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ABSTRACT

The Chloride Intracellular Channel (CLIC) proteins ardamily of amphitropic

proteins that can convert from soluble to integral membréorms. CLIC1 is a
member of this family that functions as a chloride chhiméhe plasma and nuclear
membranes of cells. Although high-resolution structueghdexists for the soluble
form of monomeric CLIC1, not much is known about theegnal membrane forms’
structure. The exact mechanism and signals involved indheersion of the soluble

form to membrane-inserted form are also not clear.

Studies were undertaken in the absence and presence ofanemtodels. Analysis
of the structure and stability of CLIC1 in the absentenembrane investigated the
effect of possible signals or triggers that may playuzial role in the conversion of
the soluble form to integral membrane form. Exposing@lLio oxidizing conditions
results in the formation of a dimeric form. The CLi@imer was found to be less
stable than the monomeric form based on unfolding kirsttidies. The stability of
the dimer was also less influenced by salt concentrat@mmpared with the monomer.
The effect of pH on the structure of CLIC1 is of physjal relevance since the
movement of soluble CLIC1 in the cytoplasm or nuclaepl toward the membrane
will involve the protein being exposed to a lower pH micrei@mment. Hydrogen
exchange mass spectrometry was used to study the strubtoeathics of CLIC1 at
pH 7.0 and pH 5.5. At neutral pH, domain Il is more stable the more flexible
thioredoxin domain |. The thioredoxin-fold therefore is endikely to unfold and
rearrange to insert into membranes. Because of tte stapility of domain 11 this
region is probably where the folding nucleus of the pragiat pH 5.5 it was found
that theal, a3 anda6 helices, which are spatially adjacent to one anabesss the
domain interface, were destabilized. This destabilizatiap be the trigger for CLIC1
to unfold and rearrange into a membrane insertion-campébrm. The role of the
primary sequence and unique three-dimensional structure I1Cin membrane
insertion was investigated in a bioinformatics-based studyldlo&ed at conserved
residue features such as hydropathy and charge. Hidden Ipebpensities and N-
capping motifs in theal-32 region were found, which may have important

implications for locating putative transmembrane regions



Analysis of the structure and thermodynamics of CLIG#racting with membranes
investigated changes in secondary structure, tertiary stejdtydrodynamic volume
and thermodynamics when CLIC1 is exposed to membraneekiimgi models. The
effect of a variety of conditions such as pH and redysteine-modifiying agents
(NEM), ligands (GSH), and inhibitors (IAA) on CLIC1 merabe interaction were
studied. It was found that CLIC1 interacted with membramese favourably at
lower pH and that NEM completely inhibited CLIC1 interac with micelles.



ACKNOWLEDGEMENTS

| would like to acknowledge and thank:

My supervisor, Professor Heini Dirr, for all his guidansgpport and the privilege of
working in his lab.

Dr. Yasien Sayed for all his assistance with isothétitnation calorimetry.

Mrs. Sylvia Mcintyrefor all her assistance with the protein purificatior doelpful
discussions.

Mr. Stoyan Stoychev for informative discussions reqay@LIC1.

All the members of the Protein Structure-Function Uoit their encouragement,
support and interesting discussions.

Dr. Virgil Woods at the University of California San Qe USA for hosting and
training me on the use of hydrogen exchange mass spectyometr

Ms. Melissa Brock and Mrs. Krissi Hewitt for assistawith the hydrogen exchange
mass spectrometry sample preparation, data reductiomahia.

The National Research Foundation of South Africatierr financial support.

The University of the Witwatersrand for their financiaksistance with the

postgraduate merit award.

