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ABSTRACT 

 
Proteins have evolved to balance the structural requirements for stability with the need for 

specialised conformations imparting catalytic activity and ligand-binding capabilities. The 

glutathione transferases (GSTs) are a multi-gene family of ubiquitous proteins that are 

predominantly involved in the detoxification of reactive endo- and xenobiotic compounds 

through conjugation to the tripeptide glutathione. The family of cytosolic GSTs contain a 

canonical structure composed of a thioredoxin-like fold in domain 1 and an all-α-helical 

domain 2. Domain 1 of the cytosolic GSTs contains a highly conserved isoleucine residue in 

α-helix 3, located below the active site at position 71 in human class Alpha glutathione 

transferase A1-1 (hGST A1-1), that is involved in maintaining the packing within the 

hydrophobic core of domain 1. The objective of this study was to provide insight into the role 

of the topologically conserved Ile-71 residue in the structure, stability, and the catalytic and 

non-substrate ligandin function of hGST A1-1. This was achieved by introducing a cavity-

creating mutation into hGST A1-1 by replacing Ile-71 with Val and comparing the structural 

and functional properties of the mutant with those of the wild-type protein. The structural 

properties of the mutant were the same as those of the wild-type protein as shown by far- and 

near-UV circular dichroism and tryptophan fluorescence studies. The stability of the mutant, 

however, was lower than that of he wild-type protein as revealed by a thermal-induced 

unfolding study which indicated that the temperature transition midpoint (Tm) value for the 

mutant (Tm = 54.71 ± 0.06 °C) was lower than that for the wild-type protein (Tm = 56.45 ± 

0.02 °C). This finding is in agreement with that expected due to the loss of van der Waals 

contacts in the mutant protein. The catalytic properties of the mutant were found to be similar 

to those of the wild-type protein as indicated by a specific activity assay and a transition-state 

stabilisation study. Similarly, the non-substrate ligandin properties of the mutant were 

comparable to those of the wild-type protein as confirmed by 8-anilino-1-naphthalene 

sulfonate (ANS)-binding studies using active site ligands. This non-substrate ligand, ANS, is 

known to bind the H-site of the enzyme’s active site. This study reveals that although the Ile-

71 residue does not play a significant role in the structure and function of the protein, it 

makes a significant contribution to the stability of the protein by forming van der Waals 

contacts within the hydrophobic core of domain 1.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 The stability of proteins 

Structurally-similar proteins contain a number of common structural patterns despite the 

existence of a low degree of sequence identity between them. There appear to be at least four 

general patterns throughout all globular proteins, as reviewed in Shortle et al. (1990): (i) 

most of the charged side chains are found at the surface of the protein where they interact 

with water (Chothia, 1976), (ii) most hydrophobic side chains are found buried within the 

interior of the protein (Chothia, 1976), (iii) the backbone and side-chain residues pack in 

compressed conformations that are comparable in density to crystallised amino acids 

(Richards, 1977; reviewed in Shortle et al. (1990)), and (iv) extensive networks of 

intramolecular hydrogen bonds appear to traverse the protein interior (Baker and Hubbard, 

1984). Analysis of these patterns reveals that non-covalent forces, namely hydrophobic 

interactions, van der Waals interactions, electrostatic forces and hydrogen bonds, play 

dominant roles in controlling the native structure of proteins (Shortle et al., 1990). 

 
Nature has overcome the thermodynamic and kinetic restraints that accompany the folding of 

a denatured protein into its singular, native ‘wild-type’ conformation. Small globular proteins 

fold by a reversible means to achieve the thermodynamically most stable state, i.e. the global 

minima of their free energies is reached under thermodynamic control that is independent of 

a particular pathway (Anfinsen et al., 1961; Anfinsen et al., 1973). There are, however, an 

inconceivably high number of possible conformations to search in order for a denatured 

protein to reach the desired native structure and as such an unbiased search would take longer 

than the age of the universe (Levinthal, 1968; reviewed in Dill and Chan (1997)). There is, 

thus, sufficient evidence to support the existence of distinct ‘folding pathways’ that provide 

the kinetically controlled means of rapidly advancing to the native conformation. The current 

view on protein folding synthesises two theses. The first concept involves the presence of 

multiple folding pathways that are taken simultaneously by different members populating the 
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denatured protein state to produce a folding funnel of thermodynamic states and structural 

conformations. The second concept incorporates the ideas of nucleation-condensation that 

involve the rapid formation and loss of particular secondary and tertiary structural 

interactions at different times of the folding process that seed the folding of the protein into 

its native state. Nature, therefore, conserves particular residues that aid in the formation of 

these particular interactions. As such, the attainment of particular structural conformations 

and the impending stability of the transient conformations in the folding pathways as well as 

that of the final native conformation depend on the conservation of particular residues.   

 

As reviewed in Di Nardo et al. (2003), there is general consensus that the burial of 

hydrophobic residues in the interior of globular protein accounts for the major stabilizing 

force in proteins (Dill, 1990). Randomisation  experiments conducted on barnase and lamda 

repressor proteins have revealed that a protein core of certain protein structures can tolerate 

drastic changes in its composition while still maintaining a stable, enzymatically active 

conformation (Axe et al., 1996; Lim and Sauer, 1989; reviewed in Di Nardo et al. (2003)). 

Studies conducted on the stability of the ubiquitin structure has, however, revealed that its 

stability is strongly dependant on the specific packing arrangements within the protein core 

(Finucane and Woolfson, 1999). The substitution of core residues most often introduces 

cavities into the structure that reduce the stability of the protein by a factor proportional to 

the loss in van der Waals contacts (Vlassi, et al., 1999; Ratnaparkhi and Varadarajan, 2000). 

The resultant cavity is either minimised by the introduction of strain to the local environment 

(Xu et al., 1998) or the cavity persists with the resultant energy cost to the core stability. 

Mutational studies at the interface between an α-helix and β-sheet in the small ribonuclease 

from Bacillus amyloliquefaciens (barnase) have revealed that the substitution of isoleucine 

for valine destabilizes a protein structure by 1.1 kcal mol-1 due to the loss of the single, 

terminal δ-methyl group that decreases the number of stabilising van der Waals contacts 

(Kellis Jr., 1988). 
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1.2 The canonical cytosolic family of GSTs 

It appears widely accepted that the evolution of autotrophic species led to the perpetual 

conversion of the reducing atmosphere of the Oparin-Haldane primordial world to that of the 

oxidising atmosphere characteristic of the modern, oxygen-rich environment (Miller et al., 

1997). It is reasonable that this transformation forced organisms to develop defence 

mechanisms that protected themselves against endogenously produced oxygen and 

xenobiotic compounds that degraded their deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA), inactivated their enzymes and structural proteins, and lysed their cells through the 

attack and disintegration of membranes (Hayes and Pulford, 1995; Hayes and McLellan, 

1999; reviewed in Sheehan et al. (2001)). Aerobic microorganisms, plants and animals have 

thus created and evolved a family of multi-functional enzymes called the glutathione S-

transferases (GSTs) (Wilce and Parker, 1994). 

 

The glutathione S-transferases (GSTs) (EC 2.5.1.18) are a multi-gene family of enzymes that 

primarily catalyse the nucleophilic addition of the sulfhydryl group of the reduced tripeptide 

L-glutathione (GSH) to a variety of nonpolar molecules containing electrophilic functional 

groups (Armstrong, 1991; Rushmore and Pickett, 1993). In addition to their catalytic 

properties, GSTs possess extensive non-substrate ligand-binding properties (Ketley et al., 

1975).   

 
As reviewed in Hayes et al. (2005), the family of cytosolic GSTs are predominantly involved 

in biotransformation of toxic endobiotics and xenobiotics. The cytosolic superfamily is 

composed of at least sixteen classes of dimeric enzymes with subunit lengths of 199-244 

amino acids (Sheehan et al., 2001; Hayes et al., 2005). Of the 16 known classes, at least 

seven are mammalian, namely Alpha (A), Mu (M), Omega (O), Pi (P), Sigma (S), Theta (T), 

and Zeta (Z) (Sheehan et al., 2001; Hayes et al., 2005) and at least seven are non-

mammalian: Beta (B), Delta(D), Epsilon, Lambda, Phi, Rho, Tau and “U”( Hayes et al., 

2005). In humans and rodents, cytosolic GSTs share >40% identity for isoenzymes within a 

class, and <25% identity for isoenzymes between classes (Sheehan et al., 2001; Hayes et al., 

2005). 
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The numerous detoxification processes that occur in the liver require the localisation of high 

concentrations of detoxification enzymes. The GSTs constitute an average of 3.7% of the 

total mass of cytosolic proteins in human hepatic tissue. Human hepatic class Alpha 

glutathione transferase constitutes the predominant class of GSTs accounting for 84% of the 

total mass of hepatic cytosolic GSTs (van Ommen et al., 1990). The specific class Alpha 

GST isoenzyme, human class Alpha glutathione transferase composed of two type 1 

monomers (hGST A1-1), is the most abundant of all isoenzymes in the liver comprising 1.9% 

of the total mass of hepatic proteins (van Ommen et al., 1990). The hGST A1-1 protein, 

therefore, plays a significant role in the function of the liver and warrants further scrutiny.  

 

1.3 The structure of cytosolic GSTs 

The canonical cytosolic GSTs are dimeric proteins, Mr ≈ 50 kilo Dalton (kDa), with globular 

three-dimensional structures of average dimensions 62 Å × 51 Å × 46 Å (Dirr et al., 1994). 

They are homodimeric or heterodimeric proteins that are assembled from identical or non-

identical subunits from the same gene class, respectively (Dirr et al., 1994).  The cytosolic 

GSTs adopt a canonical structure that may be illustrated by the structure of hGST A1-1 

(Figure 1). The homodimer is formed by a two-fold axis of symmetry that creates a solvent 

inaccessible channel down the subunit interface (Sinning et al., 1993). Each monomer 

contains a single active site at each end of the dimer interface, 14 Å apart from each other 

(Sinning et al., 1993), that are composed of a glutathione-binding site (G-site) and an 

adjacent hydrophobic-binding site (H-site) that binds the ubiquitous tri-peptide glutathione, 

and hydrophobic, electrophilic molecules, respectively (Mannervik et al., 1978; reviewed in 

Sinning et al. (1993)). 

 

Each monomer has a total secondary structural content of 59% α-helices and 10% β-strands 

which is apportioned into two distinct domains: a thioredoxin-like N-terminal domain 

(domain 1) and an all-α-helical C-terminal domain (domain 2) connected by the amino acid 

residues in positions 82 and 192 (Sinning et al., 1993). A tryptophan residue, corresponding 

to position 21 in hGST A1-1 (Figure 1), is located at the domain interface where its indole- 

ring side chain protrudes from α-helix 1 in domain 1 into the hydrophobic environment of 
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Figure 1. Ribbon representation of the crystal structure of human class Alpha 

glutathione transferase A1-1 in complex with S-benzylglutathione. 

The interface between the N-terminal domain (turquoise blue), composed of alternating α-

helices and β-strands, and C-terminal domain (grey), all α-helical, contains the intrinsic 

fluorescence residue Trp-21 (purple). The topologically conserved Ile-71 residue (red) is 

positioned below the active site, which is occupied by the ligand S-benzylglutathione 

(orange). The linear glutathione moiety of S-benzylglutathione is seen occupying the 

glutathione binding site (G-site) and the benzyl ring moiety the hydrophobic, electrophilic 

ligand binding site (H-site). This figure was generated from pdb file 1GUH (Sinning et al., 

1993) using Swiss-PdbViewer version 4.0.1 (Guex and Peitsch, 1997). 
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domain 2. 

 

This indole-ring side chain is inaccessible to solvent, with a solvent accessible surface area 

(SASA) of 4 Å2 (Wallace et al., 1998a), which has allowed its use in structural and 

functional studies to probe changes in the inter-domain region (Wallace et al., 1998a) 

including the dissociation of the two domains (Atkins et al., 1997). Domain 1 is an α/β-

structure composed of a βαβ-motif connected to a ββα-motif by an α-helix (α-helix 2) that 

spans the face of a β-sheet that is assembled from the four β-strands (Sinning et al., 1993). 

This topology is known as the thioredoxin fold and is found in the GST-like proteins of 

Escherichia coli thioredoxin (Holmgren et al., 1975), bacteriophage T4 glutaredoxin (Eklund 

et al., 1992) and glutathione peroxidase (Epp et al., 1983). A hydrophobic core is found just 

below the G-site in domain 1 that contains a buried, topologically-conserved isoleucine 

residue, corresponding to position 71 in the hGST A1-1 protein, near the N-terminus of α-

helix 3 (Figure 1). The final structural components of domain 1 are α-helices 8 and 9 of 

which the latter forms a dynamic flap over the active site that contributes to the 

hydrophobicity of the H-site (Sinning et al., 1993). Domain 2 is larger in structure and 

composed of 5 amphiphilic α-helices in which α-helices 4–7 associate their hydrophobic 

residues to form a stable hydrophobic core (Sinning et al., 1993).  

 

The preservation of the canonical GST fold throughout the cytosolic GSTs and GST-like 

proteins highlights the need for conserved residues. Figure 2 depicts a structure-based 

sequence alignment of a portion of the sequences for the thioredoxin-like domain 1 of 15 of 

the mammalian and non-mammalian canonical cytosolic GSTs (Figure 2 A) and 4 of the 

canonical GST-like proteins including chloride intracellular channel protein-1 (Clic1), the 

gamma subunit of eukaryotic translation elongation factor 1 (EF1γ) (Koonin et al., 1994), 

glutaredoxin-2 (Grx2) and yeast prion protein (Ure2p) (Figure 2 B). The alignments show 

that the sequences share a low sequence identity with the prevalence of extensive amino acid 

substitutions between the gene classes. There are, however, a number of fully and semi-

conserved residues at invariant locations in the protein secondary structure that play 

functional and structural roles in the proteins. 
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    β-2  α-2           β-3 β-4       α-3 

A    Alpha          EFEEKFIKSA-----EDLDKL--RNDGYLMFQQVPMVEIDG-MKLVQTRAILNYIASKYN 80 
 Beta           DFTLVSVDLM-----KKRLENGDDYFAVNPKGQVPALLLDDGTLLTEGVAIMQYLADSVP 78 

 Chi            PYESVAVDMA-----AGEHRQ-PTFLSLNPFGKVPALVDDA-FTLWESGAILLYLAEKFG 77 

 Delta          ELNLKLTNLM-----AGEHMK-PEFLKLNPQHCIPTLVDEDGFVLWESRAIQIYLVEKYG 78 

 Epsilon        ELEQKTINLL-----TGDHLK-PEFVKLNPQHTIP-VLDDNGTIITESHAIMIYLVTKYG 80 

 Lamda          QDKMELVAID------LQDKPAWYKDKVYAQGTVPSLEHDS-EVRGESLDLIRYIDSNFD 109 

 Mu             SYEEKKYTMGDAPDYDRSQWLNEKFKLGLDFPNLPYLIDGA-HKITQSNAILCYIARKHN 85 

 Omega          RHEVININLK---------NKPEWFFKKNPFGLVPVLENSQGQLIYESAITCEYLDEAYP 98 

 Phi            DFELVHVELK-----DGEHKK-EPFLSRNPFGQVPAFEDGD-LKLFESRAITQYIAHRYE 80 

 Pi             SWKEEVVTVE-----TWQEGS---LKASCLYGQLPKFQDGD-LTLYQSNTILRHLGRTLG 78 

 Sigma          EFTDRVVEMA-----DWPNLK-----ATMYSNAMPVLDIDG-TKMSQSMCIARHLAREFG 76 

 Tau            SYEDVEEDLY---------KKSELLLKSNPVHKKIPVLIHNGAPVCESMIILQYIDEVFA 81 

 Theta          PLELRTVDLV-----KGQHKS-KEFLQINSLGKLPTLKDGD-FILTESSAILIYLSCKYQ 79 

 Zeta           DYEYIPVNLL-----KGDQFD-SDFKKINPMGTVPALVDGD-VVINDSFAIIMYLDEKYP 85 

 PfGST          EYTDKRFGVNGD---AFVEFKNFKKEKDTPFEQVPILQIGD-LILAQSQAIVRYLSKKYN 84 

                                                    .         :      ::      

 

B   Clic1          GVTFNVTTVDTKRRTETVQKLCPGGELPFLLY--------GTEVHTDTNKIEEFLEAVLC 89 
 EF1γ ALKLDVKVVTPDAAAEQFAR-DFPLKKVPAFV------GPKGYKLTEAMAINYYLVKLSQ 74 

 Grx2           NIPVELHVLLNDDAETPTRMVGQKQVPILQKD--------DSRYMPESMDIVHYVDKLDG 74  

 Ure2p          ELGFHYNTIFLDFNLGEHRAPEFVSVNPNARVPALIDHGMDNLSIWESGAILLHLVNKYY 97 

                 : ..   :                                     ::  *  .:      

Figure 2. Structure-based sequence alignments of a sample of canonical cytosolic GSTs 

and members of the GST-like proteins. 

