 8-4): alternate fractions from
272 nt — 294 Ml (CLIC1 peak as in panel A above); lane 5: MW mark8izes of the
MW marker are shown in kDa on the left hand sidédfand (B).
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GST-CLIC1 fusion protein and shows it was mostlpressed in a soluble form.
Some fusion protein remained in the insoluble pétkection (Figure 3.3, Lane 2),
but soluble yields were sufficient to preclude dgtevash. In Figure 3.3, lane 4,
it can be seen that the fusion protein bound to @&fH-agarose column
successfully, since the supernatant flow-throughtaias very little of the GST-
CLIC1 fusion. Increased wash volumes improvedfihal purity of CLIC1. A

sample from the NaCl wash in Figure 3.3, lane Jcetes that practically all of

the bacterial proteins were washed off the column.

The CLIC1 fractions eluted from the DEAE-agaroséuem shown in Figure
3.4B are mostly contaminant-free, with densitonsetanalysis indicating that
contaminants constitute less than 3 % of the tat& density. Standard curves
constructed from measurement of distances travelle®@DS-PAGE gels by the
molecular mass markers gave average calculatesl fiz¢ghe GST-CLIC1 fusion
and CLIC1 of approximately 59.2 kDa and 34.4 kDspeztively (n=3) (Figure
3.3B). Linear regression analysis of only thedinportion of the curve gave sizes
slightly smaller (53.1 and 32.7 kDa respectivelyg)). The predicted sizes are
53 kDa for the fusion protein and 27 kDa for CLIC49 even within an
approximate 10 % error margin for sizes from SDSSEA(Weber and Osborn,
1969), CLIC1 travels anomalously slowly (17-22 %oe€x. This appears to be a
general characteristic of CLIC family proteins, uigh, and others have found the
same to be true (Redheetdal., 1997; Edwards, 1999; Tulit al., 2000; Tulket
al., 2002). It is most likely that the acidic natwkeCLIC1 interferes with SDS
binding, lowering the mass:charge ratio and leadimglower than expected
mobility (Pitt-Rivers and Impiombato, 1968; Dunke&nd Rueckert, 1969;
Reynolds and Tanford, 1970; Lehtovaara, 1978). QdLhas 35 negatively
charged residues, an overall charge of -7 at pHada p near 5, so this is the
most likely explanation. CLIC1 eluted off the DEAIgarose column in a narrow
peak between fractions 20 and 37 (Figure 3.4A)mbst cases, fractions 22-30
were concentrated enough to pool, and protein yielere 20-30 md/of culture.

In most cases this was 2-8 times those previoeggried (Tulket al., 2000; Tulk

et al., 2002). Concentrations of stock CLIC1 soluticansged from 100-250 pM.
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A UV absorbance spectrum of purified CLIC1 was rded, and showed a peak
at 278 nm and an AJfAeo ratio of 1.63 (Figure 3.5). There was little to n
aggregation as shown by the lowsfvalue of 0.0495 AU.
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Figure 3.5. Absorbance spectrum of purified CLICL1.

Stock CLIC1 was scanned from 240-340 nm, yieldimg above absorbance spectrum.
The spectrum was recorded in 50 mM sodium phospbatier, 1 mM DTT, 0.02 %
NaN; on a Jasco V-550 UV/VIS spectrophotometer at 20 °C

3.1.3. Protein concentration determination

Protein concentration was determined after evergfipation and each time
protein was dialysed. Buffer- and scatter-corr@@bsorbances at 280 nm for a
series of dilutions of stock CLIC1 were plotted dhd equation of the linear fit to
the data used to calculate protein concentratiogu(e 3.6). A4 values were
subtracted in order to correct for scatter, whichn ccontribute to an
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overestimation of protein concentration if thereaggregation. In most cases this
made less than 1xFOuM difference to the concentration determinationt bu
CLIC1 was nonetheless maintained at lower stockeotmations when at pH 5.5
because of its tendency to aggregate at this péhefally speaking, concentration
determinations throughout were consistently reiablith ¢ values for almost all
plots in the region of 0.999-0.9999.
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Figure 3.6. CLIC1 concentration determination.

Representative plot showing corrected absorbanedings at 280 nm for 4x-10x
dilutions of purified stock CLIC1. In this casépck concentration was calculated from
regression analysis as 130 uM. 0.99995.
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3.2. Structural characterisation of CLIC1

3.2.1. Secondary structure of native and unfolded IGC1

Secondary structural characterisations of CLIChH\7.0 and 5.5 were obtained
using far-Uv CD. Two pM native and unfolded CLIGID spectra were
recorded between 180 and 250 nm (Figure 3.7). eThex clear troughs at 208
and 222 nm in the CD spectra for native CLIC1, ali s a strong, positive peak
around 190 nm, the characteristic markersagdielical proteins. The double
negative bands at 208 nm and 222 nm are charditexigroteins with higho-
helical content (Johnson, Jr. and Tinoco, 1972hBm and Brahms, 1980), but
specifically the deeper 208 nm trough indicategging witha-helical and3-sheet
content in different domains (Venyaminov and Yah§96). The minimum at
208 nm is less negative than that at 222 nm fou-akblical proteins. The crystal
structure of CLIC1 has 1@-helices and 4-strands, in different domains, so the
spectra are as expected. The spectra for CLICAlded in 8.0 M urea average
close to zero up to about 212 nm, beyond whiclsitpeal-to-noise ratio becomes
too low for accurate data recordin@learly there is a total or almost total loss of
secondary structure under these conditions and Cldgists essentially in an

unfolded conformation.

CLIC1 has been studied in this work at pH 7.0 akd5% because these values
represent pH values close those found in the cgsopland near the membrane,
respectively (Menestrinat al., 1989; van der Googt al., 1991; Bortoleto and
Ward, 1999; Chenadt al., 2002). Although thespectra for native CLIC1 at pH
5.5 and pH 7.0 have the same idiosyncratic shayeepitl 5.5 spectrum shows a
lower degree of secondary structure than that folfCC at pH 7.0, with an
approximately 12 % loss in signal intensity. Thsisighly significant within the
parameters of the J-810 instrument, which has aoptetric accuracy of £ 0.01
absorbance units (AU), a CD resolution of 0.01 malet200 mdeg full scale, and
a wavelength repeatability of £ 0.05 nm between-26@ nm. The consistently
reliable concentration determinations throughoig gtudy make it unlikely that

the lower signal for pH 5.5 is due to concentratidiferences, and a 16 % loss in
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signal from pH 7.0 to pH 5.5 has been observedigusly (Fanucchiet al.,
2008). This type of acid-induced loss of secondgrycture is actually quite
unusual in pore-forming proteins, and has not beleserved in, for example,
a—toxin (Vecsey-Semjert al., 1996), diphtheria toxin (Chenat al., 2002) or
Bcl-x. (Thuduppathyet al., 2006).
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Figure 3.7. Far-UV CD spectra of native and unfolde CLIC1.

Circular dichroism spectra of 2 uM CLIC1 in 5 mMdaam phosphate buffer, 0.1 mM

DTT at pH 7.0 (blue) and pH 5.5 (red), at 20 °Catide spectra are shown with solid
lines and spectra for CLIC1 unfolded in 8.0 M uega shown with dashed lines. Data
were plotted with Sigmaplot v. 11.0 and native $gesmoothed using the negative

exponential method.

3.2.2. Tertiary structure of native and unfolded CLUC1

3.2.2.1. Fluorescence

The tertiary structure of CLIC1 was explored usitwgo probes: intrinsic

fluorescence and near-UV CD. Excitation with ligiit280 nm excites tyrosine
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and tryptophan residues, while excitation at 295axcites only tryptophan. The
eight tyrosines in CLIC1 are spread relatively dyaround the protein and its
lone tryptophan is localised at the C-terminal efdhe al helix in the putative
transmembrane region (PTM) of the N-terminal dom@igure 1.16). This
region is proposed to traverse the membrane whelCZLls in its integral
membrane form (Harrogt al., 2001; Berry and Hobert, 2006; Singh and Ashley,
2006). Trp’s exquisite sensitivity to solvent giaty and environment, its higher
molar absorptivity at 280 nm and thus greater quanyield, and the fact that
excitation of Tyr residues in the vicinity of Trpsult in fluorescence resonance
energy transfer (FRET) to Trp (which can occur od&stances up to 18 A
(Lakowicz, 1999)), mean that the Ex.280 spectrurii e dominated by Trp
anyway. However, this is not to say that the EQ.28d Ex.295 spectra are the
same, not by any means. The two different exomatvavelengths give slightly
different pictures of the tertiary structure of ©l in relation to Trp35, and the
spectra do differ quite significantly. Excitatiah 295 nm of the lone tryptophan
in CLIC1 gives a much lower intensity signal thawitation of the eight tyrosines
and the tryptophan at 280 nm (Figure 3.8). Thevelemgth of maximum
emission Xmay for Ex.295 is slightly red-shifted from that f&x.280 (1-2 nm),
and while this is a small change and probably witarror, it was consistent
across multiple data sets and different instrumetspH 7.0 thé\max Of native
CLIC1 excited at 280 nm is 341 nm, and is 342 nnE.295. At pH 5.5 axfor
the native protein is 340 nm for Ex.280 and 342fantx.295. For CLIC1 at pH
7.0 and pH 5.5 unfolded in 8.0 M urea #hgx are 345 nm and 348 nm for Ex.280
and Ex.295 respectively. The maximum emission Vesgth of 340-342 nm is
indicative of a partially buried Trp, which is seenthe crystal structure, where

Trp is ~26 % exposed.

The contribution of tyrosine residues to the speutrexcited at 280 nm is
invisible until the protein is unfolded, when a slter is revealed at around 305
nm. The much higher quantum yield of Trp35, pdgsittso due to fluorescence
resonance energy transfer (FRET), swamps the Thribation in the native state

(Lakowicz, 1999), but when the protein unfolds &é uncoupling of energy
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transfer from the Tyr residues to Trp35 as they enapart spatially. This peak is
not apparent when Trp35 is selectively excited® @m. Tyrosine is relatively
unaffected by differences in solvent polarity arehegrally emits at the same
wavelength no matter the environment, whilst thaola ring of Trp is particularly

sensitive to environmental polarity (Lakowicz, 1999
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Figure 3.8. Fluorescence emission spectra of natiaad unfolded CLIC1.
Fluorescence emission spectra of 2 uM CLIC1 in 50 sodium phosphate buffer, 1 mM
DTT at pH 7.0 (blue) and pH 5.5 (red), at 20 °Cxcitation at 280 nm is shown with
solid lines and long dashes. Excitation at 295isishown with short dashes and dots.
Native spectra are shown with solid lines and shiashes, and spectra for CLIC1
unfolded in 8.0 M urea are shown with long dashas$ dots. The drop lines indicate
peak wavelengths for the spectra: solid: native Z&3); long dashes: unfolded (Ex.280);
short dashes: native (Ex.295); dots: unfolded (8x)2 The emission peak wavelengths
for Ex.295 N and U are slightly longer than thaseEx.280.
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3.2.2.2. Near-UV circular dichroism

Near-UV circular dichroism was the second probealusenvestigate the tertiary
structure of CLIC1. This technique provides infation about the packing
environments of the aromatic residues Phe, Tyrfapd The fact that CLIC1 is a
single-Trp protein is rather useful at this junetusince assigning its band should
be easy. The native spectra at pH 5.5 and pH & wlotted with the HT
voltage (the voltage applied to the photomultiptigne) to OD converted data in
order to show the small increase in visible vibecosiructure in the absorbance
spectra that occurs at the lower temperature usedthiese measurements,
compared to the absorbance spectrum shown in F&jbrend how these relate to
the CD bands for the corresponding residues (Fi@ue¢. The native pH 5.5
spectrum exhibits clear positive bands at 261 n&¥, @m and 283 nm, with
smaller peaks at 276 nm and 294 nm. There aregstregative bands at 279 nm
and 287 nm. The native pH 7.0 spectrum also hasgtands at 261 nm and
268 nm, but has a lower intensity between 265 nth280 nm. Instead of one
broad band peaking at 283 nm, the pH 7.0 spectrasn2hpeaks in this region,
one at 280.5 nm and another at 283 nm. Thersassaime finer detail resolved at
292 nm and 295 nm, which in the pH 5.5 spectrureesn as one broad band
peaking at 295 nm. Both spectra have deep troagB87 nm. The absorbance
spectra give an indication of the likely side-chassignations of the CD bands.
Absorbance by Phe is responsible for bands indher region: the shoulder at
257 nm and the two peaks at 261 nm and 267 nm.isTpnobably responsible for
the 276 nm and 283 nm bands, and Trp35’s contdhus between 280 nm and
300 nm (Strickland, 1974), with the vibronic st in the 275-290 nm bands
arising from thé'L, transition. Trp35's 0-6L,, transition is prominent at 287 nm,
and the negative band at 280 is probably due t6 its850 crit L, transition.
This band, according to Strickland (1974), is abbutm short of the 0-0 band and
is of the same sign. The 287 nm band correspamdiet shoulder seen at this
wavelength in the absorbance spectrum in Figure \B8at is very clear from
these spectra is that there appears to be a &agptyficant loss of structure around

Trp35 and possibly some of the Tyr residues at fiH 5
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Figure 3.9. Near-UV CD and absorbance spectra of QC1.

Near-UV circular dichroism (upper) and absorbarioevér) of 50 uM native CLIC1 at
pH 5.5 (red) and pH 7.0 (blue) in 50 mM sodium gitege buffer, 1 mM DTT. The CD
spectra HT voltage data were converted to OD dsiteguthe instrument software. The
corresponding absorbance bands for the relevaiduess can be seen in the CD spectra.
Spectra were recorded on a Jasco J-810 spectriopelar at 5 °C with a data pitch of
0.05 sec, response of 1 sec and bandwidth of 0.5 nm
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Unfolding CLIC1 in high urea concentrations abaéisimuch of the near-Uv CD
intensity at pH 7.0 and pH 5.5, except for some-iot@nsity structured bands
around 261 nm and 268 nm, the Phe bands (Figuf¥.3.These may be due to
small residual pockets of structure around some Rimdues caused by

hydrophobic or charge-charge interactions.
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Figure 3.10. Near-UV CD spectra of native and unfded CLIC1.

Near-UV circular dichroism of 50 pM native and udfed CLIC1 at pH 5.5 (red) and pH
7.0 (blue) in 50 mM sodium phosphate buffer, 1 mMTD Native spectra: solid lines;
unfolded spectra: dashed lines. Spectra were dedoron a Jasco J-810
spectropolarimeter at 5 °C with a data pitch ob6Gs8c, response of 1 sec and bandwidth

of 0.5 nm.

119



3.3. Urea-induced equilibrium unfolding

3.3.1.Recovery of native fold

Equilibrium unfolding transitions can only be arsdyg in terms of their
thermodynamic parameters if it has been establifiegdthe unfolding reaction is
reversible and that the native fold can be recalgffeace, 1986). CLIC1
secondary and tertiary structural recovery at ptl ahd pH 5.5 was monitored
using fluorescence with excitation at 280 nm anfl @ (Figure 3.11) and with
circular dichroism with ellipticity at 222 nm. Untonately, the low
concentrations used resulted in very noisy CD spgesb only the fluorescence
recovery spectra are shown here. These indicatesalcomplete recovery of the
tertiary structure at both pH 7.0 and pH 5.5. AtHO0, Ex.280, 96 % recovery of
the native fold was achieved, and 100 % was acHiewth excitation at 295 nm.
At pH 5.5, the recovery was 92 % with Ex. 280 arabW00 % at Ex.295. Thus
the equilibrium unfolding transitions of CLIC1 aHp7.0 and pH 5.5 can be
analysed to determine the thermodynamic parameteish will indicate the
stability of CLIC1: the free energy of unfolding the absence of denaturant

(AG(H20) and them-value.

3.3.2. Effect of pH on CLIC1 conformational stadity

The conformational stability of 2 uM CLIC1 at pHO7and pH 5.5 was analysed
using equilibrium unfolding curves monitoring chasgn secondary (far-Uv CD)
and tertiary (fluorescence) structure simultangousThe beauty of using both
technigues at once on the same samples is thatiiagences in the transitions
can be reliably attributed to changes in the pnoteinformation itself, as opposed
to differences in the samples. Figure 3.12 shdwsh,, data overlayed against
the Ex.280 emission peak fluorescence data at prarnd pH 5.5. At pH 7.0, the
curves are sigmoidal and monophasic, with no inginaof any shoulders or
inflections anywhere along the curves. The CD dumaréscence data superimpose
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Figure 3.11. Recovery of native fold.

