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ABSTRACT 

 

 The role of residue M232 in the C-terminal helix of human GLUTATHIONE 

TRANSFERASE T1-1 

Michael D. Ianni                                                                         Advisor: 

University of Guelph                                                                                    Dr. P. David Josephy 

         Advisory Committee: 

                  Dr. Cezar Khursigara 

                  Dr. Gordon M. Kirby 

 

 Glutathione transferases (GSTs) catalyze the glutathione (GSH) conjugation of various 

xenobiotics and endogenous compounds.  GSTs play a pivotal role in cellular defence, as they 

are the main contributors to the inactivation of genotoxic compounds. A primary determinant for 

divergent substrate acceptance among GSTs appears to be the electrophilic binding site or “H-

site”. Shokeer et al. (2010) reported that replacement of residue methionine 232 by alanine in 

mouse GST T1-1 greatly altered the enzyme’s catalytic activities. The corresponding residue in 

human enzyme is also methionine, but, in other mammalian GST T1-1 orthologues, arginine 

(horse; Equus caballus) or leucine (pig; Sus scrofa) residues are found at this position. The goal 

of the present study aims to investigate the role of residue 232 (located in the C-terminal α-helix) 

in the structure and function of human GST T1-1 protein. Three variants (M232R, M232L and 

M232W) were constructed and expressed in Escherichia coli. The effects of these mutations on 

protein expression, catalytic activity and structure were tested. Variants M232R and M232L 

results were generally unremarkable, showing only minor differences from the wild-type protein. 

However, variant M232W showed significant decreases in protein expression, had reduced 

specific activities and showed substantial changes in the CD spectrum. The spectral shift was 

consistent with the interpretation that the C-terminal α-helix unwinds into a random-coil 

conformation. Unlike horse and pig, no mammalian species is known to have a GST T1-1 

enzyme with a tryptophan residue at position 232. Results from this study shows that residue 232 

does not critically affect the structure and function of human GST T1-1.
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Section 1: Introduction 

1.1 Detoxication processes  

 During a lifetime, a person is exposed to 1-3 million different diverse chemicals that are 

foreign to the biological system - xenobiotics (Hayes et al., 2005). These xenobiotics include 

various electrophilic and lipophilic compounds (Patterson et al., 2010).  Most of these chemicals 

gain entry to the body via the diet, drinking water, air inhalation, drug administration, or lifestyle 

choices. Xenobiotics and endogenous compounds undergo a wide range of detoxication reactions 

that render them less toxic and more readily excretable (Patterson et al., 2010).  

  In the first reaction of the human detoxication processes, a cytochrome P450 enzyme 

uses NADPH as a cofactor and molecular oxygen to introduce a substituent such as a hydroxyl 

group into the xenobiotic (Grant, 1991). Conjugation reactions result in the transformation of the 

hydroxylated xenobiotic into a water-soluble compound that can be easily excreted (Armstrong, 

1997).  Glutathione (GSH) conjugation, catalyzed by glutathione transferases (GSTs), is one of 

the major cellular defence mechanisms against electrophilic compounds, both endogenous and 

xenobiotic (Armstrong, 1997). Figure 1 shows the detoxication of bromobenzene by GSH 

conjugation. Bromobenzene is a toxic substance that can cause liver and nervous damage if 

inhaled, ingested or absorbed through the skin. Other detoxicating conjugation reactions occur in 

the body, including glucuronidation, sulfation, and amino acid conjugation.  
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Figure 1Detoxication of bromobenzene by GSH conjugation 

This figure represents a schematic representation of the detoxication of bromobenzene by GSH 

conjugation. In the reaction above, bromobenzene is epoxidized to 1-bromo -3,4-dihydro-3,4-

oxybenzene in a P450-catalyzed process. The reactive epoxide can react with the thiol group of 

GSH. Rearomatization of the product yields a water-soluble GSH conjugate that can be easily 

excreted (Grant, 1991; Josephy and Mannervik, 2006). 

 

 

1.2 Glutathione 

 The tripeptide ɣ-L-glutamyl-L-cysteinyl-glycine, GSH (Figure 2) was discovered by Sir 

Fredrick Gowland Hopkins in 1921 (Hopkins, 1921). GSH is the most abundant low-molecular-

mass thiol in mammalian cells (Reed, 1990; Anderson, 1998).  The production of GSH in the 

human body is estimated at about 10 grams per day (Meister, 1983). GSH participates in 

numerous biochemical processes, primarily the maintenance of redox homeostasis and the 

trapping of electrophiles via GSH conjugation (Josephy et al., 2006).  In human diseases such as 

cancer, liver diseases, diabetes and heart disease, significant depletion in GSH levels in 

metabolism has been reported, suggesting that an imbalance in GSH levels has a role in these 

diseases. A deficiency of GSH puts cells at risk for oxidative damage (Townsend et al., 2003; 

Wu et al., 2004). 
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Figure 2 Chemical structure of GSH 

This figure depicts a schematic representation of the chemical structure for the tripeptide ɣ-L-

glutamyl-L-cysteinyl-glycine, glutathione. 

 

 

1.3 Glutathione transferases 

1.3.1 GST families 

 Glutathione transferases (GSTs) are enzymes that catalyze the reaction of GSH, acting as 

a thiol nucleophile, with diverse electrophiles (Josephy and Mannervik, 2006). The systematic 

nomenclature for GSTs is RX: glutathione R-transferases, EC 2.5.1.18. These enzymes comprise 

two superfamilies, the soluble GSTs, which are the focus of my research, and the membrane-

bound GSTs, also known as “MAPEG” (Membrane-Associated Proteins in Eicosanoid and 

Glutathione Metabolism). Humans express at least 18 soluble GSTs, including members of seven 

classes (defined on the basis of sequence similarity). GST classes are identified by Greek letters 

written as capitalized Roman text; the human GSTs belong to classes Alpha, Mu, Pi, Sigma, 

Theta, Omega, and Zeta. Four of these classes - Alpha, Mu, Pi, and Theta - are of highest 

significance for xenobiotic metabolism. The roles of the remaining classes are less well 

characterized but appear to be limited mainly to endogenous metabolism; the sole human Sigma 

class enzyme, for example, functions as a prostaglandin D2 synthase (Flanagan and Smyth, 
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2011) and the Zeta-class enzyme GST Z1-1 acts as an isomerase in the tyrosine catabolic 

pathway (Josephy and Mannervik, 2006) 

 Every GST enzyme has a catalytically important active-site residue that interacts with the 

thiol group (cysteine -SH) of GSH (Armstrong, 1997; Atkinson and Babbitt, 2009). In the Alpha, 

Mu, and Pi classes, this residue is a tyrosine; these classes have been denoted “Y-GSTs”, with 

“Y” representing tyrosine. In an evolutionarily distinct branch of the GST superfamily, including 

the Theta, Omega, and Zeta classes, a serine or cysteine residue plays the corresponding role, 

and these enzymes are referred to as “S/C GSTs. The active-site cysteine residue is found in the 

Omega class GSTs (Board, 2011), which catalyze atypical reactions such as the reduction of 

monomethylarsonic acid. My research focus is on the Theta class GSTs, where the active-site 

residue is a serine. The serine (Theta) and tyrosine (Alpha, Mu, and Pi) alcohol residues in the 

active site of GSTs act to stabilize the conjugate base (thiolate anion) form of glutathione. GSTs 

secondary structure begins with an amino-terminal beta (β) strand (about ten residues long) 

followed immediately by an alpha (α) helix (about 15 residues). The alcohol residue is found 

either at the C-terminal end of β-1 (Y-class GSTs) or just past this point, at the N-terminal end of 

α1 (see Figure 3). 

 High-resolution crystal structures are available for each of the GST classes. Despite their 

differing primary structures, the overall “GST fold” is similar for all of these proteins, and, in 

each case, the active-site alcohol residue is close to the amino-terminal end.  

 

 

 

 



5 

 

 

 

Figure 3 GSTs have two major subgroups: tyrosine-type GSTs (Y-GSTs) and serine, 

cysteine-type GSTs (S/C-GSTs) 

S/C GSTs have a serine or cysteine positioned at the N-terminal end of α-helix 1, while Y-GSTs 

have a tyrosine positioned at the C-terminal end of the first β-. Figure A illustrates β-strand 1 and 

α-helix 1 of GST T1-1, highlighting the position of the S11 residue in the active site (PDB; GST 

T1-1 (2C3N)). Figure B illustrates β-strand 1 and α-helix 1 of GST A1-1, highlighting the 

position of Y9 residue in the active site  (PDB; GST A1-1 (1GSD)). In both S/C and Y GSTs, the 

alcohol residue in the active site acts to stabilize the conjugate base (thiolate anion) form of 

glutathione. The model depicts α-helices (red), β-strands (teal), turns (green) and random coil 

(white) (Discovery studio). The N and C terminal ends are labelled. 
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1.3.2 Human GSTs: general fold  

 Soluble hGST proteins are dimers formed by the non-covalent association of two 

identical 25 kDa subunits. Each subunit folds into two domains. The first (N-terminal) /β 

domain consists of a thioredoxin-like fold that forms the GSH-binding site (G-site). A 

thioredoxin-like fold is a distinct structural motif consisting of a four-stranded β-sheet 

sandwiched between three α-helices. The fold is named for the canonical example thioredoxin, 

the protein where this fold was first observed (Martin, 1995). The second (C-terminal) domain is 

composed of -helices and contributes most of the hydrophobic site (H-site) interactions. The H-

site is responsible for binding of the electrophilic substrate. In the folded protein, the H-site is 

adjacent to the G-site (Hayes et al., 2005; Faramawy et al., 2009; Azarpira et al., 2010, Josephy 

et al., 2011). Figure 4 illustrates the structure of hGST T1-1 subunit. Despite low similarity in 

protein sequence, the tertiary and quaternary structures of GSTs are surprisingly similar. Figure 

5 shows a comparison between GST subunits of the major human classes, Alpha, Mu, Pi, and 

Theta. The functionality of these enzymes is also similar among all GST proteins. 
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Figure 4 Structure of hGST T1-1 subunit  

Soluble hGST proteins are dimers formed by the non-covalent association of two identical 25 

kDa subunits. Each subunit folds into two domains. The first (N-terminal) /β domain 

(represented in blue) consists of a thioredoxin-like fold that forms the GSH-binding site (G-site). 

The second (C-terminal) domain (represented in red) is composed of -helices and contributes 

most of the hydrophobic site (H-site) interactions. The H-site is responsible for binding of the 

electrophilic substrate. In the folded protein, the H-site is adjacent to the G-site. The product S-

hexyl-GSH is shown in the space-filling model. The GSH portion of the product is bound in the 

G-site, and the S-hexyl portion is bound in the H-site (Discovery studio; PDB; GST T1-1 

(2C3N)). 
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Figure 5Comparison of the protein folds of the GST subunits of the major human classes, 

Alpha, Mu, Pi, and Theta  

Despite low similarity in protein sequence, the folds of GSTs are similar. The model depicts α-

helices (red), β-strands (teal), turns (green) and random coil (white) (Discovery studio; PDB; 

GST T1-1 (2C3N), GST A1-1 (1PKZ), GST P1-1 (2J9H), GST M1-1 (1B4P)). 
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1.3.3 Functions of GST enzymes  

 GSTs catalyze the nucleophilic attack of GSH on electrophiles, including quinones, 

epoxides, and halogenated compounds (Josephy et al., 2006). GSTs are the main contributors to 

the inactivation of genotoxic compounds of exogenous (xenobiotic) and endogenous origin 

(Josephy and Mannervik, 2006). The exogenous compounds include therapeutic drugs (e.g. 

anticancer drugs), carcinogens, pesticides, and herbicides. The endogenous compounds include 

reactive products generated by oxidative stress and lipid peroxidation (e.g. α, β-unsaturated 

carbonyls, quinones, epoxides, and hydroperoxides) (Sherratt et al., 1997). Conjugation of GSH 

with electrophiles usually results in the generation of inactive products, which are readily 

eliminated from the cell by efflux pumps (Borst et al., 2000).  This inactivation reduces the 

likelihood of deleterious interactions between reactive species and essential cellular components 

such as proteins and nucleic acids. However, in certain instances, the GSH conjugate formed is 

more reactive than the parent compound (Josephy, 2010). This is referred to as GSH-dependent 

bioactivation. Ethylene dibromide (EDB) is an example of this phenomenon and will be 

addressed later in this chapter.  

1.3.4 GST catalytic mechanism  

 There are two types of conjugation reactions with GSH, displacement reactions and 

addition reactions.  In the former, GSH displaces an electron-withdrawing group. In the latter 

reaction, GSH is added to an activated double bond structure (Josephy et al., 2006). For GSTs to 

carry out their function, the enzymes undergo a series of catalytic steps.  

 An important step in the catalytic cycle of GSH conjugation is the activation of GSH to 

the thiolate anion (GS
-
). Caccuri et al. (1999) used a simple approach to determine the fate of the 

thiol proton from the ionization of GSH in GST enzymes (without any buffer solution). The pH 

values of GST A1-1, GST M2-2, GST P1-1 and GST D enzyme solutions were measured before 
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and after the addition of GSH.  Back-titrating with sodium hydroxide provided Caccuri et al. 

with a quantitative measurement of the number of released protons. Their results revealed that 

GSH binding to GSTs G-site decreases the pKa of the thiol group from 9.2 to about 6.2 in the 

active site (Caccuri et al., 1999). This increase in thiol acidicity causes deprotonation. GSH 

deprotonation creates a stronger nucleophile, which can react with electrophilic substrates bound 

in the H-site. Exactly how the GST-GSH interaction achieves this shift in pKa is not known 

(Salinas and Wong, 1999; Josephy et al., 2006). Hydrogen bonding of the hydroxyl group of the 

conserved tyrosine (Alpha, Mu, Pi classes) or serine (Theta, Zeta classes) with the sulphur of 

GSH is usually invoked to explain the pKa shift (Armstrong, 1997; Josephy et al., 2006). 

