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ABSTRACT 

 

The thioredoxin-like fold is a well conserved fold that is present in many families 

of proteins. One such superfamily of proteins include the GSTs which are 

involved in phase II detoxification. GSTs primarily catalyse the metabolism of 

xenobiotics but are also involved in transporting non–substrate ligands and 

reactive compounds. The GST fold comprises an N-terminal thioredoxin domain 

and an all alpha helical C-terminal domain and is present in at least 18 classes of 

proteins. The N-terminal thioredoxin domain is characterised by the βαβαββα 

topology and can be further divided into two structural motifs, an N-terminal 

(βαβ) and a C-terminal (αββα) motif. A well conserved hydrophobic network 

exists between these two motifs and the role of the C-terminal motif is elucidated 

in this study using class Alpha GST as a model protein. A topologically conserved 

valine (Val58) and an isoleucine (Ile75) located on β3 and α3, respectively, were 

mutated to alanine. Secondary and tertiary structural characterisation as well as 

ligandin function of the mutant enzymes displayed no major structural alteration 

with respect to the wild-type enzyme. This was confirmed with high resolution 

crystal structures obtained. Enzymatic activity was maintained indicating that no 

structural alterations have occured that affects the active site dynamics and the 

domain interface as a result of the induced mutations. Thermal denaturation 

studies, however, indicated a slight destabilisation in the enzyme in the case of the 

valine mutation, but a large destabilisation was witnessed as a result of the 

isoleucine mutation. This is further observed in denaturant-induced equilibrium 

studies where the thermodynamic stability of proteins can be determined. 

Furthermore, as a result of the isoleucine mutation, the enzyme unfolds via a 

populated intermediate in contrast to the wild-type which globally unfolds via a 

two-state mechanism with no stable intermediates being populated. Pulse-

proteolysis was employed as an additional probe for thermodynamic stability 

where the enzyme was digested by thermolysin at varying denaturant 

concentrations. Pulse-proteolysis results were in agreement with the thermal and 

denaturant-induced stability studies further confirming that the isoleucince 

substitution causes a large destabilisation. Thus these conserved hydrophobic 



 iv 

residues of the thioredoxin C-subdomain play a crucial stabilising role in the GST 

fold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

 

 

 

 

 

 

 

 

 

 

 

“Alles ist einfacher, als man denken kann, 

zugleich verschränkter, als zu begreifen ist.” 

- Maximen Goethe 

 

Everything is simpler than can be imagined, 

yet more intricate than can be comprehended. 
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CHAPTER 1. INTRODUCTION 

1.1 Protein folding and stability 

Proteins play a pivotal role in intricate reactions in most, if not all biological processes, as 

catalysts, structural, storage and carrier molecules. Depending on the function, the nascent 

amino-acid chain, or part thereof, is required to correctly fold into the biologically active, 

three-dimensional structure of the native state.  

 

Various models have been proposed over the years to increase the understanding of the 

highly cooperative process of the folding of proteins to their native states. The current 

accepted model is the concept of energy landscapes and folding funnels (Wolynes et al., 

1995; Dill and Chan, 1997; Dobson and Karplus, 1999). The width of the funnel represents 

the conformational entropy of the polypeptide chain, while the depth represents the free 

energy of stabilisation (Figure 1-1). Folding proceeds (proceeding down the funnel), 

through a progressive organisation of partially folded structures in which it may encounter 

intermediate states and/or kinetic traps, driven by the accumulation of favourable enthalpic 

interactions. An ensemble of the native structure exists at the bottom of the funnel, at a 

global energy minimum, having the most stable conformation. The unfolded protein can 

also form partially folded or misfolded states which may lead to the formation of aggregates 

if a high thermodynamic or kinetic barrier is experienced in the pathway (Hartl and Hayer-

Hartl, 2009). In many instances, aggregate formation is the result of exposed hydrophobic 

residues coalescing from the unstructured backbone and thus forming non-native 

interactions between other protein molecules (Figure 1-1). The formation of aggregates can 

also result in highly ordered, fibrillar amyloids (Figure 1-1) which often lead to the toxic 

state of the cells giving rise to neurodegenerative diseases. No correlation has been found 

between sequence and amyloid formation and is thus believed to be an inherent property of 

the protein (Dobson, 2004).  

 

The folding process involves a limited number of intermediate species. Point mutations in 

proteins sometimes block the folding pathway at the level of stable intermediate states thus 

disabling the protein to adopt its native conformation, thereby causing misfolded proteins or 

the formation of aggregates. The consequences are altered or lost biological activity and 

ultimately genetic diseases (Santucci et al., 2008) 
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Figure 1-1. Protein folding energy landscape. 

A representation schematic of a typical folding energy funnel illustrating a rugged 

landscape that contains kinetic and thermodynamic traps. (Image from Hartl and Hayer-

Hartl, 2009). 
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Thermodynamic and kinetic studies have shown the presence of stable intermediate states 

in a number of proteins (Privalov, 1996; Horwick 2002; Calamai et al., 2005). One such 

intermediate, known as the ‘molten globule state’ (Ohgushi and Wada, 1983; Bhattacharyya 

and Varadarajan, 2013), is characterised by compact secondary structure, but fluctuating 

tertiary conformation allowing these regions to be probed by binding of a hydrophobic dye, 

e.g. 8-anilino-1-naphthalene sulphonate (ANS) (Semisotnov et al., 1991; Chaffotte et al., 

1992). In multidomain proteins, molten-globule states occur when one domain or 

subdomain of the partially unfolded protein remains folded, while the other is unfolded 

(Freire et al., 1992; Freire, 1995; Privalov, 1996; Vreuls et al., 2004; Bhattacharyya and 

Varadarajan, 2013). Molten-globule states are also involved in biological processes such as 

membrane insertion and transmembrane trafficking that require the protein to become 

partially unfolded (Hartl et al., 1994). Intermediates are however generally unstable and 

poorly populated at equilibrium (Yon, 2001). 

 

It is crucial to understand the forces that give rise to the folded state of a protein and that 

govern its conformational stability. The relative stability of a protein is determined by the 

energy difference between the folded and unfolded state (ΔG). The forces contributing to 

the stability include van der Waals forces, hydrogen bonds, hydrophobic interactions and 

electrostatic interactions. While van der Waals forces may be relatively weak, they are 

ubiquitous in proteins and can accumulate to a significant amount (Pace, 2001). The 

resulting clusters of the hydrophobic residues, aided by van der Waals interactions, 

minimises the surface area exposed to the solvent (Pace et al., 1996). The hydrophobic free 

energy contribution to protein stability is estimated to be about 60 kcal.mol
-1

 (Dill et al., 

1989). In the interior, domain and/or subunit interface of proteins, steric complementarity is 

crucial to maximise the stabilising effects of these forces (Ratnaparkhi and Varadarajan, 

2000).  

 

1.2 Folding of multidomain proteins  

The majority of studies on protein folding have focused on monomeric proteins, which 

have been extensively characterised using numerous experimental and theoretical methods 

(Gianni et al., 2003; Lindorff-Larsen et al., 2005; Wolynes, 2005; Dill et al., 2007; Han et 

al., 2007). Experimental methods include spectroscopic techniques such as tryptophan 

fluorescence and circular dichroism (CD) which provide low resolution information but 
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together with protein engineering, the folding mechanisms can be mapped in more detail. 

Techniques such as nuclear magnetic resonance (NMR) and hydrogen-deuterium exchange 

mass spectrometry (H/DXMS) are able to provide atomic detail of the folding mechanisms. 

Theoretical techniques mainly involve the use of computational tools such as molecular 

dynamic simulations. Computational tools allow the prediction of folding processes at very 

small time scales (picoseconds to milliseconds) and are often useful for proteins that are 

difficult to isolate in their native form such as membrane proteins. Due to their relatively 

small size and simplicity, monomeric proteins are particularly good candidates for in-depth 

analyses. However, monomeric proteins represent a very small fraction of the proteome, 

19% of proteins in Escherichia coli, and the percentage is even lower in higher organisms 

(Goodsell and Olson, 2000). In contrast, the proteome mainly consists of oligomeric 

proteins, the most common assemblies being homodimers, which constitute about 38% of 

proteins in Escherichia coli (Goodsell and Olson, 2000). Nature has opted to construct 

quaternary complexes as it is simpler to make smaller individual subunits rather than a 

single chain large protein (Marianayagam et al., 2004). A shortcoming in using monomeric 

proteins as models for folding is that it overlooks the contribution to stability from 

quaternary interactions in multisubunit / protein-protein complexes. A dimeric protein can 

be considered as a stable complex composed of two identical or nonidentical subunits. In 

the past decade, a few in-depth folding studies have been conducted on oligomeric proteins, 

in particular on homodimers, shedding more light on the complexes formed in vivo 

(reviewed in Rumfeldt et al., 2008). Given the biological importance of these quaternary 

structural complexes (Rumfeldt et al., 2008), it is essential to extend our understanding of 

the folding of higher order complexes. 

 

1.3 Redox control 

The energy production (synthesis of ATP) in cells occurs via tightly controlled metabolic 

cycles in which many reactions involve the transfer of electrons with oxygen being the 

ultimate acceptor. As a result, many oxygen derived radicals or reactive oxygen species 

(ROS), such as superoxide (O2
-
), hydrogen peroxide (H2O2) hydroxide radical (OH

-
), can 

accumulate causing oxidative stress and may have deleterious consequences to the cell 

(Alfadda and Sallam, 2012). Therefore it is crucial that the redox homeostasis of a cell is 

maintained. 
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Cells possess many antioxidant enzymatic systems to control the excessive ROS formation. 

The tripeptide glutathione (GSH) is the most abundant free thiol antioxidant intracellularly 

(Meister and Tate, 1976) and serves as a redox buffer through the process of 

glutathionylation where a mixed disulfide is formed between the cysteine moieties of the 

protein and GSH (Dalle-Donne et al., 2007; Gallogly and Mieyal, 2007). Furthermore it can 

detoxify foreign compounds upon conjugation with GSH dependant enzymes such as 

glutaredoxins (Fernandes and Holmgren, 2004), glutathione peroxidase (Epp et al., 1983), 

glutathione reductases (Meister and Anderson, 1983) and glutathione transferases 

(Armstrong, 1997). Many of the enzymes involved in redox control possess a common 

structural feature, a thioredoxin-like fold (Pan and Bardwell, 2006). 

 

1.3.1 Thioredoxin 

Thioredoxin (Trx) was first discovered as an electron donor for ribonucleotide reductase in 

Escherichia coli (Laurent et al, 1964), an enzyme required for DNA synthesis and repair 

(Nordlund and Reichard, 2006). In addition to redox control, Trx has a wide range of 

functions ranging from facilitating protein folding (Berndt et al., 2008) to regulating 

apoptosis (Ravi et al., 2005), modulating inflammatory responses (Nakamura et al., 2005) 

and playing a role as a growth factor (Powis et al., 2000). Its vast role in many metabolic 

processes has also made it a target for chemotherapeutic agents (Gromer et al., 2004; Arnér 

and Holmgren, 2006). It is a 12 kDa protein ubiquitous in prokaryotes and eukaryotes and 

contains the CxxC active site motif which is well conserved among proteins consisting of 

the thioredoxin-like fold (Martin, 1995). Although the Trx proteins bear a low sequence 

similarity, the Trx fold is highly homologous in the Trx superfamily (Pan and Bardwell, 

2006). 

 

1.3.2 The thioredoxin fold 

The thioredoxin-like superfamily encompasses at least 23 families (SCOP database; Murzin 

et al., 1995) with some containing subfamilies. The thioredoxin fold, central to the 

superfamily, consists of a βαβ motif and a ββα motif connected by an α-helix (Figure 1-

2B). The two β-strands in the N-terminal motif are parallel to one another, and those of the 

C-terminal motif are antiparallel. The resulting mixed β-sheet forms the core of the 

thioredoxin fold and is sandwiched between three α-helices (Figure 1-2). In addition to the 

conserved active site motif, a cis-Pro residue located adjacent to the β-strands on the N- 
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Figure 1-2. The architecture of the Trx-fold 

The conserved Trx-fold topology in (A) Trx and (C) GSTs. The conserved active site motif 

(CxxC) and cis-Pro is located in the loop preceding α1 and between α2 and β3, 

respectively. Image adapted from Pedone et al. (2010).  
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terminal motif is also well conserved (Martin, 1995). The largest subfamily containing the 

Trx fold is the glutathione transferases (GSTs). 

 

1.4 GST family of proteins 

Cytosolic glutathione transferases (GST; EC 2.5.1.18) comprise a family of multifunctional 

homo- or heterodimeric proteins, which catalyse the conjugation of glutathione to a large 

variety of endogenous and exogenous electrophilic compounds (Mannervik and Danielson, 

1988; Hayes and Pulford, 1995; Armstrong, 1997). Besides their detoxification roles, GSTs 

are also involved in the modulation of signal transduction, ion channels and the storage of 

nitric oxide (Adler et al., 1999; Cho et al., 2001; Dulhunty et al., 2001; Wang et al., 2001). 

 

1.4.1 Structural characteristics of GSTs 

GSTs consist of subunits of ~ 200 amino acids each. Visual inspection of the structures of 

the GSTs reveal an overall conserved architecture, as illustrated in Figure 1-3 using class 

Alpha as a model. Each subunit is composed of two structurally distinct domains: an N-

terminal thioredoxin-like domain (domain 1), characterised by the Trx-fold topology as 

previously described (section 1.3.2) and an all α-helical C-terminal domain (domain 2). A 

structural feature that distinguishes class Alpha GSTs from those of other classes is the 

presence of an extended C-terminal region that forms an amphipathic helix (α9) at the 

active site which provides a “lid” over the active site in the presence of ligands (Cameron et 

al., 1995) and is otherwise conformationally flexible in the ligand-free form (Dirr and 

Wallace, 1999; Kuhnert et al., 2005).  

 

The active site of the GSTs can be divided into two adjacent subsites: the G-site for binding 

GSH and the H-site for binding hydrophobic electrophilic substrates (Dirr et al., 1994b). 

The G-site is formed primarily by the thioredoxin-like N-terminal domain, whereas the C-

terminal domain forms the H-site. The peptidyl moiety of the product lies at the end of the 

β-sheet of domain 1 and interacts with the protein through a number of electrostatic and 

hydrogen-bonding interactions. The γGlu moiety of GSH interacts with a hydrophilic 

complementary pocket near the subunit interface formed by residues in domain 1 of one 

subunit and domain 2 of the adjacent subunit. The dimeric structure of the glutathione 

transferases is required for the formation of the active site on each subunit (Figure 1-3) 
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Figure 1-3. Ribbon representation of a dimeric GST 

The N-terminal domain (domain 1) shown in green, and the all α helical C-terminal domain 

shown in blue. The helix (α9) that ‘caps’ the active site of domain 1 shown in teal. The 

tryptophan residues are involved in the interdomain contacts (highlighted in red as stick 

representations). Human class Alpha glutathione transferase (hGSTA1-1) is used here as a 

model illustration of GSTs. [Image rendered using PyMOL
TM

, DeLano Scientific, 2006; 

PDB code: 1K3L (Le Trong et al., 2002)]. 
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(Dirr et al., 2005; Kinsley et al., 2008) and thus the dimeric form of GSTs is essential for 

enzyme activity. 

 

The GSTs share little sequence similarity but their tertiary structure is conserved (Wilce 

and Parker, 1994). The exception is class Kappa, a mitochondrial GST, whose C-terminal 

domain is inserted into the N-terminal domain (Ladner et al., 2004). The dimeric structure 

also has been shown to be involved in stabilisation of tertiary structures of individual 

subunits (Erhardt and Dirr, 1995) as well as to provide a non-substrate ligand-binding site 

at the subunit interface (Sluis-Cremer et al., 1996; Sayed et al., 2000; Lyon and Atkins, 

2002; Yassin et al., 2004). Two types of interactions are found at the dimer interface, a 

conserved hydrophobic interaction found in mammalian classes of Alpha (Sayed et al., 

2000), Mu (Hornby et al., 2002; Thompson et al., 2006; Alves et al., 2006) and Pi 

(Stenberg et al., 2000) and a hydrophilic interaction, where electrostatic forces predominate 

as in the classes of Sigma (Stevens et al., 1998; Stevens et al., 2000) and Theta (Rossjohn 

et al., 1998). 