Fluorescence spectra for CLIC1 unfolded in 8.0 Mauand then refolded at pH 5.5
(upper) and pH 7.0 (lower). Triplicate samplessqiM CLIC1 (pH 5.5, red) or 10 uM

CLIC1 (pH 7.0, blue) were unfolded for 1 hour (ptb)sor 2 hours (pH 7.0) in 8.0 M

urea in 50 mM sodium phosphate buffer, 1.0 mM DUD2 % NaN3, then diluted 10x
with buffer and allowed to refold for 1 hour (pH5p.or 2 hours (pH 7.0). Baseline
spectra of 0.5 puM CLIC1 (pH 5.5) or 1.0 puM CLICIH(¥.0) in 0.8 M urea were

collected to act as a native reference (green).
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Figure 3.12. Overlays of fluorescence and CD unfaldg data.

Fluorescence- and CD-monitored equilibrium unfodditor 2 uM CLIC1 in 50 mM
sodium phosphate buffer, 0.02% NaN mM DTT, pH 7.0 ), and pH 55B) as a
function of urea concentration. Fluorescence atioit was at 280 hm (open circles) and

CD data were collected at 222 nm (closed circles).
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perfectly in the transition region, whose steepriedgates a highly cooperative
unfolding transition. At pH 5.5, however, the ces\separate from one another in
the transition region and the transition occursroaebroader range of urea
concentrations. The slope in the transition reggoless steep than that at pH 7.0,
suggesting a drop in cooperative unfolding. The-r@anitored transition at pH
5.5 begins at least one urea concentration uniedotvan at pH 7.0, and the
fluorescence-monitored transition at pH 5.5 alsgieat lower concentrations of
urea than at pH 7.0, implying that the structureldt5.5 is more susceptible to
urea denaturation than at pH 7.0. What is rathessual about the pH 5.5 plots is
that the CD-monitored transition occurs at loweeaucconcentrations than the
fluorescence-monitored transition, indicating thmire secondary structure is lost
at lower urea concentrations in the transition tteatiary structure. This could be
significant in terms of the nature of the structuwtganges the protein undergoes as
it unfolds, but also may be related to the natdrBuorescence as a probe, given
the complexity of the electronic transitions witttime indole ring in particular.
Lack of superimposition usually indicates some kafdntermediate species in
the unfolding pathway. This is borne out by Fig8r&3, where the wavelength at
which each spectrum in the curve peaKegh was plotted as a function of urea
concentration.  Although this type of plot canno¢ lised to determine
thermodynamic parameters because it does not depgmoh protein
concentration, it is a useful means of qualitativahalysing the data. Again, the
pH 7.0 data shows a monophasic, sigmoidal tramsitomt the pH 5.5 data is
dramatically different, showing a clear dip in thefolding transition which
represents a blue shift in thgax between 2.8-3.8 M urea followed by a red shift
at urea concentrations above 3.8 M. A blue shificates a change to a more

hydrophobic environment of Trp35.

To ensure that the blue shift in the pH 5.5 datkigure 3.13 was not simply the
result of large, sticky, hydrophobic aggregatesniag, light scatter at 340 nm
was monitored along the entire unfolding curve y@mon Figure 3.17). There
was no significant increase in scatter anywheragatbe curves for either pH 7.0
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(Figure 3.14) or pH 5.5 (Figure 3.17), so it cafelsabe concluded that the blue
shift observed at pH 5.5 is due to a stable inteiate species.
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Figure 3.13. CLIC1 equilibrium unfolding monitored by maximum emission

wavelength.

Fluorescence-monitored equilibrium unfolding curf@s2 uM CLIC1 in 50 mM sodium
phosphate buffer, 0.02% NgNL mM DTT, pH 5.5 (red) and 7.0 (blue) with incseey

concentrations of urea. Excitation was at 280 nm.

3.3.2.1. Data-fitting

The pH 7.0 and pH 5.5 data were fitted to monomeradels (described in
Section 2.2.5.5.). There is extensive data tocatdi that CLIC1 exists as a
monomer under reducing conditions within a rangelds (Tulk et al., 2000;
Fanucchiet al., 2008), and the crystal structure of CLIC1 is mmoeadc (Harropet
al., 2001). Since the pH 7.0 data obeys the critetidined for a two-state
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transition, the Ex.280 pH 7.0 fluorescence intgngdta at 305 nm (F305), F310,
F315, F325, F330, F341, F345, F355 and F365, dsawéhe k), data were fitted
to a two-state monomer model ¢N U) using global analysis to perform the fit
(Beecham, 1992) (Figure 3.14A). Ex.295 data atsrae wavelengths with,k
data were also globally fit (Figure 3.14B). Theerthodynamic parameters
obtained from the fits are listed in Table 2, aesiduals for the fits are shown in
Figure 3.15 and Figure 3.16. The redugedalues for the fits at pH 7.0 were 0.8
and 0.2 for Ex.280 + CD and Ex.295 + CD data, retppely. Goodness of fit for

both fits was 1.

Deviation from a two-state model can be ascertaimedddition to any obvious
visible variations in the unfolding curves, by ckieg the following criteria
outlined by Whitten and Garcia-Moreno (2000) thaticate conformity with a
two-state process:

)] Fits to data obtained with different probes mustd/the samaAG20)
values.
i) Statistical tests of the quality of the fit, suchraandy? values, must

show it to be good. Dependencies of the variativesild also be low.

i) The curves obtained from monitoring with differgmtobes should
superimpose, since the properties monitored bydifferent probes
should change simultaneously.

Iv) The unfolding curve must be sigmoidal, with no dbets or
inflections to imply intermediate species.

V) No other compact species besides the native dtatddsbe detectable
by size-exclusion chromatography along the unfgdmansition.

Vi) The ratio of the calorimetric to van’'t Hoff enthadp must be close to

one.
This study did not include size-exclusion or catwtric work, but certainly (i) —

(iv) hold true for the pH 7.0 data. None of (ifi¥) hold true for the pH 5.5 data,
and dynamic light scattering data has detectedrgaot intermediate species in
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Figure 3.14. CLIC1 equilibrium unfolding at pH 7.0.

Fluorescence- and CD-monitored equilibrium unfajdifor 2 uM CLIC1 in 50 mM
sodium phosphate buffer, 0.02% NaN. mM DTT, pH 7.0, as a function of urea
concentration. Fluorescence excitation was at r280(A) and 295 nmEB). CD data
were collected at 222 nm. Scatter data for theatiein of aggregation was monitored
with excitation and emission at 340 n@)( Buffer-corrected data were plotted as the
average of 3 data sets at specific wavelengthss f@a@wn), F310 (black), F315 (gray),
F325 (red), F330 (dark green), F340 (lime greel®43-(yellow), F355 (blue), F365
(pink) and E;; (cyan), as a function of urea concentration. @l@malysis was applied to
the data using Savuka v. 6.2.26 (Beecham, 1992gewitz et al., 1995). The lines
represent the fits.
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Figure 3.15. Residual plots for pH 7.0 Ex.280 + CDlobal fits.
Residual data for each of the data sets used &@draglanalysis of CLIC1 equilibrium
unfolding at pH 7.0, Ex.280 + CD (see Figure 3.14).
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Figure 3.16. Residual plots for pH 7.0 Ex.295 + CDlobal fits.
Residual data for each of the data sets used @dragjlanalysis of CLIC1 equilibrium
unfolding at pH 7.0, Ex.295 + CD (see Figure 3.14).
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the transition at pH 5.5 (Fanucadtial., 2008). Therefore, a three-state monomer
model (N«— | «— U) was applied to the pH 5.5 data using globallysm
(Beecham, 1992) (Figure 3.16). The data sets wsed Ex.280 F310, F315,
F325, F340, F345, F355, F365 ang.E Residual plots for this data are shown in
Figure 3.18. Ex.295 fluorescence data at F3050FB315, F325, F342, F348,
F355 and F365 were also fit. Residual plots for2B% data are shown in Figure
3.19. The thermodynamic parameters obtained stexllin Table 2. The reduced
v? values for the fits were 0.02 and 0.01 for the2BR.+ CD and Ex.295 data,
respectively. Goodness of fit for both fits wasThe thermodynamic parameters
obtained for the fits at pH 7.0 and pH 5.5 wereduse calculate fractional
populations of each species from the equilibriumstants (see Section 2.2.5.5.)
(Figure 3.20).
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Figure 3.17. CLIC1 equilibrium unfolding at pH 5.5.

Fluorescence- and CD-monitored equilibrium unfodditor 2 uM CLIC1 in 50 mM
sodium phosphate buffer, 0.02% NaNL mM DTT, pH 5.5, as a function of urea
concentration. Fluorescence excitation was at r280A) and 295 nmE). CD data

were collected at 222 nm. Scatter data for thedtiein of aggregation was monitored

with excitation and emission at 340 n@)( Buffer-corrected data were plotted as the
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average of 3 data sets at specific wavelengths5 KBB10 (black), F315 (gray), F325
(red), F340 (green), F345 (yellow), F355 (blue)6%3pink) and E222 (cyan), as a
function of urea concentration. Global analysiswapplied to the data using Savuka v.
6.2.26 (Zitzewitz et al., 1995). The lines repraghe fits.
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Figure 3.18. Residual plots for pH 5.5 Ex.280 globdts.
Residual data for each of the data sets used @dragjlanalysis of CLIC1 equilibrium
unfolding at pH 5.5, Ex.280 + CD (see Figure 3.17).
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Figure 3.19. Residual plots for pH 5.5 Ex.295 globdts.
Residual data for each of the data sets used @dragjlanalysis of CLIC1 equilibrium
unfolding at pH 5.5, Ex.295 (see Figure 3.17).
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Table 2. Comparison ofAGy20y, m-values and G, values obtained with 2-
state monomer and 3-state monomer fits to equilibum unfolding data for

CLIC1 in increasing concentrations of urea at pH 70 and pH 5.5.

pH 7.0 (2-state monomer fit)

Parameters

Fluorescence (Ex.280) and CD Fluorescence (Ex.295) and CD
AGz0 (kcal/mol) N— U 10.3+0.1 10.6 £ 0.2
m (kcal/mol/M urea) 2.3x0.0 2.320.0
Cm (M urea)® 45+0.0 46+0.1
Mpred (KCal/mol/M urea) 2.7 2.7
Cumpred (M urea)® 3.8 3.9

pH 5.5 (3-state monomer fit)

AG20)1 (kcal/mol) N— | 8.0+0.8 21.3+1.8
m1 (kcal/mol/M urea) 2.3x0.3 6.0x0.5
Cml (M urea) 3.5+0.1 3.6+0.0
AG20)2 (kcal/mol) | — U 146+1.0 16.6 +1.0
m2 (kcal/mol/M urea) 3.4+0.2 3.7+£0.2
Cm2 (M urea) 4.3+0.0 45+0.0
Mpred (Kcal/mol/M urea) 2.7 2.7
Cinlpreq (M urea) 3.0 7.9
Cm2preq (M Urea) 54 6.1

& CD data was not included in pH 5.5 Ex.295 fit.
®Cpn= AG20/mM
¢ Crpred= AG(HZO)/mpred
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Figure 3.20. Fractional populations of native, intemediate and unfolded

species.
Fractional populations of native (solid line), imteediate (dotted line) and unfolded

(dashed line) species as a function of urea coratémt were calculated from the
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thermodynamic parameters obtained from global tbtgshe unfolding data. Only the
Ex.280 data for pH 7.0 is showA), as Ex.295 was basically the same. Populatibis o
and U species are equal at approximately 4.5 M. Uitea fit to E,, data and fluorescence
data with excitation at 280 nm, pH 5.B)(differed markedly from that to pH 5.5 data
with excitation at 295 nmQ), with the | species existing in much greater préipn in

the latter case.

It is clear from Figure 3.20 and Table 2 that thertnodynamic parameters
obtained from the fits to the Ex.280 and Ex.295adat pH 5.5 differ quite
markedly. The values obtained from the pH 7.0dits very similar, and within
the range expected for a monomeric protein (6-H/ikml) (Pace, 1990). For the
pH 5.5 data, the rather baffling difference betwtenthermodynamic parameters
obtained for fits to Ex.280 + CD and Ex.295 datanse to indicate that there is a
distinct disparity between what is happening in finetein as a whole during
unfolding, and what is occurring in the N-terminlmimain, where Trp35 resides.
Ex.295 fluorescence data only were fitted in ordesee if “global” and “local”
actually are appropriate terminology for the Ex.286&. Ex.295 transitions,
considering that, on the whole, the Ex.280 speate generally taken to be
dominated by Trp anyway, as discussed in Sectip23.. Including the £, data

in the Ex.295 fit did not change the derived valuasch, except that thg is
much higher, and neither did fitting the data thr@e-state dimeric model {N-

I, « 2U), except that the error was much larger. A<2N, < 2U or nN< |,
nU model is not available. Residual plots fromfidl (Figure 3.15, Figure 3.16,
Figure 3.18, Figure 3.19) do not indicate any systiic problems with the fits.

Figure 3.20 indicates that the intermediate speatgdscted with Ex.295 appears at
slightly higher urea concentrations, exists unigjhler urea concentrations, and is
much more heavily populated than when detected wkt280. This correlates

with the spectra at different urea concentrationkere the intermediate can
clearly be seen in the rising spectra. This inedasignal, which occurs to a
much smaller extent with Ex.280 (see Figure 3.amiJl does not occur at pH 7.0

anywhere along the unfolding curve, can only bevanted for by Trp35 moving
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to a microenvironment where it is either less erpoto the polar solvent, or
removed from the vicinity of potential quenchingideies such as Lys or Arg.
Only the former accounts for the blue shift seerFigure 3.13. The Ex.295
thermodynamic parameters show the transition tarttegmediate species is less
energetically favourable, but more cooperative ttten parameters obtained for
the transition from Ex.280 data. It is not untlable to imagine that during
unfolding of the entire protein the localised regiof the N-terminal domain is
undergoing some kind of structural rearrangemenerelly it gains some
hydrophobic contacts with the N-terminal domainsodier partially unfolded
CLIC1 molecules. Once a critical level of unfolgiand hydrophobic contacts is
reached, CLIC1 collapses highly cooperatively irdo stable intermediate
conformation that may exist as a partial dimer layomer, connected only at the
N-domain regions. The M | transition monitored by Ex.280 emission is much
less cooperative than that for Ex.295 — in faat,ntivalues for pH 5.5 Ex.280 N
< | and pH 7.0 N— U are the same.

3.3.3. Properties of the intermediate

The unfolding intermediate detected at pH 5.5 i8-480 M urea was further

characterised.

3.3.3.1. Secondary and tertiary structural properties

The secondary structure of the CLIC1 intermediatenéd at 3.8 M urea, pH 5.5
was probed using far-UV circular dichroism (Fig@€1). In comparison to the
native spectra, the signal for the intermediate3.& M urea is significantly
reduced in intensity (~56 %) compared to the dififee between native CLIC1
and CLIC1 in 3.8 M urea at pH 7.0 (~19 %). Thwrelates to a loss of
secondary structure in 76 out of 136 residues inCCLthat are packed into
defineda-helices and3-strands, although obviously tiflestrands contribute less
to the &2 signal tharu-helices do.
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Figure 3.21. Far-UV CD spectra of native and interrediate conformations of

CLIC1.

Far-UV circular dichroism spectra of 2 uM CLIC15mM sodium phosphate buffer, 0.1
mM DTT at pH 7.0 (blue) and pH 5.5 (red), at 20 Wative spectra are shown with fine
lines and spectra for CLIC1 in 3.8 M urea are shawith bold lines. Data could not be
recorded below about 210 nm for the samples in dieato low transparency of the
solutions at lower wavelengths, resulting in lownsil-to-noise ratios. Spectra were
plotted with Sigmaplot v. 11.0 and native spectraosthed using the negative

exponential method.

The tertiary structural properties of native CLI&Ad CLIC1 in 3.8 M urea, as
reflected in the packing of the side-chains of $yme, phenylalanine and
tryptophan, were investigated using near-UV CD (Feg3.22). The signal for the
intermediate at pH 5.5 is reduced in comparisothtise of native CLIC1 and
CLIC1 at pH 7.0 in 3.8 M urea. The fine structareund the Trp35 transitions at
280 nm and 287 nm is gone, and the signal is medhced. The sharp peaks
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around the Phe bands between 260 and 270 nm denéld. This does not
necessarily imply &oss of structure, since changes in packing could keadew
degenerate dipole-dipole couplings which cancelloaitsignal (Strickland, 1974),
but it does imply a change in packing which is not apparentGaIC1 in 3.8 M
urea at pH 7.0, and which is not the same as & db signal seen for unfolded
CLIC1.