Vi



TABLE OF CONTENTS

page
DECLARATION ii
DEDICATION iii
ABSTRACT v
ACKNOWLEDGEMENTS Vi
ABBREVIATIONS X
LIST OF FIGURES Xii
LIST OF TABLES Xvii

CHAPTER 1: INTRODUCTION

1.1Biological membranes

1.1.1 Structure and properties 1
1.1.2 Channels and pores 5
1.2 Amphitropic proteins

1.2.1 Overview 6
1.2.2 Pore-forming toxins 7
1.2.3 Other dual-form (amphitropic) proteins 13
1.2.4 Membrane insertion 15

1.3GST family and the thioredoxin fold: New roles in membranenteraction 17

1.4Chloride Intracellular Channel protein(CLIC) family 19
1.5CLIC1 overview

1.5.1 Distribution and functional role 23
1.5.2 Structure of soluble CLIC1 25
1.5.3 Conversion of soluble CLIC1 to integral-membrane form 29
1.6 Objectives 36

CHAPTER 2: EXPERIMENTAL PROCEDURES

2.1 Materials 37
2.2 Methods

2.2.1 Plasmid verification 37
2.2.2 Over-expression and purification 38

vii



2.2.3 SDS-PAGE

2.2.4 Concentration determination

2.2.5 SEC-HPLC

2.2.6 Preparation and purification of dimeric CLIC1
2.2.7 pH adjustment

2.2.8 Liposome and micelle preparation

2.2.9 Fluorescence studies

2.2.10 Far-UV circular dichroism spectroscopy studies
2.2.11 Unfolding and refolding kinetics by manual mixing
2.2.12 Dynamic light scattering

2.2.13 Isothermal titration calorimetry

2.2.14 Deuteum exchange mass spectrometry

CHAPTER 3: RESULTS

3.1 Plasmid verification

3.2 Protein over-expression and purification
3.3 REDOX effects on CLIC1

3.3.1 REDOX effects on CLIC1 structure
3.3.2 REDOKX effects on CLIC1 stability
3.4 Effect of pH on CLIC1

3.4.1 Effect of pH on CLIC1 structure

3.4.2 Effect of pH on CLICL1 structural dynamics using hgdredeuterium

exchange mass spectrometry
3.4.2.1 Optimisation of CLIC1 proteolytic fragmeriat
3.4.2.2 Deuterium on-exchange of CLIC1 at pH 7.0
3.4.2.3 HXMS of CLIC1 at pH 5.5
3.5 Thermodynamics of ligand binding
3.6 CLIC1 interaction with membrane model systems
3.6.1 Effects of membrane-mimetic trifluoroethanol
3.6.2 Cholesterol-containing liposomes
3.6.2.1 Structural effects
3.6.2.2 Isothermal titration calorimetry
3.6.3 Asolectin liposomes
3.6.3.1 Structural effects

39
40
40
41
41
42
43
44
45
45
46
48

55
55

61
66

73

76

76
87
95

96
99

99

101

104

viii



3.6.3.2 Thermodynamic effects
3.6.4 Detergent micelles
3.6.4.1 Structural effects
3.6.4.2 Thermodynamic effects
3.7 Bioinformatics
3.7.1 Transmembrane region prediction and hydropathy plots
3.7.2 Sequence alignments showing charge conservation
3.7.3 Helix propensities using AGADIR
3.7.4 Phosphorylation sites and signalling motifs
3.7.5 Surface area determination

CHAPTER 4. DISCUSSION

4.1 Structure and stability of CLIC1 in absence of membrane
4.1.1 REDOX effect on CLIC1

4.1.2 pH effects on CLIC1

4.1.3 CLIC1 sequence and structure analysis

4.2 Interaction of CLIC1 with membrane models

4.2.1 TFE

4.2.2 Liposomes

4.2.3 Sarkosyl micelles

4.2.4 Model for membrane insertion and channel ori@mtati

CHAPTER 5: REFERENCES

109

109
113

127
130
130
135
135

138
140
149

153
154
158
166

169



Azso
ANS
Ca
CLC
CLIC
CMC
DEAE
DLS
DOPG
DTNB
DTT
DXMS
EDTA
e222
Far-Uv CD
AG
Grx2
GSH
GSSG
GST
GuHCL
hGSTA1-1
H20;
AH
HXMS
IAA-94
IPTG
kDa
LUV
MLV
NaCl

