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ABSTRACT

Phenylalanine 51 (F51) in the human class alpha f88iis part of a hydrophobic lock-

and-key intersubunit motif at the dimer interfaBeotein engineering techniques were
used to replace the phenylalanine key with seflie. results indicated that the mutant
protein is dimeric with a native-like core stru@uindicating that F51 at the dimer
interface is not essential for dimerisation to ac&eplacing F51 with serine impacts on
the catalytic and ligandin function suggesting thattiary structural changes have
occurred at/near the active and non-substratediggamding sites. The F51S mutant also
displays an enhanced exposure of hydrophobic sidaowell as ligandin function. The
F51S mutant displays a diminished conformationabiity when compared to the wild-

type protein. The lock-and-key intersubunit motiferefore, although not essential for

dimerisation to occur does stabilise the quatersaincture at the dimer interface.

A unique structural feature of the class alpha GiSTee C-terminal helix (residues 207-
221). In this study, the role of F221 was assebyatkleting it from the C-terminal helix
9 of hGSTA1-1. The results showed that the delebdnF221 does not affect the
secondary, tertiary and quaternary structure ofptiéein as observed using far-Uv CD
measurements, enzyme activity and conformatiordiilgly as probes, respectively. The
wild-type protein binds ~ 1.7-fold more ANS than tR221del protein. Binding affinity
studies indicated that although both proteins NG with the same affinity, the wild-
type protein binds ANS with a higher capacity thiaa F221del protein. ANS binding to
the wild-type and F221del proteins in the presesfagrea (0 - 5.5 M urea) indicated that
F221 is required for stabilising helix 9 at theeaZrtinal of hGSTA1-1. Therefore, F221
is not required for catalysis nor does it impacttba conformational stability of the
protein. F221 does, however, affect the ligandimcfion and is required for the stability
of helix 9 at the C-terminus of hGSTA1-1.

ITC was used to dissect the binding energeticslatathione (GSH) and glutathione
sulfonate (GS) to the wild-type and Y8F hGSTAL-1 proteins. Thaiibution of the

tyrosyl hydroxyl group to the binding of GSH and GSindicated that the Y8F mutant
binds GSH tighter than the wild-type protein and thild-type protein, in turn, binds
GSQy; tighter than the Y8F mutant protein. The Y8F mutdisplays a larger negative



AC, than the wild-type protein when complexed withhert GSH or GS@. This

indicates the burial of a larger solvent-exposedrbghobic surface area for the Y8F
mutant than the wild-type protein. The burial ofaage solvent-exposed hydrophobic
surface area is related to the immobilisation dixh@ onto domain | in the presence of
active site ligands. The observation that the Y&Fkamt displays burial of larger solvent-
exposed hydrophobic surface area suggests thayribeyl hydroxyl group controls the
dynamics of helix 9 at the C-terminal of hGSTA1The AAG values also suggest that
the tyrosyl hydroxyl group stabilises the thiolat@on at the active site in the wild-type

protein.

The binding energetics of non-substrate ligands $Add BSP) to the wild-type human
class alpha GSTA1-1 were evaluated. The stoichignmadtthe interaction between the
wild-type protein and ANS indicated that one molecof ANS binds per protein
monomer. The binding interactions between ANS ahd wild-type protein are
enthalpically favourable indicating the possibility hydrogen bond formation. ANS
binding to the wild-type protein also resulted e treduction of non-polar surface area
exposed to solvent. It is proposed that the ANSlibop site is the region adjacent to

domain | that becomes buried when helix 9 is imredxl.

The binding of BSP to the wild-type protein invadva high and low affinity set of
binding sites. The high affinity binding site bindme molecule of BSP per protein
monomer whereas the low affinity site is capablaafommodating a minimum of ~ four
BSP molecules. The binding energetics to the hffhity site is both enthalpically and
entropically favourable with each term contributiiayourably to the favourable Gibbs
free energy of binding. Binding to the lower affinisite is not very favourable
enthalpically and the major driving force behine tfavourable Gibbs free energy of
association is the entropic factor. This interactitherefore, appears to be entropically

driven.

Vi



ACKNOWLEDGEMENTS

My supervisor, Professor Heini Dirr for all his dance, encouragement, and never-
ending enthusiasm in this field. Thank you for tdpoortunity and privilege of working

in your lab.

Dr. Louise Wallace for all her encouragement angy Velpful discussions on the work

presented here

Dr. Judith Hornby for helpful discussions on confiational stability and multi-state

unfolding pathways of proteins

Thanks to Werner Streicher for help with the Y8knar design and to Jiann-Kae Luo,
Diane Barnwell and Manuel Fernandes for assistaiteMolscript. All the members of
the Protein Structure-Function Research Progranomeery interesting and informative

discussions.

Professor George |I. Makhatadze and Dr. Marimar Wpdz at Penn State University
College of Medicine, USA for hosting and trainingeron the use of the isothermal

titration calorimeter

AECI for the Post-Graduate Research FellowshipMadReinette Nel for all her help.
The Andrew Mellon Foundation and the Universitytoé Witwatersrand for financial

assistance

The National Research Foundation of South Africa

Vil



TABLE OF CONTENTS

DECLARATION
DEDICATION
PUBLICATION
ABSTRACT
ACKNOWLEDGEMENTS
ABBREVIATIONS

LIST OF FIGURES

LIST OF TABLES

CHAPTER 1
PROTEIN-BINDING AND THERMODYNAMICS

1. Protein-binding

1.1 History revisited

1.2
1.3

1.4

1.1.1 Protein structural hiehgrc
1.1.2 The protein folding problem
1.1.3 Thermodynamic versus kinetic hypotheses
Protein-binding versus protein folding
Molecular recognition in protein-bindi

1.3.1 Hydrogen bonding

1.3.2 Hydrophobic interactions

1.3.3 Electrostatic interactions
Methods for determining protein-birglinteractions
1.4.1 Computational methods

1.4.2 Calorimetry

1.4.3 Mass spectroscopy (MS)

PAGE

Vil
Xiv
XVi

XXi

viii



1.4.4 Nuclear magnetic resonance spezipy (NMR)

1.4.5 Atomic force microscopy (AFM)

2. Thermodynamics of biomolecular interactions

2.1 What do the thermodynamic parametexan?

211
2.1.2
2.1.3
214

CHAPTER 2

Gibbs free energy of bindidgs)
Enthalpy of bindind®)
Entropy of bindind\&°)

Heat capacitiC,)

GLUTATHIONE TRANSFERASES

2.1 Multifunctional supergene family of detoxificat enzymes

2.1.1 Enzyme classification of glutatredransferases

2.1.2 Evolutionary relationship of theitgithione transferases

10
11
11

12
13
13
14

16
17
18

2.2 The three-dimensional structure of cytosoligathione transferases 18

2.2.1 The subunit structure

2.2.2 The subunit interface

2.2.3 The active site

2.2.3.1 The glutathioneding site (G-site)

2.2.3.2 The non-substrate hydrophobic

binding site (H-site)

2.2.4 The non-substrate ligand binditeg @.-site)

2.3 The catalytic mechanism

2.4 Conformational stability of glutathione transiges

2.5 Objectives

CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 Materials

3.2 Generation of F51S, F221del and Y8F hGSTA1-1

3.2.1 Mutagenic primer design for use with Ex%ite

and QuikChangke mutagenesis kits

19
21
23
26

28
30
30
32
34

36
36

36



3.2.2 PCR-based site-directed mutagenes
3.3Sequencing of mutant plasmid DNA
3.4 Over-expression and purification of the wilgey F221del
and Y8F hGSTAL-1 proteins
3.5 Over-expression and purification of F51S hGSTA1
3.6 Steady-state enzyme kinetic studies
3.6.1 The standard CDNB/GSH assay
3.6.2 Kinetic parameters {yYKy,) for the wild-type and
F51S proteins
3.6.3 The peroxidase assay using cumgt®peroxide
3.7 Spectral analysis of wild-type and mutant pnste
3.8 Determination of secondary structural contemg far-uv
circular dichroism
3.9 Determination of dissociation constants
3.10 Determination of Stern-Volmer K constants using
acrylamide quenching
3.11 Anisotropy studies
3.12 Urea-induced equilibrium unfolding studies
3.12.1 Reversibility studies
3.12.2 Protein-concentration dependestuedies
3.12.3 Data analysis
3.13 The effect of reduced glutathione on the Imgdif ANS
3.14 The effect of urea on the binding of ANS te tld-type
and F221del proteins in the presence asdraie of
p-bromobenzylglutathione
3.15 Thermodynamic studies using isothermal taratialorimetry
3.15.1 Isothermal titration calorinyettTC)
3.15.1.1 Protein anchd sample preparation
3.15.1.2 Dialysis procedure
3.15.1.3 Correction of protein concentration tlue
light scattering effects

3.15.2 Thermodynamics of ligand binding to thevacsite of

37
39

39
40
41
41

41
42
42

43
43

44
45
45
45
45
46
47

47
48
48
49
49

50



wild-type and Y8F hGSTA1-1 50
3.15.3 Thermodynamics of non-substrate ligand binding

to wild-type hGSTA1-1 51
3.15.4 |ITC data analysis 52
3.16 Data analysis and molecular graphics 53

CHAPTER 4

THE ROLE OF PHENYLALANINE 51 IN THE HYDROPHOBIC LOC K-AND-
KEY INTERSUBUNIT MOTIF OF HUMAN GLUTATHIONE TRANSFE RASE
Al-1

4.1 The hydrophobic lock-and-key intersubunit mofihGSTA1-1 54

4.2 Physicochemical properties of the wild-type &BdS proteins 55
4.2.1 Identification of the F51S mutptesmid DNA 55
4.2.2 Over-expression and purification 55

4.2.3 Fluorescence spectral properties of wild-type and

F51S hGSTA1-1 60
4.2.4 Far-UV circular dichroism of wild-type and

F51S hGSTA1-1 60
4.2.5 Steady-state kinetic properties of the wild-type

and F51S proteins 63
4.2.6 Dissociation constants for the non-substrate ligand

ANS, BSP anptbromobenzylglutathione 63
4.2.7 ANS binding to the wild-type anbllfS proteins 63
4.2.8 The effect of glutathione on theding of ANS 67
4.2.9 Acrylamide quenching of W20 at the domain-domain

Interface 67
4.2.10 Steady-state anisotropy studies 67

4.3 Urea-induced equilibrium unfolding of wild-typ&d F51S proteins 67
4.3.1 Reversibility studies 67
4.3.2 Protein-concentration depender¢keounfolding transition 70
4.3.3 Analysis of the equilibrium unfolding tranen and

interpretation oAG(H,O) andm-value 73

Xi



4.4 Discussion 76
4.5 Conclusion 78

CHAPTER 5

THE ROLE OF PHENYLALANINE 221 IN THE LIGANDIN FUNCT ION OF

HUMAN GLUTATHIONE TRANSFERASE Al -1

5.1 The C-terminal of helix 9 80

5.2 Physicochemical properties of the wild-type &2@1del proteins 81
5.2.1 Identification of F221del mutatdgmid DNA 81
5.2.2 Over-expression and purification 84

5.2.2.1 Specific activitytbe wild-type and F221del proteins
using the CDNB-conjugation assay 84

5.2.2.2 Glutathione peroxidase actioityhe wild-type and
F221del proteins using cumene hydroperoxide 89

5.2.3 Fluorescence spectral properties of the wild-type a

F221del proteins 89
5.2.4 Far-UV circular dichroism 89
5.2.5 ANS binding to the wild-type an#2@del proteins 92
5.2.6 The dissociation constant for ANS 92
5.2.7 The effect of urea on the bindd@NS in the presence and
absence g@-bromobenzylglutathione 95
5.2.7.1 ANS binding in thesance of
p-bromobenzylglutathione 95
5.2.7.2 ANS binding in theepence of
p-bromobenzylglutathione 98

5.3 Urea-induced equilibrium unfolding of the F22[Lchutant protein 98
5.3.1 Reversibility studies 98
5.3.2 Dependence of unfolding transitionprotein-concentration 99
5.3.3 Analysis of the equilibrium unfolding trainen and

interpretation of th&G(H.O) andm-value 99
5.4 Discussion 102
5.5 Conclusion 109

Xil



CHAPTER 6

THERMODYNAMICS OF LIGAND BINDING TO HUMAN GLUTATHIO NE

TRANSFERASE Al-1 USING ISOTHERMAL TITRATION CALORIMETRY
6. Glutathione and glutathione sulfonate bindingvilol-type and

Y8F hGSTAL-1 110
6.1 Role of Y8 in the catalytic mechanism of hGSTA1 110
6.1.1 Construction and identification of the Y8Hktant
plasmid DNA 112
6.1.2 Over-expression and purificationh&Y8F mutant 112
6.2 Biochemical characterisation of Y8F hGSTA1-1 112
6.2.1 Fluorescence spectral propertié&8& hGSTAL-1 112
6.2.2 Far-UV circular dichroism 116

6.2.3 Specific activity measurements using the
CDNB-conjugation assay 116
6.2.4 Specific activity measurements using the cumene
hydroperoxide assay 116
6.3 Thermodynamics of ligand binding to G-site altivype
and Y8F hGSTA1-1 116
6.3.1 Glutathione (GSH) binding to wildseyand Y8F proteins 119
6.3.2 Glutathione sulfonate (GS®inding to wild-type and

Y8F proteins 124
6.4 Discussion 130
7. Non-substrate ligand binding to wild-type hGSTAl 146

7.1 Thermodynamics of ANS and BSP binding tlmlstype hGSTA1-1 147
7.1.1 Energetics of ANS bindtogwvild-type hGSTA1-1 147
7.1.2 Energetics of BSP bindimgvild-type hGSTA1-1 149

7.2 Discussion 155
7.3 Conclusion 162
CHAPTER 7

REFERENCES 164

Xiii



AEDANS
ANS

bp

Cm

CD

CDNB
AC,

DSC

EA

EDTA
F51S
F221del
AG(H,0)
G-site
GSH
GS-NBD
GSOy
GST

AH°
H-site
hGSTA1-1
hGSTP1-1
IPTG

ITC

Km
L-site

m-value

ABBREVIATIONS

5-[[2-[(acetyl)amino)ethyllamino]-naphthalkei-sulfonic acid
8-anilino-1-naphthalene sulfonate

base pairs

urea-induced midpoint of unfolding

circular dichroism

1-chloro-2,4-dinitrobenzene
change in heat capacity

differential scanning calorimetry
ethacrynic acid
ethylenediaminetetra-acetic acid
replacement of wild-type phenylalanine (Rhwgerine (S) at position 51
deletion of phenylalanine (F) at positi@i Zrom the wild-type protein
Gibbs free energy of unfolding in the absencdeasfaturant
glutathione binding site
reduced glutathione
glutathione conjugate of 4-nitrobenzo-2-dxa-diazole
glutathione sulfonate
glutathione transferase
change in enthalpy
hydrophobic electrophilic binding site
human class alpha glutathione transfesdtbetwo type one subunits
human class pi glutathione transferadetwib type one subunits
isopropyl-thio-galactoside
isothermal titration calorimetry
association constant
dissociation constant
kilodalton
Michaelis-Menten constant
non-substrate ligand binding site
susceptibility of protein to denaturant,i.eo-operativity of unfolding

transition

Xiv



N, native folded dimer

NMR nuclear magnetic resonance
PDB protein data bank
PCR polymerase chain reaction

rGSTA1-1 rat class alpha glutathione transferagle tio type one subunits
rpm revolutions per minute

SDS-PAGE sodium dodecylsulfate-polyacrylamide detteophoresis

ASP change in entropy

SEC-HPLC size exclusion high performance liquidoohatography
Sj26GST 26 kDa glutathione transferase fisamistosoma japonicum

U unfolded monomer
Vm maximum velocity
Y8F replacement of wild-type tyrosine (Y) with piydalanine (F) at position 8

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

The numbering of amino aid residues in this workgoot include the first methionine
residue

Enzyme: Glutathione Transferase (EC 2.5.1.18)

XV



Figure 1.

Figure 2.

Figure 3.

Figure 4

Figure 5.

Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

LIST OF FIGURES
PAGE

Ribbon representation of human classaadpitathione
transferase Al-1 and sequence alignment of GSTs 22

Ribbon representation of squid class aigtatathione
transferase GSTS1-1 24

Backbone representations of represeetafrom the

various GST gene classesvsig the V-shaped cleft. The
representations are viewerpendicular to the two-fold axis 25

Schematic representation of the interastlmetween human
GSTA1-1 andS-benzylglutathione 27

Identification of F51S mutant plasmid DNA 1% agarose
gel 56

cDNA sequencing results showing F51S timuta 57
SDS-PAGE of purified F51S mutant protein 58
SEC-HPLC of purified F51S mutant protein 59

Spectral characterisation of the native @nfolded
conformations of wild-typad F51S hGSTAL1-1 proteins 61

Far-UV circular dichroism spectra of wi&l-type and F51S
proteins 62

Emission spectra of ANS binding to thielsiype and
F51S proteins 66

The effect of glutathione on the bindigANS to the
wild-type and F51S proteins 68

Stern-Volmer plots for the quenchingrgptophan 20
fluorescence in the wilgi¢yand F51S proteins 69

Fluorescence and far-UV circular dickmounfolding of
the F51S mutant protein 71

Protein-concentration dependence oftiduality of the
F51S mutant protein 72

XVi



Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.
Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Urea-induced equilibrium unfolding oé twild-type and F51S
proteins

Ball-and-stick representation of thee@rinal environment
in human GSTA1-1

Space-filled representation of the emmment of F221 at
the C-terminus of helix 9 in human GSTA1-1

Identification of F221del mutant plasrDNA on a 1%
agarose gel

cDNA sequence results confirming thet@h of F221 in
hGSTA1-1

SDS-PAGE of the purified F221del mutanotein
SEC-HPLC of the purified F221del mutaratein

Spectral characterisation of the nadive unfolded
conformations of the wilghe and F221del proteins

Far-UV circular dichroism spectra ofdaype and
F221del proteins

Emission spectra of ANS binding to wiyge and
F221del proteins

Determination of the dissociation contstar ANS using
fluorescence enhancement techniques

The effect of urea on ANS binding te #ild-type and
F221del proteins in the absence and presenpe of
bromobenzylglutathione

Urea-induced equilibrium unfolding oldvtype and
F221del proteins

Protein-concentration dependence oflgyabf the
F221del mutant protein

Schematic diagram of helix 9 at the @teal end of

various class alpha GST isoforms

Identification of Y8F mutant plasmid DN a
1.2 % agarose gel

74

82

83

85

86

87

88

90

91

93

94

96

97

100

107

113

XVil



Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44.

Figure 45.

cDNA sequencing results confirming tfg&FY¥nutation

Spectral analysis of Y8F mutant proteithe presence
and absence of urea

Far-UV circular dichroism spectrum af th8F mutant protein

ITC titration profile of the binding céduced glutathione
to the wild-type protein

ITC titration profile of the binding céduced glutathione
to the Y8F mutant protein

The temperature-dependence of the gntichlange upon
binding of reduced glutathione to wild-type and Y8F
proteins

ITC titration profile of the binding gfutathione sulfonate
to the wild-type hGSTA1-1 protein

ITC titration profile of the binding gfutathione sulfonate
to the Y8F mutant protein

The temperature-dependence of the gntichlange upon
binding of glutathione sulfonate to the wild-typeda
Y8F proteins

Representation of the active site stnecbf human GSTA1-1
indicating the position of water molecules

ITC titration profile of the binding 8INS to the wild-type
hGSTA1-1 protein

The temperature-dependence of the gntichlange upon
binding of ANS to the wild-type protein

ITC titration profile of the binding BISP to the wild-type
human GSTA1-1 protein

The temperature-dependence of the gntichlange upon
binding of BSP to the wild-type hGSTA1-1 protein

114

115

117

120

121

125

127

128

131

136

148

151

153

156

XVili



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

LIST OF TABLES

Pdb accession codes for the various alpbs GSTs
complexed with different ligands

Kinetic parameters for the wild-type afid & hGSTA1-1

Binding affinities of non-substrate ligarfdr wild-type
and F51S proteins

Specific activity of the wild-type and Y@Foteins using the
CDNB-conjugation and cumene hydroperoxide enzgesay
systems

Energetics of the interaction between Ayje and Y8F

proteins with reduced glutathione

Energetics of the interaction between Ayjoe and Y8F
proteins with glutathione sulfonate

Heat capacity changes upon binding ofaedglutathione
and glutathione sulfonate to wild-type and Y8F pias

Energetics of the interaction between e hGSTA1-1 and

ANS

Energetics of the interaction betweenliype hGSTAL-1 and

BSP

Heat capacity changes upon binding of ANGBSP to
wild-type hGSTA1-1

PAGE

20

64

65

118

123

129

140

150

154

157

XiX



CHAPTER 1
PROTEIN-BINDING AND THERMODYNAMICS

1. Protein-binding

1.1 History revisited

The word protein is aptly named, being derived fribv@ Greek word “proteios” which
means “of the first rank”. Proteins play a centrale in all biological processes. The
complexity and diversity of these biological mols=suas well as their roles in molecular
recognition cannot be overstated. The central dogrhamolecular biology, first
formulated in the 1950s by Francis Crick, may benmarised as follows: DNA

(deoxyribonucleic acid)} RNA (ribonucleic acid)- protein.

1.1.1 Protein structural hierarchy

A wealth of genetic information exists due to thegress made by the human genome
project. However, it is the final product, proteinghich are ultimately of significance
since these molecules are the “workhorses” of #lle kcinderstem-Lang and Bernal (see
Jaenicke and Rudolph, 1986) first identified theioss levels of protein structural
hierarchy. To date, there are four levels of protefiganisation that are known. The
primary structure refers to the linear sequenceowtlently bonded amino acid residues
in a polypeptide chain. The secondary structureersefto the arrangement of the
polypeptide backbone into local structured regisash asu-helices and3-strands. The
tertiary structure defines the folded, three-dinemal state. This state includes
contributions by the amino acid side chains. Findlhe quaternary structure, which is
only relevant to oligomeric or multi-subunit pratsj describes the assembly of subunits

into dimers, trimers and higher order structures.

1.1.2 The protein folding problem

Nuclear DNA of all living organisms acts as theem®ir of genetic information, which
is ultimately expressed as proteins by the celk @mino acid sequence of a protein is
determined by the base sequence of the DNA. Pretgithesis from the DNA blueprint
occurs in two steps: transcription, i.e., the sgait of a messenger RNA molecule which



possesses a structure that is complementary tosttieture of the DNA molecule.
Therefore, the genetic information is transferred MRNA. After transporting the
message to the cytosol, it is translated into mmotBroteins are synthesised on the
ribosome,jn vivo, and the nascent polypeptide chain is able to$plthtaneously into its
final three-dimensional structure. Therefore, timeire acid sequence contains all the
information required for the folding of a proteinolacule into its correct three-
dimensional structure in order for it to performa iological functionn vivo (Anfinsen,
1973). The protein folding problem addresses thestion of how the information
contained in the linear one-dimensional sequendeaisslated into the specific three-

dimensional structure of a protein.

1.1.3 Thermodynamic versus kinetic hypotheses

The work of Anfinsen (1973) attempted to explaie fhrinciples governing the folding
process of bovine pancreatic ribonuclease (RNade).demonstrated that denatured
RNase was able to refold to a native biologicalline enzyme in the absence of any co-
factors. This led to the formulation the thermodyiahypothesis. This hypothesis states
that the three-dimensional state of a protein gts the lowest Gibbs free energy state.
The work on the refolding of RNase showed thatrthgve state is thermodynamically
stable and represents the state of lowest enerfis Would represent the global
minimum of free energy relative to all other stadesessible on that time scale (Dill,
1990).

Levinthal calculated how long it would take for eoggin to fold in the absence of any
intermediates and if all conformations about théypeptide backbone were sampled
before the native state was reached. If one coresida polypeptide backbone of 100
residues, with two rotable bondg dndy), as well as three possible conformations about
each rotable bond, there would bé*3possible conformations of the backbone.
Assuming that bond rotation occurs at a rate df 8¢, then the time, t, required to
sample each polypeptide conformation is t%(3nX10") = 1.3X10¢° sec, or 4X1¢
years (Wetlaufer, 1973). This calculation suggested protein folding was kinetically

controlled because the time scale of folding does allow for a search through all



possible conformations and consequently, the thdymamically most stable state may
not be reached. The existence of folding interntediare thought to direct the folding

process along a defined pathway (Privalov, 1996).

1.2 Proteinbinding versus protein folding

Before a protein can be biologically active it mimt into a precise three-dimensional
structure (Creighton, 1984). Although it is not yeiderstood how a given protein is able
to assume its correct three-dimensional structiirés clear that there are recurring
protein structural motifs. This concept has helpedformulate some ideas on how
proteins fold. Generally, the presence of a foldgdrophobic core in globular proteins is
always enclosed by interacting secondary structelexhents (Bowieet al, 1990; Dill,
1990). The number of unique protein folds is bedgtto be limited and this has provided
some understanding in relating the biological fiorctof a protein to a unique protein
fold (Lesk and Chothia, 1980; Orengbal, 1993; Murziret al, 1995).

Apart from the very relevant aspect of protein fiodf] it is clear that proteins are
extremely important biological macromolecules reedifor a variety of functions
vivo. The importance of protein-ligand, protein-DNA, rimdne-receptor or antigen-
antibody etc. interactions demonstrates the impodaof these macromolecules in the
immune response, gene expression and signal tretnmacascades and their relevance
cannot be ignored. Various laboratories have olesean overall similarity between
protein-binding and protein folding (Janat al, 1988; Janin and Chothia, 1990; Jones
and Thornton, 1996). The fact that proteins are ablbind to one another in a highly
specific manner is a very distinctive feature fouimd many biological processes.
Therefore, there is great interest in trying to enstand the forces that drive protein-
protein interactions. Initially, it was believedatithe forces stabilising the folded protein
structure might also be the same forces responsdslerotein-protein associations.
Studies on the interactions that stabilise protemplexes have revealed that the extent
of the role of the forces responsible for maintagniproteins in their folded native
conformation may be different for stabilising priateomplexes (Jones and Thornton,
1996; Tsaiet al, 1997a, 1997b, 1997c; Xet al, 1997b; Sheinermagnt al, 2000).



Therefore, one of the most fundamental questiogarding protein associations is what

is the nature of the forces responsible for stsibdj protein binding interactions?

1.3 Molecular recognition in protein-binding

Mechanisms describing the folding of simple monam@roteins have been studied
quite extensively (Oliveberg and Fersht, 1996; 8kast al 1994; Houryet al 1996;
Jackson, 1998). These studies have provided vauatfbrmation on the role of
intramolecular forces in folding and stabilising thecondary and quaternary structure of
monomeric protein systems. The models describimgplei monomeric systems, however,
are not adequate in addressing the role of intexoutdr interactions required for the

stabilisation of oligomeric protein systems.

Dimeric proteins provide the simplest model foreastigating the role of interactions
required for the stabilisation of protein complexes®., subunit-subunit, domain-domain
interactions, etc). Recently, the mechanism ofifigdof the homodimeric class alpha
glutathione transferase was studied. This invesstigahighlighted the importance of
hydrophobic and polar interactions required foruwubstabilisation as well as subunit
association (Wallace and Dirr, 1999). Conformatiostability studies have also been
performed on the classes pi, mu and sigma GSTsedllsaw GSTfrom Schistosoma
japonicum (Dirr and Reinemer, 1991; Erhardt and Dirr, 199%rmby et al, 2000;
Stevenst al, 1998; Kaplaret al, 1997).

Unfolding/refolding studies have also been perfatnoe a number of other dimeric
proteins (Blond and Goldberg, 1986; Gloss and Mait) 1998; Gokhalet al, 1999).
The oligomeric nature of many proteins plays ar®sal role in determining the unique
biological functions of protein vivo and it is important that we understand the role of

interactions required for stabilising protein coexss.

1.3.1 Hydrogen bonding
Hydrogen bonds (D-H---A) are non-covalent interaas that are formed between a

donor (D-H) and an acceptor atom (A) that containgne electron pair. In proteins, the



polar amino acid side chains and the peptide baeklagt as donor and acceptor groups.
Hydrogen bonds involve permanent dipoles and aengislly dipole-dipole interactions.
The strength of a hydrogen bond is dependent ongdwmetry of the interaction
(Murphy, 1995). Many studies have shown that hydrolgonding contributes favourably
to the stability of proteins (Marqusee and Sau@84]1 Makhatadze and Privalov, 1995;
Byrneet al, 1995; Haberman and Murphy, 1996). Experimentshenrole of hydrogen
bonds at protein interfaces have revealed thaethsr 8 to 13 hydrogen bonds and salt
bridges per binding interface that has only 16G0ofAburied surface area on average
(Janin and Chothia, 1990). Overall, it appears #attrostatic interactions play a more
favourable role in binding than in folding. This ynaherefore, explain the high density
of hydrogen bonds and electrostatic interactionsdoat interfaces than in protein cores
(Xu et al, 1997b). An example of the role of hydrogen bomas observed in the
chaperone PapD which makes extensive use of hydrbgeds to the peptide backbone
(Kuehn, 1993).

1.3.2 Hydrophobic interactions

Kauzmann (1959) was the first to state the impaeaof the hydrophobic interaction in
protein folding (see Dill, 1990). Today, it is wigieaccepted that hydrophobic
interactions stabilise globular protein structuaesl are also the major driving force for
protein folding (for a review see Rostal, 1985; Dill, 1990). Examination of protein-
protein complexes illustrates that the arrangemehtsecondary structural elements in
protein monomers also occur at the interfaces otieprs (Tsaket al, 1997c). Therefore,
one would expect the hydrophobic effect to play anphant role in protein-protein
interactions as well. However, a detailed studyttanrole of hydrophobic interactions at
protein-protein interfaces has shown that the hyldobic effect is not as dominant in
protein-binding as it is in folding (Tsa&t al, 1997b). A study by Jones and Thornton
(1996), in which they analysed the average hydrbjiites of protein-protein interfaces
and compared these with the hydrophobicities pteserprotein cores and surfaces
indicated that the average hydrophobicity of thetgin core is positive whereas the
average hydrophobicity of the protein surfaces wemgative. Homodimers were found to

be the only class of protein complexes that poss#ssfaces with a positive mean



hydrophobicity. Enzyme-inhibitor complexes have mdégdrophobicities close to zero
and antigen-antibody complexes have mean residudroplyobicities that are

indistinguishable from that of a typical proteirrfage.

It appears that the residue composition of mostefmeprotein interfaces is more similar
to protein surfaces than to that of a protein cdigiet al. (1997c) have found that

interfaces are enriched with both charged and pelsidues when compared to protein
cores. Hydrophobic residues tend to be scattered thne entire surface and form small
patches that are interspersed with charged and pe$adues. Overall, it appears that
protein interfaces tend to reflect the compositadnprotein surfaces rather than the

interiors of proteins, although they are somewinaicbed in hydrophobic residues.

1.3.3 Electrostatic interactions

Electrostatic interactions occur between chargegratein groups. These charges are
present at the amino- and carboxy-termini and onymanisable side chains (Lys, Arg,
His, Glu and Asp). Electrostatic interactions drergyest when the charges are located in
the protein interior since it has the lowest digiecmedium (Murphy, 1995). Recent
studies have revealed the presence of a signifipapulation of charged and polar
residues on protein-protein interfaces. The intayacf ion pairs, by means of hydrogen
bonding, buried in the interior of proteins ensuitest the thermodynamic requirements

are satisfied.

Protein surfaces are quite polar and, therefons, ritot surprising that protein interfaces
are polar as well. Complex formation results in theial of a significant number of

charges and polar residues. It appears that tkeefaces may have evolved to be non-
polar and to be similar to the interiors of indiwad monomers. The role of electrostatic
interactions in protein folding and protein-bindihgs been evaluated. Hydrophilic pairs
refer to the strong electrostatic interactions olese in salt-bridges, hydrogen bonds,
polar-polar interactions etc. The results of a gthg Xu et al (1997a) indicated that

electrostatic interactions play an important ratestabilising protein complexes. The

contribution of electrostatic interactions to piotbinding may originate from a



generally more favourable, or less unfavourablegtebstatic free energy for transferring
a hydrophilic pair from the protein surface in folled but unbound state to the complex
interface in the bound state, as compared to thegs from the unfolded to the folded
state. The fact that a salt bridge stabilises gigeam-antibody complex supports this view
(Slagleet al, 1994). Electrostatic interactions have been dotindestabilise the folded
conformation of proteins. The reason for salt beglglestabilising the folded protein
structure may be related to a desolvation cost. rfEngoval of two ions from water, a
high dielectric medium, to form a salt bridge ifow dielectric medium is unfavourable,
since the loss of solvation energy cannot be falbympensated by the Coulombic
attraction between the ion pair (Hongg al, 1989). Very few salt bridges have been
observed buried in the interiors of proteins. Cltons have shown that most salt
bridges destabilise proteins due to incomplete @uabic compensation of desolvation
effects. Therefore, due to desolvation effectsctebstatic interactions are usually
unfavourable in protein folding. In a study by a1 al (1997a), they found that
electrostatic interactions play a more favourable in protein binding than in folding.
Therefore, it is quite evident that we have toatéhtiate between the properties of the
protein-binding interface and the protein core amate importantly, that the conclusions

arrived at from protein folding studies may not lgdp protein-binding.