Native pH 5.5
4 Native pH 7.0
e 3.8 MureapH 7.0
e 3.8 M urea pH 5.5
2 -
~
(@]
]
©
E
0 4
2
Q
=
=
w
-2
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T T T

260 280 300 320

Wavelength (nm)

Figure 3.22. Near-UV CD spectra of native CLIC1 andCLIC1 in 3.8 M urea.

Near-UV circular dichroism of 50 uM native CLICIné lines) and CLIC1 in 3.8 M urea
(bold lines) at pH 5.5 (red) and pH 7.0 (blue) lhrBM sodium phosphate buffer, 1 mM
DTT. Spectra were recorded on a Jasco J-810 spetarimeter at 5 °C with a data

pitch of 0.05 sec, response of 1 sec and bandwiddtb nm.
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Fluorescence emission spectra for native, interatedind unfolded CLIC1 at pH
5.5 indicate a slight blue shift in the spectrunalpéor the intermediate at 3.8 M
urea, compared to the native protein (Figure 3.Z@)is correlates with the blue
shift seen in Figure 3.13. While this 1 nm shifpssibly not significant within
the parameters of the instrument, especially ugibgim slit width, it certainly is

a consistent observation over tens of spectra atetlefor the intermediate, and
has been recorded as being up to 3-5 nm on aditfarstrument (Fanuccki al .,
2008). A blue shift is consistent with a move op35 into a more hydrophobic
environment. The intensity of the signal with eéaton at 280 nm is slightly
lower than the native signal, probably indicatindgpss of energy transfer from
Tyr residues to Trp35. This may indicate a relgxof the structure such that the
polar solvent has more access to Trp35. The sifpralthe intermediate with
Ex.295, however, isgreater than that for the native. In the absence of
aggregation, which was shown not to be a factorjnaneased signal would
generally suggest a move tdess quenching environment, such as into a more
buried position, which would be consistent with tilee shift observed, or away
from charged residues such as Lys, Arg and His ldtier of which would be
positively charged at pH 5.5, which could be resae for quenching.

3.3.1.2. ANS-binding properties

ANS was used to probe for the intermediate spedetected in the unfolding
transitions. The blue shift in the fluorescencecsum peak exhibited by this
species implied it is more hydrophobic than theveaspecies. Measurements of
CLIC1 incubated in increasing concentrations ofauamd 200 puM ANS were
performed at pH 7.0 and pH 5.5 to determine iféheas a pH dependence to
ANS binding that may be observed along the unfgidmansition. At pH 5.5,
fluorescence intensity is dramatically enhancedveeh 2.5 and 5.2 M urea,
peaking at 3.8-4.0 M urea (Figure 3.24A). Thisvithin the same concentration
range at which the intermediate species is mosulptgd in the unfolding
transitions. There is no enhancement of the sigtahny point along the
unfolding curve at pH 7.0, indicating that ANS doex bind CLIC1 at that pH.
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Light scatter at 340 nm did not detect the presesfcany aggregates (Figure
3.24B).

180
0.0 M Ex.280
160 4 — —  3.8MEx280
.......... 80 M EX280
0.0 M Ex.295
140 ~ 3.8 M Ex.295
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120 A

100 A

80

60

40

Fluorescence intensity (arbitrary units)

20

300 320 340 360 380 400 420 440

Wavelength (nm)

Figure 3.23. Fluorescence emission spectra of nagiv intermediate and

unfolded CLIC1.

Ex.280 (solid, dashed, dotted lines) and Ex.29%l@s) fluorescence emission spectra of
native (red solid line, filled red circles), unfeld (red dotted line, red open circles) and
intermediate (black dashed line, black circles)@Lkt pH 5.5. 2 uM CLIC1 in 50 mM
sodium phosphate buffer, 0.02% NaN mM DTT and 0.0, 3.8 or 8.0 M urea was
allowed to unfold for 1 hour and then spectra rdedr on a Jasco FP6300

spectrophotometer.
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Figure 3.24. CLIC1 equilibrium unfolding in the presence of ANS.

(A) Fluorescence emission enhancement at 460 nm wagared during equilibrium
unfolding of 2 uM CLIC1 in 50 mM sodium phosphate&fer, 0.02% Nah, 1 mM DTT

at pH 5.5 (red) and pH 7.0 (blue) in the preserfce2060 uM ANS. At pH 5.5 CLIC1
began to bind ANS after 2.5 M urea and fluoresceamteancement reached a peak at 4.0
M urea, after which it declined again. Scatteradfir pH 5.5 with excitation and
emission at 340 nmBj{ indicate that there is no aggregation along théolding

transition.

The spectrum for free ANS peaks at 518 nm andpbketsa at pH 7.0 and pH 5.5
are identical, so there is no pH-dependent chandgeee ANS emission signal
(Figure 3.25). The peak emission wavelength shifis1 518 nm to 476 nm when
ANS binds the CLIC1 intermediate, and the subsiligtienhanced signal
intensity is much higher than that of free ANS afusion.
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Figure 3.25. ANS binding to CLIC1.

Fluorescence emission spectra of CLICL in the pesef 200 uM ANS in 50 mM
sodium phosphate buffer, 0.02% NaN3, 1 mM DTT, 55 (red), pH 7.0 (blue). Free
ANS in the same buffer at 3.8 M urea is shown imyrialue (pH 5.5) and in cyan dots
(pH 7.0). Native and unfolded CLIC1 at pH 5.5 gt 7.0 and CLIC1 in 3.8 M urea at
pH 7.0 do not bind ANS, but the significant enhaneat of the emission signal for
CLIC1 in 3.8 M urea at pH 5.5 indicates binding/AMS. All data were corrected for

free ANS. Data were recorded on a Jasco FP63@@rephotometer.

The binding affinity of ANS for the intermediate exjles was determined by
titrating aliquots of 2 mM stock ANS into 2 uM CL1Gat pH 5.5 and 7.0 in the
presence and absence of 3.8 M urea (Figure 3.Z&pnificant fluorescence

enhancement occurred only with CLIC1 in 3.8 M ua¢gH 5.5. Fitting of the

data to a rectangular hyperbole producéd af 20 £ 2 uM.
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Figure 3.26. Determination of the dissociation comant for the binding of
ANS to CLIC1.

ANS titration of 2 uM CLIC1 in 50 mM sodium phospéauffer, 0.02% Nah 1 mM
DTT, pH 5.5 (red) and pH 7.0 (blue), with 3.8 M arécircles) and without urea
(triangles). ANS did not bind to CLIC1 at pH 7dd,at pH 5.5 in the absence of urea, but
significant signal enhancement was noted for CL&EpH 5.5 in 3.8 M urea. A single
rectangular hyperbola was fitted to the data (slid) and aKy of 20 pM determined

from the equation. % 0.98.
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3.4.Model membrane studies

CLIC1 has been shown, incontrovertibly, to existbimth soluble and chloride-
conducting membrane-inserted conformations (Valelazet al., 1997; Tulket
al., 2000; Toniniet al., 2000; Valenzuelat al., 2001; Harroget al., 2001; Tulket
al., 2002; Wartoret al., 2002; Littleret al., 2004; Ulsamowt al., 2007). The
crystal structure of the soluble form is known (t@ret al., 2001), but little
structural knowledge of the membrane-inserted cométion is available. A
compact, hydrophobic, stable equilibrium unfoldimgtermediate has been
identified at pH 5.5 in 3.8 M urea and at pH 7.8@t°C, which is proposed to
resemble the pre-insertion conformation of CLIChAn&cchiet al., 2008). A
critical aspect of unravelling the enigma of CLI€Ildual-state existence is to
study in much greater depth its membrane-boundocorstion. To do this a
stable, biomimetic model membrane system with theemgial for an array of
different applications is required. In addition ¢baracterising soluble CLIC1,
this project aimed to characterise the preparatiod properties of a model
membrane system which can be used by this labgréborstructural work on
membrane-inserted CLIC1. Furthermore, a possibieordscence-based
functional assay is proposed which could allow far reasonably rapid

determination of the relative level of functiongldf CLIC1 mutants.

3.4.1. Liposome preparation

LUVETs were prepared using the freeze-thaw extrusieethod (Olseret al.,
1979; Hopeet al., 1985; MacDonaldt al., 1991). Vesicles were made up of
either asolectin, which comprises roughly equalpproons of phosphatidyl-
choline (PC), phosphatidylethanolamine (PE) andsphatidylinositol (PI) along
with minor amounts of other phospholipids and pdigids, or a specific 4:1:1
mol/mol ratio of phosphatidylethanolamine, phosjahdéerine and cholesterol
(PE:PS:chol) (see Section 2.2.6.1.). Asolectim,doonomic reasons, was used
initially to optimise the resuspension and extraosmrocess, after which most

studies were carried out using the PE:PS:chol mextuPreparation of liposomes
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took, on average, one night and one-and-a-half .dayswas established that
overnight vacuum drying was the minimum drying timeguired to ensure
successful resuspension of lipids in aqueous byftaticularly in the case of the
PE:PS:chol mixture. This was the time requiredtiigér vacuum to reach 500-300
mtorr. The lower the vacuum pulled, the more sssftg was the resuspension.
Lipids dried in a vacuum down to ~1000 mtorr (~4ts the typical drying time
used in many protocols) aggregated completely wgmuiition of aqueous buffer

and had to be discarded.

Asolectin resuspended rapidly and little lipid vief$ adhering to the inner surface
of the glass tube, and the resuspension was rellathnomogeneous. This made
the extrusion process rapid and trouble-free.ialniried films of the PE:PS:chol
mixture, on the other hand, adhered steadfastih¢oinner surface of the glass
tube upon resuspension and required hours of vigowortexing to remove, at
which point a glutinous gel would form which woubé almost impossible to
solubilise homogeneously. The problem was compedrnifl the mixture was
warmed. In theory, the gel to liquid-crystallinegse transition temperature T
for the PE:PS:chol mixture is low (< 20 °C), sinbe PE and PS are comprised
mainly of C18 unsaturated fatty acids, primarilyolieic acid (~65 %), a C18:2
fatty acid with very low melting point. Unfortun&e the supplier does not
specify the nature of the saturated fatty acids ingakup the rest of the
composition. The { for these could be up to 68 °C. The unsolubilisadicles
contributed to a problematic extrusion processhat large lipid particles clogged
the membrane, leading to high back pressure areh,0ft ruptured membrane,
leakage and spillage. Resuspension was less pratitein phosphate buffer
containing higher concentrations of potassium &eetapotassium nitraté200-
300 mM) than lower concentrations (30-50 mM). Lowencentrations of lipid
were likely to resuspend more easily and also predumore homogeneously
sized populations of liposomes (see section 3.43)e hundred mg/fproduced
populations with fairly high polydispersity, althgiu still within an acceptable
range, and 50 mg/frproduced extremely homogeneous populations withl€43

than 0.15. Further experimentation with tempegfunduced a facile solution to
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the solubility problem — if rapidly frozen in eth@rice, warmed just slightly
enough to liquefy, and immediately vortexed, thepdrsion immediately formed
a milky white suspension that solubilised almokbéthe lipid in the tube. This
modified freeze-thaw protocol was then adopted &r further work with
PE:PS:chol. Clearly the previously-used thaw tenamjpee (40-45 °C) had been
too high. Despite the initial problems mentionkdwever, highly monodisperse
populations of phospholipid liposomes at very adéguconcentrations were
achieved (Sections 3.4.2.1. and 3.4.2.4).

Freeze-thawing before extrusion appeared to métke difference to the size or
homogeneity of either asolectin or PE:PS:chol lgmoss. If anything, at first its
only effect was to make resuspension of PE:PS:dhpad mixture more
troublesome, although the actual extrusion prosess somewhat easier with
freeze-thawed dispersions than those not giventteement. Once the thaw
temperature was optimised with immediate vortexitipugh, freeze-thawing
turned out to be an extremely useful addition ® photocol because of the total
solubilisation achieved with its use. Unfortungtel comparison of encapsulation
volumes and efficiencies of liposomes prepared wittwithout freeze-thawing
was not undertaken, but Manojlowetal. (2008) reported significantly increased
encapsulation efficiencies of mistletoe lectin ihpmsomes prepared with freeze-
thawing. MacDonalat al. (1991) found that the uptake of a fluorescent idye
liposomes was significant after freeze-thawing g@nidr to extrusion, but that
subsequent extrusion augmented this gain consigeréib accordance with other
studies (MacDonalét al., 1991; Soiet al., 2003; Manojlovicet al., 2008), in this
study the main contributor to size and populatianrawing was the number of

times the suspension was extruded (Figure 3.27).

3.4.2. Liposome characterisation

Liposomes were characterised in terms of size ugymgmic light scattering and
size and morphology using electron microscopy. sPholipid concentrations
were determined from a total phosphorus assay. ajfsutated volumes were

calculated from average measured sizes and publeslerage values for
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Figure 3.27. Sizes of asolectin and PE:PS:chol lipomes.

Most of the initial preparations (~#20) were astitecnade up at 20-100 mgfmin 50
mM sodium phosphate buffer, 1 mM DTT, 0.02 % Naiwd 200-500 mM potassium
nitrate or potassium acetate, pH 5.5 or 7.0, ofteéth 10-13 mM MQAE.

preparations were freeze-thawed prior to extrusamg, extruded 11-31x. Their average

size is approximately 230 nm. Later preparatioesenmade up with PE:PS:chol at 50

Most

mg/me in the same buffer as above, but with 20-30 mMagsitm nitrate, pH 5.5 or 7.0,

usually with 13 mM MQAE. Fewer of these prepanasiavere freeze-thawed and were

extruded 61-101x. Th&average for these liposomes was 180-200 nm. ¢sizas done

using a Zetasizer Nano S with a 633 nm beam datebackscatter at 173°. Size was an

average of 5 measurements.
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phospholipid head group area sizes and their natars making up the liposome
compositions. Predicted encapsulated concentsatv@re calculated from these
volumes. A melting curve was performed with moniitg of size to determine at
what temperature the LUVs completely lost strudtureegrity. Basal leakage of
CI" into vesicles and/or MQAE out of them was monitbte establish the useful
working lifespan of MQAE-loaded LUVs.

3.4.2.1. Liposome size determination

The size of liposomes was checked on a Zetasizeo [SaMalvern, UK) directly
after extrusion and usually again after size exetughromatography. In most
cases the liposome populations were highly homageneith low PDI values (<
0.3 and often < 0.15) (Figure 3.27, Figure 3.2&hoaigh lipid concentrations
above ~50 mg/ifhh increased the polydispersity to up to 0.45 (FigGr29).
Homogeneity appeared to be most affected by thebeurnof passes during
extrusion, and this also affected the size of if@sbmes. In Figure 3.28 the PDI
drops from about preparation 20 onwards. The sizegespondingly, drops from
an average of about 200 nm to an average of al®uhd. Preparations prior to
#20 were mostly made up from asolectin and wereudgtd ~31x. From #20
onwards, liposomes were made up from 50 nigAf:PS:chol, and were extruded
61-101x because of the lower solubility of thisdigomposition. Liposome size
was found to be fairly dynamic, and some prepamnatawhose size was checked
twice often registered smaller sizes on the Ze¢asadter addition of different
components or buffers. PE:PS:chol liposomes of 4943 nm shrank to 173 +
1.8 nm after being diluted approximately 1.6 tinmeshe same buffer. On the
other hand, phospholipid liposomes of 315 £ 3.5imfB0 MM sodium phosphate
buffer, 1 mM DTT, 0.02 % Nafl 500 mM KCI expanded to 379 + 5.3 nm when
passed through a size exclusion column equilibrateitie same buffer without
KCI. Clearly this demonstrates the highly dynamsmotic properties of these
vesicles, and also aptly demonstrates the futilftgny study aiming to ascertain
binding of protein to liposomes by measuring vasiatin hydrodynamic volume.
The osmotic properties and permeabilities of Iygédicles have been studied by a
number of researchers (Banghatral., 1967; Alhanaty and Livne, 1974; Blek
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al., 1976; de Gier, 1993; Mugt al., 1993) and have been found to be highly
variable and dependent on a number of factors wiitttbe discussed in Section
4.1.1.
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Figure 3.28. Size distribution of PE:PS:chol liposmes.

Representative plot showing the size distributmnHE:PS:chol liposomes made up at 50
mg/me in 50 mM sodium phosphate, 1 mM DTT, 0.02 % Kab0 mM potassium nitrate
and 13 mM MQAE, pH 5.5, freeze-thawed 9x and exdu@1x at 40 °C through a 0.4
um polycarbonate membrane (Whatman Nucleopore)st lfmosome preparations were
extremely monodisperse. THeaverage in this case from 5 measurements on siZeta
Nano S was 161.7 £ 0.8 nm with a PDI of 0.09 + 0.02
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Figure 3.29. Increased polydispersity of liposomeprepared at high lipid

concentrations.