 

1.4.2 Trx fold in the GSTs 

All members of the GST family contain the thioredoxin fold in domain 1 (Sheehan, 2001), 

which is comprised of approximately 80 amino acid residues. The fold can be subdivided 

into an N and C-subdomain connected by a loop of residues that incorporates a third helix 

[Figure 1-2B, (Martin, 1995)]. The packing of secondary structures in the thioredoxin fold 

form a compact hydrophobic core (Figure 1-5). The α1 and α3 helices as well as the β1, β2 

and β4 strands make up the hydrophobic core of the fold due to the packing of the α1 and α 

3 against the one side of the β-sheet (Martin, 1995). 

 

The superimposed structures of domain 1 of the GSTs reveal a high degree of structural 

similarity, however the different gene classes are characterised by specific structural 

features (Dirr et al, 1994a). As mentioned earlier, class Alpha has the terminal helix, α9, 

over domain 1 that is crucial for catalysis. An extended mobile loop in class Mu is present 

connecting the sequence between β2 strand and α2 helix (Ji et al., 1992). The class Kappa 

has domain 2 inserted into domain 1 containing the thioredoxin fold (Ladner et al., 2004). 

 

A structure-based sequence alignment of domain 1 (Trx domain) of the different GST 

classes shows that topologically conserved residues are predominantly hydrophobic in  
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Figure 1-4: Structure based sequence alignment of the C-subdomain in GSTs. 

The alignment was performed using sequences of one member of domain 1 of the 18 

classes of GSTs. The PDB file for each class was obtained and the sequence alignment was 

performed using UCSF Chimera, v1.5.3 (Pettersen et al., 2004). The displayed alignment 

only shows residues of C-subdomains containing β3 and α4 for clarity purposes. The 

topologically conserved residues are boxed and those involved in this study are highlighted 

in red. The PDB accession codes and their reference are shown in Table 1-1. Each class of 

the GST fold was identified in the SCOP database (http://scop.mrc-

lmb.cam.ac.uk/scop/data/scop.b.d.fh.b.html; Murzin et al., 1995). 

 

Table 1-1: List of GSTs used for sequence alignment 

 

 

 

 

 

 

 

 

 

 

 

 

PDB Code GST Class Reference 

1k3l Alpha Le Trong et al., 2002 

1c72 Mu Chern et al., 2000 

1e6b Zeta Thom et al., 2001 

1eem Omega Board et al., 2000 

1g6w yeast prion protein ure2p Bousset et al., 2001 

1g7o Grx2 Xia et al., 2001 

1gnw Phi Reinemer et al., 1996 

1gwc Tau Thom et al., 2002 

1jlv Delta Oakley et al., 2001 

1k0m Clic1 Harrop et al., 2001 

1nhy GST-like domain of EF-1 Jeppesen et al., 2003 

1okt Plasmodium falciparum GST Fritz-Wolf et al., 2003 

1pmt Beta Rossjohn et al., 1998 

2c3n Theta Tars et al., 2006 

2wb9 Sigma Line et al., 2010 

3lyk Stringent starvation protein A Ramagopal et al., 2010 

1tu7 Pi Perbandt et al., 2005 

                        β3              α4 
                       ____        ___________ 
Alpha (1K3L)       54 qvpMVEI--dgmklvqTRAILNYIASK 
Beta  (1PMT)       51 qvpVLQLd--gdilteGVAILRHLARK 
Delta (1JLV)       51 cipTLVDn--gfalweSRAICTYLAEK 
Mu    (1C72)       58 nlpYLIDg--dvkltqSNAILRYIARK 
Omega (1EEM)       71 lvpVLENs--gqliyeSAITCEYLDEA 
Phi   (1GNW)       53 qvpAFEDg--dlklfeSRAITQYIAHR 
Pi    (1TU7)       49 qlpCLYDr--dlvlfnSRIIMEYLDER 
Sigma (2WB9)       52 rvpLLDVg--dftlteSVAILLYLTRK 
Tau   (1GWC)       55 kipVLIHn--gapvceSMIILQYIDEV 
Theta (2C3N)       53 kvpALKDg--dqqivqSGAILRHLARK 
Zeta  (1E6B)       59 tvpALVDg--dvvindSFAIIMYLDEK 
PfGST (1OKT)       58 qvpILQIg--dlilaqSQAIVRYLSKK 
CLIC1 (1K0M)       63 elpFLLYg--tevhtdTNKIEEFLEAV 
eEF1  (1NHY)       48 kvpAFVGp--gyklyeAMAINYYLVKL 
Grx2  (1G7O)       49 qvpILQKd--srympeSMDIVHYVDKL 
GrxT4 (1DE2)       64 tMPQVFApdgshigggFDQLREYFK 
Ure2p (1G6W)      166 rvpALIDhgmnlsiweSGAILLHLVNK 
SSPA  (3LYK)       58 tvpTLVDtg-lrryqeSMAIARLLARQ 
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in nature with a minimal difference in bulk of the side chains (Figure 1-4). The present 

study focuses on the C-subdomain of the Trx domain in GSTs and the conserved residues 

of interest are Val58, and Ile75 as they form a hydrophobic core between the subdomains of 

the Trx-fold in GSTs (Figure 1-5). Other well conserved residues of the C-subdomain 

include Pro56 and Ile71. Mutation of Pro56 highlighted its role in maintaining 

conformational stability and enzymatic activity (Nathaniel et al., 2003) and that of Ile71, 

which also contributes to the hydrophobic core, has been implicated in maintaining the 

structural stability of GSTs (Achilonu et al., 2010).  

 

1.4.3 Stability and folding of GSTs 

1.4.3.1 Equilibrium unfolding of GSTs 

A three-state mechanism is observed for the equilibrium unfolding of most of the dimeric 

GSTs. In the case of the class Mu (Hornby, et al. 2000), Sigma (Stevens et al., 1998), Beta 

(Sacchetta et al., 1993) GSTs stable monomeric intermediates are present while a dimeric 

intermediate is present for yeast prion protein 2 (Ure2p) (Lian et al., 2006). In the case of 

class Alpha (Wallace et al., 1998) and class Pi (Dirr and Reinemer, 1991; Erhardt and Dirr, 

1995, Gildenhuys et al., 2010b) however, no stable dimeric or monomeric intermediate is 

observed. A three-state model of unfolding is proposed as both these classes of GSTs 

posses a dynamic helix which is mobile at room temperature and unfolded and low 

concentrations of denaturant (Wallace et al., 1998; Gildenhuys et al., 2010b) and thus the 

following model is proposed: 

N2 ⇌ N2* ⇌ 2U 

where N2* represents the dimeric state where the dynamic helix (α9) is unfolded.  

 

The SjGST (Kaplan et al., 1997) and a monomeric counterpart of the GST family, EcGrx2 

(Gildenhuys et al., 2008) follow a two-state equilibrium unfolding mechanism. Another 

monomeric homologue of GST, hClic1 (Fanucchi et al., 2008), also follows a two-state 

equilibrium mechanism at pH 7, however, it is changed to a three-state mechanism when 

encountering an acidic environment (pH 5.5) where it is required to undergo a structural 

change for membrane binding (Littler et al., 2004)  
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Figure 1-5. Trx domain in hGSTA1-1  

The Trx domain (domain 1) of GSTs is made up of two subdomains; the N-subdomain (β1α1β2; lime green) and the C-subdomain (β3β4α3; 

yellow) connected by a linker, α2 (green). (A) Topologically conserved residues of the C-subdomain are shown in red. (B) Hydrophobic core 

(encircled in red) constituted by residues shown as spheres. (Images rendered using PyMOL
TM

, DeLano Scientific, 2006; PDB code: 1K3O (Le 

Trong et al., 2002)). 
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The N- and C-terminal domains of GST proteins have been shown to unfold 

cooperatively in the case of class Alpha (Wallace et al., 1998), Sigma (Stevens et al., 

1998), Pi (Erhardt and Dirr, 1995) and Schistoma japonicum GST (Kaplan et al., 

1997). In addition, there is no evidence to suggest that the individual domains of GST 

proteins unfold independently as indicated by the equilibrium unfolding profiles 

which display monophasic, coincident transitions. Therefore, the burial of a 

significant amount of hydrophobic surface area upon domain association indicates 

that the domain interfaces of GSTs play an important role in the stability and folding 

of these proteins. The N-terminal domain of Ure2p has no contribution to the stability 

and dimerisation of the protein (Lian et al., 2006). 

 

The details of the domain-domain interfaces of GST proteins are not as well studied 

as their subunit-subunit interfaces. Luo et al. (2002) investigated the conformational 

stability and equilibrium unfolding of two domain-exchanged chimeric isoenzymes. 

The domains of the class Mu isoenzymes M1-1 and M2-2 were exchanged resulting in 

chimeras (M12 and M21) with one domain from M1 and one domain from M2 (Luo 

et al., 2002). It was shown that the M12 and M21 monomers are less stable then the 

wild-type monomers (Luo et al., 2002). A hydrophobic ‘lock-and-key’ motif is 

located at the domain interface of GSTs (Parbhoo et al., 2011). The effect of domain 

packing on stability and function was investigated in hGSTA1-1 (Wallace et al., 

2000; Balchin et al., 2010), hClic1 and EcGrx2 (Parbhoo et al., 2011). In all cases, a 

cavity forming mutation was created to assess the role of the ‘lock-and-key’ motif and 

it was found that the mutation was both disruptive and destabilising with the 

equilibrium unfolding results pointing to the accumulation of one or more 

intermediate species (Wallace et al., 2000; Parbhoo et al., 2011), hence the domain 

interface complementarity is critical for correct domain-domain packing which in turn 

plays a role in protein stability.  

 

In addition to the domain interface, a ‘lock-and-key’ motif is located at the subunit 

interface of GSTs and has been found to be involved in the conformational stability of 

GSTs (Sayed et al., 2000; Hornby et al., 2002; Stenberg et al., 2000; Abdalla et al., 

2002; Hegazy et al., 2004; Vargo et al., 2004; Alves et al., 2006). The GSTs display 

two types of interactions at the subunit interface (Armstrong, 1997). The first is a 

‘lock-and-key’ hydrophobic interaction, involving an aromatic ‘key’ residue from 
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domain 1 of one subunit that inserts into several hydrophobic ‘lock’ residues of 

domain 2 in the other subunit (Figure 1-3) found in mammalian classes of Alpha 

[Phe52, (Sayed et al., 2000)], Mu [Phe56, (Hornby et al., 2002)] and Pi [Tyr50, 

(Stenberg et al., 2000)]. The inter-subunit ‘lock-and-key’ is also found in the Zeta 

class but the ‘key’ is not an aromatic side chain but the side chain of methionine 

(Wilce and Parker, 1994). The second type of intersubunit interaction is more 

hydrophilic and lacks the hydrophobic ‘lock-and-key’ motif and electrostatic forces 

predominate as in the classes of Sigma (Stevens et al., 1998; Stevens et al., 2000) and 

Theta (Rossjohn et al., 1998). An interesting variant of the ‘lock-and-key’ motif exists 

in the Delta class of GSTs, known as the ‘clasp lock-and-key’ (Wongsantichon and 

Ketterman, 2006). The aromatic ‘key’ residue not only inserts into a hydrophobic 

‘lock’ of the neighbouring subunit, but also acts as part of the ‘lock’ for the other 

subunit ‘key’. The ‘key’ residues from both subunits show aromatic ring stacking with 

each other in a pi– pi interaction, generating a ‘clasp’ in the middle of the subunit 

interface (Wongsantichon and Ketterman, 2006). Thus dimeric GST structure is 

required to maintain catalytically functional conformations of the individual subunits 

as well as the non-substrate ligand-binding site at the dimer interface (Dirr, 2001; 

Abdalla et al., 2002; Vargo et al., 2004). The extent of subunit stabilisation by 

quaternary interactions is less for classes Sigma and Mu but essential for the stability 

of the subunits for the classes Alpha, Pi and Mu GSTs (Dirr, 2001).  

 

1.4.3.2 Folding pathway of GSTs 

Protein families show low sequence similarity, however the fold remain highly 

conserved and the folding pathways are conserved in the different classes of the 

family (Gunesakaran et al., 2001). Cytosolic GSTs share a canonical fold (Sheehan et 

al., 2001), therefore are most likely to share a conserved folding mechanism. 

 

Kinetics of (un)folding of GSTs have been characterised in class Alpha GST (Wallace 

et al., 1998; Wallace and Dirr, 1999) and in Ure2p (Lian et al., 2006). The kinetics of 

unfolding are complex for class Alpha GST as two phases of unfolding are witnessed, 

a fast (millisecond time range) and slow (second to minute time range). The cis-Pro 

(Pro56) has an influence on the unfolding of class Alpha GST, where the rates of 

unfolding on both phases are dramatically increased when the Pro56 was replaced 

with Gly (Nathaniel, et al., 2003). Formation of a structured intermediate is ruled out 
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as there is an absence of a ‘rollover’ (non-linearity in an arm of a chevron plot) in the 

urea dependence of the rates of unfolding (Wallace et al., 1998). In contrast, an 

equilibrium unfolding intermediate of Ure2p is witnessed in its unfolding kinetics 

(Lian et al., 2006).  

 

1.5 Probes for (un)folding reactions 

Understanding the mechanism of protein folding and unfolding remains one of the 

most challenging questions in life sciences (Dill et al., 2007). It requires not only 

detailed knowledge of different species involved in folding/unfolding reactions but 

also detailed kinetic information that connects these species (Lindberg and Oliveberg, 

2007). During the folding/unfolding reactions, a large number of noncovalent 

interactions form or break on various time scales, leading to distinct processes/phases 

in protein (un)folding reactions, such as hydrophobic collapse and secondary structure 

formation.  

 

The chromophores in proteins, i.e. the peptide backbone and the aromatic amino acids 

(Phe, Tyr and Trp) have allowed us to exploit optical spectroscopic techniques to 

probe (un)folding processes in protein. While circular dichroism and fluorescence 

spectroscopy provide low resolution images of protein structures, they are able to give 

information on the specific events such as subunit and domain (dis)association in 

solution which cannot be obtained from high resolution imaging such X-ray 

crystallography. Much of the information on folding mechanism of GSTs has been 

characterised using spectroscopic techniques such as circular dichroism and 

fluorescence spectroscopy which report on changes occurring on the polypeptide 

backbone and tertiary environment of the aromatic amino acids, respectively. The 

information provided by any structural changes is highly dependent on the location of 

the probe. Tryptophan is the dominant intrinsic fluorophore in proteins and highly 

sensitive to the local environment surrounding its indole ring (Lacowicz, 2006). 

Tryptophan fluorescence together with circular dichroism was used to probe 

unfolding mechanism of the GSTs such as class Alpha (Wallace et al., 1998), Mu 

(Hornby et al., 2000) Pi (Dirr and Reinemer, 1991; Erhardt and Dirr, 1995; 

Gildenhuys et al., 2010b), Sigma (Stevens et al., 1998) and GST-like proteins such as 

EcGrx2 (Gildenhuys et al., 2008) and hClic1 (Fanucchi et al., 2008). These 
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spectroscopic techniques were also used to probe events occurring at the domain 

interface in GSTs (Wallace et al., 2000; Balchin et al., 2010; Parbhoo et al., 2011) as 

well as at the subunit interface (Stevens et al., 1998; Alves et al., 2006, Thompson et 

al., 2006).  

 

A more accurate depiction of events upon (un)folding can be provided by the use of 

extrinsic probes, e.g. ANS, an amphipathic dye that can bind exposed hydrophobic 

patches of proteins (Slavik, 1982; Semisotnov et al., 1991; Engelhard and Evans, 

1995; reviewed in Hawe et al., 2008). The use of ANS has allowed probing for 

intermediates in GST-like proteins (Fanucchi et al., 2008; Parbhoo et al., 2011). The 

use of spectroscopic independent probes e.g. proteolysis (Park and Marqusee, 2005) 

can be also used to either provide additional or to verify the information provided by 

the spectroscopic probes. 

 

1.6 Aims and objectives  

This present study examines the role of conserved residues in the C-subdomain of the 

Trx fold in GSTs. A well studied GST is the Alpha class, which possesses all the 

features found in the GST family of proteins and thus represents a suitable model. 

Topologically conserved residues in the C-subdomain have been identified and are 

represented by residues Val58 and Ile75 in hGSTA1-1 and are found in the 

hydrophobic core of the Trx domain. These residues are thus postulated to have a role 

in the stability of the protein as core residues are believed to drive the hydrophobic 

collapse and form stabilising van der Waals interactions through tight packing in the 

native state (Kellis et al., 1988; Dill, 1990). The role of these residues was determined 

by mutating them to Ala, which removes the bulk and any interactions they have in 

the hydrophobic core while not introducing a large degree of flexibility as to 

completely destabilise the protein with the risk of misfolded protein being formed. 