 Structurally and chemically diverse electrophilic substrates can bind in the H-site. The H-

site’s substrate promiscuity is an important feature of GSTs. Many organs and tissues rely on 

specific GSTs for protection against a wide variety of harmful agents. As this thesis is focused 

on the GST T1-1 protein, the remaining sections of this chapter will focus primarily on this 

enzyme. 

1.3.5 Human GST T1 tissue expression patterns 

 Cytosolic GSTs are widely distributed in the human body (Johansson et al., 2001). In 

1997, Sherratt and colleagues investigated GST T1 tissue expression patterns by probing human 

organ samples with an antibody raised against recombinant GST T1-1. They found that GST T1-

1 is highly expressed in kidney and liver (two-fold higher levels in kidney) as well as in prostate 

and small intestine. Weak but detectable levels of expression were present in cerebrum, pancreas, 

skeletal muscle, lung, heart, spleen, and testis. However, these organs contained less than 5% of 

the concentration of GST T1-1 protein expressed in the liver. Sherratt and colleagues compared 

this result to that of other GST classes and concluded that the expression of hGST T1 shows 
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unique tissue specificity (Sherratt et al., 1997). GST T1-1 was the only GST to be expressed in 

all the organs tested.  

1.3.6 GSTs polymorphisms in humans 

 In the early 1980’s, studies on human liver tissue and red blood cells revealed that GST 

polymorphisms exist (Warholm et al., 1980; Scott et al., 1980; Board, 1981). Since then, the 

most extensively studied hGST polymorphisms have been those affecting GSTP1, GSTM1, and 

GSTT1 (Konstantinos et al., 2010).  To focus the scope of this thesis, only the GSTT1 

polymorphism will be discussed. 

 The GSTT1 gene is located on chromosome 21. GSTT1 is polymorphic and has a null 

allele , arising because of a gene deletion (Pemble et al., 1994).  Pemble and colleagues assigned 

16 human subjects, based on presence of conjugation activity in erythrocytes with methyl 

bromide and dichloromethane (DCM) substrates. They also isolated DNA from blood samples 

from the assigned subjects (+ and – conjugators). Polymerase chain reaction (PCR) amplification 

and Southern blot analysis showed that the GSTT1 gene was absent for all negative conjugators, 

but present for all positive conjugators. Furthermore Pemble et al. sequenced DNA from 53 

healthy individuals and found that only 62% had the GSTT1 gene. The authors concluded that the 

GSTT1 gene is absent from 38% of the population and that the null phenotype results from the 

absence of the GSTT1 gene.  The prevalence of the null allele (GSTT1*0) has made GSTT1 a 

popular candidate gene in molecular epidemiological studies.  

 An example of such a study is one conducted by Salagovic et al. (1999). They 

investigated whether the presence/ absence of the GSTT1 gene in smoking or non-smoking 

individuals had any association with developing urinary bladder cancer. Their results suggest 

that non-smoking GSTT1*0 individuals were at 1.9-fold increased risk of developing bladder 
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cancer, compared to GSTT1+ non-smokers. No connections between smoking and the null 

phenotype were made. These results agreed with the results of a previous study (Kempkes et al., 

1996). Kempkes and colleagues reported that individuals who were non-smokers and GSTT1*0, 

had a 3.8-fold increased risk of developing bladder cancer relative to non-smoking GSTT1+ 

subjects (Kempkes et al., 1996).  Salagovic and colleagues hypothesized that the trends from 

these two studies suggest that the GSTT1 gene is involved in the deactivation of carcinogens 

acting as urinary bladder carcinogens among non-smokers.   

 Many other studies have investigated the association between the GSTT1 deletion and 

disease risk or therapy outcomes. Most of these studies are GST-cancer risk studies; however, 

many non-cancer diseases have also been studied, including Alzheimer’s disease, asthma, 

Parkinson’s disease, coronary artery disease and rheumatoid arthritis (Townsend et al., 2003; 

Bolt and Thier, 2006; Josephy, 2010). Despite the accumulated research on GSTT1 molecular 

epidemiology, analysis of the GSTT1 gene continues to yield new findings, such as coding-

sequence single nucleotide polymorphisms (SNPs) affecting the protein (Josephy et al., 2011). 

To date, most of the molecular epidemiological studies on the null phenotype have failed to 

distinguish any differences in responses to drugs, xenobiotics, or endogenous electrophiles for 

individuals with non null alleles. Functional and structural analysis of GSTT1 SNP variants can 

provide insight into the relationship between amino acid sequence and enzyme function for GST 

T1-1.  
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1.3.7 Site-directed mutagenesis studies provide insight into GSTT1 SNPs  

 In the human GSTT1 gene, 20 non-synonymous single nucleotide polymorphisms 

(nsSNPs) have been identified. Non-synonymous SNPs encode a polypeptide sequence different 

from that of the wild-type. Table 1 lists the GSTT1 nsSNPs (NCBI). Of the 20 reported nsSNPs, 

seven have been studied in previous research and will be discussed here.  

Residue 

Position 

nsSNPs nsSNP 

ref code 

Properties Literature 

Reference 

1 M1T rs149896285   

21 A21T rs2266635   

30 L30P rs11550606   

43 D43N  Reduced expression Moyer et al., 2007 

45 F45C rs17856199   

61 A61T    

65 T65M  Reduced expression Moyer et al., 2007 

76 R76S rs56023617 Reduced expression, 

thermally destabilized 

Josephy et al., 2011 

101 W101R ss141759372   

104 T104P rs11550605 Detectable but  

reduced activity 

Josephy et al., 2011 

112 R112W rs150601402   

141 D141N rs2266633 Benign effects Josephy et al., 2009 

162 H162L rs139881998   

169 V169I rs2266637 Benign effects Josephy et al., 2011 

173 E173K rs2234953 Poor expression, 

detectable activity  

only with EDI 

Josephy et al., 2009 

197 R197H rs112867476   

204 E204D rs76323459   

204 E204K rs77300908   

240 R240W rs185499198   

 

Table 1. GSTT1 nsSNPs 

This table shows all reported nsSNPs for the GSTT1 gene. The nsSNP reference codes for the 

NCBI database are listed. 

  



14 

 

 In 2002, Alexandrie and colleagues conducted a study of GSTT1 polymorphisms. They 

used an allele-specific PCR method to genotype 497 subjects for GSTT1 gene.  Their results 

showed that some individuals carried a variant allele tentatively denoted GSTT1*B, containing a 

single nucleotide change (310 AC), that altered the amino acid residue 104 from threonine to 

proline (T104P). The enzymatic activity in red blood cells was then measured, with methyl 

chloride as a substrate, in individuals with the different GSTT1 genotypes. They concluded that 

individuals with GSTT1*A/*A genotype (wild-type) had a two-fold higher enzyme activity 

compared to individuals with GSTT1*A/*B genotype, and GSTT1*0/*B genotype individuals had 

no activity (Alexandrie et al., 2002).  However, in 2007, Nacsa et al. found that variant T104P, 

expressed as a recombinant protein in Escherichia coli (E. coli), had detectable catalytic activity 

towards DCM and 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP). Josephy et al. (2011) later 

confirmed that variant T104P does have detectable, but limited activity with novel GST T1-1 

substrates. From the above studies, it can be concluded that individuals homozygous 

(GSTT1*0/*B) or heterozygous (GSTT1*A/*B) for the T104P have significantly decreased 

ability, if any, to detoxify GST T1 electrophiles.  

 Moyer and colleagues (2007) discovered nsSNPs encoding D43N and T65M while 

resequencing  DNA samples from individuals within four population groups that contained at 

least one copy of GSTT1. Analysis of immunoblots of transfected COS-1 cells showed that the 

D43N and T65M variants gave reduced levels of immunoreactive protein (56% and 12% 

compared to the wild-type, respectively).  They also found that another GSTT1 nsSNP, E173K, 

had similar expression to that of wild-type (97% of wild-type) (Moyer et al., 2007). 

 The GSTT1 nsSNPs D141N and E173K were investigated in 2009 (Josephy et al., 2009). 

Josephy and colleagues successfully constructed and expressed both variants as recombinant 
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proteins in E. coli. Their results showed that variant D141N expressed (quantity) similarly to 

wild-type.  Variant D141N had slightly reduced activity (compared to wild-type) with the four 

tested substrates (EPNP, 4-nitrobenzyl chloride (4NBC), ethylene diiodide (EDI), cumene 

hydroperxoide (CuOOH)).  Variant E173K was poorly expressed (~4-fold lower than wild-type) 

and only had detectable activity with EDI substrate (although ~4-fold lower activity than wild-

type). Josephy and colleagues examined the thermal stability of these SNP variants by using 

circular dichroism spectroscopy to measure the thermal denaturation profiles. The profile shape 

of E173K suggested a much less sharp transition between native and denatured states compared 

to wild-type. This led Josephy and colleagues to conclude that SNP variant E173K has a less 

cooperative folding/ unfolding transition than the wild-type protein. Variant D141N was shown 

to be a benign substitution, with little to no effect on the function or structure of the protein. 

 Recently, Josephy and colleagues conducted another GSTT1 nsSNPs study (Josephy et 

al., 2011). The nsSNPs chosen for this study were the V169I, R76S (which was discovered by 

Tatewaki et al., 2009), and T104P variants. Variant protein V169I expressed and enzymatically 

behaved similarly to wild-type, for all specific activity assays. The Josephy et al. findings for 

variant T104P agreed with Nasca et al., in that T104P has enzymatic activity. T104P variant 

expressed similarly to wild-type. The specific activities with EPNP, 4NBC, EDI and CuOOH for 

variant T104P were detectable, although greatly reduced (compared to wild-type).  Variant R76S 

expressed poorly yet retained specific activities that were as high as or higher than wild-type 

with the four substrates tested. In wild-type GST T1-1, R76 (A) forms a salt bridge with D96 (B) 

(A and B denote which subunit the amino acid residue belongs to within the protein). When the 

salt bridge interaction was removed as a result of the serine substitution, the thermal stability of 
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the variant protein was reduced 13°C compared to wild-type (R76S, 55.8°C vs. wild-type, 

70.1°C) suggesting that R76 is crucial for the stability of the protein (Josephy et al., 2011).   

 In summary, SNPs can alter the overall catalytic activity, structure and substrate 

selectivity for GST T1-1. GSTT1 SNPs require further investigation, in order to truly understand 

whether these SNPs have pharmacological and toxicological effects (Josephy et al., 2009).  

1.4 GST T1-1 C-terminal helix 

 This section will discuss previous research that led to the objectives, hypothesis, rationale 

and design of the work reported in this thesis.  

 Recall that the C-terminal domain of hGSTs is an -helical domain that contributes most 

of the hydrophobic site (H-site) interactions responsible for binding of the electrophilic substrate. 

In hGST T1-1, the C-terminal domain consists of six -helices (α4, α5, α6, α7, α8, α9), which 

constitute two-thirds of the overall protein (Josephy et al., 2006) (Figure 6). The C-terminal 

helix (α9) is a structural feature present only in Theta and Alpha GST classes. In GST T1-1, α-

helix 9 is located directly adjacent to the substrate binding site (H-site) and contributes to the fact 

that these proteins have a more constricted active site in comparison to the Pi, Sigma, Mu, and 

Zeta classes (Armstrong, 1997). Figure 7 depicts the location of α-helix 9 in hGST T1-1 subunit 

(positions 225 – 240) and highlights the location of M232. 

 

 

 

 



17 

 

 

 

Figure 6GST T1-1 primary and secondary structure  

GST T1-1 subunit consists of 240 amino acids. The α-helices (red boxes) and β-strands (teal 

boxes) are shown. The H-site residues (L10, L35, I36, H40, L111, W115, M119, F123, H176, 

L231, W234, V235, and, M238) are represented in green and underlined. The H-site residues are 

responsible for binding of the electrophilic substrate.  Residue M232, which is located in α-helix 

9, is labelled with a black arrow (adapted from Tars et al., 2006).  
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Figure 7 Structure of hGST T1-1 subunit, highlighting the location of α-helix 9 and residue 

M232  

This figure highlights α-helix 9 (black) in GST T1-1. The C-terminal helix (α9) is a structural 

feature present only in Theta and Alpha GST classes. In GST T1-1, α-helix 9 is located directly 

adjacent to the substrate binding site (H-site) and contributes to the fact that these proteins have a 

more constricted active site in comparison to the Pi, Sigma, Mu, and Zeta classes (Armstrong, 

1997). Residue M232 is also shown in the space-filling model. This residue points away from the 

H-site. The product S-hexyl-GSH is shown in the space-filling model. The model depicts α-

helices (red), β-strands (teal), turns (green) and random coil (white) (Discovery Studio; PDB: 

GST T1-1 (2C3N)). 
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 Research has shown that the C-terminal helix in GST T1-1 is critical for the function of 

the protein (Shokeer et al., 2005; Tars et al., 2006; Josephy et al., 2006; Shokeer et al., 2010A; 

Shokeer et al., 2010B).  The sequence of the C-terminal helix is not highly conserved among 

different mammalian species (see Figure 8). The GST T1-1 sequences in the rat (rGST T1-1) 

and mouse (mGST T1-1) show an amino acid identity of 92%. The sequence identities to hGST 

T1-1 are 79% and 82%, respectively. Studies have shown that rGST T1-1 and mGST T1-1 are 

very similar in catalytic properties and substrate specificity for GST substrates (Shokeer et al., 

2010 A ; Jemth et al., 1997). Although hGST T1-1 is similar in sequence to the rat and mouse 

enzyme, hGST T1-1 enzymatic activity is significantly lower (Shokeer et al., 2010 A).  