Liposomes prepared at lipid concentrations grehgm approximately 50 mgftended

to have reduced size homogeneity and increaseddippbrsity. These asolectin
liposomes prepared at 105 md/rhad an average diameter of 352.116 nm (5
measurements) with a PDI of 0.456 ®01. They were not freeze-thawed prior to
extrusion, and were extruded 31x at 45 °C throughdaum polycarbonate membrane

(Whatman Nucleopore).

The temperature stability of PE:PS:chol liposomess tested by means of a
melting curve monitored by dynamic light scatteririgigure 3.30 shows the size
of the vesicles increasing steadily from 207 nn288 nm between 4 °C and 51
°C while maintaining a single intensity peak (nbown) and low polydispersity
indices. This expansion is probably due to theniad expansion of encapsulated
aqueous solution and membrane components. Froi@ 5@ 57 °C, however, the
PDI began to climb rapidly, and a new peak appeavéd a much greater
hydrodynamic diameter (2500-5000 nm). Vesicles lz@ginning to fuse and
aggregate here. Between 57-66 °C the large diampesk became the main peak,
while a lower intensity peak maintained a size ath@800 nm. Beyond 66 °C a
single peak appeared once more, with an averageo$i3150 nm, and the PDI
decreased again, indicating total aggregation ef dample. While these data
cannot identify the J of the PE:PS:chol LUVETSs, because they would still

maintain their structural integrity at temperatusgsne way beyond the gel to
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liquid-crystalline phase transition, it clearly doedicate that these liposomes can
safely be used in experimental work up to a tenpegaof about 50 °C without
fusing or aggregating. It would probably be adbisabefore doing such work,
though, to ascertain if the time period for whitlkey can be maintained at high

temperatures is limited.
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Figure 3.30. Melting curve of PE:PS:chol liposomes.

PE:PS:chol liposomes maintain their size (cyan)tequsteadily under increasing

temperature conditions, until about 50-55 °C, wtteay rapidly increase in size by more
than a factor of 10. The polydispersity of the phlan(white circles) increases

dramatically over the same range and then drop$naam the sample aggregates
completely. The size of liposomes in 50 mM sodpimsphate buffer containing 30 mM

potassium nitrate, 10 mM MQAE, 1 mM DTT and 0.02N#N; at pH 7.0 was monitored

by dynamic light scattering as the temperature wagased.
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3.4.2.2. Electron microscopy

Transmission electron microscopy was used to viseidiposomes after extrusion
and to correlate dynamic light scattering data wwikual data. Asolectin
liposomes of 200-230 nm diameter as determined h$ Were prepared by
extrusion. Five ul of this preparation were negdyi stained with 2 % uranyl
acetate for 10 seconds on a carbon film-coated exoBM grid as described in

section 2.2.9., and then placed in the electromasaope.

Initially it took quite some time to find and idéytthe liposomes on the grid,
since the uranyl acetate was not centrifuged faralnattempts, and tended to
leave much artefactual debris on the grid, paridulif left to stain for too long.
It was found that the liposomes were not evenlpealised across the whole grid,
but tended to clump in certain areas, particuladgr the edges of the squares on
the grid, in the shadow of the grid, where they ldomass thickly in layers
amongst uranyl acetate debris, making it partitylenallenging to find them. It
was found that with centrifugation of the stain afobrtened staining times, as
opposed to dilution of the stain, the best resuttse achieved (Figure 3.31). On
the whole, measured sizes of liposomes under Elveleded very well withz-
averages obtained on the Zetasizer, with 200Zaaveraged liposomes coming
out at ~200 nm when back-calculated for magnifargtconsidering the margin of

error for manual measurement of micrographs igivelly high.

One interesting point noted about one of the pedpars visualised under EM
was an odd “doughnut-like” shape, indicating thhae tliposomes are not
necessarily spherical, as one would tend to assibuiethat their shapes are
flexible and probably vary greatly depending ondibans. It was interesting,
too, how they tended in some cases to cling togethieead-like strings along the
creases in the carbon film. Talmenal. (1990) and Mukt al. (1993) found that

vesicles prepared by extrusion were non-spheriginojlovic et al. (2008)

observed that the lipid composition and concermnaf vesicles prepared by
extrusion influenced the size, shape and lamellaftthe vesicles as visualised

using cryo-EM. In general, they found that a ggegercentage of unsaturated
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Figure 3.31. Transmission electron micrographs ofsolectin liposomes.
Asolectin liposomes were prepared at 50 migimth 10x freeze-thaw and 51x extrusion
in 50 mM sodium phosphate buffer, 1 mM DTT, 0.02\#N; and 50 mM KCI, pH 7.0.
DLS gave aZ-average of 202 nm. Liposomes were negativelynasthiwvith 2 % uranyl
acetate for 10 seconds on a carbon film-coatedesopM grid and visualised in a JEOL
100S transmission electron microscope operatin@GakeV. Magnification was as
follows: (A) 25 000x, B) 30 000x, C) 40 000x, D) 40 000x, E) 90 000x, F) 100 000x.
Representative measured diameters here are awsolld) 240 nm, (B) 200 nm, (C) 200

nm, (D) 150 nm, (E) 144 nm, (F) 160 nm.
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lipids resulted in more spherical, unilamellar ¢é=s, and as the saturated lipid
content and the overall concentration increasedigaeformity, lamellarity and

aggregation.

3.4.2.3. Phospholipid concentration determination

A rapid and sufficiently reliable method of estimgt liposome suspension
concentrations was required. In order to estahlisbther the use of dried mass
concentration calculations were adequate for thepgees of this study and for
future use, concentrations of liposome suspenswase determined both by
calculation from dried mass of lipids after soligation and vacuum-drying
(using an average Mbased on the lipid composition), and by a totalggtorus
assay. The phosphorus assay (Céeal., 1956), being lengthy and unwieldy,
was not suited to regular, rapid lipid concentratideterminations, and was
especially inappropriate in that CLIC1 storage éufin which liposomes were
made up, is a phosphate buffer. Nonetheless, & tha best-suited of the
concentration assays considered, and it turnedoobe reliable. An inorganic
phosphorus standard curve was generated as dekdrnib8ection 2.2.7. and
experimental sample concentrations calculated ftbm equation of a fitted
regression line (Figure 3.32). Clearly, the assaiynot account for cholesterol,
but in theory, this can be calculated once phosghaoncentration is known,

given the known molar ratio.

On average, it was found that there was a 4-8%edserin mass from the initial
weighed amount of lipid to the mass after resoisdiion in organic solvent and
vacuum drying (n=5). Actual lipid loss during thgroduction process,
particularly in the case of post-extrusion cengétion of asolectin liposomes,
and initially in the case of pre-extrusion resusp@m of PE:PS:chol, often
amounted to an additional 20-35 % mass decreaddanaome unfortunate cases,
up to 70 % loss. Thus, in a typical preparationasblectin or PE:PS:chol
liposomes of 50 mg/ihweighed mass, approximately 45 mg would be adifidl
mass with an expected concentration of 61 mM, uam@verage Mof 740. The

experimentally determined actual final concentratimuld be approximately 35-
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40 mM, up to 45-48 mM when accounting for choledteiGiven a further 20-30

% mass loss during production, this is exactly whaitild be expected from dried
mass-based concentration calculations. Using dniads as an estimate of lipid
concentration was therefore fairly accurate, sg las amounts of lipid lost during

the production process were carefully monitored.
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Figure 3.32. Phosphorus standard curve.

Total phosphorus assay for phospholipid conceptratietermination. Glassware was
rigorously washed with phosphate-free detergert,rarsed in distilled water, deionised
water and methanol. Specific volumes of phosphstasdard solution were treated to
acid hydrolysis with 8.9 N 80, at 215 °C. Samples were oxidised withbOxwith
further heating, diluted, and then 2.5 % ammoniuatybdate (V1) tetrahydrate followed
by 10 % ascorbic acid were added with heating at°@@ Absorbance at 820 nm was
recorded and linear regression analysis perforroeddiculation of phosphorus content
of experimental samples. The above plot is theamee of two phosphorus standard
assays.r= 0.994.
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3.4.2.4. Entrapped volume calculation

The volume of aqueous buffer encapsulated insideu@ed liposomes was
calculated according to Equation 2-29 (Zuideinal., 2003). Phospholipid head
group areas were taken as follows: PE = 0.57 ¥ b, PS = 0.65 nfmand
cholesterol = 0.30 nf(Zuidamet al., 2003; Mathaiet al., 2008). This gives an
entrapped volume 5.72/mol for PE, 6.52t/mol for PS, and 3.0X/mol for
cholesterol. If the concentration of liposomeslimt is 45 mM (see Section
3.4.2.3.), using an average bf 740 for these lipids, there is 45 pmol lipidtire
sample, 4 parts being PE, 1 part PS and 1 parestaobl. This is 30 umol PE,
and 7.5 umol each of PS and cholesterol. Thissgivid..6 | entrapped volume
for PE, 48.9 |i entrapped volume for PS and 22.6 @ntrapped volume for
cholesterol, for a total of 243.1tpencapsulated by liposomes in a 1L m
preparation. This would be diluted approximatelytines by passage through
the size exclusion column, giving a final encapsdavolume within 1
liposome suspension of approximately 24, mvhich gives an estimated final
MQAE concentration of about 240 puM.

Ideally, the encapsulated volume and concentrationld have been determined
experimentally; however, an attempt to record amsodiance spectrum of
encapsulated MQAE by lysing the vesicles with Trid¢-100 was unsuccessful
due to scatter and apparently negligible conceatrat The same sample,
however, had a perfect emission profile.

3.4.4. MQAE characterisation

A functional assay for the detection and measurénanCLIC1-mediated
chloride flux is proposed based on the methods efkManet al. (llisley and
Verkman, 1987; Verkmaat al., 1989; Verkman, 1990). The work here lays the
foundation for such an assay should it be usedchathcterises a halide-sensitive
fluorescent dye and its encapsulation inside PERGLUVETS.
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3.4.4.1. MQAE concentration determination

Concentration of stock MQAE usually turned out ® dpproximately 12.4-13.8
mM as determined by linear regression using the-Bambert law as described
in Section 2.2.6.3. (Equation 2-1) (Figure 3.33n absorbance spectrum was
recorded between 250 nm and 450 nm, and an emispeetrum was recorded
between 350 nm and 600 nm, with excitation at 380(Rigure 3.34). MQAE
has an idiosyncratic absorbance spectrum, witlgla peak at 319 nm and another
at 352 nm. The emission spectrum peaks at 45260 mM sodium phosphate
containing 30 mM potassium nitrate, 1 mM DTT an@20% NaN.

2.0

MQAE in buffer y=346x+2.8 MQAE in dH,0 y=36.5x+0.02

A350 (AU)

T T T T T T T T
0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05

Dilution factor Dilution factor

Figure 3.33. MQAE concentration determination.

Representative plots showing blank-corrected alasmd readings at 350 nm for 20x-
100x dilutions of stock MQAE in 50 mM sodium phosgdh buffer, 1 mM DTT, 0.02 %
NaN; and 30 mM potassium nitrate, pH 7.0 (left), anddiO (right), 20 °C. Stock
concentrations were calculated from regressionyaisahs 12.4 mM {r = 0.9999) (left)
and 13 mM (f = 0.9999) (right).
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Figure 3.34. MQAE absorbance and emission spectra.

Absorbance (blue) and emission (red) spectra of MQ@A 50 mM sodium phosphate

buffer, 1 mM DTT, 0.02 % NajNand 30 mM KCI, pH 5.5, 20 °C. The absorbance
spectrum peaks at 319 nm and 352 nm. The emispectram peaks at 452 nm. The

absorbance spectrum was recorded on a Jasco V880%Jspectrophotometer, and the

emission spectrum on a Jasco FP6300 fluorometer.

3.4.4.2. MQAE Stern-Volmer constant determination

In order to determine the range of €bncentrations best to use for” @ux
experiments, and the degree to which MQAE is quedclby specific
concentrations of Cl samples of 10 mM MQAE were titrated with 5 mM
increments of KCI. Fluorescence emission intengids monitored at 450 nm,
buffer-corrected and plotted as a function of &@incentration (Figure 3.35A).
The data was converted to a Stern-Volmer plot bytipg R/F as a function of
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Figure 3.35. MQAE Stern-Volmer constant determinaton in buffer.

(A) Quenching of 10 mM MQAE in 50 mM sodium phosphiatéfer, 1 mM DTT, 0.02
% NaN; and 50 mM potassium nitrate, pH 7.0, with ~5 mMwbts of 2 M KCl at 20 °C.
Fluorescence emission at 450 nm was buffer-codeate plotted as a function of KCI
concentration. §) Stern-Volmer plot of data from (A). The slopetbé fitted line gives
the Stern-Volmer quenching constant. The Sterm¥\olconstant determined from the

equation of the line was 50.6Mr’= 0.988). The data is the average of 2 data sets.
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CI" concentration (see Equation 2-27) (Figure 3.35BJhe plot is linear,
indicating a collisional quenching mechanism (Laleay 1999). The Stern-
Volmer quenching constant determined from the slofpibe fitted line was 50.6
M™, meaning that the Ctoncentration at which half of the initial intetysis
guenched is 19.7 mM, orK¢,. For comparison, the Stern-Volmer constant for 10
mM MQAE in distilled water was determined. Fluaresce emission monitoring
at 460 nm indicated a higher initial emission isignand a much steeper initial
drop for MQAE in water (Figure 3.36A). The Sterfer plot correspondingly
gave a higher quenching constant (7d)Mindicating greater sensitivity of the
dye to quenching when in water (Figure 3.36B). sTdiscrepancy is unlikely to
be concentration-related, since concentration deteations in buffer and in water
were very accurate, as seen in the plots aboveur@ig.33). Verkmaret al.
(1989a) determined the Stern-Volmer constant forA¥Qn 5 mM phosphate as
200 M*, or just 5 mM Clrequired to quench half the emission intensithere is
no real explanation for this almost 3-fold discrepg except that Verkmaet al.
synthesised their own MQAE, and the compound usedhis study was a
commercial preparation (Sigma-Aldrich, USA). Itswstored in the dark in a dark
bottle covered with foil at 4 °C and only exposedlight briefly for weighing
purposes. Fresh solutions were made up for eashamsl these were protected
from light at all times. Verkmamt al. (1989a) also reported that MQAE is
insensitive to phosphate and nitrate ions, but Waild not seem to be the case
here, where th&sy for MQAE in phosphate and nitrate buffer is lowean that

in water.
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Figure 3.36. MQAE Stern-Volmer constant determinaton in dH,O.

(A) Quenching of 10 mM MQAE in di® with ~5 mM aliquots of 2 M KCI at 20 °C.
Fluorescence emission at 450 nm was blank-correanteldplotted as a function of KCI
concentration. §) Stern-Volmer plot of data from (A). The slopetbé fitted line gives
the Stern-Volmer quenching constant. The Stermy\olconstant determined from the

equation of the fitted line was 70Mr’= 0.994). The data is the average of 2 data sets.
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3.4.4.3. Encapsulation of fluorescent dye, MQAE, in liposomes

MQAE was encapsulated in liposomes with the intentf providing a relatively
simple means of indicating functional insertion @EIC1 into the membrane.
MQAE was encapsulated into liposomes by resuspgnittie vacuum-dried lipid
mixture in MQAE-containing buffer as described iecson 2.2.6.2. The
liposomes were then prepared as usual by extrustxtravesicular MQAE was
removed by size-exclusion chromatography as destrb Section 2.2.6.5. and
an emission spectrum of the liposome suspensioorded (Figure 3.37). An
absorbance spectrum could not be recorded bechessgnal was obscured by
light scatter by the liposomes, but an intense sionsspectrum for the liposome
fractions indicates the presence of MQAE. The spatpeaks at 441 nm, a blue
shift compared to MQAE in buffer. Absorbance amdission spectra of the
extravesicular fractions also confirm that MQAE wasfact, separated from the
liposome fraction, since the spectra were exadtyy same as those shown in
Figure 3.34.