(A) Structure-based sequence alignment of representatives of the canonical cytosolic GSTs 

and a cytosolic Plasmodium falciparum GST (PfGST). (B) Structure-based sequence 

alignment of representatives of the canonical GST-like proteins including chloride 

intracellular channel protein-1 (Clic1), gamma subunit of eukaryotic translation elongation 

factor 1 (EF1γ), glutaredoxin-2 (Grx2) and yeast prion protein (Ure2p). The secondary 

structure topology of hGST A1-1 is highlighted on the alpha sequence with the sequential 

numbering of β-strands (turquoise) and α-helices (yellow) labelled above the respective 

feature. Red highlights small hydrophobic residues, blue represents acidic residues, green 

shows hydroxyl, amine and the basic Q residues, and magenta (pink) delineates basic 

residues. “*” denotes the presence of a conserved residue in all of the aligned sequences, “:” 

signifies the presence of a conserved substitution within the same colour group, and “.” 

indicates the presence of a semi-conserved substitution. The numerical value at the terminus 

of each line indicates the position of the line’s final amino acid. The topologically conserved 

residue Ile-71 is indicated by the arrow and presented in bold. The structural relationships 

were identified using SCOP (Murzin et al., 1995), the sequences extracted from the protein 

data bank (Berman et al., 2000) and the structural alignments generated using Clustal W 

version 2.0.12 (Larkin et al., 2007; http://www.ebi.ac.uk/Tools/clustalw2/index.html). 
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An isoleucine residue, corresponding to position 71 in α-helix 3 in the hGST A1-1 protein, is 

topologically conserved throughout the canonical cytosolic GSTs and GST-like proteins, 

with the exceptions of the replacement of isoleucine for leucine in class Lamda GST and 

threonine in class Omega GST O.  An analysis of the side chains of leucine and isoleucine 

reveals that they are isosteric variants of each other and are both hydrophobic in nature. 

Although the side chain of threonine is polarised, containing a γ-hydroxyl group, and one 

methyl group shorter than isoleucine, both residues are of similar size and bulk. These 

substitutions are therefore conservative replacements and may be tolerated in the 

hydrophobic core of domain 1.  

 

An analysis of the crystal structure of wild-type hGST A1-1 (pdb accession code: 1K3L; Le 

Trong et al., 2002) reveals that the hydrophobic core within domain 1 is composed of the 

amino-acid side chains of β-strand 1 and α-helix 1 of the βαβ-motif, and β-strands 3 and 4 and 

α-helix 3 of the ββα-motif of the thioredoxin fold. Figure 3 depicts the hydrophobic 

environment of the topologically conserved Ile-71 residue located in the hydrophobic core of 

the thioredoxin fold. The Ile-71 side-chain is buried in a hydrophobic cleft formed from the 

side chains of a number of surrounding hydrophobic residues. The residues forming van der 

Waals contacts with the side chain of Ile-71 include Thr-19 (α-helix 1), Pro-56, Val-58 (β-

strand 3), Leu-65 (β-strand 4) and Ile-75 (α-helix 3). The hydrophobic effect formed by the 

unfavourable solvation of these hydrophobic core residues in the denatured protein drives the 

folding process. The formation of favourable van der Waals interactions between these 

hydrophobic residues directs the folding process to the formation of hydrophobic cores around 

which the surrounding secondary structures assemble to form the native hGST A1-1 protein 

structure. These van der Waals interactions are also important in maintaining the stability of 

the hydrophobic cores that stabilise the native hGST A1-1 structure. It is hypothesised that the 

extended length, steric bulk and nonpolar nature of the Ile-71 side chain has been conserved to 

fill the hydrophobic cleft of the hydrophobic core in domain 1 and to maximise the number of 

van der Waals contacts with the surrounding hydrophobic residues. It is, thus, inferred that the 

Ile-71 residue has been topologically conserved to play a role in forming the correct structure 

of the thioredoxin fold in the native hGST A1-1 protein and to contribute to the stability of the 

hydrophobic core in domain 1.  
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Figure 3. Spacefilling representation of the hydrophobic environment of Ile-71 in the 

thioredoxin fold of wild-type hGST A1-1. 

Isoleucine is shown in red and the amino-acids forming side-chain hydrophobic interactions 

are coloured green. The thioredoxin fold is shown as a ribbon representation labelled and 

coloured according to the succession of the secondary structural components. The portion of 

α-helix 3 ribbon masking the Ile-71 residue has been omitted for clarity. This figure was 

generated from pdb file 1K3L (Le Trong et al., 2002) using Swiss-PdbViewer version 4.0.1 

(Guex and Peitsch, 1997). 
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1.4 Catalytic and ligandin functions of cytosolic GSTs 

Cytosolic GSTs are primarily involved in Phase-2 detoxification of endogenous and 

xenobiotic alkylating agents in the mercapturic pathway (Sheehan et al., 2001). Cytosolic 

GSTs are, paradoxically, also involved in the activation of certain xenobiotics (Hayes et al., 

2005). The metabolism of endogenous compounds includes the degradation of products from 

oxidative stress and aromatic amino acids metabolism, and the synthesis of steroid hormones 

(Sheehan et al., 2001). Cytosolic GSTs are capable of catalysing epoxide ring-opening 

reactions, Michael additions to α,β-unsaturated aldehydes and ketones, and nucleophilic 

aromatic substitution (SNAr) reactions on alkyl and aryl halides which all produce 

glutathione conjugates (Armstrong, 1991; Sheehan et al., 2001). In addition to this, cytosolic 

GSTs catalyse the reduction of hydroperoxides to produce oxidized glutathione (GSSG) 

(Sheehan et al., 2001). The following scheme depicts the general reaction between reduced 

glutathione (GSH) and an electrophilic substrate (R) catalysed by the GST enzyme (E) 

(Armstrong, 1991): 

 

E + GSH E GS
-

+ H
+

RX H
+

E GS
-

RX E GSR X
-

E GSR

X
-

E GSR+
 

The GST enzyme binds GSH at the G-site and abstracts the GSH sulfhydryl group proton to 

yield an enzyme-bound glutathionoate anion (GS-). The proton is released and the 

electrophilic substrate, containing a good leaving group (X), binds to the H-site.  The next 

sequential reaction is characterised by the nucleophilic addition of the thiolate to the 

electrophilic substrate (in the ternary complex of enzyme, GS- and electrophile) followed by 

the elimination of the leaving group (Armstrong, 1991). The final stage involves the release 

of the GSR conjugate. This scheme was generated using ACD/ChemSketch (Freeware) 

version 12.01 (Advanced Chemistry Development Inc., 2009; http://www.acdlabs.com). 

 

The reaction is catalysed due to the contributions made by a number of residues in the active 

site that interact with the GSH and electrophilic substrates. In the hGST A1-1 protein, the 

side-chain hydroxyl group of topologically conserved Tyr-9 forms hydrogen-bond 

interactions, in its undissociated neutral form, with the sulfhydryl group of GSH thereby 

 •   • •  •  •  • 
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lowering the pKa of the GSH sulfhydryl group from a pKa value of 9.0 to between 6.2 and 7.1 

(Björnestedt et al., 1995) and activating the sulfhydryl group for deprotonation (Stenberg et 

al., 1991). The Arg-15 side chain is involved in excluding solvent molecules from the H-site 

whereas its main-chain backbone amide group forms hydrogen-bond interactions with the 

hydroxyl group of Tyr-9 thereby aiding in the stabilisation of the GS- thiolate anion 

(Björnestedt et al., 1995). The pyrrolidine ring of topologically conserved Pro-56 packs 

against Tyr-9 and Met-16 thereby ensuring the correct conformation of the G-site for 

formation of the hydrogen-bond interactions between GSH, Tyr-9 and Arg-15 (Nathaniel et 

al., 2003).  

 

The conjugation reactions between a number of arene substrates and GSH follow a 

nucleophilic aromatic substitution (SNAr) reaction. The SNAr reaction involves sequential 

addition and elimination reactions (Armstrong, 1997) between which a short-lived σ-complex 

intermediate or Meisenheimer complex is formed (Miller, 1968; Bernasconi, 1980; reviewed 

in Graminski et al. (1989)). Figure 4 is a diagrammatic representation of the conjugation of 

the electrophilic substrates 1-chloro-2,4-dinitrobenzene (CDNB) and 1,3,5-trinitrobenzene 

(TNB) to GSH with the inclusion of the TNB σ-complex, 1-(S-glutathionyl)-2,4,6-

trinitrocyclohexadienate anion, an analogue of the σ-complex intermediate formed in the 

CDNB reaction (Clark and Sinclair, 1988; Graminski et al., 1989).  

 

Kinetic studies on rat liver class GST M4-4 have suggested that the formation of the σ-

complex from GSH and electron-deficient arenes is the rate limiting step in the SNAr reaction 

and that the σ-complex is stabilised by hydrogen-bonding interactions with tyrosine residues 

and water molecules in the active site (Chen et al., 1988; Ji et al., 1993). Kinetic studies 

conducted on the rat liver class GST M3-3, have revealed that enzymes that have a greater 

efficiency for catalysing nucleophilic aromatic substitution reactions are capable of 

stabilising the σ-complex intermediate because of its ability to stabilise the transition state 

leading up to the formation of the σ-complex intermediate (Graminski et al., 1989).  The 

hGST A1-1 enzyme is capable of dramatically increasing the concentration of the 1-(S-

glutathionyl)-2,4,6-trinitrocyclohexadienate σ-complex in the enzyme’s active site, at pH 6.5, 

as compared to the concentration formed between GS- and TNB in aqueous solution at  
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Figure 4. Diagrammatic representation of the nucleophilic aromatic substitution (SNAr) 

reaction catalysed by glutathione transferases involving the conjugation of (A) 1-chloro-

2,4-dinitrobenzene and (B) 1,3,5-trinitrobenzene to GSH. 

(A) The initial slow step involves (i) the GST-catalysed abstraction of the enzyme-bound 

glutathione thiol proton producing an enzymatically-stabilised thiolate anion, followed by (ii) 

the nucleophilic addition of the thiolate to the electrophilic aromatic carbon as directed by the 

mesomeric effects of the ortho- and para-nitro aryl substituents and the inductive effect of 

the electronegative chloride group. The resultant 1-(S-glutathionyl)-2,4-

dinitrocyclohexadienate anionic σ-complex is believed to resemble the transition state of the 

reaction and is characterised by a strained Sp3-hybridised ring carbon and a net anionic 

charge that is stabilised by the resonance between the delocalised-ring π electrons and the 

nitro-substituent π electrons. The final fast step involves the rapid elimination of the better 

leaving chloride group to form the 1-(S-glutathionyl)-2,4-dinitrobenzene product and 

chloride. (B) The initial step of the reaction proceeds as per reaction A except that the 

thiolate group adds to any of the three equivalent methyne carbons on the deactivated 

aromatic ring to form the anionic 1-(S-glutathionyl)-2,4,6-trinitrocyclohexadienate σ-

complex. The σ-complex decomposes to the reactants because the hydride group is a weaker 

leaving group compared to the glutathionyl group thereby providing a high kinetic barrier for 

the formation of a 1-(S-glutathionyl)-2,4,6-trinitrobenzene product. This figure was adapted 

from Armstrong (1997) and Graminski et al. (1989) and generated using ACD/ChemSketch 

(Freeware) version 12.01 (Advanced Chemistry Development Inc., 2009). 

B 

A 

 ‡ 

 ‡ 
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pH 9.0 (Gan, 1977). The structural reason for this catalytic ability is unknown due to the lack 

of a crystal structure of the σ-complex bound to the enzyme’s active site. Kinetic studies on 

hGST A1-1 suggest that the enzyme’s ability to stabilise the σ-complex is not the only major 

factor contributing to the enzyme’s high catalytic rate for aromatic substrates (Widersten et 

al., 1996).  

 

In light of the above knowledge, it is argued that the residues involved in the catalytic 

process, including those required to stabilise the σ-complex, are required to be in the correct 

conformation to ensure the optimal catalytic activity of the protein. The proximity of the Ile-

71 residue to the active site suggests that the presence of a stable hydrophobic core at the 

base of the active site is required to maintain the correct conformations of the catalytic 

residues. 

 

1.5 Objectives 

An analysis of the structural data for the canonical cytosolic GSTs indicates the presence of a 

topologically conserved isoleucine residue in the hydrophobic core of domain 1. The 

objective of this study is to determine the role of the conserved Ile-71 residue in the structure, 

stability, and the catalytic and non-substrate ligandin function of hGST A1-1. Specifically, 

the contribution of the extended hydrophobic bulk of the Ile-71 side chain shall be evaluated. 

A comparative study shall be conducted between an Ile-71 � Val hGST A1-1 mutant protein 

and wild-type hGST A1-1 protein to assess the impact of the loss in steric bulk and 

hydrophobic van der Waals contacts made by the truncated Ile-71 side chain. This mutation 

raises the questions of what role the extended structure of Ile-71 side chain plays in: the 

structure of the protein and catalytic G- and H-sites; the stability of the protein; and the 

catalytic and non-substrate ligandin function. The choice of the mutant is based on the 

destabilising effect that the removal of one methyl group from an aliphatic amino acid side 

chain in the hydrophobic core of other proteins has on their structure (Kellis et al., 1988; 

Kellis et al., 1989). It is, therefore, predicted that the Ile-71 � Val mutation destabilises the 

hGST A1-1 protein by ~4.6 kJ.mol-1 in direct proportion to the loss in steric bulk and van der 

Waals contacts associated with the removal of a single methyl group. Similarly, it is 
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predicted that a change in the structure of the catalytic site shall decrease the catalytic ability 

of the enzyme and reduce the affinity for non-substrate ligands. It is thus hypothesised that 

Ile-71 is conserved to maintain the structure, stability, and enzymatic and ligandin function 

of the protein.  
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CHAPTER 2 

EXPERIMENTAL PROCEDURES 

 

2.1 Materials 

The wild-type pKHA1 expression vector encoding recombinant wild-type human class Alpha 

glutathione transferase A1-1 (hGST A1-1) protein was a generous gift from Prof. B. 