 The primary determinant for divergent substrate acceptance among GSTs is the H-site 

(Thier et al., 1993; Josephy et al., 2006).  In the GST T1-1 protein, thirteen residues have been 

identified as H-site residues (Table 2, Shokeer et al., 2010 A). Figure 6 highlights the location 

of the H-site residues in hGST T1-1 amino acid sequence. The mouse and rat H-site residues are 

conserved. Humans have two different residues, compared to mouse and rat, at positions 36 and 

234 (Tars et al., 2006).  The crystal structure of GST T1-1 shows that residue 234, which lies in 

the C-terminal helix, is in a critical location within the active site (Tars et al., 2006).  At position 

234, humans have a tryptophan residue (containing a bulky, non-polar indole group); rats and 

mice have an arginine residue at this position (containing a polar side chain).    
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Figure 8 α-Helix 9 amino acid sequence in human, mouse, rat, pig and horse GST T1-1 

The figure shows the amino acid sequence of the C-terminal helix (residue 224-240) in human, 

mouse, rat, pig and horse GST T1-1. The blue box highlights position 232. The * represents 

conserved residues. At position 232, human, mouse and rat have a methionine residue, pig has 

leucine and horse has arginine (NCBI). 
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H-site residues 

hGST T1-1 m/r GST T1-1 

Leu10 Leu10 

Leu35 Leu35 

Ile36 Arg36 

His40 His40 

Leu111 Leu111 

Trp115 Trp115 

Met119 Met119 

Phe123 Phe123 

His176 His176 

Leu231 Leu231 

Trp234 Arg234 

Val235 Val235 

Met238 Met238 

 

Table 2. Comparison of H-site residues for hGSTT1-1 and m/r GSTT1-1 

In the GST T1-1 protein, thirteen residues have been identified as H-site residues. The mouse 

and rat H-site residues are conserved. Compared to mouse and rat, hGST T1-1 have two different 

H-site residues, at positions 36 and 234 (Tars et al., 2006) (bolded). At position 234, hGST T1-1 

have a tryptophan residue while m/r GST T1-1 have an arginine residue.  



22 

 

 In 2005, Shokeer et al. expressed recombinant hGST T1-1, carrying a N-terminal his-tag, 

in E. coli and constructed two variant proteins, by replacing tryptophan 234 with arginine 

(W234R), or lysine (W234K). They conducted specific activity assays with GST T1-1 substrates 

and showed that variant W234R was more active than wild-type hGST T1-1with all substrates 

tested, except cumene hydroperoxide (CuOOH). Table 3 outlines the results for the specific 

activity assays using EPNP, CuOOH and 4NBC as substrates for the wild-type and variants 

W234R and W234K (Shokeer et al., 2005).  Shokeer and colleagues concluded that the bulky 

tryptophan residue at position 234 suppresses substrate binding in the active site of hGST T1-1. 

These findings were structurally confirmed by Tars and colleagues, who crystallized both wild-

type and mutant W234R proteins. The guanidinium group of arginine forms a salt bridge with 

the C-terminal carboxylate of glutathione and thereby is directed away from the binding site. 

This is in contrast to W234 (human wild-type), where the indole ring occupies and blocks a 

substantial portion of the binding site (Tars et al., 2006; Shokeer et al., 2010B).   

 Further studies by Shokeer et al., in 2010, showed that substituting R234W in          

mGST T1-1 caused a large decrease in catalytic activity. Table 4 shows the specific activities 

with EPNP and 4NBC substrates, for wild-type mGST T1-1, rGST T1-1, hGST T1-1, mGST T1-

1 R234W and hGST T1-1 W234R. These studies proved that residue 234 has a pivotal role in 

GST T1-1 catalytic activity and substrate selectivity in human, mouse and rat. They described 

residue 234 as the “master switch” for catalytic activity in GST T1-1 (Shokeer et al., 2010 A). 
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Substrate Specific activity                    

(µmol∙ min
-1

∙mg
-1

) 

 Activity ratios (variant / wild-type) 

 hGST T1-1 W234R W234K W234R/hGST T1-1 W234K/hGST T1-1 

EPNP 7.86 26.6 5.78 3.4 0.74 

4NBC 0.32 17.5 0.64 54 2.0 

CuOOH 0.40 0.35 0.13 0.87 0.33 

 

Table 3. Specific activities for wild-type hGST T1-1 and variants W234R and W234K 

The activity ratio is the ratio between the specific activity of the variant and that of the wild-type. 

All assays were conducted at 30°C (Shokeer et al., 2005). 

 

 

 

Substrate Specific  activity (µmol∙ min
-1

∙mg
-1

) 

 rGST T1-1 mGST T1-1 mR232W hGST T1-1 hW234R 

EPNP 145 86.5 2.16 7.84 26.6 

4NBC 127 85.2 0.66 0.41 41.3 

 

Table 4. Specific activities with EPNP and 4NBC for wild-type mGST T1-1, rGST T1-1, 

hGST T1-1, mR234W and hW234R. 

All assays were conducted at 30°C (Shokeer et al., 2010A). 
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 In another study, Shokeer et al. reported the spontaneous deletion of the codon (AUG) for 

M232 during the construction of a R234W variant of mGST T1-1. Mouse GST T1-1 variants 

M232A, M232A/R232W and ∆R234W (∆ indicating a deleted M232) showed different catalytic 

efficiencies and differed widely in their substrate-activity profiles. Figure 9 shows the catalytic 

activity profiles for wild-type mGST T1-1 and variants M232A, M232A/R234W, R234W, and 

∆R234W, with EPNP and CuOOH as substrates (Shokeer et al., 2010 B). The data suggest that 

residue 232 may also play an important role in catalytic activity and substrate specificity for GST 

T1-1. Residue 232 points away from the H-site, in contrast to residue 234, which sits in the H-

site (Figure 7). The figure clearly depicts how M232 points away from the H-site. 

 In other mammalian GST T1-1 enzymes, residue 232 may be methionine (human, rat, 

mouse), leucine (pig), or arginine (horse) (Figure 8). Based on this, I decided to investigate how 

amino acid substitutions of the C-terminal helix at M232 of hGST T1-1 affect catalytic activity, 

substrate specificity profiles and protein structure.  
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A  

B  

Figure 9 Catalytic activity profiles for mGSTT1-1 and mGSTT1-1 variants  

 The graph depicts specific activities for mouse WT and mouse variants M232A, 

M232A/R234W, R234W and ∆R234W (∆ deletion of M232) with EPNP and CuOOH substrates: 

Graph A shows the EPNP specific activity (µmol∙ min
-1

∙mg
-1

). Graph B shows the CuOOH 

specific activity (µmol∙ min
-1

∙mg
-1

). The data here suggest that residue 232 may also play an 

important role in catalytic activity and substrate specificity for mGST T1-1 (Shokeer et al., 

2010B). 
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Section 2: Objectives and Hypothesis 

 The focus of this thesis is to test the effects of specific amino acid substitutions at 

position 232 in the C-terminal helix on hGST T1-1 catalytic activity, substrate specificity and 

structure.  

The specific aims of this study are: 

1. To construct, purify and express hGST T1-1 variant proteins M232R, M232L and 

M232W. 

2. To test the effects of these substitutions on the catalytic properties and substrate 

specificity of hGST T1-1. 

3. To investigate the structural effects of M232 substitutions on the overall protein fold, 

with emphasis on the C-terminal helix and structure surrounding the active site. 

The general aim of this study is to better understand the structure-function relationship for hGST 

T1-1.  

 As previously stated, position 232 may contain a methionine, arginine or leucine residue, 

depending on the species. Human GST T1-1 variants M232R, M232L, and M232W are expected 

to have differing catalytic properties, substrate specificity profiles and structures compared to 

wild-type. It is expected that the methionine to leucine substitution will cause a minimal effect, 

since both amino acids are neutral and non-polar. However, the methionine to arginine 

replacement may be damaging, as arginine has a polar, positively charged and longer side chain 

than methionine. I hypothesize that M232W would cause a change in the overall structure of 

GST T1-1 due to the size difference of the bulky tryptophan versus the native methionine residue 
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and that this variant enzyme would have suppressed enzymatic activity and greater substrate 

specificity.  

Section 3: Rationale and Experimental Strategies  

3.1 GST T1-1 expression system 

   E. coli is the most commonly used system for in vitro expression of recombinant proteins 

because of its ability to grow rapidly, ease of production, low cost, and well characterized 

genetics (Baneyx et al., 1999). In this thesis, expression plasmid pKKD and  E. coli lacZ tester 

strain JM106 uvrA F′102 were used for over-expression of hGST T1-1.  

3.2 Expression plasmid pKKD: hGST T1-1 in E. coli  

 The expression plasmid pKKD (Figure 10) is a derivative of pKK223-3 obtained by 

deletion of a fragment located between the AccI restriction sites at position 651 and 2246 

originally constructed for the production of recombinant rat GST A1-1 protein. (Björnestdet et 

al., 1992).  This plasmid was chosen to express N-terminal hexa-histidine tagged  hGST T1-1 in 

this study, as it had been successfully used previously (Bjornestdet et al., 1992; Josephy et al., 

2009; Shokeer et al., 2010 A; Shokeer et al., 2010 B; Josephy et al., 2011).  

3.3 E. coli lacZ tester strain JM106 uvrA F′102  

 E. coli lacZ mutagenicity tester strain JM106 uvrA F′102 cells were used in this study. In 

1989, Miller and Cupples constructed a set of lacZ mutations that allowed for rapid detection of 

base pair substitutions in E. coli (Cupples and Miller 1986). The mutations on the lacZ gene are 

unique in each strain and can detect a specific mutation without need for DNA sequencing. 

Previous tester strains were not indicative for the type of base-pair substitution caused by the 

mutagen (Gee et al., 1994). The specificity of a particular mutagen could not be determined 

without further DNA sequencing  The lacZ mutational target CC102 strain was selected by 
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Josephy et al. for testing GST-mediated EDB mutations because it has a lacZ target codon that 

reverts by G:C  A:T transitions (which follows EDB’s mutational spectrum and is commonly 

seen with alkylating agents). Residue E461 of the β-galactosidase enzyme is essential for 

enzymatic activity.  A mutant strain that is lacZ
-
 (due to substitution of E461 with any amino 

acid) can be used to monitor recovery of activity when E461 is restored by a specific single base 

substitution (lacZ
+
). The advantage of this system is that in each strain, the frequency of lacZ

+
 

cells on a plate is a direct readout of the mutational specificity of a particular mutagen (Cupples 

and Miller 1978; Gee et al., 1994; Josephy et al., 2000). The lacZ mutational target CC102 was 

easily transferred into the JM106 strain background by conjugation (Demarini et al., 1997; 

Josephy et al., 2006).  

 

Figure 10pKKD expression plasmid 

The expression plasmid pKKD (3.7 kb) is a derivative of pKK223-3 obtained by deletion of a 

fragment located between the AccI restriction sites at position 651 and 2246 originally 

constructed for the production of recombinant rat GST A1-1 protein (Björnestdet et al., 1992).  

The coding sequence of human GST T1-1 (N-terminal hexa-histidine-tagged) was previously 

cloned into the expression plasmid pKKD (Josephy et al., 2009).  
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 In 2000, Josephy and colleagues modified the assay by moving the engineered episomal 

lacZ alleles into the JM106 background strain (Josephy et al., 2000). The P90C background 

strain used by Miller et al. was not optimal for expression of recombinant proteins or mutation 

research applications (Yanisch-Perron et al., 1985), due to the greatly reduced mutagenicity of 

EDB in E. coli in the presence of an active DNA excision repair system (Foster et al., 1988; 

Josephy et al., 2006).   In E. coli, the UvrABC excinuclease performs nucleotide excision repair 

of bulky DNA adducts (Petit et al., 1999). UvrABC inactivation was introduced to improve the 

sensitivity of the bacterial cells to mutagens employed in the assays (Josephy et al., 2006).  

3.4 N-Terminal hexa-histidine tag and immobilized metal affinity chromatography (IMAC) 

 In this study, the BioRad Profinity™ immobilized metal affinity chromatography 

(IMAC) system was chosen for expression and purification of N-terminal hexa-his-tagged GST 

T1-1 (Hochuli, 1988).  Hexa-histidine is one of the most commonly used affinity tags for 

recombinant protein purification (Waugh, 2006). His-tagged proteins can be purified easily 

because the tag sequence has high affinity for several types of metal ions (e.g., Ni
2+

, Cu
2+

, Co
2+

 

and Zn
2+

). These metal ions can be immobilized onto a chelating surface (chromatography 

matrix) (Waugh, 2006).  The BioRad IMAC system uses a Ni
2+

-charged resin as the matrix. 

Once the his-tagged protein is bound to the resin, an imidazole gradient (typically 20-500 mM) is 

used to elute the protein. Imidazole (present as a functional group in the side chain of histidine) 

competitively binds to the Ni
2+

-charged resin, displacing the his-tagged protein (Hochuli, 1988).  