1.4 Methods for determining proteinbinding interactions

1.4.1 Computational methods

Computer-based analysis of molecular interactioas become more feasible and
possible due to the increasing amount of moleduilalogical data available. Currently,
most of the computer-based molecular docking stutti@ve focussed on one of the
docking partners being a protein molecule. Thisbéxause of the presence of the
relatively large number of known protein structuagsilable. The reason is also because
proteins are known to bind other proteins, DNA, RN#s well as ligands. Most
algorithms approach the protein-protein dockingbfgm assuming the “rigid body”
assumption. This type of association assumes thatafreversible association, the
structures of the proteins do not change signiflganpon complex formation. Rigid

body methods, however, have not been very sucdessfiinding binding modes of



proteins to a high degree as well as determiniedrée energy of association accurately.
The rigid docking methods are currently employedoostein conformations taken from
the desired complex. This is unrealistic becausxdtudes the induced fit phenomenon
that protein structures experience during a bingiregess. A more realistic and accurate
test would be to start with the unbound structwok®oth molecular docking partners
(Lehgauer and Rarey, 1996). Therefore, the comiihateed docking approach would be
more reliable if the structural flexibility of preins is incorporated into the docking
method approach. Although these computer-baseditilgs have to be refined a great
deal more, the technology for biomolecular dockisgan important component of

rational drug design.

1.4.2 Calorimetry

It is widely accepted that both thermodynamic atmdcsural information is required to
understand the complex relationships that exiswwéen structure, energetics and
biological function. Calorimetric studies are grathy replacing the use of van't Hoff
analyses of equilibrium data as a means of evalgathe thermodynamics of
biomolecules and related systems. The two majaesys in use today are differential
scanning calorimetry (DSC) and isothermal titratec@iorimetry (ITC). With DSC, one
measures the excess heat capacity of a macromelecntaining solution as a function
of temperature. This is measured relative to arocbbuffer solution. Integration of the
excess heat capacity versus temperature yieldgdhsition enthalpy. A comparison of
the calorimetrically determined enthalpy with th@responding van't Hoff enthalpy,
determined from the shape of the DSC curve, allomesto assess whether the transition

occurs as a two-state or multi-state process.

The most suitable technique for studying bindingenactions is with the use of
isothermal titration calorimetry (ITC). Isotherntg#tation calorimetry (ITC) is the most
rigorous method available that allows the char@éa#@on of protein-binding interactions.
Because heat is a universal property of most bghdmeractions, ITC is capable of
directly measuring the intrinsic heat absorbed wleed during any reaction. ITC is

directly applicable to a variety of biomoleculataractions that include proteins, nucleic



acids, carbohydrates, lipids, small organic molegumetals, ions and protons (Doyle,
1999). In a typical ITC experiment, small aliquofsa titrant solution are injected into a
titrate solution and the heat absorbed or evolgetheasured. Careful selection of the
reactant conditions yields a curve that is analy®edbtain the stoichiometry (N), the
equilibrium binding affinity constant @ the binding enthalpyAH®), binding entropy
(ASP) as well as the Gibbs free energy of bindiaG). The heat capacity changkQy)

is obtained from the temperature dependence obitiding enthalpy of the reaction on
temperature. Therefore, ITC provides a detailedntibelynamic profile of molecular

associations.

1.4.3 Mass spectroscopy (MS)

Using defined conditions, protein complexes mayobserved to remain intact during
matrix-assisted laser desorption ionisation-timeflight mass spectroscopy (MALDI-
TOF-MS). This technique has been used successfidlyprobe protein-protein
interactions. MALDI-TOF has been used to identigppde ligands (Kellyet al, 1996).
MS has also been used to screen combinatorialriéisras well as peptide digests for
specific binding sequences because the accurateemabtained allow for a detailed if

not completely unambiguous identification of ttgahd (Zhacet al, 1996).

1.4.4 Nuclear magnetic resonance spectroscopy (NMR)

Proteins perform a variety of functions such aar) binding and enzymatic reactions.
While carrying out these functions they usually emyb conformational changes and are,
therefore, very dynamic molecules. The dynamic mreatf proteins can be exploited to
obtain information on the location and energetidstle conformational changes
occurring in protein molecules. Nuclear magnetisorance (NMR) spectroscopy is a
powerful tool that enables one to monitor the dyiwabehaviour of macromolecules in
solution. Various studies on the target bindingssiof protein molecules have been
shown that these sites are flexible. Using NMR 8pscopy, the flexible residues in the
binding site of protein-protein interactions canidentified (Duggaret al, 1999; Crump
et al, 1999).



1.4.5 Atomic force microscopy (AFM)

One of the most interesting and exciting areas iophysics is the use of force
measurements on molecules in order to observe ffieete of stress on molecular
interactions. Various studies have already shovan fibrce may be used as a structural
probe in ligand-receptor studies (Floghal, 1994; Moyet al, 1994). The use of atomic
force microscopy (AFM) has been performed succégsfon the dissociation or
unbinding of biotin to avidin or streptavidin. Thathors were able to explore the rupture
pathway and obtain the rupture force for the irdiéoa between biotin and avidin or
streptavidin (Grubriller et al, 1996). AFM allows the measurement of biologigall
relevant forces from a few femtonewtons t1®) to many nanonewtons (0N). There
are essentially two types of biologically relevéosrces: entropic and elastic (bonding).

An example of an entropic force is a free DNA maledn solution. The DNA molecule
is able to adopt a random-coil configuration, thgrenaximising its conformational
entropy. When the DNA molecule is stretched so thas at its full extension, its
molecular entropy would, therefore, be reduced leedhere is only one configuration
left. This conformation is similar to a straightlyaer joining the two ends of the DNA
molecule. In order for the stretched DNA molecuwergéach that conformation, a force
has to be applied and work has to be performedcaftiie entropy. The force required to
achieve this conformational state is ~ 4 pN. Theesfentropic forces are described as
being weak forces. This force is similar to the ©B&erted by molecular motors such as
myosin on actin (Fineet al, 1994) and the force required to stretch a DNAetde to

its contour length (Smitht al.,1992; Bensimon, 1996).

Elastic or bonding forces are described as beinghnstronger because they involve the
breaking and rearrangement of many van der Waadkyaictions, hydrogen bonds,

electrostatic interactions as well as the stretgloincovalent bonds. The elastic forces are
reported to be in the range of ~ 160 pN. These lmeen reported to be the forces

required for breaking receptor-ligand interactifbammeret al, 1995).
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2. Thermodynamics of biomolecular interactions

2.1 What do the thermodynamic parameters mean?

When performing thermodynamic measurements or laloos it is essential to know
what the independent variables are. The indepenumaimeters of an ITC experiment
include the stoichiometry of the interaction (Nyjjudibrium affinity binding constant
(K, and the enthalpy of the binding interactiaif). The dependent parameters are the
Gibbs free energyAG®) and the entropyAS°) of the binding interaction. This
information enables us to understand which thermadyc property provides the
criterion for a spontaneous chemical reaction. Example, if temperature (T) and
pressure (P) are independent variables, thenheisibbs free energy, G, which provides
the criterion (dGy}, p< 0 of spontaneous chemical change. Therefore,taraysan move
from a state of high Gibbs free energy to a sthtewer Gibbs free energy at a particular
temperature and pressure. At equilibrium, dG foy arfinitesimal change is equal to
zero because G has its minimum value. If the pkhasntained at a particular value, a
different equilibrium is obtained than if the pHnist controlled or if the pH is changed to
a different value. Under these conditions, (GXx O is not the criterion for spontaneous
chemical change. In order to find the criteriom @pecified pH, it is necessary to define a
new thermodynamic property, ',Gthat has its minimum value at equilibrium at a
specified pH. When the pH is introduced as an ieddpnt variable, there are new
thermodynamic properties, new symbols, names affdreit numerical values. For
example, the standard thermodynamic propertiesileaéd from K and its temperature
coefficient is represented AS°, AH® andAS®. These thermodynamic parameters will
be distinguished from the standard reaction pragefG°, AH® and AS®, calculated
from K and its temperature coefficient. Also, thifatence betweeAG® andAG™is not
trivial one. The point is that the Gibbs energynat a function of pH because it is a
function only of T and P. It is important to assdei the prime with the G in'Go

represent the transformed thermodynamic propedtyisha function of T, P and pH.

Many biochemical reactants are mixtures of speategH 7, but even if they are not,
AGPis different fromAGP for a species if it contains hydrogen. Therefdrés important

for biochemists to understand these basic conteutsuse it affects the way biochemical
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equations are written and the nomenclature fortagée (Alberty, 1994). According to
Doyle (1999), there is still a lot of variability ithe nomenclature used to report ligand-
binding thermodynamic data. The precise physicabmmg of the thermodynamic
parameters can be understood only if they are eefexplicitly, including the solution
conditions under which they were measured. The meofatire used in this work
(Chapter 6) is according to that used by Wisersiaal (1989) and Baker and Murphy
(1998).

The standard Gibbs free enerdyGP) of a binding process is related to the equilioriu
binding constant (§ by the equationAG® = -RTInK, where R is the universal gas
constant (8.314 J/mol/K) and T is the absolute tmampire. The equation relating the
enthalpy AH) and entropy4S°) changes to the Gibbs free energy change is esgules
in the equationAG® = AH® - TAS ©. The superscript symboP) indicates that the

standard state concentration units are in molarity.

2.1.1 Gibbs free energy of binding&4G°)

The Gibbs free energy change is the most imporgaintity in the thermodynamic
description of a binding reaction. This parametetednines the binding affinity of a
ligand or, in general, the stability of any biologji process. According to Luque and
Freire (1998a), the Gibbs free energy of binding loa separated into different terms and
then written as the sum of those contributions. @eeomposition can be expressed as
follows: AG = AGgen + AGion + AGy + AGoimer WhereAGgen represents the contributions
due to secondary and tertiary structure (van deal®Viateractions, hydrogen bonding,
hydration as well as conformational entropdgion the contributions due to electrostatic
and ionisation effects andG; represents the contributions due to the changthen
translational degrees of freedom. The contributiorigerent in specific systems that
require individual consideration are represented\@sner (Luque and Freire, 1998a).
Although theAGP is able to describe the affinity of a particulateraction, it may also be
insensitive to subtle changes in molecular detfilan interaction in terms of enthalpy

and entropy. That is, th&G®° remains unchanged due to enthalpic and entropic
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compensations. Therefore, enthalpy and or entrdmnges may be more sensitive

reporters of molecular interactions (Bhatnagjaal, 1995).

2.1.2 Enthalpy of binding AH°)

Contributions to the enthalpic term are primarilpm the loss of protein-solvent
hydrogen bonds and van der Waals contacts. Theatmmof protein-ligand hydrogen
bonds, salt-bridges and van der Waals contactsefisas/ the change in solvent-solvent
interactions near protein surfaces contribute tdwhae binding enthalpy of a reaction.
The breaking of bonds will be endothermic (positiMé®) whereas the negativtH®
refers to the formation of hydrogen bonds and vanWlaals interactions (Sigurskjoéd
al., 1991).

2.1.3 Entropy of binding @AS°)

Entropy may be viewed as the amount of freedonstersypossesses to explore available
conformational space. According to Brady and Sh@@o7), the entropy of protein
binding interactions may be divided into solveASY") and macromoleculan@™)
contributions. The macromolecular contributioAS?m) may be further divided into the
intramolecular conformationaA6™"), unconstrained rotationahg®) and translational
(AS™" entropy. In a protein-ligand compleAS™® describes the residual entropy
resulting from constrained intermolecular rotatiomend translational motions. The
conformational entropyAS™") in turn is further subdivided into the contritrts made
by backbone4S"® and side chainsd&™9.

Studies on model compounds show that the entropsobfation is negative for most
nonpolar, polar and ionic solutes at room and mitygical temperatures. This implies
that the burial of groups in protein-binding anttifog results in the release of water and
this generally results ihS®" being positive (Habermann and Murphy, 1996). Dyirin
binding interactions of charged molecules (e.gotgn-nucleic acid interactions),

additional entropic contributions arise from thelenng of water dipoles by means of
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long range interactions as well as the arrangemérthe ionic environment (Sharp,
1995).

Protein-binding may be separated from protein fadoy considering the entropic loss
that occurs due to the reduction in translationadl aotational freedom when two
molecules bind to one another. According to Bradg &harp (1997), the net loss of

“association” entropy may be calculated as folloA&**°= S®- ga"s. g,

2.1.4 Heat capacity AC,)

Heat capacity is a fundamental thermodynamic patemmef biologically important
molecules that include proteins, peptides and aragids. Heat capacity data for amino
acids, peptides and some protein molecules havedmapiled (Makhatadze, 1998). The
heat capacity at constant pressure is definedeasethperature derivative of one of the
basic thermodynamic parameters that describe #te st a macroscopic system, namely,
the enthalpy (Makhatadze and Privalov, 1990; Powand Makhatadze, 1990). Edsall
(1935) was among the first to draw attention to lrge changes in heat capacity at
constant pressure when non-polar groups interatch wiater (see Connelly and
Thompson, 1992). In protein-binding processes,rgelamumber of non-polar groups of
ligands and/or of the protein-binding site are reewbfrom contact with solvent and
become buried in the interior of the protein-ligamanplex. This was the observation that
led to the idea that hydrophobic interactions @awajor role in determining the stability
of protein-ligand complexes. Hydrophobic interasiomay be considered as two
processes: the removal of non-polar groups fromemand the packing of these groups
within the protein-ligand complex. The heat capachanges that are observed in protein
unfolding studies have been correlated to the absuny solvent-accessible surface area.
Spolaret al (1989) and Livingstonet al (1991) have indicated that the heat capacity
change for unfolding proteins is directly propomib to the difference in solvent-
accessible non-polar surface area between natvel@matured states. Experiments have
shown that the transfer of non-polar solutes franmaqueous environment to a non-polar
solvent is characterised by a large negative chanbeat capacity (Nozaki and Tanford,
1971).

14



Finally, it is important to realise one should npteet thermodynamic data with the use of
additional experimental evidence, such as structdasa. A combination of various
different types of experiments will provide insighinto the nature of the various
interactions involved, for example, conformationhhnges, changes in hydration of the
protein or ligand and if proton transfers are cedpb the primary binding event (Baker
and Murphy, 1996).

15



CHAPTER 2
GLUTATHIONE TRANSFERASES

2.1 Multi-functional supergene family of detoxification enzyras

The cytosolic glutathione transferases (GSTs, EECL2L8) represent a supergene family
of multi-functional detoxification enzymes. The GS3re found in a variety of organisms
that include vertebrates, plants, insects, yeastsedl as aerobic bacteria. The GSTs are
considered to play a very important role in thelutel defence against electrophilic
chemical species of endogenous and xenobioticnaidihe GSTs were first discovered
in rat liver cytosol when measuring the enzymedga& conjugation of aryl halides with
glutathione (Bootlet al, 1961; Combes and Stakelum, 1961). Initial studie the GSTs
using a variety of electrophilic substrates indechthe existence of several enzymes with
differing substrate specificities (Boyland and Glessid, 1967). It was only later, with
the introduction of improved purification protocplshat the various isoenzymes
catalysing the same reaction were identified (Hadtigl, 1974b; Askeif et al, 1975;
Mannervik, 1985).

The GSTs function in the Phase Il detoxificatioak@by and Ziegler, 1990) of a large
number of endogenous and toxic xenobiotic substandde GSTs catalyse the
nucleophilic addition of the thiol of reduced gliimne (GSH) to a variety of compounds
such as alkyl- and aryl halides, lactones, epoxigemones, esters and activated alkenes
(Mannervik and Danielson, 1988a, 1988b). The rastilglutathione conjugates (i.e.,
glutathionylS-conjugates) are rendered more water-soluble thowiag their eventual
elimination via the mercapturate pathway (Boylamdl £hasseaud, 1969; Wilce and
Parker, 1994).

The GSTs are also capable of selenium-independmoixjglase activity using organic
peroxides as substrates (Lawrence and Burk, 19@6p8rget al, 1991). The role of the

physiological tripeptide glutathione (GSH) in tils®merisation of 3-ketosteroids (Benson
et al, 1977) andA®-androstene-3, 17-dione (Bensa@t al, 1977; Pettersson and
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Mannervik, 2001) as well as the biosynthesis oftidepleukotrines (Tsuchidat al,

1987) have also been demonstrated.

Glutathione transferases also function as ligamdibg proteins (“ligandins”) (Litwack
et al, 1971) and thereby facilitate the intracellul@nsport and storage of a variety of
hydrophobic non-substrate compounds including hebi@ubin, bile acid, steroids,
hormones metabolites and drugs (Mannervik and Gibirg, 1981; Mannervik, 1985;
Listowskyet al, 1988; Dangeet al, 1992).

As a consequence of their catalytic functions, G®igse been implicated in the
development of resistance of tumours towards varialkylating, electrophilic anti-
cancer drugs (Coles and Ketterer, 1990; Waxmar);1PQuchida and Sato, 1992; Hayes
and Pulford, 1995).

2.1.1 Enzyme classification of glutathione transfases

The soluble glutathione transferases can be divided distinct classes. GST enzyme
classification was originally based on structunad &unctional properties (Mannervet

al., 1985) but recently primary structures have besed to classify the GST family.
Presently, the mammalian GSTs are grouped into speeies-independent gene classes:
alpha, mu, pi (Mannervikt al, 1985), sigma (Buetler and Eaton, 1992), thetay@iet

al., 1991), kappa (Pembkt al, 1996), zeta (Boardt al, 1997), beta (Rossjohet al,
1998) and omega (Boadd al,, 2000).

Another GST class is represented by the membraneeb&ST first identified by
Morgensterret al (1979). This GST is an abundant protein in theoprasmic reticulum
and the outer mitochondrial membrane. This formGS8T also appears to act as a
detoxification enzyme and is active with both erefumus and xenobiotic electrophiles,
including sulfhydryl-modifying agents (Morgensteet al, 1983). In addition to the
cytosolic and membrane-bound GSTs, a plasmid-b@8d has been identified in
clinical isolates of bacteria (Araat al, 1988; Arcaet al, 1990a, 1990b). This form of
GST is a metalloprotein and it is thought to beoimed in bacterial resistance to
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fosfomycin. This GST has no known GST equivalenthumman tissues, but it is
structurally related to another glutathione-linkeazyme, glyoxalase | (Cameren al,
1997; Bernaget al,, 1997).

2.1.2 Evolutionary relationship of the glutathionetransferases

The various isoenzymes of the cytosolic GSTs aoeight to have evolved through a
divergent pathway (Armstrong, 1997). A comparisbthe cDNA and gene sequences of
GSTs from the class alpha/mu/pi with that of thesslsigma/theta GSTs suggest that the
alpha, mu and pi class GSTs originated from thdickgmon of the theta gene (Pemble
and Taylor, 1992; Pemblet al, 1996; Armstrong, 1997). The existence of a highl
conserved '3non-coding region between the class mu and thetasysuggests that the
class mu diverged from the class theta precursard¢he alpha and pi gene. The kappa
class of enzymes encodes the mitochondrial enzyrddsathought to be the progenitor
of the theta class (Pembd¢ al, 1996). The class sigma GST is thought to haverded
from the theta or an early alpha/mu/pi precursortiie purpose of production of ti&e

crystallins (refractory proteins) in the lens of ttephalopod eye (Tomareval, 1993).

2.2 The threedimensional structure of cytosolic glutathione trarsferases

Crystal structure data suggests that although tisele@v sequence identity between the
gene classes, the overall protein fold is remaskaike. All cytosolic GSTs have a
dimeric quaternary structure (M- 50 kDa) and they exist as either stable homo- or
heterodimeric structures. The cytosolic GSTs araghty globular proteins with
dimensions of ~ 62 A X 51 A X 46 A. Only the claggha and mu isoenzymes exist in
the heterodimeric form. This is because of the esgion of multiple genes and intraclass

subunit hybridisation.

Three-dimensional structures from representatieestfe various cytosolic GSTs have
been determined. The structures are: class alphaigg et al, 1993; Cameromt al,
1995), mu (Jet al, 1992; Raghunathast al, 1994), pi (Reinemest al, 1991; 1992; Dirr
et al, 1994a; Garcia-Saezt al, 1994; Oakleyet al, 1997a, 1997b), sigma (ét al,
1995), theta (Wilceet al, 1995; Reinemeet al, 1996), zeta (Boardt al, 1997), beta
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(Rossjohret al, 1998) and omega (Boadad al, 2000). The three-dimensional structure
from the parasitic helmintt§chistosoma japonicu@ST, has also been solved (Leh
al., 1994; McTigueet al, 1995).

The soluble GSTs can be divided into various ck&ssed on sequence similarities that
also reflect the evolutionary branches from an sinakprotein (Mannervilet al, 1985).
The nomenclature of the glutathione transferasdsased on the Greek letters: Alpha,
Mu, Pi, Sigma, Theta, Kappa and Zeta and is abaiediA, M, P, S, T, K and Z,
respectively. The subunits are numbered using Arabmerals because any given gene
class may contain one or several protein sequefoesxample, the gene for the class
alpha subunit 1 is written as GSTAL. The name efftinctional dimeric enzyme also
reflects its subunit content. Therefore, the hommic class alpha enzyme that is
composed of two copies of subunits 1 is termed GETALikewise, the heterodimeric
class alpha enzyme that is composed of subunitgl2as referred to as GSTA1-2. The
organism from which the enzyme was isolated isasgmted by lower case letters and is
included in the nomenclature. The class alpha G8kted from a human is, therefore,
designated by h. Thus, a human class alpha homodiratis composed of two type 1
subunits is written as hGSTA1-1. Nomenclature gpoading to allelic variants has also

been specified (Mannervidt al, 1992).

2.2.1 The subunit structure

Crystal structures of the class alpha enzymes\a#ahle from the Brookhaven Protein
Data Bank. The accession codes for the various huwiass alpha structures are shown
in Table 1. Recently, crystal structures of a deubhtutant of the rat GSTA1-1
(W20F/F219Y) and a single mutant (W20F) both in ptar with glutathione sulfonate
have been solved (Adma al, 2001).

The homodimeric class alpha GSTA1-1 is compose@2if amino acid residues per
subunit. Each subunit is composed of two spatdilyinct domains. The first domain (81
residues) is an/3 structure composed of a mix@esheet of four strand${ to 34) and

threea-helices with a folding topology correspondingfmpafpa. The overall folding
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Table 1 The Brookhaven Protein Data Bank (pdb) accessimoes for crystal

structures of the various class alpha GSTs.

pdb code GSTA1-1 Ligand
1gsd hunman apo- enzynme
1gsf human ethacrynic acid
1lgse human et hacryni c aci d-
gl ut at hi one conj ugate
lguh human S-benzyl gl ut at hi one
1f 3a muri ne reduced gl ut at hi one
1f 3b muri ne gl ut at hi one conj ugate
of benzo(A) pyrine epoxide
lev4 rat gl ut at hi one sul fonate
lev9 rat gl ut at hi one sul fonate

topology of this domain is closely related to tlddfobserved in the bacteriophage T4

glutaredoxin (Eklundet al, 1992). Similar folds have also been found in Eneoli
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thioredoxin (Holmgreret al, 1975) and glutathione peroxidase (Egipal, 1983). The
larger C-terminal domain is an althelical domain (140 residues) that is composed of
six amphipathic alpha helices. The class alpha 6&Ta unique helix 9 that is wedged
between the two domains between alpha helices 2 aad is positioned above the loop
connectingl andal (Sinninget al, 1993). Helix 9 is formed by 15 residues at the C

terminus segment of the polypeptide chain.

2.2.2 The subunit interface

Cytosolic GSTs are dimeric proteins. The dimerogrfed by an almost perfect 2-fold
axis running through an extensive interface (Figlhg. Dimer formation decreases the
solvent accessible surface area so that ~ 14%eointtial water accessible surface area
becomes buried at the subunit interface (Sinmh@l, 1993; Dirret al, 1994a). The
interface measures ~ 25 A X 35 At either end of the dimeric structure there isighh
density of side chain interactions that is loweirethe middle of the molecule closer to
the 2-fold axis. At a height of ~ 25 A the monomseparate to form a solvent accessible
V-shaped cleft (Sinningt al, 1993). At the ends of the interface, all theesahain
interactions appear to be predominantly hydrophobigese interactions are mainly
between domain | (alpha helix 2) of one subunit dachain Il (alpha helices 3 and 4) of

the other subunit.

The human GSTA1-1 crystal structure (1guh) was alsamined using the SPIN-PP
(Surface Properties of Interfaces-Protein Protaiterfaces) database. The results
indicated that there are five critical residued that are buried at the subunit interface
after complex formation. The residues (from subAnand subunit B) are M50, F51, 185,
A89 and M93 (our numbering). A comparison of theabresidues indicates that F51 is
the residue that is buried the most (100%) uporediformation. A89 (98%) and M93
(93%) are also buried to a large extent. The respheceding F51 in the linear amino

acid sequence, M50, is also regarded as a cnitsadue because 83% of area becoming
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Figure 1. (A) Ribbon representation of human class alpha GSTAl-1 viewed down the
two-fold axis. The location of F51 and W20 are represented as ball-and-sticks. The active
site ligand (S-benzylglutathione) is shown in bold. The region occupied by the GSH moiety (violet)
is referred to as the G-site and the region occupied by S-benzyl (green) is referred to as the H-site. (B)
The sequence alignment of topologically equivalent residues from representatives of the various gene
classes for which crystal structures are known. The residue numbering shown above the sequences is
for the hGSTAI-1. The boxed-in residues refer to the conserved phenylalanine residues in class alpha/mu/pi/
526 GSTs as well as the topologically equivalent residues in classes sigma and theta. The underlined
residues in hGSTA1-1 are located in the secondary structural elements, where o refers to a-helix and B refers to B-srand.
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buried after subunit complex formation. Therefortejs quite conceivable that F51

together with M50 contributes towards subunit dtsdition at the dimer interface.

Examination of the structural features at the sitboterfaces of the various gene classes
reveals the existence of two major types of intea the alpha/mu/pi/Sj26GST type and
the sigma/theta type (Figure 2). The subunit iaté of the former group have a curved
topography and are hydrophobic with few polar iatéons. In the hGSTA1-1 crystal
structure, two residues, M50-F51, on the loop betwe?-33 in domain |, are wedged
between the4/a5 helices, and residues from the edge strarfasf domain | interact
with a3. There is a conserved hydrophobic interactiomét by the side chain of a
phenylalanine residue (F51 in alpha; F56 in mu; ipi and F51 in Sj26GST) (Figure
1B) that protrudes from a loop in domain | of onenomer into a hydrophobic pocket
betweena-helices 4 and 5 of domain Il of the other monorffégure 1A). This lock-

and-key motif physically anchors the two suburoitgether at either ends of the interface.

A recent study involving the replacement of F51hwserine in the hGSTA1-1 protein
indicated that the mutation impacted negatively the catalytic functioning and

conformational stability of the protein and tha¢ figandin function (i.e., ANS binding)

was enhanced (Sayetlal, 2000). In contrast, the lock-and-key type intéom is absent

in the class sigma/theta enzymes (Figure 2). Tdssilts in a dimer interface that is flat
and more hydrophilic with an extensive network ofgp interactions (Wilce and Parker.
1994; Jiet al, 1995).

2.2.3 The active site

Crystal structure data has verified that the diometains two active sites, one at each end
of the V-shaped crevice (see Figure 3) spanningdiheer interface (Sinninget al,
1993). The two active sites also behave indepehdeaftone other (Danielson and
Mannervik, 1985). Each site can be separated mto distinct functional regions: a
hydrophilic G-site for binding the physiologicalipeptide glutathione (GSH) and an
adjacent hydrophobic H-site for binding structyrallverse electrophilic substrates (see

Figure 1A). A fully functional active site is formed by structuralelementsfrom both
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Domain [

Figure 2. Ribbon representation of the squid class sigma GSTS1-1 viewed down the two-fold axis.
The location of the topologically equivalent residue, S47, at the subunit interface is represented as
ball-and-sticks. The active site ligands, 1-(S-glutathionyl)-2,4-dinitrobenzene, are shown as sticks.
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Sj26GST

Figure 3. The backbone representation of representativas the various
GST gene classes for which crystal structures aosvk. The structures are
viewed perpendicular to the two-fold axis to shdw V-shaped cleft at the

dimer interface. The figures were generated uswigsSpdb viewer.
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subunits of the dimer, with the conserved corearhdin | providing the major structural
framework (Dirret al, 1994b).

2.2.3.1 The glutathione binding site (G-site)

Crystallographic data of hGSTA1-1 in complex wiibenzylglutathione allows for the
description of the G-site as well as the neighbauki-site (Figure 1A) (Sinningt al.,
1993). The G-site is highly specific for glutatheo(GSH) and the molecular recognition
of GSH {-Glu-Cys-Gly) involves a network of specific poleteractions between the
tripeptide and domain | of one subunit and either (tlass theta), one (class
sigma/pi/mu/Sj26GST) or two (class alpha) aminal aeisidues from domain Il of the
other subunit (Diret al, 1994b).

In the crystal structure of the hGSTA1-1, mosth# interactions between GSH and the
enzyme come from domain | (Figure 4). Salt linksgA00 and Arg130) are also formed
at each end of the tripeptide (GSH) with residuesmfdomain Il of the two-fold related
monomer. Most of the polar atoms in GSH are invdlirehydrogen bonds or salt links.
The tripeptide binds the G-site in an extended @wonétion with they-glutamyl moiety
pointing downward towards the dimer interface. Vigtutamyl moiety interacts with the
enzyme in a similar manner for all gene classdsoalih there are differences in the
specific interactions (Diret al, 1994a; Jet al, 1995). For example, in the human class
alpha GST, the carboxylate of tiyglutamyl side-chain hydrogen bonds to the peptide
nitrogen and the hydroxyl of Thr67 and to a solvaaiecule. The cysteinyl sulfur atom
forms two close contacts to (1) the tyrosyl hydiogsoup (Y8) and to (2) the Nof
Argl4. The Y8 hydroxyl group also forms a hydrodend to the peptide nitrogen of
Argl4 and the Argl5 side-chain in turn salt linksGlu104 (Figure 4) (Sinningt al,
1993). The interactions between the cysteinyl alydirge residues of GSH are more
variable between the gene classese(dl, 1992; Limet al, 1994; Jiet al, 1995). The
removal of the glycyl moiety from the tripeptidesoited in a greater affinity of the
electrophilic substrate suggesting that this momatyy influence the topology of the
active site and also assist in the binding of #moad substrate of the enzyme (Widersten
et al, 1996).
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Figure 4. A schematic representation of the residues of hGSTIAhat interact via
hydrogen bonds and salt linkages with the ligéhdenzylglutathione. The two residues
marked with an asterisk are from the two-fold mtianolecule. The numbering shown in
the schematic does not include methionine 1. Adbfsten Sinninget al, 1993.
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2.2.3.2 The norsubstrate hydrophobic binding site (Hsite)

The presence of the substrate-product analo@fesxylglutathione (Reinemest al,
1992, 1996;), Sbenzylglutathione (Sinning et al, 1993), and S(-p-
nitrobenzyl)glutathione (Garcia-Saetr al, 1994) has helped in the identification of the
hydrophobic, electrophilic substrate binding sik&e co-crystallisation of the transition
state analoguesS{,4-dinitrophenyl)glutathione (Jt al., 1993, 1995) as well as the
enzyme in the presence of ethacrynic acid (EA)lotathione-ethacrynic acid (GS-EA)
conjugate (Cameroet al, 1995; Oakleyet al, 1997b), has also been helpful in the
identification of the H-site. In the crystal strust, the glutathione always binds in an
extended conformation and the moiety that is cowbleattached to the sulfur atom is
located in the H-site (Figure 1A).