Mannervik (Department of Biochemistry, Uppsala University, Uppsala, Sweden; Stenberg et 

al., 1992). The mutant pKHA1 expression vector encoding recombinant mutant I71V hGST 

A1-1 protein was a generous gift from Dr J. Burke (Protein Structure-Function Research 

Unit, University of the Witwatersrand, Johannesburg, South Africa). The Escherichia coli 

BL21 (DE3) and BL21 (DE3) pLysS competent cells were obtained from Stratagene (USA). 

The GeneJETTM Plasmid Miniprep Kit was obtained from Inqaba Biotech, Pretoria, South 

Africa. The compounds 8-anilino-1-naphthalenesulfonic acid (ANS), ethacrynic acid (EA), 

glutathione sulfonic acid, reduced L-glutathione (GSH), and 1,3,5-trinitrobenzene (TNB) 

were of ultrapure grade and were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). 

1-Chloro-2,4-dinitrobenzene (CDNB) was of ultrapure grade and was purchased from Merck 

KGaA (Darmstadt, Germany). Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) protein molecular weight markers (SM0431) were obtained from Fermentas. 

All other reagents were of analytical grade. All solutions and media were prepared using 

distilled water and filtered through a 0.45 µm filter. 

 

2.2 Preparation of the mutant and wild-type pKHA1 plasmids 

2.2.1 Purification of the pKHA1 plasmids  

The mutant and wild-type pKHA1 plasmids were purified in accordance with the same 

procedure given below, unless where otherwise stipulated. All inoculation and growth 

periods discussed below were conducted under sterile conditions using pre-sterilised media, 

containers and measuring equipment.  
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The snap-frozen glycerol stock of Escherichia coli BL21 (DE3) cells, transformed with the 

wild-type pKHA1 plasmid that confers ampicillin (AMP) resistance, was used to inoculate 

200 mL 2× Yeast-Tryptone (2YT) medium (1% (w/v) yeast extract, 1.6% (w/v) tryptone and 

0.5% (w/v) sodium chloride containing 100 µg/mL Amp). Similarly, the snap-frozen glycerol 

stock of Escherichia coli BL21 (DE3) pLysS cells, transformed with the mutant pKHA1 

plasmid and the pLysS plasmid (that confers Amp and chloramphenicol resistance, 

respectively), was used to inoculate 200 mL 2YT medium containing 100 µg/mL Amp and 

35 µg/mL chloramphenicol. The cells were cultured overnight in a shaker-incubator under 

aerobic conditions at 37 °C for 14–16 h at 250 rpm agitation. A 1.5 mL sample of turbid 

overnight culture was centrifuged at 13 400 rpm for 3 min on a benchtop rotor and an aliquot 

of both supernatant and resuspended pellet used to streak 25 mL plates of Luria-Bertani (LB) 

agar medium (0.5% (w/v) yeast extract, 1% (w/v) tryptone, 1% (w/v) sodium chloride and 

1.5% (w/v) agar) containing 100 µg/mL Amp, for both wild-type and mutant pKHA1 

transformants, and 35 µg/mL chloramphenicol, exclusively for mutant pKHA1 

transformants. The streaked cells were incubated at 37 °C for 16–18 h. A single, medium-

sized, dark colony of each of the mutant and wild-type cells was isolated from an LB-agar 

plate for further propagation. The selected colony was used to inoculate 100 mL 2YT 

medium supplemented with 100 µg/mL Amp and incubated at 37 °C for 14–16 h at 250 rpm 

agitation. The turbid overnight culture was used for the small scale DNA purification 

procedure.  

 

The pKHA1 plasmids were extracted and purified from the respective turbid overnight 

culture using the GeneJETTM Plasmid Miniprep Kit (Inqaba Biotech, Pretoria, South Africa) 

in accordance with the protocol detailed in the manufacturer’s instruction manual. The 

Miniprep Kit procedure is adapted from the standard alkaline-sodium dodecyl sulfate (SDS) 

lysis procedure (Ish-Horowicz and Burke, 1981; based on Birnboim and Doly, 1979) used to 

extract the DNA from the bacterial cells, and purify it from bacterial chromosomal DNA, 

RNA and proteins. The only deviation used was employing a 4.5 mL sample of overnight 

culture in place of the required 1.5 mL.  
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The purified mutant pKHA1 plasmid stock was used to transform the high-copy number 

ECloni supercompetant cells, in accordance with the Ecloni tranformation protocol, in order 

to improve the yield of plasmid for further transformations and sequencing. A single colony 

was isolated from an LB-agar plate, originally streaked using an overnight culture of 

transformed ECloni competent cells, used to inoculate a fresh 100 mL solution of 2YT 

medium supplemented with 100 µg/mL Amp. The freshly inoculated media was incubated 

under the aforementioned conditions. The turbid overnight culture was subsequently used to 

extract and purify the mutant pKHA1 plasmid.  

 

The concentration of purified pKHA1 in each sample was determined using a NanoDropTM 

ND-1000 spectrophotometer (ThermoScientific, USA) by measuring the absorbance 

spectrum (220–350 nm) of a 2 µL sample of pKHA1 plasmid, in accordance with NanoDrop 

protocol. The absorbance contribution from the buffer was accounted for by using the TE 

buffer as a blank solution. The ratio of the absorbance at 260 nm to the absorbance at 280 nm 

(A260/ A280) was determined by the NanoDrop software program and used as an indicator of 

the level of protein contamination within the sample. Similarly, the A260/A320 value was 

determined as an indicator of the level of carbohydrate contamination.  

 

2.2.2 Sequencing of the mutant and wild-type pKHA1 plasmids 

A sample (10 µL) of each of the purified mutant and wild-type pKHA1 plasmids was 

submitted to Inqaba Biotec (Pretoria, South Africa) for sequencing. The mutant pKHA1 

cDNA open reading frame (ORF), encoding the I71V hGST A1-1 protein, was sequenced to 

confirm the presence of the desired ATT � GTC mutation and to confirm the absence of any 

other miscellaneous mutations. Similarly, the wild-type pKHA1 cDNA open reading frame, 

encoding the wild-type hGST A1-1 protein, was sequenced to confirm the absence of 

incorporated mutations. The nucleotide sequences were sequenced using modern techniques 

in accordance with the DNA sequencing technique suggested by Sanger et al. (1977). 

Primers previously designed for the pKHA1 plasmid by Samantha Gildenhuys (Protein 

Structure-Function Research Unit, University of the Witwatersrand) were used: 
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Forward: 

5′  CGGCTCGTATAATGTGTGG  3′  

 

Reverse: 

5′  CAGACCGCTTCTGCGTTC  3′  

 

The determined nucleotide sequences were aligned with the known mRNA nucleotide 

sequence encoding Homo sapiens glutathione S-transferase A1 (GENE ID: 2938 GSTA1) 

using the alignment tool, BLASTN, in the NCBI BLAST suite of tools (Altschul et al., 

1990). The nucleotide sequence was translated using the Translate Tool on the ExPASy 

server and the I71V hGST A1 peptide sequence aligned with the known wild-type hGST A1 

peptide sequence using the peptide alignment tool, LALIGN on the ExPASy server, to 

confirm the presence of the I71V mutation. 

 

2.3 Preparation of I71V and wild-type hGST A1-1 proteins  

2.3.1 Protein over-expression and purification 

The heterologous over-expression of both I71V and wild-type hGST A1-1 protein was 

performed in accordance with in-house protocols, based on the method devised by Wallace et 

al. (1999), that incorporate the optimal growth conditions for the optimal expression of each 

protein. The Escherichia coli BL21 (DE3) cells transformed with wild-type pKHA1 plasmid 

were selectively cultured in the presence of the antibiotic Amp due to the conferred 

resistance encoded by the pKHA1 plasmid. Escherichia coli BL21 (DE3) pLysS cells 

transformed with the mutant pKHA1 plasmid were selectively cultured in the presence of 

both Amp and chloramphenicol due to the additional resistance conferred by the pLysS 

plasmid. All over-expression steps were conducted under sterile conditions. Cultures were 

propagated in sealed Erlenmeyer flasks that were five times greater in volume than that of the 

culture to ensure that the agitation supplied sufficient aeration during growth. The protocol 

for the heterologous over-expression of wild-type protein was the same as that for the mutant 

protein and is given below with included deviations where necessary.  
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A thawed glycerol stock of Escherichia coli BL21 (DE3) cells transformed with wild-type 

pKHA1 plasmid was used to inoculate 100 mL 2YT media supplemented with 100 µg/mL 

Amp. Similarly, Escherichia coli BL21 (DE3) pLysS cells transformed with mutant pKHA1 

plasmid were used for media supplemented with both 100 µg/mL Amp and 34 µg/mL 

chloramphenicol. The fresh cultures of Escherichia coli BL21 cells were incubated overnight 

(~16 h) at 37 °C under 250 rpm agitation. A 1:100 dilution of the overnight culture was used 

to inoculate ten 100 mL solutions of fresh 2YT media that contained the equivalent 

concentrations of appropriate antibiotic. The cells were incubated at 37 °C under 250 rpm 

agitation until mid-log phase (OD600 = 0.4–0.6) (~4 h for wild-type and ~4.5 h for mutant) 

whereupon the over-expression of protein was induced by the addition of 1.0 mM IPTG and 

0.2 mM IPTG for wild-type and mutant protein, respectively. The culture was incubated 

overnight under the aforementioned conditions. 

 

The cultures were held on ice during brief transportation after which the cells were harvested 

by centrifugation at 5000 rpm for 20 min at 4 °C in a Sorvall SLA-3000 rotor. The 

supernatant was decantered and discarded. The pelleted cells were resuspended in minimal 

equilibration start buffer (10 mM sodium phosphate buffer, pH 7.45, containing 1 mM 

ethylenediaminetetraacetic acid (EDTA) and 0.02% sodium azide) using vigorous agitation 

on a benchtop vortex, and stored overnight at -20 °C to promote cell lysis. After thawing the 

frozen pellet at 4 °C under gentle rotation, the resuspeded cells were lysed by incubation with 

0.3 mg/mL lysozyme for 0.5–1 h at 4 °C, followed by pulse sonication on ice for six cycles 

of 30 s of medium intensity pulses using 0.5 s pulse intervals. The gelatinous lysate was 

diluted to 50 mL using equilibrium start buffer and the soluble cytosolic protein harvested by 

centrifugation at ~8000 ×g for 30 min at 4 °C (15000 rpm in a Sorvall SS-34 rotor). The 

supernatant was decantered, diluted to 100 mL using equilibration buffer and filtered through 

a 0.2 µm syringe filter. The final dilution and filtration steps were included to promote 

efficient binding of the proteins to the chromatographic column (see below) and to prevent 

clogging the chromatographic resin with residual cells or large aggregates of cleaved 

membranes. 
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The mutant and wild-type hGST A1-1 proteins were purified from the respective mutant and 

wild-type protein filtrates using CM-Sepharose cation-exchange chromatography in 

accordance with an in-house protocol adapted from the method proposed by Wallace et al. 

(1999). The pH of the filtrate was adjusted to pH 7.45 when necessary and loaded onto a 

CM-Sepharose column (58 mL resin-bed volume) pre-equilibrated with 8 column volumes 

(600 mL) equilibration buffer (see above for composition). The column was washed with ten 

column volumes (600 mL) equilibration buffer until the absorbance of column eluent at 280 

nm was zero to ensure that all weakly interacting, unbound protein had been eluted. The 

bound hGST A1-1 protein was eluted from the column using a 0–0.3 M linear salt gradient 

(200 mL final volume) produced from the sequential mixing of equilibration buffer and 

elution buffer (10 mM sodium phosphate buffer, pH 7.45, containing 300 mM sodium 

chloride, 1 mM EDTA and 0.02% sodium azide). The eluent was collected as 2.5 mL 

fractions.  

 

The presence of eluted protein was detected by measuring the absorbance at 280 nm (A280) of 

the eluent, in real-time, using the onboard spectrophotometer on the AKTA automated 

chromatographic system or by measuring the A280 values of each fraction using a Jasco V-

550 UV/Vis spectrophotometer. Fractions containing pure hGST A1-1 protein with an A280 ≥ 

0.1 were pooled and, only when necessary, concentrated on ice by ultrafiltration through an 

Amicon PM-10 membrane with a molecular weight cut-off of 10 kDa. The pooled hGST A1-

1 solution was exhaustively dialysed into 1,3,5-trinitrobenzene (TNB) assay buffer (100 mM 

sodium phosphate, pH 6.5, containing 1 mM EDTA and 0.02% sodium azide) and filtered 

through a 0.2 µm syringe.  

 

A 10 µL sample from each fraction was withdrawn for the assessment of protein size and 

homogeneity by discontinuous sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) using a 4% stacking gel, 15% separating gel as per the method established by 

Laemmli (1970). Samples of the filtered solution of pooled hGST A1-1 fractions were 

assessed by SDS-PAGE to determine the purity and size of the protein subunits. The filtered 

hGST A1-1 solution was aliquoted into cryogenic tubes and snap-frozen in liquid nitrogen. 

The hGST A1-1 aliquots were stored at -70 °C until use upon which they were thawed and 
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extensively redialysed into fresh TNB assay buffer. All experiments used the TNB assay 

buffer unless otherwise stated. It should be noted that whole cell extract samples were 

withdrawn from uninduced and induced transformed Escherichia coli BL21 (DE3) cells and 

analysed by SDS-PAGE for confirmation of induction. Similarly, samples were withdrawn 

from the supernatant and pellet of the lysed cells to ensure the success of the lyses steps, and 

from eluent at various stages of the loading and washing steps of the columning procedure to 

ensure the efficient binding of hGST A1-1 and removal of nonspecifically bound bacterial 

proteins. 

 

2.3.2 Determination of protein concentration  

The molar concentration of wild-type or mutant protein (c) was determined 

spectrophotometrically using the Beer-Lambert law: 

 

A = ελcl 

       

where, A is the absorbance at 280 nm, ελ is the molar absorption coefficient (M-1 cm-1) at the 

given wavelength λ, and l is the pathlength (cm) through which the light passes. The molar 

absorption coefficient (ε) for the wild-type and mutant protein was calculated using the 

equation (Perkins, 1986):  

 

ε = 5550 ΣTrp + 1340 ΣTyr + 150 ΣCys 

   

where, ΣTrp is the sum of tryptophan residues, ΣTyr is the sum of tyrosine residues and 

ΣCys is the sum of cysteine residues within the protein; and the constants indicate the molar 

absorption coefficients for the respective residues. The sequencing results confirmed the 

presence of 1 Trp, 10 Tyr and 1 Cys residues per subunit. The molar absorption coefficient at 

280 nm for dimeric wild-type and mutant hGST A1-1 was, therefore, calculated at 38200 M-1 

cm-1.  
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The absorbance values at 280 nm were measured for a serially-diluted solution of hGST A1-

1 and corrected for the effects of light scattering in accordance with the method proposed by 

Winder and Gent (1971). This correction method briefly involves the use of linear-regression 

analysis on plots of absorbance versus wavelength in the range 320–370 nm to determine the 

expected interference at 280 nm contributed from light scattering effects. This determined 

interference at 280 nm was subtracted from the measured absorbance at 280 nm to yield the 

corrected absorbance at 280 nm. Substitution of the corrected absorbance, the 38200 M-1 cm-1 

absorption coefficient, and the 1 cm pathlength into the Beer-Lambert law (see above) 

yielded the corrected concentration (M) of soluble, dimeric hGST A1-1 protein. 