ABBREVIATIONS

Absorbance at 280nm
8-analino-1-naphtalene sulphonate
Alpha carbon

Chloride channel

Chloride intracellular channel

Critical micellar concentration
Diethylaminoethyl

Dynamic light scattering
L-a-phosphatidyl-DL-glycerol dioleoyl
5,5-dithiobis(2-nitrobenzoate)
Dithiothretol

Deuterium exchange mass spectrometry
Ethylenediaminetetra-acetic acid
Ellipticity at 222nm

Far ultraviolet circular dichroism

Gibbs free energy obtained under standard conditions
Glutaredoxin 2

Reduced glutathione

Oxidized glutathione

Glutahtione transferase

Guanadinium hydrochloride

Human class glutathione transferase
Hydrogen peroxide

Enthalpy change

Hydrogen exchange mass spectrometry
Indanyloxyacetic acid 94
Isopropyl-D-thiogalactoside

Kilodalton

Large unilamellar vesicle

Multilamellar vesicles

Sodium chloride



Na;HPO4
NATA
NEM
ODs00

PC

PDI

PE

PS

PDB

pl

POPC
rGSTK1-1
Rmsd
SDS-PAGE
SEC-HPLC
SCOP
Sj26GST
SuV

AS

TFE
Ure2p

Sodium Phosphate

N-acetyl-tryptophanamide

N-ethyl maleimide

Optical density at 600 nm

Phosphatidylcholine

Polydispersity index

Phosphatidylethanolamine

Phosphatidylserine

Protein data bank

Isolelecric point
L-a-phosphatidylcholin@-oleoyl-y-palmitoyl

Rat class kappa glutathione transferase

Root mean square of deviation

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Size exclusion high performance liquid chromatography
Structural classification of proteins

Schistosoma japonicum glutathione transferase

Small unilamellar vesicle

Entropy change

Trifluoroethanol

Yeast prion protein

The IUPAC-IUBMB one and three letter codes for anacals are used.

Xi



LIST OF FIGURES
Figure 1: The structure of the lipid bilayer and integral membrane protein....... 2

Figure 2: Chemical structure of lipid components and liposora / bilayer
511003101 4

Figure 3: Schematic showing the conversion of amphitropic protes from
soluble to integral membrane form...........ocoii i, 8

Figure 4: Ribbon representations of amphitropica-helical proteins highlighting
their putative transmembrane regions.............oovoiviiiiiiiiiiiiiii a9

Figure 5: Schematic showing the formation of §-barrel pore......................12

Figure 6: Hypothetical model for the solution to membrane enformational
change Of BCI-X ... e 14

Figure 7: CLIC1 primary sequence showing position of secondgrstructural
B MBS, .. e e a0, 20

Figure 8: Ribbon representations of the crystal structureof reduced monomeric

CLICL and Omega Class GST......coviiiiiiii i e e e el 20
Figure 9: Comparison of CLIC1 monomer and dimer structures.................. 30
Figure 10: Ribbon representation of the trimeric form of CLUCA4.................. 32

Figure 11: Graphic representation of possible orientation of CLC1
transmembrane regioN...... ... e e e 33

Figure 12: Graphic showing deuterium “on-exchange” with protein.............. 50

Figure 13: Flow diagram showing the procedure for protein stucture analysis

using hydrogen exchange mass spectrometry................cccoviviiiiieiien e 0l
Figure 14: Examples of peptide scoring based on peptide iso®graphs......... 54
Figure 15: Restriction map of pGEX-4T-1 plasmid encoding CLIC1............ 56
Figure 16: Restriction digestion analysiS.............cccocviiiii i iiieieennnn .57
Figure 17: SDS-PAGE analysis of CLIC1 purification...............cccoeiviiieannn. 58
Figure 18: DEAE Sepharose anion exchange column elutions....................... 60
Figure 19: SEC-HPLC elution profiles of CLIC1 forms.............ccccovivininnn. 62
Figure 20: Fluorescence spectra of CLIC1 formsat pH 7.0................c.oc.es 64