3.5 GST T1-1 substrates  

 Four substrates (EPNP, 4NBC, EDI and CuOOH) were chosen in this study to test the 

effects that variants M232R, M232L and M232W had on enzymatic activities, compared to that 

of the wild-type enzyme. GST activity (enzyme-catalyzed conjugation of GSH) was discovered 
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using halogenated aromatic compounds such as chloronitrobenzenes as substrates (Booth et al., 

1961). The substrates 4NBC and EPNP are known GST Theta substrates that have been used 

previously (Habig and Jakoby 1981; Ploemen et al., 1995; Josephy et al., 2009; Josephy et al., 

2011). 4NBC is a halogenated aromatic organic compound with a strong leaving group (Cl
-
) and 

highly electron-withdrawing nitro group. GST T1-1 shows GSH-conjugating activity towards 

molecules with epoxide groups, such as EPNP (Meyer et al., 1991). The substrates EDI and 

CuOOH are used in this thesis for reasons outlined below. Figure 11 shows the substrates that 

were used: EPNP, 4NBC, EDI, and CuOOH. 
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Figure 11 Chemical structures of substrates used in this thesis  

The figure depicts the GST T1-1 substrates used in this thesis. 1,2-Epoxy-3-(p-nitrophenoxy) 

propane (EPNP),  4-nitrobenzyl chloride (4NBC),  ethylene diiodide  (EDI) and cumene 

hydroperoxide (CuOOH) have been used in previous studies (Shokeer et al., 2005; Josephy et 

al., 2006; Josephy et al., 2009; Josephy et al.,2011). 
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3.5.1 Haloalkanes 

  Haloalkanes are important industrial chemicals and harmful environmental contaminants. 

Ethylene diiodide (1,2-diiodoethane; EDI) and ethylene dibromide (EDB) are volatile 

halogenated compounds that have been previously used as soil and grain fumigants, and as anti-

knock agents in leaded gasoline. EDB can cause fatal liver, kidney and cardiac toxicity (Ito et al., 

2008; Rowe et al., 2007).  It has proven to be both mobile and persistent in ground water. 

Groundwater contamination by EDB has been well documented since the early 1980s. Most of 

this contamination is attributed to agricultural uses of EDB. Also, since EDB was previously 

used as an additive in gasoline, there is a substantial likelihood that undetected EDB may exist at 

many sites where leaded gasoline leaked or spilled. Ground water contamination by EDB 

remains a serious concern (Falta et al., 2005). 

  In mammals, the metabolism of 1,2-dihaloethanes proceeds through the cytochrome P450 

and GST pathways (Guengerich et al., 1980). P450 enzymes catalyze an oxidative 

transformation of 1,2-dichloroethane  to form reactive intermediates, which result in  the  

formation  of 2-chloroacetaldehyde  and 2-chloroethanol (Guengerich et al., 1980). GSH 

conjugation then generates an intermediate with alkylating agent characteristics that reacts with 

deoxyguanosine residues in DNA (Josephy et al., 2009; Guengerich, 2005). GSTs catalyze the 

biotransformation of 1,2-dihaloethanes to S-(2-haloethyl) glutathione, which cyclizes, generating 

a strongly electrophilic episulfonium ion. Figure 12 shows the series of reactions involved in the 

bioactivation of EDB catalyzed by GST T1-1 (Josephy et al., 2009). The episulfonium ion may 

react with nucleophilic sites in DNA to give S-[2-N
7
-guanyl)ethyl] glutathione, a major DNA 

adduct which is believed to be a critical step for EDB mutagenic and carcinogenic activity 

(Ozawa et al.,1983; Debrauwer et al., 2002).   
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3.5.2 GSH bioactivation of EDB catalyzed by GST T1-1  

 Recall that GSTs act primarily in detoxication, catalyzing the conjugation of reactive 

electrophiles with GSH to give less-reactive S-conjugates. However, EDB can be activated by 

GSH conjugation (Figure 12). When GST T1-1 is expressed in E. coli mutagenicity tester 

strains, the enzyme activates EDB and other dihalogenoalkanes and dihalogenoalkenes to 

mutagens (Granville et al., 2005; Josephy et al., 2009).  

 

 

Figure 12.  Bioactivation of EDB catalyzed by GST T1-1 

The conjugation of EDB is catalyzed by GST T1-1, an example of GSH-dependent bioactivation. 

GST T1-1 catalyzes the biotransformation of EDB (1,2-dibromoethane) to S-(2-bromoethyl) 

glutathione, which cyclizes, generating a strongly electrophilic episulfonium ion. The 

episulfonium ion reacts with nucleophilic sites in DNA to give S-[2-N
7
-guanyl)ethyl] 

glutathione, a major EDB-DNA adduct (Ozawa et al.,1983; Debrauwer et al., 2002) 

 

3.5.3 Hydroperoxides 

 Hydrogen peroxide (H2O2) is a reactive oxidant that easily passes through the cell 

membranes within a tissue or between cellular compartments (Josephy et al., 2006). H2O2 is an 

important by-product of the respiratory chain in mitochondria and increases in concentration 

under conditions of oxidative stress and toxicity. Organic hydroperoxides (ROOH) are 

downstream products of reactive oxygen species. They are formed in tissues and biological fluids 
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via lipid peroxidation and arise in nucleic acids by oxidative damage (Mannervik et al., 1988).  

Previous research by Shokeer et al. showed that point mutations in the C-terminal helix of GST 

T1-1 can increase GST T1-1 specific activity towards organic hydroperoxides such as CuOOH) 

(Shokeer et al., 2010 B). CuOOH was used as a surrogate substrate for the far less stable lipid 

hydroperoxides formed in human cells. 

3.6 Use of computational tools to assess GST T1-1 variants’ structure and function  

 In this thesis, Polymorphism Phenotypying Version 2 (PolyPhen-2) and K2D2 online 

computer software was used. These programs were used to assess the effects that variants 

M232R, M232L and M232W may have on the function and structure of GST T1-1. 

3.6.1 Polyphen-2 

  PolyPhen-2 is a computational tool that predicts the impact of a single amino acid 

substitution on the structure and function of a protein. The predictions are based upon a number 

of features, which include the sequence, structural information, and phylogenetics (Ramensky et 

al., 2002). A multiple sequence alignment (MSA) is generated which shows proteins with 

sequence similarity to the protein of study. After inputting and submitting a desired amino acid 

substitution in a protein, PolyPhen-2 outputs one of the following predictions: benign, possibly 

damaging, probably damaging or unknown effect on the function of the protein (Ramensky et 

al., 2002; Adzhubei et al., 2010).  

3.6.2 K2D2 - Estimations of hGST T1-1 variant proteins secondary structure content   

 K2D2 is a web server program that estimates protein secondary structures from Circular 

Dichroism (CD) spectra data. Upon inputting the CD spectra data points from 200-240 nm, 

K2D2 outputs estimates of the overall percentages of α-helices, β-strands and other content for 
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the protein of interest (Perez-Iratxeta et al., 2008). K2D2 was used to identify whether any 

changes occurred in secondary structure between the wild-type and variant GST T1-1 proteins.   
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Section 4: Materials and Methods 

4.1 - Materials 

4.1.1. Chemicals 

 Reduced nicotinamide adenine dinucleotide phosphate (NADPH), 4-nitrobenzyl chloride 

(4NBC), glutathione reductase (GR) (from baker’s yeast),  ethylene diiodide (EDI),  cumene 

hydroperoxide (CuOOH) and ampicillin were purchased from Sigma Chemicals (St. Louis, MO).  

Lysozyme from hen egg white and glutathione were purchased from Boehringer Mannheim 

GmbH (Germany). Isopropyl β-D-1-thiogalactopyranoside (IPTG) and EPNP were obtained 

from Bio Shop Canada Inc. (Burlington, ON) and Acros Organics (Geel, Belgium), respectively. 

All other chemicals were of the highest grade commercially available.  

4.1.2. Cultures 

 E. coli strain JM106 F′102, which bears a lacZ base-pair substitution target carried on an 

F′ episome and is an excision repair-deficient (uvr
-
) strain, has been described previously 

(section 3.3).  

 Competent E. coli JM106 F′102 cells were prepared from an overnight minimal glucose 

medium culture (100 mL) by a series of washes with cold water (4°C, 1 x 30 mL, 1 x 20 mL) and 

10% glycerol (4°C, 1 x 10 mL, 1 x 2mL), and centrifugation at 4000 rpm for 15 min at 4°C. The 

treated cells were suspended in 1 mL cold 10% glycerol. Aliquots (50 µL) were stored at -70 °C.  

 Mutagenicity test strain JM106 F′102 was generated by electro-transforming strain 

JM106 F′102 at 1.4 kV with human GST T1-1 wild-type or individual mutant (M232R, M232L 

and M232W) on the expression plasmid pKKD for expression of human GST T1-1 (or its 

variants). 
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4.1.3. Molecular biological reagents 

 Quikchange® SDM kit and Pfu turbo® DNA polymerase were purchased from 

Stratagene (La Jolla, CA). The “high pure” plasmid isolation kit was purchased from Roche 

Diagnostics GmbH (Mannheim, Germany). 

 Oligonucleotide primers (Figure 13) were designed based on the consideration of length, 

Tm, GC content and internal structures. For SDM, the forward and reverse primers of each pair 

were complementary. The target mutational sites (underlined in Figure 13) were located near the 

middle of the primers. All primers were synthesized on the 40 nmol scale by University of 

Guelph Laboratory Services (Guelph, ON). The primers were re-suspended in sterilized superQ 

water to a working stock, 1 pmol/µL.  

M232R Sense         5′ CATAAAGCAGAAGCTGAGGCCCTGGGTGCTGGCC 3’ 

M232R AntiSense     5’ GGCCAGCACCCAGGGCCTCAGCTTCTGCTTTATG 3’ 

M232L Sense         5’ CATAAAGCAGAAGCTGTTGCCCTGGGTGCTGG 3’ 

M232L AntiSense     5’ CCAGCACCCAGGGCAACAGCTTCTGCTTTATG 3’ 

M232W Sense         5’ CCATAAAGCAGAAGCTGTGGCCCTGGGTGCTGGCCATG 3’ 

M232W AntiSense     5’ CATGGCCAGCACCCAGGGCCACAGCTTCTGCTTTATGG 3’ 

Figure 13Oligonucleotide primers: underline indicates mutation base(s) 

Oligonucleotide primers above were designed based on the consideration of length, Tm, GC 

content and internal structures. For SDM, the forward and reverse primers of each pair were 

complementary. The target mutational sites (underlined above) were located near the middle of 

the primers. All primers were synthesized on the 40 nmol scale by University of Guelph 

Laboratory Services (Guelph, ON).  
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4.1.4. Media 

 Luria-Bertani (LB) broth was prepared by adding 10 g bacto-tryptone (pancreatic digest 

of casein), 5 g bacto-yeast extract (extract of autolysed yeast cells) (Becton, Dickinson and 

company, Sprarks, MD) and 10 g sodium chloride (Fisher Scientific, Fairlawn, NJ) in 1 L of 

superQ water.  LB amplicillin plates: LB agar was prepared by adding 2.5 g of bacto-tryptone, 

1.25 g bacto-yeast extract, 2.5 g sodium chloride, and 3.75 g Difco agar (Becton, Dickinson and 

CO Sparks, MD) in 250 mL distilled H2O. After autoclaving and cooling to ~ 55°C, 250 µL 

ampicillin (100 mg/mL) was added to the LB agar, mixed, and then the LB ampicillin plates 

were poured into 10 x ~ 25 mL disposable Petri dishes. NZY+ Broth: 10 g casein enzymatic 

hydrolysate (Sigma Chemicals, St. Louis, MO),  5 g bacto-yeast extract  and 5 g NaCl were 

added to 1L distilled H2O (final volume 1L). The pH was adjusted to 7.5 using 1.0M NaOH. 

After autoclaving the following filter sterilized supplements are added prior to use:12.5 mL 1M 

MgCl2, 12.5 mL 1M MgSO4, and 20 mL glucose (20%).  

 Minimal Glucose (MG) medium (50 mL) was prepared as follows (all previously 

autoclaved except tetracycline) : 46.5 mL sterile H2O, 2.5 mL glucose (40%) , 1.0 mL 50 x 

Vogel-Bonner (VB) salts (containing 2.5 g MgSO4-7 H2O, 25 g citric acid, 125 g K2HPO4 and 

44 g sodium ammonim phosphate), 25 µL thiamine (1% ) and 62.5 µL tetracycline (8 mg/mL). 

4.2 Methods 

4.2.1 Construction of GST T1-1 variants via PCR-SDM 

 The coding sequence of human GST T1-1 (N-terminal hexa-histidine-tagged) was 

previously cloned into the expression plasmid pKKD (Josephy et al., 2009). Plasmid DNA was 

purified from wild-type hGST T1-1 using the high pure™ plasmid isolation kit. The plasmid 

concentration was determined by measuring the absorbance at 260 nm using a Varian Cary 300 

Bio UV-visible spectrophotometer.  PCR-based SDM was performed on plasmid hGST T1-1 as 



38 

 

follows (using a Eppendorf Mastercycler 22331 and Stratagene QuikChange system 

respectively): PCR mixtures (50 µL) consisted of wild-type hGST T1-1 DNA (1µL aliquot of a 

100 fold dilution, ~10 ng), dNTPs (1 µL x 2.5 mM), sense primers (1 µL x 1pmol/ µL), anti-

sense primers (1 µL x 1pmol/ µL), 10 times reaction buffer (5 µL) and Pfu DNA polymerase 

(1µL), and H2O (40 µL) for a total reaction volume 50 µL as recommended by the manufacturer 

(Stratagene, La Jolla, CA).  One change was made to the PCR mixture for M232W, 2.5 µL 

99.9% dimethyl sulfoxide (DMSO; Fisher Scientific, Fairlawn, NJ) for a total reaction volume of 

52.5 µL. 