 

2.4 Spectroscopic structural studies of the I71V and wild-type hGST A1-1 proteins  

Structural characterisation studies were conducted on native and unfolded I71V and wild-

type hGST A1-1 protein samples using the spectroscopic techniques far- and near-ultraviolet 

circular dichroism (far- and near-UV CD) and fluorescence spectroscopy. All samples of 

unfolded protein were prepared by the addition of concentrated urea stock solution (10.0 M) 

into protein solution and incubating the resultant 8.0 M-urea protein sample for a minimum 

of 1 h at 20 °C before collecting spectra. Urea stock solutions (10.2 M) were prepared by 

gravimetric analysis using ultra-pure urea in 2 mM sodium phosphate buffer, pH 6.5, 

containing 0.1 mM EDTA and 0.002% sodium azide. Fresh stock solutions of urea were 

prepared every 14 days and stored at -20 °C to prevent thermal decomposition. The 

concentrations of the urea stock solutions were confirmed through the analysis of the 

refractive index of the solution using equation (Pace, 1986): 

 

[Urea] = 117.66(∆N) + 29.753(∆N)2 + 18.56(∆N)3 

 

where, [Urea] is the concentration of urea (M) and ∆N is the difference in refractive index 

between the buffered urea solution and the buffer solvent at the sodium D line.   

 



 

 23 

2.4.1 Circular dichroism spectroscopy 

2.4.1.1 Far-UV circular dichroism spectroscopy  

Triplicate sample solutions (500 µL) of native and unfolded 2 µM I71V and wild-type hGST 

A1-1 protein were prepared in 2 mM sodium phosphate buffer, pH 6.5, containing 0.1 mM 

EDTA and 0.002% sodium azide, in the absence and presence of 8.0 M urea, respectively. 

The unfolded samples were prepared using the aforementioned method of incubation in the 

presence of urea. Samples, at 20 °C, were irradiated with circular polarised light in the 

wavelength range 180–250 nm in a Jasco J-810 CD spectropolarimeter (Jasco, Japan) using a 

scan speed of 100 nm/min, 5 nm bandwidth filter and a 0.2 cm pathlength. The far-UV CD 

spectra between 180 and 250 nm were concurrently collected using a detector sensitivity of 

100 mdeg, a response time of 0.5 s and a data pitch of 0.1 nm. The averaged spectrum for 

each sample was determined from the accumulation of spectra from five scans per sample. 

All contributions to the far-UV CD spectra from the buffer solution were accounted for by 

subtracting the spectrum collected for the blank buffer solution in the absence of protein. 

 

The mean residue ellipticity, [Θ] (deg cm2 dmol-1), was calculated at each wavelength using 

the equation (Woody, 1995): 

 

[Θ] = 100 ×××× Θ    

     Cnl 

 

where, Θ (mdeg) is the measured ellipticity signal at the respective wavelength, C is the 

protein concentration (mM), n is the total number of residues, and l is the pathlength (cm).  

 

2.4.1.2 Near-UV circular dichroism spectroscopy 

Triplicate sample solutions (500 µL) of native 40 µM I71V and wild-type hGST A1-1 

protein were prepared in 20 mM sodium phosphate buffer, pH 6.5, containing 1 mM EDTA 

and 0.02% sodium azide. Samples, at 4 °C, were irradiated with circular polarised light in the 

wavelength range 240–350 nm in a Jasco J-810 CD spectropolarimeter (Jasco, Japan) using a 

scan speed of 50 nm/min, 0.5 nm bandwidth filter and a 1 cm pathlength. The near-UV CD 
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spectra between 240 and 350 nm were concurrently recorded using a high detector sensitivity 

of 5 mdeg, a response time of 2.0 s and a data pitch of 0.2 nm. The averaged spectrum for 

each sample was determined from the accumulation of spectra from five scans per sample. 

All contributions to the near-UV CD spectra from the buffer solution were accounted for by 

subtracting the spectrum collected for the blank buffer solution in the absence of protein. The 

[Θ] value at each wavelength was calculated using the equation given in section 2.4.1.1. 

 

2.4.2 Intrinsic fluorescence spectroscopy – Tryptophan fluorescence 

Triplicate sample solutions (500 µL) of native and unfolded 2 µM I71V and wild-type hGST 

A1-1 protein were prepared in 2 mM sodium phosphate buffer, pH 6.5, containing 0.1 mM 

EDTA and 0.002% sodium azide, in the absence and presence of 8.0 M urea, respectively. 

The unfolded samples were prepared using the aforementioned method of incubation in the 

presence of urea. Samples, at 20 °C, were irradiated with planar polarised light at the 

wavelengths 280 and 295 in a Perkin Elmer LS-50B Luminescence Spectrophotometer 

(Perkin Elmer, South Africa) using both excitation and emission bandwidth filters of 4 nm 

and a 1 cm pathlength. The intrinsic fluorescence emission spectra between 280 and 500 nm, 

for 280 nm excitation, and between 295 and 500 nm, for 295 nm excitation, were 

concurrently recorded using a scan speed of 100 nm/min. The averaged spectrum for each 

sample was determined from the accumulation of spectra from three scans per sample. All 

contributions to the fluorescence spectra from the buffer solution were accounted for by 

subtracting the spectrum collected for the blank buffer solution in the absence of protein. 

 

2.5 Functional assays of the I71V and wild-type hGST A1-1 proteins 

2.5.1 Non-substrate ligand-binding assays – ANS fluorescence 

The non-substrate, ligand-binding function of the I71V and wild-type hGST A1-1 proteins 

was investigated using the electrophilic, non-substrate ligands 8-anilino-1-naphthalene 

sulfonate (ANS), ethacrynic acid (EA) and glutathione sulfonate (GSO3
-). Stock solutions of 

the fluorescent ligand ANS (~2 mM) were prepared in accordance with the general procedure 

for spectrophotometrically determining the concentration of ANS at 350 nm (ε350 = 4950 M-1 
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cm-1) (Weber and Young, 1964). All stock solutions of ANS were prepared in 20 mM 

sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 0.02% sodium azide, and 

stored at 4 °C in a dedicated, foil-wrapped, dark glass bottle to circumvent 

photodecomposition and were used within 14 days of preparation. All samples were prepared 

by the addition of a concentrated stock solution of ANS to the buffer solution and the 

resultant 200 µM ANS sample solution incubated for a minimum of 1 h at 20 °C in the dark 

to promote the complete binding of ANS to the protein. 

 

2.5.1.1 ANS binding assay 

The binding of the anionic ligand ANS to the I71V and wild-type hGST A1-1 proteins was 

monitored by fluorescence enhancement in accordance with the method of Sluis-Cremer et 

al. (1996). Triplicate sample solutions (500 µL) of native and unfolded 2 µM I71V and wild-

type hGST A1-1 protein were prepared in the presence of 200 µM ANS in 20 mM sodium 

phosphate buffer, pH 6.5, containing 1 mM EDTA and 0.02% sodium azide, and in the 

absence and presence of 8.0 M urea, respectively. The unfolded samples were prepared using 

the aforementioned method of incubation in the presence of urea. Samples, at 20 °C, were 

irradiated with planar polarised light at an excitation wavelength of 390 nm in a Jasco V–630 

Luminescence Spectrophotometer (Jasco, Japan) using both excitation and emission 

bandwidth filters of 5 nm and a 1 cm pathlength. Primary inner filter effects were, thus, 

minimised by using a fluorescence excitation wavelength “on the red edge of the longest 

wavelength absorption band” (Birdsall et al., 1983), i.e., at 390 nm. The ANS fluorescence 

emission spectra between 390 and 600 nm were concurrently recorded using a fast response 

scan speed of 200 nm/min, a 0.5 nm data pitch and a detector sensitivity of 420 V PMT 

voltage. The averaged spectrum for each sample was determined from the accumulation of 

spectra from three scans per sample. All spectra were subsequently adjusted for the 

fluorescence contribution from the free, unbound ANS. 

 

2.5.1.2 ANS displacement assays using EA and GSO3
- ligands 

The displacement of the anionic ligand ANS, bound to the H-site of the I71V and wild-type 

hGST A1-1 proteins, by the non-substrate ligands ethacrynic acid (EA) and glutathione 
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sulfonate (GSO3
-) was monitored by fluorescence quenching in accordance with the method 

of Dirr et al. (2005). The primary and secondary inner filter effects on the excitation and 

fluorescence of ANS were initially determined for the ligands EA and GSO3
-. The 

absorbance of 200 µM ANS in 20 mM sodium phosphate buffer, pH 6.5, containing 1 mM 

EDTA and 0.02% sodium azide, was measured at 390 and 480 nm in the presence of either 

0–1000 µM EA or 0–2000 µM GSO3
-. All values were subsequently corrected for the 

contribution from the buffer component. All inhibitor concentrations with corresponding 

optical density increases below 0.2 absorbance units for each wavelength were used for 

subsequent displacement assays.  

 

Triplicate sample solutions of 2 µM I71V and wild-type hGST A1-1 protein were prepared in 

the presence of 200 µM ANS in 20 mM sodium phosphate buffer, pH 6.5, containing 1 mM 

EDTA and 0.02% sodium azide. The displacement assay was initiated by supplementing an 

assay solution with either 0–1000 µM EA or 0–2000 µM GSO3
- to create a final assay 

volume of 500 µL. Samples, at 20 °C, were irradiated with planar polarised light at an 

excitation wavelength of 390 nm in a Jasco V–630 Luminescence Spectrophotometer (Jasco, 

Japan) using both excitation and emission bandwidth filters of 5 nm and a 1 cm pathlength. 

The ANS fluorescence emitted at 480 nm was concurrently monitored using a fast response 

scan speed of 100 nm/min, a 0.5 nm data pitch and a detector sensitivity of 420 V PMT 

voltage. The averaged spectrum for each sample was determined from the accumulation of 

spectra from three scans per sample. All spectra were subsequently adjusted for the 

fluorescence contribution from free, unbound ANS. 

 

2.5.2 Standard GSH-CDNB conjugation assay 

The specific activities of the I71V and wild-type hGST A1-1 proteins were determined using 

the standard GSH-CDNB conjugation assay proposed by Habig et al. (1974). The enzyme-

catalysed conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) to GSH at 20 °C was 

monitored spectrophotometrically by measuring the absorbance at 340 nm upon formation of 

the chromophoric product 1-(S-glutathionyl)-2,4-dinitrobenzene. Triplicate sample solutions 

of 1–10 µM mutant and wild-type hGST A1-1 protein were prepared in 0.1 M sodium 
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phosphate buffer, pH 6.5, containing 1 mM EDTA and 0.02% sodium azide, in the presence 

of 1 mM GSH. The conjugation reaction was initiated by the addition of 90 µL of a 33.3 mM 

stock solution of CDNB (solubilised in ethanol) to create a final assay CDNB concentration 

of 1 mM and a final assay volume of 3.0 mL. The reaction was followed as linear progress 

curves by measuring the absorbance at 340 nm for 1 min at 20 °C using a Jasco V–630 

UV/Vis spectrophotometer interfaced with a computer. The ethanol concentration was held 

constant at 3% (v/v). 

 

The change in concentration of the 1-(S-glutathionyl)-2,4-dinitrobenzene complex formed at 

the active sites was calculated using the extinction coefficient of the chromophore at 340 nm 

(ε340 = 9600 M-1 cm-1) (Habig et al.,1974) after correcting for the absorbance contribution 

from the 1-(S-glutathionyl)-2,4-dinitrobenzene complex formed in the absence of enzyme. 

The specific activity (µmol min-1 mg-1) was determined by linear regression as the slope of a 

plot between the initial velocity of complex formation (µmol min-1) versus the mass of 

protein (mg).  

 

2.5.3 Formation of the σ-complex between GSH and TNB 

2.5.3.1 Spectroscopic characterisation of the σ-complex 

The formation of the 1-(S-glutathionyl)-2,4,6-trinitrocyclohexadienate σ-complex between 

GSH and 1,3,5-trinitrobenzene (TNB) at the active sites of the I71V and wild-type hGST A1-

1 proteins at 20 °C was monitored by spectrophotometry in accordance with the general 

method of Graminski et al. (1989) but employing the adaptations proposed by Widersten et 

al. (1996). Triplicate sample solutions of 20 µM I71V and wild-type hGST A1-1 protein 

were prepared in 0.1 M sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 

0.02% sodium azide, in the presence of 5 mM GSH. The formation of the σ-complex was 

initiated by the titration of concentrated stock solutions (2.5–60 mM) of TNB, dissolved in 

acetonitrile, into the sample solutions to create a final TNB concentration of between 0 and 

1200 µM and a final assay volume of 1 mL. The concentration of acetonitrile was held 

constant at 2% (v/v). Absorbance spectra between 270 and 650 nm were recorded on a Jasco 

V-630 spectrophotometer using a standard 1.5 nm bandwidth. The averaged spectrum for 
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each sample was determined from the accumulation of spectra from three scans per sample 

using a scan speed of 400 nm/min. All spectra were subsequently adjusted for the absorbance 

contribution from the formation of the σ-complex in the absence of protein. 

 

2.5.3.2 Spectrophotometric determination of the formation constant of the σ-complex  

The formation constant (KF) of the 1-(S-glutathionyl)-2,4,6-trinitrocyclohexadienate σ-

complex formed at the active sites of I71V and wild-type hGST A1-1 protein at 20 °C was 

determined from spectrophotometric titrations in accordance with a method adapted from 

that of Widersten et al. (1996). The spectrophotometric titration employed conditions in 

which TNB was in excess of the concentration of the σ-complex, a condition obtained using a 

concentration of TNB in far excess of the concentration of the GST·GSH complex, i.e., 

[TNB] >> [E·GSH] (Widersten et al., 1996).  

 

Triplicate sample solutions of 17 µM I71V and 15 µM wild-type hGST A1-1 protein were 

prepared in 0.1 M sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 0.02% 

sodium azide, in the presence of 5 mM GSH. The formation of the σ-complex was initiated 

by the titration of concentrated stock solutions (25 mM, 50 mM and 100 mM) of TNB, 

dissolved in acetonitrile, into the sample solutions to create a final TNB concentration of 

between 0 and 1050 µM and a final assay volume of 1 mL. The concentration of acetonitrile 

was held constant at 2% (v/v). The formation of the σ-complex was monitored by measuring 

the absorbance at 450 nm on a Jasco V-630 spectrophotometer using a standard 1.5 nm 

bandwidth. The recorded absorbance values were adjusted for the absorbance contribution 

from the formation of the σ-complex in the absence of protein.  

 

The value of KF was determined by non-linear regression analysis of a plot of absorbance at 

450 nm versus the concentration of TNB using the equation (Widersten et al., 1996): 

 

 A450 = (Amax/[E]0)([TNB])    

      1/KF + [TNB] 
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where, A450 is the measured absorbance at 450 nm, Amax is the absorbance at 450 nm under 

saturating conditions of GSH and TNB, [E]0 is the concentration of hGST A1 subunit, [TNB] 

is the final concentration of TNB, and KF is the formation constant of the σ-complex derived 

from the inverse of Kd value that is directly determined by the regression analysis (hence the 

1/KF expression). 