Xii



Figure 21: Effect of hydrogen peroxide on tryptophan fluorescece emission
USING N A T A e e e e e e e e e et e e 65

Figure 22: Far-UV Circular Dichroism spectra of CLIC1 forms....................67

Figure 23: Unfolding kinetic traces of CLIC1 forms monitored using
11810 ST 01 =] T = P 68

Figure 24: Unfolding kinetics of CLIC1 monomer and dimer usng Far-UVv
Circular DICRIOISM. .. ... e e 69

Figure 25: Refolding kinetics of reduced CLIC1 monitored byfluorescence.....71

Figure 26: SEC-HPLC of reduced CLICI..........cccvviiiiiiiiiiii i 12
Figure 27: Fluorescence and Far-UV CD spectra for CLIC1 atH 7.0 and

PH 5D e e 75
Figure 28: Pepsin fragmentation maps for CLIC1 at pH 7.0 andH 5.5.......... 77

Figure 29: Sub-localisation of the deuterium levels of CLICht pH 7.0 after on-
EXChANGE At 0% C.oti i e e e 78

Figure 30: Sub-localisation of the deuterium levels of CLIC1 at pH 7.@fter on-
EXChANGE At 0% C.uti i e e e 79

Figure 31: Overall deuteration levels of CLIC1 at pH 7.0 after orexchange at 0°

Figure 32: Bar graph showing the percentage deuterium exchander CLIC1 at
pH 7.0 after 10 seconds (rapid exchange)..........cooveiiiiiiiiieiie e .. 82

Figure 33: Representative accumulation graphs for high percentagdeuterium
exchanging peptides in CLICL atpH 7.0.......cccoooii i e . ... 84

Figure 34: Representative accumulation graphs for low percentaggeuterium
exchanging peptides in CLICL atpH 7.0........cccoveiiii i e et .85

Figure 35: Ribbon diagrams showing the degree of deuterium coent
incorporated at 3 different time points for CLIC1 at pH 7.0........................86

Figure 36: Sub-localisation of the deuterium levels of CLICht pH 5.5 after on-
EXChANGE At 0% C.oti i e e e 88

Figure 37: Bar graph showing percentage rapid deuterium exchander CLIC1
at PH 7.0 and pH 5.5, o 91

Figure 38: Ribbon representation of CLIC1 crystal structureshowing regions
affected by a drop in pH conditions.............ccoooi i 20092

Figure 39: Graph indicating difference in number and percatage of deuterium
bound on representative matching peptides at pH 7.0 and pH%..................94

Xiii



Figure 40: Fluorescence spectra of CLIC1 with varying concenétions of

Figure 41: Far-UV CD spectra of CLIC1 incubated with varying mncentrations
Figure 42: Fluorescence and far-UV CD spectra of CLIC1 ingbated with
cholesterol-containing IPOSOMES........coii it e 100

Figure 43: Size distribution by volume using dynamic light sattering of CLIC1,
liposomes and MICEIIES. ... ... 102

Figure 44: Size distribution by volume using dynamic light sattering of
liposomes and micelles incubated with CLICL...........ccooiiiiiiiiiiiiiiiieen, 103

Figure 45: A representative calorimetric profile of the irteraction of cholesterol-
containing liposomes with CLICL at pH 7.0.......coiiiiiiiiiii e, 105

Figure 46: A representative calorimetric profile of the irteraction of cholesterol-
containing liposomes with CLICL at pH5.5......ciiiiiiiii e, 106

Figure 47: Calorimetric titration profile for high concentrati ons of CLIC1
titrated with cholesterol-containing ipOSOMES.........c.covviiii i, 107