3.4.4.4. Removal of extravesicular MQAE

MQAE which was not encapsulated was removed froenntledium surrounding
the liposomes by size exclusion chromatography. 8nmt Sephadex G25
column was initially used, and fluorescence emissad 450 nm was used to
monitor the presence of MQAE. The resolution eeéd with this column was
not ideal — the two components were not completepyarated. When test spectra
of the liposomal suspension were recorded, theabigas enhanced with dilution,
because the quenching of residual extravesiculaAEIQy extravesicular KCI
was reduced by dilution. An 82inEepharose 300 High Resolution column that
could be used on th&KTAprime purification system was then packed, anid t
column gave complete separation between MQAE-emtaijrsy liposomes and
extravesicular MQAE (Figure 3.38B). The void volirof this column was
determined as approximately 40€nusing 2 mi of 2 mg/nt Blue Dextran

2 000 000 (Figure 3.38A). It is clear from FigBe38 that the liposomes are

eluted in the void volume of the column, which @slte expected, considering
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their size. MQAE is eluted between 100 and 120 mAbsorbance and emission
spectra of fractions from this peak identify itMQAE. The liposomes are mostly
detected by scatter at 280 nm, and MQAE absorB8@&tm.
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Figure 3.37. Liposome-encapsulated MQAE.

Emission spectrum of liposome-encapsulated MQAROIIMM sodium phosphate buffer,
1 mM DTT, 0.02 % NaBl containing 30 mM potassium nitrate (inside vesicler 30
mM KCI (outside vesicles). The spectrum peaks dt A, a blue shift compared to
MQAE in buffer.
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Figure 3.38. Separation of liposome-encapsulated MAE from extravesicular
MQAE on S300HR column.

Representative elution profiles for 2¢rof 2 mg/nt Blue Dextran 2 000 000 in ¢B,
indicating void volume of the S300HR size exclusmoiumn @), and liposomes and
MQAE (B). The void volume peak occurs at 4@.mClean separation of liposome-
encapsulated MQAE from extravesicular MQAE is agbte MQAE was encapsulated
in PE:PS:chol liposomes in 1-20r60 mM sodium phosphate buffer, 1 mM DTT, 0.02 %
NaN; and 30 mM potassium nitrate, pH 5.5, and then weahdrom the extravesicular
medium using the S300HR column. The extravesicMIQAE is eluted between 100
and 120 m. Flow rate was 2 fimin. Detection was at 280 nm on AKTAprime

protein purification system (Amersham Biosciences).
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3.4.4.5. Basal leakage of MQAE

Once extravesicular MQAE had been removed from ligh@some dispersion,
basal leakage rates were monitored to indicatédar long the liposomes could
be used before the MQAE signal dropped too sigmifily. Some samples were
maintained at 4 °C and others at room temperaR0€C), protected from light.
Quenching was monitored by fluorescence emissitengity at 440 nm. Figure
3.39 shows that basal leakage for liposomes kepb@in temperature is far
greater than that for liposomes maintained at 4 E(posomes maintained in the
cold lose little signal intensity for up to 7 dayghereas the signal for those kept
at room temperature begins to drop within the fil®g, and by day 3 is almost 30

% quenched.
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Figure 3.39. Basal leakage of PE:PS:chol liposomasroom temperature and

4 °C.

PE:PS:chol liposomes encapsulating 13.8 mM MQAES@h mM sodium phosphate
buffer, 1 mM DTT, 0.02 % NafNand 30 mM potassium nitrate, pH 5.5, with an exbr
medium the same but with 30 mM KCI instead of psitas nitrate were stored at room
temperature (red) or at 4 °C (blue). Emission a@igntensity quenching was monitored
at 440 nm on a Hitachi Model 650 fluorescence spphbtometer. Liposomes stored at
4 °C maintained almost the same intensity signalufoto 7 days, whereas the signal

dropped in the first day for liposomes at room teragure.
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CHAPTER 4. DISCUSSION

CLIC1's most compelling feature is its dual solubled membrane-bound nature.
While the soluble structure and the functioninghef membrane-bound form have
been fairly extensively characterised, little isowm about the structure of the
membrane-bound form. One of the primary aims of pinoject, in addition to a
structural and stability characterisation of théubte form of CLIC1, was to
characterise a model membrane system that can dxk insfuture studies to
develop a deeper understanding of the structugesties of membrane-bound
CLIC1. A basic requirement for any future studydertaken to investigate the
structure of membrane-bound CLIC1 is confirmatibattthe protein is actually
inserted into the membrane, and not simply bound to théasar Therefore, this
project also proposed a relatively user-friendlydiional assay which could

indicate whether CLIC1 is functioning as a charoraiot.

4.1. Model membrane studies

4.1.1. Liposome characterisation

The phospholipids used in this study for liposonredpction were of two
mixtures: the first, used initially to gain exparce in the handling of lipids using
a relatively inexpensive source of phospholipids, asolectin from soybean, was
a rough mixture of various phospholipids, amourite/tuich may vary from batch
to batch. Tulket al. (2000) successfully used asolectin liposomes&racterise
functionality of CLIC1 electrophysiologically. €hsecond phospholipid mixture
was a very specific 4:1:1 molar ratio of phosphdéathanolamine,
phosphatidylserine and cholesterol that was detexthiby Singh and Ashley
(2006) to be the ideal lipid mixture for insertiohCLIC1. This mixture proved
initially to be extremely difficult to work with ding resuspension in aqueous
buffer because of its tendency to form clumps andtick to the glass tube, but
experimentation with temperature solved this pnoblalong with the problem of
lipid loss during resuspension and extrusion. @&gitdave shown that PE is most

easily solubilised at high pH, where the molecglenégatively charged, and at
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low ionic strength and that it aggregates at lopidr(Ellenset al., 1986). This
was certainly found to be the case here, wherebgisiation at low pH proved
more difficult than at pH 7.0, and attempted sdlshiion at high KCI

concentrations was totally unsuccessful.

Calculations of enclosed volume and consequenthgeatration of encapsulated
MQAE could not be verified experimentally, but patiy dilution in an organic

solvent such as ethanol could solve the problemligift scatter that was

experienced when attempting to measure encapsulst®dE absorbance.

Assuming the concentration of encapsulated MQAEh& same as that in the
hydration solution, this would allow for direct nsmement of encapsulated
volume and a better understanding of encapsulaficiencies under different

conditions. A more accurate method of measurirgaesulated volume using a
probe such as MQAE would be to separate the vesfoben the extravesicular
volume by centrifugation with a spin column. Thelume used to elute the
vesicles is subtracted from the final volume, ashis calculated lipid volume

(derived from the concentration, mass and denstty)give the encapsulated
volume. This method, or variations of it, have ibesed quite effectively using
labelled isotopes for the entrapped solute (Szakh Rapahadjopoulos, 1978;
Hopeet al., 1985; Perkingt al., 1993).

The method used to calculate enclosed volume sstiidy (based on the volume
of a sphere) is a very general estimate, sinceetteet areas of the relevant
phospholipids in the membrane are not known, aedaayway affected by the
type of fatty acid chains they are attached to,dbmposition of the rest of the
membrane, the exact size of the liposome, the péltemperature and the ionic
strength, among others (Matlatial., 2008). In addition, thexact concentration
of the lipids in the dispersion is unknown. Nored#iss, as an estimate, it is
useful, and a similar means was used as a comganaiieasure by Hopet al.
(1985) to determine expected entrapped volumes. eir Tkstimated and
experimentally-derived values correlated reasonabdyl. MacDonaldet al.
(1991) and Perking al. (1993) both reported encapsulated volumes of baivie
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and 2 (g/pmol lipid, although in the latter case this imped to up to 6 g/ptmol
lipid when 5 freeze-thaw cycles were included. Kjpm these values to the lipid
concentrations in the current study would give atapsulation volume of
between 9 j1 and 27 § in a 1 mf suspension. Thus, the calculated estimation
used here (24 ) was at the high side of experimentally determinaldes, but is
perfectly in keeping with the values determined foe freeze-thaw method.
Freeze-thaw-dependent increases in encapsulatiomedad already been noted
by Pick (1981). Pick (1981) furthermore confirmitht the addition of small
amounts of lipids with net positive or negative rgjes increased the enclosed
volume; thus, the inclusion of anionic lipids instlstudy may justify a slightly
higher encapsulated volume estimation. Of couasggint already made in this
study is that any change in the osmotic environroéttie liposomes immediately
changes the encapsulated volume due to the higmeadility of bilayer
membranes to water, thus tbaveat here is to beware the dynamic size of the
liposomes. Nonetheless, knowing the encapsulatkoneis useful for estimating
the concentration of encapsulated solute, assuthi@gosmotic environment is
maintained, especially since encapsulated condemtsahigher than that of the
initial hydration solution have been reported ageature of the freeze-thaw
method (Chapmae al., 1991).

The liposomes produced in this study were deterthit@ be consistently
homogeneously sized (although this size was dyndepending on buffers) and,
in later preparations, of fairly predictable contations. Encapsulation of
MQAE and complete removal of the extravesicular MB)Aroved to become
fairly routine once the size exclusion parameteasl fbeen optimised. The
liposomes were also relatively temperature-stadohe, if required, could be used

at 37 °C without fusion of contents or aggregation.

Although there is not full agreement on all faci@sumber of studies have found
the permeability properties of phospholipid bilayeembranes to be affected by
the area occupied by the head groups of the phbpmso(Mathaiet al., 2008),
the permeability coefficient of a given solute (kefstein, 1976; Walter and
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Gutknecht, 1986), mechanical properties (PetersBauk, 1983) bilayer surface
density and chain ordering within the lipid bilaydXiang and Anderson, 1995),
phospholipid chain length, cholesterol concentrgtitemperature and bilayer
phase structure (Xiang and Anderson, 1997). The@ability coefficient of Cl
ranges from 18" cm/s to 16 cm/s (Mimmset al., 1981; Paulat al., 1998), so
diffusion of this ion into liposomes probably ormlays a small part in the time-
and temperature-dependent quenching of MQAE seéigure 3.39. Verkmast
al. (1989) reported a low octanol:water partition ¢icefnt for MQAE which was
related to the fact that it is a cationic salt, #mas has higher water solubility than
otherwise. They also reported up to 30 % dye lgaklom 90 % PC:10 %
cholesterol liposomes after 24 hours at 4 °C, ahmhigher rate than that
observed here. However, were leakage to be agrotdluring the duration of an
experiment, it could simply be corrected for by mimg a “blank” sample and
subtracting the signal from the experimental sammgdenvas done by Nishizawa
al. (2000).

It is known that the phospholipid types and fattyylachain lengths can
significantly affect the function of membrane piog since these can alter the
surface potential, protein-membrane interactiond packing of the membrane
(Lee, 2005). For example, the activities of digbyderol kinase and Ga
ATPase were significantly affected by changingfeitey acyl chain length of the
bilayers they were in, and changing phospholipiadhgroups altered activity too.
The optimal chain length was from C16-C20, whichrelated well with the
hydrophobic thickness of these proteins. Functi@ldC ion channel activity
has been recorded in plasma and nuclear membrdr@kirese hamster ovary
cells (Valenzuelaet al., 1997; Toniniet al., 2000) and functional recombinant
CLIC1 has been reconstituted in asolectin liposofiiedk et al., 2000, 2002), a
7:3 mixture of PE:PS planar lipid bilayers (Twkal., 2002), phosphatidylcholine
monolayers (Harropt al., 2001); different mixtures of soybean phosphatidyl
choline, diphytanoylphosphatidylcholine, POPC, POPBPS and cholesterol
(Singh and Ashley, 2006); a 9:1 (w/w) mixture ofylsean PC: cholesterol
liposomes (Wartoret al., 2002; Littleret al., 2004), or in a 4:1:1 mixture of
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POPE:POPS:cholesterol (mol/mol) in planar lipidapérs (Singhet al., 2007).
This latter mixture proved to give the most reprtle ion channel activity of all
the mixtures tested in that study. Where liposomere used, the size ranged
from 200-400 nm, and generally the potassium ionoghvalinomycin, was used
to initiate voltage-driven flux (Tullet al., 2000; Littleret al., 2004). In most
cases asymmetric concentrations of KCl| were usedeiimer side of the
membrane, but symmetric concentrations also pratlabannel activity. Thus, it
is apparent that CLIC1 is able to insert functibnahto a wide variety of
monolayers and bilayers composed of numerous diitelipid types, including
crude and purified mixtures. This implies that lipel mixture used in this study,
despite fears that the use of a C18:2 fatty aambl@ic acid) rather than a C18:1
fatty acid (oleic acid) may interfere with the r@gd packing arrangement in the
membrane, is likely to be perfectly adequate faronstitution of functional
activity.

The hydrophobic thickness (the distance between dgilgeerol backbones of
phospholipids) of a C18:1 bilayer is estimatedtaiwa 27.2 A (Lee, 2003), which
would not change much with the added C16:0 fattysagsed by Ashley’s group
(Singh and Ashley, 2006). For each additional dddond added the thickness
decreases by up to 2.5 A, giving a C18:2 bilaykydrophobic thickness of about
24.7 A. The PTM region of CLIC1 runs for a predit®21 residues, which would
give a transmembrane region of 31.5 A. However,irdaresting fact about
phosphatidylethanolamine is its unusual invertedeeshape, which gives it a
tendency to adopt non-bilayer phases such as ttegbeal H phase (Lee, 2005).
In the presence of other lipids, which prefer kelesy it will be forced to adopt the
bilayer phase, leading to storage of curvaturetieladress (Lee, 2004). This
elastic stress is proposed to allow distortionghi@ membrane to fill the free
volume created when a protein inserts into theybilaand may also shift the
conformational equilibrium of the protein to thathiesh has the greatest
hydrophobic thickness (Botelfe al., 2002). Singh and Ashley (2007) suggested
that the presence of PE and cholesterol, both ed¢edcwith elastic stress, may

promote the assembly of CLIC1 and CLIC4 in membsanea manner similar to
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the activation of protein kinase C. Furthermoréas been shown that the bilayer
is able to stretch or compress locally around thelrdphobic region of
transmembrane segments of membrane proteins i twdavoid hydrophobic
mismatch and the concomitant energetically unfaaibler exposure of
hydrophobic amino acid residues to water (Andersod Koeppe, 2007). This
means that the bilayer thickness close to the proteay differ from the

unperturbed bulk bilayer thickness.

The presence of the anionic PS in the membrandgelg to be a more important
factor than fatty acid type or hydrophobic thickadsr the initial binding and
ultimate stabilisation of CLIC1 in the membraneheThegative surface potential
created at the membrane surface by PS has thetipbterraise the I, values of
some of the acidic residues in CLIC1, such thay #re protonated, and thus able
to bind the PS. This has been demonstrated, foample, with
CTP:phosphocholine cytidylyltransferase, where K&y residues dictated its
selectivity for anionic membranes because of tladiered K, values in the
presence of anionic membranes (Johnstaal., 2003). Also, the lowered pH at
the surface of the membrane due to negatively ellligids has been discussed
in detail with regard to the pore-forming toxinsydahow this results in the
formation of a molten globule for many of the PFTELIC1 has 23 Glu residues,
9 of them in the N-domain, and 12 Asp residued, tB@m in the N-domain. The
conserved KRR motif at residues 49-51, just atterRTM, most likely forms ion
pairs with the acidic lipids. However, the facatHunctional CLIC1 has been
reconstituted in a range of lipids, with many oé timixtures containing no PS,
indicates that anionic lipids are not an absol@guirement for insertion and

channel activityn vitro, so long as the pH is controlled for maximal attiv

Analysis of the lipid mixture used in this studyprag with the fact that highly
homogeneous populations of relatively large uniléameesicles were achieved in
high concentrations, indicates that the system adhterised here should be
absolutely sufficient for the demonstration of ftiasal CLIC1-mediated ion

channel activity. The fact that the lipid compmsitbears little real resemblance
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to the actual composition of typical nuclear orspiea membranes (see Table 1) is
not so important, since the activity of CLIC1 inllceultures has been amply
demonstrated, and the applications to which thipesdmes are to be applied do
not require an absolute determination iofvivo function, but a comparative

demonstration of function between CLIC1 and CLICdtants.

4.1.2. MQAE characterisation

The MQAE characterised in this study proved to é&sslsensitive to chloride
guenching than published values would suggest (Warket al., 1989), but is

neverthetheless sensitive enough for the purpdsadunctional assay involving
CLIC1-mediated chloride flux. Singh and Ashley @) maintain that the
existence of even a few functioning channels in @EelICl-encapsulating
liposomes (~200 nm) produced by Twdkal. (2000) would empty the chloride
contents (200 mM) of the vesicles within secondihis suggests that functioning
channels in MQAE-encapsulating liposomes would eauspid and almost
complete quenching. If the MQAE were found to lo¢ sensitive enough, Bor

I” could be used, since MQAE is more sensitive tsehons, and CLIC1 also
transports them (Singh and Ashley, 2006). An a#t¥ option is Lucigenin,
another chloride-sensitive dye which could be ugetthe same way as MQAE is

proposed to be used here.