Recently, a murine class alpha GST was co-crystallin the presence of a carcinogenic
metabolite, [(+)anti-BPDE] (Guet al, 2000). The results indicated the existence of ve
important structural differences in the H-site bedw the murine and human class alpha
GSTs. The presence of the guanidino group of R&lBnportant in orientating and
positioning the carcinogenic metabolite in the H:sThe absence of R216 in the human
class alpha GST may explain the inability of hGSTA10 accommodate the bulky
substrate in the narrow H-site as well as the latalgtic efficiency of hGSTA1-1 toward
(+)-anti-BPDE (Guet al, 2000).

Although differences in structure of the H-sitevibe¢n gene classes do exist, there are
clusters of hydrophobic side-chains that resulthimm formation of a highly hydrophobic
surface that is exposed to solvent in the absehéksite substrates. The differences in
topology allow the H-site to accommodate a variefy hydrophobic electrophilic
substrates of different size and polarity (Detral, 1994b). In the hGSTAL1-1 structure,
the H-site is composed of hydrophobic residues,FA%, M207, A215, A218, F219 and
F221, among which four are located in the C-terirnedix. The C-terminal region of the
hGSTA1-1 protein has been shown to be an impompant of the H-site (Board and
Mannervik, 1991; Hoesch and Boyer, 1989; Sinreh@l, 1993; Cameroet al, 1995).
The C-terminus of the hGSTAL1-1 protein contains mque helix, helix 9, that is
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crystallographically “invisible” in the apo-form dahe protein (Sinninget al, 1993;
Cameroret al, 1995). Helix9, however, becomes immobilised awer H-site when the

active site is occupied by an active site ligand.

Helix 9 is a structural determinant for specificitgward hydrophobic electrophiles
(Board and Mannervik, 1991). Helix 9 becomes imrisdéil over domain | and provides
a highly hydrophobic environment for the electrdighbinding pocket. The localisation
of helix 9 over the H-site effectively restrictscassibility of the H-site from bulk
solvent. The dynamic behaviour of helix 9 is clfrTam crystallographic (Sinningt al,
1993, Cameroret al, 1995) and NMR (Lian, 1998) data. A recent stiogyDirr and
Wallace (1999) indicated that helix 9 stabilityeishanced by the presence of ligands at
the active site. The authors also showed that ttier @f the ligand-induced stabilisation
of helix 9 at the C-terminus of hGSTA1-1 increaf®sn H-site occupation, to G-site
occupation, to the combined occupation of the Hi &aisites. It appears that the C-
terminus helix 9 does not affect the overall confational stability of the protein but that
it is required for the catalytic and ligandin fuioct of the human class alpha GST (Dirr
and Wallace, 1999).

Recently, the crystal structure of a double mu{@420F/F219Y) of the rat GSTAl-1
complexed with glutathione sulfonate was solvece €tystal structure showed that helix
9 is ordered as a helix but that it was not locateds expected position (Admat al.,
2001). The fact that an ordered helix was obsesugfjested that is was the localisation
of the mobile helix rather than a helix-coil trars that was required for a completed
active site in the rat GSTAl-1. The first kineticsfolding model for the GST
superfamily proposed that the human class alpha AGHT folds very rapidly
(millisecond time scale) to form structured butdely packed monomers with exposed
hydrophobic cores. The events that follow are sitbassociation and domain docking.
The final slow step in the formation of the fullctave folded dimer involves the
localisation of the C-terminal helix 9 of hGSTAI\Wallace and Dirr, 1999).
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2.2.4 The nonsubstrate ligand binding site (L-site)

Dimerisation of the individual subunits of GSTsuksn the formation of a V-shaped
cleft at the dimer interface (see Figure 3). Theftas a feature common to all GSTs.
GSTs possess a wide range of specificities anditdf for various anionic ligands due
to differences in the cleft topography (Danielson Mannervik, 1985). The GSTs also
bind large lipophilic molecules leading to the sesgfipn that they are involved in storage
and transport of these molecules in the aqueousepbfthe cell (Litwaclet al, 1971,
Habig et al, 1974a; Tipping and Ketterer, 1981; Cacaetrial, 1990). The “ligandin”
function of GSTs was observed in very early workewlGSTs were observed to bind
ligands such as hemin, bilirubin, bile salts, stispthyroid hormones, fatty acids and
drugs (Kettereret al, 1987). Ligand binding is characterised by nompetitive
inhibition towards the substrate CDNB (Ketley al, 1975; Mannervik and Danielson,
1988a, 1988b). The location of a possible ligamiinig site has been supported by
crystal structure data that shows the bindinggsrids at the dimer interface (McTigete
al., 1995; Jiet al, 1996). Other laboratories have also suggestgdiie L-site in human
class GST is located at a buffer binding sitegtial, 1997; Pradeet al, 1997). In
mammalian GSTs, the V-shaped cleft at the dimarfate was proposed as the L-site
for the binding of ANS, BSP as well as aflatoxin Bluis-Cremeret al, 1996; Sluis-
Cremeret al, 1998). Recently, crystal structure data of aetarof non-substrate ligands
(sulfasalazineS-nonylglutathione, cibacron blue and BSP) completeeHuman class pi
GST indicated that the L-site is located in the®tphile binding site (H-site) (Oakleat
al., 1999). Therefore, the exact location/s as wethe number of L-sites is not yet clear.
ITC data obtained from the binding of ANS to thddatype hGSTA1-1 protein shows
that one molecule of ANS binds per subunit (seep@ha6). Also, ITC data of BSP
binding to the wild-type protein indicates that rdheare two sets of binding sites
corresponding to a higher and a lower affinity lmgdsite (see Chapter 6). The exact

locations, however, of the binding sites for ANSI &SP are still not clear.
2.3 The catalytic mechanism

The systematic name of GSTs is “RX: glutathionegdfarase” (EC 2.5.1.18) and the
Enzyme Commission has recommended the trivial nédghetathione transferase”
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without a prefix. The abbreviation GST is, howevadequate. The commonly used
“glutathioneStransferase” is a misnomer since the sulfur a®mot transferred, but the

R-substituent, or the glutathionyl group (5&ohansson and Mannervik, 2001).

The glutathione transferases catalyse the reati@ninvolves the nucleophilic addition
of reduced glutathione (GSH) to a variety of el@ghilic compounds. The catalytic
mechanism of the GSTs may be described as a s&gu=talytic mechanism involving
a ternary complex of enzyme, reduced GSH and teetrephilic substrate. The class
alpha GST has a tyrosyl hydroxyl group that acta agdrogen bond donor to the sulfur
atom of GSH thereby lowering the plof the thiol group so that it is predominantly
ionised (G at physiological pH (Litet al, 1992; Kolmet al, 1992; Wanget al,, 1992;
Armstrong, 1997). The sequential mechanism refetoedbove may be represented as
follows:

R-X
E + GSHe E*GS +H" = E*GS*R-X = EsGSRX = E + GSR + X

where E is GST, R-X is the hydrophobic electroghgdubstrate, GSH is the reduced
glutathione and GSis the highly reactive thiolate anion. Due to thgh GSH
concentration in the cell (1-10 mM GSH) it is ptésithat reduced GSH is complexed to
the enzyme first (Diret al, 1994b).

The class alpha GST also involves the participadioArgl4 into the inner co-ordination
sphere of the sulfur atom of GSH. It has been pegdhat in the class alpha GSTs, the
reactive species in the binary complex most likelxolves the thiolate anion which can
accept a hydrogen bond from the tyrosyl hydroxglugr and may also obtain additional
stabilisation energy from the positive charge o§® (Armstrong, 1997). This can be
represented as follows: E-O-H ---8G, where E-O-H represents the enzyme (GSTAL-
1) tyrosyl hydroxyl group.

The role of the active site tyrosyl hydroxyl gro(gdpha/mu/pi/sigma/Sj26GST) in the

catalytic mechanism remains a matter of disputee @hestion asked is whether the
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hydroxyl group acts as a hydrogen bond donor (elphtlic participant) or hydrogen
bond acceptor (general base). The dispute, therebmises over the position of the
protons in the active site. The arguments in fawaiuthe active site tyrosyl hydroxyl
group acting as a base (Atkiasal, 1993; Dietzeet al, 1996a, 1996b; Karshikoét al,
1993; Meyeret al, 1993) are based on the observation that the elgha enzyme has a
tyrosyl hydroxyl group with a very low pk~ 8.5. However, it is reasoned that far less
than 50% of the tyrosyl hydroxyl groups will be ised at physiological pH, suggesting
that the scenario of the tyrosyl hydroxyl groupiregtas a general base may be a minor
pathway (Armstrong, 1997). A study showed that wakifourteen tyrosyl residues were
replaced with 3-fluorotyrosine, the hydroxyl groapthe tyrosyl residue stabilises the
thiolate anion of bound GSH prior to nucleophilitaak, therefore, arguing against the
general base catalytic model (Parsons and Armstr8§6). Also, the fact that the
anionic analogues of glutathiongl(-Glu-L-AspGly and glutathione sulfonate) bind the
enzyme more tightly than does GSH also argues sigairsignificant ionisation of the

active site tyrosyl hydroxyl group at the activieegiGraminsket al, 1989a).

2.4 Conformational stability of glutathione transfaases

Conformational stability studies performed on thess alpha (Wallacet al, 1998b), pi
(Dirr and Reinemer, 1991; Erhardt and Dirr, 1998) &j26GST (Kaplaret al, 1997)
enzymes indicate that equilibrium unfolding andsdigation is consistent with a highly
co-operative two-state transition involving theivatdimer and the unfolded monomer.
The stabilisation energy of the native structure B5 kcal/mol. The class mu (Hornby
al., 2000), sigma (Steveret al, 1998) and beta (frorRroteus mirabili$ (Sacchettaet
al., 1993) enzymes, however, display a multi-steplidgum pathway with the class mu
enzymes displaying an enhanced conformational Igyalihen compared to the class
sigma and beta enzymes. The greater stability vbden the class alpha/mu/pi/Sj26GST
when compared to the class sigma enzyme is atbdboiat the differences observed at the

dimer interface.

The lack of the hydrophobic interaction at the subunterface of the class sigma GST is

compensated for by an increase in electrostaterantions. A conserved intermolecular
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contact found in the middle on the dimer interfagdormed due to the stacking of
symmetrically equivalent arginine guanidino groypsg69, alpha; Arg77, mu; Arg68,
pi; Arg72, Sj26GST and Arg68, sigma). The chargestioe guanidino groups are
mitigated by nearby acidic residues. This typemérface is not observed in the class
theta enzymes (Wilcet al, 1995).

The class mu and sigma enzymes yield molten glelikde inactive monomeric
intermediates that indicate that the extent of sitbtabilisation by quaternary
interactions is less for these two classes. Quatgrimteractions appear to be more
important for the class alpha/pi/Sj26GST enzymesabse no stable monomeric
intermediates are observed. Therefore, it appéaitstihe more ancient GSTs have more
stable subunits than the more recent GSTs anduhetionality of the protein dimer is

most likely the major evolutionary pressure ratiian enhancing subunit stability.

Stopped-flow kinetic studies of the wild-type hGSIFA have indicated the existence of
a three-state kinetic unfolding mechanism in whioh only the unfolded monomer and
folded dimer are significantly populated at equilin (Wallaceet al, 1998b). The
presence of structured monomers possessing n#dtevesecondary structures was
observed in the kinetic refolding study (Wallace &@irr, 1999). The class sigma appears
to unfold via an unfolding mechanism that includdse presence of both a
thermodynamically stable dimers and thermodynanyicihble monomeric intermediate
species (Steveret al, 1998).

The interactions at the subunit interface, theef@lay an important role in stabilising
the subunit tertiary structure for all the GST sks The cytosolic GSTs have distinct
guaternary structures and molecular recognitioth@tsubunit interface is class specific;
i.e., dimerisation will only occur between suburfitsm the same gene class. Also, the
dimeric structures are required to maintain cai@jfy functional conformations of the

individual subunits and the non-substrate ligamiig site at the dimer interface.
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2.5 Objectives

The main goal behind protein studies is to undedstae complex relationship between
the structure of a protein and its biological fumectin vivo. Crystal structure data has
provided us with a wealth of information that haded in our understanding of the
folding and assembly of many proteins. Structuedhdf the class alpha/mu/pi/Sj26GST
all indicate the presence of a conserved phenytearesidue (F51 in alpha; F56 in mu;
F47 in pi and F51 in Sj26GST) at the subunit irsteef Replacing the lock residue (F51)
with serine assessed the role of this residue enldbk-and-key type interaction at the

subunit interface.

The binding of ligands to proteins is of centrapmntance to biology. GSTs were initially
described as “ligandins” because they displayedresgive binding activity towards a
wide variety of ligands. A deletion mutant (F22J)delas constructed using protein
engineering techniques. Biochemical characterisatias performed to assess the role of
F221 in the ligandin function and its possible rol¢he flexibility of a unique C-terminal
helix 9 of nGSTA1-1.

The nature of the interactions of a substrate nubdeand (a) specific residue/s located at
the active site of an enzyme is essential in utadedsng the mechanism of enzyme
action. Isothermal titration calorimetry (ITC) wased to dissect the binding energetics
of the physiological tripeptide glutathione (GSH) well as the inhibitor, glutathione
sulfonate (GS®), to the wild-type and Y8F hGSTAL-1 proteins. lhimstway, a complete
thermodynamic profile was obtained that could expthe contribution of the tyrosyl
hydroxyl group to the binding of G-site ligands.eTlole of the tyrosyl hydroxyl in

modulating the conformational dynamics of helixs%lso addressed.

Very little is known about the ligandin function &STs, whereas an abundance of
information is available regarding the catalytiadtions of GSTs. The location as well as
the number of non-substrate ligand-binding sitesifés) is still under investigation. In

order to enhance our understanding of the ligafdiction of the class alpha GST,
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isothermal titration calorimetry was used to obtainthermodynamic profile of the
binding energetics of the non-substrate ligandsSANd BSP, to wild-type hGSTA1-1.
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Chapter 3

EXPERIMENTAPROCEDURES
3.1 Materials
8-anilino-1-naphthalenesulfonic acid (ANS), sulfomophthalene (BSP), tris-
(carboxyethyl)-phosphine (TCEP) and CDNB were pasgd from Sigma. Reduced
glutathione (GSH), glutathione sulfonate (G3@nd glutathione reductase were from
Boehringer Mannheim. Ultrapure urea was purchasenh ICN Biomedicals, IncS
hexylglutathione was prepared in our laboratoryoatdiog to the method of Vincet al
(1971). The diagnostic restriction enzymé&goR V, Bgl Il and Hind Ill, were from
Amersham Life Science International. The ExSitand QuikChangeé mutagenesis kits
were purchased from Stratagene. The plasmid, pKia%, a generous gift from Prof. B.

Mannervik (Stenbergt al, 1992). All other reagents were of an analytgralde.

3.2 Generation of F51S, F221del and Y8F hGSTA1-1

All the oligonucleotide primers were designed usthg computer software package,
Gene Runner, v3.04. The cDNA sequence containdteipKHAL plasmid codes for the
human glutathione transferase from human hepatomGH cells (Stenbergt al,
1992). Primer design was according to the manufarcgunstructions. The primers were

designed using the wild-type nucleotide sequendbheatemplate.

3.2.1 Mutagenic primer design for use with the Ex$™ and QuikChangeM
mutagenesis kits

The F51S and F221del mutants were generated uemdExSité" PCR-Based Site
Directed Mutagenesis Kit. The mutagenic primerg there used to construct the F51S
and F221del mutants were:

F51S FWD PRIMER &GA TAT CTG ATG TCC CAG CAA GTG CCA ATG 3and
F51S REV PRIMER\TC ATT TCT TAA CTT GTC CAA ATC 3 and

F221STOP FWD &G AAG ATC TTC AGG TAA TAA TAA CGC AGT CAT GG 3
and F221STOP REV'SITG CTT CTT CTA AAG ATT TCT CAT CCA TGG G '3
respectively. The underlined nucleotide sequenegsesent the translationally silent

mutations that also code for the diagnostic rasbncsites,EcaR V andBgl Il, for the
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F51S and F221del mutations, respectively. The c®dormold print represent the F51S

and F221del mutations, respectively.

The QuikChang® Site-Directed Mutagenesis Kit was used to gendheteY 8F mutant.
The mutagenic oligonucleotides were: Y8F TORAG CCC AAG CTT CAC TTC

TTC AAT GCA CGG GGC 3and Y8F BOTTOM 55CC CCG TGC ATT GAAGAA

GTG AAG CTT GGG CTT 3 The underlined nucleotide sequence represents the

translationally silent mutation as well as timd 11l diagnostic restriction site. The bold
letters represent the Y8F mutation.

3.2.2 PCRbased sitedirected mutagenesis

The ExSité" kit was used to introduce either the F51S or F2Riutation directly into
the intact, double-stranded DNA, pKHALl plasmid afing the hGSTA1-1. The PCR
reaction was carried out as detailed in the manwrfars instruction manual. Briefly, the
PCR reaction mixture contained 0.5 pmol doublerstea plasmid DNA (pKHA1), 1X
mutagenesis buffer, 15 pmol of each mutagenic oligteotide primer, 1 mM of each
dNTP made up to a final volume of 24 in sterile deionized, distilled water. The
mutagenesis buffer is composed of 200 mM Tris-HE 8.75), 100 mM KCI, 100 mM
(NH4)2SQy, 20 mM MgSQ, 1% (v/v) Tritori] X-100 and 1 mg/ml bovine serum albumin
(BSA). After performing a 10 minute hot start a®@4 1 pl of ExSite DNA polymerase
blend (5 Ull) was added to the PCR reaction tube. The PCRiosaconditions that
generated a PCR product for the F51S and F221d@inmsuwere: 12 cycles consisting of
(1) melting temperature at 8@ for 100 seconds, (2) annealing temperature 3€56r
160 seconds and (3) extension temperature A 7@ 240 seconds. A final extension at
72°C for 10 minutes was performed before analysingRB& product on a 1% agarose
gel containing ethidium bromide. The linearised Pf@Rction products were digested
with Dpn | (10 Ujul) to digest parental template DNRfu DNA polymerase (4 y)
was used to remove extended bases at'tead® of the PCR product. After ligating the

PCR product, it was transformed into supercompédierturian Coli XL1-Blue cells.
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The QuikChange kit makes use of supercoiled, desttended DNA, two
oligonucleotide primers containing the desired maotaand a thermal cycler. Each
oligonucleotide primer is complementary to oppossitzands of the plasmid and
extension is achieved usifju DNA polymerase during temperature cycling. In orie
generate the Y8F mutant, three reactions were séhat contained 5, 15 and 40 ng of
template DNA per reaction. In addition, the reactmixture also contained 125 ng of
each oligonucleotide primer, 2.5 mM of each dNTPX teaction buffer. The mixture
was made up to a final volume of f0deionized, distilled wateRPfu DNA polymerase
(2.5 U) was also added. The reaction buffer is amsed of 100 mM KCI, 60 mM
(NH4)2SQ,, 200 mM Tris-HCI (pH 8.0), 20 mM Mggl 1% Tritoril X-100 and 100
pg/ml nuclease-free bovine serum albumin (BSA). Te¥mal cycling parameters used
were: 1 cycle at 9% for 30 seconds followed by 15 cycles af@5or 30 seconds, 6&

for 60 seconds and B8 for 8 minutes. In order to assess the succesadalf reaction, an
aliquot from each reaction mixture was electropbkedeon a 1% agarose gel containing
ethidium bromide. Each reaction indicated the preseof the desired product, and was,
therefore, used in the subsequent procedies.| (10 Ujul) was added to each reaction
tube to a final concentration of 10 |/ The reaction mixture containinDpn | was
allowed to incubate at 8T for two hours following which it was left at 20 for one
hour. This step represented a slight modificatibthe suppliers instructions. THpn I-
treated DNA from each reaction mixture was tramsfe into supercompetent Epicurian
Coli XL1-Blue cells.

The transformed cells were screened for the presemche desired mutation using
restriction enzyme digestion analysis. After ranflonselecting possible mutant
containing colonies (for F51S, F221del and Y8F)paarnight culture was grown in 5 ml
of LB media at 37C supplemented with the appropriate antibioticafficoncentration of
100 pg/ml ampicillin) selectable marker. The supernataas discarded after pelleting ~
3 ml of the overnight culture at 14 000 rpm for Inate. The pellet was resuspended in
100 pl of ice cold Solution I (25 mM Tris-HCI, pH 8.001ImM EDTA and 50 mM
glucose). A further 200l of ice-cold Solution 1l (0.2 M NaOH and 1% SDSasvadded

to the mixture and then inverted several times. ddmmatured DNA was then treated with
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150 pl of ice-cold Solution IlIl (5 M potassium acetata)d the mixture was allowed to
incubate on ice for 15 to 20 minutes. After centgihg at 14 000 rpm for 20 minutes at
4°C, the supernatant was carefully removed and plaueda clean, sterile tube. An
equal volume of room temperature isopropanol waeddnd inverting the tube several
times mixed the contents. The mixture was centefufpr a further 30 minutes at 14 000
rom. The supernatant was discarded and the pelst washed with 10@l of 99%
ethanol. After briefly centrifuging for 2 minutes B4 000 rpm, the ethanol was carefully
removed taking care not to dislodge the pellet ()NFne pellet was left to air-dry for ~
5 minutes before resuspending it in [5o0f sterile, Milli-Q water. To allow complete
resuspension to take place, the DNA solution weshated at 3%C for 1 hour or at AC
overnight. The plasmid DNA was digested overniglthvthe appropriate diagnostic
restriction enzyme. The products were electropteatesn a 1% (F51S and F221del

mutants) or 1.2 % (Y8F mutant) agarose gel comtgiethidium bromide.

3.3 Sequencing of mutant plasmid DNA

All mutant plasmid DNA were sequenced using an ABism 310 Genetic Analyser
from PE Biosystems (CA, USA). DNA sequencing reatwdi were set up as
recommended by the supplier. Briefly, the reactmixture contained 500 ng mutant
plasmid DNA (F51S, F221del or Y8F) and 3.2 pmokefjuencing primer made up to a

final volume of 12ul with sterile Milli-Q water.

3.4 Overexpression and purification of the wildtype, F221del and Y8F hGSTA11
proteins

The wild-type pKHAL1 and mutant plasmids (F221detl af8F) were transformed into
E.coli BL21 DE3 cells containing the pLysS plasmid. Oggpression of the above-
mentioned proteins was always initiated by inoéntat single colony into 100 ml of LB
media supplemented with 1Q@/ml of ampicillin and chloramphenicol. All proteaver-
expression studies were performed at@7The wild-type and mutant proteins were
purified using Shexylglutathione affinity chromatography as ddsed previously
(Stenberget al, 1992). The bound protein was eluted from theniyf column using 50
mM glycine-NaOH, pH 10 (Cameroet al, 1995). In this way, the protein could be

39



purified in the apo-form (i.e., in the ligand-freezyme form). All recombinant hGSTA1-
1 proteins were stored in 20 mM sodium phosphaféehupH 6.5 containing 0.1 M
NaCl, 1 mM EDTA and 0.02% sodium azide.

3.5 Overexpression and purification of F51S hGSTA1-1

The F51S and wild-type proteins were purified fradh21l DE3 cells using CM-
Sephadex cation exchange chromatography. The oypeession procedure was identical
to that described above except that the pelletanoing the whole cell extract was
resuspended in start buffer (10 mM sodium phosplpiter.45, 1 mM EDTA and 0.02%
sodium azide). The resuspended cells were placetdE for two hours to promote cell
lysis. After a brief sonication step, the cells eveentrifuged at 14000 rpm for 20 minutes
at £C. The cytosol was then carefully added to the dfeal CM-Sephadex column pre-
equilibrated with start buffer. After washing thelunn with a minimum volume of 2
litres of start buffer, the protein was eluted gsansalt gradient of 0-0.3 M NaCl (200 ml
final volume) prepared in start buffer. The absadeawas measured at 280 nm and
fractions were run on a SDS-PAGE gel in order teeas the purity of the protein

fractions. Only the fractions containing pure proteere pooled.

The purity and homogeneity of all proteins samplese assessed using SDS-PAGE
(Laemmli, 1970) and SEC-HPLC. The wild-type and amaitproteins all appeared as a
single band on a 15% polyacrylamide gel with a mall@ mass of 27 kDa. The proteins
eluted as a single symmetrical peak with a dimeatecular mass of 55 kDa when using
SEC-HPLC.

The protein concentration was determined spectitophetrically using the molar
extinction coefficient §) at 280 nm according to the method as describe®dykins,
(1986). The molar extinction coefficient was caitat as follows:

e (M cm?) = 5550¢ Trp residues) + 1348(Tyr residues) + 15@(Cys residues). The
wild-type, F51S and F221del proteins contain 2 tgpan, 20 tyrosine and 2 cysteine
residues per dimer. The dimeric protein concemmnatiwere, therefore, estimated using a
molar extinction coefficient of 38 200 Mcmi' at 280 nm for the wild-type, F51S and

40



F221del proteins. Similarly, a molar extinction ffiméent of 35 520 M' cm* was used
for the YBF hGSTAL-1 protein.

3.6 Steadystate enzyme kinetic studies

3.6.1 The standard CDNB/GSH assay

Steady-state enzyme kinetic studies for the wijgetgnd mutant enzymes were measured
spectrophotometrically at 340 nm in assay buffet (@ potassium phosphate buffer, pH
6.5, containing 1 mM EDTA and 0.02% sodium azidéal§ig and Jakoby, 1981). The
standard assay was performed using final concesmsabf 1 mM reduced glutathione
(GSH) and 1 mM 1-chloro-2,4-dinitrobenzene (CDNBBP6 (v/v) ethanol. Final protein
concentrations were ~ 1.5 nM. All experiments weeefgpmed at 28C on a Hewlett
Packard model 8452A-diode array spectrophotometeerfaced with a Vectra CS
computer. All reactions were monitored over 60 sesoand the standard error between
assays did not exceed 10%. The specific activafethe wild-type and mutant proteins
were estimated using identical protein concentngtié® molar extinction coefficient af

= 9600 M! cmi' was used to calculate the amount of productS-ghgtathionyl)-2,4-
dinitrobenzene, formed at 340 nm. All enzymaticctes rates were corrected for the

corresponding non-enzymatic reaction rates.

3.6.2 Kinetic parameters (\, Km) for the wild-type and F51S protein

In order to obtain a kinetic profile of the F51S@in it was necessary to modify the
standard assay procedure. Reduced GSH was freshhaned on a daily basis at a
concentration of 0.5 M and pH adjusted to 6.5 ptmruse in all assays. The stock
concentration of CDNB was 60 mM prepared in absokthanol. The wild-type and

F51S enzymes were assayed using identical protgioentrations in the presence of 1-
150 mM GSH and 2 mM CDNB. The,Kiowards GSH was determined from Michaelis-
Menten plots. In the same way, thg Ebwards CDNB was determined using 0.1-2 mM
CDNB and 150 mM GSH. All non-enzymatic reactionematvere subtracted from the

assays containing enzyme.
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3.6.3 The peroxidase assay using cumene hydroperdsi

The peroxidase activities of the wild-type, F221det Y8F enzymes were determined
using cumene hydroperoxide as the substrate (Laeramd Burk, 1976). Peroxidase
activity was measured at 340 nm in an assay systartaining 1 mM GSH, 0.2 mM
NADPH, 1.2 enzyme units (E.U)/ml of glutathione wethse and 1.5 mM cumene
hydroperoxide. The peroxidase assay buffer cordai®@ mM potassium phosphate
buffer, pH 7.0, containing 1 mM EDTA and 1 mM sadiwazide. Stock solutions of 2
mM NADPH and 10 mM GSH were freshly prepared omidydasis in peroxidase assay
buffer. A stock solution of 15 mM cumene hydropedaxwas prepared in peroxidase
assay buffer and stored &Gtuntil required. The molar extinction coefficieftNADPH

at 340 nm is 6220 M cm™. The reaction mixture contained 1 mM GSH, 0.2 mM
NADPH, 1.2 E.U glutathione reductase and ~ 30 nMaghione peroxidase (i.e., wild-
type, F221del or Y8F hGSTAL-1) in peroxidase asm#fer. The above reaction mixture
was incubated at 2€ for 5 minutes. The reaction was initiated by #uglition of 1.5
mM cumene hydroperoxide. The total reaction volumas 1 ml. The peroxidase activity
was monitored at 340 nm for 5 minutes yielding dingrogress curves. All non-
enzymatic rates (i.e., glutathione peroxidase wgdaced with distilled water) were

subtracted from the reactions containing glutathiparoxidase.

3.7 Spectral analysis of wilekype and mutant proteins.

The spectroscopic signatures of wild-type and ntytasteins were measured at identical
protein concentrations. Tryptophan residues wetecteely excited at 295 nm. The
intrinsic fluorescence emission spectra were measwsing a Hitachi model 850-
fluorescence spectrofluorimeter. The excitation andssion bandwidths were set at 5

nm and emission spectra were collected at a staf&0 nm/minute.

The binding of the amphipathic ligand (i.e., AN®)the wild-type, F51S and F221del
proteins was monitored using fluorescence techsigd&lS (200uM) was added to 1

MM protein. ANS was selectively excited at 390 nnd #me emission spectrum recorded
from 390 nm to 600 nm. The contribution of free AlSthe emission spectrum was

subtracted from the protein/ANS complex emissioectipm. Free ANS in solution has a
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wavelength emission maximum at 540 nm that is Bhiéed to 480 nm upon complex

formation with exposed, structured hydrophobic @acefarea on the protein.

3.8 Determination of secondary structural content ging far-UV circular dichroism
Circular dichroism (CD) is an excellent method famalysing the conformation of
proteins and peptides in solution. CD is a spectip& method that depends on the fact
that chromophores in an asymmetrical environmeetaat differently with right and left
handed circularly polarised light. In proteins, ttmajor optically active groups are the
amide bonds, peptide backbone and the aromaticchigid@s (Woody, 1995; Greenfield,
1996; Kelly and Price, 1997). Secondary structiei@ments g-helices) in protein
molecules have distinctive CD spectra in the far-ON region (250-170 nmy-helices
display two negative bands at 222 nm and 208 nmaastionger positive band at 190

nm.

The loss in secondary structural content for unfigjdstudies was monitored using a
stopped-flow instrument from Applied Photophysi&x<{18MV) in CD mode. Far-UV
CD ellipticity values at 222 nm were obtained framaverage of 20 runs measured from
224 nm to 220 nm at 0.1 nm increments. Protein &8y 2uM were used. The path
length of the quartz cuvette was 2 mm. The buffas ®0 mM sodium phosphate buffer,
pH 6.5 containing 0.1 M NaCl, 1 mM EDTA and 0.0286sim azide.

Far-UV CD spectral analyses were also performe@ pM protein using a Jasco J-810
spectrapolarimeter with a 2 mm pathlength. The de¢aan average of 20 runs from 250

nm to 200 nm. The CD signal is represented as dellirees (mdeg).

3.9 Determination of dissociation constants

The affinities of various ligands for the wild-tyg&d mutant hGSTAL-1 proteins were
determined by measuring the quenching of the isitiprotein tryptophan fluorescence.
Alternately, the binding affinity of ANS for the kiaus proteins was studied using ANS
fluorescence enhancement methodsuM protein concentration in 20 mM sodium
phosphate buffer, pH 6.5 containing 0.1 M NaCl, ¥ 8DTA and 0.02% sodium azide
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was titrated with increasing concentration of ligaffhe final dilution factor did not

exceed 10% of the initial volume.

For fluorescence quenching techniques, the try@oplsidues were selectively excited
at 295 nm and the wavelength emission was monitar&25 nm. Because of increasing
ligand concentrations during the experiment, itpigssible that the higher ligand
concentrations can result in a phenomenon knowtheagrimary inner filter effect. The
correction for the primary inner filter effect wasrformed according to Birdsadt al
(1983). The absorbance values were obtained aéxbgation (295 nm) and emission
(325 nm) wavelengths, respectively. First, cormediwere made for the protein controls

The observed fluorescence was also corrected éocdhtribution due to dilution effects:
F, = F X V¢/V; where Vf and V represent the final and initial volumes, respetyiv

o¥ex+Aemi2 The correction for

Correction for the primary absorption effectgsf= F, X 1
inner filter effects can only be made whep A Acm is less than 0.2. The dissociation
constant is estimated from a double reciprocalgddt/AF = Ky [AFmax (L)] + 1/AFmax
where AF is the corrected fluorescence intensifyimax represents the maximum
fluorescence signal, [L] is the concentration oé figand and K is the dissociation
constant. A plot of AF versus 1/[L] yields a straight line with the irtept on the x-axis

equal to -1/K.