 

2.6 Thermal-induced unfolding study of the I71V and wild-type hGST A1-1 proteins 

The thermal-induced equilibrium unfolding of the I71V and wild-type hGST A1-1 proteins 

was assessed by probing the extent of α-helix denaturation in response to changes in 

temperature. Triplicate samples of 2 µM I71V and wild-type hGST A1-1 protein were 

prepared in 20 mM sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 0.02% 

sodium azide. Samples were subjected to the elevation and subsequent depression of 

temperature between 4 and 80 °C using a continuous temperature gradient of 1 °C/min, 

controlled by a Jasco PTC-423S Peltier-Type thermostat control system attached to a water-

cooling bath. Samples were concurrently irradiated with 222 nm circular polarised light using 

a Jasco J-810 CD spectropolarimeter (Jasco, Japan) employing a 5 nm bandwidth filter and a 

0.2 cm pathlength. The far-UV CD measurements of ellipticity Θ (mdeg) at 222 nm was 

monitored using a 0.5 s response time, standard (100 mdeg) sensitivity and a 0.1 °C data 

pitch. The recorded ellipticity values were corrected for solvent contributions, converted to 

mean residue ellipticity (see section 2.4.1.1 for method) and plotted against the 

corresponding temperature values. 



 

 30 

CHAPTER 3 

RESULTS AND DISCUSSION 

 

3.1 Purity and sequencing of the mutant and wild-type cDNA 

The miniprep plasmid purification procedures produced 5.0 µg (50 µL of 100 ng/µL) mutant 

pKHA1 plasmid complementary deoxyribonucleic acid (cDNA) and 9.0 µg (50 µL of 180 

ng/µL) wild-type pKHA1 plasmid cDNA. The ratio of the absorbance at 260 nm (A260), 

contributed from the cDNA, to the absorbance at 280 nm (A280), contributed from protein 

impurities, (i.e., A260/A280) for the purified stock solution of mutant pKHA1 plasmid was 

equal to 2.0 whereas the ratio for the purified stock solution of wild-type pKHA1 plasmid 

was equal to 1.9. These A260/A280 values exceeded the minimum requirement of 1.8 ≤ 

A260/A280 ≤ 1.95 (Maniatis et al., 1982). Similarly, the ratio of the A260 to the absorbance at 

230 nm (A230), contributed from bacterial carbohydrate impurities, (i.e., A260/A230) for the 

purified stock solution of mutant pKHA1 plasmid was equal to 2.1 whereas the ratio for the 

purified stock solution of wild-type pKHA1 plasmid was equal to 2.2. The stock solutions of 

mutant and wild-type pKHA1 plasmid were, therefore, of sufficient concentration and purity 

for the sequence analysis and competent-cell transformation procedures.  

  

The sequencing results indicate that the nucleotide sequence of the wild-type hGST A1-1 

cDNA ORF corresponds exactly to the sequence identified by Stenberg et al. (1992). The 

only discrepancy between the Stenberg et al. (1992) nucleotide sequence and the expected 

‘wild-type hGST A1-1’ nucleotide sequence is the inclusion of a thymine nucleotide in place 

of the expected cytosine nucleotide at the position 426. The presence of this single, silent, 

point mutation does not alter the translated amino acid sequence of the wild-type hGST A1-1 

protein due to the degeneracy of the mis-incorporated GTC and ‘wild-type’ GCC codons that 

both encode a serine residue (Stenberg et al., 1992) at amino acid position 142.  
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Figure 5 shows a portion of the nucleotide sequencing chromatograms with the 

corresponding DNA base sequences and deduced amino acid sequences of the wild-type 

(Figure 5 A) and mutant (Figure 5 B) hGST A1-1 ORFs that verify the incorporation of the 

desired mutation. Six base mutations were observed in the ORF encoding the I71V hGST 

A1-1 protein. Only one of the six in-frame mutations (ATT � GTC) was translationally 

active, thus, incorporating the GTC codon that encodes a valine residue (Figure 5 B) in place 

of the ATT codon that encodes the isoleucine residue (Figure 5 A) at amino acid position 71. 

 

3.2 Purity of the I71V and wild-type hGST A1-1 proteins 

The purification of the I71V and wild-type hGST A1-1 proteins produced a single, 

symmetrical peak at ~160 mM sodium chloride in the elution profiles for each protein. 

Figure 6 depicts a representative elution profile for the wild-type hGST A1-1 protein. The 

presence of the single peak suggested that a homogeneous population of proteins were found 

in the eluent. 

 

The SDS-PAGE analysis of the eluted proteins verified the purity and size of the I71V and 

wild-type hGST A1-1 proteins (Figure 7). A single, broad band above the 25.0 kDa marker 

was observed for each of the electrophoresed mutant and wild-type proteins (Figure 7 A). 

The distance migrated by each of the aforementioned bands corresponded to a subunit 

molecular mass of ~27 kDa (Figure 7 B). These values compared well with the calculated 

molecular mass of 25.631 kDa for the wild-type hGST A1-1 subunit and 25.617 kDa for the 

I71V hGST A1-1 subunit, determined using the software program ProtParam (Gasteiger et 

al., 2005). The presence of a single discrete band for each protein comparable in size to the 

Alpha GST subunit verified that the purifications yielded electrophoretically homogeneous 

batches of the I71V and wild-type hGST A1-1 proteins. 

 

One litre of culture of the mutant and wild-type Escherichia coli transformants was found to 

yield ~270 mg of purified I71V hGST A1-1 and ~200 mg of purified wild-type hGST A1-1 

protein, respectively.  
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A 

 

B 

 
 

Figure 5. A portion of the nucleotide sequencing chromatograms for the hGST A1-1 

cDNA ORF emphasising the desired codon mutation responsible for the corresponding 

I71V hGST A1-1 protein sequence.  

(A) A segment of the sequenced wild-type, and (B) I71V hGST A1-1 cDNA ORFs aligned 

with the corresponding translated amino acid sequences that respectively correlate with the 

I71V and wild-type hGST A1-1 protein sequences between amino acids 66–73 (Stenberg et 

al., 1992). The black rectangles indicate the translationally active ATT � GTC mutation 

responsible for the Ile-71 � Val mutation in the amino acid sequence. The grey blocks 

indicate the percentage signal intensity of the respective base above the 20% signal value (�) 

delineating the lower limit for reliable, significant sequencing results. 
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Figure 6. Elution profile of the wild-type hGST A1-1 protein eluted from the fast-flow 

CM-Sepharose cation-exchange column.  

Plots are of (A) the absorbance at 280 nm (A280) of eluted protein (����) corrected for the 

absorbance contribution of solvent, and (B) the linear, 200 mL 0 – 0.3 M sodium chloride 

gradient ( ⁄ ) used to elute the protein.  The protein was eluted in 10 mM sodium phosphate 

buffer, pH 7.45, containing 1 mM EDTA and 0.02% sodium azide and collected in 2.5 mL 

fractions.  

 

 

 

 

A
28

0 

[N
aC

l]
 (m

M
) 

B A 



 

 34 

 

 

      0 10 20 30 40 50 60 70 80 90 100

4.2

4.4

4.6

4.8

5.0

 
Distance migrated (mm) 

Figure 7. SDS-PAGE analysis of the purity and size of the I71V and wild-type hGST A1 

subunits.  

(A) SDS-PAGE gel (15%) depicting the hGST A1 subunits of the I71V and wild-type proteins. 

Lanes 1 and 2 contain 10 µg samples of I71V and wild-type hGST A1-1 protein, respectively. 

Lane 3 contains Fermentas molecular mass markers: β-galactosidase (116.0 kDa), bovine serum 

albumin (66.2 kDa), ovalbumin (45.0 kDa), lactate deydrogenase (35.0 kDa), REase BSp 981 

(25.0 kDa), β-lactoglobulin (18.4 kDa) and lysozyme (14.4 kDa). (B) Calibration curve 

constructed from the mobilities of SDS-PAGE molecular mass standards depicting the logarithm 

of molecular mass (Mw) versus the respective distances migrated. The molecular mass of the 

I71V and wild-type hGST A1 subunits (�) is determined by interpolating their mobilities on the 

straight line, using linear regression analysis (R2 = 0.97). 
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3.3 Structural properties of the I71V and wild-type hGST A1-1 proteins  

3.3.1 Secondary structure  

The far-UV CD spectral properties of the folded and chemically unfolded secondary 

structures of the I71V and wild-type hGST A1-1 proteins are illustrated in Figure 8. The 

spectra of both the native I71V and wild-type hGST A1-1 proteins (Figure 8 A) were 

characterised by an intense positive band of mean residue ellipticity at 190 nm and two 

weaker-intensity negative bands at 208 and 220 nm. These spectral features are characteristic 

of native proteins composed of predominantly α-helical peptides (Woody, 1995). 

 

The 190 and 208 nm bands are a result of the absorption of circular polarised electromagnetic 

waves by the electrons in the carbonyl π-bonding orbital of the peptide-backbone amide 

bonds. The electrons are consequently excited resulting in their low-energy electronic 

transition to the next available higher energy orbital, the empty anti-bonding pi-bond orbital, 

i.e. π � π* (Woody, 1995). Similarly, the negative band observed at 220 nm is associated 

with the transition of an electron from the amide non-bonding orbital to the anti-bonding pi 

orbital, i.e. n � π *, normally present at 222 nm (Woody, 1995). High concentrations of anti-

parallel β-sheet amide bonds typically result in a comparably weaker-intensity spectrum 

composed of a positive band between 195 nm and 198 nm due to the π � π * transition and a 

negative band between 215 nm and 217 nm from the n � π * transition (Woody, 1996). Both 

bands are invisible in the far-UV CD spectra, which corroborates the deduction that the 

native protein is composed of predominantly α-helical peptides. 

 

The aforementioned bands disappeared upon the exposure of the mutant and wild-type 

proteins to the unfolding conditions of an 8 M concentration of the chemical denaturant urea 

(Figure 8 B). The featureless CD spectra at a mean residue ellipticity [Θ] equal to ~0 deg cm2 

dmol-1 is characteristic of a denatured, unfolded protein that has undergone the urea- induced 

disruption of all its secondary structural components, i.e., the absence of α-helices and β-

strands with the resultant predominance of random coils. The spectral properties of the native 

and unfolded wild-type protein are similar to those illustrated for the wild-type hGST A1-1 

protein by Wallace et al. (1999), thus, confirming the precision and accuracy of the results  
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Figure 8. Far-UV CD spectra of I71V (��������) and wild-type (��������) hGST A1-1.  

Spectra are recorded from (A) native wild-type (����) and I71V (����) hGST A1-1 in the absence 

of urea, and (B) denatured wild-type (����) and I71V (����) hGST A1-1 in the presence of 8 M 

urea. The protein concentration was 2 µM in 2 mM sodium phosphate buffer, pH 6.5, 

containing 0.1 mM EDTA and 0.002% sodium azide. Each spectrum represents the average 

spectrum obtained from three or four different protein samples at 20 ˚C. 
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within the current study. The spectral properties of the native and unfolded mutant protein 

are similar to those of the wild-type protein, suggesting that there is no significant difference 

in the secondary structural content of the protein upon the introduction of the I71V mutation.  

 

This resolution limit of the far-UV CD technique is, however, duly acknowledged by the fact 

that the CD technique characterises the average global protein structure. α-Helices are known 

to produce the most pronounced far-UV CD spectral bands for polypeptides (Holzwarth and 

Doty, 1965). In addition to this, far-UV CD produces the most accurate determinations of α-

helix content compared to other secondary structure components (Woody, 1995). These 

technical advantages are, however, overshadowed by the fact that α-helix 3, the site of the 

Ile-71 � Val mutation, constitutes only a small portion of the global secondary structural 

content of hGST A1-1 making an equivalently small contribution to the far-UV CD 

spectrum. Should a structural change have occurred in α-helix 3, the intrinsically poor 

resolution of the technique could render such changes undetectable.  

 

3.3.2 Tertiary structure 

3.3.2.1 Intrinsic fluorescence properties  

The electrons in the indole-ring side chain of tryptophan undergo fluorescence relaxation 

when irradiated with an excitation wavelength of 295 nm (Lakowicz, 1983). The 

fluorescence properties of the indole ring are influenced by the polarity of its environment 

and, thus, provide a sensitive indicator of changes in the local environment of tryptophan. 

The presence of one tryptophan residue in each subunit of the I71V and wild-type proteins 

allows one to probe for changes in the tertiary conformation of these proteins. The phenyl 

ring of tyrosine exhibits weaker fluorescence properties to those of tryptophan when 

irradiated at its excitation wavelength maxima at 280 nm. The use of 280 nm excitation does, 

however, result in the transfer of fluorescence resonance energy (FRET) from excited 

tyrosine to tryptophan that culminates in a more intense fluorescence emission spectrum 

(Lacowicz, 1983). The 10 tyrosine residues within each subunit of the mutant and wild-type 

proteins therefore provide a more sensitive detection system of changes to the tertiary 

structure of a protein through the FRET system. A difference in fluorescence intensity 
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between the emission spectra of the native I71V and wild-type proteins would indicate a 

difference in the tertiary environment’s ability to quench the fluorescence energy emitted by 

the excited tryptophan residue. A blue or red shift in the maximum emission wavelength 

between the emission spectra of the native I71V and wild-type proteins would indicate a 

respective decrease or increase in the polarity of the tertiary environment around the 

tryptophan residues. 

 

The selective excitation of the tryptophan and tyrosine residues within each subunit, by 

irradiation at 280 nm, yielded a fluorescence emission maximum at 331 nm for both the 

native I71V and wild-type hGST A1-1 proteins (Figure 9 A (N)). The fluorescence emission 

maximum for both the mutant and wild-type protein shifted to 357 nm upon the denaturation 

of the proteins (Figure 9 A (U)). An additional weaker intensity secondary peak was 

observed at 310 nm in the denatured protein emission spectra which corresponds to the 

emission wavelength of denatured tyrosine residues submerged in solvent. Figure 9 B depicts 

the emission spectra for the I71V and wild-type proteins in native (Figure 9 B (N)) and 

denaturing (Figure 9 B (U)) conditions using an excitation wavelength of 295 nm. The 

spectra for the native mutant and wild-type proteins exhibited a fluorescence emission 

maximum at 331 nm and 332 nm, respectively, which both shifted to 357 nm upon 

denaturation of the proteins. The 7% decrease in fluorescence intensity, at both 280 and 295 

nm excitation, between the spectra of native mutant and wild-type proteins is mirrored by the 

8% decrease in fluorescence intensity between the corresponding spectra of the denatured 

proteins, a characteristic that is assigned to small discrepancy in the concentration of the 

proteins rather than to small changes between the tertiary conformations of the mutant and 

wild-type proteins. The lack of a significant difference in fluorescent intensity or difference 

in maximum emission wavelength between the emission spectra of the mutant and wild-type 

proteins suggests the absence of a significant change to the local and global tertiary 

conformation upon the introduction of the Ile-71 � Val mutation.  
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Figure 9. Fluorescence emission spectra of native and unfolded I71V and wild-type 

hGST A1-1.  

The proteins were excited at (A) 280 nm and (B) 295 nm and the emission spectra recorded 

using an excitation and emission bandwidth filter of 5 nm. (N) Represents the emission 

maxima at 331 nm for the native I71V (����) and wild-type (����) proteins in the absence of urea. 