 

The impact of the mutations on the native structure in solution was assessed by 

spectroscopic techniques using far-UV CD and intrinsic fluorescence. The integrity of 

the native structure was further confirmed by X-ray crystallography. The impact on 

the G and H-sites of the enzymes was assessed by determining the specific activity 

and the binding of a dye, ANS, to the enzymes. The conformational stability of the 
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proteins was determined by denaturant-induced equilibrium unfolding experiments 

using intrinsic and extrinsic spectroscopic probes. In all the experiments, the data 

were compared to that of the wild-type protein. 
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CHAPTER 2. EXPERIMENTAL PROCEDURES 

2.1 Materials 

The cDNA encoding wild-type hGSTA1-1 cloned into the pKHA1 plasmid was a 

generous gift from Prof. B. Mannervik (Uppsala, Sweden; Stenberg et al., 1992). The 

QuikChange® Lightning kit was purchased from Stratagene (La Jolla, CA, USA). 

Ampicillin, DTT and IPTG were purchased from Melford (Ipswich, United 

Kingdom). 8-Anilino-1-naphthalenesulfonic acid (ANS) and reduced GSH was 

purchased from Sigma-Aldrich (St. Louis, MO USA). SDS-PAGE molecular weight 

marker (SM0431) was purchased from Fermentas Life Sciences (St. Leon-Rot, 

Germany). CM-Sepharose was purchased from GE Healthcare Life Sciences 

(Uppsala, Sweden). Ultrapure (99.5%) urea was purchased from Merck chemicals 

(Darmstadt, Germany). All other reagents were of analytical grade. Inqaba Biotech 

(Pretoria, South Africa) conducted synthesis of oligonucleotide primers and 

performed all sequencing to confirm the identity of the plasmids. 

 

2.2 Experimental 

2.2.1 Generation of hGSTA1-1 mutants 

The plasmid DNA encoding the V58A and I75A hGSTA1-1 mutants were created 

using site-directed mutagenesis. Oligonucleotide primers were designed in accordance 

with the published wild-type nucleotide sequence of hGSTA1-1 (Stenberg et al., 

1992) with the aid of the Primer-X software (http://bioinformatics.org/primerx) and 

Gene Runner software v3.04 (Hastings Software Inc., NY, USA). The sequences of 

the primers synthesised used to construct the V58A and I75A hGSTA1-1 mutants are 

listed below with the respective codons coding for Ala underlined: 

 

V58A 

Forward: 5′ CAAGTGCCAATGGCAGAGATTGATGGGATGAAGCTG 3′ 

Reverse: 5′ CAGCTTCATCCCATCAATCTCTGCCATTGGCACTTG 3′ 

I75A: 

Forward: 5′ GCCATTCTCAACTACGCCGCCAGCAAATACAAC 3′ 

Reverse: 5′ GTTGTATTTGCTGGCGGCGTAGTTGAGAATGGC 3′ 

http://bioinformatics.org/primerx
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The DNA encoding for the mutant hGSTA1-1 proteins was generated by following 

the protocol described in the QuikChange® Lightning mutagenesis kit from 

Stratagene (La Jolla, CA USA) (Braman et al., 1996). The sample reaction had a final 

volume of 51 l which comprised of 5 l (10x) reaction buffer, 1 l (50 ng) double 

stranded DNA template, 1 l of each (125 ng) primer (forward and reverse), 1 l 

dNTP mix, 1.5 l QuikSolution reagent, 39.5 l Milli-Q water and 1 l (2.5 U/l) 

QuikChange Lightning enzyme. The product was generated by 18 amplification 

cycles of 20 seconds at 95°C to denature the wild-type dsDNA, 10 seconds at 60°C to 

anneal the mutant primers and 120 seconds at 68°C for DNA extension. Parental 

DNA template was digested with 2 l (10 U/l) Dpn I for 5 minutes at 37°C. The 

reaction products were then used to transform (section 2.2.2) Escherichia coli XL10-

Gold ultracompetent cells supplied with the mutagenesis kit. The cells were plated 

onto LB agar plates [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1.0% (w/v) NaCl, 

1.5% (w/v) agar] supplemented with ampicillin (100 μg/ml) and were incubated for 

12-16 hours at 37°C. Colonies were chosen at random and overnight cultures were 

made in LB medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1.0% (w/v) NaCl). 

Plasmid DNA was then extracted from the overnight culture of cells, using the 

Genejet plasmid miniprep kit from Fermentas Life Sciences (St. Leon-Rot, Germany). 

The identity of the desired mutation, and that no other mutations were generated 

during the mutagenesis amplification reaction, was confirmed by DNA sequencing 

(Inqaba Biotech; Pretoria, South Africa) of the plasmid DNA, using the pKHA1 

forward and reverse primers. 

 

2.2.2 Transformation, over-expression and purification of hGSTA1-1  

The expression system was constructed by transforming Escherichia coli 

BL21(DE3)/pLysS cells (Lucigen, Middleton, WI, USA) with the plasmids encoding 

for the wild-type, V58A and I75A hGSTA1-1 proteins. The bacterial cells were 

transformed using a one-step method as described by (Chung et al., 1989). Competent 

cells (50 μl) were thawed on ice for 10 minutes to which 1 μl of mutant plasmid DNA 

(100 ng/μl) was added and the reaction mixture incubated on ice for 30 minutes. The 

cells were then heat-shocked at 42°C for 45 seconds on a heating block, followed by a 

rapid transfer to ice for 2 minutes. SOC medium [2% (w/v) tryptone, 0.5% (w/v) yeast 

extract, 250 mM KCl, 1 M glucose, 2 M MgCl2] was added to the reaction mixture 
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followed by incubation at 37°C for 90 minutes. The cells were then plated on LB-agar 

plates [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1.0% (w/v) NaCl, 1.5% (w/v) 

agar] supplemented with the antibiotics ampicillin (100 μg/ml) and chloramphenicol 

(100 μg/ml). The plates were then incubated at 37°C for 12 - 16 hours. The 

transformed Escherichia coli expression cells transformed with the respective plasmid 

containing the cDNA sequence coding for the hGSTA1-1 protein were added to fresh, 

sterile 2xYT medium [1.6% (w/v) tryptone, 1.0% (w/v) yeast extract, 0.5% (w/v) 

NaCl] supplemented with ampicillin (100 μg/ml) and chloramphenicol (100 μg/ml). 

The cells were grown at 37°C with shaking at 250 rpm for 12 - 16 hours of which a 

50-fold dilution was then used to inoculate into fresh, sterile 2xYT medium 

supplemented ampicillin (100 μg/ml) and chloramphenicol (100 μg/ml). Cells were 

grown at 37°C with shaking at 250 rpm till an OD600 of ~ 0.6 was reached after which 

over-expression of the hGSTA1-1 proteins were induced by the addition of 1 mM 

IPTG. The cells were grown for a further 12 - 16 hours at 37°C, with shaking at 250 

rpm, in order to achieve optimum protein expression. Cells were harvested via 

centrifugation (4200 × g, 20 min) and re-suspended in 1/20
th

 of the culture volume of 

re-suspension buffer [20 mM sodium phosphate buffer, pH 7.45, 1 mM EDTA, 0.02 

% (w/v) NaN3]. DNAse I (50 μg/ml) and lysozyme (100 μg/ml) were added to the cell 

suspension and was rotated at 4°C for 30 minutes. The cells were then sonicated on 

ice for 4 cycles of 30 seconds with 40% pulse intensity using an ultrasonic liquid 

processor (Misonix Inc. (model: XL-2020), Farmingdale, NY, USA). The lysed cells 

were centrifuged (16 100 × g, 30 min) at 4°C. Samples of whole cell extract, soluble 

and insoluble fractions were electrophoresed on 12% acrylamide SDS-PAGE gels 

(section 2.2.3). 

 

The hGSTA1-1 proteins were purified using cation-exchange chromatography as 

described by Wallace and Dirr (1999). The soluble fraction after centrifugation was 

applied onto a CM-Sepharose column (GE Healthcare Life Sciences, Uppsala, 

Sweden) pre-equilibrated with buffer A [10 mM sodium phosphate buffer, pH 7.45, 

0.02% (w/v) NaN3]. The column was then washed with 10 column volumes of buffer 

A. Bound hGSTA1-1 was eluted off the column using a linear NaCl gradient (10 

column volumes) from 0 M to 0.3 M NaCl. The gradient was produced by mixing 

buffer A with 10 mM sodium phosphate buffer, pH 7.45, 1 mM EDTA, 300 mM 

NaCl, 0.02% (NaN3). Cation-exchange chromatography was conducted using an 
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ÄKTA Prime system attached to a computer with PrimeView 1.0 software (GE 

Healthcare Life Sciences, Uppsala, Sweden). The purified hGSTA1-1 proteins was 

then dialysed against three changes of storage buffer [20 mM sodium phosphate 

buffer, pH 7.4, 0.02% (w/v) NaN3], lasting 4 hours each, after which it was snap 

frozen and stored at -80ºC. Unless otherwise stated, all experiments for the hGSTA1-1 

proteins were conducted in the storage buffer. 

 

2.2.3 SDS-PAGE 

The solubility, homogeneity and purity of the expressed mutant proteins were 

assessed by separation on a 12% SDS-PAGE (Laemmli, 1970) gel. The discontinuous 

gel system consisted of a 4% (w/v) acrylamide/bis-acrylamide stacking gel [0.1% 

(w/v) SDS, 0.05% (w/v) ammonium persulphate, 0.1% (w/v) TEMED and 125 mM 

Tris-HCl buffer, pH 6.8] and a 12% (w/v) acrylamide/bis-acrylamide separating gel 

[0.1% (w/v) SDS, 0.05% (w/v) ammonium persulphate, 0.1% (w/v) TEMED and 375 

mM Tris/HCl, pH 8.8]. Protein samples were diluted five-fold with sample buffer 

[10% (w/v) glycerol, 2% (w/v) SDS, 5% (w/v) β-mercaptoethanol, 0.05% (w/v) 

bromophenol blue and 62.5 mM Tris-HCl buffer, pH 6.8]. Samples were then boiled 

for 5 minutes to ensure that the proteins were denatured. The electrode buffer used 

contained 1% (w/v) SDS, 192 mM glycine and 25 mM Tris, pH 8.5. The protein 

samples were applied to the SDS-PAGE wells (15μl) and electrophoresed at 140 V for 

2 hours using a Hoefer MiniVE electrophoresis system (Holliston, MA, USA). The 

molecular weight marker (Fermentas Life Sciences, (cat. no.: SM0431), Ontario, 

Canada) used contained a mixture of seven proteins: β-galactosidase (116 kDa), 

bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), lactate dehydrogenase (35 

kDa), restriction endonuclease Bsp98I (25 kDa), β-lactoglobulin (18.4 kDa) and 

lysozyme (14.4 kDa). The gels were stained in 2% (w/v) Coomassie Blue R250 

staining solution containing 13.5% (v/v) glacial acetic acid and 18.75% (v/v) ethanol 

and destained with 7% (v/v) ethanol and 5% (v/v) glacial acetic acid until the 

background was clear. 

 

2.2.4 Absorbance spectroscopy 

Most experiments conducted in this study involved a spectroscopic technique which 

allows the experiment to be done under solution conditions and relatively low 
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amounts of protein are consumed. It is therefore imperative that the concentrations of 

protein and its ligands are accurately determined.  

 

The concentrations of the hGSTA1-1 proteins, ANS and GSH were determined 

spectrophotometrically using a Jasco V-630 UV-VIS spectrophotometer (Jasco Inc., 

Tokyo, Japan) and by applying the Beer-Lambert law: 

 

 A = ελcℓ (3) 

 

where A is the absorbance at the respective wavelength, ελ is the molar extinction of 

the absorber at wavelength λ, c is the concentration of the absorbing solution and ℓ is 

the path length of light through the solution (cuvette). 

 

A molar extinction coefficient (ελ) of 38 200 M
-1

.cm
-1

 (Stenberg et al., 1992) was 

used for determining the concentrations of wild-type and V58A and I75A hGSTA1-1 

proteins at 280 nm. The same extinction coefficient is applicable for both mutant 

proteins as the amino acids involved in the mutation are not chromophores. The 

extinction coefficients used for determining ANS concentration at 350 nm was 5000 

M
-1

cm
-1

 (Weber and Young, 1964). The quantification of GSH, which employed the 

DTNB assay (section 2.2.7), at 412 nm used an extinction co-efficient of 13 600 M
-

1
cm

-1
 (Habeeb et al., 1972) for the 2-nitro-5-thiobenzoate anion.  

 

The concentrations were determined by fitting a linear regression to 10 or more points 

from a serial dilution. All readings were buffer corrected with the appropriate buffer 

used for the concentration determination. 

 

2.2.5 Circular dichroism spectroscopy 

The secondary structure of proteins is chiral and polarised light interacts in a specific 

manner with chiral molecules and are thus optically active. Circular dichroism (CD) is 

a technique that measures the differential absorption of left- and right-handed 

circularly polarised light by such optically active molecules. Any conformational 

change in a protein can therefore be detected by CD. Optical activity in proteins arises 

from disulfide groups, aromatic side chains, and the peptide backbone (Woody, 1995). 

Disulfide groups and aromatic amino acids have characteristic absorption bands in the 
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near-UV range (250 - 300 nm). In the far-UV region (180 - 250 nm), the predominant 

signal arises from the peptide backbone. The adoption of different secondary 

structures by the peptide backbone results in distinctive CD spectra (Woody, 1995). 

As a result, this wavelength range gives a good indication of the secondary structural 

content of proteins. Proteins with a high α-helical content display characteristic 

minima at 208 and 222 nm, as well as a stronger positive band near 190 nm (Woody, 

1995). 

 

Far-UV CD spectra (180 - 250 nm) were recorded using 2 μM hGSTA1-1 protein in 

storage buffer. In some cases, a stock protein solution (20 μM) and the storage buffer 

was diluted 10 fold in order to improve the signal to noise ratio at the lower 

wavelengths. All far-UV CD spectra were recorded at 20°C and represent an average 

of 10 accumulations, at a scan speed of 200 nm/min. The bandwidth used was 1 nm 

and the data pitch 0.2 nm. Measurements were obtained using on a Jasco J-810 

spectropolarimeter with Spectra Manager software v1.5.00 (Jasco Inc., Tokyo, Japan) 

using a pathlength of 2 mm. All spectra were buffer corrected and were normalised by 

calculating the mean residue ellipticity [θ] (deg.cm
2
/dmol/residue) using the following 

equation (Woody, 1995): 

 

 [θ] = (100 × θ) / c × n × ℓ (4) 

 

where (θ) is the ellipticity signal in mdeg, c is the protein concentration in mM, n is 

the number of residues in the protein chain and ℓ is the path length in cm.  

 

Near-UV CD spectra (250 – 350 nm) were recorded using 20 μM hGSTA1-1 protein 

at 5 °C in storage buffer. The temperature was maintained by a Jasco PTC-423S 

Peltier-type temperature control system. All near-UV CD spectra were recorded at a 

scanning speed of 100 nm/min, using a 10 mm path length cuvette. The sensitivity 

was set to high (10 mdeg), data pitch was 0.05 nm, response: 1 sec, bandwidth: 0.5 

nm, and each spectrum was the result of 10 accumulations. Low temperature CD 

measurements on proteins sharpen the CD bands because of lowered motility of the 

side-chains, and at very low temperatures increase the intensity of the signal 

(Strickland, 1974). Near-UV CD signal data were not normalised to mean residue 
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ellipticity since only four types of residues contribute to the signal, making averaging 

over all residues unjustified. 

 

2.2.6 Fluorescence spectroscopy 

Fluorescence is the emission that results from the return of an unpaired electron from 

the excited to the ground state (Lakowicz, 2006). The energy lost between excitation 

and emission, known as Stokes shift, results in the bathochromic (red) shift of 

emission spectra. In proteins, the naturally occurring fluorophores are tryptophan, 

tyrosine and phenylalanine. Due to the small quantum yield of phenylalanine in 

proteins, its emission is rarely observed (Lakowicz, 2006). The fluorescence of most 

proteins is dominated by tryptophan, with its quantum yield being more than double 

that of tyrosine. In the native state, tyrosine emission is quenched by energy transfer 

to tryptophan, and to quenching due to nearby charged carboxyl and uncharged amino 

groups (Lakowicz, 2006). The indole ring of tryptophan is highly sensitive to solvent 

polarity (Lakowicz, 2006). Emission spectra of this residue reflect the polarity of its 

surrounding environment. Therefore, tryptophan fluorescence is used to monitor 

tertiary structural changes in proteins. All fluorescence measurements were recorded 

in a quartz cuvette with a 10 mm path-length using a Jasco FP 6300 fluorimeter with 

SpectraManager software, v1.2 (Waltham, MA, USA). 

