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Introduction 

Enzymes 
All life processes involve a complex series of chemical reactions. Enzymes 
are proteins produced by living organisms and accelerate chemical reactions 
with great efficiency and specificity (Yingkai el al., 2002). Enzymatic reac-
tions display impressive rate enhancements, generally from 105 to 1014 fold 
higher compared to their nonenzymatic counterparts (Fersht, 1999), but in 
some cases, enzymes can accelerate the reaction rate up to 1017-1019 times, as 
shown by orotidine 5�-phosphate decarboxylase (Radzicka and Wolfenden, 
1995). Some enzymes are highly specific for one substrate, such as the ami-
noacyl-tRNA synthetases responsible for selection of amino acids during 
protein synthesis (Fersht, 1999). Other enzymes, for example, those involved 
in detoxication such as the cytochrome P450s and glutathione transferases 
(GSTs), have evolved to possess broad substrate specificities so that they can 
act upon and convert a wide range of potentially harmful compounds (Jose-
phy and Mannervik, 2006). 

Enzymes have a large variety of applications; they can be used as biocata-
lysts to catalyze chemical reactions in industry. Their applications cover the 
production of desired products for all human material needs (e.g., food, 
pharmaceuticals, fine and bulk chemicals, fibers, and remediation), as well 
as in a wide range of analytical applications, especially in diagnostics. For 
example, glucose oxidase provides an important test for the presence of glu-
cose in blood and urine (Marks, 1996). Enzymes are also essential compo-
nents of the different areas of biotechnology, being especially relevant in 
molecular biology and genetic engineering techniques in which many mod-
ified enzymes with enhanced properties were produced compared to wild-
type enzymes. Restriction endonucleases, which are essential for gene splic-
ing, and thermostable DNA polymerases, which are essential for amplication 
of genetic material, are relevant examples that illustrate the application of 
enzymes in molecular biology and genetic engineering. 

Detoxication enzymes 
We are exposed to a great number of harmful environmental chemicals (xe-
nobiotics) during the course of our lifetime, including a variety of electro-
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philic compounds, both endogenous, such as secondary metabolites of oxida-
tive stress, and exogenous, such as drugs, carcinogens, environmental pollu-
tants, pesticides and herbicides (Hayes et al., 2005). Many of these xenobio-
tics are lipophilic and therefore have a tendency to accumulate in the body. 
To get rid of these xenobiotics, our bodies have detoxication enzyme sys-
tems that convert the lipophilic compounds into more water-soluble and thus 
can be easily excreted (Figure 1). The detoxication process is conventionally 
divided into two main phases (I and II) which sometimes occur sequentially. 
The two phases must be functioning in balance to successfully complete the 
detoxication process (Liska et al., 2006). The transporter proteins named 
multidrug-resistance-associated protein and P-glycoprotein have been de-
fined as the phase III detoxication process (Gottesman and Pastan, 1993; 
Jedlitschky et al., 1994; Kavallaris, 1997). The transporter is an energy-
dependent efflux protein which pumps xenobiotics out of a cell, thereby 
decreasing the intracellular concentration of xenobiotics (Chin et al., 1993). 
 

 
 

Figure 1. Overview of detoxication process. (Adopted from Liska et al., 2006). 
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Phase I  
Phase I detoxication is generally the first line of enzymatic defense against 
xenobiotics. Although several types of phase I detoxication enzyme classes 
exist, Cytochrome P450 enzymes are responsible for most reactions (Grant, 
1991). In a typical reaction, a cytochrome P450 enzyme uses NADPH (re-
duced nicotinamide adenine dinucleotide phosphate) as a cofactor and mole-
cular oxygen to introduce a reactive substituent such as a hydroxyl group 
into the xenobiotic (Berg et al., 2001). As a consequence of this step in de-
toxication, reactive molecules, which may be more toxic than the parent 
molecule, are produced. If these reactive molecules are not further metabo-
lized by phase II conjugation, they may cause damage to proteins, RNA, and 
DNA within the cell (Liska et al., 2006).  