3.10 Determination of SternVolmer (Ks,) constants using acrylamide quenching
Quenching of the proteins intrinsic tryptophan flegecence by acrylamide was used to
determine the exposure of W20. Tryptophan was seédg excited at 295 nm and the
wavelength emission maximum was monitored at 325mthe presence and absence of
acrylamide. Acrylamide (0-0.3 M) was added t@Nl protein concentrations. The data
was analysed according to the equatioffF = 1 + K, [Q], where F is the tryptophan
fluorescence in the absence of acrylamide and tReistryptophan fluorescence in the
presence of increasing concentrations of added ofpugyy agent [Q]. K, is the Stern-

Volmer constant.
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3.11 Anisotropy studies

Anisotropy decays were measured using a Hitachi eno@50-fluorescence
spectrofluorimeter with the supplied polarisatiorttaeghments. 1 uM protein
concentrations were prepared for the native anchtdesd (i.e., 1uM in 8 M urea)
conformational states of the wild-type and F51Sgins. The excitation wavelength was
set at 295 nm and the fluorescence emission wagtleavas measured at 325 nm (folded
protein) and 355 nm (denatured protein), respdgtivEhe excitation and emission

bandwidths were set at 10 nm each.

The anisotropy was calculated using the equatiars:(lyv — Ghy) / (v + 2Ghy) and

G = l/lyn. G represents the correction factor for the difigrefficiencies that the
excitation and emission monochromators have for hlogizontally and vertically
polarised light. The termsnl, lvu, luv and Ly represent the fluorescence intensity
measured when orienting the polarizers in a hotao(H) or vertical (V) position
Lacowicz, 1983).

3.12 Ureainduced equilibrium unfolding studies

3.12.1 Reversibility studies

The degree of reversibility is important when asse&p the conformational stability of
proteins using a chemically induced denaturationcgss. The reversibility of the
unfolding event was monitored with all the proteistidied. Reversibility of the
unfolding event implies that after chemically dematg the native protein, the refolding
reaction results in a 100% recovery of the natitracsure of the protein. A 1QM
protein concentration was denatured in 8 M urea thedrenaturing of the unfolding
reaction was allowed to occur by a 10-fold dilutminthe denatured protein. The degree
of reversibility was assessed by fluorescence spsmipy and the results were compared

to the native protein structure.
3.12.2 Proteirconcentration dependence studies

The protein-concentration dependence of the stalwhi the proteins in this study was

performed in the presence of 4.5 M urea which epwads to the Gvalue within the
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unfolding transition. The concentrations of proteised ranged from O-pM. All
experiments were performed in 20 mM sodium phospbaffer, pH 6.5 containing 0.1
M NaCl, 1 mM EDTA and 0.02% sodium azide. The mdrc tryptophan fluorescence
properties of the protein were exploited by sel@tyi exciting W20 at 295 nm and
monitoring the emission wavelength maximum at 3@b(folded conformation) and 355
nm (denatured conformation). Measuring the rayleicgitter also monitored the presence
or absence of aggregation. There was no evidenaggkgation in the range of protein

concentrations used.

3.12.3 Data analysis

All equilibrium unfolding experiments were perforchat room temperature in 20 mM
sodium phosphate buffer, pH 6.5 containing 0.1 MCNdL mM EDTA and 0.02%
sodium azide. The protein concentrations rangedn flo2 pM. All the unfolding
transition curves are characterised by a singlengigal transition that indicated the
absence of any thermodynamically stable intermesliafhis observation, therefore,
allows the unfolding curves to be analysed accgrtiina two-state model. In this model,
only the folded and unfolded conformational stades assumed to exist in significant

concentrations within the equilibrium unfoldingrisition region.

The measured fluorescence signal,d was converted to the fraction of the protein
populated in the unfolded fornfi,§. The fraction of the protein present in the faldg)
and unfoldedf(;) conformational states can, therefore, be reptedessfr + fy = 1. The
observed property at any point is thereforgs = yefr + yufu, whereyr andyy are the
values of the folded and unfolded conformationatest of the protein, respectively. The
values ofyr andyy are calculated from the pre- and post-transitiaselines observed in
the equilibrium unfolding transition curve that aiescribed by the straight line equation:
Ve = ax + ¢ andyy = ax + ¢. By combining the above information, wevrarrive at:fy =

(Yr - Yobe/(YF - Yu), Whereyops Is the observed property (i.e., the ratio of thyptbphan
fluorescence intensity of the unfolded (355 nmiplded (325 nm) protein.
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The calculation of the equilibrium constant,, k&t each point in the transition region for a
dimeric protein was performed according to the oetbf Bowie and Sauer (1989).

K
Therefore, N = 2U and K, = [U]?/ [N3] = 2 R [fu¥(1-fu)], where Ris the monomeric

protein concentration arfd is the fraction of unfolded protein.

The free energy change could be calculated by usiadginear free energy model as
described by Schellman (1978) and Peical (1986). The linear dependence of the Gibbs
free energy on unfolding is described A& = -RTInK,, where R is the universal gas
constant (1.987 cal/mol/K or 8.314 J/mol/K) andsTthe absolute temperature. If one
assumes a linear dependence of Gibbs free energgfolding on the concentration of
denaturant (urea) in the transition region th&@, = AG(H,O) — m [denaturant], where
AG(H0) is the difference in Gibbs free energy betwdenunfolded and folded protein
in the absence of denaturant and m representdape of the straight line that indicates

the change in solvent-accessible surface of theejoras it unfolds.

3.13 The effect of reduced glutathione on the bindg of ANS

Identical concentrations (iM) of wild-type and F51S proteins were pre-incubater
one hour with 10uM ANS prior to addition of reduced glutathione (0-&1\M GSH, pH
6.5). The excitation and emission wavelengths wsee at 390 nm and 475 nm,
respectively. The bandwidths were set at 5.0 nni.eAlt fluorescence measurements
were corrected for the contribution by free ANSaotution (i.e., 10QuM ANS in 20 mM
sodium phosphate buffer, pH 6.5 containing 0.1 MCNd. mM EDTA and 0.02%
sodium azide). The corrected ANS fluorescence & dih was plotted versus the

glutathione concentration.

3.14 The effect of urea on the binding of ANS to thwild-type and F221del proteins
in the presence and absence pfbromobenzylglutathione

Identical protein concentrations (iM) of wild-type and F221del in 20 mM sodium
phosphate buffer, pH 6.5 containing 0.1 M NaCl, ¥ iBDTA and 0.02% sodium azide
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were used. The excitation and emission wavelengtre set at 390 nm and 475 nm,

respectively. The excitation and emission bandvgidtkre 5.0 nm each.

Protein (1uM) was pre-incubated with 108M ANS at varying urea concentrations (O-
5.5 M urea) in a final volume of 1 ml in the absenaf the active site ligandp{
bromobenzylglutathione). The ratio of EAwas plotted versus the concentration of urea.
Fo and F represent the ANS fluorescence at 475 ninerabsence and presence of urea,

respectively.

In order to measure the effect of urea on ANS Ilnigdh the presence of the active site
ligand, the protein (1uM) was pre-incubated with 10QuM ANS and p-
bromobenzylglutathione (1Q@M) in the presence of urea (0-5.5 M). The ratid;,,Fivas
plotted versus urea concentration. fA8the ANS fluorescence at 475 nm in the presence

and absence of the active site ligand, respectively

3.15 Thermodynamic studies using isothermal titrathn calorimetry

3.15.1 Isothermal titration calorimetry (ITC)

Calorimetric studies were conducted using a VP-MiCroCalorimeter from MicroCal
Incorporated. Titration calorimetry is used to abta detailed thermodynamic profile of
molecular associations. To date, it is the mossisga and rigorous method available for
the quantitative measurement of protein-ligandradtons. ITC is capable of directly
measuring the heat evolved or absorbed during amigaular reaction. This technique,
therefore, allows for the direct determination lo¢ istandard Gibbs free energy change,
(AGP), the binding constant ¢ the enthalpy changé\d®), the entropy chang\g°)

as well as the stoichiometry (N) of the bindingenaiction in one experiment. By
performing identical experiments at different temaperes, it is possible to measure the

heat capacity changAGC,) of the protein-ligand binding reaction.

The standard Gibbs free energy chanf§&9) of a binding reaction is related to the
equilibrium binding constant @ using the equatioAG® = -RTInK, where R is the
universal gas constant (1.987 cal/mol/K or 8.31allK) and T is the absolute
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temperature. The free energy chang&Y) is associated with the enthalpgH®) and
entropy AS°) changes as follow&G® = AH® - TASC. In this way, ITC provides valuable
information about the binding events of proteirahg, antigen-antibody, enzyme-
substrate or enzyme-inhibitor complexes as wethashinding of metal ions to proteins.
In order to obtain meaningful ITC data it is extedyn important to take special
precautions with regard to experimental procedure.

3.15.1.1 Protein and ligand sample preparation

The preparation of ligand-free proteins for ITCdséis was accomplished by removing
any residuals-hexylglutathione that may have bound the proteunsng the purification
procedure. This was accomplished in three waystl¥jrthe protein (wild-type and Y8F
hGSTA1-1) was eluted from th&hexylglutathione affinity column using a high pld a
described previously (Cameren al, 1995). Secondly, the proteins were passed throug
a Sephadex-G25 column. Finally, extensive dialyss carried out to ensure that the

proteins were in the apo-form.

The protein samples were dialysed extensively”&t dgainst 20 mM sodium phosphate
buffer, pH 6.5 containing 0.1 M NaCl, 1 mM EDTA,MM TCEP and 0.02% sodium
azide. SDS-PAGE and SEC-HPLC was used to assegsititg and homogeneity of the
protein samples. Certificates of analyses from gtppliers indicated that the ligands
used in this study were chemically pure. Therefacefurther purification of the ligands

was attempted. All ligands were prepared in thalfthalysate buffer.

3.15.1.2 Dialysis procedure

Proper dialysis is of fundamental importance inaobhg reliable ITC results. Dialysis

tubing with a molecular weight cut-off of 3500 Daasvused for protein dialysis.

Typically, about 5 ml of protein was placed inte tHialysis tubing and dialysed for a
minimum of 6 hours with each change of dialysisfénsf (three consecutive changes of
dialysis buffer). The ligand samples were prepaxgtl dialysate buffer from the final

dialysis change.
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3.15.1.3 Correction of protein concentration due tdight scattering effects

The protein concentration was estimated spectrophetrically at 280 nm using the
extinction coefficients reported earlier (sectio®)3 Corrections due to light scattering
effects was taken into account according to thénatesuggested previously (Winder and
Gent, 1971). A spectrum of the protein sample waained from 370 nm to 240 nm. The
absorbance from 370 nm to 320 nm was measuredat @ 5 nm intervals. Using this
information, a plot of absorbance versus waveleng#ided straight line with the

equation: y = ax + ¢, where a and c are obtainech fihe linear regression curve fit. By
substituting x = 280 into the above equation, tladue of y is obtained. This value
represents the contribution due to the light scatjeeffects of the protein sample.
Subtraction of the calculated y-value from the abance value at 280 nm of the protein
sample yields a corrected,#y value. This value is, therefore, used to calcuthe

corrected protein concentration of the sample.

3.15.2 Thermodynamics of ligand binding to the acte site of wildtype and Y8F
hGSTA1-1

The wild-type and Y8F proteins were dialysed &C4against 4 litres of buffer as
described earlier. The active site ligands, GSH #&B8Q;7, were prepared at
concentrations of 20 mM and 1.2 mM, respectivelpni@meric protein concentrations of
~ 0.10 mM wild-type and 0.08 mM Y8F hGSTA1-1 wereedior the GSH binding
study. The monomeric protein concentrations usethenGSQ@ binding study were ~
0.06 mM and 0.05 mM for the wild-type and Y8F hGITFA proteins, respectively.

In all the experiments performed, the ligand (GSHGSQ) was injected in 3ul
increments into the ITC sample cell containing pinetein until complete saturation had
occurred (~ 50-60 injections). The reference powas et to 2%ucal/sec and the initial
delay was 60 seconds. The stirring speed was lepdtant at 300 rpm and the spacing
between injections was set to 260 seconds. In doddetermine the heat capacity of the
binding reaction, identical experiments were perfed at different temperatures in the
range of 5-28C. To correct for heat of dilution effects, contrekperiments were

performed by making identical injections of thealigl into buffer solution. The heat of
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dilution was subtracted from the raw data thus iobtg the corrected heat of the
interaction between the protein and the liganderilately, the averaged heat of the post-
saturation injections was subtracted from eachciige. Due to uncertainty in the
stoichiometry values during data analysis of thadisig interaction between wild-type
(and Y8F hGSTA1-1) protein and GSH, the stoichiogn@tas fixed at one and all the
other parameters were allowed to float. The degitadfix the stoichiometry value at one
was based on crystal structure evidence which shioasone molecule of GSH is bound
per subunit. All data analysis was performed using computer software package
(ORIGIN) supplied with the VP-ITC calorimeter.

3.15.3 Thermodynamics of norsubstrate ligand binding to wild-type hGSTA1-1

The wild-type protein concentration used in ANS dong studies was 0.06 mM
monomer. The ligand was prepared in the dialysateeb The ANS concentration (3.6
mM) was measured spectrophotometrically prior tolB@ experiment using a molar
extinction coefficient (at 350 nm) @f= 18 490 M' cm*. An ANS absorbance spectrum
was measured between 300 nm and 550 nm. Contnibdtie to light-scattering effects
was measured from 550 nm to 455 nm and the ANSertration was corrected as
described earlier. Identical experiments were peréal at different temperatures (5-
25°C) in order to calculate the heat capacity chargeninding of ANS to the wild-
type protein. During all ITC experimentsuBinjection volumes of ANS were added to
the protein in the ITC sample cell. All other canzhs were the same as described above.
The raw data was corrected for heat of dilutiore&s as described above. All ITC data
were fitted according to a model describing oneo$éinding sites.

The experimental conditions for BSP binding to thiéd-type protein are identical to
those described for the ANS binding experimentepkthat the BSP concentration was
3 mM. The corrected data for the BSP binding expents were fitted to a model

describing two sets of binding sites.
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3.15.4 ITC data analysis

The raw data obtained from the calorimetric expenta were collected and integrated
using the ORIGIN software. All data were correctedthe contribution due to heat of
dilution effects. Where necessary, the baseline adiissted manually before correcting
the raw data. The integrated data all fit well wirggle site binding model except the BSP
binding interaction that was fitted to a bindingaebdescribing two sets of binding sites.
The stoichiometry of binding of GSH to the wild-gypand Y8F hGSTA1-1) proteins did
not accurately reflect the known stoichiometry iffrarystal structure evidence) of GSH
binding to the wild-type protein. Therefore, theishiometry for the wild-type and Y8F
protein was fixed (independent parameter) at one, (one molecule of GSH per

monomer of dimeric protein). All the other paramgteere allowed to float.

The most basic parameters that define a calorioiration are the concentrations of the
interacting species (i.e., protein and ligand). ideal protein concentration depends to a
large extent on the binding constant of the reacfidhe shape of the binding isotherm is
described by the c-value. This is a unitless v#hae is obtained as follows: ¢ = [M].K
where [M] is the protein concentration (units of BHd K, is the binding constant with
units of M. The c-value for the binding interaction betwee®Hzand wild-type as well
as the Y8F protein was ~ 0.3. The recommended esaiange from 1-1000 (Wiseman
et al, 1989). Although the c-value is less than iddarmodynamic parameters can still
be obtained. A direct result of a lowered c-valgethe difficulty in determining the
enthalpy of the binding interaction accurately.drder to increase the c-value, it is
possible to use higher protein concentrations plingi the protein can be obtained at
sufficiently higher concentration without problenhse to aggregation.

The c-value for the binding of GO0 the wild-type and Y8F proteins is ~ 6. This
reflects the expected sigmoidal shape of the bgpndiatherm that reports more accurately
on the enthalpy of the binding reaction. The slopthe linear dependence of the binding
enthalpy of the reaction on temperature reflects Heat capacity change of the

interaction.
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3.16 Data analysis and molecular graphics

Unless otherwise stated, all data were fitted andlysed using the programme
SigmaPlot for Windows Version 5.00 (Jandel Corgorgt The three-dimensional

structures of hGSTA1-1 were viewed using the md&cgraphics packages, Rasmol (v
26) (Sayle, 1994), Molscript v 2.0 (Kraulis, 1994nd Swiss-PdbViewer (Guex and
Peitsch, 1997).
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CHAPTER 4

THE ROLE OF PHENYLALANINE 51 IN THE HYDROPHOBIC LOC K-AND-
KEY INTERSUBUNIT MOTIF OF HUMAN GLUTATHIONE TRANSFE RASE
Al-1

4.1 The hydrophobic lockand-key intersubunit motif of h\GSTA1-1

The glutathione transferases exist as stable dinsémictures. Examination of the three-
dimensional crystal structures indicates that tt#T& share a similar overall folding
topology (Dirret al, 1994b). Two major types of subunit interfaces @bserved for the
various gene classes. The first is the alpha/m&iZ8GST type and the second is the
sigma/theta type. The subunit interfaces of thst fiype are represented by a curved
topography and are hydrophobic with few polar iatéons. The subunit interface is
stabilised by the wedging of the hydrophobic sitlaic of phenylalanine (F51, alpha;
F56, mu; F46, pi;) (Jet al, 1995) from one monomer into a hydrophobic poakehe
other monomer. The hydrophobic pocket is formedshde chains of five residues
belonging toa-helices 4 and 5 (M93, G97, A134, F135 and V13ghaj 198, Q102,
L136, Y137 and F140, mu; M89, G93, P126, F127 ah80L. pi; M9, A97, M131, F32
and R135S.japonicur (Ji et al, 1995). This lock-and key motif physically anchdne
two subunits together at either ends of the interfi@igure 1A). A noticeable difference
between the squid class sigma and the class al@k i& the absence of the “key”
(phenylalanine) residue at the subunit interfacéhefclass sigma GST (Figure 2). Two
of the five “lock” residues in class sigma GST foefectrostatic interactions rather than
hydrophobic interactions across the dimer interfathe decrease in hydrophobic
interactions is compensated for by the increasel@ctrostatic interactions and it is

considered that the class sigma enzyme is moreopfdic than that of the other classes.

Phenylalanine was replaced with serine at poshibioecause the latter residue is found
in the class sigma GSTs (Figure 1B and FigureZanile was excluded as the residue of
choice because we wanted to exclude any interabgtmeen the hydrophobic side chain

of alanine and the hydrophobic “lock”. Thereforg, ddding a slightly hydrophilic side
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chain residue into the hydrophobic “lock” we wouldevent any interaction between the

serine residue side chain and the hydrophobic "lock

4.2 Physicochemical properties of the wikdype and F51S proteins

4.2.1 ldentification of the F51S mutant plasmid DNA

Digestion of plasmid DNA witlEcaR V yielded a linearised fragment of the pKHAL
plasmid DNA thus identifying the possible mutardagrhid DNA incorporating the F51S
mutation. The wild-type DNA does not possess HeeR V restriction site and would

band as uncut DNA when digested with the diagnossgtriction enzyme. Figure 5
shows the identification of the possible mutantsplad DNA incorporating the F51S

mutation. Lane 9 indicates the banding patterrhefuncut, parental wild-type plasmid
DNA. Lane 10 shows the linearised fragment thageserated when the wild-type
plasmid DNA is restricted witPvulll. In lane 12 the wild-type DNA was digested with
Sacl to yield a linearised fragment as well. Lanehaws the uncut mutant DNA and
lane 6 indicates the linearised fragment that isegeed when the plasmid DNA is
digested witHEcaR V.

After the mutant plasmid DNA was identified, theepence of the F51S mutation was
confirmed by DNA sequencing. The entire cDNA regioh the hGSTA1l-1 was
sequenced for confirmation of the desired mutasind to ensure the absence of spurious
mutations that could have resulted from the PCRIiéicgiion step. A segment of the
cDNA sequence containing the diagnostic sEedR V) and the F51S codon change is

indicated in Figure 6.

4.2.2 Overexpression and purification

Protein over-expression was achieved by inducimgEtleoli cells with 0.5 mM IPTG.
Although the variant protein was soluble it coutit he purified using-hexylglutathione
affinity chromatography. The F51S protein was, ¢f@e, purified by means of a CM-
Sephadex cation exchange column. The purified mupaotein exhibited a subunit
molecular mass of about 27 kDa (Figure 7). SEC-HBRG (Figure 8) indicated that the
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1 2 3 4 5 6 7 8 9 10 11 12

Figure 5. Identification of the F51S mutant plasmid DNA. Puots were

run on a 1% agarose gel containing ethidium bromidaes 1, 3, and 5
represent uncut mutant plasmid DNA. Lane 9 is theutiparental wild-type
plasmid DNA. Lanes 2, 4, and 6 represent possihleant plasmid DNA
digested withEcoR V. Lanes 7 and 8 are empty. Lanes 10, 11 and 12
represent the linearised wild-type plasmid DNA d&ige withPvu |, Pvull

andSacl restriction enzymes, respectively.
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5" GGATAT TTG ATG TTC CAG CAA GTG CCA ATG 3
s 2
5" GGA TAT CTG ATG TCC CAG CAA GTG CCA ATG ¥

3 5’

Figure 6. (A) A region of wild-type nucleotide sequence indicating the
position of F51 (phenylalanine codon = TTC) that was selected for
mutagenesis. The codon change for the F51S mutation is TTC—TCC. (B)
A portion of the nucleotide sequence obtained from DNA sequencing of the
F51S mutant plasmid DNA. The primer used for the sequencing reaction
generated the 3’ to 5' sequence of the strand shown in (A). Therefore, the
mutation (F51S) is represented by the codon GGA. The presence of the
EcoR V site (GATATC) and F51S mutation are shaded in yellow.
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~27kDa

Figure 7. SDS-PAGE gel showing the subunit molecular mas$%ES
mutant protein  purified using CM-Sephadex cation chaxnge
chromatography. Lane 1. molecular mass markere BInF51S mutant
protein and lane 3: wild-type hGSTA1-1.
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Absorbance at 280 nm

J

Retention time (minutes)

Figure 8. SEC-HPLC elution profile for the purified F51S 8GA1-1. X in the figure
denotes the position of the F51S protein.
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hydrodynamic of the mutant remained unchanged bhatithe homodimeric molecular

mass was about 55 kDa.

4.2.3 Fluorescence spectral properties of wiltype and F51S hGSTA1-1

Spectroscopic characterisation of the wild-type BB@S mutant protein was carried out
by selectively exciting the lone tryptophan residt€95 nm. The wavelength emission
maximum (325 nm) of the native conformation (abseot urea) of the wild-type and
F51S protein was identical (Figure 9A). Since thexreno change in the wavelength
emission maximum of the F51S variant when comptrede wild-type protein, it can be
deduced that the environment of the lone tryptoptesidue is not affected by the
mutation. The F51S variant, however, does displag@ease in fluorescence intensity
when compared to the wild-type protein. This desesia quantum yield may be because
of the tryptophan residue in close proximity to @eiching residue or that it may be
located in a slightly more quenching environmenheéw both proteins are exposed to 8
M urea the emission maximum is red-shifted to 3&bimdicating that both proteins exist
in the unfolded conformation (Figure 9B).

4.2.4 FarUV circular dichroism of wild -type and F51S hGSTA1-1

The F51S variant was characterised with regardthéowild-type hGSTAL-1 protein
using circular dichroism as a probe. The secondtuctural content of the F51S protein
was assessed using far-UV CD (250-218 nm). Norewpotein concentrations (V)

for both proteins exhibited two troughs at 222 nmad 208 nm, which are typical of a
protein containing alpha-helical content. The ressFigure 10) of the far-UvV CD
spectra indicated that the alpha-helical contentthef F51S variant did not differ
significantly from the wild-type protein. The farMUCD spectra, therefore, indicated that
the mutation did not adversely affect the secongamyctural content of the F51S variant
protein; i.e., the mutation did not induce gros&foomational changes in the F51S

protein.
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A. O M urea

B. 8 M urea

Fluorescence intensity

300 320 340 360 380 400 420 440

Wavelength (nm)

Figure 9. Spectral characterisation of thald-type and F51S hGSTAl
proteins. Solid red and blue lines indicate wild-type and F51S proteir
respectively. The lone tryptophan was selectivelited at 295 nm and t
wavelength emission was monitored. (A) Represehts wavelengt
emission maximum at 325 nm for the native wild-tygrel F51S proteins,
respectively. (B) represents the wavelength emmssiaximum at 355 nm

for the unfolded wild-type and F51S proteins, resipely.
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Figure 1C. The far-UV circular dichroism spectra wfild-type and F51
hGSTA1-1. The spectra shown in blue and red ar¢h®mativewild-type
and F51S proteins, respectively. The conditionsew&uM of each protein
in 20 mM sodium phosphate buffer, pH 6.5 containthey M NaCl. The

above spectra represent an average of 16 runadbrpotein.
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4.2.5 Steadystate kinetic properties of the wildtype and F51S proteins

Steady-state kinetic parametersy(\WKn,) towards glutathione (GSH) and CDNB were
determined for the wild-type and mutant enzyme® f@sults are listed in Table 2. Using
the standard enzyme assay, the mutant enzyme yBsptdy 3% of the wild-type specific
activity. The F51S mutant hasyKalues for GSH and CDNB that are ~ 54-fold and 4-
fold greater than the wild-type protein, respedtivahis implies a reduced binding
affinity for GSH and CDNB in the F51S mutant. Thessults are evidence of a
structurally compromised active site in the F518tgin. Evidence of a structurally
compromised active site was also supported byabethat the mutant protein could not

be purified usings-hexylglutathione affinity chromatography.

4.2.6 Dissociation constants for the noesubstrate ligands ANS, BSP andp-
bromobenzylglutathione

The binding affinities of the non-substrate ligand&BNS, BSP and p-
bromobenzylglutathione were assessed using fluenegc quenching techniques. The
results are summarised in Table 3. ANS is an acidge that binds at/near the dimer
interface of hGSTAL-1 (Sluis-Cremet al., 1996; Sluis-Cremeet al., 1998). The F51S
protein binds ANS approximately three times tightiean the wild-type protein. The
binding of BSP to the wild-type protein is approxsitely two-fold stronger than when it
binds to the F51S protein. The binding of the dhitme analogue p-

bromobenzylglutathione is almost identical in bptbteins.

4.2.7 ANS binding to the wildtype and F51S proteins

Fluorescence emission spectra of ANS binding tovihé-type and F51S proteins are
shown in Figure 11. The spectra indicate enhancd® Aluorescence intensity of the
F51S protein when compared to the wild-type proté€he wavelength emission maxima
are 473 nm and 480 nm for the F51S and wild-tymenns, respectively. The blue-shift
in the emission maximum from 480 nm (wild-type)4i63 nm (F51S) indicates that the

anionic dye is bound to a more hydrophobic surfase the mutant protein.
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Table 2 Kinetic parameters for the wild-type and F51S@ires. See section

3.6.2 in Experimental Procedures for conditionsluse

Enzyme:
Wild-type F51S

Specific activity (imol/min/mg):

CDNB 48.5 1.3
Varied CDNB concentration:

Kn (MM) 0.44 1.60

Vhax (MMol/min) 0.15 0.10
Varied GSH concentration:

Ky (MM) 1.6 70

Vhax (LMol/min) 0.13 0.14
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Table 3 Binding affinities of non-substrate ligands fafdatype and F51S
hGSTA1-1 proteins as determined by fluorescencéoakst See section 3.9

in Experimental Procedures for method and condstigsed.

Dissociation constant (KdjM)
Ligand Wild-type F51S
ANS 55.1 18.7
BSP 25.1 47.3
p-bromobenzylglutathione 19.1 22.7
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Figure 11. Emission spectra of ANS binding to the wild-typed F51S
proteins. 200uM ANS was added to UM wild-type and F51S prote
concentrations. ANS was selectively excited at 880 and the emission
spectrum read from 400 nm. The spectra of ANS hopdo thewild-type
and F51S proteins are indicated by the solid bhderad lines, respectively.
The above spectra were corrected for the contobutiue to free unbound

ANS in buffer (solid green line).
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4.2.8 The effect of glutathione on the binding of NS

The addition of glutathione (100 mM) results inecikased ANS fluorescence intensity
for the mutant protein (Figure 12). Although thecflescence intensity was reduced, there
was no change in the emission maximum at 473 nne Wild-protein, however,
exhibited an increase in the ANS fluorescence aanismaximum (Figure 12) as well as

a blue-shift in the emission wavelength from 480tomM75 nm.

4.2.9 Acrylamide quenching of W20 at the domantiomain interface

The ability of acrylamide to quench W20 fluoresaeigxa useful way of determining the
exposure of W20 to the solvent. Stern-Volmer paitlow acrylamide concentrations (O-
0.3 M) yielded linear plots with 4 values of 2.1 M (r*= 0.998) and 3.1 M (= 0.997)
for the wild-type and F51S proteins, respectivéfiggre 13). The K values obtained
indicated a similar exposure of W20 to solventtfer wild-type and F51S proteins.

4.2.10 Steadystate anisotropy studies

Steady-state anisotropy studies are useful in whténrg the mobility of the W20
residues at the domain-domain interface. Anisotrepjues of 0.10 and 0.11 were
obtained for the F51S and wild-type protein, refigely. This study, therefore, indicated
similar mobilities for W20 in the F51S and wild-g/proteins.

4.3 Ureainduced equilibrium unfolding of the wild-type and F51S proteins

4.3.1 Reversibility studies

Fluorescence spectroscopy was employed as a saligwobe to determine the

reversibility of the urea-induced equilibrium urdolg reaction. A ten-fold dilution of the

unfolded protein was allowed to refold. The refalderotein exhibited an emission

maximum at 325 nm. The fluorescence intensity ef risfolded sample was similar to
that of the native sample. The F51S protein yield€5% reversibility as monitored by

W20 fluorescence. Due to the low specific activitly the F51S protein, it was not

possible to use enzyme activity as a functionaberdNo evidence of aggregation was
observed. A high refolding recovery is essentiat the characterisation of the
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Figure 12. The effect of glutathione on the binding of theoaic ligand
ANS, to the wild-type (filled red circles) and F5X8lled blue circles
hGSTA1-1 proteins. ANS was selectively excited &0 3am and tF

wavelength emission maximum was monitored at 475 nm
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Figure 12. Stern-Volmer plots for the quenching of intrinsigptophan 20
fluorescence. Theild-type and F51S proteins are represented asifihlue
triangles and filled red circles, respectively. &hd F are the fluorescence

intensities in the absence and the presence obatide, respectively.

69



equilibrium unfolding transition. High recoveriesave also been reported for other
classes of cytosolic GSTs (Dirr and Reinemer, 1®bardt and Dirr, 1995; Kaplagt
al., 1997; Wallaceet al, 1998a, 1998b).

Far-UV CD unfolding of the F51S mutant in the prese of urea was monitored by
measuring the ellipticity at 222 nm at varying ureancentrations (Figure 14).
Fluorescence (monitored at 325 nm) and far-UV G222 nm) data indicated that there
was a simultaneous loss in tertiary and secondaugtaral content as the protein unfolds

in the presence of urea (Figure 14).

4.3.2 Proteinconcentration dependence of the unfolding transitio

In order to establish whether an unfolding progées$®/o-state, one has to determine if the
unfolding transition is protein-concentration depent (Bowie and Sauer, 1989; Neet
and Timm, 1994). The urea-induced equilibrium udifad transitions of the wild-type
and F51S proteins show a single sigmoidal transitiarve using W20 fluorescence as a
structural probe. Thegvalue is understood to represent the midpoinhefaquilibrium
unfolding transition region. Therefore, at this demant concentration 50% of the protein
molecules are in the native state and 50% areeimutiiolded/denatured state. In this way,
the Gy-value was determined to be 4.5 M and 4.1 M ureale wild-type and F51S
proteins, respectively. By varying the mutant piroteoncentration at a fixed ,Svalue
(4.1 M urea), it is observed that there is an iaseein protein stability with increasing
protein concentration (Figure 15). This resultnsagreement with a two-state model and
can be described as a bimolecular refolding andnalsly reaction. It is now possible to
estimate the conformational stability parameterse G@nay describe the equilibrium
unfolding reaction of a dimeric protein using orfetw@o models. The models are based
on the relative stability of the native folded dmm@l,), the native-like dimer (M) (or
intermediate) and unfolded monomer (U).
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Figure 14. Fluorescence and far-UV circular dichroism unfoidiof F51¢
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Figure 1E. Protein-concentration dependence of the stabilityhe F51:
protein. Various concentrations of F51S proteinevgrcubated in 4 M
urea (the G-value for 2uM F51S mutant protein). The fluorescence
intensity was measured at 325 nm (folded proteirg 355 nm (unfolded
protein) (excitation wavelength = 295 nm). The agabf F355/F325

represents the ratio of unfolded to folded protein.
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The first model describes a three-state pathwayh@munfolding and dissociation of the
native dimer into two structured native-like monaméefore unfolding completely to
yield two unfolded monomers:

K1 K2
N, = 2M = 2U

where Ky =[M]?/ [N,] and K, = [U] / [M]. The equilibrium constants K and K refer

to the bimolecular and unimolecular reactions, eesipely.