 

2.2.6.1 Intrinsic fluorescence-tryptophan fluorescence 

The hGSTA1-1 protein has a lone tryptophan residue (W21) in the N-terminal domain 

whose indole ring protrudes into the C-terminal domain and 10 tyrosine (Tyr) residues 

(3 in domain 1 and 7 in domain 2). For optimal signal the hGSTA1-1 proteins were 

excited at 280 nm. Fluorescence emission spectra were recorded using 2 μM 

hGSTA1-1 from 280 - 500 nm. The excitation and emission slit widths were 5 nm 

each. The spectra were recorded at 20°C, buffer corrected, and reflect averages of 

three accumulations at a scan speed of 500 nm/min.  

 

2.2.6.2 Extrinsic fluorescence - ANS binding 

8-anilino-1-naphthalene sulphonate (ANS) is a hydrophobic dye used as an extrinsic 

fluorescence probe (Engelhard and Evans, 1995). It binds to hydrophobic patches in 

proteins. In an aqueous environment ANS fluorescence is quenched, but upon binding 
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to a hydrophobic surface its fluorescence quantum yield increases and a hypsochromic 

shift of its maximum emission wavelength is witnessed (Engelhard and Evans, 1995). 

 

A stock solution (10 mM) of ANS was prepared in storage buffer. The concentration 

of ANS was checked by recording the absorbance at 350 nm and using an extinction 

coefficient of ε350 = 5000 M
-1

.cm
-1

 (section 2.2.4). Native protein (2 μM) was 

incubated for 30 minutes with ANS to a final concentration of 200 μM. In the case of 

urea induced equilibrium unfolding studies, the proteins were incubated for 60 min at 

different concentrations of urea (0 - 8 M) with ANS added to the protein/urea mixture 

to a final concentration of 200 μM. The solution was incubated for at 30 min to 

achieve equilibrium. A series of blanks was generated, each containing 200 μM ANS 

with the appropriate urea concentration (0 – 8 M). The samples were excited at 390 

nm and emission spectra were recorded from 390 to 600 nm. Spectra were produced 

from an average of three accumulations at 500 nm/min scan speed at 20°C in storage 

buffer, using excitation and emission slit widths of 5 nm. The fluorescence emission 

intensities at 465 nm were extracted and plotted as a function of urea concentration. 

 

2.2.7 Glutathione (GSH) quantification  

Glutathione (GSH) is a substrate used in the standard GSH/CDNB assay (Habig and 

Jakoby, 1981) and can be accurately quantified by using a DTNB assay (Thannhauser 

et al., 1984). The DTNB assay was conducted by titration of a dilution series GSH in 

20 mM sodium phosphate buffer, pH 7.4, 1 mM EDTA, 0.02 % (w/v) NaN3, with 0.2 

mM DTNB. The 2-nitro-5-thiobenzoate anion (absorbs maximally at a wavelength of 

412 nm) is released when DTNB reacts with free thiol groups (Habeeb et al., 1972). 

The concentration of the released 2-nitro-5-thiobenzoate anion was determined 

spectrophotometrically at 20ºC as described previously (section 2.2.4). The 

concentration of GSH was determined immediately after preparation and stored at -20 

ºC for further use.  

 

2.2.8 Standard GSH-CDNB conjugation assay 

The specific activities of the hGSTA1-1 proteins were determined using the standard 

GSH-CDNB conjugation assay (Habig and Jakoby, 1981). The enzyme catalysed 

conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) to GSH was monitored 

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



 

 
 

26 

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

solutions of 1–10 nM hGSTA1-1 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 1 

mM GSH (added fresh to reduce the risk of oxidation). The conjugation reaction was 

initiated by the addition of 100 µl of a 30 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 using a Jasco V–630 UV/Vis spectrophotometer 

at 20 C. 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 (340 = 9600 M
-1

 cm
-1

) (Habig and Jakoby, 1981) 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/mg) was determined by linear regression as the slope of a plot between the 

initial velocity of complex formation (μmol/min) versus the amount of protein (mg). 

 

2.2.9 Thermal denaturation studies 

Thermal or chemical unfolding is generally used to determine the thermodynamic 

stability of a protein, which is the Gibbs free energy difference (ΔG) between the 

folded (GF) and the unfolded (GU) states. In order to obtain thermodynamic 

parameters from thermal unfolding experiments, e.g. melting temperature (Tm), 

enthalpy [ΔH(Tm)], and heat capacity increment (ΔCp), the key requirement is that 

protein unfolding is thermodynamically reversible which is usually only valid for 

chemical denaturation while thermal denaturation is often irreversible. The general 

root cause of this irreversibility is aggregation of the heat-induced unfolded 

polypeptide (Benjwal et al., 2006).  

 

Temperature induced unfolding studies were conducted to assess the relative 

stabilities of wild-type and the mutant hGSTA1-1 proteins. Temperature-induced 

denaturation of hGSTA1-1 was determined by monitoring the ellipticity at 222 nm 

(section 2.2.5) over the temperature range 20°C to 80°C. The temperature unfolding 

profiles were recorded using 2 μM hGSTA1-1. The temperature was controlled by a 

Jasco PTC-423S Peltier-type temperature control system and the rate at which the 
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temperature was increased was 1°C.min
-1

. The bandwidth was 1 nm and data pitch 

0.2°C. Measurements were obtained using a Jasco J-810 spectropolarimeter with 

Spectra Manager software v1.5.00 (Jasco Inc., Tokyo, Japan) and a pathlength of 2 

mm. The temperature unfolding profiles were normalised by calculating the mean 

residue ellipticity [θ] (deg.cm
2
.dmol

-1
.residue

-1
).  

 

2.2.10 Urea - induced equilibrium unfolding studies of the hGSTA1-1 proteins  

The impact of a mutation on the conformational stability of a protein can be 

determined by unfolding the protein under equilibrium conditions using a chemical 

denaturant (Pace, 1986). In order to do so, its recovery to the native state from the 

unfolded state and reversibility of the unfolding event need to be established. 

 

2.2.10.1 Recovery of unfolding  

Determining recovery (resembling native – like structure) establishes that the protein 

is able to refold after being denatured thus displaying equilibrium between the native 

and unfolded states. The recovery of unfolding was determined for wild-type and 

mutant hGSTA1-1 proteins.  

 

The refolding of unfolded protein samples, incubated in 8 M urea for one hour at 

20°C, was achieved by a 10-fold dilution of each sample reaction with storage buffer 

for 1 hour at 20°C. The refolded state of the protein was assessed using far-UV CD 

(section 2.2.5) and intrinsic tryptophan fluorescence (section 2.2.6). 

 

2.2.10.2 Urea - induced equilibrium unfolding/refolding 

A denaturant is used to shift the equilibrium from the native to the unfolded state. The 

equilibrium constant (Keq) can be calculated and hence the thermodynamic 

conformational stability parameters: G(H2O) and m-value can be determined 

(section 2.2.11) provided reversibility is established. 

 

Determining recovery alone does not imply that the unfolding of a protein is 

reversible along the same pathway as the equilibrium between the two states cannot 

be observed under such conditions. Therefore the reversibility of unfolding must be 

determined under conditions where the equilibrium between native and unfolded 
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states can be witnessed i.e. in transition region of unfolding/refolding. Establishing 

reversibility also determines hysteresis (if any), i.e. unfolding pathway different to 

that of refolding pathway. 

 

Urea unfolding and refolding (reversibility) of the hGSTA1-1 proteins were 

conducted over a range of urea concentrations from 0 M to 8 M urea and vice versa 

(refolding) in the absence and presence of ANS (section 2.2.6.2). Unfolding was 

conducted at 20ºC for 1 hour to allow equilibrium to be reached. Thereafter, the 

samples for the range of urea concentrations were monitored using far-UV CD 

(section 2.2.5) and fluorescence spectroscopy (section 2.2.6). 

 

All of the urea used for experiments was prepared according to methods previously 

described (Pace, 1986) using storage buffer as the solvent. Following preparation, the 

pH of the stock urea solution was adjusted to pH 7.4, filtered and the concentration of 

10 M confirmed using an Atago R5000 refractometer (Tokyo, Japan) and the method 

of (Pace, 1986). 

 

2.2.11 Data fitting 

Unfolding/refolding data obtained for all the proteins were analysed according to 

either a two-state or three-state unfolding process for a dimeric protein. 

 

2.2.11.1 Two-state fitting model 

During two-state reversible unfolding there is an equilibrium reached between the 

native [N2 (dimer)] and the unfolded [2U (monomer)] species: 

                                                              Keq 

 N2 ⇌ 2U (5) 

During a two-state unfolding transition, only the unfolded and native states are present 

at significant concentrations (Pace, 1986).  

 

Therefore, for a two-state mechanism: 

 

 fN + fU =1 (6) 
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where fN is the fraction folded or native protein and fU is the fraction unfolded protein. 

At any point during unfolding, there is a contribution to the signal from the 

concentration of both species: 

 y = yN fN + yU fU (7) 

where y is the signal obtained for the respective spectroscopic probe, fN represents the 

fraction of folded protein, fU represents fraction unfolded protein. In addition yN 

represents the y value for the folded state and can be extrapolated from linear pre-

transition region of the unfolding data and yU represents the y value for the unfolded 

state and can be extrapolated from the linear post-transition region of the unfolding 

data (Figure 2-1). By combining equations 6 and 7, the fraction of unfolded protein 

can be obtained: 

 fU = (yN - y) / (yN – yU) (8) 

 

similarly the fraction of folded or native protein can be obtained: 

 fN = (y - yU) / (yN - yU) (9) 

 

The equilibrium constant for the unfolding reaction (Keq) is: 

 Keq = fU / fN = [U]
2
 / [N2] = 2 Pt [fU

2
/(1-fU)] (10) 

 

So, therefore, if equations 8 and 9 are substituted into 10: 

 

 Keq = (yN - y) / (y - yU) (11) 

And 

 

 G° = - RT ln Keq (12) 

 

where G° is the free energy of unfolding, R is the gas constant, T is temperature in 

Kelvin and Keq is the equilibrium constant for a reaction. In order to determine 

G(H2O) it is assumed that G° has a linear dependence on denaturant concentration 

[D] for all urea concentrations (Tanford, 1968, 1970). 
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Figure 2-1. Urea denaturation curve 

Equilibrium unfolding analysis of a (A) two state mechanism (B) three-state with 

monomeric intermediate and (C) three-state with dimeric intermediate. Dimeric 

protein concentrations of 0.1 µM (♦), 1 µM (◊), 10 µM (●), 100 µM (○) and 1000 µM 

(■). Image adapted from Rumfeldt et al. (2008). 
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Therefore: 

 

 G° = G(H2O) – m [D] (13) 

 

where G(H2O) represents the free energy difference between the folded and 

unfolded states in the absence of denaturant, m is the m-value for the dependence of 

free energy on denaturant concentration which is also an indicator of co-operativity 

and can be related to the change in solvent-accessible surface area (ΔSASA) , and [D] 

is the denaturant concentration. 

 

Combining equations 11, 12 and 13 thus gives: 

 

 y = [yN+ yU * e
– (G (H2O) – m [D])/RT

] / [1 + e
 – (G (H2O) – m [D])/RT

] (14) 

 

The equilibrium unfolding data obtained were fitted to equation 14 using SigmaPlot 

version 11.0 (Systat Software Inc; Chicago, IL, USA) and the parameters G(H2O) 

and m were obtained. 

 

2.2.11.2 Three-state fitting model 

For a three-state dimer unfolding transition, a protein may exist in the native (N2), 

intermediate (I2) and unfolded (2U) states: 

 

                                                                 K1        K2 

 N2 ⇌ I2 ⇌ U (15) 

 

where K1 represents the equilibrium constant for the N I transition and K2 

represents the equilibrium constant for the I ⇌ U transition. 

 

As the native, unfolded and intermediate conformations in the three-state unfolding 

transitions are the only species present, 

 

 fN + fI + fU = 1 (16) 

 

 K1 = fI / fN K2 = fU / fI KU = fU / fN = K1K2 (17) 

 

where fI is the fraction of intermediate present. The equilibrium constant for N ⇌ U is 

represented by K1K2. y (signal obtained for the respective spectroscopic probe) can be 

represented as: 
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 y = yNfN + yIfI + yUfU (18) 

 

where yI depicts the measured signal of the intermediate. yN and yU are estimated from 

the linear extrapolation of the pre- and post-transition baselines, respectively. 

 

By solving fU in terms of K1 and K2 and by combining equations (16) and (17): 

 

 fU = (K1K2)/(K1K2 + 1 + K1) (19) 

 

Rearranging and substituting equation (17) into equation (18) and solving for fN and fI 

in terms of K1 and K2: 

 

 fN = fU / K1K2 

 

therefore, 

 

 fN = 1/[(K1K2 + 1 + K1)/K1K2] (20) 

 

Similarly 

 

 fI = K1/[(K1K2 + 1 + K1)/K1K2] (21) 

 

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

 

 y = (yN + yIK1 + yU (K1K2))/(1 + K1 + K1K2) (22) 

 

Given that: 

 

 ΔG1 = -RTlnK1 hence K1 = e-
ΔG1/RT (23) 

And 

 

 ΔG1 = ΔG2(H2O) – m1[denaturant] (24) 

 

By combining equations (23) and (24): 

 

 K1 = e 
[-ΔG1(H

2
O)-m1[denaturant]]/RT

 (25) 

 

Similarly, 

 

 K2 = e 
[-ΔG2(H

2
O)-m2[denaturant]]/RT

 (26) 

 

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

achieved: 

 

y = [y + y(e
[-ΔG1(H2O)-m1[denaturant]]/RT

) + y(e
[-ΔG1(H2O)m1[denaturant]]/RT

)(e
[-ΔG2(H2O)-

m2[denaturant]]/RT
)]/[1 + (e

[-ΔG1(H2O)-m1[denaturant]]/RT
) + (e

[-ΔG1(H2O)-m1[denaturant]]/RT
)(e

[-ΔG2(H2O)-

m2[denaturant]]/RT
)]   (27) 
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2.2.12 Pulse proteolysis 

The native and unfolded forms of protein can be distinguished by the proteolytic 

digestion coupled with electrophoresis. Unlike the spectroscopic probes, the 

enzymatic digestion of proteins is independent of secondary or tertiary structural 

content. Under equilibrium conditions (N ⇌ U), only the unfolded population of 

protein will be digested in a short incubation time (pulse proteolysis) whereas the 

folded/native protein would remain intact unless the protein contains an intrinsically 

disordered region (Park and Marqusee, 2005). Pulse proteolysis is therefore an 

alternate method to estimating relative protein stability. 

 

The hGSTA1-1 proteins (10 μM) were prepared in 20 mM Tris-HCl buffer, pH 7.5, 

50 mM NaCl, 10 mM CaCl2 and incubated in different concentrations of urea as for 

the urea-induced equilibrium unfolding experiments (section 2.2.10.2). The protein 

samples were then developed as by the method of Park and Marqusee (2005). Two µl 

of thermolysin (10 mg/ml) was added to the hGSTA1-1 protein solution pre-

equilibrated with urea at 20°C and proteolytic activity was allowed to proceed for 60 

seconds. This duration is sufficient for ‘pulse proteolysis’ as proteins are in 

equilibrium between the folded and unfolded states and both populations can be 

detected. Proteolytic activity was then quenched by adding 15 µl of 50 mM EDTA. 

Samples were prepared for SDS-PAGE (Laemmli, 1970; section 2.2.3). 

 

2.2.13 Crystallography  

An accurate 3-D representation of biomolecular structures such as proteins is best 

provided by X-ray crystallography. This technique provides atomic resolution of the 

molecule of interest. Briefly, a crystal (repeating unit of the molecule) is diffracted by 

X-rays yielding an electron density map from which the relative positions of the 

atoms are solved. The fundamental step in protein crystallography is obtaining large 

crystals of pure protein. 

 

2.2.13.1 Crystal growth 

Crystals of the V58A and I75A hGSTA1-1 protein were grown as described 

previously (Achilonu et al., 2010; Gildenhuys et al., 2010a). Crystals of both mutant 

proteins were grown by the hanging-drop vapour-diffusion method at 293 K using a 
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24-well microplate. Each hanging drop (4, 6 or 8 µl) was comprised of equal volumes 

of protein stock solution and reservoir buffer. The stock protein concentration was 7 

or 10 mg/ml in 0.1 M Tris–HCl pH 7.5 containing 10 mM DTT and 0.02% sodium 

azide. The reservoir buffer contained in 0.1 M Tris–HCl pH 7.5, 10 mM DTT, 0.02% 

sodium azide and PEG 3350 [18% (w/v)] in the case of the V58A crystal and PEG 

4000 [17% (w/v)] in the case of the I75A crystal. 