(U) Represents the emission maxima at 357 nm for the denatured I71V (����) and wild-type (����) 

proteins in the presence of 8.0 M urea. The spectra from the 280 nm excitation of denatured 

protein exhibited an additional peak at 310 nm. The protein concentration was 2 µM in 2 mM 

sodium phosphate buffer, pH 6.5, containing 0.1 mM EDTA and 0.002% sodium azide.  
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3.3.2.2 Near-UV circular dichroism properties 

Near-ultraviolet circular dichroism was employed to probe the tertiary structure of the I71V 

and wild-type protein by characterising the CD anisotropy present in the overlapping 

absorbance bands of the amino acid side chains. The near-UV CD spectrum (Figure 10) 

recorded from the wild-type protein does not overlay with that from the mutant but appears 

to contain the same number of minima and maxima bands at the same wavelengths 

distinguished only by a translation along the [Θ] ordinate axis. The wild-type spectrum 

reveals a negative band between 250 nm and 275 nm and between 292 nm and 300 nm, and a 

positive band between 275 and 292 nm. This spectrum is in agreement with the near-UV CD 

spectrum reported for wild-type hGST A1-1 by Dirr and Wallace (1999). The mutant protein 

spectrum reveals a comparable near-UV CD spectrum between the same ranges of 

wavelengths except for the initial negative band extending to 280 nm resulting in the positive 

band extending only from 280–292 nm. Negative bands are observed in both spectra at 260 

nm, 266 nm and 295 nm. Positive bands are observed in the wild type spectrum in the order 

of increasing intensity at 273 nm, 283 nm and 288 nm, respectively. The I71V spectrum 

reveals the same pattern of intensity and location of maxima as that found in the wild-type 

but differs in the fact that the 273 nm band is a negative band. The enhancement of the 266 

nm negative band suggests that the environment around the phenylalanine residues have 

become more asymmetrical. The near-UV spectra do, however, suggest that the environment 

surrounding the tyrosine residues are more asymmetrical in I71V hGST A1-1 as compared to 

wild-type hGST A1-1. 

 

The near-UV CD spectra and intrinsic fluorescence spectra indicate that the global tertiary 

structure of I71V hGST A1-1 protein is largely indistinguishable from that of wild-type 

hGST A1-1 protein. 
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Figure 10. Near-UV CD spectra for native I71V (����) and wild-type (����) hGST A1-1. 

The wavelength ranges for typical vibronic transitions for phenylalanine, tyrosine and 

tryptophan are indicated (Kelly et al., 2005). The protein concentration was 40 µM in 20 mM 

sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 0.02% sodium azide. Four 

replicate samples per protein were each scanned three times at 4 ˚C to produce the average 

spectra above.  
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3.3.3 Structures of the I71V and wild-type hGST A1-1 proteins 

The crystal structure of the mutant protein I71V hGST A1-1 (2R6K, Dirr et al., to be 

published) became available during the course of this study. A structursal analysis of the 

crystal structures of mutant and wild-type hGST A1-1 (1K3L, Le Trong et al., 2002) has, 

therefore, been conducted to contextualise the experimental results.  The conclusions drawn 

from the far-UV CD spectra of predominantly α-helical native mutant and wild-type hGST 

A1-1 protein structures is consistent with the 59% α-helical crystal structures of the mutant 

and wild-type hGST A1-1 proteins. The findings of a similar far-UV CD spectral properties 

of the mutant and wild-type proteins are supported by the analysis of the superimposed fits of 

the mutant and wild-type proteins that illustrate the similar super-secondary structures of the 

protein (Figure 11).  

 

The fluorescence and near-UV CD results indicated that there was no significant difference 

between the tertiary conformations of the I71V and wild-type proteins. An analysis of the 

superimposed crystal structures of the I71V hGST A1-1 (2R6K, Dirr et al., to be published) 

and wild-type hGST A1-1 (1K3L, Le Trong et al., 2002) proteins reveals that the removal of 

the δ-methyl group of Ile-71 upon replacement of Ile-71 with valine in the mutant protein 

results in the formation of a cavity in a hydrophobic core of domain 1 (Figure 12). Figure 12 

A depicts the superimposed crystal structures of the environment of the Ile-71 (wild-type 

protein) and Val-71 residues (mutant protein) in subunit B highlighting the 27 Å3 cavity 

found in the mutant protein structure. The cavity has a surface area of 48 Å2 which is defined 

by its contacts with residues Thr-19 and Met-16 (α-helix 1), Pro-56, Val-58 (β-strand 3), and 

Thr-68 and Val-71 (α-helix 3). In addition to this, the cavity is within a short distance of the 

backbone of Val-66 (α-helix 3) and the side chains of Gln-67 and Leu-72 (α-helix 3). The 

truncation of the Ile-71 δ-residue upon replacement of Ile-71 with valine in the mutant 

protein results in the loss of a van der Waals contact with Pro-56 (Figure 12 B).  This loss in 

hydrophobic-hydrophobic interaction does not appear to affect the conformation of the side 

chains surrounding the Ile-71 residue but it does indicate that the stability of the hydrophobic 

core in domain 1 is likely to be compromised. 

 

The similarity of the tertiary conformation of the I71V and wild-type proteins is illustrated by  
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Figure 11. Wire-frame ribbon diagram depicting the secondary structures of the 

superimposed crystal structures of subunit A of the I71V and wild-type hGST A1-1 

proteins. 

The superimposed crystal structures of the mutant (red) and wild-type (black) proteins reveal 

the similarity between the secondary structures of protein subunit A.  The Val-71 (mutant 

protein) and Ile-71 (wild-type protein) residues within domain 1 of each protein are enclosed 

within the dashed blue circle. The superimposed fits were generated from the coordinates of 

the backbone α-carbons and the root mean square deviation between the two structures was 

calculated as 0.51 Å. This figure was generated from pdb files 2R6K (Dirr et al., to be 

published) (I71V hGST A1-1) and 1K3L (Le Trong et al., 2002) (wild-type hGST A1-1) 

using Swiss-PdbViewer version 4.0.1 (Guex and Peitsch, 1997). 

Domain 1 

Domain 2 



 

 44 

  

 

Figure 12. Spacefilling representation of the cavity created within a hydrophobic core of domain 1 in the I71V hGST A1-1 

protein and the loss of van der Waals contacts. 

(A) The aligned crystal structures of the mutant (red) and wild-type (black) proteins reveal the presence of a cavity (blue mesh) in 

domain 1 of the mutant protein. The amino acid residues neighbouring the cavity are labelled and depicted in spacefilling mode; the 

surrounding Ile-71 (wild-type protein) and Val-71 (mutant protein) residues are shown in ball and stick mode for clarity. The cavity 

has a volume of 27 Å3 and a surface area of 48 Å2. (B) The loss of the van der Waals contact between the side chain of the residue at 

position 71 in hGST A1-1 upon introduction of the Ile-71 � Val mutation. The Ile-71 residue is shown in blue. The distance between 

the Ile-71 residue and Pro-56 is shown in angstroms. This figure was generated from the pdb files 2R6K (Dirr et al., to be published) 

(I71V hGST A1-1) and 1K3L (Le Trong et al., 2002) (wild-type hGST A1-1) using Swiss-PdbViewer version 4.0.1 (Guex and 

Peitsch, 1997). 
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the analysis of the tertiary environment of the Trp-21 residue in the superimposed fits of the 

crystal structures of the mutant (2R6K, Dirr et al., to be published) and wild-type (1K3L, Le 

Trong et al., 2002) proteins (Figure 13). The single Trp-21 residue in each subunit is located 

11 Å from the site of the Ile-71 � Val mutation at the interface between domain 1 and 

domain 2. The indole-ring side chain protrudes from α-helix 1 into the space between α-

helices 6 and 8 (Wallace et al. 1998a) and is found to be within van der Waals contact 

distance (4.5 Å) of the α-helix 1 residue Glu-17, the α-helix 6 residues Val-161, Glu-162, 

Tyr-165 and Tyr-166, and the α-helix 8 residues Val-194, Phe-197, Leu-198 and Arg-204 

within both the mutant and wild-type proteins. The two polar residues Glu-17 and Glu-162, 

that are capable of quenching the fluorescence of Trp-21 during the fluorescence studies 

mentioned in section 3.3.2.1, appear to remain as distant from Trp-21 in the mutant protein as 

in the wild-type protein. The similarity of the side-chain conformations and low RMSD value 

between the mutant and wild-type residue side chains (RMSD = 0.26 Å) reveal that the 

cavity formed by the introduction of the Ile-71 � Val mutation does not significantly impact 

the environment of the Trp-21 indole ring. 

 

3.4 Non-substrate ligand-binding properties of the G- and H-sites  

3.4.1 Fluorescence properties of ANS bound to the H-site  

The amphipathic ligand 8-anilino-1-naphthalene sulfonate (ANS) binds the H-site of hGST 

A1-1 with the hydrophobic anilino and naphthyl rings occupying the H-site and the polar 

sulfonate moiety located at the interface of the G- and H-sites (Dirr et al., 2005). The 

fluorescence properties of ANS are characterised by the polarity of its environment in which 

a shift in the polarity of the environment is accompanied by the concomitant bathochromic 

(red) shift in wavelength and hypochromic shift (decrease) in intensity of the fluorescence 

emission spectrum (Slavik, 1982). The ANS fluorescence properties were therefore used to 

probe for changes to the conformation of the H-site upon introduction of the Ile-71 � Val 

mutation. I71V and wild-type hGST A1-1 protein were titrated with ANS and the 

fluorescence emission spectrum recorded after selectively exciting the ANS at a wavelength 

of 390 nm (Figure 14). In the absence of protein, the fluorescence emission spectrum of free 
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Figure 13. Ball-and-stick representation of the tertiary environment around Trp-21 in 

subunit A of the crystal structures of the I71V and wild-type hGST A1-1 proteins. 

The superimposed crystal structures of the mutant (red) and wild-type (black) proteins reveal 

the residues within van der Waals radii (4.5 Å) of the indole-ring side chain of Trp-21. The 

hydrogen bonds between interacting residues are indicated by green dashed lines. The 

superimposed fits were generated from the coordinates of the backbone α-carbons and the 

RMSD calculated between the atoms of the respective mutant and wild-type residue side 

chains (RMSD = 0.26 Å) This figure was generated from pdb files 2R6K (Dirr et al., to be 

published) and 1K3L (Le Trong et al., 2002) using Swiss-PdbViewer version 4.0.1 (Guex 

and Peitsch, 1997). 

 

 

 



 

 47 

  

 

400 420 440 460 480 500 520 540 560 580 600

0

200

400

600

 
Wavelength (nm) 

 

Figure 14. Fluorescence emission spectra of free, unbound ANS and ANS bound to 

native and denatured I71V and wild-type hGST A1-1.  

Spectra of ANS bound to  (A) native wild-type (����) and I71V (����) hGST A1-1; (B) free, 

unbound ANS in denaturing buffer; (C) free, unbound ANS in  native buffer; and (D) ANS 

in the presence of denatured I71V mutant (����) and wild-type hGST A1-1 (����). ANS was 

selectively excited at 390 nm and the fluorescence emission spectra recorded between 390 

nm and 600 nm using an excitation and emission bandwidth of 5 nm. Each spectrum 

represents the average spectrum of three replicate samples in 20 mM sodium phosphate 

buffer, pH 6.5, containing 1 mM EDTA and 0.02% sodium azide in the presence of 200 µM 

ANS). I71V and wild-type hGST A1-1 dimer concentration was 2 µM (subunit concentration 

of 4 µM). Native samples were in the absence of urea; denatured samples were in the 

presence of 8 M urea. All spectra from ANS bound to protein were corrected for the 

fluorescence contribution from free, unbound ANS in the respective buffer solution. 
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ANS exhibited a weak, broad band with a maximum at 520 nm in 0 M urea buffer (Figure 14 

C) and at 519 nm, of twice the fluorescence intensity, in 8 M urea buffer (Figure 14 B). The 

emission spectrum of protein-bound ANS displayed a 36 nm, hypsochromic (blue) shift in 

wavelength to an emission maximum at 484 nm and was accompanied by a seven-fold 

increase in fluorescence intensity for both native I71V mutant and wild-type hGST A1-1 

(Figure 14 A).  In the presence of denatured protein, ANS exhibited a featureless baseline 

spectrum for denatured I71V mutant and wild-type hGST A1-1 (Figure 14 D).  

 

The emission maximum of ANS bound to native wild-type hGST A1-1 was in agreement 

with the 480 nm wavelength maxima reported in the literature (Sluis-Cremer et al., 1996; 

Dirr and Wallace, 1999; Sayed et al., 2000). This emission maxima is consistent with the 

burial of the ANS residue in the highly hydrophobic environment of the H-site.  Upon 

denaturation of the proteins, the bound ANS becomes exposed to the polar environment of 

the solvent and is accompanied by the shift in the wavelength maxima to lower energy 

wavelengths. The lack of difference between the emission spectrum of ANS bound to native 

I71V hGST A1-1 and wild-type hGST A1-1 suggests that the cavity formed by the mutation 

in domain 1 does not significantly impact the hydrophobicity of the H-site. 

 

3.4.2 Displacement of ANS by G- and H-site ligands  

The polar ligand glutathione sulfonate (GSO3
-) binds the G- and H-sites of hGST A1-1 

whereas the hydrophobic ligand ethacrynic acid (EA) binds exclusively to the H-site. 

Competitive displacement studies were conducted on the I71V and wild-type proteins that 

had their H-sites occupied by ANS in order to investigate whether the non-substrate ligandin 

properties of the G- and H-site had been affected by the Ile-71 � Val mutation. 

  

Figure 15 depicts the decrease in fluorescence intensity accompanying the displacement of 

ANS from the H-site of I71V and wild-type hGST A1-1 by EA. The fraction of initial ANS 

fluorescence intensity (F/F0) underwent a hyperbolic decrease to 20% of its original value. 

The displacement curve for mutant protein was similar to that for wild-type protein. Figure 

16 depicts the decrease in fluorescence intensity accompanying the displacement of ANS  
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Figure 15. Displacement of ANS bound to I71V (����) and wild-type (����) hGST A1-1 by 

ethacrynic acid (EA).  

The ratio F/F0 is the quotient of fluorescence intensity at the current concentration of EA (F) 

and the initial fluorescence intensity in the absence of EA (F0). The concentration of I71V 

and wild-type hGST A1-1 protein was 2 µM in 20 mM sodium phosphate buffer, pH 6.5, 

containing 1 mM EDTA and 0.02% sodium azide in the presence of 200 µM ANS. Solutions 

were titrated with 0–1000 µM ethacrynic acid and the fluorescence of ANS bound to protein 

monitored at 480 nm using an excitation wavelength of 390 nm. The IC50 value was 

determined using non-linear regression analysis of the data: I71V hGST A1-1 (– –) (R2 = 

0.992), and wild-type hGST A1-1 (––) (R2 = 0.992). Circles denote the data mean from three 

replicate samples (n = 3) and the error bars represent the standard deviation. 
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Figure 16. Displacement of ANS bound to I71V (����) and wild-type (����) hGST A1-1 by 

glutathione sulfonate (GSO3
-).  

The ratio F/F0 is the quotient of fluorescence intensity at the current concentration of GSO3
- 

(F) and the initial fluorescence intensity in the absence of GSO3
- (F0). The concentration of 

I71V and wild-type hGST A1-1 protein was 2 µM in 20 mM sodium phosphate buffer, pH 

6.5, containing 1 mM EDTA and 0.02% sodium azide and in the presence of 200 µM ANS. 

Solutions were titrated with 0–2000 µM glutathione sulfonate and the fluorescence of ANS 

bound to protein monitored at 480 nm using an excitation wavelength of 390 nm. The IC50 

value was determined using non-linear regression analysis of the data: I71V hGST A1-1 (– –) 

(R2 = 0.980), and wild-type hGST A1-1 (––) (R2 = 0.968). Circles denote the data mean from 

three replicate samples (n = 3) and the error bars represent the standard deviation. 
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from the H-site of I71V and wild-type hGST A1-1 by GSO3
-. The F/F0 value underwent a 

steep hyperbolic decrease to 20% of its original value for increasing concentrations of GSO3
-.  