Phase II  
Phase II conjugation reactions are generally resulting in transformation of 
xenobiotics into a water-soluble compounds that can be easily excreted. In 
certain cases, the conjugation reactions may increase the toxicity and reactiv-
ity of some xenobiotics. Several types of conjugation reactions occur in the 
body, including glutathione (GSH), glucuronidation, sulfation, and amino 
acid conjugation. Glutathione conjugation is of particular importance in be-
ing one of the major defense mechanisms in the body against electrophilic 
xenobiotics. This conjugation is catalyzed by GSTs. The glutathione conju-
gates can be excreted directly into the bile or can undergo further metabol-
ism via mercapturic acid pathway. This occurs in the kidney where the �-
glutamyl moiety is split off via �-glutamyl transpeptidase, the glycine via a 
dipeptidase and the remaining cysteine is N-acetylated to be excreted as a 
mercapturic acid (Armstrong, 1997; van Bladeren, 2000).  

The family of enzymes studied in this thesis appears to have more than 
one cellular function, but is generally considered to be involved in the cellu-
lar defense against toxic molecules. 

Glutathione  
Sir Fredrick Gowland Hopkins discovered GSH already in 1921 (Hopkins, 
1921). GSH is a tripeptide build of �-L-glutamyl-L-cysteinyl-glycine (Figure 
2) and abundant in all mammalian cells (Reed, 1990; Anderson, 1998). GSH 
has an important role in many cellular functions. GSH acts as a major anti-
oxidant and serves as a physiological reservoir of Cys within the cells (De-
neke and Fanburg, 1989). It is also involved in the metabolism of xenobio-
tics and different cell molecules. Moreover, GSH regulates calcium homeos-
tasis, protein function and gene expression via thiol-disulfide exchange reac-
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tions (Meister, 1983; Reed, 1990). Due to these functions and to the roles of 
reactive oxygen species in cell signaling and in many human pathological 
processes, alterations in GSH levels and metabolism have been associated 
with different human diseases such as cancer, liver diseases, heart attack, 
diabetes (Townsend et al., 2003; Wu et al., 2004).  

 

 
 

Figure 2. Structure of glutathione (�-L-glutamyl-L-cysteinyl-glycine) 

Glutathione transferases 
 Classification  
GSTs (EC 2.5.1.18) are a family of phase II detoxication enzymes that cata-
lyze the nucleophilic attack of the GSH on electrophilic substrates, thus 
forming an important line of defense protecting various cell components 
from reactive molecules (Mannervik and Danielson, 1988; Eaton and 
Bammler, 1999). GSTs are found in almost every species, from plants and 
bacteria to animals (Sheehan et al., 2001). There are three major families of 
proteins that are widely distributed in nature exhibit GST activity: cytosolic, 
mitochondrial, and microsomal GSTs (Hayes et al., 2005). The cytosolic 
GSTs (also known as soluble or canonical GSTs) constitute the largest fami-
ly and are most extensively studied. The mitochondrial GSTs, known as 
Kappa class GSTs, typically occur in mitochondria and not in the cytosol. 
The human Kappa enzyme was detected also in peroxisomes (Morel et al., 
2004). The cytosolic and mitochondrial GSTs are distantly related and pro-
posed to be evolved independently (Ladner et al., 2004; Robinson et al., 
2004). The analysis of Kappa class amino acid sequence and three-
dimensional structure confirmed that it is closer to E. coli DsbA, a protein 
disulphide bond isomerase. The third GST family comprises membrane-
bound transferases known as membrane-associated proteins in eicosanoid 
and glutathione (MAPEG) metabolism, but these bear no similarity to cyto-
solic GSTs (Morgenstern et al., 1982; Jakobsson et al., 1999).  