 

2.2.13.2 Diffraction 

X-ray diffraction data for V58A and I75A hGSTA1-1 were collected using an in-

house Bruker X8 Proteum system with a Microstar copper rotating-anode generator 

with Montel 200 optics, a PLATINUM 135 CCD detector and an Oxford Cryostream 

Plus system. Crystals were cooled to 113 K in a stream of nitrogen during data 

collection and images were collected covering an oscillation angle of 0.5° per image. 

The data sets were processed using APEX and SAINT software (Bruker AXS Inc., 

Madison, Wisconsin, USA).  

 

2.2.13.3 Refinement 

The structures of both mutants were solved by molecular replacement using MOLREP 

(Vagin & Teplyakov, 2000) as implemented in the CCP4 suite of programs 

(Collaborative Computational Project, Number 4, 1994), using wild-type hGSTA1-1 

(PDB code 1K3O; Le Trong et al., 2002) as the search model. The refinement was 

perfomed with REFMAC5 (Murshudov et al., 1997) and model building was 

performed with Coot (Emsley & Cowtan, 2004). Stereochemical validation of the 

model was performed using and MolProbity (Chen et al., 2010).  
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CHAPTER 3. RESULTS 

3.1 Sequence identity 

The pKHA1 plasmid containing the open reading frames (ORF) encoding the wild-

type, V58A and I75A hGSTA1-1 proteins were sequenced. The regions where the 

DNA was mutated are highlighted in Figure 3-1. The presence of the engineered 

mutation was confirmed and no further mutations were found to be introduced during 

the thermal cycling reactions. 

 

3.2 Over-expression and purification 

The over-expression of the recombinant hGSTA1-1 proteins was conducted as 

described in section 2.2.2. All proteins were found to be soluble as determined by 

SDS-PAGE of the cytosol and pellet fractions (Figure 3-2A). The soluble fractions, 

after sonication and centrifugation, containing wild-type and mutant hGSTA1-1 

proteins were purified by means of cation-exchange chromatography and eluted with 

a NaCl gradient (section 2.2.2). The fractions containing protein were analysed on 

SDS-PAGE (section 3.3).  

 

3.3 Size and purity determination 

SDS-PAGE was used to determine the molecular mass and purity of wild-type and 

mutant hGSTA1-1 proteins. The purity of the hGSTA1-1 protein was judged to be 

electrophoretically pure as seen by the single bands (Figure 3-2A). The hGSTA1-1 

proteins were found to have a subunit molecular mass of ~ 26 kDa (Figure 3-2B). 

This is in agreement with the published data for wild-type hGSTA1-1 (Stenberg et al., 

1992).  

 

3.4 Absorbance spectroscopy 

The concentrations of the proteins were determined using absorbance spectroscopy 

(section 2.2.4). A yield between 250 - 300 mg of pure protein was obtained from 1 ℓ 

of culture. Absorbance spectra of the hGSTA1-1 proteins (Figure 3-3) indicated that 

the protein stock solutions were free from aggregates (negligible absorbance 340 nm) 

and nucleic acids (A280/A260 = 1.8)  
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Figure 3-1. Plasmid sequencing results of the V58A and I75A encoding 

mutations. 

A selected segment of the pKHA1 plasmid sequence encoding wild-type (upper 

panels) and mutants (lower panel). The mutated codons for (A) V58A and (B) I75A 

hGSTA1-1 proteins are boxed and highlighted. The sequencing results were viewed 

using the program Finch TV version 1.4.0 (http://www.geospiza.com/FinchTV: 

Geospiza Inc.).  
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Figure 3-2. SDS-PAGE analysis of hGSTA1-1 eluted proteins from cation-

exchange chromatography column and size determination. 

(A) SDS-PAGE gel of lysate (lane 1), pellet (lane 2) and cytosolic (lane 3) and the 

pooled hGSTA1-1 proteins displaying its molecular mass: I75A hGSTA1-1 (lane 4), 

wt hGSTA1-1 (lane 5), V58A hGSTA1-1 (lane 6) and MW marker (lane 7) (B) 

Calibration curve (R
2
 = 0.96) of MW marker proteins and the relative Rf of the 

hGSTA1-1 proteins (as indicated on the figure) with respect to the MW marker. 
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Figure 3-3. Absorbance spectra of the hGSTA1-1 proteins. 

Spectra of pure wild-type hGSTA1-1 (black), V58A hGSTA1-1 (blue) and I75A 

hGSTA1-1 (red). Spectra were collected on samples containing the hGSTA1-1 

proteins prepared in 20 mM sodium phosphate buffer, pH 7.4, containing 1 mM 

EDTA, 0.02% NaN3, using a Jasco V-630 spectrophotometer. 
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3.5 Structural Characterisation 

3.5.1 Secondary structure characterisation 

Studies of the far-UV region (typically 250 – 190 nm) can be used to assess the 

overall secondary structural content of a protein quantitatively and have characteristic 

features based on the secondary structure adopted by the protein (Woody, 1995). The 

CD spectra of native forms of hGSTA1-1 proteins in the folded and unfolded 

conformational states are illustrated in Figure 3-4. It is evident that the mutations did 

not induce gross conformational changes in the secondary structure. Each protein 

exhibited minima at 222 nm and 208 nm and a peak at 190 nm, which is typical of 

proteins predominated by α-helices. This is consistent with the crystal structure of 

hGSTA1-1 [Figure 1-3, (Stenberg et al., 1992)]. 

 

3.5.2 Tertiary structure characterisation 

3.5.2.1 Intrinsic fluorescence 

Intrinsic tryptophan fluorescence is a useful spectroscopic technique used to measure 

the local environment of the indole side chain of the Trp residues in proteins. The 

number as well as the location of this residue within a protein, provides a useful 

means of probing for local or global conformational changes.  

 

hGSTA1-1 has a lone tryptophan residue (Trp21) located in domain 1 that protrudes 

into domain 2, forming a ‘lock-and-key’ motif (Wallace et al., 2000) (Figure 1-3). 

Structurally related GST proteins with buried tryptophan residues display emission 

maximum for the native proteins at a wavelength of 335 nm (Kaplan et al., 1997; 

Hornby et al., 2000; Hornby et al., 2002; Luo et al., 2002). In the native state of wild-

type and mutant GSTA1-1 proteins in this study, the indole ring of the Trp residues 

are slightly more buried than its dimeric GST counterparts, rendering an emission 

maximum at 325 nm (Figure 3-5). The absence of any shift in wavelength suggests 

that the mutations did not impact upon the environment of the tryptophan residues. 

The emission maximum for several proteins that contain tryptophan residues displays 

a red shift to 355 nm when they become denatured (Teale, 1960). This characteristic 

red shift in the maximum wavelength as well as a decrease in the intensity occured for 

wild-type and mutant hGSTA1-1 proteins in the presence of high concentrations of 

urea (Figure 3-5).  
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Figure 3-4. Far-UV circular dichroism spectra of hGSTA1-1 proteins. 

Spectra shown for the native (solid lines) and unfolded forms (dashed lines) of wild-

type (−), V58A (−) and I75A (−) hGSTA1-1 proteins. Spectra were collected using 2 

μM protein in 2 mM sodium phosphate buffer, pH 7.4, containing 1 mM EDTA, to 

minimise the contribution of noise from the salt in the buffer for the native proteins. 

Spectra for unfolded protein were collected in the presence of high concentrations of 

denaturant (8.0 M urea). 
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Figure 3-5. Fluorescence spectra of hGSTA1-1. 

Fluorescence emission spectra shown for the native (solid lines) and unfolded (dashed 

lines) forms of wild-type (−) V58A (−) and I75A (−) hGSTA1-1. Spectra were 

collected using 2 μM protein in 20 mM sodium phosphate buffer, pH 7.4, 1 mM 

EDTA, 0.02% NaN3 for native protein and in high concentration of denaturant (8.0 M 

urea). Samples were excited at 280 nm. 
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The indole ring of tryptophan (Lakowicz, 2006) is sensitive to changes in the 

environment as has been show by the changes in emission maxima for native and 

denatured proteins, hence making intrinsic fluorescence a good probe to monitor local 

tertiary structural changes for hGSTA1-1.  

 

3.5.2.2 Near-UV circular dichroism 

The near-UV CD spectra of proteins confer information about the packing and solvent 

exposure of the aromatic functional groups as well as possible contributions from 

disulfide bonds, or non-protein cofactors which might absorb in this spectral region 

(Kelly et al., 2005). The shape and magnitude of near UV CD spectra are dependant 

on the mobility and environment of the aromatic amino acid involved (Kelly et al., 

2005). Near-UV CD was the second probe used to investigate the tertiary structure of 

hGSTA1-1 (Figure 3-6), however in contrast to fluorescence emission which 

predominates from tryptophan residues, the contributions made by each aromatic to 

the near UV CD signal are distinguishable. The hGSTA1-1 has 10 Phe, 10 Tyr and 1 

Trp residues per subunit. The near UV CD spectra displayed bands at 255 nm, 265 

nm, and 270 nm which are typical of those contributed by Phe residues (Kelly et al., 

2005), and less prominent bands at 275 nm and 282 nm, characteristic of Tyr residues 

and large bands at 288 nm and 294 nm which are contributed by Trp residues. The 

strong overlap of near UV CD spectra suggests that there are no packing differences 

in the tertiary structure of hGSTA1-1 as a result of the mutations.  

 

3.6 Functional characterisation 

The hGSTA1-1 protein has both catalytic and ligandin function and these were tested 

on the hGSTA1-1 proteins to assess the impact of the mutations.  

 

3.6.1 Ligandin (H-site) binding  

The amphipathic ligand, ANS, binds the H-site of hGSTA1-1 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 emission 

spectrum ANS are characterised by the polarity of its environment. A change in the 

environment would result in a change of the spectral band in both wavelength and 

intensity (Slavik, 1982).  
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Figure 3-6. Near UV CD spectra of the hGSTA1-1 proteins. 

Native CD spectra of wild-type (−), V58A (−) and I75A (−) hGSTA1-1 proteins. 

Spectra were recorded using 20 µM protein at 5ºC in 20 mM sodium phosphate 

buffer, pH 7.4, 1 mM EDTA, 0.02% NaN3. 
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Thus the fluorescence properties of ANS were used to probe for any changes that may 

have resulted at the H-site of hGSTA1-1 as a result of the mutations. 

 

The binding of ANS to the hGSTA1-1 proteins have emission spectra that peaked 

maximally at 480 nm with that of free ANS at 500 nm (Figure 3-7). This is in good 

agreement with previous studies [480 nm (Sluis-Cremer et al., 1996), 475 nm 

(Wallace et al., 1999) and 480 nm (Sayed et al., 2000)]. The absence of a shift in 

wavelength where the peak in observed and the absence of a significant intensity 

change, together suggest that the H-site remains unaffected as a result of the induced 

mutation. 

 

3.6.2 Enzymatic activity 

The specific activity of an enzyme is a rapid test that reveals whether any significant 

structural change has occurred at the enzyme’s active site as a result of a mutation. 

The specific activity of hGSTA1-1 proteins was determined using the standard GSH-

CDNB assay (Habig and Jakoby, 1974) (Figure 3-8). The activity obtained for the 

wild-type enzyme (Table 3-1) is comparable with those reported previously [39.4 

µmol.min
-1

.mg
-1

 (Mosebi et al., 2003); 44.6 µmol.min
-1

.mg
-1 

(Nathaniel et al., 2003); 

34.9 µmol.min
-1

.mg
-1

 (Gildenhuys et al., 2010a)].  

 

The induced mutations did not extinguish enzymatic activity although the specific 

activity values were lower (Table 3-1) than the wild-type but this was by less than an 

order of magnitude. The mutations in the hydrophobic core of hGSTA1-1 therefore do 

not induce any structural conformation changes of the residues at the G-site (active 

site). 
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Figure 3-7. ANS binding to apo-hGSTA1-1 

Emission spectra of ANS bound to the hGSTA1-1 proteins. Saturating amounts of 

ANS (200 µM) was added to (2 µM) wild-type (−) V58A (−) and I75A (−) protein. 

ANS was selectively excited at 390 nm and the emission spectrum read from 400 nm. 

The emission of free ANS (absence of protein; green) has been subtracted from the 

spectra showing ANS bound to protein. Spectra were recorded using 2 µM protein at 

20 ºC in 20 mM sodium phosphate buffer, pH 7.4, 1 mM EDTA, 0.02% NaN3. 
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Figure 3-8. Specific activity of the hGSTA1-1 proteins 

Specific activities of (A) wild-type (B) V58A and (C) I75A hGSTA1-1 proteins. 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 product (ε340 = 

9600 M
-1

 cm
-1

). The absorbance contribution from the formation of the 1-(S-

glutathionyl)-2,4-dinitrobenzene product in the absence of enzyme has been 

subtracted. The reaction was monitored in 0.1 M sodium phosphate buffer, pH 6.5, 

containing 1 mM EDTA and 0.02% NaN3 in the presence of 1 mM GSH and CDNB.  
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Table 3-1: Specific activity values 

The specific activity of each enzyme is the slope of the linear regression plots (Figure 

3-8). The values are a mean from three replicate samples (n = 3) and the values in 

parentheses represent the standard deviation. 

 wt V58A I75A 

Specific activity 

(µmol/min/mg) 
32.68 (±2.22) 19.38 (±1.09) 27.12 (±1.57) 
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3.7. Conformational stability 

3.7.1 Thermal-induced unfolding  

Thermal unfolding is widely used to determine protein stability. In thermal unfolding 

experiments, protein solution is heated at a constant rate, and changes in the protein 

conformation can be monitored by spectroscopy. Thermal unfolding was conducted 

on the hGSTA1-1 proteins using far-UV CD at 222 nm as a probe to follow the 

change in the α-helical content of the protein.  

 

The proteins were found to unfold in a co-operative manner (Figure 3-9A). The T1/2 

values, the temperature at which 50% of the protein is folded/unfolded, of wild-type, 

V58A and the I75A hGSTA1-1 proteins were 59ºC, 57ºC and 52ºC respectively. The 

induced mutations therefore caused a distinct destabilisation. The turbidity recorded in 

CD experiments can be used as an indicator of aggregation as a protein is heat 

unfolded (Benjwal et al., 2006). Thermal unfolding of the hGSTA1-1 proteins were 

shown to be irreversible as a result of aggregation shown by the increase in turbidity 

(Figure 3-9B) at the same temperature at which the respective proteins began to 

unfold. Heat-induced unfolding of the hGSTA1-1 proteins was associated with 

aggregation and hence irreversibility of unfolding. Therefore no thermodynamic 

analysis could be inferred by heat induced unfolding. 
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Figure 3-9. Thermal unfolding of hGSTA1-1.  

(A) Heat unfolding curves of wild-type (−), V58A (−) and I75A (−) hGSTA1-1. (B) 

Turbidity (dynode voltage) plot indicating aggregation followed by precipitation of 

the aggregates indicated by the reduction in voltage at the temperature where the 

proteins are largely unfolded.  
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3.7.2 Recovery of urea-induced unfolding 

Equilibrium unfolding transitions can only be analysed in terms of their 

thermodynamic parameters if it has been established that the unfolding reaction is 

reversible and that the native fold can be recovered (Pace, 1986). The recovery of 

unfolded hGSTA1-1 was established using far-UV CD and intrinsic tryptophan 

fluorescence as secondary and tertiary probes, respectively. The proteins were 

unfolded in the presence of 8.0 M urea and allowed to refold in storage buffer. The 

ellipticity at 222 nm was chosen as the indicator of recovery of the secondary as this 

is a signature of predominantly helical proteins. The maximum fluorescence emission 

at 325 nm (where native hGSTA1-1 maximally fluoresces) was chosen as the 

indicator of tertiary structure recovery. Refolded hGSTA1-1 proteins displayed at 

least 95% recovery (Table 3-2). Thus the equilibrium unfolding transitions of could be 

analysed to determine the thermodynamic parameters which would indicate the 

conformational stability of the hGSTA1-1 proteins.  

 

3.7.3 Urea-induced equilibrium unfolding 

Denaturation curves using chemical denaturants are a convenient method for 

estimating the conformational stability of a protein. Urea was used as the chemical 

denaturant and the conformational stability was determined by setting up a range (0 M 

- 8M urea) of unfolding reactions which were allowed to reach equilibrium (1 hour). 