If increased leakage at higher temperatures becameoblem, increasing the
cholesterol content could decrease permeability, rhay also interfere with
insertion of CLIC1, since a certain amount of flekiy in the membrane is
required for insertion. However, as mentionedkdeg rates can be controlled
for. One issue that may be a problem with the afsSMQAE (cationic) with
anionic lipids is the possibility that it may bitite outside of the LUVETS, giving
a false quenching signal upon addition of KCI. Whhe surface-bound amount
of, say, a protein can be accounted for by usirgyme-linked immunosorbent
assay (ELISA) on whole liposomes and liposomesragstl by a detergent,

where the difference in protein amount is the sigflaound amount (Manojlovic
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et al., 2008), this is unfortunately not a viable optiorthe case of surface-bound
MQAE. However, the best way to control for thigguaially misleading factor is
probably to exchange the liposomes into the KCkaimmg buffer that is to be
used for the assay at the same time that MQAEn®wved, rather than add the
KCl later. Any surface-bound MQAE will be quencheshd any further
guenching should be due only to CLIC1-mediated|@x.

The MQAE analogue, SPQ, was used to characterisghquan chloride efflux
function effectively (Nishizawat al., 2000), and has also been used to measure
rates of chloride efflux from liposomes due to theertion ofa-toxin, one of the
B-barrel PFTs (Vécsey-Semj@h al., 1996). In the latter study, SPQ and KCI
were encapsulated inside the liposomes, and tHexeffas monitored by the
increase in signal as Glas transported out of the vesicles. These fudsewell

as the seminal work by Verkman and colleagueslgylland Verkman, 1987;
Verkmanet al., 1989a; Verkmaset al., 1989Db) illustrate that this is a viable assay
for the detection and measurement oft@nsport from vesicles by CLIC1. The
fact that CLIC1 is outwardly rectifying requiresatithe chloride has to be on the
C-terminal domain side of the protein. This metra the chloride and CLIC1
would either have to be inside or outside the Vesic Attempts to encapsulate
200 mM KCI in 4:1:1 PE:PS:chol LUVs were unsucceksfue to the low
solubility of PE in relatively high salt concenimats, and attempts to encapsulate
CLIC1 in liposomes were not particularly compatibleth freeze-thaw and
extrusion. Although proteins can be encapsulatediposomes using this
technique, a cryoprotectant is required (8bal., 2003). Detergent dialysis has
been successfully applied to the encapsulationldEC in liposomes (Tullet al.,
2000), but there is always the risk of interferemaéh function or signal by
residual detergent. Thus the most ideal way taupahe assay is to encapsulate
the MQAE inside the vesicles, pass them throughiza sxclusion column
equilibrated in buffer with the KCI concentratiorequired, to separate the
unencapsulated dye from the liposomes, and therCadid1l (and valinomycin)
and measure the fluorescence across a time colirse.deeply regrettable that

this assay could not be effectively tested durlmgduration of this project, since
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it is a potentially powerful and relatively simpi@eans to assess and compare the
rates of chloride flux mediated by CLIC1 channehaty, as well as to determine
the effects that redox conditions and molecules sisclAA-94 and NEM have on

this activity.

4.2. Soluble CLIC1

The structural properties and conformational siigbidf CLIC1 were studied
under conditions that it is most likely to encourntethe cellular environment, i.e.
at pH 7.0, close to the physiological nucleoplasoytoplasmic pH, and at pH
5.5, the pH at the surface of the membrane, duld*t@ons being attracted to
negatively charged phospholipid head groups ofltiteeyer (Menestrineet al.,

1989; van der Goadt al., 1991; Bortoleto and Ward, 1999; Chesidl., 2002).

Conditions within the cell are also highly reducififyvanget al., 1992), and this

was maintained throughout in all experiments.

4.2.1. Structural characterisation of soluble CLIC1

CLIC1 at pH 7.0 was found to be more structurech thiapH 5.5. While Warton
et al. (2002) found there to be no difference in theUaf circular dichroism
signals for CLIC1 at pH 7.0 and pH 6.0, distindtetences have been observed at
pH 5.5 and below (Fanucchi al., 2008), and this study confirms the findings at
pH 5.5. The 12 % loss of secondary structural emnat pH 5.5 is less than that
previously reported (Fanucc#ial., 2008), but nonetheless does indicate changes
in the asymmetry along the peptide backbone. walyais of the spectral data
with  SELCON3 (Sreeramat al., 2000) using the DICHROWEB interface
(Whitmore and Wallace, 2004) and Reference Setufrisingly, predicted a
much lower helical structural content than evidenthe crystal structure. The
CLIC1 crystal structure is 47 %-helical, 8 %p-strands and 45 % coils. The
algorithm used predicted 33.2 &helices (14 % distorted), 14.6 Béstrands (7.5
% distorted), 20.8 % turns and 31.3 % unorderetdC1 at pH 7.0, and 29.8 %
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a-helices (13 % distorted), 16.6 $estrands (8 % distorted), 21.8 % turns and
31.2 % unordered for CLIC1 at pH 5.5. The CONTIN#lgorithm (Provencher
and Glockner, 1981) did not give significantly difént results. The results are
curious, and unexpected. The server was simplg tseheck what aspects of
secondary structure CLIC1 was losing at pH 5.5,thatapparently much lower
than expected-helical content exhibited for the spectra at hoithvalues points
possibly to a greater plasticity in the structunan previously imagined. This
may be related to the acidic loop region, whichaishort helix in CLIC1 but
disordered or simply a coil in CLIC2 and CLIC4;torhelix a2, which may have
built-in plasticity as seen in the CLIC2 and CLIG#uctures. Disruption of the
salt bridge formed between Arg29 ath and Glu81 o2 at low pH could also
lead to increased flexibility within the structureAnother candidate for lower
helical content is helixi8 in the C-domain, which forms contacts with helik
itself a relatively flexible helix. It is not cleghough, how this could account for
a higherp-strand content. Nevertheless, according to thesealts CLIC1 at pH
5.5 has loweroa-helical, higher p-strand content and basically equivalent
unordered content compared to CLIC1 at pH 7.0. sTthe signal loss at pH 5.5
can be directly related to a small lossoelielical content. This is particularly
interesting in light of the fact that the crystaiusture was determined at pH 5.0
(Harropet al., 2001).

In terms of the fluorescence spectra, the smalitai@n wavelength-dependent
shift in emission peak wavelength is probably nagnidicant within the
parameters of the instrument used, yet it is ctersisfor every spectrum
collected, and is as much as 3 nm on a differegtitument. While it is generally
taken that the Ex.280 emission signal is domind&tgdrp35 due to resonance
energy transfer from Tyr residues to Trp, the emmmssnaximum for Trp is often
shifted back slightly to that of Tyr in the foldednformation (Schmid, 1997).
The Ex.295 emission spectrum is of substantiallyelointensity than that for
Ex.280. This could generally be explained by thet that Tyr residues are much
more numerous than the lone Trp, despite their i@muantum yield, and probably

pass on a good deal of their energy to Trp35,flute considers Forster distances
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(the distance at which resonance energy transf@0i86 efficient (Lakowicz,
1999)) between aromatic residues in CLIC1, it carséen that not all of the Tyr
residues are likely to pass on energy to Trp35esihey are just too far away
(Table 3). Typical Forster distances for energysfer from Tyr to Trp residues
range up to 16 A (Lakowicz, 1999). Naturally, enetransfer and its efficiency
would be dependent on the environments of the donehich affect their
quantum yield and emission spectrum. While itaasible that much of the
energy absorbed at 280 nm by Tyr93 and Tyr214 (dapafkigure 4.1), and
possibly Tyr69 and Tyr209 (pink in Figure 4.1) issped on to Trp35, the other
Tyr residues are probably too distant (~29 A) fgniicant energy transfer. This
most likely underlies the differences seen in the2B0 and Ex.295 spectra of
CLIC1. It should be remembered, though, that acttre of CLIC1 crystallised
at pH 7.0 may have closer Forster distances. Therescence maximum
emission wavelength is anyway in keeping with thwn crystal structure,
where Trp35 is at least 26 % exposed to the aqusmusnt.

Table 3. Distances between Tyr and Trp35 residues CLIC1.

Residue Distance to Trp35 (A)* Domain
Tyr69 18.8 N
Tyr93 14.5 N
Tyr117 28.7 C
Tyr143 23.2 C
Tyrl94 25.5 C
Tyr209 17.2 C
Tyr214 125 C
Tyr233 21.0 C

* Distances measured using Swiss PDB Viewer v. 4abtl PDB 1kOm, A chain (Harrag al.,
2001); residues in bold are within typical Forstéstances for energy transfer from Tyr to Trp

residues (Lakowicz, 1999).
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Figure 4.1. Location of Tyr residues in relation toTrp35 in CLIC1.

Ribbon structure of CLIC1 showing locations of Tesidues. Tyr residues (blue, cyan
and pink) are scattered around the entirety ofniodecule, some of them quite distant
from Trp35 (red). Tyr69 and Tyr209 (pink) are appmately 17 A and 19 A from
Trp35, respectively, while Tyr93 and Tyr214 (cyamg approximately 13 A and 15 A,
respectively, from Trp35. PDB 1kOm was used (Haetoal., 2001). Image generated
using Swiss PDB Viewer v. 4.0.1. (Guebal., 1995).

The approximately 40 % drop in fluorescence emisanensity upon unfolding
at pH 7.0 and pH 5.5 indicates that Tyr and Trpratatively unquenched in the
native environment of the protein. The red shift345-348 nm and the drop in
fluorescence intensity upon unfolding indicate @ased exposure of Trp35 to the
polar solvent. N-acetyl+-tryptophanamide (NATA) in water peaks at 350 nm on
the instrument used for these measurements ana mash greater quantum yield
in the presence of 8.0 M urea than in its absentaus there are definitely
interactions occurring in the unfolded protein e tvicinity of Trp35 that are
causing quenching, such as solvent quenching, deeth solvent quenching in
addition to quenching by nearby charged residuek ag arginine and lysine that
are folded away from Trp in the native state. Lfd8r example, is folded to the

other side of the helix, opposite Trp35 in the &mldconformation, but would be
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right next to it when unfolded. Regarding the loweak wavelength for CLIC1
in 8.0 M urea than NATA (3-5 nm shorter), it is rhdigely that CLIC1 is not
fully unfolded at 8.0 M urea in the sense of ergtas a random coil. Numerous
studies have shown that the denatured state ensemblmade up from
conformations that not only include hydrophobic lpggis and small secondary
structural elements, but that long-range electtizstiateractions contribute to this
ensemble too (Dill and Shortle, 1991; Shortle, 19R&ceet al., 2000; Whitten
and Garcia-Moreno, 2000; Baldwin, 2002; Géical., 2008). Considering the
high number of acidic residues in the CLIC1 seqegrd5 %), and the numerous
basic residues (11 %), it would actually be morepssing if these didnot
contribute to the maintenance of residual struttetaments in the denatured

ensemble via electrostatic interactions.

Changes in fluorescence emission intensity are rgéneattributable to small
changes in concentration, and so are not necgsaagidod indicator of changes in
tertiary structure. Nevertheless, the lower initéss recorded for CLIC1 at pH
5.5, particularly apparent in the Ex.280 spectmla indicate shifts in relevant
side-chains in relation to one another that alloarersolvent accessibility or less
energy transfer due to a slight “opening-up” oro8ening” of the structure.
Similar decreases in the intensity of pH 5.5 erissipectra have been observed
by a colleague in this laboratory (Fanucehial., 2008). A loosening of the
structure would allow solvent molecules that do hate access to the more
buried parts of Trp35 at pH 7.0, access at pH %)%.again, positively charged
residues known to quench Trp fluorescence suchrgslds and His may have
additional access to Trp35 that they do not havpHaf7.0. Lys37 is again a
candidate here, as is Arg216, which is situatetherloop just before heli®8 in
close proximity to Trp35. In a more flexible confaation, it could conceivably
contribute to Trp35 quenching, especially with apesat the domain interface.
Additionally, a slightly more relaxed structure @buesult in lower energy
transfer from Tyr residues to Trp35. When Hareppl. (2001) resolved the
crystal structure of CLIC1, they noted a degreeplafsticity in the domain

interface region that resulted in two conformers lielicesal anda3, which
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make up the N-domain side of the N- and C-domateriace. These conformers
come about due to a highly Pro-rich region in thaplthat joins helix.3 in the N-
domain and helixo4a in the C-domain. Pro91 exists in eittees or trans
conformations, the latter minor conformer of whaikplaces and tilts helices
anda3 with respect to the major conformer. Tyr93ight in the middle of this
Pro-rich region (Pro91, Pro92, Tyr93 and Pro94)Y analso close enough to
Trp35 for significant resonance energy transfetb({@a), so in a flexible, looser
structure this energy transfer would definitelydfgected, leading to a slight loss
of signal intensity, as is witnessed for the flemence spectrum at pH 5.5.
However, the relatively low resolution of the prabeans that the exact locations
of any increased motion of relevant helices carbetpinpointed. Hydrogen-
deuterium exchange mass spectrometry (HDXMS) or NMIRK could probably

give much more specific information about relatthanges around Trp35.

Contributions of the aromatic residues to the niagie, sign and wavelength of
near-UV CD data are still relatively inadequatehdearstood, despite a number of
mutational studies that have monitored the contioibg of specific residues to
protein spectra (Vuilleumieat al., 1993; Freskgaret al., 1994). Near-UV data
show a more positive spectrum for CLIC1 at pH particularly in the 260-290
nm region. While it is difficult without mutatiohatudies to assign specific bands
to specific residues, the negative bands at 280anoh 287 nm and the less
pronounced positive band at 295 nm can definitelyatiributed to Trp35, since
that is the only Trp residue in CLIC1, and the othmmatic residues, Tyr and
Phe absorb in the lower wavelength regions. Baad266 nm have been
attributed to Trp, whose contribution is generalppsitive in this region
(Freskgardet al., 1994), but whether that is the case here istdble|a The
decrease in intensity of the signal around 280-865 at pH 5.5 can almost
certainly be attributed to a change in packing adotirp35, although there is no
change in wavelength here. It is likely that dgdipole coupling between Trp35
and Phe residues clustered near Trp3Bastrand (Phe4l) andl helix (Phe31)
(Figure 4.2) contribute to the negative Trp35 baad280 nm and 287 nm in the
near-UV CD spectrum of CLIC1. The near-UV CD ofpTside chains is
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especially intense when other aromatic compoundsadgthin 10 A of the Trp,
due to dipole-dipole coupling (Strickland, 1978he31 is just 4.6 A from Trp35,
and Phe41 is 6.3 A away. A loss of dipole-dipaepling effects amongst these
residues as a result of increased flexibilityaih helix in relation top2 strand
would translate to a loss in signal in the Trp oegof the spectrum. The 278 nm
band in the pH 7.0 spectrum is slightly red-shifted279 nm in the pH 5.5
spectrum, generally indicating a move to a lessupehvironment (Freskgaed
al., 1994). Again, the likely candidates for thhifsare the aromatic cluster
indicated in Figure 4.2. Movement away from eathepin a more flexible
conformation would lessen the dipole-dipole coupleifects contributing to the

intensity of the signal.

Figure 4.2. Clustered aromatic residues in the N-teninal domain of CLIC1.
Ribbon structure of CLIC1 showing nearby aromagisisdtues that may contribute to the
Trp35 near-UV CD intensity 275 nm and 295 nm. Rh@geen) is 4.6 A from Trp35
(red), and Phe4l (blue) is 6.3 A away. PDB 1kOmchain was used (Harrogt al.,
2001). Image generated using Swiss PDB ViewerO:14(Gueet al., 1995).
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Incidentally,al forms part of the putative transmembrane regiorgny increased
flexibility here is likely to increase the capacftyr the protein to transform from
soluble to membrane-bound conformation. Certai@lylC1 has been shown to
insert more readily into model membranes and fonctnore efficiently at pH
values in the range 5.0-5.5 than at pH 6.5-7.0 {Uviest al., 2002), and in the
range pH 5.0-6.0 compared to pH 7.0 (Tdllal., 2002), which would mimic the
situationin vivo where the pH at the membrane surface is lower thaoulk
cytosol. Electrostatics probably play a role ire thpparent loosening of the
CLIC1 structure at lower pH. CLIC1 is an acidio@in with a low p. By
decreasing the pH, the number of ldns in solution is increased, resulting in
neutralising of negative charges on the surfacefprotein and giving positive
charges to basic residues on the surface, pantigitis. The overall negative
charge on CLIC1 drops from -7 at pH 7.0 to -3 at9bl Changing the charge on
surface residues that form intramolecular contdbtg help to maintain the
stability of the protein could affect this stalyilitallowing greater overall
flexibility in the molecule. This will be discus$en greater detail in the next

section.