The second model describes the native folded demerthe unfolded monomer. Only
these two species are significantly populated atlibgum:

Ky
N, = 2U

where K; = [U]%[N3]. Here, K represents the equilibrium constant for the bimmaler
reaction of the dimeric protein. Therefore, inspmttof the above models reveals that
only K ; for the dimeric protein is able to describe a tieacthat is protein-concentration

dependent (i.e., a bimolecular reaction).

4.3.3 Analysis of the equilibrium unfolding transiion and interpretation of
AG(H,0) and m-value

The urea-induced equilibrium unfolding of the wilgpe and F51S proteins were
monitored using the proteins intrinsic tryptophdnofescence as a structural probe

(Figure 16). Datafitting was performedaccordingto a two-statemodel and the free
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Figure 16. Urea-induced equilibrium unfolding efild-type and F51S hGSTAL1-1. T
conformational stability of each protein was deteed by monitoring the change
W20 fluorescence in the presence of ureuM protein concentration was used. The
unfolding curves of thevild-type and F51S proteins are shown as filledebiiangle
and filled red circles, respectively. The ratio B855/F325 represents the ratio

unfolded to folded protein, respectively.
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energy change in the absence of denatud@{H,O)) was estimated according to the
linear extrapolation method of Paggal, (1989). In this way, the relative conformational
stability of the wild-type and F51S proteins coute compared. Fitting of the

experimental data yielded &G(H,O) of 16.8 kcal/mol for the F51S protein. This is

significantly different from the wild-type value &f7.5 kcal/mol.

The mvalue is related to the difference in solvent-asdde surface between the
unfolded and native states (Soulages, 1998). Thlgevis also indicative of the co-
operativity of the non-covalent interactions reqdito maintain the native state. It is
proportional to the amount of additional surfaceaaexposed upon denaturatid#y =

Ay - An where AA is the amount of additional surface area, &8 the surface area
exposed in the denatured state angdié\ the surface area exposed in the native state
(Schellman, 1978). Apart from the difference in foomational stability between the
wild-type and F51S proteins, the mutant proteim &shibited a much broader unfolding
transition (indicated bynvalues) when compared to the wild-type proteine frhvalue
was 4.2 kcal/mol/M and 2.1 kcal/mol/M for wild-tyed F51S proteins, respectively. A
reducedm-value value can be interpreted in different walysstly, it may represent
differences in the exposed surface area of thevenaiir denatured state. It may also
describe a significant decrease in the responssgetethe denaturant of the reaction to
proceed to equilibrium between folded dimer andolddd monomer (Shortle, 1995;
1996). Secondly, a reducedvalue may explain a deviation from two-state béba A
reducedm-value would be observed if an intermediate statd wignificantly high
conformational stability was present in the unfolitransition. In this case, the
unfolding transition would be broader and a lowerad/alue would be observed.
Thirdly, the mvalue reflects the changes in the interactionshef denaturant with the
protein molecules in the denatured state (ArakawkTamasheff, 1984).

ANS binding to the native wild-type and F51S pmogeindicate enhanced exposure of

hydrophobic surface area in the F51S protein. Thezeit is possible that the initial state

of the mutant protein prior to unfolding has a &rgolvent-accessible surface area than
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the wild-type protein. The protein-concentrationpeledence of the unfolding data
suggests the presence of (a) highly populated dimsate(s) in equilibrium with
unfolded monomer within the urea unfolding tramsiti In the class alpha GST, there
have been no reports of stable structured monometgrmediates although there is
evidence of the existence of a transient dimeriolding intermediate (Wallacet al,
1998b) as well as transient native-like monomeoidihg intermediates (Wallace and
Dirr, 1999). Stable structured monomeric intermexfichave been detected in the GSTs
from Proteus mirabilis (Sacchetteet al, 1993). It has also recently been shown that
stable monomeric intermediates exist in the unfgdpathway of the rat class mu
isoenzymes (rGSTM1-1 and rGSTM2-2) (Hornél al, 2000). A study of the squid
GSTS1-1 indicated the presence of both monomewdcdameric intermediates (Stevens
et al, 1998). However, GSTs from the class alpha, Ji®)26GST are all consistent with
the existence of a highly co-operative, concerteotstate equilibrium unfolding model
(Wallaceet al, 1998b; Erhardt and Dirr, 1995; Kaplanhal, 1997).

4.4 Discussion

Studies using mammalian GSTs (Dirr and Reineme®l11%rhardt and Dirr, 1995;
Wallaceet al, 1998a, 1998b) and GST from the paraSithistosoma japonicuiKaplan
et al, 1997) showed that intersubunit interactions ttuie a major source of
stabilisation not only for subunit association lalgo for the tertiary structures of the

individual subunits.

In this study, the lock-and-key motif residue inman GSTA1-1, phenylalanine 51 was
replaced with serine. The results demonstratedttteaF51S protein is dimeric indicating
that phenylalanine at the subunit interface isesstential for dimerisation to occur. The
evolutionary precursors of the class alpha GSTsscEgma and theta, which lack this
structural motif also form functional dimers (Armmig, 1997). The replacement of
phenylalanine with serine did not appear to indang gross structural changes in the

secondary structure of the protein. No changeslaserved at the domain I-domain Il
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interface (i.e., environment of W20). This resicdigzves as a sensitive reporter for any

changes that occur at the domain interface witienstubunit.

The F51S mutation did, however, affect the funatigrof the protein. Although the core
structure of the protein remained unaffected, deytistructural changes have occurred
at/near the active site of the protein. The mutatitso affected the non-substrate ligand-
binding site of the protein. The fact that the Fi8tein bound th&-hexylglutathione
affinity column very weakly was further evidence aftructurally compromised active
site. Kinetics data indicated that both the G- &hslites were affected by the mutation;
the G-site being disrupted to a greater extent thanH-site. F51 is located on a loop
connectinga-helix 2 andp-strand 3 of domain |. Both secondary structuraleti®s as
well as the elements of the loop form part of theit®. Arg44 ina-helix 2 forms a salt
bridge with the glycine moiety of reduced glutatiecand a pair of antiparallgtstrand
hydrogen bonds from between the backbone of glata¢hand its cysteinyl moiety and
the protein backbone at Val54 (Sinnieg al, 1993). Val54 precedes an invarians-
Pro55 motif at the N-terminus @fstrand 3. Helix 2 makes tertiary contacts withhel
located at the C-terminus of the Al polypeptiden($ig et al, 1993; Cameromt al,
1995). Helix 9 is a unique dynamic structural motiserved in the class alpha GST and
forms part of the H-site for electrophilic substst(Boardet al, 1991). A similar
mutation in the class mu enzyme (M1-1) indicateat the function of the enzyme has
been compromised despite the absence helix 9 aCtterminus of the enzyme (J.
Hornby, unpublished data). Therefore, it appeaas the F51S mutation in hGSTA1-1
affects the functioning of the enzyme by disordgrine 33 strand leading ta@isPro55

thereby disrupting the active site of the enzyme.

F51 at the subunit interface also impacts on thdibg of the non-substrate ligand ANS.
This anionic dye binds an amphipathic region atdineer interface (Sluis-Cremet al,
1996) that is similar to that of aflatoxin B1 (StCremeret al, 1998), 3-estradiol
disulfate (Barycki and Colman, 1997) and AEDANS (e et al, 1998b; Sluis-
Cremeret al, 1998). In the wild-type protein, the bindingtbé physiological substrate
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(glutathione) to the G-site, enhances the bindihdMS (Figure 12). The binding sites
for these ligands, therefore, do not overlap. Thsult is similar to that seen elsewhere
(Dirr and Wallace, 1999). This enhanced bindinge@ffis attributed to a glutathione-
induced immobilisation of helix 9 onto domain lalling the C-terminus of the GSTAL
polypeptide to contribute toward the ligandin diie ANS (Dirr and Wallace, 1999). In
the absence of glutathione, F51S binds more ANGB titva wild-type protein.

The F51S mutant also displays diminished conforomadi stability. The protein-
concentration dependence of the unfolding data estggthe presence of (a) highly
populated dimeric state(s) in equilibrium with ulkdi@d monomer within the urea
unfolding transition. The lock-and-key does stagilthe quaternary structure at the dimer
interface although it is not essential for dimei@a to occur. Possible reasons for a
reducedmvalue have been given in section 4.3.3. ANS bigdm the native wild-type
(wavelength emission maximum at 480 nm) and F5l&v¢@ength emission maximum at
473 nm) proteins confirmed the existence of enhdwecgosure of hydrophobic surface
area in the mutant. Therefore, it is reasonabBuggest that the initial state of the mutant
protein (native-like dimeric species) prior to thefolding event has a larger solvent-
accessible surface area than the wild-type profEhe loweredmvalue of the mutant
could be indicative of the smaller change in sohwamstessible surface upon total
unfolding. In F51S, the protein-concentration dejsrte of the unfolding data suggests
the presence of (a) highly populated dimeric state{ equilibrium with the unfolded

monomer within the unfolding transition.

4.5 Conclusion

F51 located at the subunit interface was replacéd serine. The mutation resulted in a
decreased catalytic activity, which indicated thihe mutant protein contained a
structurally compromised active site. Kinetics datanfirmed that the G-site was
disrupted to a greater extent than the H-site. hation also affected the ligandin
function of the protein because F51S binds more ANS the wild-type protein. The

F51S protein displays a reduced conformationalilgtablhe lock-and-key motif at the
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subunit interface is, therefore, not essentialdionerisation to occur but it does stabilise

the quaternary structure at the dimer interface.
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CHAPTER 5
THE ROLE OF PHENYLALANINE 221 IN THE LIGANDIN FUNCT ION OF
HUMAN GLUTATHIONE TRANSFERASE A1l-1

5.1 The Gterminal of helix 9

The cytosolic GSTs exist as stable dimers. Thegladle a highly conserved archetypical
fold. The dimeric structure of GSTs consists of tewbunits and each subunit is
composed of two structurally distinct domains. TReerminal domain contributes
towards the formation of the glutathione-bindintg giG-site). The C-terminal domain as
well as elements from the N-terminal domain forine hydrophobic substrate-binding
site (H-site). The G-sites of all the GST classes r@markably similar whereas the
greatest differences exist in the H-site of thesetgins. The GSTs exhibit ~ 75%
sequence homology within a class and about 20-368&den classes (Camerenh al,
1995).

Comparison of the crystal structures from represterds of the various GST gene classes
reveals a unique structural feature at the C-teumiof the class alpha GST. The C-
terminus end consists of an amphipatbibelix (helix 9) which is able to fold onto
domain | (Sinninget al, 1993; Cameroret al, 1995). Although helix 9 is not essential
for catalysis (Board and Mannervik, 1991), it dpésy a role in the specificity towards
the binding of hydrophobic (H-site) ligands. Dueth® amphipathic character of this
helix, the hydrophobic residues that are locatedthen interior of helix 9 stack onto
domain | thereby contributing towards the H-sitetHis way, a highly hydrophobic wall
is formed for the electrophile-binding pocket. Thaguctural arrangement serves to
restrict accessibility of the H-site from surroumglisolvent. The highly hydrophobic
character of the H-site is also due, in part, te gnesence of two highly conserved
phenylalanine residues (F219 and F221) from thix k8Inninget al., 1993).

In the crystal structure of hGSTA1-1 in complexw&benzylglutathione (see Figure 1

A), the benzyl group of the ligand is located ibiading site formed by three regions of
the enzyme: (1) The N-terminus ol (Phe9, Alall, Argl2, Glyl3 and Argl4); (2) The
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C-terminus ofa4 (Leul06, Leul07, Prol09, Valll0 and the siderclb&iGlul03 salt
linking to Argl4), and (3) the contribution of fouesidues from helix 9 (Leu212,
Ala215, Phe219 and Phe221). This structural arraege results in a highly hydrophobic
indentation in the protein surface that in the abseof substrate is completely open to
solvent on one side (Sinnimg al, 1993).

The side chain of F221 is also in van der Waaldamirwith the ethacrynic acid moiety
in the hGSTA1-1 crystal structure in complex witihaerynic acid and its glutathione
conjugate (Cameroet al, 1995). When helix 9 becomes immobilised onto dionh due
to the binding of active-site ligands, the C-teratiresidue of the Al polypeptide chain
(F221) becomes located close to the cleft at theedinterface. It is also evident from
crystal structure data that the side chain of F@&itacts the side chain of Val110 from
domain Il (Cameroret al, 1995). Together they could form a hydrophobid| wat
contributes towards the hydrophobic nature of thsitkl in the presence of active site
ligands (Figure 17). It is possible that F221 cidmites toward the formation of a higher
affinity non-substrate site at the dimer interfatespection of crystal structure data
suggests that there are five residues within 4 AF®21. They are Vall110, Leu212,
Ala215, Arg216 and Phe219. Four of these residuesi12, Ala215, Arg216 and
Phe219) are located in helix 9 with the exceptibWal110, which is located in domain 1.
Figure 18A is a representation of the binding emwvinent € 4 A) of F221 at the C-

terminus. In Figure 18B, F221 has been removed tr@rC-terminus.

In this study, F221 (the C-terminal residue) wageted for deletion in hGSTA1-1. The
impact that this deletion will have on the flexityilof the C-terminal helix 9 as well as

the non-substrate ligand binding function of theSf@1-1 will be assessed.
5.2 Physicochemical properties of the wildype and F221del proteins

5.2.1 Identification of F221del mutant plasmid DNA

The strategy for mutant selection was the ideratifan of the incorporation of Agl I
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Helix 9

Figure 17. A ball-and-stick representation of the C-terminavieonment in
human GSTA1-1. The grey ribbon structure represéetsx 9 at the C-
terminus (residues K210 to F219). The ball-andkssicuctures in the figure
represent: the active site ligartsthbenzylglutathione (black), F219 (violet),
R220 (green), F221 (red) and Y8 (yellow).
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Figure 18. Space-filled representation of the environment of F221 at the C-
terminus of helix 9 in human GSTA1-1. (A) The residues located within 4 A
of F221 (green). (B) The same as in (A) except that F221 (green) has been
removed to indicate the hydrophobic environment at the C-terminus. The C-
terminal helix 9 is shown in ball-and-stick (blue). The figure was generated

using Swiss-Pdb viewer.

83



site. Digestion of possible mutant plasmid DNA wilgl 1l would yield a linearised
fragment on a 1% agarose gel. The wild-type pladbiN\ would not have incorporated
the unique restriction site and, therefore, digestf wild-type DNA withBgl 1l would
be viewed as uncut DNA. In this way, the possibletant plasmid DNA could be
identified (Figure 19).

After selection of the possible mutant plasmid DNAe entire region coding for the

expression of the hGSTA1-1 protein was sequenceonifirm the presence of the F221
deletion and to ensure that no other spurious moaghad occurred. The relevant region
of the plasmid DNA incorporating the F221 deletaord the uniqu®gl Il restriction site

is indicated in Figure 20.

5.2.2 Overexpression and purification

The F221del protein was over-expresseét.ircoli cells and purified in the same manner
as the wild-type protein (section 3.4). The homeagtgrand purity of the F221del protein
was assessed by SDS-PAGE (Laemmli, 1970) (Figuyea2d SEC-HPLC (Figure 22),
respectively. In this way, the F221del protein viasnd to have a subunit molecular
mass of ~ 27 kDa and a dimeric molecular mass ®4 kDa. The mutation, therefore,

did not affect the quaternary structure of the g@rot

5.2.2.1 Specific activity of the wildtype and F22del proteins using the CDNB
conjugation assay

Assessment of the specific activity of an enzynmeeseas a tertiary structural probe. The
specific activity of the wild-type and F221del et was obtained using the standard
CDNB-conjugating assay described under sectionl3.6omparable specific activity
values of 52umol/min/mg and 54umol/min/mg were obtained for the wild-type and

F221delproteins,respectively.This indicatesthat the deletionof F221 from the C-
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Figure 19 ldentification of the F221del mutant plasmid DNA a 1%
agarose gel. Lanes 1 and 5 represddNA marker digested withPst I.
Lanes 2, 3 and 4 represent three possible mutastmod DNA products
linearised with the diagnostic restriction enzyBw Il. Lanes 6 and 7 show
the linearised wild-type DNA product generated upayestion withPvu |
andSacl, respectively. Lanes 8 and 9 represent the uiocats of the wild-

type and one of the possible mutants (lane 4) ecsely.
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5" GG AAG ATT TTC AGG TTT TAA TAA CGC AGT CAT GG 3'
\ \
5" GG AAG ATC TTC AGG TAA TAA TAA CGC AGT CAT GG 3’

f

'k"W f““"l’

A | bt iy fﬂl N
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Figure 20. (A) A region of the wild-type nucleotide sequence showing the
location of F221 (codon = TTT) that was targeted for deletion. The F221

codon was replaced with TAA that incorporated a stop signal at F221
thereby effectively truncating the hucleotide sequence at this position. A
translationally silent mutation was also engineered into the mutagenic
oligonucleotide primer. In this way, Ile218 (codon = ATT) was replaced by
ATC. This alteration caused the introduction of a unique restriction site for

the restriction enzyme Bg/ 11 (AG_ATC T) that would be utilised for

identification of the mutant plasmid DNA during screening. (B) A segment
of the nucleotide sequences obtained from DNA sequencing. The presence
of the stop codon at F221 (TAA) as well as the novel Bg/ Il diagnostic
restriction site (AG ATC T) are indicated in boxes.
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27 kDa

Figure 21. SDS-PAGE of the purified F221del hGSTA1-1. Lane 1 shows
the wild-type hGSTAI1-1 purified using CM-Sephadex cation exchange
chromatography. Lane 2, wild-type hGSTAI-1 purified using S-
hexylglutathione affinity chromatography. Lanes 3 and 4 represent the
F221del protein purified using S-hexylglutathione affinity chromatography.
Lanes 5 and 6 represent the soluble and insoluble fractions of F221del
hGSTAI1-1, respectively. The wild-type hGSTA1-1 protein was used as a

marker and the subunit molecular mass is shown (27 kDa).
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Absorbance at 280 nm

Retention time (minutes)

Figure 22. SEC-HPLC elution profile of the purified F221deGSTAL-1
protein. X in the figure denotes the position ¢ #221del protein.
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terminus of helix 9 does not adversely affect tinectioning of the enzyme and that no

tertiary structural changes have occurred at/rreardgion of the active site.

5.2.2.2 Glutathione peroxidase activity of the wildype and F221del proteins using
cumene hydroperoxide

The specific activities of the wild-type and F22lldeoteins were determined using the
cumene hydroperoxide assay system. The wild-typd B221del proteins displayed
peroxidase activity towards cumene hydroperoxidthassubstrate. The specific activity
was calculated as 9#40.2 umol/min/mg and 10.& 0.2 umol/min/mg for the wild-type
and F221del proteins, respectively. These valuegpeoe very well with the previously
published value of 1Amol/min/mg for the wild-type hGSTA1-1 protein (Sbemget al,
1991).

The specific activities obtained for F221del hGSTAlwith either the CDNB-
conjugating assay or the cumene hydroperoxide asgstgm are comparable to that of
the wild-type hGSTA1-1 protein. These results aonfthat the mutation does not affect

the enzymatic properties of the enzyme.

5.2.3 Fluorescence spectral properties of the witype and F221del proteins

The lone tryptophan residue (W20) was selectivedgited at 295 nm. The emission

spectra obtained indicated that both the wild-tgpe F221del mutant proteins have an
emission maximum at 325 nm (native protein). Altjlouthe emission intensity of

F221del protein is slightly reduced (Figure 23g\tlare very similar. Spectral analysis,
therefore, suggests that the overall tertiary stmec as well as the polarity of the

environment of W20 in the F221del protein is ungexhby the deletion. In this way,

W20 could serve as a local reporter of any strattcihanges occurring at the domain I-
domain Il interface of the F221del protein.

5.2.4 FarUV circular dichroism

The overall secondary structural content of thelwype and F221del proteins are highly
comparable as can be seen from the characteregjatinve peaks at 222 nm and 208 nm,
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Figure 23 Spectral characterisation of wild-type and F221d&STA1-1. Thewild-type
and F221del proteins are represented as solidrédkue lines, respectively. The I
tryptophan residue of either protein was selegfieaicited at 295 nm and the waveler
emission spectra were monitored. The wavelengtisssom maxima are @25 nm (A
for the native folded proteins in the absence efuiThe wavelength emission max

are at 355 nm (B) for the unfolded proteins inphesence of 8 M urea.
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Figure 24. Far-UV circular dichroism spectra for the wildsty (red) an
F221del (blue) hGSTAl-1 proteins. (A) The far-UVrcalar dichroisr
spectra ofwild-type and F221del hGSTAL1-1 in the absence @auf.e.
native folded protein). (B) The far-UV circular dimism spectra of wild-
type and F221del hGSTA1-1 in the presence of 8 BhUi.e., unfolde
protein). The experimental conditions wereu®l protein (wild-type o
F221del) in 20 mM sodium phosphate buffer, pH &&ntaining 0.1 N

NaCl in the absence (A) and presence of 8 M urgi
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respectively (Figure 24). Therefore, the deletidn F221 from the C-terminus of
hGSTA1-1 does not disrupt the secondary structumatent of the protein.

5.2.5 ANS binding to the wildtype and F221del proteins

ANS is an anionic dye that binds a site at the dimterface of hGSTA1-1 (Sluis-Cremer
et al, 1996; Sluis-Cremeet al, 1998). ANS is extremely effective in monitoritige
appearance/disappearance of hydrophobic surfaceprateins that are undergoing
structural changes. In the absence of protein @@ uM ANS in protein storage buffer
alone), ANS exhibits an emission maximum at 540 (dimect ANS excitation at 390
nm). When ANS is bound to protein, the emissiorcspen is blue-shifted to 480 nm for
the wild-type and F221del proteins (Figure 25). Bipectra indicate the differences in
emission intensity at 475 and 480 nm for the wylpet and F221del proteins,
respectively. The wild-type protein exhibits an anted ANS fluorescence which is ~
1.6 times greater than the F221del protein. A coiepa between the two proteins
reveals that the emission maximum wavelength resnainchanged. This result,
therefore, indicates that there is no significaffetence in exposed hydrophobic surface
area between the wild-type and F221del proteirn®atih the ANS-binding capacity is
diminished in the F221del protein. The decreasgohasy of ANS binding to the
F221del mutant may indicate decreased hydrophglo€ithe ANS binding environment.

This will be dealt with later in the Discussion sec (Section 5.4).

5.2.6 The dissociation constant for ANS

The affinity of each of the proteins for the anmrmdye ANS was measured using
fluorescence quenching and enhancement technigBgs.means of fluorescence
enhancement, dissociation constanf) alues of 10.% 0.9uM and 11.6t 0.8uM ANS
were obtained for the wild-type and F221del praeirespectively (Figure 26). These
values are comparable and indicate that the F22dmdé¢¢in binds ANS with a similar
affinity to that of the wild-type protein. There&rdeletion of F221del from the C-
terminus of hGSTAL-1 causes the protein to bind A& a similar affinity but reduced

capacity (see Section 5.2.5).
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Figure 25. Emission spectra of ANS binding wild-type and F221d
hGSTA1-1. 100uM ANS was added to M wild-type and F221d
protein. ANS was selectively excited at 390 nm ahd wavelengt
emission spectra were monitored. The spectra of ANM8ing towild-type
and F221del proteins are represented as solid redl lHue lines
respectively. The above spectra were correctedhircontribution due

free unbound ANS in buffer (solid green line).
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Figure 26. Determination of the dissociation constang)for ANS. The
fluorescence enhancement technique was used tonile¢ethe Ky for the
wild-type and F221del proteins, respectively.



5.2.7 The effect of urea on the binding of ANS inhe presence and absence @f
bromobenzylglutathione

ANS is a widely used hydrophobic probe that mosittire conformational changes in
protein molecules during folding/unfolding studigshardtet al, 1995; Wallaceet al,
1998a; Stevenst al, 1998). ANS has been shown not to affect theilgtabf the wild-
type hGSTAL1-1 protein implying that this fluorestedye does not affect the
conformation of the protein (Wallae al., 1998a).

The effect of urea on the binding of ANS to thedatype hGSTA1-1, helix 9 deletion
mutant as well as the F219W mutant has already Heeronstrated (Dirr and Wallace,
1999). This type of assay is extremely useful gseasing the conformational dynamics of
helix 9 (Figure 27). Essentially, ANS binding toetlabove proteins was monitored
between 1 and 4 M urea concentrations in the alesamd presence of active site ligands.
This is also the urea concentration region cornedjmg to the fluorescence pre-transition
region baseline for wild-type and F221del protdifgure 28) as well as the initial urea-
induced deactivation of hGSTA1-1 (Dirr and Walla@®99). Therefore, the extent of

helix 9 flexibility is easily monitored in this coantration range.

The effect of urea on the binding of ANS to thedatype and F221del proteins was
studied in the presence and absence of the adtevéigand, p-bromobenzylglutathione.
The range of urea concentrations used in this stumyesponds to the region of the

fluorescence pre-transition baseline as observéture 28.

5.2.7.1 ANS binding in the absence @kbromobenzylglutathione

Figure 27A demonstrates that ANS binding to thedwype hGSTA1-1 protein is
enhanced in the absence of the active site liglitoch(0-4 M urea). There also appears to
be a very dramatic decrease in ANS fluorescenensitly in the uncomplexed wild-type
protein from 4.5-5.5 M urea. The F221del proteirhibks enhanced ANS binding
behaviour at lower urea concentrations than thel-typhe protein (Figure 27B). ANS
binding to the uncomplexed mutant protein is ggediiminished from 3.5 M urea. This

effect has been observed previously (section 5.2.5)
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Figure 27. ANS binding to wild-type (A) and F221del (B) hGS&I-1 in the presence of
urea. The wild-type and F221del proteins are regmtesl as filled circles (A) and filled

triangles (B), respectively. ANS was selectivelycieed at 390 nm and the emission

wavelength maximum was monitored at 475 nm in tieeace of any ligand (black filled

symbols), as well as the presence of 200 p-bromobenzylglutathione (A, filled blue

circles and B, filled blue triangles). Experimentainditions were: UM protein dimer

and 100uM ANS in 20 mM sodium phosphate buffer, pH 6.5. Tago, F/Fo, represents

ANS fluorescence monitored in the presence (F)aosgnce of ligand (Fo).
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Figure 2€. Urea-induced equilibrium unfolding of wild-typencéh F221del

hGSTA1-1. The conformational stability of each piotwas determined

monitoring the change in fluorescence of tryptopB&anin the presence

urea. Protein concentration =uM. The unfolding curves of the wild-ty

and F221del proteins are represented as filled tolargles and filled red
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5.2.7.2 ANS binding in the presence gd-bromobenzylglutathione

The enhanced ANS binding ability that is observethe uncomplexed wild-type protein
is almost completely lost whgrbromobenzylglutathione is present. ANS does netha
the ability to bind the wild-type protein at loweaar concentrations. An increase in ANS
fluorescence intensity for the wild-type protein observed from 0-4 M urea but
diminishes at higher urea concentrations as théejoraunfolds (Figure 27A). The
F221del mutant and the wild-type protein exhib& #ame ANS binding behaviour when
p-bromobenzylglutathione is complexed at the acsite (Figures 27A and B). The
enhanced ANS binding effect diminishes from 4.5 Maufor both the wild-type and
F221del proteins.

The result obtained for the F221del mutant in #tigly is very similar to that obtained in
another study by Dirr and Wallace (1999). In thadyg, the F219W mutant also binds
ANS at lower urea concentrations when compareceowild-type protein. When the

F219W mutant protein is complexed wigabromobenzylglutathione, ANS binding is
reduced at lower urea concentrations but not athigber urea concentrations. ANS
binding to the F219W mutant diminishes beyond 4rglauas the mutant protein unfolds.
In the F219W mutant, the enhanced ANS binding biel@a\at lower urea concentrations
suggests a weaker association of helix 9 with darhaf the protein (i.e., helix 9 is more
mobile or less “ordered”) (Dirr and Wallace, 1999).

5.3 Ureainduced equilibrium unfolding of the F221del mutantprotein

5.3.1 Reversibility studies

Fluorescence spectroscopy was utilised as a stalcfwobe in order to study the
reversibility process. The lone tryptophan emissspectrum (excitation at 295 nm) of
the native folded F221del mutant protein has anssimm maximum at 325 nm. The
tryptophan emission maximum is red-shifted to 385 for the denatured protein. The
emission maximum wavelength observed for the F22pdetein in the native and

denatured states is identical to that of the wyjokt protein. The percentage reversibility
of the mutant protein as assessed by the regamiasion fluorescence intensity at 325

nm was greater than 95%.
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5.3.2 Dependence of unfolding transition on protektoncentration

The urea-induced equilibrium unfolding reactiorF@21del was monitored using steady-
state tryptophan florescence. Figure 28 shows that unfolding reaction proceeds
through a single sigmoidal transition. The singénsition suggests a two-state unfolding
process proceeding from a folded dimer to unfoleeshomer. Analysis of the sigmoidal
transition curve indicated that the unfolding tiéina for 1 uM F221del has a midpoint
at 4.4 M urea (the &value). The G-value compares very well with the wild-type
hGSTA1-1 value of 4.5 M urea determined previoy¥iallaceet al, 1998a; Sayedt
al., 2000). As mentioned previously (section 4.3@@tein-concentration dependence at
the midpoint of the protein unfolding transitione(i the G-value) using tryptophan

fluorescence is indicative of a two-state unfoldiagction (Neet and Timm, 1994).

Varying concentrations of F221del protein (Q81) were incubated with 4.4 M urea
(Cp-value) and the intrinsic tryptophan emission maximof the protein was monitored
at 325 nm and 355 nm for the folded and unfoldedfaronations, respectively
(tryptophan excitation wavelength = 295 nm). Figk®eshows that there is an increase in
protein stability with increasing protein concetiba. This result is consistent with a
two-state model that defines the unfolding/refofpiraction as:

K1
N, = 2U

where the equilibrium constant & [U]?/ [N2]. This result is evidence that the deletion
of F221 from the C-terminus of helix 9 does not aopon the two-state equilibrium
unfolding/refolding process.

5.3.3 Analysis of the equilibrium unfolding transiion and interpretation of the
AG(H,0) and m-value

Figure 28 shows the urea-induced equilibrium unfgldransition of the wild-type and
F221del protein in the presence of urea. Analysishe equilibrium unfolding data

indicated that both proteins fit a two-state modehis pre-requisite enables one to
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Figure 29. Protein-concentration dependence of the stabdityF221del hGSTA1-1.
Varying concentrations of F221del protein were ated in 4.4 M urea (thep,Sralue
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fluorescence intensity was measured at 325 nmégdblatotein) and 355 nm (unfolded
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estimate theAG(H,O) (i.e., the free energy change in the absenaeéturant) as well
as the difference in solvent-accessible surfaca laeéween the native and unfolded states
(mvalue) (Schellman, 1978; Shortle, 1995). A comgaari of the values obtained for
these two parameters for a wild-type and mutantepraallows one to assess the role of
certain residues and interactions in the structuré stability of a protein (Matthews,
1995; Shortle, 1995). Neet and Timm (1994) haveedtshat a linear correlation exists
between the number of amino acid residues in theomer (N) and the value of the
AG(H0) using the equatioddG(H,O) = 8.8 + 0.08 N. The calculatéds(H,0) values
are 26.5 kcal/mol and 26.4 kcal/mol for the wilgpdyand F221del proteins, respectively.
This value correlates the tertiary/quaternary $isaion with the size of the dimer. The
experimentally determinefG(H,O) values are 26.6 kcal/mol and 28.2 kcal/mol fa t
wild-type and F221del proteins, respectively. Tlaige stabilisation energy is common
to the GSTs studied thus far (Dirr and Reineme®11®rhardt and Dirr, 1995; Kaplaat

al., 1997; Wallaceet al, 1998a). The large stabilisation energy of dimenrlated to the
intersubunit interactions and thus lends supporth® formation of oligomers. The
magnitude of the conformational stability is rethte the size of the polypeptide in the
subunit and depends upon the type of structurbarstubunit interface (Neet and Timm,
1994). A good correlation of th&G(H,O) values for both proteins exists between the
experimentally determined values as well as th@deutated from the above equation.
The conformational stability of the F221del mutarten compared to that of the wild-

type protein indicates the non-disruptive naturéhefdeletion mutation.