 The PCR was started with an initial denaturation at 95°C for 3 min,  followed by 12 

cycles consisting of denaturation at 95°C for 45 sec, annealing at 55°C for 45 sec, and extension 

at 72°C for 4 min; a final extension at 72°C for 10 min was performed. The reaction was 

terminated by cooling at 4°C.  

 Following the PCR, reactions were run on 1% ultra-pure agarose (USB Corporation) gel 

to check the products, then digested with the methylation-specific restriction endonuclease Dpn I 

(1 µL) at 37°C for 1 h to destroy methylated template DNA.  The treated mixture (1 µL) and 

commercial XL-1 Blue supercompetent cells (from SDM Kit, 50 µL) were gently mixed and 

transferred into a pre-cooled BD falcon tube (15 mL) and  placed on ice for 30 min at 42°C for 

45 sec and then back on ice for another 2 min (heat-shock transformation). Pre-warmed (37°C) 

NZY+ broth w/ supplements (500 µL) was added to the mixture and incubated at 37°C while 

shaking (270 rpm) for 1 h. After the incubation, aliquots (250 µL) of the culture were poured 

onto a LB-ampicillin agar plate and incubated at 37°C overnight  (>16 h).  
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 On the second day, single colonies (~4) of each variant were picked and transferred onto 

a new LB-ampicillin plate. The colonies were streaked and inoculated individually in LB 

medium (5 mL) contain ampicillin (100 µg/mL) for another overnight (>16 h) incubation at 37°C 

(shaking at 270 rpm). Plasmid DNA was then isolated with a high pure plasmid isolation kit and 

plasmid concentration was determined by measuring the A280. Nucleic acid sequence analysis 

was performed at the University of Guelph Advanced Analysis Center Genomic Institute 

(Guelph, ON).  

 After each mutation site was confirmed, plasmids, bearing the desired mutated variant 

His-tagged GST sequence (1 µL) were transferred to a pre-cooled electroporation cuvette 

containing E. coli JM106 uvrA F′102 cells (50 µL). The mixture was pulsed (1.4 kV)  using 

BTX TransPorator plus (BTX Inc., San Diego, CA)  and  LB broth (500µL) was added. The 

mixture was transferred to a BD falcon tube (15 mL) followed by a 1 h incubation at 37°C 

(shaking at 270 rmp). After incubation, aliquots (25 µL) of culture were spread on a LB-

ampicillin agar plate and incubated overnight (>16 h) at 37°C, shaking at 270 rpm.  

 Next, two isolated colonies were picked and transferred onto a new LB-ampicillin plate. 

The colonies were streaked and inoculated individually in LB medium (5 mL) contain ampicillin 

(100 µg/mL) for another overnight (>16 h) incubation at 37°C (shaking at 270 rpm). At the end 

of the day, before leaving the plates and culture overnight, 5 µL IPTG (1M) was added into each 

culture. The following morning 1 mL of the overnight culture was spun down and the 

supernatant was discarded. The pellet was then re-suspended in 100 µL of sterilized water and 20 

µL of the re-suspended sample was loaded on to a gel. A 12% SDS-PAGE gel was run for 2 h at 

80 V and stained with Coomassie blue to check the over expression of the overnight culture. 

PageRuler™ Plus pre-stained protein ladder (10-250 kDa, Lot # 00036845) (Fermentas, 
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Burlington, ON) was used as the standard. If the overnight culture sample showed a GST band 

(27.5 kDa), the spotted colony the sample came from was streaked onto a new LB-ampicillin 

agar plate and frozen permanents were made and stored at -70°C.  

4.2.2. Purification and expression of hGST T1-1 variants 

 Human GST T1-1 JM106 uvrA F′102 cells were grown overnight in LB medium (10 mL) 

+ 10 µL ampicillin (0.1mg/mL), shaking at 270 rpm at 37°C. The culture was diluted 100-fold in 

the same medium (100 mL Erlenmeyer flask) and grown until  an OD600 = 0.2 was measured (on 

a LKB Biochrom Nova Spectrophotometer 4049). Expression of GST protein was induced with 

10 µL IPTG (1mM) and the culture were grown overnight (>16 h) incubated at 37°C, shaking at 

270 rpm. Overnight culture was centrifuged to pellet the cells, re-suspended in binding/wash 

buffer (1 mL; 0.05 M sodium phosphate, 0.3 M NaCl, 10 mM β-mercaptoethanol, 10 mM 

imidazole, pH 8.0), incubated with lysozyme (20 mg/mL) for 30 min on ice, and then sonicated 

(5 x, 30 sec). The sonicate was spun at 10,000 rpm (table top centrifuge) for 15 min at 4°C and 

the supernatant was stored at -70°C for future use. 

 His-tagged GST proteins were purified at 4 °C on BioRad Profinity™ immobilized metal 

affinity chromatography (IMAC) Ni-charged resin (1mL) (Bio-Rad Laboratories, Hercules, CA). 

Columns were washed with 5 volume beds (5 mL total) super Q H2O and then equilibrated with 

5 volume beds of wash/binding buffer (50 mM sodium phosphate buffer, pH 8, containing 0.3 M 

NaCl, 10 mM β-mercaptoethanol, and 10 mM imidazole; all filter sterilized through 0.45 µm 

syringe filter) before loading crude lysate (0.75mL). After washing the columns with five 

volumes of wash/binding buffer, GST was eluted with elution buffer (50 mM sodium phosphate 

buffer, pH 8, containing 0.3 M NaCl, 10 mM β-mercaptoethanol, and 50 mM imidazole; all filter 

sterilized through 0.45 µm syringe filter), then dialyzed against buffer (10 mM Tris, pH 7.8, 
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containing 1 mM β-mercaptoethanol and 20% glycerol) three times (3 x 500 mL), for use in 

activity assays. For CD spectroscopy, the GST eluate was dialyzed against CD spectroscopy 

buffer (50 mM potassium phosphate buffer, pH 8, plus 50 mM NaF) three times. Post dialyzed 

GST eluates were aliquot into microfuge tubes (1.5mL) and stored at - 70 °C. Purification was 

evaluated by 12% SDS–PAGE (80V, 2 h, stained with Coomassie blue, 30 min) and GST 

concentrations were calculated from A280 measurements and the Beer-Lambert Law. The molar 

absorption coefficient (ε) used to determine the concentration for wild-type, M232R and M232L 

was 38 mM
-1

 cm
-1

. However, for M232W, ε = 43.5 mM
-1

 cm
-1

.  The reason for this difference is 

that wild-type, M232R and M232L all have five tryptophan residues; variant M232W has six 

tryptophan residues due to the methionine to tryptophan substitution at position 232 (Gill et al., 

1989). 

4.2.3 Enzyme Assays 

 The four assays performed on hGST T1-1 wild-type and variant proteins were the EPNP, 

4NBC, EDI, and CuOOH assays. These colorimetric assays use a spectrophotometer (Varian 

Cary 300 Bio UV-visible spectrophotometer) to measure the change in absorbance when a 

substrate is added to the reaction. All of the specific activity assays were performed at 30°C, (1 

mL) total volume and initiated with 2-100 μg enzyme protein (Habig et al., 1981; Lawrence et 

al., 1976).  EPNP, EDI, and 4NBC enzyme activity assays were performed as previously 

described by Shokeer et al., 2005 and Josephy et al., 2006, except that all the assays were 

performed at 30°C. Glutathione peroxidase activity towards CuOOH was measured with a 

glutathione reductase-coupled assay, in which NADPH oxidation is monitored 

spectrophotometrically (Bull et al., 2002). The final substrate concentrations and specific activity 

assay conditions can be seen in Table 5 (Habig et al., 1981; Lawrence et al., 1976). For the 

EPNP and EDI assays only, the rate of the reaction was appreciable even in the absence of 
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enzyme. The non-enzymatic reaction rate (complete reaction without enzyme) was measured for 

1 min prior to addition of enzyme, and the observed enzymatic rate was corrected by subtraction 

of this background rate.  At least three independent experiments (separate days, different enzyme 

preparations) were performed for each of the substrates with wild-type, M232R, M232L and 

M232W. 

 

Substrate [Substrate] 

(mM) 

[GSH] 

(mM) 

pH λ 

(nm) 

∆ε 

(mM
-1

∙ cm
-1

) 

EPNP 0.5 5.0 6.5 360 0.5 

4NBC 0.25 5.0 6.5 310 1.9 

EDI 0.1 1.0 7.0 226 4.5 

CuOOH 0.25 1.0 7.0 340 6.22 

 

Table 5. Specific activity assay conditions for assays 

All assays were performed at 30°C. A 0.1 M potassium phosphate buffer was used for all assays. 

The pH of the buffer for each assay is listed in the table above. Structures of the substrates are 

shown Figure 11.   

 

4.2.3.1 EPNP activity assay 

 Two 1 mL glass cuvettes were used, path length 1 cm. Each cuvette (one blank and one 

sample) contained GSH (55.6 µL, 90 mM), EPNP (16.67 µL, 30 mM) and buffer (0.1 M 

potassium phosphate, 1 mM EDTA, pH 6.5).  The final concentrations for GSH and EPNP were 

5 mM and 0.5 mM respectively. The spectrophotometer was blanked, and then an appropriate 

amount of GST T1-1 protein (10-100 µg) was added to the sample cuvette, the cuvette was 
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inverted 6-8 times and then the program was started.  The absorbance change (slope) of the 

reaction was measured using Ruler Least Squares in the cursor options (Kinetics Cary UV 

program).  Using the EPNP extinction coefficient (0.5 mM
-1

∙ cm
-1

), the specific activity of lysate 

was calculated using Beer’s Law (A=ε∙b∙c). A Cary-UV kinetics program was used for this assay 

and the following parameters were used for this assay: wavelength: 360 nm, averaging time: 2 

sec, bandwidth: 2.0 nm. 

4.2.3.2 4NBC activity assay 

 Each cuvette (one blank and one sample) contained GSH (55.6 µL, 90 mM), 4NBC (10 

µL, 25 mM) and buffer (0.1 M potassium phosphate, 1 mM EDTA, pH 6.5).  The final 

concentrations for GSH and 4NBC were 5 mM and 0.25 mM, respectively. The same steps were 

followed as in the above (EPNP) assay. However, the extinction coefficient for 4NBC is              

1.9 mM
-1

∙ cm
-1

. Also the Cary-UV kinetics program set-up parameters used for this assay were, 

wavelength: 310 nm, average time: 2 sec, bandwidth: 2.0 nm. 

4.2.3.3 EDI activity assay 

 Each cuvette (one blank and one sample) contained GSH (20 µL, 50 mM), EDI (10 µL, 

10 mM) and buffer (0.1 M potassium phosphate, 1mM EDTA, pH 7). The final concentrations 

for GSH and EPNP were 1 mM and 0.1 mM, respectively.  The spectrophotometer was blanked, 

and then the program was started and run for 1 min (measuring the background activity with EDI 

and GSH ) and then an appropriate amount of GST T1-1 protein (10-100 µg) was added to the 

sample cuvette.  The same steps were then followed as above (EPNP assay). However, the blank 

(background activity between EDI and GSH) was subtracted from the sample absorbance 

change, and the EDI extinction coefficient is 4.5 mM
-1

∙ cm
-1

. The Cary-UV kinetics program 

parameters were: wavelength: 226 nm, average time: 2 sec, bandwidth: 2.0 nm. 
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4.2.3.4 GST peroxidase activity assay 

 Two 1 mL quartz cuvettes were used, path length 1 cm. Each cuvette (one blank and one 

sample) contained GSH (20 µL, 50 mM), GR (6 units, 0.46 units/µL), NADPH (10 µL, 10 mM), 

cumene hydroperoxide (5 µL, 50 mM) and buffer (0.1M potassium phosphate, pH 7).  The final 

concentrations for GSH, NADPH and CuOOH were 1 mM, 0.1 mM and 0.25 mM, respectively 

The same steps were then followed as above (EPNP assay). NADPH ε= 6.22       mM
-1

∙ cm
-1

. 

The Cary-UV kinetics program set up parameters used for this assay were: wavelength: 340 nm, 

average time: 2 sec, bandwidth: 2.0 nm. 

4.2.4 EPNP steady-state kinetics 

 This assay is very similar to the EPNP specific activity assay described in section 6.3.1 

with a few key changes.  Each cuvette (one blank and one sample) contained GSH (222.4 µL, 20 

mM), EPNP (10 µL) concentrations were 0.1, 0.3, 0.5, 0.8, 1, 1.5 mM and buffer (0.1 M 

potassium phosphate, 1mM EDTA, pH 6.5).  The amount of GST T1-1 protein added to the 

sample cuvette was 10 μg.  The initial rates (tangents) were measured.  All initial rate 

measurements for a given condition were averaged and nonlinear regression analysis (SigmaPlot, 

Systat Software, Inc., San Jose, CA) was used to determine kcat (calculated on a hGST T1 subunit 

basis) and KM values. Standard errors represent the error estimates generated by the curve-fitting 

software.  