4.2.2. CLIC1 conformational stability is pH-dependat

Urea-induced equilibrium unfolding of CLIC1 at pH.07shows a highly
cooperative two-state transition from the nativehte unfolded state. The free
energy of unfolding is approximately 10 kcal/mo&ple 2), well within the range
for monomeric proteins, although thevalue is 15 % lower than that predicted
by a model correlating+values with the number and area of residues bewpmi
accessible to solvent (Myergt al., 1995). According to this model, the
experimentally derivedr+value suggests that up to 50 buried residues|erady
totally exposed to solvent before unfolding begirisls entirely possible that the
acidic loop in the C-terminal domain of the CLICtusture (Serl46-Thrl74) is
partially responsible for this discrepancy. Thsp region is highly flexible, and
probably very solvent-exposed, judging by the 1k@d 1kOo crystal structures

where this portion of CLIC1 was disordered, asaswn the CLIC4(ext) structure
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(Harropet al., 2001; Littleret al., 2005). In comparison to another monomer of
the GST family, Grx2, the stability and cooperdtivof unfolding of CLIC1 are
lower. Grx2 is smaller (215 residues) but withGg20y of 12 kcal/mol and am-
value of 2.7 kcal/mol M urea has a higher free energy and cooperativity of
unfolding (Gildenhuyst al., 2008). These values are 15 % higher for a prote
which is 10 % smaller than CLIC1, implying that t6&IC1 native structure is
not only less stable, but less compact than th&rg2. The major difference in
the two structures is the acidic loop region pregethe C-domain of CLIC1, but
which is absent in Grx2. The native structure @il may be even more
flexible than its crystal structure implies, as va#so evidenced by the unexpected
results for the CD spectra from the DICHROWEB servéwould be fascinating

to see an NMR structure of CLIC1, since the mudtipbnformers could give an

idea of the degree of mobility within the structure

The unfolding transitions for CLIC1 at pH 7.0 maméd by fluorescence (Ex.280
and Ex.295) and circular dichroism superimpose, Hrate is no detectable
evidence of any stable intermediates along theestransition. By all definitions,
the transition is two-state, but with lower coopsity than predicted. CLICL1 is
stable in the native conformation until a criticahcentration of urea of just under
4.0 M, at which point rapid unfolding takes placat 7.0 M urea the protein is
fully unfolded, barring residual structural contedtie to electrostatic and

hydrophobic interactions making up the denaturatestnsemble.

At pH 5.5, CLIC1 forms a highly populated stabl€falding intermediate with
reduced secondary and tertiary structure and aasexphydrophobic surface. A
fascinating difference exists between the thermadyn parameters derived from
the fits to the Ex.280 and Ex.295 fluorescence .dalde Ex.280 + ko fit
indicates a less stable structure that the pH trugtsre AGg20) = 8.0 kcal/mol

vs. about 10 kcal/mol), and the same level of codpeta for the N < |
transition at pH 5.5 as the N U transition at pH 7.0 (Table 2). The free energy
of unfolding for the intermediate to the unfoldezhformation is higher, near the

top of the monomeric range. Tine-value, though, translates to an incredible
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286 residues exposed upon unfolding, greater tharength of the protein. The
thermodynamic parameters for the-l U transition monitored by Ex.280 + CD
are actually surprisingly close to those of a dimfethe GST family, rtGSTM1-1,
for the same transition (Thompsenal., 2006). The Ex.295 parameters are even
more remarkable. ThAGg.0) values are well into the dimeric range, antl
translates to an extraordinary 560 residues expoged unfolding, while then2-
value indicates 315 residues exposed! Clearly,fomonomer of size 241

residues, this is impossible.

So what is actually happening in the CLIC1 struetduring unfolding at low pH?
There is a dramatic difference between the thermaaiyc parameters obtained
for the fits to the Ex.280 + CD data and the Ex.28% and their corresponding
population plots, and it is apparent, simply bykiog at the unfolding curves
generated by excitation at 280 nm or 295, thattthesitions monitored by the
two probes must be detecting the same event frarora global and a more local
perspective, respectively. The Ex.280 data averagmnges over the whole
structure across the urea concentration range ws®etl,in so doing, partially
masks the localised unfolding transitions occuriimghe N-terminal domain as
monitored by the localised probe near the domakrfisce, Trp35. Luquet al.
(2002) point out that the Gibbs energy of stabiissaof a protein is not evenly
distributed over the entire protein, and that lasadolding regions are scattered
around the whole structure, giving rise to highe dow-stability constant areas.
We already know from the crystal structure thatMheerminal domain of CLIC1
is more flexible than the C-terminal domain (Harebpl., 2001), and other CLIC
structures exhibit flexibility in helixa2 (Littler et al., 2005; Li et al., 2006;
Cromeret al., 2007). Also it is apparent from the near-UVa&peat pH 7.0 and
pH 5.5 that fairly significant differences in pacgioccur around Trp35 at pH 5.5.
In addition, a study on wild type and mutant foroigGSTM1-1 using HDXMS
to probe the relative solvent accessibilities amefdfore dynamics of the dimer
interface found distinct differences in the fastlenge in the thioredoxin-like N-
terminal domains of mutants. the wild type protein (Codreaurat al., 2005).

Two of the mutants showed reduced stability atdineer interface that shifted the
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equilibrium of the intermediate to the monomeriatst While the wild type
protein showed moderate fast exchange in the Nutatndomain, particularly in
al, B2 anda2, and rapid exchange in the C-terminal @, which correspond to
the same structures in the CLICs, the destabilisiugants showed significantly
enhanced exchange in the fast phase in large psrobthe N-terminal domain,
including 02, almost the entirB-sheet and parts ofl anda3. A double mutant
of this same protein which disrupted interdomaialt(bridge) and intersubunit
(lock-and-key) interactions yielded only the monomeform of rGSTM1-1
(Thompsonet al., 2006). Amide hydrogen/deuterium exchange ofehtre N-
terminal domain of this mutant was significantlyhanced relative to the wild
type protein, indicating greater solvent accesgjband dynamics. These studies
are significant in light of the highly conservednoaical thioredoxin-like fold
within the N-domains of the GST superfamily. Aririnsic flexibility in this
domain may serve various functions for specific ifprmembers, but it is the
contention here that in CLIC1 it serves to aid tbhamation of a membrane-

competent structure under certain conditions.

To date, little real attention has been paid toBke€95 data for CLIC1 at pH 5.5,
on the assumption that the Ex.280 spectra are ddednby Trp35 anyway. It
appears that this was an oversight. Clearly Exi&%cting as a much more
localised probe than Ex.280. Is something hapmeminhe N-terminal domain
that is not apparent when probing the protein aghale? Are parts of the N-
terminal domain oligomerising with other intermedm in solution? The N-
terminal domain contains the proposed membranetiaseegion of CLIC1, and
thus would require a complete structural rearrareggnin order to take up a
membrane competent conformation. Does part of dtrisctural rearrangement
include oligomerisation of N-terminal domains jysior to insertion into the
membrane? The slight blue shift in thgx for the intermediate, which has been
reported to be up to 5 nm (Fanucehial, 2008), indicates a shift of Trp35 to a
more hydrophobic environment — this would be cdestswith a model where
Trp35 becomes slightly more buried during unfoldiagd dimerisation or

oligomerisation of the N-terminal domain. Howevegnfoundingly, burial of

185



any residues would be inconsistent with the enosmmit-value. Complete
unfolding of the N-terminal domain during struciungarrangement would
account for 40 % loss in secondary structure ofwhele protein, although this
would in fact be slightly less because of the lowentribution of g-strand
structures to the signal at 222 nm, all of whiah iarthe N-terminal domain. The
circular dichroism spectrum for the intermediatedes indicates ~56 % loss.
Could loss of secondary structure in the N-termaw@hain account for the large
majority of this loss? If the intermediate speaépH 5.5, which is also found at
pH 7.0, 37 °C, is the pre-membrane-insertion canédion of CLIC1, which it is
proposed to be (Fanucattial., 2008), then the structural and stability data Mou
appear to indicate that the N-terminal domain imgletely, or almost completely
unfolded, and that hydrophobic contacts betweeprifinhal domains are causing
either dimerisation or oligomerisation just priorrearrangement into the helical
conformation which would be required for actualeri®n. Is it possible that
these hydrophobic contaaid the formation of the insertion structure, protegti
against collapse into an unstructured aggregate@ldGhe highm-values in fact
be referring to exposure of the residues of a nurab€LIC1 molecules coming
together in solution? Unfortunately, concentratitapendent studies, which
would indicate whether a dimeric or oligomeric dpecwas present, were not
performed. In theory, the exposure of 560 residweselates to the total exposure
of six N-terminal domains. Taking into accounttthle C-terminal domain,
possibly beginning wittu8 anda9, would also have reached a certain level of
unfolding by the time the intermediate specieseiteded, theoretically, unfolding
of four N-terminal domains and partial unfolding thie C-terminal domains of
those four molecules could account for the highelleaf exposure indicated.
Incidentally, the number of CLIC1 molecules prombse make up the functional
ion channel is four (Singh and Ashley, 2006).

Clearly, though, over-reliance omvalues for determinations of absolute numbers
of residues exposed can only lead to frustratioa @ase like this. Anyway, it is
probably not warranted, since the model upon wiingh dependence of the

value on the amount of surface accessible areasegp® a purely two-state
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model (Myerset al., 1995). Staphylococcal nuclease, for examplewbich
probably hundreds of mutants have been generatbdyits a broad range i+
values depending on the mutant (Shortle and Medlg&6; Shortle, 1995, 1996).
The slope of the dependenceAss on denaturant concentration for these mutants
can vary over a threefold range, implying that sbé/ent-exposed surface of the
native state would have to shrink by as much a%2& expand by up to 50 %,
depending on the mutant; an unlikely event indagdrgthe nature of the folded
protein (Shortle, 1996). Thus, it was argued ttieg range of effects on
thermodynamic parameters induced by different ntataatually reflect structural
perturbations in the denatured state, since thisiasle up of an ensemble of
microstates that would have a much higher capdottyperturbation than the
native state could possibly encompass. Mutantsiwinicrease thervalue have
larger, less structured denatured states. Thetwedastate of mutants which
decrease thetrvalue is more compact, and has a greater amouseaindary
structure. Whittenet al. (2001) expand this discussion by considering sase
where them-value increases or decreases upon a decrease.inGeherally,
where themvalue increases with a decrease in pH, it is tated with an
increase in the solvent accessible surface are®&APAf the denatured state.
Expansion of the denatured state is presumablyedriw repulsive interactions
brought about by a change in charge due to incdepsaton concentration. A
decrease in thenvalue with a decrease in pH is not interpretedh@ same
manner. Instead, it is correlated with the accatnh of an intermediate which
is preferentially stabilised relative to the natastate with a decrease in pH. The
accumulation of the intermediate within the unfolgltransition perturbs the two-
state character of the transition, leading to arebsedmvalue. While at first
glance themnvalues derived from the fits to the pH 5.5 dataG@&IC1 appear to
fit the former case, it should be borne in mind tha& above discussion relates to
the fitting oftwo-state model to the data. If one fits the pH 5.5 data tao-state
model, themrvalue is, in fact, greatly depressed (1.2-1.6 /koal M urea),
giving credence not only to the existence of thermediate, but also negating the
requirement for absolute correlation of thevalue with increase in SASA,

especially since an ensemble of partially foldedes, in accordance with folding
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funnel theory, will have different amounts of expdsSASA at any one time.
Nevertheless, the fact that the parameters defoetihe fits to the Ex.295 data at
pH 5.5 are well into the dimer range provide iniiigy grist to the mill that the

protein is forming some kind of oligomeric statattis localised to the N-terminal

domain.

An essential aspect to consider in the reducedlisyatf CLIC1 at pH 5.5 relative
to at pH 7.0 is the effect that an increased nuroberotons in solution will have
on the structure and stability of the protein. pit 7.0 the native protein is more
stable, meaning that it requires greater energynfold. This presumably relates
to a higher degree of interior packing and thengjen forces causing and/or
resulting from this. In addition, surface residwasgyaged in salt-bridging are
likely to contribute to the higher stability obsedv Within the native, folded
protein, local and long-range electrostatic inteoas, the dielectric constant and
the arrangement of charge may all result in tKg yalues of some titratable
residues either being raised or lowered relativenéalel compounds in water. In
general, it is found that at any given pH, th& palues of the carboxyl groups of
the side chains of acidic residues (relevant talistuat low pH) can be quite
significantly raised or depressed (Matthest al., 1979, Matthew, 1985).
Additionally, and significant within the pH rangtudied, the K, value of the His
imidazole group is subject to change dependent ppband electrostatic effects.
In the presence of an increased concentration dfogen ions at lower pH, where
the charge on CLIC1 drops from -7 at pH 7.0 to t3M 5.5, charge-charge
interactions are certain to be perturbed, due tdopation of acidic residues or
due to protonation of His. In these cases, imntediepulsion will take place
accompanied by small structural rearrangementsaantbdest expansion of the
structure due to infiltration of water moleculegoirthe new spaces as already
witnessed in the small, but detectable pH-dependesamges apparent in the CD
and fluorescence spectra of CLIC1. In theory, ediog to the model proposed
by Linderstrgam-Lang (1924) and still held generadiyoe true, a protein should be
most stable at its Ip because this is where most unfavourable eleatrost

interactions are neutralised. However, the modslimes as its starting point that
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the charges are uniformly smeared across the sudtt¢he protein, which, for
any real protein, is not necessarily true. Indgase of CLIC1, whosel is around
5, it is apparently not true, since the stabilgyloawered at pH 5.5 relative to pH
7.0. This can be accounted for by the non-unifalistribution of charge in
CLIC1 (Figure 1.18), particularly in relation toetHikely existence of buried
nontitratable ionised groups, where buried genenafers to charges located a
short distance within the interior of the protem a region of low dielectric
constant or in the dielectric boundary (Matthew dbdrd, 1986). The Born
energy of these ionised groups is increased relativthose on the surface, with
the result that their contribution to destabilisatibecomes asymmetric and the
maximum stability of the protein will not be at tisoelectric point (Stigter and
Dill, 1990).

Figure 4.3 shows the distribution of ionisable desis on the surface of CLIC1.
More than 25 % of the CLIC1 sequence consists afgdd residues, and 9 % are
in the N-domain. Most of the charged residuesarehe surface or near the
surface of the protein, but they are not evenlyrithsted. There are 12-15 acidic
residues on the face of CLIC1 seen in Figure 4134, only about eight on the
surface in Figure 4.3B. There are nine basic vesicon the face seen in Figure
4.3A, but at least 12 on the face seen in Fig3B.4.Thus there is an asymmetric
distribution of charge across the CLIC1. The fatd-igure 4.3A has a more
acidic character, while the opposite face has aentasic character. Many of
these residues are involved in complete or incotaalt bridge interactions with
each other, but not all are, although it must beerabered that the default pH for
the calculation of ion pair interactions is 7.0dahey are probably involved in
hydrogen bonding interactions as well. There aerhain “hotspots” of negative
charge in the CLIC1 structure: the acidic loop oegand helixa9 in the C-
domain. There is also a region which contains ravgdd residues in Figure 4.3A.
This region could be significant for binding of thetein to the membrane. If the
cluster of acidic residues near the top of thislpatere neutralised at the low pH
at the membrane surface, the basic residues arthenddge of the patch at the

lower and upper left of it would easily be abléotod negative phospholipids

189



Figure 4.3. Distribution of ionisable residues in CIC1.

(A) and B) Distribution of basic and acidic residues on skiefaces of CLIC1. Asp is
shown in red, Glu in pink, Lys in green and Argyellow. Salt bridges are shown with
black dots. An uncharged patch is visible on @eefshown in (A), but an equivalent
patch does not exist on the other side of the mé#eio (B). C) and D) Distribution of
His residues on CLIC1 surface. The N-domain ikpthe C-domain is blue and the
linker region is turquoise. PDB 1 kOm was usedr(bfaet al., 2001). Image rendered
using PyMOL™ v. 0.99 (DeLano Scientific, 2006).
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at the membrane surface and allow this uncharggidneo lie flat against the
membrane. On the other hand, the basic characthe @pposite face could also
easily allow for binding to negative membrane stefa The fact that CLIC1
inserts more readily into anionic lipid membrané&slk et al., 2002; Singh and
Ashley, 2006; Singlet al., 2007) at low pH indicates that these scenaries ar
distinct possibilities.