The inhibitor concentration at which 50% of ANS bound to the H-site is displaced (IC50) by 

EA from the mutant protein was 0.1-fold greater than the corresponding value for the wild-

type protein (Table 1). The lack of a significant increase in the IC50 values suggests that the 

H-sites of the mutant protein have a similar affinity for EA as that of the wild-type proteins. 

The IC50 value for the mutant protein was 2.4-fold greater than the corresponding value for 

the wild-type protein from displacement by GSO3
- (Table 1). The difference in shape in the 

displacement curves and increase in IC50 value suggests that the mutant protein H-site has a 

weaker affinity for GSO3
- compared to that of the wild-type protein. 

 

The 2.4-fold increase in the IC50 value for glutathione sulfonate compared to the lack of 

change in the IC50 value for ethacrynic acid for I71V hGST A1-1 reveals that the Ile-71 � 

Val has a greater impact on the G-site compared to the H-site. The observed changes in the 

IC50 values are, however, not significant based on the “rule-of-thumb” that a significant 

difference is characterised by a 10-fold change in the IC50 value. These results are consistent 

with the lack of significant change in the ANS binding spectra detailed in section 3.4.1. The 

Ile-71 residue appears to not play a significant role in the binding of non-ligand substrates. 

 

A molecular docking study performed with ANS and wild-type hGST A1-1 has revealed that 

the aniline and naphthyl rings of ANS are located within van der Waals distance of Leu-107, 

Leu-108, Val-111, Met-308, Leu-213, Ala-216, Phe-220 and Phe-222 (Dirr et al., 2005). The 

sulfonate moiety of ANS is located within van der Waals distance of Tyr-9, Phe-10, Arg-15 

and Val-55 (Dirr et al., 2005). A comparison of the superimposed crystal structures of the 

mutant and wild-type proteins highlighting the conformation of the aforementioned amino 

acids is shown in Figure 17. 

 

Small differences are detected between the respective conformations of H-site residues Val-

111, Leu-107, and Leu-108 in the mutant and wild-type proteins (Figure 17). Since the 

aniline and naphthyl rings of ANS are found to interact with these H-site residues, one would 

expected a change in the binding affinity of the ANS molecule, which binds the H-site (Dirr  
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Table 1. IC50 values for the displacement of ANS bound to I71V and wild-type hGST 

A1-1 by the inhibitors ethacrynic acid and glutathione sulfonate. 

IC50 (µM)* Inhibitor 

I71V Wild-type 

Ethacrynic acid  227.5 ± 15.3 210.6 ± 11.3 

Glutathione sulfonate 22.1 ± 2.4 9.4 ± 1.4 

* The IC50 value is the inhibitor concentration at which 50% of ANS bound to the H-site is 

displaced. The IC50 values were determined by nonlinear regression analysis of the 

displacement curves in Figures 15 and 16. 
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Figure 17. Ball-and-stick representation of the active-site residues involved in van der 

Waals interactions with the non-substrate ligand ANS. 

The superimposed crystal structures of the active site in subunit B of the mutant (red) and 

wild-type (black) proteins. This structural representation is used to model the conformation 

of the residues in the G- and H-site that have been found to form van der Waals interactions 

with the non-substrate ligand ANS. Residues attached to the yellow secondary structural 

elements form van der Waals contacts with the aniline and naphthyl rings of ANS. Residues 

attached to the green secondary structural elements form van der Waals contacts with the 

sulfonate moiety of ANS. Water molecules within 4.5 Å of the active site are depicted as 

balls coloured red and black according to its proximity to the mutant and wild-type proteins, 

respectively. The hydrogen-bonds interactions are indicated by green dashed lines. An 

RMSD of 0.44 Å was calculated for the side chains between mutant and wild-type protein. 

This figure was generated from pdb files 2R6K (Dirr et al., to be published) and 1K3L (Le 

Trong et al., 2002) using Swiss-PdbViewer version 4.0.1 (Guex and Peitsch, 1997). 
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et al., 2005), and a change in the IC50 values for EA. The observed similarities in the ANS 

binding spectra and IC50 values for EA suggest that these minor changes in H-site residue 

conformations are not significant to the ligand-binding ability of the H-site. The 

conformations of the G-site amino acids in the mutant protein are similar to those in the wild- 

type protein. The RMSD value of 0.44 Å is not significant and corroborates the fact that the 

conformations of the G- and H-site of the mutant do not significantly differ from those of the 

wild-type protein. This result is expected since the Ile-71 is positioned closer to the G-site 

(~7 Å from nearest atom of bound GSH) than to the H-site (~12 Å) and is expected to more 

readily affect the conformation of the G-site residues. The results of the ligandin functional 

assays are, thus, supported by crystal structures of the proteins. It appears that the cavity 

formed by the Ile-71 � Val mutation in domain 1 of the mutant protein does not impact the 

ligandin function of the protein.  

 

3.5 Catalytic properties of the I71V and wild-type enzymes 

The confirmation of the conserved secondary and tertiary protein structure and the 

insignificant change in ligandin function begs the question, ‘What contribution does the 

conserved Ile-71 residue make to the catalytic function of the hGST A1-1 enzyme?’ Paying 

consideration to previous studies conducted on the GSTs (please see section 1.4), it appears 

that the conserved Ile-71 residue could play a role in the overall catalytic activity of the 

protein and in the stabilization of the σ-complex between the electrophilic substrate and 

glutathione. In light of this, the standard CDNB-GSH conjugation assay was used to compare 

the specific activities of the I71V and wild-type hGST A1-1 enzymes and the TNB-GSH 

conjugation assay to compare the respective formation constants of the σ-complex 

stabilisation step. 

 

3.5.1 Specific activity  

The measurement of the specific activity of an enzyme is an exquisitely sensitive and rapid 

test that reveals whether any change in the protein sequence or structure has affected the 

overall catalytic activity. The specific activity of I71V and wild-type hGST A1-1 was 

determined at pH 6.5 – the pH at which the non-enzymatic reaction is minimal – using the 
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standard GSH-CDNB conjugation assay (Habig et al., 1974), as described in section 2.5.2. 

The formation of the yellow product 1-(S-glutathionyl)-2,4-dinitrobenzene was accompanied 

by the expected straight-line increase in absorbance at 340 nm. Figure 18 depicts a 

representative progress curve from which the slope was determined using linear regression. 

The linear slope indicated that the only limitation on catalytic activity was the performance 

of the enzyme; the presence of non-linear curves would have otherwise indicated the 

presence of either substrate depletion, product inhibition or a change in the physical 

conditions of the reaction. The slope of each progress curve, therefore, provided precise data 

for the determination of the initial velocity (v0) at each specified concentration of protein. 

 

The individual values of v0 for the I71V and wild-type hGST A1-1 proteins were plotted 

against their respective concentrations of protein (Figure 19). A straight-line trend was 

observed for the plots of initial velocity versus mass of protein for both wild-type (Figure 19 

A) and I71V (Figure 19 B) hGST A1-1. A systematic error is observed in the plots in which 

the intercepts do not pass through the origin of the axes. The specific activity results are not 

impacted by this error because they are obtained from the slopes of the plots. A plausible 

reason for this discrepancy in the interception points is that an overcorrection has been made 

for the non-enzymatic reaction. The specific activity was determined to be 25.1 ± 0.8 µmol 

min-1 mg-1 for wild-type hGST A1-1 and 25.2 ± 1.3 µmol min-1 mg-1 for I71V hGST A1-1. 

The wild-type value was in agreement with those reported in the literature: 34.9 µmol min-1 

mg-1 (Gildenhuys et al., 2010), 39.42 ± 0.21 µmol min-1 mg-1 (Mosebi et al., 2003) and 44.6 

± 2.3 µmol min-1 mg-1 (Nathaniel et al., 2003). The precision and accuracy of the testing 

conditions were, thus, in agreement with those used in the aforementioned studies. 

 

The similar specific activities of I71V and wild-type hGST A1-1 indicate that the Ile-71 � 

Val in the hydrophobic core of the protein does not significantly change the residues at the 

active site. Similar studies conducted on the bacterial nuclease barnase have also revealed 

that the replacement of isoleucine with valine in the hydrophobic core of a protein produces 

no structural changes that significantly decrease enzymatic activity (Kellis et al., 1989). 

 

The specific activity assays indicate that the extended side chain of Ile-71 does not directly or  
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Figure 18. Progress curve of the conjugation reaction between reduced glutathione and 

1-chloro-2,4-dinitrobenzene as catalysed by I71V hGST A1-1.  

The reaction was initiated by the addition of 1 mM CDNB to the buffered protein solution 

and the reaction monitored at 340 nm by spectrophotometrically measuring the formation of 

1-(S-glutathionyl)-2,4-dinitrobenzene (ε340 = 9600 M-1 cm-1) at 20 °C for one minute. The 

protein concentration was 6 nM in 0.1 M sodium phosphate buffer, pH 6.5, containing 1 mM 

EDTA and 0.02% sodium azide in the presence of 1 mM GSH. The final concentration of 

ethanol was a constant 3% (v/v) in each 3 mL assay solution The change in absorbance at 

340 nm as a function of reaction time was determined by linear regression (R2 = 0.998). 
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Figure 19. Specific activity of (A) wild-type and (B) I71V hGST A1-1 using the standard 

CDNB conjugation assay.  

The conjugation of CDNB by enzyme-bound GSH was monitored by measuring the 

absorbance at 340 nm of the 1-(S-glutathionyl)-2,4-dinitrobenzene complex (ε340 = 9600 M-1 

cm-1) formed in 0.1 M sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 0.02% 

sodium azide in the presence of 1 mM GSH and 1 mM CDNB. The final concentration of 

ethanol was 3% (v/v). The absorbance contribution from the formation of the 1-(S-

glutathionyl)-2,4-dinitrobenzene product in the absence of enzyme has been subtracted. The 

specific activity of each enzyme is the slope of the linear regression plots of wild-type hGST 

A1-1 (––) (R2 = 0.972) and I71V hGST A1-1 (– –) (R2 = 0.931). Circles denote the data 

mean from three replicate samples (n = 3) and the error bars represent the standard deviation. 
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indirectly contribute to the catalytic activity of wild-type hGSTA1-1. This suggests that the 

Ile-71 residue neither (a) induces tertiary structural changes at the G- or H-site that 

significantly enhances the lowering of the transition state energy or maintain an efficient 

orientation of substrates; nor does it (b) increase the enzyme’s flexibility that would improve 

substrate binding or product release. 

 

3.5.2 Formation of the σ-complex within the active sites  

The SNAr conjugation reaction between reduced glutathione and 1,3,5-trinitrobenzene results 

in the reversible formation of a 1-(S-glutathionyl)-2,4,6-trinitrocyclohexadienate σ-complex. 

This σ-complex mimics the transition state formed between reduced glutathione and 1-

chloro-2,4-dinitrobenzene in the CDNB conjugation reaction and is therefore used as a probe 

to investigate the underlying structural features that enable the hGST A1-1 enzyme to 

catalyse the CDNB reaction. 

 

The titrated solutions of I71V and wild-type hGST A1-1 containing 5 mM reduced 

glutathione instantaneously changed colour from colourless to a deep, red-orange colour with 

the colour intensity increasing in proportion to the final concentration of TNB. The visible 

spectrum of the red-orange σ-complex revealed an absorbance peak at 450 nm and a shoulder 

at 562 nm (Figure 20).   The spectrum recorded at each concentration of TNB for I71V hGST 

A1-1 was similar to the corresponding spectrum for wild-type hGST A1-1 indicating that the 

same concentration of σ-complex was formed at equivalent concentrations of substrate and 

active sites in I71V hGST A1-1 and wild-type hGST A1-1.  

 

The saturation curve was plotted for the titration of GSH bound I71V and wild-type hGST 

A1-1 with increasing concentrations of TNB (Figure 21). The apparent equilibrium formation 

constant and extinction coefficient were calculated using non-linear regression analysis of the 

data in Figure 21 and their values shown in Table 2.  

 

The equilibrium formation constant (KF) and maximum absorbance value (Amax) determined 

for the wild-type hGST A1-1 protein are in agreement with those reported in the literature,  
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Figure 20. Absorbance spectra of the σ-complex formed between TNB and GSH in the 

active sites of I71V (– –) and wild-type (––) hGST A1-1.  

The formation of σ-complex between GSH and TNB was initiated by titrating 0–1200 µM 

TNB into solutions of mutant and wild-type protein and the absorbance spectrum for the σ-

complex chromophore recorded.  The protein concentration was 20 µM for both mutant and 

wild-type proteins in 0.1 M sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 

0.02% sodium azide in the presence of 5 mM GSH. The acetonitrile concentration was held 

constant at 2% (v/v). The formation of σ-complex in the absence of enzyme was subtracted 

before illustrating the spectra using the SigmaPlot version 10. 
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Figure 21. Saturation curve for the formation of the σ-complex at the active sites of 

I71V and wild-type hGST A1-1.  

The formation of σ-complex between GSH and TNB was initiated by titrating increasing 

concentrations of TNB into solutions of mutant and wild-type protein and the reaction 

monitored at 450 nm.  The protein concentration was 17 µM for I71V hGST A1-1 () and 15 

µM for wild-type hGST A1-1 (�) in 0.1 M sodium phosphate buffer, pH 6.5, containing 1 

mM EDTA and 0.02% sodium azide in the presence of 5 mM GSH. The acetonitrile 

concentration was held constant at 2% (v/v). The absorbance contribution from the formation 

of the σ-complex in the absence of enzyme was subtracted and the formation constants 

calculated using non-linear regression analysis on the saturation curves of I71V hGST A1-1 

(– –) (R2 = 0.983) and wild-type hGST A1-1 (––) (R2 = 0.975) proteins using SigmaPlot 

version 10. Circles denote the data mean from three replicate samples (n = 3) and the error 

bars represent the standard deviation. 
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Table 2. Equilibrium formation parameters for the formation of the 1-(S-glutathionyl)-

1,3,5-trinitrocyclohexadienate σ-complex in the active sites of I71V and wild-type hGST 

A1-1. 

Parameter I71V hGST A1-1 Wild-type hGST A1-1 
KF (M-1) *

 6500 ± 200 7600 ± 500 

Amax (M
-1 cm-1) # 8700 ± 90 11500 ± 200 

* KF is the constant of formation of the σ-complex derived from the inverse of the constant of 

dissociation (Kd) (i.e. KF = 1/Kd) that is directly determined from the non-linear regression 

analysis of the curves in Figure 21.  
# Amax is the absorbance at 450 nm under saturating conditions of GSH and TNB per enzyme 

active site. 
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KF = 7552 ± 465 M-1 and Amax = 10510 ± 157 M-1cm-1 (Lien et al., 2001), and KF = 8900 ± 

1400 M-1 and Amax = 12300 ± 400 M-1cm-1 (Widersten et al., 1996). These properties provide 

evidence for the stabilization of the σ-complex. The use of the following equation (Fersht, 

1999): 

 

    ∆∆∆∆∆∆∆∆G = -RT ln  (kcat/KM
CDNB)mutant   _ 

      (kcat/KM
CDNB)wild-type      

 

where, R is the gas constant (8.314 J K-1 mol-1), T is the temperature in Kelvin (293 K) and 

kcat/KM
CDNB the catalytic efficiency for the CDNB substrate, provides the change in free 

energy for the stabilisation of the transition state which is a measure of the stabilising effect 

of an enzyme (Nilsson et al., 2002). Since the catalytic efficiency properties (kcat/KM
CDNB) 

were not determined in this study, the equation may be adapted to determine the change in 

free energy from the formation constants of σ-complex formation in the active site of hGST 

A1-1: 

 

    ∆∆∆∆∆∆∆∆G = -RTln  KF
I71V   _ 

      KF
wild-type     

 

where, KF
I71V

 and KF
wild-type are the respective apparent equilibrium formation constants for 

I71V mutant and wild-type hGST A1-1. The ∆∆G of σ-complex destabilization was + 0.316 

kJ mol-1 meaning that the mutant has a reduced ability to stabilise the σ-complex as 

efficiently as the wild-type. This value is, however, small indicating that this reduced ability 

of the mutant protein is not significant. 