4.2.5 Circular dichroism spectroscopy 

 A Jasco J-815 circular dichroism (CD) spectrophotometer was used for all CD 

measurements. Measurements were obtained using the following conditions and instrumental 

parameters: protein concentration: 0.2–0.8 mg/mL in ‘‘CD buffer” (potassium phosphate buffer, 

50 mM pH 8, plus NaF, 50 mM); 0.5 mm quartz cuvettes; temperature, 25 °C; data interval: 1 

nm; digital integration time: 1 sec, scanning speed: 50 nm/min, three data accumulations per 
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spectrum. For thermal denaturation analysis, conditions were as follows: protein concentration: 

0.2-0.5 mg/mL, buffer and cuvettes same as above, temperature range 30–85 °C, data interval: 1 

nm, temperature interval: 5 °C, ramp rate: 3 °C/min, digital integration time: 0.5 sec, scanning 

speed: 100 nm/min. A single accumulation was performed for each sample at 25°C.  

4.2.6 CD spectroscopic analysis  

 CD analysis was performed on Spectra Manager II (Jasco, Essex, UK). For each wild-

type and variant protein, the CD buffer “blank” spectrum was subtracted from the desired GST 

T1-1 protein spectrum. After the subtraction of sample – buffer, the spectrum was smoothed by 

the default correction smoothing option and then exported into microsoft excel.  The following 

analysis method was performed for all the thermal denaturation runs as well. Thermal 

denaturation curves were analyzed by curve-fitting to the simple two-state transition model 

(transition of a monomer from a folded to unfolded state) using the non-linear regression sub-

routine available from the web site of the Circular Dichroism Center, University of Medicine and 

Dentistry of New Jersey (www.2.umdnj.edu/cdrwjweb/) and SigmaPlot graphing software 

(Systat Software Inc., San Jose, CA) (Saboury et al., 1995).   

4.2.7 Protein fluorescence emission scan 

 A Varian Cary Eclipse fluorescence spectrophotometer (EL01044763) was used for all 

fluorescence scans. The scans were obtained using the following conditions and instrumental 

parameters: protein concentration 4 µM, in sodium phosphate buffered saline ((Na)PBS, 50 mM 

NaH2PO4, 50 mM  Na2HPO4, 100 mM NaCl, pH 7), 70 µL black quartz micro-curvettes, 

temperature: 25 °C, excitation wavelength: 295 nm, emission wavelength start: 310 nm, end: 450 

nm; step size: 1 nm, excitation slit width: 2.5 nm, emission slit width: 2.5 nm, scanning speed: 30 

nm/min. 
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4.2.8 K2D2 – Estimations of hGST T1-1 variant proteins secondary structure  

 For wild-type and all variant proteins, the CD spectra data points were entered from 200-

240 nm and the output was recorded.  

4.2.9 Polyphen-2 

 The hGST T1-1 sequence in FASTA format was inputted into the program. The 

mutational position 232 was selected and the desired substitution for each variant protein was 

inputted. The query was submitted to the polyphen-2 server and the final output was recorded.  
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Section 5: Results 

5.1 Construction of GST T1-1 variants M232R, M232L & M232W 

 PCR-SDM was successfully performed by using the Quikchange® mutagenesis kit 

(Stratagene).  Agarose electrophoresis (1% agarose gel) confirmed the presence of SDM-PCR 

products for each desired GST T1-1 variant. After a 1 h treatment with DpnI, each SDM 

construct was transformed into XL-1 Blue competent cells and plated on LB-ampicillin plates. 

Ampicillin is added to the LB agar plates and is used as a selective agent to select for the GST 

T1-1 (N-terminal hexa-histidine-tagged) pKKD plasmid, because this plasmid carries a gene 

coding for ampicillin resistance. Approximately half of the time, no growth of the SDM-PCR 

construct was observed on the plate.  However, the other plates had 10-100 colonies, and 3-4 

transformants were re-isolated by streaking them on a LB-ampicillin (LB-AMP) plate and 

growth in LB-AMP medium. The PCR yield for all variants was very low, because only 12 PCR 

cycles were performed, to avoid extraneous mutations. 

 After the plasmid DNA for each mutant construct was isolated using a high pure plasmid 

isolation kit, the SDM constructs were characterized by nucleotide sequence analysis. The results 

indicated that not all desired constructs carried the correct mutation. Approximately half of the 

time the nucleotide sequence analysis showed that the desired mutation was not present. The 

overall efficiency of SDM driven by pfu Turbo DNA polymerase was 25% (Table 6).  The 

single-codon mutations and mutant region sequences are shown in Figure 14. Each of the 

mutations were translated as a single amino acid change in the GST T1-1 protein and are 

represented as follows: M232R, M232L and M232W.  In each case, after confirmation of the 

desired mutations the entire GST T1-1 open reading frame was checked to verify that no 

additional mutations, had been introduced. This was done by aligning the wild-type sequence 
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against the mutated sequence using Basic Local Alignment Search Tool “BLAST” (bl2seq; 

Altschul et al., 1990).                                                 

 

Mutant SDM Negative SDM Positive Total 

M232R 0 1 1 

M232L 1 1 2 

M232W 8 1 9 

Total 9 3 12 

                  *SDM efficiency = 3/12 = 25% 

Table 6 Efficiency of PCR-based site directed mutagenesis.  

The SDM was performed using the Stragene Quikchange® SDM kit and Pfu Turbo DNA 

polymerase. The constructs were detected by sequencing. The overall efficiency of SDM driven 

by pfu Turbo DNA polymerase was 25%. 
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Figure 14. DNA sequencing results for variants M232R, M232L and M232W  

This figure shows a portion of the DNA sequencing electropherogram for the wild-type and each 

variant. Variants M232R, M232L and M232W were all successfully constructed, as each 

corresponding electropherogram depicts (M232R (ATGAGG); M232L (AUGTTG) and 

M232W (AUGTGG). The color code is as follows: adenine (green), thymine (red), cytosine 

(blue) and guanine (black). In each case, after confirmation of the desired mutations the entire 

GST T1-1 open reading frame was checked to verify that no additional mutations had been 

introduced (not shown).  
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5.2 Expression and purification of hGST T1-1 

 In the present work, E. coli strain JM106 F′102 uvrA was used for expression of 

recombinant hGST T1-1 protein. Section 3 discusses the reasons why this strain was selected for 

this thesis.  

 For protein purification, cell lysates were prepared as described in Methods section 3.2. 

His-Tagged GST proteins were purified at 4°C on IMAC Ni
2+

- charged resin. Purification was 

evaluated by 12% SDS-PAGE gels (stained with Coomassie blue) and GST T1-1 concentrations 

were calculated from A280 measurements using Beer-Lambert Law.  Figure 15 shows a12% 

SDS-PAGE gel depicting the IMAC purification for wild-type.  The IMAC purifications for 

M232R, M232L and M232W are not shown because these results were almost identical to the 

gel seen in Figure 15. Appendix 9A outlines a sample calculation using the Beer-Lambert law 

for determining hGST T1-1 protein concentration. 

 Wild-type and all variant proteins were expressed successfully from six independent cell 

lysates on six different days. The mutant M232R had a higher expression (74 ± 19 mg∙L
-1

 LB 

culture) than the wild-type enzyme expression (66 ± 30 mg∙L
-1

 LB culture), while mutant M232L 

had a slightly lower expression (58 ± 16 mg∙L
-1

 LB culture) than the wild-type. M232W had very 

low level of expressions (8 ± 7 mg∙L
-1

 culture). Figure 16 shows a 12% SDS-PAGE gel showing 

the protein expression of wild-type and variants M232R, M232L, and M232W (all proteins 

loaded on the gel (15 µL were loaded) were at a concentration of 0.4 mg/mL).  M232W protein 

yield was only approximately 10% of the wild-type and the other variant protein yields. M232W 

expression was statistically significantly different (P<0.001, Student’s t-test) from the wild-type. 

However, M232R and M232L expressions were not statistically significantly different from the 

wild-type. Table 7 shows average GST T1-1 protein yields. 
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 Figure 15. Purification of the hGST T1-1 wild-type protein: SDS-PAGE gel  

 This figure depicts a 12% SDS-PAGE gel (80V, 120 min, Coomassie blue stain) showing the 

IMAC purification for wild-type hGST T1-1.  Lanes: 1: pre-stained protein ladder, 2: crude  

lysate (pre-IMAC), 3: flow-through, 4: wash, 5: eluate. In lane 5, hGST T1-1 is present at 27.5 

kDa (MW of GST T1-1) (black arrow). 
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Figure 16. Expression results for wild-type and variants M232R, M232L, and M232W 

This figure depicts a12% SDS-PAGE gel (80V, 120 min, Coomassie blue stain) showing the 

protein expression of wild-type and variants M232R, M232L, and M232W. All proteins loaded 

on the gel (15 µL loaded) were at a concentration of 0.4 mg/mL. A pre-stained protein ladder 

(Lot # 00036845) was used and is labelled on the y-axis. The appearance of the hGST T1-1 is 

present at 27.5 kDa (MW of GST T1-1) (black arrow). The level of expression for M232R and 

M232L was very similar to that of the wild-type. Variant M232W expression was only 

approximately 10% of that of the wild-type. 
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 Yield 

(mg∙L
-1

) 

 

SD 

Wild-type 65.8 30.0 

M232R 74.0 19.5 

M232L 58.5 16.2 

M232W 8.33* 7.10 

 

Table 7. Protein yields 

The table above shows the average protein yields for the wild-type and variant proteins. Wild-

type and variant protein yields were calculated from six independent purifications, performed on 

six separate days. SD = standard deviation. The * indicates statistically significantly different 

compared to the wild-type (p<0.05, Student t-test).  

 

5.3 Enzyme activities 

 Human GST T1-1 wild-type and its variants were expressed in E. coli to determine their 

capacity to catalyze the detoxication of specific substrates. Recall that section 3.4 provides the 

rationale for this section.  

 The EPNP, 4NBC, and EDI glutathione conjugation activities and CuOOH glutathione 

peroxidase activities of the purified wild-type and variants were measured. Table 8 shows the 

results of these assays. Variant M232R and wild-type had similar activity with EPNP, EDI and 

CuOOH. Variant M232L and wild-type showed similar activity with 4NBC, CuOOH and EDI 

substrates.  Activity towards 4NBC was 1.7-fold lower with variant M232R (0.155 vs. 0.250 

µmol∙ min
-1

∙mg
-1 

for M232R and wild-type enzymes, respectively). Variant M232L had 1.2 fold 

higher than wild-type activity with EPNP (3.86 vs. 3.19 µmol∙ min
-1

∙mg
-1

) for M232L and wild-

type enzymes, respectively). Although not large, these differences were statistically significant 

(p<0.05, Student’s t-test).  
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 Variant M232W had reduced enzyme activity for all tested substrates. These differences 

were statistically significant (p<0.001, Student’s t-test).  For wild-type, M232R and M232L only 

10-20 µg protein was added to start the reaction with the substrate in order to see consistent 

measurable activity. However for M232W, 75-100 µg protein had to be added.   

 

Substrate Specific activity   (µmol∙ min
-1

∙mg
-1

) 

 Wild-type SD M232R SD M232L SD M232W SD 

EPNP 3.19 0.49 2.90 0.34 3.86* 0.21 0.19* 0.02 

4NBC 0.25 0.04 0.16* 0.02 0.27 0.03 0.028* 0.003 

EDI 1.34 0.28 1.19 0.14 1.20 0.07 0.012* 0.001 

CuOOH 0.65 0.07 0.81 0.12 0.78 0.13 0.043* 0.005 

 

Table 8 Specific activities for wild-type and variants M232R, M232L and M232W  

Data for the wild-type and variant proteins with each substrate are the average of four assays at 

30°C. SD = standard deviation. The* indicates statistically significantly different compared to 

that of the wild-type (p<0.05, Student t-test). Note: all specific activities for M232W were 

statistically significantly different compared to the wild-type (p<0.001, Student t-test). 

 

 EPNP was chosen as a substrate for determination of the kinetic parameters KM, kcat and 

kcat/KM for wild-type and variant M232W. The kcat values were calculated on a subunit basis. The 

assay conditions are described in 4.2.4. Table 9 shows the results for EPNP conjugation kinetics 

for variant M232W. For the wild-type enzyme values of KM (EPNP) and kcat were similar to 

those reported previously (Jemth et al., 1997; Shokeer et al., 2005). Variant M232W showed a 

much-reduced kcat and an increase KM. The low activity of variant M232W necessitated use of 
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higher protein concentrations in this assay (100 μg of protein was added instead 20 μg to initiate 

the reaction).  

 

 kcat 

(sec
-1

) 

EPNP KM 

(mM) 

kcat/KM 

(sec
-1

∙mm
-1

) 

wild-type 

Std. Error 

% error 

5.1 0.33 15 

0.67 0.13  

13 39 53 

Wild-type ref. (Jemth et al., 1997) 7.4 0.35 21 

Wild-type  ref. 

(Shokeer et al., 2005) 

 

7.1 

 

0.32 

 

22 

Variant M232W 

Std. Error 

% error 

0.076 0.41 0.19 

0.002 0.07  

3 17 17 

 

Table 9. GST T1-1 variant M232W: EPNP conjugation kinetics 

 This table compares EPNP conjugation kinetic results for wild-type found in this study to other 

previous wild-type EPNP kinetic results (Jemth et al., 1997; Shokeer et al., 2005). It also 

compares the EPNP conjugation kinetic results for wild-type and variant M232W. Kinetic data 

for wild-type and variant M232W are the average of three assays. GSH kinetics were not 

measured. 