The resulting urea-induced equilibrium-unfolding reactions were monitored using the 

structural probes (far-UV CD and intrinsic tryptophan fluorescence). The probes 

detect the structure of the predominating species present at equilibrium at the 

respective urea concentrations (Pace, 1986). The ellipticities at 222 nm and 

fluorescence emission at 325 nm for the secondary and tertiary structural probes, 

respectively, were plotted as a function of urea.  

 

3.7.3.1 Equilibrium unfolding of wild-type and V58A hGSTA1-1 

It is clear that the unfolding curves of the wild-type (Figure 3-10A) and V58A 

hGSTA1-1 (Figure 3-11A) proteins gave monophasic transition curves for both 

unrelated spectroscopic probes (far-UV CD and intrinsic tryptophan fluorescence). 

The unfolding curves for the wild-type and V58A hGSTA1-1 protein also 

superimposed well. Thus the concerted loss of the secondary and tertiary structures at  
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Table 3-2. Extent of recovery of the native forms of the hGSTA1-1 proteins. 

Recoveries expressed as a percentage and determined by far-UV CD (E222) and 

fluorescence emission spectroscopy (F325). 

 % recovery (E222) % recovery (F325) 

Wild-type hGSTA1-1 96 98 

V58A hGSTA1-1 98 99 

I75A hGSTA1-1 95 96 
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Figure 3-10. Urea-induced equilibrium unfolding of wt hGSTA1-1  

(A) Unfolding curves for 2 µM wt hGSTA1-1 using far UV CD, tryptophan 

fluorescence and ANS fluorescence as probes. The solid lines through the datum 

points represent the fit of the two-state model. (B) Unfolding curves as a function of 

protein concentration using tryptophan fluorescence as a probe. The test for unfolding 

reversibility is shown by symbols coloured in gray. Light scattering at 340 nm was 

used to detect for aggregates (lower panels). 
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Figure 3-11. Urea-induced equilibrium unfolding of V58A hGSTA1-1  

(A) Unfolding curves for 2 µM V58A hGSTA1-1 using far UV CD, tryptophan 

fluorescence and ANS fluorescence as probes. The solid lines through the datum 

points represent the fit of the two-state model. (B) Unfolding curves as a function of 

protein concentration using tryptophan fluorescence as a probe. The test for unfolding 

reversibility is shown by symbols coloured in orange. Light scattering at 340 nm was 

used to detect for aggregates (lower panels). 
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the domain interface (Trp21), as seen by the coincident unfolding curves, is 

characteristic of a highly co-operative two-state folding protein (Sancho 2013). Two 

additional probes were used to confirm the co-operative behaviour of unfolding by 

performing the aforementioned equilibrium unfolding studies in the presence of ANS 

as well as carrying out the experiments at varying protein concentrations (Figure 3-

10A and Figure 3-11A). 

 

The binding of the hydrophobic ligand, ANS, is widely used to monitor the 

conformational changes induced in proteins during the unfolding process (Semistonov 

et al., 1991). ANS is used to probe for the presence of intermediates during protein 

unfolding events (Semistonov et al., 1991). It has been reported that ANS, when 

bound to the molten globule state, shows higher emission intensities than when bound 

to protein in either the folded or partially unfolded state (Ptitsyn, 1995). In the case of 

hGSTA1-1, the native state bound ANS (Figure 3-7) due to its ligandin function 

(Sluis-Cremer et al., 1996). However, in the unfolding experiments presented here, 

there was no enhancement in the ANS fluorescence intensity with increasing 

denaturant concentration (Figure 3-10A and Figure 3-11A). A gradual decrease in the 

fluorescence was witnessed between 0 M and 4.2 M urea, followed by a sharper 

decrease between 4.3 M and 6.0 M urea, coinciding with the transition region of the 

far-UV CD and fluorescence data. No further change in the intensity occurred in the 

unfolded region (6.0 M to 8.0 M urea). The light scattering data (Figure 3-10) 

indicated no significant aggregation, hence the binding of ANS to protein aggregates 

could be ruled out. 

 

The hGSTA1-1 protein is a dimer in the native state (Figure 1-3) and a dimeric 

protein can unfold via two pathways if an intermediate (I) is present: 

 

N2 ⇌ I2 ⇌ 2U (dimeric intermediate) 

or 

N2 ⇌ 2I ⇌ 2U (monomeric intermediate) 

 

The existence of a dimeric (I2) or monomeric (I) intermediate can be probed by 

performing protein concentration dependence studies during equilibrium unfolding. 
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The choice of protein concentrations should differ by 10 fold to witness a significant 

change (Rumfeldt et al., 2008), therefore in this study, concentrations of 0.2 µM, 2 

µM and 20 µM were used. The unfolding curves of the wild-type and V58A 

hGSTA1-1 proteins at all protein concentrations were sigmoidal with monophasic 

transitions ((Figure 3-10B and Figure 3-11B). An expected difference of the Cm 

(concentration where 50% of the protein population is unfolded) was witnessed where 

it is shifted to slightly lower denaturant concentration (3.5 M) in the case of 0.2 µM 

protein concentration and higher (4.6 M) for the 20 µM protein concentration.  

 

3.7.3.2 Equilibrium unfolding of I75A hGSTA1-1 

The unfolding curves of the I75A hGSTA1-1 were markedly different to that of the 

wild-type protein. The unfolding curves (Figure 3-12) displayed both biphasic and 

non-superimposable transitions suggesting the formation of an intermediate. The 

probes for the tertiary structure at the domain interface (tryptophan fluorescence) and 

the secondary structure (far-UV CD) deviate between denaturant concentrations of 2.6 

M and 6.5 M urea (Figure 3-12).  

 

The non co-incident biphasic transitions differed to that of the wild-type in that they 

are broader and less steep for both spectroscopic probes suggesting that the unfolding 

co-operativity was lost (Sancho, 2013). The lack of change in signal for both probes at 

denaturant concentrations between 3.2 M and 4.2 M suggests the formation of a stable 

intermediate. 

 

As with the wild-type and the V58A hGSTA1-1 proteins, the use of additional probes, 

ANS and protein concentration dependence during unfolding would determine if the 

intermediate formed is dimeric or monomeric. The unfolding curves for all the protein 

concentrations were biphasic and with no divergence at the pre- or post-transition 

regions. The absence of protein concentration dependence suggests that there is no 

change in the oligomeric state of the hGSTA1-1 protein and dissociation into 

monomers must occur after the second transition region. 

 

The ANS fluorescence intensity decreased gradually in the pre-transition region with 

a steeper decrease in the transition region similar to that of the wild-type protein.  
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Figure 3-12. Urea-induced equilibrium unfolding of the I75A hGSTA1-1  

(A) Unfolding curves for 2 µM I75A hGSTA1-1 using far UV CD, tryptophan 

fluorescence and ANS fluorescence as probes. The solid lines through the datum 

points represent the fit of the three-state model. (B) Unfolding curves as a function of 

protein concentration using tryptophan fluorescence as a probe. The test for unfolding 

reversibility is shown by symbols coloured in gray. Light scattering at 340 nm was 

used to detect aggregates (lower panels). 
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However, no change in fluorescence intensity was seen between denaturation 

concentrations of 3.2 M and 4.2 M, suggesting the formation of an intermediate.  

 

3.7.4 Properties of the unfolding intermediate formed by the I75A mutation 

The I75A mutation causes a formation of an intermediate that populates at denaturant 

concentrations between 3.2 M and 4.2 M urea. Its secondary and tertiary structural 

properties as determined by far-UV CD and intrinsic fluorescence are shown in Figure 

3-13. The fractional helical content of the intermediate can be determined by 

calculating the proportion to the determined amount of the native state (Marqusee and 

Baldwin, 1987). Therefore, the fraction of helical content is 65 % relative to the native 

state (Figure 3-13A). There is a hypsochromic shift in ellipticity minima, 222 nm to 

218 nm, which is indicative of a structural shift from an α-helical structure toward a 

random coil (Woody, 1995, Corrêa and Ramos 2009). 

 

The fluorescence emission at 325 nm (λmax of native state) of the intermediate state is 

close to that of the unfolded form of the protein (Figure 3-13B). The unfolded form 

has a λmax of 346nm which is similar to that of exposed tryptophan residues 

(Lacowicz, 2006). The fluorescent signal predominates as a result of the emission of 

Trp21, which is located at the domain interface, hence the large quenching of the 

fluorescence emission can be attributed to solvent exposure of the domain interface.  

 

A plot displaying maximum emission wavelength at each denaturant concentration is 

useful in displaying fluorescence data independent of emission intensity of the 

fluorophore and any shift in wavelength of the maximum emission can provide more 

information on the nature of the surrounding environment of the fluorophore (Trp21) 

used. All the hGSTA1-1 proteins used in this study displayed a bathochromic shift 

which is consistent for proteins undergoing a transition from a native state to unfolded 

state (Figure 3-13C). As this fluorescence probe reports around the local environment 

of the domain interface, the bathochromic shift suggests that the domain interface of 

the protein in the intermediate state has become solvent exposed. 
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Figure 3-13. Spectra of the native, intermediate and unfolded species of I75A hGSTA1-1  

(A) Far-UV CD and (B) fluorescence emission spectra of the native (0 M urea, solid line), intermediate (3.7 M urea, dashed line) and unfolded 

(8.0 M urea, dotted line) forms of I75A hGSTA1-1. (C) Maximum emission wavelength of the hGSTA1-1 proteins at each urea concentration. 
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3.7.5 Data fitting and thermodynamic parameters 

The data was fitted to the linear extrapolation method (Pace, 1986) as described in 

section 2.2.11 from which the thermodynamic properties of unfolding were 

determined Although the equilibrium unfolding mechanism is described as three-state 

(section 1.4.3.1) due to the unfolding of α9, a two-state model was used to fit the 

wild-type and V58A hGSTA1-1 unfolding data as there is no evidence to suggest that 

a stable intermediate is formed and α9 does not significantly contribute toward the 

stability of hGSTA1-1 (Mosebi et al., 2003; Kuhnert et al., 2005).  

 

The conformational stability parameters are tabulated in Table 3-3. The ΔG(H2O) and 

m-values determined for the wild-type hGSTA1-1 protein correlate well with that 

reported previously [25.9 kcal.mol
-1

, (Wallace et al., 1998)]. A slight decrease (~7%) 

in the ΔG(H2O) was measured for the V58A hGSTA1-1 protein indicating a marginal 

destabilisation as a result of the V58A mutation. It is the slope in the transition region 

in the unfolding curve. The m-value, was also decreased marginally (~5%). The m-

value is defined by dependence of the free energy of unfolding on denaturant 

concentration (Pace, 1986), i.e the slope of the transition region in the unfolding 

curve. The m-value therefore indicates the degree of surface area exposed upon 

unfolding (Myers et al., 1995) A lower m-value is usually indicative of an 

intermediate forming (Soulages, 1998), however, none of the data obtained with the 

other probes seem to suggest that an intermediate formed. 

 

A two-state model was precluded for the unfolding data for I75A hGSTA1-1 as the 

two spectroscopic probes do not coincide with one another and was not sigmoidal. 

These observations suggest the formation of an intermediate (Sancho 2013, Tsytlonok 

and Itzhaki, 2013), thus a three-state model was used to fit the unfolding data for I75A 

hGSTA1-1 and the thermodynamic parameters of which are tabulated in Table 3-4. 

The ΔG(H2O) values for the N – I transition are higher than the I – U transition 

indicating that the intermediate species is energetically less stable than the native state 

as less energy is required to unfold this species. Although the total ΔG(H2O) is the 

sum of ΔGN-I(H2O) and ΔGI-U(H2O), the only relevant form of comparison is the ΔGN-I 

(H2O) (Privalov et al.,1981; Sancho et al., 2002). The lower m-values indicate a loss  
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Table 3-3. Conformational stability parameters 

The values were obtained from fitting the equilibrium unfolding data to a two-state model (N2↔2U).  

 

Parameter 
Far UV CD probe Intrinsic fluorescence probe 

wild-type  V58A  wild-type  V58A  

GN-U(H2O) 

(kcal/mol) 
25.1 (±0.18) 23.2 (±0.22) 24.8 (±0.18) 22.8 (±0.26) 

mN-U 

(kcal/mol/M urea) 
4.3 (±0.21) 4.1 (±0.19) 4.3 (±0.18) 4.1 (±0.22) 

Cm (M) 4.8 4.4 4.7 4.3 
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Table 3-4. Conformational stability parameters for I75A hGSTA1-1 

The values were obtained from fitting the equilibrium unfolding data to a three-state model (N2↔I2↔2U).  

 

 

 

Three state model (I75A hGSTA1-1) 

Probe 
GN-I(H2O) 

(kcal/mol) 

mN-I 

(kcal/mol/M urea) 

Cm 

(M) 

GI-U (H2O) 

(kcal/mol) 

mI-U 

(kcal/mol/M urea) 

Cm 

(M) 

Far-UV CD 14.8 (±0.52) 2.1 (±0.11) 2.8 12.4 (±0.07) 2.9 (±0.05) 4.6 

Intrinsic fluorescence 10.7 (±2.2) 2.6 (±1.2) 2.8 12.1 (±0.18) 2.6 (±0.2) 4.6 
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of co-operativity in the unfolding and thus the protein no longer follows a single step 

(N ⇌ U) of unfolding.  

 

3.8 Pulse Proteolysis 

A spectroscopic-independent probe was also employed to determine the relative 

stabilities of the proteins based on their susceptibility to proteolysis. Samples were 

prepared as for conformational stability studies involving urea followed by proteolytic 

digestion by thermolysin (section 2.2.12). In pulse proteolysis, as the name suggests, 

the reaction is allowed to take place for a brief fixed period of time. This is useful in 

that the unfolded species of protein is cleaved at a higher rate than the folded species 

thus allow the relative stabilities to be determined based on the fractions of folded 

versus unfolded protein at a given denaturant concentration (Park and Marqusee, 

2005).  

 

Proteolysis by thermolysin of the hGSTA1-1 proteins were analysed by SDS-PAGE 

(Figure 3-14). Densitometric analyses of the bands corresponding to the GST protein 

on the SDS-PAGE gels of the proteolytic digests (Figure 3-15) revealed a similar 

profile of unfolding as obtained with the spectral probes. Proteolytic digestion of the 

wild-type hGSTA1-1 occurs between urea concentrations of 3.2 M and 4 M with the 

midpoint of unfolding (Cm) occurring at ~ 4.1 M (Figure 3-15). Digestion of the 

V58A and the I75A hGSTA1-1 proteins occurs at urea concentrations of 2.4 M and 

1.6 M, respectively, and midpoints of unfolding (Cm) occurring at ~ 3 M and 2 M, 

respectively (Figure 3-15). The digested products are visible on the gel at urea 

concentrations of 5 M and higher (Figure 3-14) and increases with increasing urea 

concentration as the population of unfolded protein is the predominating species at 

these concentrations. The V58A and the I75A hGSTA1-1 is more susceptible to 

proteolytic digestion as compared to the wild-type hGSTA1-1 proteins as judged by 

the differences in Cm values and is thus less stable. 
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Figure 3-14. SDS-PAGE analysis of pulse proteolysis 

Gel images (Coomasie stained) of the proteolytic cleavage by thermolysin of (A) wild-type (B) I75A and (C) V58A hGSTA1-1 at different urea 

concentrations (indicated on each lane) after equilibrium was reached. The upper bands in each sample lane represent thermolysin while the 

lower band represents the hGSTA1-1 protein. Digests of urea concentrations between 4.4 M and 7.2 M were electrophoresed on a separate gel. 

Digested fragments are visible at the bottom of the gels and are clearly visible at high (>5 M) urea concentrations. 
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Figure 3-15. Densitometric analysis of pulse proteolysis 

Optical density analysis of thermolysin digestion of the wild-type (•), V58A (•) and 

I75A (•) hGSTA1-1 proteins. The relative amounts of the hGSTA1-1 protein band on 

the gel (Figure 3-14) are plotted as a function of urea concentration.  
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3.10 Protein crystallography 

Crystallisation trials were carried out for the V58A and I75A hGSTA1-1 mutant 

proteins. The initial conditions used for the crystallisation trials were the same as 

those previously reported (Achilonu et al., 2010) and the variations included protein 

and precipitant concentrations. Conditions that were optimum for the V58A hGSTA1-

1 protein were: 7 mg/ml protein, 19% (w/v) PEG 3350, in 1 M Tris-HCl, pH 7.5, 10 

mM DTT. Needle-like crystals were obtained (Figure 3-16A). Crystals of the apo-

structure are required to draw a meaningful comparison between the mutant and wild-

type protein as a ligand bound protein may mask the impact of the mutation. In the 

case of the I75A hGSTA1-1 mutant protein, relatively small crystals were obtained 

(Figure 3-16B). Crystals were obtained under similar conditions as those used by the 

V58A hGSTA1-1 protein, with only the PEG size and concentration being altered 

(section 2.2.13).  