Figure 48: Fluorescence and Far-UV CD spectra of CLIC1 indoated with
asolectin VESICIES........c.coi i 0. 108

Figure 49: Calorimetric titration profile of the interaction of asolectin vesicles
and CLICL atpH 7.0 and pH 5.5, ... oo e 110

Figure 50: Fluorescence and Far-UV CD spectra of CLIC1 indoated with
sarkosyl micelles. ... ..o 11D

Figure 51: Fluorescence spectra showing the effect of sadyd micelles on

N I P 112
Figure 52: Schematic showing micelle formation and determation of sarkosyl

1Y P 115
Figure 53: Heat of dilution effects for sarkosyl into buffe at 25° C............... 116

Figure 54: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLICL @t pH 7.0 .. .e e e e 117

Figure 55: Reverse titration calorimetry of sarkosyl micellesvith CLICL1...... 119

Figure 56: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLIC1 incubated with glutathione...................cooooiiiiiinin, 120

Xiv



Figure 57: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLIC1 incubated With IAA. ... 122

Figure 58: Fluorescence and Far-UV CD spectra of NEM-modiéd CLIC1....124

Figure 59: Thermodynamic trace and fluorescent properties oNEM-modified
CLIC1 interacting with sarkosyl micelles................coo i 125

Figure 60: A representative calorimetric profile of the irteraction of sarkosyl
micelles with CLICL at pH 5.5, ... e 126

Figure 61: CLIC1 transmembrane prediction graph using Dense Bgnment
Surface (DAS) Method. ..o e 128

Figure 62: Hydropathy plots of thioredoxin-fold domains of selead CLIC, GST
and thioredoxin family members...........ccocco i e 129

Figure 63: Sequence alignments of thioredoxin-fold domains iBLIC, GST and
thioredoxin families indicating residue charge...................coiviiienn 131

Figure 64: Helical propensities and capping motifs by AGADIRsequence
analysis of the CLIC family of proteins............cooiii i i 132

Figure 65: Helical propensities and capping motifs by AGADIRsequence
analysis of representatives of the GST family of proteins........................... 133

Figure 66: Helical propensities and capping motifs by AGADIRsequence
analysis of representatives of the thioredoxin superfamily..........................134

Figure 67: Ribbon representations showing orientation of Trp35 iroxidized and
reduced CLICL fOrMS.......ouuieiiiiie it s e iei e e e eaeee 2200139

Figure 68: Graphic representations of CLIC1 residues effeed by a drop in pH
(o 0] T {110 0 1 147

Figure 69: Chemical stucture of sarkosyl and micelle fanation with protein
1 EST= £ o PPt R 10

Figure 70: NEM chemical structure and CLIC1 ribbon structure showing
CYSEEINE TESIAURS. ..o et e e e e e e e e e e e e e e e et e e 165

Figure 71: Schematic showing proposed transmembrane segment@£IC1 and
its possible orientation within the membrane..................ciii i, 168

XV



Appendix
Figure A: Sequencing results for CLIC1 plasmid DNA...........cc.ociiiiiinnnnnn. 190

Figure B: Calorimetric titration profile of the binding of reduced glutathione to

Ll . e e e 191
Figure C: Calorimetric titration profile of CLIC1 titrated with IAA............. 192
Figure D: Heat of dilution effects for asolectin into bufer.......................... 193
Figure E: Heat of dilution effects of sarkosyl into buffe at pH 5.5...............194

XVi



LIST OF TABLES
Table 1 : Comparison of properties of the CLIC family members.................24

Table 2: Effect of salt concentration on the hydrodynamic sizeof the CLIC1
L0120 1 Y £

Table 3: Comparison of percentage deuteration of matching peputes at pH 7.0
and PH 5.5 e 90

Table 4: Signalling and phosphorylation sites of CLIC1.............................136

Xvii