 

5.4 CD spectroscopy 

5.4.1 CD  spectra 

 Each of the spectra demonstrated the expected signature of a protein that is largely α-

helical. Figure 17 shows the CD spectra for wild-type (black), M232R (blue), M232L (magenta) 

and M232W (green). M232R and M232L proteins have CD spectra that were almost identical to 

that of the wild-type protein.  However, the spectrum of variant M232W differs from the wild-

type and other variants spectra. Figure 18 shows only the wild-type and M232W spectra. Figure 

18 and Table 10 clearly shows that M232W differences were within the 200-230 nm range of the 

spectra especially around 205-215 nm and 220-225 nm range.  It is well documented that a CD 
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spectrum of a pure helical protein has minimum troughs at 208 nm and 222 nm (Johnson, 1990). 

Table 10 shows the ratio of the mdeg value at the characteristic helical troughs (millideg at 222 

nm/ millideg at 208 nm).  Wild-type, M232R and M232L all had a ratio of ~1, while M232W 

ratio was 0.92 (statistically significantly different from wild-type, p<0.001, Student’s t-test).  

 

Figure 17. CD spectra results  

This figure depicts the CD spectra for wild-type (black), M232R (blue), M232L (magenta) and 

M232W (green). Only the results from 200-260 nm are shown, as the results were unremarkable 

from 260-340 nm range. CD spectra data for wild-type and variant proteins are the average of 

three experiments at 25 °C. 
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Figure 18. Comparison of CD results for wild-type and variant M232W  

This figure depicts the CD spectra for wild-type (black) and M232W (green). Only the results 

from 200-260 nm are shown, as the results were unremarkable from 260-340 nm range. CD 

spectra data for wild-type and M232W variant are the average of three experiments at 25 °C. 
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 θ222/θ208 SD 

Wild-type 1.02 0.02 

M232R 1.01 0.01 

M232L 0.99 0.01 

M232W 0.92* 0.01 

 

Table 10. Characteristic helical troughs ratio for wild-type and variants M232R, M232L 

and M232W  

This table shows the helical troughs ratio (mdeg value at 222 nm/ mdeg value at 208 nm) for 

wild-type and all variants. For the wild-type and variant proteins, the helical troughs ratio comes 

from the data obtained from four CD spectra. SD = standard deviation. The * indicates 

statistically significantly different compared to the wild-type (p<0.001, Student t-test)  

 

5.4.2 K2D2 analysis  

 The CD spectra results were also analyzed with the computational program K2D2. Table 

11 shows the results from K2D2.  K2D2 predicts that wild-type, M232R and M232L all contain 

the same secondary structure content: 48.51% α-helical, 9.74% β-strands and 41.75% other. 

M232W was predicted to have 42.6% α-helical content (5.91% decrease), 9.77% β-strands (0.3% 

increase) and 47.63% other (6.73% increase) (all compared to wild-type). However, the hGST 

T1-1 crystal structure (PDB: 2C3N; Tars et al., 2006) indicates secondary structure content to be 

60.8 % α-helical, 7.1% β-strands and 32.1% other (See appendix 9B for a detailed explanation of 

this analysis). The difference between the K2D2 predicted wild-type secondary structure 

percentages and the actual PDB structure percentages will be discussed in detail in the 

Discussion section of this thesis. 
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K2D2 Output (%) 

 

PDB (%) 

 

Wild-type, M232R & 

M232L 

 

M232W 

 

Wild-type* 

 

α-helices 

 

48.51 

 

42.6 

 

60.8 

 

β-strands 

 

9.74 

 

9.77 

 

7.1 

 

other 

 

41.75 

 

47.63 

 

32.1 

 

Table 11. Analysis of the CD spectra results 

 This table shows the K2D2 analysis of the CD spectra results for wild-type and all variant 

proteins. It also shows a comparison between the predicted K2D2 secondary structure 

percentages for wild-type  compared to the actual known protein database (PDB) percentages 

(which are based upon wild-type crystal structure) (*See appendix 2) (Tars et al., 2006). 

 

5.4.3 Thermal denaturation profiles 

 Thermal denaturation profiles were measured by CD. Melting temperatures (Tm) for wild-

type and each variant were measured by curve fitting the data to a two-state transition model 

(Sigma Plot).  For wild-type and variant proteins, three trials were conducted for all CD 

measurements. Figure 19 shows the thermal denaturation profiles (wild-type: black, M232R: 

blue, M232L: magenta, M232W: green), which were all clearly distinguishable.  

 The wild-type profile showed a sigmoidal denaturation curve with an apparent Tm of 

69.7°C. Variant M232R had a noticeable shift with the apparent Tm value of 66.4°C. Variant 

M232L had an apparent Tm of 67.6°C, which was lower than wild-type. Lastly M232W had a 

similar two-state transition shape to wild-type.  It had an increased Tm of 72.5 °C (about 3 °C 
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higher than wild-type). Table 12 summarises the Tm values for wild-type and variant proteins. 

All of the variant proteins’ Tm values were statistically significantly different from wild-type 

(p<0.05, Student’s t-test) 

 

 

Figure 19. Thermal denaturation profiles  

This figure shows the thermal denaturation profiles obtained by CD spectroscopy for wild-type 

(black), M232R (blue), M232L (magenta) and M232W (green). Data for wild-type and variant 

proteins are the average of three experiments. 
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 Tm (°C) SD 

Wild-type 69.7 0.9 

M232R 66.4* 1.5 

M232L 67.6* 1.2 

M232W 72.5* 2.1 

 

Table 12. Melting temperatures for wild-type and variants M232R, M232L and M232W 

This table summarizes the average Tm values for wild-type and variant proteins. Data for all 

proteins are the average of three experiments. SD= standard deviations. The *indicates 

statistically significantly different compared to the wild-type (p<0.05, Student t-test). 

 

5.5 PolyPhen-2 results 

 The Fasta sequence for hGST T1-1 protein was submitted to PolyPhen-2 with the desired 

substitutions M232R, M232L and M232W. PolyPhen-2 analysis of the substitutions at position 

232 predicts M232R and M232L to be a benign substitution with a score of 0, while M232W had 

a score of 0.459 and was suggested to be a possibly damaging substitution. 

5.6 Protein fluorescence scan 

 GST T1-1 wild-type, M232R and M232L have five tryptophan residues present in each 

monomer subunit. The tryptophan residues in the GST T1-1 protein are located at position 84, 

101, 115, 194 and 234. However, in the case of variant M232W, the tryptophan residue 

substituted for methionine at position 232 changes the number of tryptophan residues to six in 

each subunit. The CD spectra and K2D2 results for wild-type compared to variant M232R and 

M232L were remarkably similar. Variant M232W showed a much different CD spectrum and 

K2D2 results compared to wild-type.  Thus, only wild-type and variant M232W were selected 

for the protein fluorescence scans. An excitation wavelength of 295 nm was used in order to 
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maximize tryptophan fluorescence. Instrument settings were the same from all spectra runs. 

Figure 20 shows the fluorescence emission spectra for wild-type protein (black) and variant 

M232W (green). The wild-type protein had higher λmax compared to variant M232W (wild-type: 

337 nm, M232W: 332 nm). Also wild-type protein had a higher intensity of fluorescence than 

variant M232W, as M232W intensity of fluorescence decreased by approximately 30% 

compared to the wild-type protein.  

 

Figure 20. Fluorescence emission spectra for wild-type and variant M232W  

This figure depicts fluorescence emission spectra for wild-type protein (black) and variant 

M232W (green). An excitation wavelength of 295 nm was used in order to maximize tryptophan 

fluorescence. Instrument settings were the same from all spectra runs. The wild-type protein had 

higher λmax compared to variant M232W (wild-type: 337 nm, M232W: 332 nm). Data for all 

wild-type and M2332W were the average of three assays. 
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Section 6:  Discussion 

 GST T1-1 variants M232R and M232L, which behaved similarly, will be discussed first; 

variant M232W, which gave very different results, will be considered subsequently. 

6.1 GST T1-1 variants: M232R and M232L  

 GST T1-1 wild-type protein and variants M232R and M232L had similar protein 

expression. The protein expression and yield for variant M232R and M232L were not 

statistically significantly different compared to the wild-type protein. Wild-type, M232R and 

M232L proteins had detectable specific activities with all four tested substrates. Variant M232R 

and wild-type had similar activity with EPNP, EDI and CuOOH (not statistically significantly 

different) but had a 1.7-fold lower (statistically significantly different) activity with 4NBC 

(p<0.05, Student’s t-test). Variant M232L and wild-type had similar activity with 4NBC, EDI 

and CuOOH, but had 1.2-fold higher (statistically significantly different activity) with EPNP 

compared to wild-type (p<0.05, Student’s t-test).  The CD spectra for variant proteins M232R 

and M232L were comparable to the wild-type spectrum.  However statistically significantly 

different Tm values were observed for variant M232R (66.4 °C) and M232L (67.6 °C) compared 

to the wild-type (69.7 °C) (p<0.05, Student’s t-test).   

 For all GSTs, the substrate recognition is governed by the H-site. The slight differences 

in specific activities and substrate specificity among the wild-type, M232R, and M232L 

enzymes, with the four tested substrates, suggest that the active site structure is not greatly 

disrupted in these variants. This interpretation is supported by the circular dichroism 

spectroscopy data. 

 GST T1-1 wild-type protein showed a CD spectrum similar to that seen in previous 

studies (Josephy et al., 2009; Josephy et al., 2011). Variant proteins M232R and M232L 
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displayed CD spectra that were unremarkable compared to the wild-type spectrum, indicating no 

substantial changes in secondary structure. This was confirmed by analysis with K2D2 software, 

which predicts that the contents of each secondary structure type in variants M232R and M232L 

are identical to that of the wild-type protein (Table 11).  

 CD spectroscopy was also used as a monitor of thermal denaturation; M232R and M232L 

variant proteins showed sigmoidal curves similar to that of the wild-type protein (apparent Tm = 

69-70°C ; (Josephy et al., 2009; Josephy et al., 2011).  However, both variants were slightly 

destabilized. Also, the denaturation curve for variant M232L showed a noticeably less sharp 

transition, compared to the wild-type protein, which  may suggest that the structure of this 

variant is slightly less well-ordered. A similar denaturation curve was seen previously, for 

variant V169I (Josephy et al., 2010). Substitutions V169I and M232L had only slight effects on 

protein expression, catalytic activity, and structure. 

 The effects of substitutions of human GST T1-1 residue methionine 232 with arginine 

and leucine, the residues found at this position in the horse and pig enzymes, respectively, were 

also examined. The results for variants M232R and M232L stand in contrast to the findings of 

Shokeer et al. for mouse GST T1-1 (see page 21). Extrapolation between the human and mouse 

enzymes seems plausible, since studies on the role of residue 234 (the “master switch” residue) 

in the two enzymes have given coherent results (Shokeer et al., 2006; Shokeer et al., 2010(A); 

Shokeer et al., 2010(B)). Shokeer et al. reported that the conservative substitution M232A 

substantially altered activity in mouse GST T1-1 and they concluded that residue 232 strongly 

influences catalytic efficiency and substrate selectivity. Nevertheless, human variants M232R 

and M232L were structurally and functionally unremarkable compared to the wild-type protein. 
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This conclusion is supported by computational analysis (polyphen-2), which predicts both 

substitutions to be benign in human GST T1-1.  

6.2 - GST T1-1 variant: M232W  

 Given the unexpectedly small effects of these substitutions – even for the non-

conservative replacement of methionine with arginine – the limits of structural tolerance were 

tested by inserting the largest aromatic amino acid residue, tryptophan, at position 232. 

Expression of this variant in E. coli was almost ten-fold lower than for the wild-type, a difference 

that was highly statistically significant (p<0.001, Student’s t-test). Highly reduced levels of 

expression are often seen with misfolded variants (Josephy et al., 2009; Josephy et al., 2011). 

However, the evidence from enzyme assays and CD spectroscopy shows that gross misfolding 

has not taken place with variant M232W. Rather, it appears that the relatively small structural 

effect of the substitution is nevertheless sufficient to markedly impair expression, possibly by 

reducing the protein’s stability in the cell (e.g., against proteolysis). 

 Enzymatic activities of variant M232W were also much reduced (ten-fold or more) 

compared to the wild-type enzyme, with all four substrates examined (EPNP, 4NBC, EDI and 

CuOOH) and again the differences were highly statistically significant (p<0.001, Student’s t-

test).  Despite these quantitatively large reductions, detectable activity was seen with each 

substrate, which strongly suggests that the structure of the active site is not radically changed 

from the wild-type enzyme. This explanation is also supported by the EPNP KM value for 

M232W compared to that of wild-type which will be discussed now. 

 With substrate EPNP, variant M232W showed a much-reduced kcat value, compared to 

the wild-type enzyme. The value of KM for EPNP, a rough measure of the tightness of binding of 

the substrate to the enzyme (Northrop, 1998) was increased (Table 9) but not so much as to 
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indicate a large change in the structure of the H-site. The value of kcat/KM, which is often 

regarded as a criterion of an enzyme’s catalytic efficiency (Koshland, 2002), was approximately 

80-fold less than that of the wild-type enzyme.   