According to Myerset al. (1995), the theoreticah-value can be estimated by relating the
amount of surface area buried with the number oinanacid residues. This can be
expressed by the equatiom: = 374 + 0.114ASA), whereAASA is the change in the
solvent-accessible surface area upon unfolding.CHamge in solvent-accessible surface
area is calculated as followAASA = -907 + 93(N) where N represents the number of
amino acid residues in the dimeric proteéWASA for the dimeric wild-type and F221del
proteins are, therefore, calculated as 40199 ald 40013 A respectively. The
theoreticaim-values are 4.79 kcal/mol/M urea and 4.78 kcal/Malfea for the wild-type

and F221del proteins, respectively. The experinligntieterminedm-values were 4.16
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kcal/mol/M and 4.43 kcal/mol/M for the wild-type @fr221del proteins, respectively. It
appears, therefore, that there is strong agreebenteen then-values obtained for the
wild-type and mutant proteins both theoretically axperimentally. As pointed out by
Myers et al, (1995), there is also a strong correlation betwéhe m-value and the
amount of accessible surface area upon unfoldiigs fias also been found with heat
capacity changes. Therefore, for proteins undeggogimple two-state unfolding
behaviour, theAASA is the main structural determinant for both thevalue andAC,.
The similarity in them-values for the wild-type and mutant protein sud¢gésat there is
no/very little difference in the solvent-accessibleface area between the two proteins.
Both proteins indicate a highly co-operative twatstunfolding process with a high
degree of co-operativity between the non-covaleméractions stabilising the folded
state. Therefore, deletion of F221 from the C-teusiof helix 9 does not impact on the
conformational stability and accessible surface afehe protein.

5.4 Discussion

It is clear from crystal structure data that thghal class GSTs alone possesses a unique
secondary structural element, helix 9, at the @ieus of the protein. This helix has
been the subject of very intensive research witbpeet to catalytic (Board and
Mannervik, 1991; Gustafssat al, 1999; Allardyceet al, 1999; Nieslanik and Atkins,
2000) and ligandin function and conformational Biybstudies (Dirr and Wallace,
1999). This helix is not essential for catalyti¢iety but it is a structural determinant for
the specificity toward hydrophobic electrophiles.the presence of active site ligands,
helix 9 packs onto domain | and becomes an intqgagl of the H-site thus providing a
highly hydrophobic environment for the electroptbieding pocket. In this way, the H-
site is protected from the bulk solvent. It hasrbeseggested that helix 9 contributes
towards the ionisation of Y8 in the rat GSTA1-1Kias et al, 1997). Y8 is a conserved
catalytic residue that is required for the actwatiof the thiol group of reduced

glutathione.

In the present study, SEC-HPLC data suggests headeletion of F221 from the C-
terminus of hGSTAL1-1 does not affect the quatersémycture of the protein. The far-Uv
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circular dichroism spectra are highly comparabléveen the wild-type and F221del
proteins. The mutant protein displays two elligticminima at 208 nm and 222 nm,
respectively. The removal of F221, therefore, doesdisrupt the secondary structural
content of the protein. Helix 9 alone contributes% toward the total helical content of
the protein and has not been found to impact orséoendary structural content of the
helix 9 deletion mutant (Dirr and Wallace, 1999heTsensitivity of CD does not allow

for the observation of a 4.5% reduction in CD slgna

Fluorescence spectral data indicated that theidelef F221 does not impact on the
tertiary structure of the protein. W20 is a semsiprobe for any changes that occur at the
domain interface. The polarity of the environmeh¥\20 in F221del is unchanged when
compared to the wild-type protein. Therefore, macttral changes have occurred at/near

the domain I-domain Il interface of the mutant prot

The non-disruptive nature of the mutation with melgato the tertiary structure of the
protein was studied using enzyme activity as atfanal probe. Both the wild-type and
mutant proteins displayed similar enzyme activitvelsen using either the CDNB or
cumene hydroperoxide (peroxidase) assay method. rébelts demonstrate that the
active site (i.e., the G- and H-sites) of the F22Jatotein is not affected by the mutation
because a structurally competent active site igired for the enzyme to be catalytically

active.

The binding of the amphipathic dye ANS to protesesves as a very powerful probe for
monitoring the appearance/disappearance of stedtuydrophobic surfaces on proteins.
ANS exhibits a wavelength emission maximum at 540 in the absence of protein
(excitation wavelength = 390 nm), and the emissiaximum is blue-shifted to 480 nm
in the protein/ANS complex. The wild-type protexhéits an emission maximum at ~
475 nm whereas the mutant displays an emissionmariat 480 nm in the protein/ANS
complex. Therefore, there appears to be an increasgposure of hydrophobic surface
area in the F221del protein when compared to the-type protein. Interestingly, the

wild-type protein also binds ~ 1.6 times more ANfart the F221del mutant protein

103



(Figure 25). The Kvalues for ANS indicate that both proteins bind #mionic dye with
the same affinity (Figures 26A and B). The F22ldetant, however, binds ANS with a
reduced capacity (Figure 25). In the crystal strrecof wild-type hGSTA1-1 complexed
with Sbenzylglutathione (Sinningt al, 1993), the bulky side chain of F221 located at
the C-terminus of helix 9 becomes located clos¢hto V-shaped cleft at the subunit
interface. In the presence of active site ligariadix 9 becomes immobilised over the
active site thus effectively excluding the activie $rom bulk solvent. The result is the
formation of a highly hydrophobic environment foetbinding hydrophobic electrophilic
compounds at the H-site. Also, the side chain augons between F221 and Valll0
(from domain 1) could result in the formation ohgdrophobic wall for the ANS binding
site (Figure 18A). F221 contributes towards thenfation a highly hydrophobic region at
the C-terminus of the protein (Figure 18A and B).light of the results from an ITC
study of the binding interaction between ANS ang whid-type hGSTAL-1 protein (see
Chapter 6), we propose that this is also the rethahfunctions as an ANS binding site.
ITC studies indicated that one molecule of ANS aurid per protein monomer. The
binding of ANS to hGSTAL1-1 results in the reductminon-polar surface area exposed
to solvent. Therefore, the proposed ANS binding ®tthe region adjacent to domain |
that becomes buried when helix 9 is immobilisedsTéthe same region that contributes
to the formation of the highly hydrophobic enviroemh in the presence of F221 at the C-
terminus. Therefore, removal of F221 at the C-tausiof helix 9 could result in

lowering of the hydrophobic character of this regio

One of the structural features distinguishing thess alpha GST from the other GST
classes is the existence of a unique C-termindaahelix, helix 9. The mobility of helix
9 in the F221del protein was compared to the wjfgetprotein. The results indicated that
when the wild-type protein is complexed gebromobenzylglutathione, there is a great
reduction in the urea-induced exposure of hydrophsbrface area. This is explained by
the reduced ANS binding behaviour when the wildetywrotein is complexed to the
active site ligand. Helix 9 at the C-terminus, #fere, appears to be tightly bound to the
GST protein when the active site is occupied witad. An earlier study has

highlighted this behaviour for the wild-type hGSTAlenzyme (Dirr and Wallace,
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1999). In that study, the authors also found tledikI® is more tightly bound to the GST

protein withp-bromobenzylglutathione and glutathione than wittaerynic acid.

Crystallographic data has shown that helix 9 atG@hierminus is highly flexible in the
uncomplexed protein, and upon occupancy of thevactite, helix 9 becomes highly
ordered (Sinninget al, 1993). In contrast to this, a crystal structafdiuman GSTA4-4
showed the presence of a highly ordered and stecti@-terminal helix 9 in the absence

of any ligand (Brunet al, 1999).

The effect of urea on the exposure of hydrophobidase area in the uncomplexed
F221del mutant is very different from the wild-typeotein. Figure 27B shows that the
uncomplexed F221del mutant is capable of binding SAldt much lower urea

concentrations when compared to the wild-type mmotehis suggests that helix 9 at the
C-terminus is more flexible (or less ordered) ie #221del mutant than the wild-type
protein. Upon occupation of the active site wpbromobenzylglutathione, helix 9

appears to be more tightly associated with the #@Rfprotein in the complexed form
than it is in the uncomplexed form. In both prosginccupancy of the G- and H-sites,
with p-bromobenzylglutathione, immobilises helix 9 ovee tactive site of domain | thus
effectively shielding it from bulk solvent. Thereép F221 may be required for
controlling the dynamics of helix 9 at the C-terosrof hnGSTA1-1.

Recently, a study by Gustafssenhal (1999) showed that the rate of glutathione bigdin
to the hGSTAL-1 was modulated by the C-terminaixh@l The binding rate of GSH to
the wild-type hGSTA1-1 as well as different mutamtgpear to be linked to the
accessibility of the active site to solvent andyréfore, the flexibility of helix 9 at the C-
terminus. Interestingly, the rate of GSH bindinghe active site of class pi GSTP1-1 is
enhanced due to the accessibility of the activetsitbulk solvent because of the absence
of a C-terminal helix 9 in the class pi GSTP1-1.

Helix 9 is a unique structural feature at the Crieus of the class alpha enzymes.

However, the various GSTA1-1 isoforms display rediole differences both in residue
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content as well as the length of helix 9 at theef@ainus of the protein (Figure 30).
Inspection of the structures indicates that thegtlerof helix 9 as well as the helical
content will reflect the degree to which helix Soiglered at the C-terminus. The role of
various residues in helix 9 localisation at thee@rtinus were examined in rat GSTA1-1.
For example, a comparison of 1ev9 (W20F; singleami)tand lev4 (WZ20F/F219;
double mutant) in rat GSTA1-1 (Adma al, 2001) indicates that helix 9 in the double
mutant is much shorter and possibly more flexitiléha C-terminus of the protein than
the W20F mutant. This suggests a possible roleFt9 in helix localisation and
flexibility at the C-terminus. Possible reasonstfog decrease in helix 9 stability in these
mutants are also related to the substrate (3S@ed in the protein crystallisation
studies. It is interesting to note that the hum&ir&4-4 structure (Figure 30, 1gul and
1gum) possesses an ordered helix 9 at the C-tesmimuboth the complexedS{(2-
iodobenzyl) glutathione) and uncomplexed struct@Branset al, 1999). The GSTA1-1
isoforms, therefore, indicate that the degree olipancy (G-site, H-site, both or neither)
of the active site as well as the residues locatethe C-terminal of the protein will
determine the extent of helix 9 flexibility at tReterminus.

The protein-concentration dependence of the unigldiata for F221del suggests the
presence of a highly populated dimeric state inileguwm with unfolded monomer
within the urea unfolding transition. No signifitachanges in than-values were
obtained between the wild-type and F221del protefaslowered m-value usually
indicates a deviation from two-state pathway (P4686). Based on the similarvalues
for the wild-type and F221del proteins, it is rezsole to assume that the F221del mutant
follows a two-state unfolding/refolding pathway.elmagnitude of thervalue is also an

indication of the co-operative nature of the nomalent interactions that stabilise the
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GSTA1-1

1gUh E209 K 210 S 211 L 212 E 213 E 214 A 215 R 216 K217 I 218 F 219 R220 F221

1gse E209 K 210 S 211 L 212 E 213 E 214 A 215 R 216 K 217 I 218 F 219 R220 F221
1gSf E209 K21O S 211 L212 E 213 E 214 A 215 R 216 K 217 | 218 F 219 R220 F221
(K L B e R T

lev4 K21O (2211 | 212 E213 E214 A215 R216 K 217 I 218 Y219 K220 F221
lev9 K21O Q211 I 212 E213 E 214 A215 R216 K217 | 218 F219 K220 F221

1f 3a A209 K 210 Q211 I 212 Q213 E 214 A215 R216 K217 A218 F219 K220 | 221

1f 3b A209 K 210 Q211 I 212 Q213 E 214 A215 RZlG K 217 A218 F 219 K220 | 221

GSTA4- 4

1gU| E209 I 210 Y 211 \Vj 212 R 213 T214 \Vj 215 Y216 N 217 | 218 F219 R220 P221

1gum E209 I 210 Y 211 \Vj 212 R 213 T214 \Vj 215 Y216 N 217 | 218 F219 R220 P221

Figure 30. Schematic diagram of helix 9 at the C-terminad ®f various class alpha
GST isoforms. The bold underlined segments reptdbenresidues that are involved in
the formation of the C-terminal helix 9. The dashieeé (1gsd) indicates that helix 9 is
crystallographically “invisible” because of the aehse of clear electron density
information in the crystal structure. The positiasfsthe residues at the C-terminus are
indicated by superscripts. Depending on the isofdh®a N-terminal end is indicated by
E?*° A% or K*° and the C-terminal by?, 1°?* or P?>. The PDB accession codes are
indicated. 1guh, human GSTA1-1 complexed w#henzylglutathione (Sinningt al,
1993). 1gse, human GSTA1l-1 complexed with GSH-EAjugate (Cameroret al,
1995). 1gsf, human GSTA1-1 complexed with ethacryaid (EA) (Cameroret al,
1995). 1gsd, the apo-form of human GSTA1-1 (Cametoal, 1995). lev4, a double
mutant (W20F/F219Y) of the rat GSTAl-1 complexedthwglutathione sulfonate
(Admanet al, 2001). 1ev9, W20F mutant of rat GSTA1-1 comptexath glutathione
sulfonate (Admaret al, 2001). 1f3a; murine GSTA1-1 complexed with GSHu €t al,
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2000); 1f3b, murine GSTA1-1 complexed with the G&lRjlutathione conjugate (Gat
al., 2000). 1gul, human GSTA4-4 complexed wiR2-iodobenzyl) glutathione (Bruret
al., 1999) and 1gum, the apo-form of human GSTA4+#u(Bet al., 1999).
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native state.

One question that we may ask is whether the resilthhe AG(H,O) and m-value
obtained for F221del from a single physical methodld be affected by the presence of
an undetected intermediate. If the unfolding of wilkel-type protein is consistent with a
two-state unfolding process, a comparison of tisalte obtained between the wild-type
and mutant protein can answer this question. Toadisthe presence of an intermediate
one should observe no changes inrnhealue or a slight increase (see section 5.3.3 for
the mvalues). The presence of an intermediate will ghvaranslate into an
underestimation of thervalues for the N= U process. (Soulages, 1998). The urea-
induced equilibrium unfolding studies for F221 amnsistent with the two-state model
previously proposed for the wild-type hGSTAL1-1 (Veek et al, 1998b). Therefore,
F221 situated at the C-terminus of the protein dudsaffect the conformational stability
of hnGSTA1-1.

5.5 Conclusion

F221 is the last residue located at the C-termofuselix 9 of hGSTA1-1. The removal
of this residue does not affect the gross strutfumaperties of the protein because no
changes in secondary, tertiary and quaternarytsieievere observed. In addition, F221
is not required for catalysis nor does it impacttba conformational stability of the
protein. The deletion of F221 from the C-termind$hG@STA1-1 does, however, impact
on the ligandin function of the protein. The dedatmutant also exhibits a more mobile
C-terminal helix 9 than the wild-type protein. Tefre, a possible role for F221 is the
stabilisation of helix 9 at the C-terminus of hGSIFA
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Chapter 6

THERMODYNAMICS OF LIGAND BINDING TO HUMAN GLUTATHIO NE
TRANSFERASE Al1-1 USING ISOTHERMAL TITRATION CALORIMETRY

6. Glutathione and glutathione sulfonate binding towild-type and Y8F hGSTAZLX1

6.1 Role of Y8 in the catalytic mechanism of hGSTA1

The cytosolic GSTs are composed of two active spes dimer, which behave
independently of one another (Danielson and Manket®85). Each active site consists
of a highly specific site (G-site) for glutathiobending and a less specific hydrophobic
binding site for hydrophobic electrophilic subsésat(H-site). The lack of specificity
allows the GST enzymes to bind a variety of subss$rat the H-site. A conserved overall
active site core region is observed in the GSTEpB& motif in the cytosolic GSTs is
responsible for the recognition of tlyeglutamyl moiety of the glutathione tripeptide.
This structural element commences withcig-proline residue just befor@3 and
continues through th@3-helix and supplies hydrogen bonding partnersriatgnise the
amino and carboxylate groups at the chaatarbon of they-glutamyl residue. These
interactions involve two residues located in the tietween stranfl4 and then3-helix,

a glutamine/glutamate residue followed by a settmednine. Theis-prolyl residue that

precedes this region helps to conserve the ovetdlbf the domain (Armstrong, 1997).

An evolutionary conserved tyrosine residue (Tyrgss alpha; Tyr6, class mu; Tyr7,
classes pi and sigma) located in the G-site ha®s Isbewn to be essential for the
activation of glutathione in all the gene classesept the class theta enzymes. The class
theta enzymes have recruited a hydroxyl group feoserine residue located near the N-
terminus of the polypeptide to activate the sulfiyygroup of bound glutathione (Wilce
et al, 1995; Boarcet al, 1995). A key feature in the catalytic mechanisrthe lowering

of the pk; of the thiol of reduced glutathione from 9 in d@u to between 6 and 7 when
bound to the protein (Graminséi al, 1989a, 1989b; Liet al, 1992; Wanget al, 1992;
Konget al, 1992; Atkinset al, 1993).
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To date, the actual role of the tyrosyl hydroxybgp (classes alpha, mu, pi and sigma) at
the active site remains a matter of much debate. thWlo proposed mechanisms differ
over the position of the protons in the active .siihe question posed is whether the
active site tyrosyl residue acts a hydrogen bondodmr a hydrogen bond acceptor
(general base). The arguments in favour of thevadite tyrosyl residue acting as general
base (Atkinst al, 1993; Dietzeet al, 1996a; Karshikofét al, 1993; Meyeet al, 1993)

is based on the observation that the hydroxyl grfugyrosine in the class alpha enzyme
has an unusually low pialue (~ 8.5) (Bjornestedit al, 1995). In contrast, the pkof
the hydroxyl group in M1-1 enzyme is ~ 10 (Xiabal, 1996). If one considers that at
neutral pH much less than 50% of the tyrosyl siti&rcis ionised then the argument that
the hydroxyl group acts as a general base is nubapate. A better explanation would
be in favour of the tyrosyl hydroxyl group acting a hydrogen bond donor. The
evidence for this comes from a study in which alirfeen tyrosyl residues in the class
mu enzyme were replaced with 3-fluorotyrosine ahdappears that the active site
tyrosine acts as a surrogate solvent moleculediiaétes a hydrogen bond that stabilises
the thiolate anion (Parsons and Armstrong, 199@s0Athe fact that glutathione
sulfonate ang-Glu-AspGly binds to the enzyme with a higher atfirthan does reduced
glutathione argues against a significant ionisatmin the active site hydroxyl in
uncomplexed enzymes (Gramins&i al, 1989a; Dirret al, 1994a). This evidence,
therefore, argues in favour of the tyrosyl hydroggdup acting as a hydrogen bond donor
and not as a general base in the catalytic cyatgtosolic GSTs.

It is currently held that the tyrosine 8 hydroxylogp at the active site controls the
dynamics of helix 9 in the class alpha GSTs anégsiired for efficient product release.
Additionally, the phenolic hydroxyl group may alaffect the rates of ligand binding and
dissociation (Gustafssaet al, 1999; Nieslanik and Atkins, 2000).

In the present study, a comparison of the bindimeggrhodynamics of active site ligands
(reduced glutathione and glutathione sulfonateéhéowild-type and Y8F mutant proteins
were investigated using isothermal titration cafairy (ITC). In addition to their

catalytic function, GSTs also function as liganddang proteins. ITC was, therefore, also
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used to characterise the thermodynamic parameft@snesubstrate ligand binding to the

wild-type protein using ANS and BSP.

6.1.1 Construction and identification of the Y8F maant plasmid DNA

Possible mutant plasmid DNA was identified usingtnietion enzyme digestion analysis.
The products of aind Ill digestion of wild-type and mutant plasmid DN#ere
electrophoresed on a 1.2% agarose gel containimgi@in bromide. The results are
shown in Figure 31. Lanes 2 and 4 show the expdcagthent sizes (~ 3000 bp) of two
individual mutant plasmid DNA preparations. Laneefresents the wild-type plasmid
DNA also digested witlHind Il and the DNA fragment bands at the expectedtjpos
around 3300 bp. Lanes 3, 5 and 7 confirms thautitegested mutant plasmid DNA is
the correct size as the wild-type plasmid DNA. Handing positions of the wild-type
and mutant plasmid DNA are as predicted thus cafig the successful incorporation of
the additionaHind Il diagnostic restriction site in the mutant piad DNA. The entire
cDNA region of the mutant plasmid DNA was sequendédw relevant region containing
the Hind Il diagnostic restriction site and the Y8F mutatiis indicated in Figure 32. No

spurious mutations were observed in the mutanthpth®NA.

6.1.2 Overexpression and purification of the Y8F mutant
The Y8F mutant protein has a subunit molecular méss27 kDa (tertiary structure) and
a dimeric molecular mass of ~ 55 kDa (quaternamycsire). The purity of the mutant

protein was confirmed using SEC-HPLC.

6.2 Biochemical characterisation of Y8F hGSTA4L

6.2.1 Fluorescence spectral properties of Y8F hGSTAL

The lone tryptophan residue was selectively excie?95 nm. The emission spectra for
the Y8F mutant exhibited wavelength emission maxgh&25 nm and 355 nm for the

folded and the unfolded conformations, respectieigures 33A and B). The emission
spectrum is similar to that observed for the wilde protein (Figure 23A). This result

implies that no structural changes have occurrethe@tdomain I-domain Il interface.

Thus, the tertiary structure and polarity of therimmnment of the tryptophan residue is
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base pairs (bp)

11479

5077, 4749, 4507

2838
2560, 2459, 2443

2140
1924
1700

Figure 31 Identification of the Y8F mutant plasmid DNA orl 2% agarose gel. Lane 1:
ADNA digested withPstI. Lanes 2 and 4: two possible mutant plasmid DddAstructs
digested with the diagnostic restriction enzyrfiend 1ll. Lanes 3 and 5 represent the
uncut mutant plasmid DNA corresponding to lane@ 4, respectively. Lane 6: wild-
type plasmid DNA digested witklind Ill. Lane 7 shows the uncut wild-type plasmid
DNA.
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5" AAG CCC AAG CTC CAC TAC TTC AAT GCA CGG GGC 3’
2 {
5" AAG CCC AAG CTT CAC TTC TTC AAT GCA CGG GGC 3

Figure 32. (A) Region of the wild-type nucleotide sequence showing the location of Y8
(codon = TAC). Tyrosine at position 8 was replaced with phenylalanine (codon change
from TAC—TTC). A translationally silent mutation was also incorporated into the
mutagenic oligonucleotide primer. The codon for leucine (CTC) was changed to CTT
thus engineering an additional Hind I1I restriction site (AAG CTT) in the Y8F mutant
plasmid DNA. (B) Results of the Y8F mutant plasmid DNA sequencing reaction. The
primer used for the sequencing reaction generated the 3’ to 5’ sequence of the strand
shown in (A). Therefore, the mutation (F8) corresponds to GAA. The presence of F8
(codon = GAA) and the diagnostic restriction site (AAG CTT) are boxed in.
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Figure 33. Spectral analysis of the Y8F mutant. The longtoghan 20
residue was selectively excited at 295 nm and thisson was monitored
from 295 nm. (A) The wavelength emission maximum3ab nm in the
absence of urea and (B) the wavelength emissionnueam at 355 nm in the

presence of 8 M urea.
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unchanged. Tryptophan 20, therefore, retains itbtyalbo serve as a local reporter of

events occurring at the interdomain interface.

6.2.2 FarUV circular dichroism

Far-UV circular dichroism measurements of the Y8#ant indicated that the mutation
does not impact on the secondary structural conténthe protein. The spectrum
exhibited two ellipticity minima at 222 nm and 2081. This is typical for a protein that
contains a higlu-helical content. The spectrum of the Y8F mutangiFe 34) is similar

to that of the wild-type protein (Figure 24).

6.2.3 Specific activity measurements using the CDN&njugation assay

The specific activity of the Y8F mutant was detered under standard enzyme assay
conditions of 1 mM reduced GSH and 1 mM CDNB as shbstrates. The results are
summarised in Table 4. It is evident that the mugrzyme displays ~ 6% of the wild-
type specific activity under the assay conditiofkis indicates that the Y8 residue
located in the active site of hGSTAL-1 is not eisém the catalytic mechanism of the
protein. This result is similar to that of Stenbetgal (1991). This group reported that
the Y8F mutant has ~ 3% of the wild-type specitithaty under the same conditions.

6.2.4 Specific activity measurements using the cume hydroperoxide assay

The human class alpha GSTs are known to exhibdxudgise activity as demonstrated
previously (Lawrence and Burk, 1976; Stenbet@l, 1991). The peroxidase activity of
the Y8F mutant was determined using cumene hydoxpie as the substrate. The
specific activities for the wild-type and Y8F prote are given in Table 4. The Y8F
mutant represents ~ 6% of the specific activitytteé wild-type protein. The mutant
peroxidase activity presented here is also in agee¢ with that found by Stenbeeg al
(1991).

6.3 Thermodynamics of ligand binding to G-site of vid-type and Y8F hGSTA1-1

In order to understand the structural basis fortgineigand and protein-protein

interactions and molecular recognition in geneaale is required to characterise the
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Figure 34. Far-UV circular dichroism spectrum for Y8F hGSTFA1The
spectra shown in red and blue are for the nativé WBotein and buffer,
respectively. The conditions were @1 native protein in 20 mM sodium

phosphate buffer, pH 6.5, containing 0.1 M NaCle Hbove spectra are an
average of 20 runs.
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Table 4. Specific activities of the wild-type and Y8F peots using two different enzyme
assay systems. The standard assay system involwgsigation between reduced
glutathione and CDNB. The peroxidase system inwlgetermination of peroxidase
activity towards cumene hydroperoxide (CuOOH) asdbstrate (see Chapter 3).

Specific activityy(mol/min/mg)
towards substrate:

Protein CDNB CuOOH
Wild-type hGSTA1-1 52.2 9.4
Y8F hGSTA1-1 3.3 0.5
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binding energetics completely and then correlate émergetics with the structures
involved. ITC measures directly the energeticsigérid-binding reactions at constant
temperature by measuring the heat evolved or abdoii the stepwise addition of a
ligand to a solution containing a macromoleculalgaturation of the available binding

sites on the macromolecule has been achieved.

Isothermal titration calorimetry (ITC) was usedotatain a complete energy profile of the
association of the active site ligands, glutathianel glutathione sulfonate, with wild-
type and Y8F hGSTAL-1 proteins. In particular, thke of tyrosine 8 hydroxyl group at

the active site in ligand binding will be addressed

6.3.1 Glutathione (GSH) binding to wildtype and Y8F proteins

The binding energetics of the physiological tripggtglutathione {Glu-Cys-Gly) to the
wild-type and Y8F proteins were measured using I'Fures 35 and 36 show
representative results of calorimetric titratiomgylutathione binding to the wild-type and
Y8F proteins, respectively. All the raw data weoerected and fitted using the ORIGIN
software. Control reactions in which ligand wasated into buffer represented the heat
of dilution. The heat of dilution was very similer that seen at the end of a titration of
the protein with glutathione. To correct for anyahef dilution, the integrated areas of
the post-saturation peaks were averaged and th#rasted from the raw data (Figures
35A and 36A). The sum of the areas of the peales atich injection are normalised per
amount of ligand in the ITC sample cell and repmése¢he enthalpy of the binding of
glutathione to each of the proteins (Figures 35& 26B). The most notable feature of all
the binding isotherms is that the binding of glhtane to the wild-type and mutant

protein is exothermic. All the data from each expent fit well to a single-site binding
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Figure 35 A representative calorimetric titration profild the binding of reduced
glutathione to the wild-type hGSTA1-1 protein. Téaeriment was performed at 0
The conditions were: 0.12 mM protein monomer cotregion and 20 mM reduced
glutathione in 20 mM sodium phosphate buffer, pBl, @ontaining 0.1 M NaCl, 1 mM
EDTA, 0.02% sodium azide and 1 mivs-(carboxyethyl)-phosphine (TCEP). Panel A
shows the exothermic heat effects associated \uihirtjection of reduced glutathione
into the ITC sample cell containing the wild-typeofein. Panel B shows the binding
isotherm (corrected for heats of dilution) corrasiog to the data in panel A. The solid

line through the data represents the best fittedecabtained using the ORIGIN software.
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Figure 36. A representative calorimetric titration profild the binding of reduced
glutathione to the Y8F mutant protein. The experimeas performed at 2. The
conditions were: 0.08 mM protein monomer conceidmnatand 20 mM reduced
glutathione in 20 mM sodium phosphate buffer, pBl, @ontaining 0.1 M NaCl, 1 mM
EDTA, 0.02% sodium azide and 1 mivs-(carboxyethyl)-phosphine (TCEP). Panel A
shows the exothermic heat effects associated \uihirtjection of reduced glutathione
into the ITC sample cell containing the mutant emot Panel B shows the binding
isotherm (corrected for heats of dilution) corrasiog to the data in panel A. The solid

line through the data represents the best fittedecabtained using the ORIGIN software.
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model. The titration curve exhibits a decreasdedxothermic heat of binding after each
successive injection. The reaction is, therefotegracterised by a series of negative

peaks representative of a favourable enthalpy ahang

Table 5 summarises the experimental parametersnedtéor the binding of glutathione
to the wild-type (Table 5A) and Y8F (Table 5B) mut@roteins, respectively. In order to
achieve a satisfactory fit, the stoichiometry o€ theaction was fixed (independent
parameter) at a value of one based on the stoidtignadata from GST X-ray crystal
structures with GSH. Unlike the GSX product anakgyuvhich can bind sites other than
the G-site (Jet al, 1996), crystallographic data suggests that tlsen® evidence for the
existence of additional GSH binding sites (Reinegteal, 1991; Sinninget al, 1993;
Cameronet al, 1995). Therefore, one molecule of glutathionedbi to one protein
subunit. Atkins and co-workers also found that st@chiometry of ligand binding of
GS-EA to the rat class alpha GSTA1-1 was one mt#deniuGS-EA per protein monomer
(Nieslaniket al, 2001). The binding of glutathione sulfonatehe wild-type hGSTA1-1
also displays a stoichiometry of one molecule ghitae sulfonate per protein monomer
(see section 6.3.2 of this thesis). The ITC res(iigble 5) show that the strength of
glutathione binding to wild-type and mutant is dezaat lower temperature and decreases
as the temperature is increased. A comparisoneobiiiding constants for the wild-type
hGSTA1-1 protein and GSH obtained using spectrascgehniques (Allardycet al,
1999; Dirr and Wallace, 1999; Gustafssen al, 1999) are in agreement with the
measurements obtained using ITC. The removal ofptienolic hydroxyl group in the
Y8F mutant, however, displays different bindingiraffes when compared to the wild-
type protein. Overall, it appears that the Y8F mutands GSH tighter than the wild-type
protein. Allardyceet al (1999) recently found that the Y8F hGSTA1l-1 bintie
glutathione conjugaté&-dinitrophenylglutathione, 20-fold more tightly théhe wild-type
protein. The explanation for this effect was thae tiydroxyl group of Y8 is situated
close to the sulfur atom &benzylglutathione complexed with enzyme, and thseace
of the tyrosyl hydroxyl group allows the ligandadopt a more favourable binding mode.

Therefore, the binding interactions for both the HGS and
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Table 5 Energetics of the interaction between wild-type &nd Y8F (B) hGSTA1-1
with reduced glutathione (GSH) at different tempeanma conditions. All the values are
based on a single experiment and the errors weta@nell by fitting the titration data

using the ITC software programme (ORIGIN 5.0).

A

Temperature N a K AHC AS° AGP

(°C) (mM) (kJ/mol) (J/mol/K)  Jknol)
5.1 1 0+0801 -1140.1 32.1 -20.0

10.1 1 02101 -12.81.7 24.9 -20.0

15.0 1 OPBR02 -1440.1 20.6 -20.1

20.0 1 08101 -1790.2 6.1 -19.7

25.0 1 O+B701 -19:80.3 0.3 -19.6

B.