 

Analysis of the TNB binding spectra reveals that neither a change in intensity nor a shift in 

wavelength occurs as a result of the I71V mutation. The decreased formation constant and 

maximum absorbance, for I71V hGST A1-1 in comparison to the wild-type hGST A1-1, are 

within experimental error and iterate the lack of change in the spectral properties. A change 

in intensity would have been expected to be corroborated by a change in the apparent 

formation constant. An increase in intensity would have revealed that a greater concentration 
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of the σ-complex had formed at a given concentration of TNB; a decrease in intensity would 

have revealed a decrease in σ-complex formation. A significantly greater formation constant 

would have revealed that the I71V mutation had caused a significant stabilization of the σ-

complex in comparison to wild-type hGST A1-1.  

 

The observed 12% decrease in KF for I71V hGST A1-1 equates to a very weak 

destabilisation energy compared to wild-type hGST A1-1 upon formation of the σ-complex 

between GSH and TNB. This reveals that the loss of van der Waals contacts of the wild-type 

hGST A1-1 Ile-71 residue, normally made by the extended alkyl side chain, does not 

indirectly impact the stabilization of the σ-complex. The similar appearance of the I71V and 

wild-type hGST A1-1 TNB binding spectra, the comparable magnitudes of KF and a value of 

+ 0.3 kJ mol-1 for ∆∆G for the formation of the σ-complex indicate that the creation of the 

cavity by the Ile-71 � Val mutation results in a minor destabilisation of the transition state. 

The Ile-71 residue therefore marginally enhances the stabilisation of the transition state via 

an unknown means. The σ-complex formed between TNB and GSH is proposed to mimic the 

transition state of the reaction between CDNB and GSH (Graminski et al., 1989). The 

insignificant change in the formation constant for I71V hGST A1-1 reveals that the Ile-71 � 

Val mutation does not greatly impact the active site residues involved in the stabilization of 

the σ-complex. A structural study conducted on the topologically equivalent Ile-68 in human 

class Pi GST revealed that the non-conservative substitution of the Ile-68 residue for tyrosine 

led to a  >95% decrease in specific activity and an almost complete loss in ability to bind 

glutathione compared to the wild-type protein (Manoharan et al., 1992). It is expected that 

the introduction of the non-isosteric, bulkier tyrosine residue in hGST Pi disrupted the 

conformation of the catalytically active residue in the adjacent G-site which led to the 

observed decreases in catalytic and ligandin function. This study on hGST Pi provides a brief 

insight into the possible outcome that was not met in the conservative substitution of Ile-71 

for valine in hGST A1-1. Despite the proximity of the Val-71 residue to the G-site in the 

mutant hGST A1-1 protein, the conformation of the catalytically active residues were not 

impacted by the presence of the cavity in the hydrophobic core in domain 1 of the mutant 

protein. 
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There is no crystal structure, at present, for the 1-(S-glutathionyl)-2,4,6-

trinitrocyclohexadienate σ-complex bound to the active sites of the hGST A1-1 protein. The 

impact of the cavity, created by the Ile-71 � Val, on the ability of hGST A1-1 to stabilise the 

σ-complex may, however, still be assessed using the conclusions drawn from a recent 

molecular docking study performed by Gildenhuys et al. (2010) on the σ-complex and hGST 

A1-1. The molecular docking study revealed that the GSH moiety of the σ-complex binds the 

G-site in a similar fashion to that observed for the binding of GSH (Gildenhuys et al., 2010), 

i.e., the involvement of Tyr-9, Arg-15, Arg-45, Val-55, Gln-67, Thr-68, Asp-101 (from the 

opposite monomer), Glu-104 and Arg-131 (from the opposite monomer) (Sinning et al., 

1993). The trinitrocyclohexadienate moiety of the σ-complex was found to bind the same 

hydrophobic pocket in the H-site as that of the hexyl chain of S-hexylglutathione making 

interactions with the side chains of Tyr-9, Phe-10, Gly-14, Arg-15, Leu-107, Leu-108, Val-

111, Phe-220 and Phe-222 (Gildenhuys et al., 2010). The H-site catalytic residues in the 

hGST A1-1 enzyme is believed to assist the resonance stabilisation of the anionic charge of 

the σ-complex trinitrocyclohexadienate moiety (Figure 22) through the formation of 

hydrogen bonds between the hydroxyl group of Tyr-9 and the pro-R o-nitro group of the 

trinitrocyclohexadienate moiety (Gildenhuys et al., 2010). Figure 22 depicts a ball-and-stick 

representation of the structural-alignment of the catalytic residues and bound ligand, S-

hexylglutathione, in the subunit B active site of the crystal structures of I71V hGST A1-1 

(2R6K; Dirr et al., to be published) and wild-type hGST A1-1 (1K3L; Le Trong et al., 2002). 

An assessment of the catalytically active residues involved in both the G- and H-site reveal 

that the majority of these residues have similar conformations in the mutant and wild-type 

proteins. The respective catalytically active G-site residues have similar conformations and 

have been shown in dull colours for clarity (Figure 22). The majority of the catalytically 

active H-site residues have similar conformations between the mutant and wild-type proteins 

with the conformation of Tyr-9 exhibiting no difference in its properties. The catalytically 

most significant residue in the stabilisation of the σ-complex appears, thus, to be unaffected 

by the presence of the cavity in domain 1 of the mutant protein. Small differences are 

detected between the respective conformations of Val-111, Leu-107, and Leu-108, as noted 

in section 3.4.2, in the mutant and wild-type proteins that appear to have contributed to the 

observed shift in the hexyl moiety of the S-hexylglutathione ligand. It is, however, noted that  
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Figure 22. Ball-and-stick representation of the active-site residues involved in van der 

Waals interactions with the σ-complex bound to hGST A1-1. 

The superimposed crystal structures of the active site in subunit B of the mutant and wild-

type proteins. This structural representation is used to model the conformation of the residues 

in the G- and H-site that form van der Waals interactions with the σ-complex. Residues 

attached to the purple secondary structural elements form van der Waals contacts with the 

trinitrocyclohexadienate moiety of the σ-complex. Residues attached to the green secondary 

structural elements form van der Waals contacts with the glutathione moiety of the σ-

complex. The residues of similar conformation in the I71V and wild-type proteins are 

coloured pink and grey, respectively. The residues of interest, as discussed in the text, which 

include the residues of different conformations between the mutant and wild-type proteins, 

are coloured red (mutant) and black (wild-type). The hydrogen bonds between interacting 

residues are indicated by green dashed lines. (RMSD = 0.42 Å) This figure was generated 

from pdb files 2R6K (Dirr et al., to be published) and 1K3L (Le Trong et al., 2002) using 

Swiss-PdbViewer version 4.0.1 (Guex and Peitsch, 1997). 
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the variation in conformation of the S-hexyl chain within the H-site of the wild-type protein 

has been attributed to the large volume of the H-site (Le Trong et al., 2002). It is, thus, 

unlikely that the changes to the conformations of the hydrophobic, nonpolar Val-111, Leu-

107, and Leu-108 residues have an impact on the enzyme’s ability to stabilise the σ-complex 

because of their lack of involvement with the stabilisation of the anionic charge. 

 

The similarity of the conformations of the active site residues in the crystal structures support 

the similarities in catalytic function detected by the specific activity and the σ-complex 

stabilisation assays. The cavity in domain 1 of the mutant protein does not appear to 

influence the catalytic function of the hGST A1-1 protein and suggests that Ile-71 does not 

make a significant contribution to the catalytic function of the protein. 

 

3.6 Thermal stability of the I71V and wild-type proteins 

The thermal stability of the I71V and wild-type hGST A1-1 proteins was investigated by 

monitoring the change in ellipticity at 222 nm in response to a uniform change in temperature 

over the range 4–80 °C (Figure 23). The thermal-unfolding curve of the native I71V mutant 

did not overlay with the unfolding curve of wild-type hGST A1-1 but both curves were 

characterised by a sigmoidal shape (Figure 23 A). The mean residue ellipticity [Θ] value at 

222 nm of native I71V mutant began to increase in magnitude at ~42 °C whereas that of 

native wild-type hGST A1-1 began to increase ~48 °C. The slope of the transition region for 

mutant protein was qualitatively assessed to be smaller than that of the wild-type protein. The 

final [Θ] value for each protein was -2000 deg cm2 dmol-1 indicating the presence of residual 

secondary structural features in the protein at 80 °C. This result is consistent with the 

formation of an aggregate of partially unfolded protein during the thermal inactivation 

process that maintains a small proportion of secondary structural content but is unable to 

refold to the native protein conformation. The thermal refolding diagram of the unfolded 

I71V and wild-type proteins depicted a straight line at a [Θ] value of -2000 deg cm2 dmol-1 

(Figure 23 B). The constant [Θ] value at -2000 deg cm2 dmol-1 indicates that the secondary 

structural content of I71V mutant and wild-type hGST A1-1 remains constant upon return to 

more stable thermal conditions. 
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Figure 23. Thermal-induced transitions of I71V mutant and wild-type hGST A1-1.  

(A) Thermal unfolding transitions of I71V mutant (�) and wild-type (�) hGST A1-1, and (B) 

lack of refolding of aggregated I71V (����) and wild-type (����) hGST A1-1. Progression of the 

transitions, as a function of α-helical protein content, was followed at 222 nm using a 5 nm 

bandwidth and a linear temperature gradient of 1 °C/min. The concentration of I71V and 

wild-type hGST A1-1 protein was 2 µM in 20 mM sodium phosphate buffer, pH 6.5, 

containing 1 mM EDTA and 0.02% sodium azide.  
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The thermal unfolding transitions were irreversible and prevented the accurate fitting of 

mathematical models to the data. The unfolding transitions were, therefore, plotted without 

normalisation of the data. Values of the transition temperature indicating a 50% change in 

ellipticity (Tm) were, however, determined for comparative purposes by normalising the data 

and using non-linear regression on the unfolding transitions of I71V mutant (R2 = 0.987) and 

wild-type (R2 = 0.988) hGST A1-1. The Tm value for the mutant protein (Tm = 54.71 ± 0.06 

°C) was found to be lower than that for the wild-type protein (Tm = 56.45 ± 0.02 °C). The 

values reported above are similar to the values reported in a thermal inactivation study of an 

initial increase in ellipticity at about 50 °C and a Tm (the temperature at which 50% activity 

remained) of about 58 °C for wild-type hGST A1-1 (Wallace et al., 1998b). 

 

The lower transition temperature (Tm) for I71V hGST A1-1 indicates that the global protein 

conformation is destabilised upon introduction of the Ile-71 � Val mutation. This result is 

consistent with the expectation that the hydrophobic core becomes destabilized because of 

the loss in hydrophobic interactions between the truncated valine side chain and the 

surrounding hydrophobic residues.  

 

Mutational studies at the interface between an α-helix and β-sheet in barnase have revealed 

that the replacement of a valine residue for the naturally-occurring isoleucine residue 

destabilises a protein structure by 1.1 kcal mol-1 due to the loss of the methylene group 

(Kellis, 1988). The results of the Ile-71 � Val mutation in the current study reveal that they 

draw strong parallels with the Wallace et al. (1998b) study where the diminished protein 

stability is in response to the truncation of the topologically conserved bulky aliphatic 

isoleucine residue, on α-helix 3, in the hydrophobic core of domain 1. 

 

An analysis of the aligned crystal structures of the I71V (2R6K, Dirr et al., to be published) 

and wild-type (1K3L, Le Trong et al., 2002) proteins reveals that the cavity created upon the 

replacement of Ile-71 with valine results in a decrease in the van de Waals contacts between 

the side chain of the amino acid at position 71 and the surrounding residues (Figure 12 B). 

Both mutant enzyme Val-71 residue side chain and the wild-type Ile-71 residues side chain 

form hydrophobic contacts with the α-helix residues Thr-19 (α-helix 1) and Ile-75 (α-helix 
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3), and the β-strand residues Val-58 (β-strand 3) and Leu-65 (β-strand 4). The contact 

distances between the side chain of residue 71 in the mutant and wild-type proteins and these 

hydrophobic residues are similar in both the mutant and wild-type proteins, therefore, 

indicating a similar binding-interaction strength between the respective residues in the 

mutant and wild-type proteins. The terminal methyl group on the truncated side chain of Val-

71 is, however, further from the pyrrolidine side-chain of Pro-56 in the mutant protein (5.4 

Å) as compared to the Ile-71 residue in the wild-type protein (3.9 Å) (Figure 12 B). The 

larger inter-residue distance and formation of the cavity prevents the formation of a van der 

Waals contact between Val-71 and Pro-56 in the mutant protein which decreases the stability 

of the protein. The absence of any structural shifts in the environment of the cavity to reform 

this van der Waals contact and minimise the cavity volume leaves the hydrophobic core 

within domain 1 of the mutant protein destabilised compared to the corresponding 

hydrophobic core in the wild-type protein. Computational studies conducted on globular 

proteins have revealed that isoleucine residues have the greatest propensity to form the 

greatest number of long range contacts (an average of 5.58 contacts per isoleucine residue) 

(Gromiha and Selvaraj, 1997; Gromiha and Selvaraj, 2004). It is thus expected that Ile-71 is 

topologically conserved in order to maximise the number of long-range van der Waals 

contacts (including the contact with Pro-56) formed between its extended hydrophobic side 

chain and surrounding residues, as well as to optimise the packing in the hydrophobic core of 

domain 1 in hGST A1-1 as a means to stabilise domain 1. 
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CHAPTER 4  

CONCLUSIONS 

 

The conservative substitution of Ile-71 � Val introduces a truncated valine side chain in the 

hydrophobic core of domain 1 in the mutant hGST A1-1 protein that lacks the methyl group 

of the extended side chain of Ile-71 in the wild-type protein. The terminal δ-methyl group on 

the side chain of Ile-71 in the wild-type hGST A1-1 protein protrudes into the hydrophobic 

core created between Thr-19, Pro-56 and Val-58 residues. The inter-digitation of side chains 

between these residues culminates in efficient, cavity-free packing in the hydrophobic core in 

domain 1. The equivalent γ-methyl group on Val-71 in I71V hGST A1-1 is too short to 

efficiently inter-digitate between Thr-19, Pro-56 and Val-58 residues. This shortcoming 

introduces a 27 Å3 cavity between α-helices 1 and 3 and β-sheets 3 and 4 in the hydrophobic 

core in domain 1 of the I71V hGST A1-1 protein. The secondary structure and tertiary 

conformation of the protein remain unaffected by the truncated Val-71 side chain and 

associated cavity and the retained conformations of the active site residue side chains leave 

the catalytic and non-substrate ligandin functions of the mutant protein similar to that of the 

wild-type protein. The loss of optimised packing in the hydrophobic core in domain 1 of the 

mutant protein results in the reduction of van der Waals contacts between the hydrophobic 

core residue side chains. The mutant is therefore destabilised in comparison to the wild-type 

protein. This study suggests that the topologically conserved Ile-71 residue does not play a 

significant role in the structure and function of hGST A1-1 but makes a significant 

contribution the stability of the protein by optimising the packing of the side chains in the 

hydrophobic core of domain 1. 
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