        As previously mentioned, GST T1-1 residue 232 lies on the surface of the protein. In the 

wild-type protein, the side-chain S-methyl group of the methionine residue forms a van der 

Waals contact with the gamma methyl group of residue glutamate-126, which is found in a loop 

between α-helices 4 and 5 (Figure 21). Helix 4 is a long helix made up of 34 amino acids and 

lies in proximity to the G-site. In the variant protein, the increased bulk of tryptophan may distort 

the loop between α-helices 4 and 5, as a result of steric strain from W232. Strain on this loop 

may push α -helix 4 closer to the G-site, blocking it, thus hindering the ability of GSH to bind 

with G-site residues. This would explain the low specific activities and reduced catalytic 

efficiency for variant M232W.  Alternatively, the tryptophan residue might be blocking the H-

site. However, this explanation seems less likely, since residue 232 points away from the H-site 

and KM for EPNP was not greatly altered. Further studies (e.g., X-ray crystallography) would be 

needed to test these possibilities. 

 Josephy et al. reported a similar explanation for nsSNP variant T104P (position 104 lies 

in the middle of α-helix 4). T104P and M232W had comparable results for the specific activities 

assays (same tested substrates) and enzyme kinetic parameters (Table 13).  Josephy et al. 

concluded the strong effect of T104P was that α-helix 4 was disrupted, altering the protein’s 

tertiary structure, which disrupted the interactions of G-site residues with GSH (Josephy et al., 

2011).   
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Figure 21. Structure of hGST T1-1 subunit, highlighting the locations of α-helix 4 α-helix 5, 

residue M232, and residue E126 

This figure highlights α-helix 4 (black), α-helix 5 (blue), M232 and E126 in the GST T1-1 

monomer. The side-chain of M232 and E126 and the product (S-hexyl-GSH) is shown as a 

space-filling model. In hGST T1-1, the side-chain S-methyl group of the methionine residue 

forms a van der Waals contact with the gamma methyl group of residue glutamate-126, which is 

found in a loop between α-helices 4 and 5. In the M232W variant protein, the increased bulk of 

tryptophan may distort the loop between α-helices 4 and 5, as a result of steric strain from W232. 

Strain on this loop may push α -helix 4 closer to the G-site, blocking it, thus hindering the ability 

of GSH to bind with G-site residues. The model depicts α-helix 4 (black), α-helix 5 (blue) and 

the remaining α-helices (red), β-strands (teal), turns (green) and random coil (white) (Discovery 

studio; PDB; GST T1-1 (2C3Q)). 
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 Specific Activity 

(µmol∙min
-1

∙mg
-1

) 

kcat/KM 

(sec
-1

∙mm
-1

) 

 4NBC EDI CuOOH EPNP 

Wild-type 0.25 1.34 0.65 15 

M232W 0.028 0.012 0.043 0.19 

T104P* 0.01 0.13 0.03 0.9 

 

Table 13 Enzymatic assay results: comparing GST T1-1 variants M232W and T104P 

This table compares the specific activities and enzyme kinetic parameters of GST T1-1 variants 

M232W (from this study) and variant T104P (from a previous study (*Josephy et al., 2011)).  

 

 CD spectroscopy data provided further clues to the structural perturbation of variant 

M232W. The thermal denaturation profile showed an increase in Tm (about 3°C) compared to the 

wild-type, and the relatively large standard error of the computational estimate of Tm (+/- 2.1°C) 

reflects a less distinct two-state melting profile for the variant. The room-temperature CD 

spectrum for the variant showed substantial differences from the wild-type spectrum in the 208 

nm and 222 nm regions. The secondary structure of wild-type hGST T1-1 protein is primarily α-

helical (Tars et al., 2006). The CD spectrum of a “pure” α-helical protein has characteristic 

minima at 208 nm and 222 nm (Johnson, 1990). To parameterize the change in the CD spectrum, 

I calculated the dimensionless spectral ratio θ222/ θ208. As shown in Table 10, this ratio was close 

to 1.0 for the wild-type, M232R, and M232L proteins, but for variant M232W, the ratio dropped 

to 0.922, statistically significantly lower than that of the wild-type (p<0.001, Student’s t-test). 

 This decrease indicates a significant loss of α-helical content in M232W. 

        Further analysis of the CD spectra was carried out using the K2D2 software package for 
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interpretation of CD spectra (ref.; Table 11). This analysis indicated a 6.76% drop in α-content, 

little change in β-strand content, and a 6.73% increase in “other content”, compared to the wild-

type protein’s spectrum. “Other content” refers to β-turn, random-coil, and other non-alpha, non- 

β secondary structure. The absolute content values predicted by the software must be interpreted 

cautiously. Analysis of the crystal structure of wild-type hGST T1-1 shows that the protein 

structure is 60.8% α-helix, 7.1% β-strand, and 32.1% other/ random coil. These values do not 

match the K2D2 predictions for the wild-type protein exactly.  Nevertheless, the magnitude and 

direction of the predicted changes in structure for the variant proteins may be relatively reliable 

(Greenfield, 1999). A coherent explanation can be proposed for the loss of α-helical content in 

variant M232W. 

        The propensity of methionine is for α-helical secondary structures, while tryptophan favours 

β structures (Levitt, 1978). The replacement of methionine by tryptophan could plausibly induce 

a cooperative switch of the local secondary structure from α to β. The proximity of the “master 

switch” residue Tryptophan 234 may also be relevant. In the wild-type protein, residues 232 and 

234 are on opposite sides of the C-terminal α-helix.  However, planar aromatic rings have a 

strong tendency to stack at van der Waals distance (as is seen in the stacking of bases in the 

double helix, for example). I propose that in variant M232W, residues W232 and W234 have 

“flipped” into a sandwiched or stacked conformation, in concert with a flip of the local 

secondary structure from α-helix (residues n and n+2 on opposite sides of the helix) to β-strand 

(residues n and n+2 on the same side of the strand). 

 Fluorescence spectroscopy data are consistent with this interpretation. The total 

fluorescence intensity of variant M232W was decreased, relative to that of the wild-type protein. 

This result was counter-intuitive.  Tryptophan accounts for almost all of the fluorescence 
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intensity of a polypeptide, and variant M232W has six tryptophan residues, versus only five in 

the wild-type protein. Absent other effects, the fluorescence intensity for the variant would be 

expected to be 6/5 that of the wild-type protein (20% increase). In fact, the intensity was 

approximately 30% lower. One mechanism that may account for this “1+1=0” quenching effect 

is fluorescence resonance energy transfer (FRET).  A FRET interaction between tryptophan 

residues at positions 232 and 234 could result from a local conformational flip into a sandwich/ 

stacked conformation. 

 Structurally-induced decreases in fluorescence intensity have been reported previously in 

GST proteins. Piromjitpong et al. performed SDM on a Delta class GST protein (adGST D4-4) 

from the mosquito Anopheles dirus (Piromjitpong et al., 2007) and measured their fluorescence 

spectra.  Variant R96A showed a fluorescence intensity decrease of about two-thirds, compared 

to the wild-type, attributed to structural changes in vicinity of the substitution.   

 In a study unrelated to GST proteins, a similar “1+1=0” quenching FRET interaction was 

reported in human ɣD-Crystallin (HɣD-Crys) (Chen et al., 2009). HɣD-Crys is an eye lens 

protein that must remain folded and soluble. If HɣD-Crys protein becomes unfolded or damaged, 

one can develop mature-onset cataracts. One mechanism for cataract formation is caused by 

photochemical reactions of tryptophan in the lens crystallins.  In the denatured state, HɣD-Crys 

is highly more fluorescent than in the native state. The quenching of tryptophans in the native 

state shortens the lifetime of the excited state and could protect the tryptophan residues from UV 

damage by photoreaction. Chen et al. constructed site-directed HɣD-Crys mutants to examine the 

mechanisms of highly efficient quenching of tryptophan’s fluorescence in this protein. Their 

results showed convincing evidence for intradomain FRET in single, double and triple 

tryptophan HɣD-Crys mutants. For example, the fluorescence intensity of double mutant   
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W130F / W156F (containing W42 and W68) did not equal the simple sum of W42 only and W68 

only. Instead, W130F / W156F variant was 43% lower than the intensity of W42 only and 6 

times higher than the intensity of W68 only.  

 The Polyphen-2 server’s predictions of the effects of substitutions at position 232 were 

reliable, as observed in our previous studies (Josephy et al., 2009 and 2011). Each substitution 

was examined, and only M232W was predicted to be damaging.  
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Section 7: Conclusions 

        In the research described in this thesis, I tested the role of residue 232, located in the C-

terminal α-helix of human GST T1-1. This was accomplished by constructing three site-directed 

variants, replacing the wild-type methionine residue by leucine (conservative substitution), 

arginine (non-conservative substitution with a positively-charged residue) or tryptophan (non-

conservative substitution with a bulky aromatic residue). This residue had been predicted, based 

on studies with mouse GST T1-1, to have a major effect on the enzyme’s catalytic activity.  For 

each of the variants, I characterized their expression as recombinant proteins in E. coli, and I 

measured their catalytic activities toward several typical GST T1-1 electrophilic substrates.  

 Results for variants M232R and M232L were generally unremarkable, showing only 

minor differences from the wild-type protein. For example, variant M232R had slightly 

decreased activity with 4NBC, and variant M232L had slightly increased activity with EPNP.  In 

contrast, substitution with tryptophan resulted in large decreases in protein expression and 

greatly reduced specific activities with all substrates tested.  The weak effect of the first two 

substitutions and the strong effect of the third were consistent with the predictions of the 

Polyphen-2 computational analysis. 

 Complementing these functional studies of enzyme activity, I also conducted 

spectroscopic analyses, using circular dichroism to probe protein structure and denaturation 

kinetics.  Again, the replacements of methionine with either leucine or arginine had little effect, 

but the replacement with tryptophan caused a substantial change in the CD spectrum. The 

spectral shift was consistent with the interpretation that the C-terminal α-helix unwinds into a 

random coil conformation. This shift may be driven by several factors – the steric bulk of 

tryptophan, which cannot be accommodated in the native structure of the wild-type protein; the 
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lower propensity of tryptophan, compared to methionine, for α-helical secondary structure; and 

perhaps also by favourable stacking of tryptophan 232 with tryptophan 234. 

  The C-terminal α-helix is a distinctive feature of the Theta class GST enzymes, 

contributing to their unusually restricted active site geometry. Previous studies have highlighted 

the importance of residue tryptophan 234, the so-called “master switch” residue, and hinted at a 

significant role for residue 232. My research shows that this residue is not critically important, as 

proven by the findings for variant M232R and M232L. Indeed, these alternative amino acids are 

found at this position in the GST T1-1 enzymes for horse (R) and pig (L). However, replacement 

of methionine by tryptophan caused a major shift in behaviour, which underscores the fine-tuned 

nature of the secondary structure in this segment of the molecule. No mammalian species is 

known to have a GST T1-1 enzyme with a tryptophan residue at position 232, as might have 

been anticipated, based on my findings.  Thus, although position 232 is not critically important to 

the protein, this study has provided more insight into the importance of the C-terminal α-helix.  

Further investigations on the C-terminal helix human GST T1-1 could provide a better 

understanding of the structure-function relationship for this protein. 
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Section 9: Appendices 

Appendix 9A. GST T1-1 protein concentration sample calculation 

Using Beers law C = A∙ε
-1

∙b
-1

, where ε for GST T1-1 is 38 mM
-1

∙cm
-1

, path length (b) = 1 cm, 

and A is equal to the absorbance at 280 nm, the protein concentration can be determined. 

The A280 absorbance for wild-type GST T1-1 purified on April 17, 2010 is 1.1308 

C (mM) = A∙ε
-1

∙b
-1 

C (mM)= (1.1308) ∙ (38 mM
-1

∙ cm
-1

)
-1

 ∙ (1cm)
-1 

C = 0.02975 mM  

Note: if the protein was diluted for the A280 measurement it is accounted for here (x dilution 

factor) 

C (mg∙mL
-1

) = C (mM) x MW of protein 

C (mg∙mL
-1

) = 0.02975 mM x 27.95 kDa (MW of GST T1-1 protein) 

C= 0.8315 mg∙mL
-1  
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Appendix 9B: GST T1-1: determination of secondary structure 

Using discovery studio to view the PDB file (2C3N) for GST T1-1 (Tars et al., 2006), the 

proteins secondary content was calculated manually.  It was determined that residue(s): 

1 = random coil 

2-7 = β-strand 

8-12 = random coil 

13-23 = α-helix 1 

24-28 = random coil 

29-32 = β-strand 

33-38 = random coil 

39-48 = α-helix 2 

49-55 = random coil 

56-59 = β-strand 

60-62 = β-turn 

63-65 = β-strand 

66 = random coil 

67-77 = α-helix 3 

78-88 = random coil 

89-122 = α-helix 4 

123-129 = random coil 

130-151 = α-helix 5 

152-164 = random coil 

165-181 = α-helix 6 

182-188 = random coil 

189-201 = α-helix 7 

202-203 = random coil 

204-216 = α-helix 8 

217-224 = random coil 
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225-240 = α-helix 9 (C-terminal helix) 

 

The total residues involved in an α-helices and β-strand were counted. Residues in random coil 

and or a β-turn were counted and classified as “other content.”  

The sum of all residues is 240. 

Total α residues = 146 /240 = 60.8% 

Total β residues = 17 / 240 = 7.1% 

Total “other” residues = 77 / 240 = 32.1% 

By taking the total α residues, β residues, and “other” residues and dividing them by the total 

number of residues (240), a percent content for each secondary structure type (α, β or other 

content) can be obtained. GST T1-1 secondary content is 60.8% α, 7.1% β and 32.1% “other 

content.” 

 

 