Temperature N 4K AHC ASP AGP
°c) (mM) (kd/mol) (J/mol/K) (kdol)
5.1 1 @001 -94D.3 48.4 -22.¢

10.1 1 @001 -1580.4 22.5 -21.4

20.1 1 &®o1 -238.4 -9.3 -21.1

25.5 1 &®01 -338.6 -46.1 -20.1
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dinitrophenyl moieties are optimised.

For all the glutathione-binding experiments perfedn an increase in temperature
resulted in an increase in the binding enthalpyhefreaction. The heat capacity change
was determined by performing the calorimetric ekpents at different temperatures
under the same pH and buffer conditions. The hapadty change associated with the
binding reaction (protein-ligand complex formatias)estimated from the slope of the
linear regressions (Figures 37A and B). T, is -0.4 kJ/mol/K and -1.2 kJ/mol/K for
the wild-type and Y8F proteins, respectively. Thepes are negative in both cases but
the values differ greatly. It has been shown thatheat capacity change associated with
protein-protein interactions as well as proteinaleihg experiments can be correlated to
changes in the solvent-accessible surface area fgiven process (Makhatadze and
Privalov, 1990; Spolaet al, 1992; Spolar and Record, 1994; Makhatadze aivalByv,
1995; Baker and Murphy, 1997; Luqut al, 1998c; Todd and Freire, 1999). The
negativeAC, is a good indicator of the changes in hydrophattieractions with binding,
being negative if hydrophobic bonds are formed posltive if they are broken (Luquet

al., 1998b). The binding processes observed for ticktype and Y8F mutant proteins
are characteristic of a binding process drivenh® dain in solvent entropy associated
with the burial of solvent-accessible hydrophohidace area.

6.3.2 Glutathione sulfonate (GS@) binding to wild-type and Y8F proteins

Glutathione sulfonate is a competitive inhibitor@8Ts. X-ray crystal structure data of
the GST in complex with glutathione sulfonate iradécthat one molecule of glutathione
sulfonate binds per protein monomer (Reineraeral, 1991; Admanet al, 2001).
Glutathione sulfonate makes 15 direct polar costacid four water-mediated contacts
with the protein molecule (Diret al, 1994a). The interactions observed between
pGSTP1-1 and GS are very similar to those seen in the structure Sof
benzylglutathione complexed to hGSTAL-1 at the @-&ee Figure 4) (Sinningt al,
1993).
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Figure 37. Temperature-dependence of the enthalpy chaAg€, upon binding of
glutathione to the (A) wild-type (filled red cirde and (B) Y8F (filled blue circles)
hGSTAL1-1 protein, respectively. The data are sunsedrin Table 7. The solid line
through the points is the linear regression fithi® data. The slope of the linear regression
yields the change in heat capacifyCf) upon ligand binding to each of the proteins. The

correlation coefficient for (A) and (B) is 0.99 a®8, respectively.
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The energetics of the association of glutathionéosate and the wild-type and Y8F
hGSTA1-1 proteins were measured using ITC. Figus8s and 39 show typical
calorimetric titrations of ligand to the wild-typend Y8F proteins, respectively. The
peaks in panel A (Figures 38 and 39) corresponthéoheat evolved upon addition of
ligand to the protein sample; i.e., an exothermieraction. The area under each peak
diminishes with each successive injection of ghitate sulfonate into the protein
solution. The small peaks observed towards the a#neach titration experiment are
representative of the heat of dilution. At thisrgoiall the available ligand binding sites
on the protein molecule have been saturated. Theaged heat of the post-saturation
peaks was subtracted from the raw data to obta@rh#at evolved from each injection.
The AH® is obtained by integrating the area under each peakdividing this by the
moles of ligand added. All calculations were perfed using the ORIGIN software
provided with the ITC machine. Th&H® for the wild-type and Y8F mutant protein is

shown in panel B (Figures 38 and 39), respectively.

ITC experiments were performed as a function teatpee from 5-28C with all other

experimental conditions kept constant; i.e., bufferd pH conditions. Under these
conditions, ITC provided thermodynamic parametersthe association of glutathione
sulfonate to the wild-type and Y8F proteins. Alettitration data from the wild-type and

Y8F proteins are exothermic and each experimentéll to a single-site binding model.

Analyses of the ITC data reported stoichiometryugalof ~ 1 for the wild-type and Y8F
proteins. These values are consistent with X-raystal structure data that shows a
stoichiometry of one molecule of glutathione sulftenbinding per monomer of wild-
type protein (Dirret al, 1994a; Admaret al, 2001). The stoichiometry values obtained

for the wild-type and Y8F proteins are summarigediable 6A and B, respectively.

The binding affinities () for glutathione sulfonate are in the micromolange for the

wild-type and Y8F proteins. A comparison of thg \lues obtained for glutathione and
glutathione sulfonate suggests that glutathionsate binds the wild-type protein with
a higher affinity at the active site. Both protem&hibit decreasing binding affinity and
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Figure 38 A representative calorimetric titration profilé e binding of glutathione
sulfonate to the wild-type protein. The experimens performed at%. The conditions
were: 0.06 mM protein monomer concentration andmM glutathione sulfonate in 20
mM sodium phosphate buffer, pH 6.5, containing BLINaCl, 1 mM EDTA, 0.02%
sodium azide and 1 mMris-(carboxyethyl)-phosphine (TCEP). Panel A shows the
exothermic heat effects associated with the inpectif glutathione sulfonate into the ITC
sample cell containing the wild-type protein. HRaBeshows the binding isotherm
(corrected for heats of dilution) correspondingtiie data in panel A. The solid line
through the data represents the best fitted cunt@med using the ORIGIN software.
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Figure 39. A representative calorimetric titration profilé e binding of glutathione
sulfonate to the Y8F mutant protein. The experimemas performed at £€. The
conditions were: 0.05 mM protein monomer conceinatand 1.1 mM glutathione
sulfonate in 20 mM sodium phosphate buffer, pH @dntaining 0.1 M NaCl, 1 mM
EDTA, 0.02% sodium azide and 1 mivs-(carboxyethyl)-phosphine (TCEP). Panel A
shows the exothermic heat effects associated Wwehrtjection of glutathione sulfonate
into the ITC sample cell containing the wild-typeotein. Panel B shows the binding
isotherm (corrected for heats of dilution) corrasgiag to the data in panel A. The solid
line through the data represents the best fittedecabtained using the ORIGIN software.
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Table 6. Energetics of the interaction between (A) wilgayand (B) Y8F hGSTA1-1
with the anionic inhibitor glutathione sulfonate §G;) at different temperature
conditions. All the values are based on a singfeedment and the errors were obtained

by fitting the titration data using the ITC softwgrrogramme (ORIGIN 5.0).

A.
Temperature N 4 K AH® ASP AGP
°C) uN) kJmol)  (ImoliK)  (kI/mol)

6.3 140.01 180.1 -33.40.2 -6.8 -31.5

10.0 140.01 160.1 -35.40.2 -14.4 -31.4
16.0 140.01 240.1 -38.60.3 -24.7 -31.4
20.0 1#40.01 2%0.2 -40.90.4 -32.9 -31.3
25.0 140.01 4480.3 -41.80.6 -36.7 -30.8

B.
Temperature N 4K AHC ASP AGP
°C) ui) (kJimol)  (Imol/K)  (kJ/mol)
5.1 1£0.01 2.10.2 -2340.4 26.0 -30.3
10.1 1£0.01 3.80.2 -3240.3 -9.8 -29.4
15.1 1£0.01 4.50.3 -3680.5 -24.1 -29.5
25.0 1£0.02 11.%0.7 -51.81.3 -77.5 -28.2
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increasing observed binding enthalyHP) with increasing temperature. The enthalpy of
the interaction suggests that the binding of ghitette sulfonate is comparable between

the wild-type and mutant proteins.

The association reaction of the anionic ligand witiid-type and Y8F proteins is
characterised by a linear decrease in the obsesmtthlpy of the reactiomyH®, with
temperature. The slopes of these plots are indeati the constant heat capacity change,
AC,, for wild-type and Y8F hGSTA1-1 proteins and ah®wn in Figures 40A and B,
respectively. The Y8F mutant protein displayA@, value that is ~ 3-fold greater than
the wild-type protein. Th&C, values are -0.47 kJ/mol/K and -1.38 kJ/mol/K fotdwi
type and Y8F proteins, respectively.

6.4 Discussion

Isothermal titration calorimetry (ITC) is an extrely sensitive and powerful technique
that can be used to obtain detailed thermodynamam@arpeters involving molecular
associations. Molecular recognition, as in protgand interactions, is one of the most
relevant fields in structural biology today. A walof structural and functional
information exists for the GST superfamily. Recgnd kinetics study was the first to
report on a model for the folding and assemblyiofetic human glutathione transferase
(Wallace and Dirr; 1999). Extensive information f@so been reported on the role of a
unique C-terminal helix 9 in catalysis, ligandimétion and conformational stability of
the class alpha GSTs (Dirr and Wallace, 1999; Mrekland Atkins, 2000; Board and
Mannervik, 1991; Gustafssat al, 1999; Allardyceet al, 1999). Despite this, very little
is known about the thermodynamics of ligand bindm¢he GST superfamily. Presently,
there are only two reports on the thermodynamickgahd binding to GSTs (Nieslanik
and Atkins, 2000; Nieslanikt al, 2001). Therefore, an understanding of the fothas
drive ligand binding are required for a clearer ensthnding of the functional properties
of this important class of enzymes. Isothermahtitm calorimetry (ITC) is an ideal
method for the study of the thermodynamics of Il@ydnnding to GSTs. The study
presented here is the first to describe the enesggef binding of active site ligands,
glutathione and glutathione sulfonate, to the wyijde and Y8F hGSTAL-1 proteins.
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Figure 40. Temperature-dependence of the enthalpy chaAgf€, upon binding of
glutathione sulfonate to the (A) wild-type (filledd triangles) and (B) Y8F (filled blue
triangles) hGSTAL-1 protein, respectively. The dataummarised in Table 7. The solid
line through the points is the linear regressidntdi the data. The slope of the linear
regression yields the change in heat capadip) upon ligand binding to each of the

proteins. The correlation coefficient for (A) ar®®) (s 0.90 and 0.99, respectively.
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Binding energetics of reduced glutathione to wiide and Y8F hGSTAL-The binding
of glutathione to the wild-type and Y8F proteins swaonducted under the same
conditions with respect to buffer, pH and tempea®atidhe stoichiometry was fixed at
one and the other variables,(l8H° andAS®) were allowed to float in order to obtain the
best fit. Structural data has shown that GSH bintls a stoichiometry of one molecule
GSH per protein monomer to the G-site in the cipba GST (Cameroat al, 1995;
Sinninget al,1993). A stoichiometry of one molecule of glutatie sulfonate per protein

monomer was also observed in another ITC studyi¢se6.3.2).

Under the experimental conditions studied, the ibgdsotherms observed for both
proteins were characteristic of a hyperbolic, s#tan curve. Ideally, one should obtain a
few points in the pre-transition region that woaksist in accurately defining tie{° of

the protein-ligand interaction.

The c-value is a unitless value that is used terd®s the shape of the binding isotherm
and depends on the product of [K1{], where K, is the binding constant and [Ms the
concentration of macromolecule in the ITC samplé (&isemanet al, 1989). Under
these experimental conditions, the c-value wasrohéted as 0.3. Wisemaat al (1989)
have suggested that ideal c-values are betweed 1@30. Therefore, in order to obtain a
binding isotherm that has a c-value value of, €l@,,the experiment would require a 10
mM protein concentration. Technically, we were Uadb concentrate the protein to such
high concentrations. Also, if it were possible tbtan the protein at such high
concentrations for ITC studies, it would be difficto saturate the ligand binding sites
due to the low binding affinity of glutathione folGSTA1-1 (Ky= 0.27 mM GSH) (Dirr
and Wallace, 1999). Under the experimental conatiave were approximately 10-fold
away from the required protein concentration. Hogveeven under these conditions, the
binding affinity obtained for the wild-type proteimas very similar to those previously
determined using fluorescence techniques (Dirr Aradlace, 1999; Gustafssast al,
1999). The reliability of the binding affinity cotast, therefore, allowed for the
calculation of the Gibbs free energy of bindingngsihe equatioPAG® = -RTInK,= AH®

- TAS®. Interestingly, theAG® values obtained for the binding interaction ang/\sémilar
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whether one uses the experimentally obtainedvilues AG° = -RTInKy or the
experimentally derivedH® value AG° = AH® - TAS®) in order to calculate the Gibbs
free energy of binding\G°).

Analysis of the interaction of wild-type protein tivi the physiological tripeptide
glutathione (Table 5A) indicates that the intem@atis enthalpically favourable (negative
AHO values). The observed entropy is also favouramsifive AS®) although there is a
decrease with a corresponding increase in temperdtuappears that both enthalpy and
entropy serve as the driving forces in the assiociatf glutathione with the wild-type
protein. Binding of glutathione to the Y8F prote(ifable 5B) indicates that the
interaction is also enthalpically favourable (négatAH®). The binding reaction,
however, is entropically unfavourable (negati&® values) at 20 and 2& and

entropically favourable (positivaS°® values) at 5 and 2.

Determination of the Gibbs free energdGP) values for the wild-type (Table 5A)
indicates thaG® is similar at each temperature. The same is uehe Y8F protein

(Table 5B). This is an example of the enthalpy-@wyr compensation effect that is
common to many binding processes (Baetnal, 1989; Sigurskjoldet al, 1991).

However, one cannot exclude the existence of sope of “extra-thermodynamic”

compensation i.e., “a linear relationship betweédh and AS that cannot be a priori
deduced from the laws of statistical thermodynaimi{&harp, 2001). The large and
favourable enthalpy term is attributed to hydrogeonding and van der Waals
interactions in the complex formation (see Figurg ahd these overcome the
unfavourable entropy change. This explains theav&vourable Gibbs free energy of
binding observed for both proteins. The individeantributions of the enthalpy and
entropy terms to the overall Gibbs free energyhmwild-type and Y8F proteins suggest
that, in both cases, the binding processes arealpithlly-driven. Recently, an ITC study
indicated that the binding of the ligand GS-NBD @IB4-nitrobenzo-2-oxa-1,3-diazole)
to the wild-type rat GSTA1-1 at 96 is favoured both enthalpically (-23.93 kJ/moljian
entropically (31.29 J/mol/K). The study also look&dhe binding energetics of GS-NBD
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with a Y8F rGSTA1-1 mutant and the results indidateat the reaction was enthalpically
favourable (-40.08 kJ/mol) but entropically unfarahie (-10.96 J/mol/K) (Nieslanik and
Atkins, 2000). A more recent study by the same gron the binding energetics of GS-
EA (glutathione-ethacrynic acid conjugate) with thiéd-type rGSTA1-1 indicated very
similar binding behaviour as described above fer whld-type hGSTA1-1 protein and
GSH (Nieslaniket al, 2001). Therefore, the binding of GS-EA to thédviype rGSTA1-

1 protein is also enthalpically (-31.79 kJ/mol) aedtropically (24.43 J/mol/K)
favourable. A comparison of the binding energefios the rat wild-type and Y8F
proteins in complex with either GS-NBD or GS-EA lwihe results in the present study
at 25°C (Table 5), indicates that the results comparg wesll. Therefore, in the present
study, the binding of GSH to the wild-type hGSTARL2%C is enthalpically (-19.5
kJ/mol) and entropically (0.3 J/mol/K) favourablée binding of GSH to the hGSTA1-1
Y8F mutant at 28C, however, is enthalpically favourable (-33.8 kdinbut entropically
unfavourable (-46.1 J/mol/K). The majority of theneegy, therefore, stems from
hydrogen bonding and van der Waals interaction® fidle of the hydrogen bond is
recognised as an interaction of fundamental impegan determining the structures of
proteins as well as their complexes with ligandsni&lly et al, 1994). Despite this,
there are still conflicting views on the relativentributions of hydrogen bonds and
interactions involving non-polar groups to the thedynamics of protein folding and
ligand binding (Murphy and Gill, 1991; Yarg al, 1992; Murphyet al, 1990; Baldwin,
1986; Spolaet al, 1992).

Table 5 shows the overall Gibbs free energy of Gfitdling to the wild-type and Y8F
hGSTAL-1 proteins. It is evident that the overs®° is slightly more favourable for the
Y8F mutant than the wild-type protein. This obséinramay be explained in terms of the
binding energy and the ionisation of GSH. The wjlde enzyme predominantly binds
the thiolate form (G$ whereas the Y8F mutant binds the reduced formglutiathione
(GSH). Therefore, the wild-type enzyme would uéilisome of its intrinsic binding
energy in order to remove the proton from the r&dtorm of GSH so as to generate the
thiolate form (GS. In this way, the tyrosyl (Y8) hydroxyl group biises the thiolate

ion at the active site. The Y8F mutant, howeverkd$athe hydroxyl group and is unable
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to stabilise the thiolate ion and, therefore, nadshe intrinsic binding energy is utilised
in the actual binding interaction. Intuitively, hewer, one would have expected the
opposite to be true since the mutation involvesrdmoval of the hydroxyl group thus
eliminating the formation of a hydrogen bond/s kestw the protein and the ligand. In the
apo-structure of the hGSTA1-1, three active sitéewmolecules are located close to the
hydroxyl group of tyrosine 8 (Figure 41). The drstes between the oxygen atom of the
hydroxyl group and the oxygens of the water moleswre 2.93 A, 4.50 A and 7.30 A.
Therefore, one water molecule is within hydrogemdong distance of the tyrosyl
hydroxyl group. All three water molecules are diggld whenS-benzylglutathione is
bound to the active site (Figure 41) (Sinnai@l, 1993; Parragat al, 1998).

Crystal structures of the wild-type hGSTA1-1 proteiomplexed to GS-EA conjugate
indicate that the GSH moiety is well structuredha G-site. All the hydrogen-bonding
interactions observed in tl&benzylglutathione structure (see Figure 4) arentaaed

in the wild-type protein complexed to GS-EA. Altlghu the interactions of the
dichlorophenoxy group of the EA moiety and the vijyjge GST are mainly hydrophobic
in nature, it is evident that the carbonyl oxygdrEd is in hydrogen bonding distance
with the hydroxyl group of Y8. The carbonyl oxyger EA, therefore, acts as a
hydrogen-bond acceptor from the tyrosyl hydroxyup. The tyrosyl hydroxyl group is
thought to exist in the protonated form and, thenef acts as a hydrogen bond donor
(Cameronet al, 1995). It also forms hydrogen bonds to the #imlform of glutathione
as well as the peptide nitrogen of Argl4 (Sinngal, 1993; Dirret al, 1994a, 1994b).
Removal of the hydroxyl group by replacement wikieipylalanine, therefore, effectively
eliminates two hydrogen bonds from the proteinathibne active site in the Y8F mutant
protein and the mutation appears to favour the alvéinding enthalpy in the Y8F
mutant protein when compared to the wild-type prot&he results show thatG® is
slightly more favourable in the Y8F protein anderéfore, more stabilising due to the
removal of the tyrosyl hydroxyl group. This behawidhas been observed before where
tyrosine 82 was replaced with phenylalanine in FKEBP(Connellyet al, 1994). The
role of the hydroxyl group of Y6 in the catalyticeohanism of rat GSTM1-1 has also

previously been reported using X-ray crystal stitetdata, enzyme activity and pK
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Figure 41 Representation of the active site structure of u@8TAL1-1. The
figure was generated by superimposing the strustofetwo hGSTA1-1
structures; (1) the apo-form of the protein (1gsahd (2) the protein
complexed with Sbenzylglutathione (1guh). The C-terminal helix ® i
shown as a ribbon structure and is only visible wiige active site is
occupied (1guh; Sinninget al, 1993). Helix 9 is crystallographically
“‘invisible” in the apo-form of the protein (Camerat al, 1995). The
following structures are represented in ball-anckstS-benzylglutathione
(black), R220 (mustard), F221 (yellow), F219 (red® from 1gsd (light
blue) and Y8 from 1guh (green). The red dots indi¢he positions of three
water molecules (present in the apo-form only) tedarearest to the active
site Y8 hydroxyl group. The distances of the wateiecules from the Y8
hydroxyl group are 2.93 A, 4.50 A and 7.30 A. Air¢e of these water
molecules are displaced when the active site is ptexad with S

benzylglutathione.
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measurements (Liet al, 1992). The results indicated that in the bineoynplex of
enzyme and GSH, the predominant ionisation sta@SH in the active site of the wild-
type protein is the thiolate form (§GSvhereas the neutral thiol (GSH) form was observed
for the Y6F mutant. This group also suggestedttiatyrosyl hydroxyl might function in
stabilising the thiolate anion and also act asrégyaant in the removal of the proton of
GSH from the active site of the wild-type enzymaisipathway would, therefore, not be
available to the Y6F mutant. Structural evidencsoaindicated that the tyrosine 6
hydroxyl group specifically hydrogen bonds to th8H>and stabilises the thiolate anion
by about 1.4 to 2.2 kcal/mol (Liet al, 1991).

The observed enthalpy difference between the wipd-tand Y8F proteins is due to the
difference in the enthalpy of the interaction of tyrosyl hydroxyl group with the water
molecule and the peptide nitrogen of Argl4 (effeelyy two hydrogen bonds). The fact
that the formation of the wild-type-glutathione qalex is enthalpically less favourable
but more entropically favourable than the Y8F prots evident from the results in Table
5. It has been suggested that the overall formaiiomydrogen bonds in ligand binding

may be unfavourable due to the unfavourable enyhafiplesolvation (Ben-Naim, 1991).

The entropy of a molecule in solution is composetbar contributions relating to four
types of motion: translational, rotational, viboatal and conformational entropy
(Finkelstein and Janin, 1989). Glutathione is boandhe active site in an extended
conformation and most of the polar atoms in thpeptide are involved in hydrogen
bonds or salt links (Sinningt al, 1993). Upon binding of glutathione to the wiigs¢ (or
Y8F) proteins, all four entropy terms will changefavourably for both the ligand and
the macromolecule because of greater motionalicgstrs. In order for the overall
entropy change to contribute favourably to the imgd the liberation of solvent
molecules bound to the surface of the ligand arnit#®binding site of the macromolecule
must occur to an extent sufficiently high to oveneothe entropy changes for the ligand
and the macromolecule (Sigurskjadd al, 1991). It is, therefore, possible that solvent
displacement occurs upon binding of glutathionethe wild-type and Y8F proteins.

Figure 41 represents the active site structureilof-type hGSTA1-1 and the location of
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the active site water molecules. A study by Pareetgal. (1998) indicated the existence
of a well-defined network of water molecules in thetive site of mouse GSTP1-1.
Crystal structure data from that study indicatesl éRistence of three water molecules in
the apo-enzyme. One of the water molecules wasladisgp when the enzyme was
complexed with GSH and a second water moleculedisggaced when the electrophilic

binding site was occupied, thus resulting in themfation of a GSH-conjugate. The
crystal structure data also showed that the tl@okmtion (GS is stabilised by the

presence of three water molecules as well as tlesytlyhydroxyl group at the active site.
The tyrosine 7 hydroxyl group is not ionised in thee or in the GSH complex at

physiological pH. The authors also suggested thatad these water molecules might be

responsible in assisting the release of the priston GSH thiol group.

As a ligand enters the binding site of a macromdiedhe more strongly it is bound (the
more negative thAH® of binding), the more its rotational and transiaél freedom will
be restricted (the more negative the°) (Eftink et al, 1983). A comparison of the
binding constants reveals that the Y8F mutant prdiends glutathione tighter than the
wild-type protein. A recent study on the bindingtleé GS-NBD product conjugate to the
Y8F protein in rat GSTA1-1 indicated that the bimgliwas enhanced compared to the
wild-type rat GSTA1-1 protein (Nieslanik and Atkjn8000). A different study on the
Y8F hGSTA1-1 mutant bound the ligan&dinitrophenylglutathione, 20-fold more
tightly than the wild-type protein (Allardycet al, 1999). Recently, an ITC study
conducted by Nieslanik and Atkins (2000) reporteel binding of a GS-NBD conjugate
to the Y8F mutant in rat GSTA1-1. They found tha interaction is enthalpically more
favourable but that this comes at an entropic ddst. results of a recent binding study of
a glutathione-ethacrynic acid product conjugate-g29 to the wild-type rat GSTAL-1
indicated the C-terminus is required for the entalby-driven ligand binding reaction
(Nieslaniket al, 2001).

The high unfavourable entropic cost of glutathibmeding to the hGSTA1-1 Y8F mutant

(at 20 and 28C) also probably reflects the degree of immobiisabf the ligand, thus
decreasing its flexibility and increasing its rigydat the active site. The overall effect of

138



the removal of the tyrosyl hydroxyl group is thia¢ tmutation is entropically destabilising
but enthalpically stabilising at increasing tempemas. The presence of the tyrosyl

hydroxyl group at the active site, therefore, disés the wild-type protein entropically.

It has been proposed that the basis for the hemtcidst changes observed in protein-
ligand binding is related to the changes in theaan of the protein and ligand during
the binding process (Sturtevant, 1977; Eftetkal, 1983). The changes in heat capacity
upon binding of glutathione to the wild-type andFYBGSTAL-1 proteins indicated that
the burial of solvent-exposed non-polar surface aecurs to a larger extent in the Y8F
mutant than in the wild-type protein (Table 7). Tieial of hydrophobic surface upon
occupation of the active site by glutathione ineslvthe immobilisation of helix 9 onto
the surface of domain | in the hGSTA1-1 protein g@issonet al, 1999; Dirr and
Wallace, 1999). A comparison of ti, values (Table 7) for both proteins indicate that
the Y8F mutant exhibits a 2.7-fold greater reductid exposed hydrophobic surface area
when compared to the wild-type. This is quite stigkand is probably related to the
observation that GSH also binds the Y8F mutanttéigthan the wild-type protein thus
stabilising helix 9 to a larger degree. Dirr and Mt (1999) have found that helix 9
flexibility in hGSTAL1-1 is modulated by the absefpmresence of various ligands at the
active site. In the presence of active site ligaelg., p-bromobenzylglutathione), the
conformational flexibility of helix 9 is restrictethereby causing it to become more
tightly associated with the H-site of the protdd®cause of the amphipathic character of
helix 9, the hydrophobic residues located on theeirwall of helix 9 form favourable
hydrophobic interactions with residues located het H-site. The C-terminal helix 9,
therefore, forms a “lid” which folds over onto thgdrophobic surface area of domain |
thereby effectively shielding the active site bativent (Sinninget al, 1993). A direct
consequence of this would be a reduction in theestlaccessible non-polar surface area
surface in the complexed protein. The amount ofesdlaccessible non-polar surface
area that becomes buriedA/monomer), due to the localisation of helix 9 ovlee
active site, may be estimated using the theoretiekdtionship shown in Table 7.
Theoretical calculations @A, (A% indicate that a larger amount of solvent-accdssib

non-polar surface area becomes buried when GSHs ltived Y8F mutant than the wild-
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Table 7. The change in heat capaciy(,) upon binding of reduced glutathione (GSH)
and glutathione sulfonate (GgPDto the wild-type and Y8F hGSTA1-1 proteins. The

non-polar surface area that becomes buredl,{) upon protein-ligand interaction may

be estimated using the following equatid¥€, = 1.046AA,, whereAAn, has the units

(A? andAC, has the units J/mol/K (Spolar and Record, 1994ingistoneet al, 1991).

(AC,) (3/mol/K)

Experimental

SB GSO
wild-type hGSTA1-1 -437 -467
Y8F hGSTA1-1 -1150 -1380

KAnp) (A
Theoretical

GSH GSO
-418 -447

-1099 -1319
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type hGSTAL-1 protein. Therefore, this may refethe presence of a more stabilised
conformation of helix 9 at the C-terminus in theY8F mutant protein than the wild-
type. In another study, Gustafssenal (1999) have shown the rate of GSH binding to
the active site of hGSTA1-1 correlates with theessiility of the active site to GSH.
The extent to which the active site is exposedtoent is related to the flexibility of the
C-terminal helix 9. Therefore, the existence of arenconformationally flexible C-
terminal helix 9 in the wild-type, when comparedhe Y8F mutant, would facilitate the
diffusion of GSH through a more open entrance o ®@hsite. The ITC results from our
work suggests that the tyrosyl hydroxyl group ledaat the active site of hGSTA1-1 is
required for controlling the dynamics of helix 9thé C-terminus. Nieslanik and Atkins
(2000) have also proposed that the catalytic Y&uesin the rat GSTAL-1 controls the
dynamics of the C-terminus. Crystal structure evagealso shows that the C-terminal
helix 9 is crystallographically “invisible” in thapo-form of the enzyme (Camerenhal,
1995; Admanet al, 2001). In the presence of active site ligantg, €-terminus is
localised (immobilised) over the active site on é@ml (Sinninget al, 1993; Camerost
al., 1995).

The fact that the wild-type protein has a reduceathcapacity change could have
functional significance for the wild-type proteifthe wild-type protein binds reduced
glutathione at the active site following whichstactivated to the G&iolate form. It is

in this state (as a potent nucleophile) that ghitete is complexed to a variety of non-
polar electrophilic substances at the H-site. Ummmpletion of the nucleophilic
substitution reaction, the more water-soluble ghitae-conjugate is eventually released
from the active site and eliminated via the mengegie pathway. If helix 9 closes too
tightly over domain | (high heat capacity), thereuld be an enthalpic penalty to break
the bonds between the hydrophobic face of the gmagiic helix and the H-site in order
to release the glutathione-conjugate.

An intriguing question is how does Y8, at the agtsite, control the dynamics of helix 9

in class alpha GSTs? Recently, Nieslanik and Atk#®)0) showed that the binding of
the glutathione-conjugate, GS-NBD, to the rat GSTAY8F mutant was enhanced
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compared to the wild-type protein. Using stoppeavflkinetic analysis it was observed
that the increase in binding affinity was assodatath the decrease in rates for the C-
terminal order-disorder transition. The same effewtere reported for a second
glutathione conjugate, GS-EA. It is reasoned thatghenolic oxygen of tyrosine 8 (our
numbering) provides a mechanism for communicatietwben the active site and the C-
terminus. This could be achieved through an on-kleetrostatic interaction between
F219 and Y8 (Nieslanik and Atkins, 2000).

It appears that ligand binding to the class alp&a §occurs via a two-state mechanism.
The first step involves the “docking” of the ligatalthe active site. This is followed by
an isomerisation step in which the C-terminal hdlixs transformed from a dynamic
(mobile) helix to a localised (immobile) helix. Thellowing reaction is adapted from
Nieslaniket al (2001) and is represented as follows:

X K

GSTAL-1 + ligand= [GSTeligandlynamic = [GSTeligand]ocaiised

1K ko
where, [GStligandlynamic and [GSTPligandjocaised represents the pre-complex of
GSTA1-1 protein with a dynamic (i.e., mobile) Crnal helix and the final equilibrium
complex of protein and ligand with a localised.(iiemmobile) helix, respectively. The
“docking” of the ligand to the active site of theofein is represented as land k; is the
slow isomerisation step that leads to the formatibtie localised helix 9.

The results presented in Table 5 demonstrate th&5%C, the favourable binding
enthalpy (-33.8 kJ/mol) of glutathione to the Y8ktant comes at a large entropic cost (-
46.1 J/mol/K). Similar results were observed witle binding of GS-NBD to the Y8F
mutant from rat GSTA1-1; i.e., the more favourabi® of binding is accompanied by
an entropic penalty. The reason that was advancesl tive possibility of decreased
solvent displacement from the active site whenxh@lis localised. What is clear is that
Y8F at the active site decreases the rate at whighigand “docks” at the active site as
well the localised-dynamic transition at the C-temas. Nieslaniket al, (2001) have
confirmed that the two-step binding mechanism far GSTAL-1 is identical to that
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observed in the wild-type human class alpha GSE. flechanism includes a very rapid
bimolecular docking reaction, followed by the slovisomerisation step. Moreover,;k
and k, are significantly slower in the human GSTA1-1 thasulting in a lower overall
affinity of GS-EA with wild-type hGSTA1-1 (Nieslakiet al, 2001).

Although the exact mechanism through which Y8 d$ids the C-terminus is not yet
known, it is clear from the present study and aeo(Nieslanik and Atkins, 2000) that
Y8 at the active site controls the dynamics of»h8liat the C-terminus of GSTA1-1. Y8
in GSTA1-1 presumably modulates the ligand-depenfigding of the C-terminus helix
9 through stabilisation of the transition state tlmis conformational change, as well as

the rates of ligand binding and dissociation (Niagt and Atkins, 2000).