CLIC1 has three His residues, His74 in the N-donzeid His185 and His207 in
the C-domain (Figure 4.3C and D). His74 and His20& relatively solvent
exposed. His74, ofd, is only about 15 % solvent exposed, potentigilyng it a
relatively large impact on stability when protorth pH 5.5, especially since it
is very close tax3. It is near to at least six acidic residues anly one basic
residue, implying that its Ky, could be raised relative to model compounds
(Matthewet al., 1979). His185, on6 is close to six acidic residues and three
basic residues, possibly also giving it an incrdasféective K, His207, om7,

is in the vicinity of only one acidic residue, afide basic residues, which may
contribute to the depression of it&p These His residues are in the unique
position of being able to act as pH sensors. Alibedypical K, value of 6.1 for
imidazole, His will be neutral. Below that, it Wie charged. Depending on the
effect of the local electrostatic environments loa K, values of the His residues
in CLIC1, they could either contribute significantlto stabilisation or
destabilisation of CLIC1 due to perturbation of cdb and longer range
electrostatic interactions. Judging by the lowabsity of CLIC1 at pH 5.5, it is
likely that they have a destabilising effect on tla¢ive state at this pH.

The capacity of a particular state of a protein, ib@ative, intermediate or
denatured to bind protons will determine the sighdf that state when the pH is
lowered (Tanford, 1969; Mattheet al., 1985; Taret al., 1995). The differences
in affinity of various states for Hions are a reflection of the differences in
electrostatic contributions to their free energgdaese of the dependence &f,p
values of ionisable groups on electrostatic effé@¥hitten and Garcia-Moreno,

2000). The appearance of a stable intermediateiespat low pH with a higher
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free energy of unfolding relative to the unfoldéate compared to the native state
would tend to suggest that favourable electrosiateractions contribute to the
stabilisation of this species. This is significamtight of the proposed biological
role of the intermediate as the pre-pore, insertimmpetent conformation of
CLIC1 (Fanucchiet al., 2008), especially because of the low pH, highatigg
surface potential and low dielectric constant atrtfembrane surface.

4.2.3. The CLIC1 intermediate

As was discussed in Section 1.3.3., low pH-indugettrmediate species
populated under mild denaturing conditions are uraisual in the pore-forming
toxins and other membrane-associated proteins, asclactalbumin (Kuwajima,
1977; Dolgikhet al., 1981; Grikoet al., 1994), equine lysozyme (van Daetlal .,
1993; Griko et al., 1995), staphylococcal nuclease (Dill and Shorfl@91;
Shortle, 1993, 1995, 1996), CrylAb toxin (Raustlél., 2004), colicin A (van
der Gootet al., 1991; Mugaet al., 1993) and diphtheria toxin (Chenetl al.,
2002). Additionally, a molten globule-like interdiate of g-lactoglobulin was
induced by lowering the dielectric constant of seéution (Uverskyet al., 1997),
an interesting fact given the low dielectric constaear the membrane surface.
Generally these intermediates have been charaaesis molten globules, due to
their compact nature, their retention of nativeelecondary structure, lessening
of orderly tertiary structure, and ability to biAdNS weakly (mM affinity) (Bailey

et al., 2001; Halskatet al., 2005; Banerjee and Kishore, 2005; Prajapasl.,
2007). The intermediate formed during the unfajdiransition of CLIC1 at pH
5.5 is most highly populated around 3.8-4 M urestructural analysis of this
species using far- and near-UV CD and fluorescemméssion spectroscopy
indicate that its secondary and tertiary structaresboth affected to some degree.
The loss of ~50 % secondary structure is inconsistéth a molten globule state,
as is the relatively tight binding of ANS to hydhmbic patches exposed during
formation of this intermediate specidsq(of 20 uM). The maximum emission
wavelength of molten globule states is usually leetwthat of the native and
denatured states (Kuwajineal., 1996; Mancevat al., 2004), but thé\nax of the

192



CLIC1 intermediate is actually blue-shifted relatito that of the native state.
This would indicate relatively intact tertiary cants and a shift of Trp35 and
other exposed Tyr residues to a more hydrophobic@amment. This is borne out
by reduced accessibility of Trp35 to quenching byykamide (Fanucchet al.,
2008). Not all molten globule intermediates havkeigher maximum emission
wavelength than the native state, though. For @k@nihelin.x of the molten
globule state of CrylAb toxin is 3 nm blue-shiftedative to that of the native
state, and it exhibits reduced acrylamide quencfiRapsellet al., 2004). This is
because the molten globule state is oligomeric,thadlrp residues are primarily
located in the pore-forming domain. This is sigm@iht for the CLIC1
intermediate, whose unfolding data appear to inditiaat it is at least dimeric if
not oligomeric. Something interesting about sonfeth® molten globules
mentioned above is that the fluorescence intertditthe intermediate is higher
than that of the native state, suggesting that thma residues have been removed
from the vicinity of potentially quenching residuesThe CLIC1 intermediate
monitored by Ex.295 has a higher fluorescence sgitgnelative to the native
state, compared with a slightly lower intensity foe intermediate excited at 280
nm. The near-UV CD spectrum of the CLIC1 internageliappears to indicate a
loss of tertiary packing with a rather drastic lo$signal around the Trp35 band
at 287 nm. Whether this is due to a loss of specdntacts within a cluster or
due to a global loss of tertiary packing is notireht clear, but certainly there are
some changes around Trp35. Whether contacts henmysbeen lost or new
contacts formed with degenerate dipole-dipole dogpékffects cannot be said.
However, the fact that the intermediate speciesoldsf highly cooperatively

would tend to suggest that significant tertiargmtctions are present.

The population plots for the unfolding data for ClIll at pH 5.5 indicate that
intermediate monitored by Ex.295 emission is mdable than when monitored
with the more global probe of excitation at 280 nifihis would be consistent
with the formation of an oligomer, where stabilgsimteractions would be more
numerous. The data also indicate a greater priopodf intermediate species
population than the Ex.280 data, which upholdsidiea that the major structural
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changes associated with the intermediate specgeesare locally located in the
N-terminal domain. What is rather interesting abthe unfolding transitions of
CLIC1 at pH 5.5 monitored with CD and fluorescerisethat the loss of
secondary structure appears to occur at lower cdratens than the loss of
tertiary structure (Figure 3.12). Overlaying ok tkx.295 data monitored by
maximum emission intensity gives the same effe€his is very unusual and
unexpected. Most of the molten globule states mmeetl so far exhibit non-
superimposable unfolding curves where tediary structure is lost at lower
concentrations of denaturant. This is a puzzlgesgenerally all folding models
account for formation of secondary structure prior formation of tertiary
interactions, and the loss of these interactibrg during unfolding. In fact,
rationally, it is very difficult to envision how it could possibly be occurring
even in light of the proposal that the intermedsiecies is probably an oligomer
whose contacts with other subunits are primarilihenN-terminal domain. Could
significant tertiary-like interactions occur even ithe relative absence of
secondary structural elements? This is somethinhg @ higher resolution probe
such as NMR or HDX could tell us, although it wotle extremely interesting to
see how near-UV CD-monitored unfolding curves oflCL at pH 5.5 overlaid
with far-UV CD data. It would also probably be ightening to analyse
unfolding curves of mutants where the lone Trpdesihad been translocated to
the C-domain, in terms of the significance of thesidue as a local structural

probe.

While the CLIC1 intermediate satisfies a numbethef requirements for a molten
globule state, there are several areas where iat@svirom the norm, such as its
loss of secondary structure, its blue-shifted maxmemission wavelength and its
higher affinity for ANS than typical molten-globuttates, and thus it cannot be
definitively described as a molten globule. On tither hand, according to
folding funnel theory, the intermediate state cstssiof an ensemble of non-
equivalent states, and exists on a continuum téstaetween native and unfolded
states, so, although the CLIClintermediate doegprettisely fit the definition of

a molten globule, it could be described as moltemge-like. It should be noted
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at this point that the notion that the molten glebstate as a universal, general
intermediate state has been discredited somewltlatthe characterisation of so-
called pre-molten globule and highly ordered moltdobule states (Ptitsyn,

1995a; Uversky and Ptitsyn, 1994, 1996). It hasnbproposed rather that
partially folded intermediate states which existi@endifferent conditions make up
an ensemble of substates, each with regions ofuangfructure, and therefore

exist as discrete intermediates of specific pratéiinket al., 1997).

It is already established that the N-domain ofeaist one other member of the
GST family is less stable than the C-domain (Cadneat al., 2005; Thompson
et al., 2006), in addition to the known flexibility of s@ of the structural
elements of the N-domain of the CLIC family. QOgrsificance here too is the fact
that a number of molten globule states alreadyudised, which in many cases are
the membrane-competent forms of those proteinst asi intermediates with one
intrinsically less stable domain unfolded and tlikeo domain still relatively
native-like in its retention of secondary structaral a structured tertiary fold. In
many of these cases the only requirement for faomabf the membrane-
competent conformation is the low pH at the surfat¢he membrane and the
existence of a negative surface potential there tduthe presence of anionic
lipids. The conclusion that has to be drawn hererefore, in light of these facts
and the experimental evidence offered, is thatintexmediate state of CLIC1 at
pH 5.5 is a dimeric or oligomeric conformation wa@sbunits interact with other
subunits via contacts in their N-terminal domawkjch are unfolded relative to
their C-terminal domains. The formation of thiatetis favoured by the looser
structure and lower stability of the native statpld 5.5 relative to that at pH 7.0,
and the greater stability of the intermediate stdtpH 5.5 relative to the native
state. Given the reducing conditions under whidh experiments were
performed, this state is unlikely to resemble thelGl dimer formed under
oxidising conditions (Littleret al., 2004). The CLIC1 intermediate state is very
likely to be, as has been proposed previously (Ecmet al., 2008), the pre-form

of the membrane-competent conformation.
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4.2.4. A membrane insertion model for CLIC1

Although the experiments performed in this studyenal done in the absence of
membranes, the idea was to try to mimic some ofabirs that would be present
at the surface of a biological membramevivo. While it is obvious that a
denaturant such as urea is not present at the memburface, the existence of an
intermediate at pH 7.0, 37 °C, with basically theme properties as the
intermediate characterised in this study, indic#tes all that is really required for
formation of the membrane-competent intermediatatestis physiological
temperature and the lower pH at the surface oftmbrane. The physiological
role of this intermediate state would be to lowes energy barrier for insertion
into the membrane. Protonation of ionisable grompshe native state at pH 5.5
destabilise the native state relative to the ineshiate state, which may have a
favourable influence on the ability of the protém interact with membranes.
Tulk et al. (2002) and Wartort al. (2002) observed that CLIC1-mediated ion
channel activity was highest at lower pH valuesptimer words, when the native

conformation of CLIC1 was least stable.

Based on the assumption that the intermediate dem®sent the membrane-
competent form of CLIC1, a series of steps wherigyprotein moves from a
soluble, cytosolic conformation to an integral meame-bound conformation can

be proposed.

First, it should be noted that the PTM region of ICL has a high helical
propensity as determined by AGADIR analysis (Mufenzd Serrano, 1994)
(Figure 4.4). In addition, a helix formed by tihegion has a distinct amphipathic
character with a hydrophobic dipole moment, exéeptys37, which would play
a role in chloride ion transport through the pofde hydrophobic dipole moment
is defined as a measure of the amphiphilicity oftaucture (Eisenberegt al.,
1982). The hydrophobic thickness of the PTM israpimately 31 A. Asp47 (if
protonated) and Thr48 could potentially exist witithe membrane interface
region, due to their hydrophilicity. Trp35 woul@ Ipositioned right in the centre

of the hydrophobic portion of the membrane (Figu&, a somewhat unexpected
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Figure 4.4. Helical wheel for the PTM region of CLC1.

A helical wheel for residues 24-51 of CLIC1. Prd@5/al46 are proposed to traverse the
membrane, while the KRR motif from residues 49-btLas a “plug” to anchor the helix
in the membrane. Cys24 protrudes on the outsiddefrans side of the membrane,
where it is susceptible to redox regulation. Thiewa indicates the hydrophobic moment.
Hydrophilic residues are shown as circles, hydrbjphoesidues as diamonds, potentially
negatively charged as triangles, and potentiallsitpely charged as pentagons.
Hydrophobicity is color coded: the most hydrophatagisidue is green, and the amount of
green decreases proportionally to the hydrophaghierith zero hydrophobicity coded as
yellow. Hydrophilic residues are coded red witheued being the most hydrophilic
(uncharged) residue, and the amount of red deagagroportionally to the
hydrophilicity. The potentially charged residues &ght blue. Wheel created using the

helical wheel programme available at http://wwwalzlicr.edu/scripts/wheel/wheel.pl.
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location, given that Trp residues of membrane jmetare generally found just
inside the interfacial region of the membrane sigfaas discussed in Section
1.1.2. That is not to say, of course, that Trpdess are never found buried in the
interior of the membrane. Cys24 would protrude iie interfacial region on the
trans side of the membrane where it could play a roleedox regulation of

channel function.

31A

Figure 4.5. Possible orientation of CLIC1 PTM in menbrane.
Schematic diagram of the PTM (residues Pro25 tal&jaincluding Cys24, Asp47 and
Thr48, in a helical conformation, showing the pblesiorientation of this region within

the membrane.Left: space-filling model of one helix with non-polasidues coloured
yellow, uncharged polar residues coloured orangsiclresidues blue and acidic residues
(Asp47) shown in redRight: proposed tetrameric conformation coloured by rthdn
this conformation Trp35 would be buried facing imd/doward the other helices. The
dotted lines show the hydrophobic thickness ofrtteenbrane. Cys24, Asp47 and Thr48
would be in the interfacial region of the membrane.
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The steps involved in insertion would probably dall the following outline

(Figure 4.6): soluble, cytosolic or nucleoplasr@ktIC1 exists at physiological
pH as a stable monomer with an asymmetrically iBisted net negative charge
giving it a distinct dipole moment. Salt bridgesdahydrogen bonds on the

surface act to stabilise the protein in a globataformation.

Some signal, whether it be a change in pH or adisirg signal due to changes in
the cell cycle or some apoptotic response, causepthtein to relocate to the
membrane surface, where it is subject to a stra@ignagative surface potential
which brings with it a decrease in the local pHg avhere the dielectric constant
is lower than in bulk solution. An increase in negative charge due to the lower
pH at the membrane surface and protonation of afuhésresidues on the surface
of CLIC1 cause destabilisation of electrostati@rattions on the surface of the
protein. The patch of uncharged surface area enface of the protein helps to
orient the protein relative to the membrane anid @smes closer to the interfacial
region of the membrane, within reach of the mudtiphd complex electrostatic
interactions in this region, CLIC1 loses a portiohits secondary and tertiary
structure, mostly localised to the N-terminal domawhich is intrinsically less
stable than the C-domain. TIiR&alp2 supersecondary structure detaches from
the surface of the N-domain and unfolds. Stillrbepa net negative charge, but
now with exposed hydrophobic surfaces, the N-domaih several monomers
oligomerise to form a membrane-competent intermedigpecies which is
stabilised by electrostatic interactions broughadlby the low pH, and possibly
also by hydrophobic interactions in the PTM regadrthe N-domain. This is the
stable intermediate detected at low pH under mitipaturing conditions in the
absence of membranes during the urea-induced umdpichnsition of the protein.
Following this, the PTM takes on a helical confotima and inserts into the
membrane to form the functional ion channel. ThdoGhain would probably be
oriented with then7-08 face of the protein, with its hydrophobic patécing
toward the membrane surface, and the opposite fabeh has more basic
residues, facing toward bulk solution, where itsitanature could help to

concentrate Cions for passage through the channel.
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Soluble CLIC1 pH 7.2

An oxidising signal or a
drop in pH causes CLIC1

to move toward the
membrane ‘ :

At the interface, the low pH, low dielectric
constant and negative surface potential
cause the N-domain to partially unfold,
exposing hydrophobic residues which are
further attracted to the membrane surface

Dielectric
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Dielectric
constant ~10

pH 5.5 | Membrane-
competent CLIC1

An oligomeric intermediate
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conformation
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Figure 4.6. Proposed membrane insertion mechanisnorf CLIC1.
At physiological pH and temperature, CLIC1 is stduland monomeric with a net
negative charge and a dipole moment. An unknownasj possibly a drop in pH or

oxidising signal, causes the protein to move towHred membrane. The complex
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electrostatic interactions in the membrane interfaegion, including a low pH and
negative surface potential, interact with the chargn the surface of the protein,
decreasing its stability and causing the intringickess stable N-terminal domain to
partially unfold, exposing hydrophobic residuesheTN-domains of different molecules
interact with each other to form a stable dimerimligomeric pre-membrane insertion
intermediate state possibly connected at the PTdvbns. These regions then fold into
helices and the protein inserts into the membrarferin a functional ion channel with a
hydrophilic core. Membrane coordinates were tgkem Helleret al., 1993.
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