 

The structures of the V58A and I75A hGSTA1-1 mutants in the unliganded form were 

determined at 1.88 Å and 1.86 Å resolution, respectively. The electron densities are 

well defined for residues 2- 209 for both subunits in each of the mutant structures. 

The electron densities at the sites for mutation fit well to that of an alanine residue 

(Figure 3-17). The quality of the fit of the model to the diffraction data is determined 

by the R value. A value of at least 0.06 is desirable for the difference between the 

final R and the final Rfree, which indicates a good quality fit (Brünger, 1992). The 

crystal structures for both mutants yielded a difference of 0.06 between the final R 

and final Rfree values (Table 3-4). The other data-collection and refinement statistics 

are shown in Table 3-4.  
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Figure 3-16. Crystal images of the mutant hGSTA1-1 proteins 

(A) Crystals of V58A hGSTA1-1 obtained in 1 M Tris-HCl, pH 7.5, 10 mM DTT, 

19% PEG 3350 using 7 mg/ml protein. (B) Crystals of I75A hGSTA1-1 obtained 

in   1 M Tris-HCl, pH 7.5, 10 mM DTT, 18% PEG 4000 using 7 mg/ml protein.  
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Table 3-5: Crystallographic X-ray data collection and refinement statistics of 

V58A and I75A hGSTA1-1.  

Parameter V58A I75A 

Buffer/salt 0.1 M Tris HCl pH7.5 0.1 M Tris HCl, pH7.5 

PEG (% w/v) 18%  (Mr 3350) 17%  (Mr 4000) 

PDB ID 3ZFL 3ZFB 

Data Collection:  CCD CCD 

Wavelength (Å) 1.5418 1.5418 

Space group C2 (C121) C2(C121) 

Unit cell dimensions (Å) a 99.89 a=99.87 

 b 93.28 b=91.68 

 c 51.57 c=51.25 

   

Asymmetric unit content  Dimer Dimer 

Resolution range (Å) 51.30 – 1.88 51.18 – 1.86 

No of  reflection(obs) 205610 613762 

No of unique reflections 42694 34481 

Completeness (%) 98.8 99.4 

I/ (I) 4.06 4.36 

Refinement:    

Resolution (Å) 49.87 – 1.88  51.18 – 1.86  

Rcryst, Rfree 0.221 (0.289) 0.228 (0.285) 

Reflections  35960 36399 

Protein atoms 3340 3362 

Solvent molecules 350 362 

Rmsd bond lengths
a
 (Å) 0.016 0.016 

Rmsd angles
a
 (deg)  1.78 1.80 

B protein (Å
2
) 26.57 23.21 

Matthews co-efficient (A
3
.Da

-1
 ) 2.31 2.25 

Ramachandran plot:    

Most favoured (%) 97.6 97.3 

Generously allowed (%) 2.4 2.7 

Disallowed (%) 0.05 0.05 
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Figure 3-17. Fit of crystal models into electron density map 

Electron density maps shown at the point of mutations, (A) V58A and (B) I75A 

hGSTA1-1. The mutated residues are highlighted in blue (V58A) and red (I75A) and 

fit well into the density of alanine residue. Images rendered using PyMOL
TM

, DeLano 

Scientific, 2006; PDB codes: 3ZFL, and 3ZFB. 
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The Ramachandran plots of the solved structures (Figure 3-18) are considered to be 

satisfactory as only two non-glycine residues were found to be outside the allowed 

regions for each structure. In both crystal structures, the outliers are located on loop 

regions of the protein. The Gln67 residue is seen as an outlier in other hGSTA1-1 

models (1K3O: Le Trong et al., 2002; 3KTL: Achilonu et al., 2010) and could be 

considered a feature of hGSTA1-1 crystals rather than an error in the model. 

 

A parameter that indicates the extent of deviation of a crystal structure from a 

reference model is the root mean square deviation (r.m.s.d) value. (Maiti et al., 2004). 

A structural alignment of the polypeptide backbone of the mutant proteins against 

wild-type protein (Figure 3-19) provided r.m.s.d values of 0.58 Å and 0.61 Å for the 

V58A and I75A mutants, respectively. The crystal data concurs with the spectroscopic 

data (section 3.5) obtained for the native structures in solution. Thus the induced 

mutations caused no major structural alterations to the native protein.  
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Figure 3-18. Ramachandran plots of the mutant hGSTA1-1 proteins 

Ramachandran plots of the (A) V58A and (B) I75A hGSTA1-1 protein. Two residues are found outside the allowed regions in each structure 

represented by the purple open symbols. 
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Figure 3-19. Structural alignment of wild-type and mutant hGSTA1-1 structures 

Alignment of the Trx domain of (A) V58A (blue) and (B) I75A hGSTA1-1 (red) structures against the wild-type hGSTA1-1 protein (black). 

R.m.s.d values 0.58 Å (V58A) and 0.61 Å (I75A) were obtained for the alignment. Images rendered using PyMOL
TM

, DeLano Scientific, 2006; 

PDB codes: 1K3O (Le Trong et al., 2002), 3ZFL, and 3ZFB.  
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CHAPTER 4: DISCUSSION 

The GST fold, comprised of a thioredoxin (Trx) N-domain and an all α-helical C-

domain, is present in at least 18 classes of proteins (SCOP database; Murzin et al., 

1995) and found in both prokaryotes and eukaryotes. The Trx domain is further 

preserved in 22 other families of proteins. The primary role of GSTs is to detoxify 

endogenous and xenobiotic compounds by catalysing conjugating the tripeptide, GSH, 

to the electrophilic group thus rendering the compound inactive and soluble for 

excretion (reviewed in Armstrong 1997). The active site of GSTs spans the domain 

interface with the thioredoxin and C-terminal domains providing binding site for GSH 

and the xenobiotic compound, respectively (Armstrong 1997, Sheehan et al., 2001). 

While there has been substantial amount of work has been carried out in elucidating 

the reaction mechanism of the enzyme (Armstrong 1997; Dirr 1994b; Dirr and 

Wallace, 1999; Nilsson et al., 2002; Hegazy et al., 2004; Vararattanavech et al., 2006; 

Dourado et al., 2010; Gildenhuys et al., 2010a; Honaker et al., 2011) not much is 

known about some of conserved elements in contributing to the stability and function 

to the GSTs.  

 

The Trx fold is made up of two subdomains: an N-termimal βαβ motif and a C-

terminal ββα motif connected by an α-helix (Figure 4-1). These two subdomains form 

a tightly packed hydrophobic core (Figure 4-1). The Trx fold is highly adaptable for 

its function whilst maintaining its structure and this feature raises the question: which 

of its residues are responsible for maintaining the integrity of the fold? The role of 

some residues (Pro56 and Ile71), which are topologically conserved in the Trx fold, 

have been investigated in GSTs (Nathaniel et al., 2003; Achilonu et al., 2010), 

however the role of other topologically conserved elements of the hydrophobic core 

of the Trx domain in GSTs needs to be further explored.  

 

A structure based sequence alignment of the different GST classes reveals several 

topologically conserved residues in the thioredoxin domain (Figure 1-5). This study 

has focused on further elucidating the role of non-active site topologically conserved 

residues of the hydrophobic core of the Trx domain.  
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Figure 4-1. Trx domain in GSTs 

Representation of the hydrophobic core of the Trx domain in GSTs. Topologically 

conserved residues of the N-subdomain (β1α1β2; lime green) and the C-subdomain 

(β3β4α3; yellow) are shown. The two subdomains are connected by a helix linker (α2; 

green). The residues that were mutated for this study are highlighted in blue (Val58) 

and red (Ile75). 
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Two additional residues on the C-subdomain have been found to be topologically 

conserved (Figure 1-5), namely Val58 and Ile75 in hGSTA1-1 and thus were the 

residues of choice to further investigate the role of the hydrophobic core in the Trx 

domain. The formation of favourable van der Waals interactions between such 

hydrophobic residues results in the formation of hydrophobic cores and is thought to 

be the nucleation event in the folding process of proteins (Dill, 1990). The resultant 

interactions are thus crucial in maintaining the stability of hydrophobic cores that 

stabilise the native protein structure. 

 

The aforementioned residues were mutated to Ala to remove any interaction 

contributed to by the functional groups while not introducing a large degree of 

flexibility. A range of spectroscopic techniques were employed to analyse the native 

solution structure and function as well as to determine the conformational stability of 

the mutants and comparing them to the wild-type form of the protein. 

 

4.1 Role of the C-subdomain in structural integrity 

In order to tease out the function of a conserved residue, it is essential that its 

substitution does not affect the global structure of the protein so that mutant protein is 

structurally comparable to the reference (wild-type) protein.  

 

The favourable comparison of the secondary structural content of both the V58A and 

I75A hGSTA1-1 proteins to the wild-type (Figure 3-4) confirmed that the cavity 

creating mutations caused no major alteration to the secondary structure. In the case 

of the V58A mutant, changes occurring on the β3 strand would be masked by the 

stronger α-helical signal [208 and 222 nm, (Woody, 1995)], thus any significant 

changes would result in a global structural change in the protein rather than a local 

alteration. An absence of any change in the secondary structural content is also 

witnessed in the I75A hGSTA1-1 protein. The crystal structures confirmed that the 

backbone of the protein remained unaffected as determined by the favourable r.m.s.d 

values of the mutant and wild-type structures (Figure 3-19).  

 

Intrinsic tryptophan fluorescence is highly sensitive to the immediate environment 

around the indole ring thus providing low resolution in solution structural information 
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about this local environment. In the case of hGSTA1-1, a lone tryptophan (Trp21) per 

subunit is located at the domain interface with its indole ring protruding into domain 2 

and is relatively solvent inaccessible [(SASA ~ 4Å
2
, (Wallace et al., 2000)] therefore 

making it a suitable reporter of any changes occurring at the domain interface. The 

fluorescence emission spectra (Figure 3-5) showed that all the proteins maximally 

emit at 325 nm, characteristic of proteins with a buried indole ring in the native state 

(Lacowicz, 2006). An absence in a bathochromic or hyposchromic shift in the spectra 

(Figure 3-5) together with a good structural alignment (Figure 3-19), the induced 

mutations caused no structural alteration with respect to the domain interface.  

 

A more global representation of the tertiary structure of the hGSTA1-1 proteins was 

determined by near-UV CD. The strong overlapping spectra (Figure 3-6) shows that 

there are no changes to the packing of the aromatic functional groups and again 

confirming that the tertiary environment is unaffected by the induced mutations.  

 

The non-disruptive nature of the V58A and I75A mutations is consistent with the 

general observation of the structure seen in the wild-type being preserved in the 

single-point mutant proteins [(Matthews, 1991; Xu et al., 1998; P56G (Nathaniel et 

al., 2003); I71A (Achilonu et al., 2010); W21A (Balchin et al., 2010); R15L 

(Gildenhuys et al., 2010a). 

 

In addition to the interaction of the Trx domain in GSTs with domain 2 of the same 

subunit, it also interacts with domain 2 of the adjacent subunit through the interaction 

of the α3 and α4 helices (Figure 4-2). Similar protein-protein interactions were 

disrupted when similar induced mutations were introduced in the GSK3β-axin 

interaction (Zhang et al., 2007). The cause of the disruption was a positional shift in 

the interacting helices. The I75A mutation does not seem to affect intersubunit 

domain interactions between domain 1 and domain 2 as there is no positional shift of 

the interacting helices as a result of the mutation (Figure 4-2) thus the dimeric nature 

of the protein has not been structurally compromised.  

 

Other crystallographic studies have shown that the residues in the region around the 

point mutation are likely to be affected (Shortle, 1992; Eyal et al., 2003). In the case 

of the V58A and I75A mutations, the low resolution spectroscopic data in solution 



 

76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2. Domain interface of intersubunits of GSTs 

Superimposition of the domain interaction of α3 of subunit 1 and α4 of subunit 2 

between wild-type (black and gray) and I75A hGSTA1-1 (red and pink).  
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concurs well with the high resolution static crystal structural data, in that the global 

therefore the induced mutations are structurally non-disruptive and these residues 

alone are not crucial for maintaining the structural integrity in the native state.  

 

4.2 Role in catalysis and ligandin function 

The Trx domain of hGSTA1-1 constitutes the active site of the GSTs, thus any change 

to the Trx domain can impact on the catalytic function of the enzyme. The specific 

activities were determined (Table 3-1) and the enzymatic function of the proteins is 

still maintained even though cavities are created [V58A - 8Å
3
; I75A - 55 Å

3
; (cavities 

calculated using Swiss PDB viewer, Geux and Pietsch, 1997)] as a result of the 

induced mutations. This confirms that no structural alterations were induced and the 

active site dynamics are not affected as a result of the mutations. 

 

This phenomenon has been seen in a previous study (Achilonu et al., 2010) involving 

another topologically conserved residue in the hydrophobic core of the Trx domain. 

The conserved Ile71 was mutated to alanine and valine and the enzyme was still 

active with slightly lower specific activity values; 86% and 97% for the alanine and 

valine substitutions, respectively (Achilonu et al., 2010). Furthermore, the domain 

interface constitutes the active site and thus together with the intrinsic tryptophan 

fluorescence data, indicate that there were no structural alterations at the interface.  

 

In addition to its primary role of catalysis in detoxification, GSTs are also involved in 

the transport of many non-substrate ligands (Listowsky, 2005). The impact of its 

ligandin function by the mutations was assessed by ANS binding to apo-enzyme. 

Again, in line with the impact on catalytic function, the ligandin binding was 

insignificantly impacted on (Figure 3-7). This behaviour is seen when similar induced 

mutations are introduced at the Trx domain (Fisher, 2006, MSc dissertation, 

http://wiredspace.wits.ac.za/handle/10539/1726; Khoza, 2013, PhD thesis, 

http://wiredspace.wits.ac.za/handle/10539/12700). Mutations at the core of the Trx 

domain do not seem to affect the H-site as opposed to mutations at the domain 

interface (Balchin et al., 2010), subunit interface (Alves et al., 2006) and immediate 

vicinity of the active site (Gildenhuys et al., 2010a)  
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Although the ligandin function and enzymatic catalysis is maintained, these residues 

play a role in the optimal binding of the substrate as suggested by the lowered specific 

activity values (Table 3-1). In the case of the class Delta GST, mutations of the 

residues in the hydrophobic core of the N-subdomain of Trx directly affected GSH 

binding and as a result almost abolished enzymatic activity [1%, (Vararattanavech et 

al., 2006)]. Mutations of residues in the C-subdomain of class Delta GSTs also 

involved in a hydrophobic core, however, had only slightly lowered activity values 

(95%) and an decreased affinity for GSH (Winayanuwattikun and Ketterman, 2004). 

A similar trend is seen for mutations of residues in the C-subdomain of the Trx 

domain in class Omega GSTs, where the binding affinities for its substrates were 

lowered (Yamamoto et al., 2013).  

 

Although the I75A mutation may be more deleterious in terms of conformational 

stability, the lower enzymatic activity of the V58A mutation can be attributed to an 

impact on long range interactions with the substrate (Gromiha and Selvaraj, 2004). 

Pro56, the cis-Pro that is also conserved in the Trx fold, is located on the same β 

strand as Val58 and the mutation of Pro56 knocked out enzymatic activity (Nathaniel 

et al., 2003). Thus, interactions mediated through β3, could be altered to compromise 

enzymatic activity.  

 

Thus the induced mutations of both topologically conserved residues in the C-

subdomain of the Trx domain do not alter the native structure as to abolish ligand 

binding and catalysis but are responsible for optimum binding for its substrates and 

hence catalysis.  

 

4.3 Impact of the Trx C-subdomain on stability of GSTs 

The conformational stabilities of the hGSTA1-1 proteins were determined by urea-

induced equilibrium unfolding experiments. Extrinsic fluorescence, ANS binding, was 

used to probe for the presence of molten-globule intermediates. A spectroscopic 

independent probe, limited pulse proteolysis was employed to verify the results of the 

spectroscopic probes.  
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Although the proposed unfolding mechanism of the wild-type hGSTA1-1 is a three-

state model (Wallace et al., 1998) due to the unfolding of α9 (section 1.4.3.1), the 

global unfolding of the protein follows a highly co-operative, two-state unfolding 

mechanism with the absence of a stable intermediate forming. The thermodynamic 

parameters (Table 3-3) compare favourably as previously reported (Wallace et al., 

1998). The unfolding behaviour of V58A hGSTA1-1 closely resembles that of the 

wild-type protein in that the highly co-operative two-state behaviour is maintained 

and the thermodynamic parameters (Table 3-3) are similar to those of the wild-type 

hGSTA1-1 with a marginal destabilisation (ΔΔG(H2O) ~2 kcal.mol
-1

). Furthermore, 

the unfolding as monitored by the extrinsic fluorescent probe, ANS, follows the same 

trend as wild-type (Figure 3-10 and Figure 3-11) and no stable intermediates are 

formed. Thus the topologically conserved Val58 located on β3 has a small role in the 

stability of hGSTA1-1. 