Binding energetics of glutathione sulfonate (G$@ wild-type and Y8F hGSTA1-The
crystal structures of two mutant proteins from tteg GSTA1-1 complexed with
glutathione sulfonate have recently been determiiad PDB accession codes for these
structures are lev4.pdb (rGSTA1-1 double mutant MI2Z219Y; our numbering) and
lev9.pdb (rGSTA1-1 mutant W20F; our numbering) (Adet al, 2001). Glutathione
sulfonate is a competitive inhibitor of the GSTattlnly binds the G-site of the active

site located on each subunit (i.e., one moleculgluithione sulfonate per subunit).

In the present study, we have successfully usedtitih calorimetry to measure the
energetics of binding of glutathione sulfonate titdvwype and Y8F proteins (Table 6).
Inspection of the stoichiometry (N) and bindingasation constants (¥ for the wild-
type protein reveal that these values are in exxeellgreement with the expected values.
ITC data reveals a binding stoichiometry of one anale of GS@ per protein monomer
(Reinemeret al, 1991; Dirret al, 1994a; Admaret al, 2001). Glutathione sulfonate
binds tightly to the porcine class pi GSTP1-1 vathy = 4uM (Dirr et al, 1991). The
Y8F mutant also displays a binding stoichiometryLdf of protein:ligand (N value of 1.0
at 5°C and 25C) (Table 6). Both proteins, therefore, bind ondeunale of glutathione
sulfonate per subunit of protein dimer. Inspectairthe binding constants, jkvalues,
shows that glutathione sulfonate binds about twd-foore tightly to the wild-type than
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the mutant protein (Table 6). A comparison betwdenbinding of reduced glutathione
and glutathione sulfonate indicates that the wyjokt protein binds glutathione sulfonate
~ 100-fold more tightly than it does reduced gloiae. It has also previously been
shown that glutathione analogues with a stablerargplacing the uncharged thiol group,
e.g., glutathione sulfonate, bind the G-site maghtly than reduced glutathione

(Graminskiet al, 1989a). The ITC results also suggest that tleéopated form of the

tyrosine 8 side chain is required as the ionisedsipate form would destabilise rather
than stabilise the interaction between the praaeith glutathione sulfonate. Therefore, the
presence of the tyrosyl hydroxyl group at the @-8strequired for a tighter association
with glutathione sulfonate. Removal of the hydroxgioup, as in Y8F, results in

diminished binding of the negatively charged ghitate analogue.

The c-values for the wild-type and Y8F proteins avar the required range between 1-
1000 as suggested by Wiseman al. (1989). The binding isotherms in this study
resemble sigmoidal plots and are useful in gairiogurate binding enthalpp®) and
entropy QAS°) values. The binding of glutathione sulfonate he wild-type and Y8F
proteins indicate that the enthalpy of binditsHP) is the major driving force in the
association (i.e., both proteins exhibit large, atig AH® values). The contribution of
AH® andASP to the total free energy of the associatiai?) indicates that the enthalpy
of binding is the major contributor. TH¥4® can be viewed as an indicator of the number
of hydrogen bonds broken or formed during the a@ation. On this basis, it is evident
that the wild-type protein forms more hydrogen ®nath glutathione sulfonate than the
Y8F mutant and that the removal of the tyrosyl loygt group effectively abolishes

potential hydrogen bonds from forming.

Both proteins also show very unfavourable entroglyes (negativdS° values) except
for the binding interaction between the Y8F mutant glutathione sulfonate af®

(Table 6). However, the overall result is consisteith the view that upon complex
formation, the rotational and translational freedari the glutathione sulfonate is
restricted to a larger degree as reflected in €uricedASC values. The more negative

AS® values seen in the wild-type (except aP@kis also an indication that glutathione
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sulfonate binds more tightly to the wild-type th#me Y8F protein. This result is
confirmed by the Kvalues. Therefore, the overall result of glutati@sulfonate binding
to the wild-type and Y8F protein suggests that i&n enthalpically driven process.

The heat capacity chang&C,, for the dissolution of various non-polar subse&sc
(solids, liquids and gases) in water is proportiaadheir surface area (Privalov and Gill,
1988). The experimentally determined heat capatignge is negative for both proteins
upon complex formation with glutathione sulfonatéaljle 7). This result, therefore,
suggests that there is a substantial burial of pmlar surface area in both proteins. It
appears that the Y8F protein has ~ 3-fold moredousurface area than the wild-type
protein. The burial of non-polar surface area isswprising since it is well documented
that helix 9 forms a “lid” over the solvent-expossdrface area of domain | in the
presence of active site ligands (Sinnieigal, 1993; Dirr and Wallace, 1999). Studies
using hydrostatic pressure (Atkies al, 1997), NMR (Lian, 1998) as well as various
active site ligands (Dirr and Wallace, 1999) allggest that helix 9 may not be
completely mobile (dynamic) in the uncomplexed emot The C-terminal helix may
exist as an intact but mobile helix correspondmg heterogeneous ensemble of dynamic
helices. The presence of various isoenergetic cordtions is possible since traces of
electron density occur in the apo-enzyme at theeetepl position of the helix backbone
(Cameroret al, 1995; Dirr and Wallace, 1999).

In order to understand the source of the ionisagioergy, the difference in the Gibbs free
energy QAG) between glutathione and glutathione sulfonates walculated. The
calculated values were 2.73 kcal/mol and 1.92 kuall/for the wild-type and Y8F
proteins, respectively. This implies that the wiNghe tyrosyl hydroxyl group contributes
~ 1.4 times more energy than the Y8F mutant tostaeilisation of the thiolate anion
(GS) in the binary complex at the active site of hGSTA Liu et al (1992) have
suggested that the hydroxyl group of tyrosine éharat isoenzyne 3-3 contributed..4

kcal/mol toward the stabilisation of G& the wild-type enzyme.

In the present study, preliminary ITC work was gisoformed in order to determine the
existence of linked protonation effects. The datdidated that the commonly used
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buffers (Pipes, Mops and Hepes) were not suitable te protein system under
investigation. From the ITC data, it appears thathiGSTAL-1 is capable of binding to
the buffers and, therefore, interacts competitiveih the ligands studied. Future studies
will have to identify the appropriate buffers inder to determine the contribution by

buffers to the binding event.

7. Nonsubstrate ligand binding to wild-type hGSAT1-1

Apart from their role in catalysis, the GSTs hailsodeen implicated in the binding and
sequestration of lipophilic ligands (binding affiniof 10>-10" M™) and it was for this
function that they were initially referred to asgdndins” (Litwacket al, 1971). These
ligands included molecules such as hemin, bilirube salts, steroids, thyroid
hormones, fatty acids and drugs (Kettexeal, 1987). GSTs are capable of binding large
lipophilic molecules (molecular masse€l00 Dalton) and may, therefore, be involved in
the storage and transport of these molecules iadqheous phase of the cell (Habiggal,
1974a; Tipping and Ketterer, 1981; Cacaetrial, 1990). It is thought that GSTs serve a
transport function and that they direct steroidshir site of action (Hayes and Pulford,
1995). GSTs may also serve a “buffering” role byderating the effects of transient
fluxes in the steroid levels in target organs all a® a role in protection by preventing
the accumulation of non-polar molecules at lipaphisites such as membranes
(Listowsky et al, 1988). Due to their abundance and water sotypili is thought that
the binding of ligands to GSTs may be the majoe aflthese proteins vivo (McCarthy

et al, 1996) Previously, it was suggested that the non-sulestigand-binding site
(ligandin or L-site) is distinct from the G- and dites since it is capable of haemin
binding in the presence of the G-site inhibitemethylglutathione (Caccuet al, 1990).
However, recent crystallographic evidence suggéstisthis may not be true since the L-
site is also located in the hydrophobic substratelibg site (H-site) (Oakleyet al,
1999).

Non-substrate ligands are observed to bind in theedinterface of GSTs from the

parasitic helmintiSchistosoma japonic@McTigueet al, 1995) and the squid GST €hi
al., 1997). It has also been suggested that theelisitocated at a buffer-binding site
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close to tryptophan 28 in human class pi GSTetJal, 1997; Pradest al, 1997) and
tryptophan 20 in the human class alpha GST (Slugs¥@ret al, 1998). The existence of
more than one site in the human class pi GST ipatgpd by X-ray crystallographic
evidence (Oaklet al, 1999) which indicated that the ligandin sitdasated near the
electrophilic substrate H-site. In addition, fluecence resonance energy transfer
experiments have also indicated that the non-saflesiigand binding site in human
GSTAL-1 is situated at/near the dimer interfac@i€SCremeret al, 1996; Sluis-Cremer
et al, 1998).

In the present study, isothermal titration calotime(ITC) was used to dissect the
binding energetics of the non-substrate ligandsniBra-1-naphthalene sulphonate
(ANS) and sulphobromophthalein (BSP) to the wilgehhuman GSTAL-1 protein.

7.1 Thermodynamics of ANS and BSP binding to hGSTA1

7.1.1 Energetics of ANS binding to wiletype hGSTA1-1

A typical calorimetric titration curve of the ass@n of ANS with the wild-type protein
is shown in Figure 42 (panel A). The binding isothevas obtained by titrating ANS
into a solution of wild-type hGSTA1-1 in phosphéteffer, pH 6.5 at 18C. The peaks
observed in panel A represent an exothermic intieragvith each new addition of ANS.
The peak areas diminish with each addition of ldjas the available binding sites on the
protein molecules are gradually saturated. The Ispeaks at the end of the experiment
(last ten injections, Figure 42, panel A) represtiet post-saturation heats of dilution.
The post-saturation heats of dilution were averaged subtracted from the each
experimental point. The integrated area under eactected peak (corrected for heat of
dilution) was divided by the number of moles of AM§ected to obtain the experimental
enthalpy,AH® (Figure 42, panel B). All experiments were perfodnas a function of
temperature (10-2%) while keeping all the other conditions constéust, buffer, pH).
Under the conditions used in these experiments) ealrimetric titration provided the
stoichiometry, binding constant, enthalpy and emtrehanges. All the data in each
experiment fit well to a single-site binding mod@élnalysis of the Gibbs free energy

change of the interactioAG°) was obtained from the experimentally derived peeters
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Figure 42 A representative calorimetric titration profiletbe binding of the anionic dye
ANS to the wild-type hGSTA1-1 protein. The experithevas performed at £C. The
conditions were: 0.06 mM protein monomer conceimaand 3.6 mM ANS in 20 mM
sodium phosphate buffer, pH 6.5, containing 0.1 BCN 1 mM EDTA, 0.02% sodium
azide and 1 mMris-(carboxyethyl)-phosphine (TCEP). Panel A shows @kethermic
heat effects associated with the injection of AN® ithe ITC sample cell containing the
wild-type protein. Panel B shows the binding isoth (corrected for heats of dilution)
corresponding to the data in panel A. The solié linrough the data represents the best

fitted curve obtained using the ORIGIN software.
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(AH® and AS®) using the equatiodG° = AH® - TASP. The results of the binding
energetics of ANS to the wild-type protein are preed in Table 8. The stoichiometry of
the interaction between ANS and hGSTA1-1 variedvbeh 0.8 (at Z%C) and 1.0 (at
10°C). Essentially, the stoichiometry can be descriledthe binding of one ANS
molecule per protein monomer. The binding affirofythe amphipathic dye to the wild-
type protein is in agreement with published valobgined from fluorescence studies
(Dirr and Wallace, 1999; Sayed al, 2000). The ITC data suggests that the ligandsin
tighter at lower temperatures than at higher teaipees. The binding event, which is
described by the experimentally observed bindingapy, indicates that the enthalpy is
more favourable at higher than lower temperatufég. opposite is true for the entropy
changes observed. That is, a favourable entropggeh&s observed at low temperature
(positive AS® values) while an unfavourable change is seeneatbher temperatures

(negativeAS® values).

The linear dependence of the experimentally obseerghalpy AH®) on temperature is
used to determine the heat capacity of the bingitegaction,AC,. Under the conditions
of this study, thé\C, was determined as -0.84 J/mol/K (Figure 43). Aatiwg AC,, is the
characteristic signature of the burial of solvecdessible hydrophobic surface area
(Luqueet al, 1998a, 1998b).

7.1.2 Energetics of BSP binding to wildype hGSTA1-1

Sulphobromophthalein (BSP) is a model compound liaatbeen used quite extensively
for probing the ligandin properties of GSTs (Ketteet al, 1987; Mannervik and
Danielson; 1988a, 1988b; Sluis-Cremetr al, 1998). Oakley and co-workers have
recently solved the crystal structure of humansc[@asGST in complex with BSP (Oakley
et al, 1999). Structural evidence suggested that B8&&shio a site that is located in part
of the H-site. This was the first structural eviderof an additional L-site apart from the
L-site already identified in the V-shaped cleftthé dimer interface (McTiguet al,
1995; Jiet al, 1997).
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Table 8 Energetics of the interaction between wild-typ®8T@1-1 and the amphipathic
dye ANS at different temperature conditions. Alketkalues are based on a single
experiment and the errors were obtained by fittihg titration data using the ITC
software programme (ORIGIN 5.0).

Temperature N dK AHC ASP AGP

°C) ul) (kJ/mol) (J/mol/K)  (kd/mol)
10.6 1£0.03 35.81.6 -1880.7 20.0 -24.2
15.0 0#80.1 45.¥3.7 -2251.7 5.0 -23.9
20.0 1£0.03 65.42.4 -2641.1 -9.8 -23.5
25.0 08).1 69.85.0 -30#3.3 -23.3 -23.8
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Figure 43. Temperature-dependence of the enthalpy chafB€, upor
binding of ANS to the wild-type protein. The datasummarised in Table
10. The solid line through the points is the lineagression fit to the data.
The slope of the linear regression yields the changheat capacityAC,)
upon ligand binding to the protein. The correlatbarefficient is 0.998.
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A typical calorimetric titration curve of the addm of BSP to the wild-type protein is
shown in Figure 44, panel A. Each peak in panel olresponds to an exothermic
interaction. The peak area diminishes with eachcesgive injection of BSP. BSP
titration curves, however, differed from all thehet ligands (GSH, GSOand ANS)
examined thus far in that no small peaks of cotsiean were observed at the end of the
titration curve. The heat of dilution was deterntifeom a separate experiment under
identical conditions (temperature, buffer, pH) gxtcthat BSP was injected into buffer
without protein. This was then subtracted from téw data to obtain the heat evolved
from each injection. The area under each peak mtagrated and the observed enthalpy
of binding AH®) versus the molar ratio of BSP added is showniguré 44, panel B.
Under these experimental conditions, the post-aatur peaks usually identified in ITC
data are not evident (Figure 44, panel B). The dhtained from these titration curves do
not fit well to a single-site binding reaction madéhe data, however, fits well to a
binding model describing two sets of binding steshe wild-type protein molecule. The
thermodynamic parameters describing the associabiorBSP and hGSTAl-1 are

summarised in Table 9.

The data obtained suggests the presence of twobBflg sites per monomer. The first
site (N1) binds one molecule of BSP per protein omar with a very high affinity of
0.15 to 0.24uM BSP in the temperature ranges from 18@5The second binding site
on the protein molecule corresponds to a lowemiyfisite (Ky values range from
approximately 6.uM to 9.9 uM BSP). The stoichiometry of binding at this sie~ 3.7
molecules BSP per protein monomer. Figure 44, paraéarly shows the existence of a
biphasic binding isotherm. The first phase is ewidérom 0-2 (molar ratio) and
corresponds to the first binding site on the proteiolecule representing the higher
affinity binding site. The second phase begins atotar ratio of ~ 2.5 and continues all
the way through to a molar ratio of 7. The secohdse represents the lower affinity
binding site that is capable of binding ~ 4 molesubf BSP per protein monomer of
hGSTA1-1. It is evident that even a molar ratio~ofour:one of ligand:protein is not
sufficient to saturate the second binding site; ne post-saturation peaks are observed in

Figure 44, panel B. In addition, BSP appears twl the higher affinity site ~ 47 times
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Figure 44. A representative calorimetric titration profilé the binding of BSP to the
wild-type hGSTA1-1 protein. The experiment was perfed at 28C.The conditions
were: 0.06 mM protein monomer concentration and M BSP in 20 mM sodium
phosphate buffer, pH 6.5, containing 0.1 M NaQihil EDTA, 0.02% sodium azide and

1 mM tris-(carboxyethyl)-phosphine (TCEP). Panel A showsekethermic heat effects
associated with the injection of BSP into the IT&nple cell containing the wild-type
protein. Panel B shows the biphasic binding isathécorrected for heats of dilution)
corresponding to the data in panel A. The solié linrough the data represents the best
fitted curve obtained using the ORIGIN software.
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Table 9. Energetics of the interaction between wild-typ8T@1-1 and BSP at different

temperature conditions. The thermodynamic parametere obtained for the (A) higher

and (B) lower affinity binding sites, respectivelyll the values are based on a single
experiment and the errors were obtained by fittihg titration data using the ITC

software programme (ORIGIN 5.0).

A.
Temperature N1 aK AHC1 ASP1 AG°1
(°C) LNg) (kJ/mol) (J/mol/K)  (kJ/mol)
10.0 0:40.02 0.150.03 -17.40.4 68 -36.4
15.0 0:48.01 0.240.03 -22.60.3 49 -36.7
20.0 0:40.01 0.1:80.04 -25.40.4 42 -37.8
25.0 0:40.01 0.240.08 -30.40.5 25 -37.8

B.

Temperature N2 .4 AH®2 AS°2 AG®2
(°C) L) (kJ/mol) (J/mol/K)  (kJ/mol)
10.0 38.1 6.%1.1 -740.2 74 -28.0
15.0 340.1 9.91.2 -7480.2 69 -27.7
20.0 340.1 8.81.2 -6460.2 77 -28.6
25.0 38.1 8.%2.7 -340.3 84 -28.7
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tighter than the lower affinity site at 96.

Occupation of the high and low affinity set of siten the protein molecule by BSP
appears to be enthalpicallff°) and entropically4S°) favourable. The higher affinity
site, however, appears to be more enthalpicallpdeable AH®) and the lower affinity

site is more entropically favourablagP).

The change in heat capacity on bindidg{) of BSP to the wild-type protein (i.e., the
linear dependence of the observed enthalpy of bin@iH®) on temperature) is shown in
Table 10. The binding of BSP to the higher affintipding site resulted in a negative
AC, (-0.83 kd/mol/K) whereas the binding of BSP to lihweer affinity site corresponded
to a positive change in the heat capacity (+0.4im&UK) (Figures 45A and B,

respectively).

7.2 Discussion

To our knowledge, this study represents the fosiéscribe the energetics of binding of
non-substrate ligands to GSTs using ITC. The emniesgef non-substrate ligand binding
to the wild-type hGSTA1-1 was carried out using AAIRI BSP as ligands. The binding
of ANS to GSTs has been studied quite extensivglyneans of techniques such as
fluorescence resonance energy transfer (FRET)q&ltemeret al, 1996). ANS is also
used as a probe to monitor the appearance/disamearnof structured hydrophobic
surface area/patches during protein folding/unfadexperiments (Wallacet al, 1998a,
1998b; Wallace and Dirr, 1999; Stevemisal, 1998; Hornbyet al, 2000).

Binding energetics of ANS to wild-type hGSTATFitration calorimetric experiments
were performed under conditions where only the &naipire was varied between 10 and
25°C. ITC is extremely effective in that it providesamplete thermodynamic profile of

parameters for a protein-ligand interaction.
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Figure 45. Temperature-dependence of the enthalpy chakig®, upon binding of BSP
to the wild-type hGSTA1-1 protein. The data are swarised in Table 10. The change in
heat capacity upon BSP binding to the wild-typetgirofor the (A) higher (filled red
diamonds) and (B) lower (filled blue diamonds) @ity binding sites is indicated. The
solid line through the points (Figures A and Bjhe linear regression fit to the data. The
slope of the linear regression yields the changéeat capacity AC,) upon ligand

binding to the wild-type protein. The correlatiomefficient for both (A) and (B) is 0.99.
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Table 10 The change in heat capacitydy) upon binding of non-substrate ligands ANS
and BSP to the wild-type hGSTA1-1 protein. The reated non-polar surface that

becomes buriecﬂ@np(Az)) upon protein-ligand interaction is also shown.

(AC,) (kJ/mol/K) DA, (A?)
(monomer)
Ligand: Experimental Theoretical
ANS -0.84 -800
BSP (higher affinity site) -0.83 -794
BSP (lower affinity site) +0.41 +392
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Phosphate buffer was used in the study of the bghdf ANS to the wild-type hGSTAL-
1. This buffer has a very low enthalpy of ionisati@.77 kJ/mol to 5.12 kJ/mol) (Doyle,
1999; Fukada and Takahashi, 1998). The use of platspouffer would, therefore,
minimise any artifactual heats of buffer ionisati@onnelly and co-workers have also
opted for phosphate (and acetate) buffer as thénsubf choice so that the binding
enthalpy does not reflect any contribution dueutidy ionisation (Connellet al, 1992).
Eftink and co-workers have also utilised phospliatéers because they have found that
the heat of protonation of the phosphate is appmately zero (Eftinket al, 1983).
Therefore, the interpretation of the data presemtect reflects theﬁHObinding, which
consists of the total binding enthalpy for the iat#ion between ANS and the protein.
The AHObindmg, therefore, includes the enthalpy of buffer iotima (if any). The first
guestion that needs to be addressed is whethee tmer any exchanges of protons
between the buffer and the protein and/or ligandnduthe interaction. Future studies
involving the characterisation of binding of norbstrate ligands to GSTs should identify
the ideal/appropriate buffers system to be usedrder to establish the existence of

linked protonation events.

Table 8 demonstrates the results obtained frombthding event occurring between
hGSTA1-1 and ANS. All the data fit well to a modidscribing a single set of binding
sites. This is taken to mean that one molecule M&Ainds per protein monomer. The
data taken at fiC, describes reasonably well the stoichiometryhef binding event
between hGSTA1-1 and ANS. It is not uncommon toeolss N values as low as 0.83
being reported as representing a 1:1 binding (LNag-et al, 1991). The binding
affinities for ANS is good agreement with thosesalty determined in previous studies
(Dirr and Wallace, 1999; Sayeat al, 2000). The K values indicated that the binding
constant is dependent on the temperature. ANS bindsold tighter at 18C than at
25°C. The AH® is exothermic at each temperature studied. Thea#mthof binding
becomes more favourable as the temperature inceddee large and favourable

enthalpic event may be attributed to hydrogen bampdnd van der Waals interactions.
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Favourable entropic contributions are observed @wel temperatures whereas
unfavourable contributions to the entropy of bimdiare observed at the higher
temperatures. The reason for the unfavourable &anthe entropy term upon binding
of ANS to the wild-type protein may be due to asl@s solvent entropy. ANS probably
binds to a site on the protein that does not imgpeat motional restrictions. The binding
of ANS may not favour the burial of a large hydroplt surface area as well as the
expulsion of water molecules. In order for the @lleentropy term to contribute
favourably to the binding, the liberation of solv@molecules bound to the surface of the
ligand and/or binding site of the protein must adouan extent sufficiently high to over
come the entropy changes for the ligand and madexule (Sigurskjoldet al, 1991).
Thermodynamic analysis indicates that the bindingNS is not entropically favoured at
higher temperatures and that the favourable carttabs to the binding Gibbs energy are
of an enthalpic origin. If a binding event is emically driven, it usually indicates a
strong contribution from hydrophobic effects (Jales and Bosshard, 1994). The free
energy of bindingAG®, changes little with temperature and reflects mthapy-entropy
compensation in which the favourable enthalpy afrbgen bond formation and van der
Waals interactions provides the major driving fotoethe overall free energy of the
hGSTA1-1-ANS complex. Because ANS contains a clthsgdfonate group (S, the
contribution of electrostatic interactions towatte favourable binding enthalpy cannot

be excluded.

The temperature dependence of tktd® reveals a negative heat capacity upon ANS
binding to the wild-type hGSTA1-1. This is oftensasiated with the removal/burial of
hydrophobic groups from contact with solvent. Theding of ANS to the wild-type
protein, therefore, corresponds to the reductiorexgjosed non-polar surface area to
solvent. Speculation of the possible ANS bindinge snay be the solvent-exposed
hydrophobic surface area of domain I. The role 22Fin the ligandin function (i.e.,
ANS binding) of hGSTA1-1 has been demonstrated mapg@er 5. When the wild-type
hGSTA1-1 is complexed with active site ligands, #ide chain of F221 at the C-
terminus of helix 9 contacts the side chain of \1&@lfrom domain Il (Figures 18 A and
B). Together, the interactions between F221 andlMalas well as contributions from
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residues located in the C-terminal helix 9 (Leu2AB215, Arg216 and Phe219) may

form a hydrophobic cluster that increases the hpldobicity of the C-terminus of helix 9.

Inspection of the Kvalues indicates that ANS does not bind very hgty = 69uM at
25°C) to the site on the protein and that binding ha$ site may occur without the
expulsion of highly ordered water molecules. Thiaynalso explain the reduction in
solvent entropy observed upon ANS binding. ANS appdo bind a hydrophobic site
located at the subunit interface (Sluis-Crereeal, 1996; Dirr and Wallace, 1999). The
ANS binding site is also similar to the one thatds estradiol disulfate (Barycki and
Colman, 1997) and AEDANS (Wallaeg al, 1998b). At present, the exact location of
the ANS binding site/s is not clear. However, IT&alsuggests that a possible site for
ANS binding is located near the H-site region (lmpdrobic binding site) of the active
site. The availability of crystal structure datawifd-type hGSTA1-1 complexed with
ANS should provide some insight into the locatiow @aumber of ANS binding site/s on
the hGSTA1-1 protein.

Binding energetics of BSP to wild-type hGSTATHie binding of BSP to the wild-type
GST was very different from all the ligands studikds far. Firstly, analysis of the data
indicated that the binding could not be describgdabsingle site reaction model. The
data, however, fits well to a model describing tegis of binding sites. The binding
isotherm is clearly biphasic over the entire terapee studied. The first phase (0-2
molar ratio) corresponds to a high affinity bindisite that is characterised by very tight
binding (Ky values range from 0.1pM to 0.24 uM BSP) and a stoichiometry of one
molecule of BSP per protein monomer (N values 8ft6.0.9). The second phase (2.5 to
7 molar ratio) is consistent with a lower affingite that is capable of binding 3.5 to 3.8
molecules of BSP per monomer. It is also evideat the binding of up to 4 molecules of
BSP per protein monomer (Figure 44, panels A anctd)jld not saturate the lower
affinity binding site.

Examination of the enthalpies of binding for thgher affinity site indicate that the
interaction at this site is highly favourable amdild indicate the formation of hydrogen
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bonds as well as van der Waals interactions. Thditg entropy £S°) exhibits large
positive values indicative of a very favourableenaiction. BSP binding to the higher
affinity site most likely implicates a site on tipeotein that involves the expulsion of
water molecules and this would result in the higindn observed solvent entropy<°).
The contribution of the binding enthalpgH®) and entropy £S°) to the Gibbs free
energy of binding&4G®) (Table 9) indicate that both terms serve as tieng) force in
the association of BSP with the wild-type prot@ased on these results, it may be likely
that high affinity BSP binding occurs near the k&siCrystal structure data of BSP
complexed to the human class pi GST has recentplicated the H-site as a novel
ligand-binding site (Oaklegt al, 1999). Recently, it was shown that the bindih@8P
does not affect the urea-dependent binding behawab&NS to wild-hGSTA1-1 (Dirr
and Wallace, 1999). BSP binding to the wild-typetein resulted in ~ 70% quenching of
the intrinsic tryptophan 20 fluorescence. This waagreement with the proximity of the
BSP-binding site to the fluorophore @i al, 1996; Dirr and Wallace, 1999). Dirr and
Wallace (1999) also showed that the binding affint BSP for the wild-type protein is
enhanced ~ 3.5-fold when the active site is ocaupigh glutathione. Interestingly, BSP
binding studies on the C-terminally truncated mutéelix 9 deletion mutant) indicated
that BSP binds with a two-fold higher affinity atliis was accompanied by an almost
100% quenching of tryptophan 20 fluorescence.dghtlof the fluorescence data of BSP-
binding to wild-type and helix 9 deletion proteiitss quite conceivable that BSP binds a
region near the active site located on each subthé binding of non-substrate ligands
often results in non-competitive inhibition of G&ttivity (Mannervik and Danielson,
1988; Bicoet al, 1995). Inhibition of enzyme activity by non-stiase ligand binding
would be explained by the proximity of the activie $0 the non-substrate ligand binding
sites (Bicoet al, 1995; Dirr and Wallace, 1999). The localisatadrhelix 9 onto domain

| has been observed crystallographically with tieeupation of the active site using a
variety of ligands (Sinningt al, 1993; Cameroet al, 1995; Guet al, 2000; Admaret
al., 2001). The reduction of non-polar exposed serfacca upon binding of BSP is
indicated by the large negative value of the chandeat capacitydC, (Figure 45A and
Table 10).
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The second binding site on the protein is refetteds a lower binding affinity site in
comparison to the first high affinity site descdb&bove. It is clear that ~ four molecules
of BSP bind to this site per protein monomer. ONeBSP appears to bind the first site ~
40-fold tighter than the second site. The bindih®$8P to the second site is enthalpically
(negative AH® values) and entropically (positiv&H®) favourable in the temperature
range studied. However, BSP binding to the secatel is entropically favourable
(positive ASC values) only at the lower temperatures. Contringi of the binding
enthalpy and binding entropy to the Gibbs free gndAG®) indicate that the major
contributor of the binding of BSP to the lower gify site is the entropic term (&8°).
This term contributes as much as 75 to 80% of fealdle energy to the overall Gibbs
free energy of binding\G®) to the lower affinity site (Table 9). Therefothe binding of
BSP to the lower affinity site is entropically mdesourable than the binding enthalpy of
the reaction. The binding enthalpy of BSP to thedoaffinity site is also reduced with
respect to the higher affinity site (Table 9A anyl Bpeculation of a possible lower
affinity binding site could involve the region arahelix 2 (see Figure 1A for location
of helix 2). There is also evidence to suggest thatsulfonate-containing buffers, Mes
and Hepes, bind a similar region in the class n@rGSTs (Jet al, 1997; Pradet al,
1997). What is clear is that BSP binding to thedopwaffinity site (Figure 45B, Table 10)
does not involve a significant reduction of nongyaurface area when compared to the
higher affinity binding site (Figure 45A, Table 10)

7.3 Conclusions

This work is the first to describe the energetitBgand binding to the active (G- and H-
sites) and non-substrate (L-site) ligand bindingssof the human class alpha GSTs using
isothermal titration calorimetry. Preliminary wodn the binding of glutathione and
glutathione sulfonate to the wild-type and Y8F pno$ suggests that the Y8F mutant
protein binds the physiological tripeptide glutatine tighter than the wild-type protein,
whereas the wild-type binds the anionic glutathi@mlogue, glutathione sulfonate,
tighter than the Y8F mutant. The fact that the Y8#tant displays a larger negati€,
(using glutathione and glutathione sulfonate) nraplicate the tyrosyl hydroxyl group,

situated at the active site, in modulating the ayica of the C-terminal helix 9. This
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study, however, needs to be extended to includectrdribution made by linked-

protonation effects to the observed energetic bimgarameters in order to know the
“true” thermodynamic parameters of the proteintidga interaction alone. The

identification of the most appropriate buffers iberefore, required to avoid buffer-
binding effects because GSTs appear to be buffethtg proteins. This information

would be essential in determining the protonatitatesof tyrosine 8 at the active. By
performing the experiments under conditions of wagyH conditions, it is also possible
to determine the pkvalue of this catalytic residue.

The binding of ANS to the wild-type protein indiedtthat one molecule of ANS binds
per protein monomer. The interactions are enthallyicfavourable indicating the

possibility of hydrogen bond formation. ANS bindiatgo results in a reduction of non-
polar surface area exposed to solvent. The propbseting site is the region around

domain | that becomes buried when helix 9 is imredl.

BSP binding to the wild-type hGSTA1-1 protein inve$ a high and low affinity set of
binding sites. The higher affinity site is capabliebinding one molecule of BSP per
protein monomer whereas the lower affinity site e@commodate a minimum of four
BSP molecules. Binding to the higher affinity sgeclearly enthalpically and entropically
favourable with both terms contributing to the vdayourable Gibbs free energy of
binding. Binding to the lower affinity site, howayés not very favourable enthalpically
and the major driving force behind the favourablbbs free energy of association is the

entropic factor (-1AS). This interaction is, therefore, entropicallwdn.
The work presented here has shown that the diesectithe thermodynamics of ligand

binding to hGSTA1-1 and the correlation of eneiggeto structure is crucial towards our

understanding of the functioning of this class myanes.
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