 

This behaviour can be attributed to the fact that Val58 has fewer contacts than the 

other the surrounding residues have with one another and consequently fewer van der 

Waals interactions in the hydrophobic core of the Trx domain (Figure 4-3) with only 

an 8 Å
3 

cavity being created as a result of the mutation and hence the packing of the 

core is not severely impacted on. 

 

Val58 is located on the β3 sheet in the GST-fold and the equivalent β-strand in 

thioredoxin was found to be relatively less rigid than the α-helices as determined by 

NMR measurements (Mottonen et al., 2009). Although the formation of the central β-

sheet is thought to be the first step in the folding of Trx (Tasayco et al., 2000), these 

residues on these strands have not been shown to be crucial in the stability of the Trx 

fold (Garcia-Seisdedos et al., 2012). Furthermore, the adjacent β-strand is anti-parallel 

in direction (Figure 1-2), resulting in a more stable β-sheet structure than the parallel 

β-sheet structure as a result of the linear hydrogen bonds between the peptide groups 

of the backbone. Therefore the marginal destabilisation witnessed is a result of the 

orientation of the Val58 residue and the loss of interactions with surrounding residues 

is compensated by the backbone movements of the β-strand.  
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Figure 4-3. Contribution of Val58 to the hydrophobic core in hGSTA1-1 

A superimposed space filling representation of the wild-type and V58A hGSTA1-1 of the Trx-domain core residues and their contacts. The 

contribution of the aliphatic side chain of Val58 is shown as dotted spheres (blue) while that of Ala58 is shown as solid spheres (blue). Images 

rendered using PyMOL
TM

, DeLano Scientific, 2006; PDB codes: 1K3O (Le Trong et al., 2002) and 3ZFL. 
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Pulse proteolysis was used to corroborate the stability data seen by far-UV CD and 

fluorescence spectroscopy. The V58A hGSTA1-1 showed a similar pattern of 

proteolytic digestion as the wild-type hGSTA1-1 (Figure 3-14) confirming that the 

stability compares favourably with that of the wild-type hGSTA1-1 and that the 

stability of the Trx domain is not significantly impacted on by the V58A mutation. 

 

Ile75, one of two topologically conserved Ile residues on α3, has a more pronounced 

role in the stability of GSTs. Substitution of Ile75 causes a dramatic shift in the 

unfolding mechanism from two-state to three-state, resulting in the formation of at 

least one stable intermediate. The strong unfolding co-operativity seen in wild-type 

hGSTA1-1 is also diminished as seen by the biphasic, non co-incident transitions of 

the CD and fluorescent spectral data (Figure 3-15). In this study, changes in the CD 

data can be attributed to the changes in the C-terminal domain of the protein since the 

α-helical content of this protein is predominantly found in this domain (Figure 1-3). In 

contrast, the Trp fluorescence unfolding data will provide information only to the 

local environment of the buried residue which is located at the interdomain interface 

of hGSTA1-1. The unfolding data displays a greater loss of tertiary structure at the 

interdomain interface whereas the secondary structural content remains higher at urea 

concentrations of 2 – 3 M. The data suggests that the mutation has had an impact on 

the stability of the N-terminal domain and has resulted in the uncoupling of the 

domain interface hence the exposure of Trp21 to the bulk solvent. The C-terminal 

domain however remains intact as seen by the relatively higher secondary structural 

content. The intermediate is a result of hydrophobic patches of the Trx domain 

interface being exposed to solvent and thus being probed by the hydrophobic ANS 

dye. A dimeric intermediate is proposed here as the existence of stable monomers 

remains questionable (Fabrini et al., 2009), especially at the concentrations used in 

this study (2µM) which is almost 10-fold higher than the dissociation constant of class 

Alpha GSTs [0.3 µM, (Vargo et al., 2004)]. Furthermore, the subunit interface is pre-

dominantly hydrophobic with a strong ‘lock and key’ interaction (Sayed et al., 2000) 

thus precluding the existence of stable monomers.  

 

The destabilisation was again confirmed with the spectroscopic independent probe, 

pulse proteolysis and a distinct shift in proteolytic digestion was observed (Figure 3-

15). The thermolysin enzyme targets hydrophobic residues [Ile, Val, Leu, Ala, Met, 
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Phe (Keil, 1992)] and thus the increased proteolytic cleavage at lower denaturant 

concentrations is a result of the destabilisation of the Trx domain by the I75A 

mutation causing the amphipathic core to be exposed. This further proves the more 

prominent role of Ile75 in the stability of hGSTA1-1. 

 

The removal of a buried methyl group is predicted to result in a destabilisation by 1.1 

kcal/mol (Eriksson et al., 1992) and in the case of an Ile  Ala mutation, three 

methyl groups are removed causing an estimated predicted loss of ~ 3.3 kcal/mol, 

however the loss is much higher in the case of the I75A mutation of hGSTA1-1 

(ΔΔG(H2O) ~ 10 kcal/mol). Previously reported data involving the Trx hydrophobic 

core in GSTs showed marked decreases in the conformational stability and unfolding 

co-operativity suggesting the formation of intermediates but were not stable enough to 

be detected by the spectroscopic probes (Nathaniel et al., 2003 Achilonu et al., 2010). 

Achilonu et al. (2010) found that a similar mutation on the same helix (α3), I71A, did 

not show such a dramatic decrease in stability but did suggest intermediates forming 

as suggested by the decrease in unfolding co-operativity. The lack of a marked 

decrease in stability is attributed to two ordered water molecules filling the cavity 

created in the I71A mutation, thus providing compensation by mediating interactions 

at the hydrophobic core. In the case of the I75A hGSTA1-1 crystal, no solvent 

molecules were found in the 55Å
3
 created cavity thus leaving unsatisfied van der 

Waals contacts at the core (Figure 4-4). This unfolding behaviour is also seen in the 

case of mutating aliphatic residues at the hydrophobic core of γD crystalline proteins 

(Moreau and King, 2009). The alanine substitutions also resulted in lower melting 

temperatures as seen in this study with the formation of stable intermediates. 

Therefore Ile75 plays a role in maintaining the conformational stability of GSTs and 

domain co-operativity. 

 

All enzymes require the active site to be more dynamic than the rest of the protein to 

allow substrate binding and even more so in promiscuous enzymes that bind a wide 

variety of substrates such as the GSTs (Nath and Atkins, 2008). Mutations of highly 

conserved residues in Escherichia coli Trx show that they are important in the 

conformation of the active site by providing a charge distribution which optimises 

interactions with its substrates and redox potential (Gleason, 1992) and ionic residues 

play a minor role in the stability in the fold (Esposito et al., 2012). The Trx domain in  
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Figure 4-4. Contribution of Ile75 to the hydrophobic core in hGSTA1-1 

A superimposed space filling representation of the wild-type and I75A hGSTA1-1 of the Trx-domain core residues and their contacts. The 

contribution of the aliphatic side chain of Ile75 is shown as dotted spheres (red) while that of Ala75 is shown as solid spheres (red). Images 

rendered using PyMOL
TM

, DeLano Scientific, 2006; PDB codes: 1K3O (Le Trong et al., 2002) and 3ZFB.  
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GSTs is conformationally more dynamic than the C-terminal domain (Thompson et 

al., 2006; Stoychev et al., 2009) thus allowing the Trx domain to be the substrate 

binding domain. However, it has been shown that the Trx domain and the C-terminal 

all α-helical domain behave in a tightly cooperative manner (Dirr and Reneimer, 

1991; Erhardt and Dirr 1995; Wallace et al, 1998; Stevens et al., 1998; Gildenhuys et 

al., 2010b; Parbhoo et al., 2011) and thus has a vital role in maintaining stability of 

GSTs. 

 

Ile75 is located on α3 thus making it involved in subdomain interactions with α1 of 

the N-subdomain in the Trx domain (Figure 4-1). It is also more extensively 

interacting with surrounding residues in the hydrophobic core of the Trx domain 

(Figures 4-4). Ile75 therefore stabilises the Trx domain by maintaining the 

compactness of the subdomain interface. The destabilisation of the Trx domain occurs 

as a result of many van der Waals interactions being absent at the hydrophobic core. 

Unlike the β-strand structure, an α-helix is more rigid with fewer degrees of freedom 

in its conformational space and is thus unable to over-compensate for the resulting 

loss of interactions by the side-chains. Mottonen et al. (2009) found that the 

equivalent of α3 in thioredoxin is the most rigid helix of the protein hence any 

disruption in this area of the scaffold may be detrimental in overall stability. 

Hydrogen-exchange data of a monomeric GST homologue, hCLIC1 (Stoychev et al., 

2009), as well as a dimeric class Mu GST (Thompson et al., 2006), showed the same 

relative rigidness with respect to the rest of the protein  

 

The two subdomains of Trx were studied in isolation in which the two subdomains 

were synthesised as separate fragments (Tasayco et al., 2000; Santos et al., 2009). 

While the subdomains do assume some native structure, disordered regions were 

found to be at the subdomain interface and only assumed complete native 

conformation upon interaction with the opposite domain (Tasayco and Chao, 1995; 

Yu et al. 2000; Santos et al., 2007; Santos et al., 2009). In the full length protein, 

aliphatic residues at the domain interface were mutated to alanine maintaining the 

hydrophobic profile, and the result was a significant decrease in stability (ΔΔG 3.0 – 

3.7 kcal.mol
-1

) (Santos et al., 2009). The authors also proposed an energetic landscape 

for these subdomains in isolation in that the funnel ends with a basin populated with 

the molten globule state (Santos et al., 2009). 
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A study examined the contribution of the C-terminal helix to the stability and folding 

of Trx (Santos et al., 2007). Briefly, a large fragment (residues 1-93) of the full length 

protein (108 aa) and the truncated helix (residues 94-108) were examined in isolation 

and in complex. The large fragment showed molten globule like characteristics as 

determined by ANS binding in the absence of the C-terminal helix. The fragment also 

had higher susceptibility to limited proteolysis than the full length protein. Upon 

interaction with the C-terminal helix, native-like characteristics were witnessed as 

determined by circular dichroism and intrinsic fluorescence. Enzymatic activity was 

also restored as a result of the interaction. Santos et al. (2007) proposed that the C-

terminal helix may be involved in the final events of folding resulting in the 

consolidation of the Trx fold. 

 

In the case of the Trx domain in GSTs, α3 is the C-terminal helix. The resultant 

intermediate bound to ANS (Figure 3-12) thus displaying molten globule-like 

properties with the hydrophobic core being solvent exposed. The increased 

susceptibility to limited proteolysis (Figure 3-14) confirms the exposure of the 

hydrophobic residues. 

 

A later study examined the dynamics of the interaction between the fragment of Trx 

and the truncated C-terminal helix using NMR (Binolfi et al., 2012). In isolation, it 

was found that α2 and α3 of the fragment and the C-terminal helix was disordered and 

contained no helical character. A native-like conformation occurred upon interaction 

with the stabilisation of the α2 and α3 helices and the complex also displayed native-

like dynamics of the backbone. This data highlighted the role of the C-terminal helix 

in consolidating the Trx structure and that stabilisation and folding occurred through 

molecular recognition. Furthermore, interaction with the C-terminal helix allows Trx 

to act as a co-operative folding unit. 

 

In GSTs, the C-terminal helix (α3) of the Trx domain can also be involved in 

maintaining the folding co-operativity. Achilonu et al. (2010) showed that the 

mutation of Ile71 reduced the m-value and therefore a reduction in folding co-

operativity. This study shows that Ile75, located on α3 as well, shows a distinct 

deviation from a two-state to a three-state unfolding mechanism and thus a loss of 
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folding co-operativity. The α3 interaction with the rest of the Trx domain is suggested 

to be the co-operativity determinant and the removal of the interactions contributed by 

Ile75 allows a stable intermediate to be populated and detected spectroscopically.  

 

The van der Waals interactions made by the chain of Ile75 on α3 and the residues 

occupying the hydrophobic pocket is far greater than any other residue in the Trx 

domain (Figure 4-3). The contacts span an area of 49.5Å
2
, as computed by the Contact 

Map Analysis tool (http://ligin.weizmann.ac.il/cma/; Sobolev et al., 2005). An 

interaction schematic of subdomains in the Trx domain (Figure 4-5) shows that Ile75 

is involved in only hydrophobic interactions with several residues, while Val58 is 

involved in fewer interactions with hydrophobic residues. 

 

Mutations of residues in Trx and in the Trx-domain of GSTs have proven the 

importance of the van der Waals interactions at the core of the domain, which are 

required for maintaining the stability of the protein structure through optimised 

packing (Wallace et al., 2000; Tasayco et al., 2000; Nathaniel et al., 2003 Santos et 

al., 2007, 2009; Achilonu et al., 2010; Balchin et al., 2010, Parbhoo et al., 2011). 

Folding of the Trx domain is achieved through interactions between the N and C-

subdomains (Tasayco et al., 2000; Santos et al., 2009). The initial step of folding is 

driven by hydrophobic interactions between the β1 and β3 strands with the final steps 

requiring interactions between α1 and α3 (Tasayco et al., 2000; Santos et al., 2009). 

Thus the folding and stability of the Trx domain is maintained through the 

hydrophobic network of interactions between the subdomains. 

 

Similar induced mutations of C-subdomain residues, while not topologically 

equivalent to those in this study, involved in the core of the Trx domain of class Delta 

GSTs, are believed to play a role in the folding process as determined by refolding 

experiments (Winayanuwattikun and Ketterman, 2004). 
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Figure 4-5. Thioredoxin subdomain interface interaction network 

Schematic representation of the subdomain interaction between the N- and C-subdomains of hGSTA1-1. Hydrophobic interactions are shown by 

the spiked symbols, polar and charged residues are represented by ball and stick symbols and hydrogen bonds are shown by green dotted lines. 

The residues in question in this study are encircled in red. Image generated using Dimplot (Laskowski and Swindells, 2011) 
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4.4 Conclusion 

The role of the C-subdomain conserved hydrophobic residues at the core of the Trx 

domain does not contribute toward ligand binding. The C-subdomain also does not 

contribute toward enzymatic function directly but does seem to affect catalysis 

indirectly by mediating long range interactions with the substrate. However, the C-

subdomain conserved residues do have a prominent role in maintaining the stability of 

the enzyme which strongly correlates with Trx proteins where thermodynamic 

stability and function do not correlate (Hellinga et al., 1992; Assemat et al., 1995). 

Given the highly adaptable nature of the Trx-fold (Pan and Bardwell, 2006), there 

seems to be no major structural alteration of the neighbouring residues to compensate 

for cavity causing mutations. This tightly packed hydrophobic core of the Trx domain 

is conserved from archae to mammals and can be considered to be the stabilising 

force in proteins with a Trx fold which is line with conserved hydrophobic residues of 

other protein families lying in clusters rather than in isolation (Guharoy and 

Chakrabati, 2010). 

 

Computational analyses of protein-protein interface hot spots which reveals that 

conserved residues occur in clustered, tightly packed regions and that their 

contribution to stability are co-operative (Guharoy and Chkrabati 2005; Keskin et al., 

2005). Previous studies examining the Trx C-subdomain of GSTs [Pro56, (Nathaniel 

et al., 2003; Ile71, (Achilonu et al., 2010)] showed that mutations of other 

topologically conserved residues diminished the protein’s stability and showed a 

decrease in unfolding co-operativity. The intermediates were spectroscopically 

undetectable, however mutation of Ile75 has populated a stable intermediate. The 

Ile75 residue, as is Ile71, is located on the C-terminal helix (α3) of the Trx domain. In 

the context of the Trx domain in GSTs, the α3 helix is proposed to be the co-

operativity determinant of its unfolding.  

 

Conserved hydrophobic cores are also implicated in the formation of folding nuclei 

therefore future studies should examine the kinetics of folding to ascertain the role of 

these residues in the folding pathway of GSTs. The dynamics of the Trx domain in 

GSTs should be examined at high resolution (e.g. NMR) to ascertain the role of these 

residues. 
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