The mammalian cytosolic GSTs are members of a superfamily of homo-
dimeric and heterodimeric proteins whose subunits molecular masses range 
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from 23-28 kDa. Seven classes of mammalian cytosolic GSTs are known: 
Alpha, Mu, Pi, Sigma, Theta, Omega, and Zeta based on amino acid se-
quences similarities (Mannervik et al., 2005). Members of a given class may 
have more than 40 % sequence identity, and different classes may show less 
than 25 % identity (Hayes et al., 2005). A recent study has classified the 
cytosolic GSTs into two major subgroups [tyrosine-type GSTs (Y-GSTs) 
and serine, cysteine-type GSTs (S/C-GSTs)], depending on the overall se-
quence and structural similarity as well as on the differences in the organiza-
tion and composition of their active sites (Atkinson and Babbitt, 2009). The 
Alpha, Mu, Pi, and Sigma classes belong to the Y-GSTs, whereas Theta, 
Zeta, and Omega belong to the S/C-GSTs subgroup. The major differences 
between the two subgroups of GSTs are due to changes in the active site 
residue positions within the thioredoxin-like fold (Atkinson and Babbitt, 
2009). Although the evolutionary relationships of the different GSTs classes 
are not completely clear, analysis of both the sequences and the exon-intron 
boundaries of several GST genes give some suggestions. For example, the 
Theta class GST is thought to be the evolutionary precursor for genes encod-
ing Alpha, Mu, and Pi proteins (Pemble and Taylor, 1992).  

Functional roles  
GSTs are known as major contributors to the metabolism of xenobiotics that 
include therapeutic drugs as well as carcinogens and other toxins. A number 
of GSTs have also been identified that catalyze GSH-dependent reactions 
with a range of endogenous compounds. Notably, the Alpha class, GST A4-
4, catalyzes the conjugation of 4-hydroxynonenal that is generated during 
lipid peroxidation (Board, 1998; Hubatsch et al., 1998). Additionally, GST 
A3-3 plays a significant role in the isomerization of �5androstene-3,17-dione 
(Johansson and Mannervik 2001a). GST P1-1 has isomerase activity with 
13-cis-retinoic acid (Chen and Juchau, 1998), which is transformed into all-
trans-retinoic acid.  The Sigma class GST is known as prostaglandin D-
synthase because of its role in the isomerization of prostaglandin H2 to pros-
taglandin D2 (Kanaoka et al., 1997). The Zeta class, GST Z1-1, appears to 
have dual activities with endogenous and exogenous substrates, including an 
important role in the catabolism tyrosine as well as biotransformation of 
dichloroacetate (Fernández-Cañón and Peñalva, 1998; Tong et al., 1998; 
Board and Anders, 2005).  

In addition to the catalytic function, GSTs serve as nonenzymatic carrier 
proteins (ligandins) involved in the intracellular transport of steroids, biliru-
bin, heme, and bile salts in animal cells (Ketley et al., 1975; Litwack et al., 
1971) as shown in rat GST A3-3 and human GST A1-1 (Habig et al., 1974). 
GSTs also play a role in cell signaling pathways, for example, GST P1-1 
regulates the activity of Jun N-terminal kinase (Alder et al., 1999), a Mu 
class GST regulates apoptosis stimulating kinase (ASK1) (Cho et al., 2001). 
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In addition, GST O1-1 modulates the activity of ryanodine receptor calcium 
ion channels in skeletal and cardiac sarcoplasmic reticulum (Dulhunty et al., 
2001). 

Tissue distribution 
Cytosolic GSTs are widely distributed in the adult human body and some of 
them are more abundant than others (Johansson and Mannervik, 2001a). 
Although the highest amount of total GST protein was found in liver, certain 
isozymes are present in high amounts in extra-hepatic organs (Table 1). For 
example, GST P1-1 is found in a variety of adult human tissues except liver. 
GST P1-1 appears to be the predominant GST in lung and heart, and to sig-
nificantly contribute to the total GST content of brain and kidney (Strange et 
al., 1989). The Sigma class that not included in the table is found in fetal 
liver and bone marrow. GST A1-1, A2-2, M1-1, T1-1, T2-2, O1-1, and Z1-1 
are predominant in liver cells (Board et al., 1997; Rowe et al., 1997; Sherratt 
et al., 1997). GST A3-3 is primarily expressed in placenta, adrenal glands 
and gonads (Johansson and Mannervik, 2001b). Theta class is expressed in 
erythrocytes, lungs, kidney, brain, skin, heart, stomach, spleens, small intes-
tine, and colon (Landi, 2000).  

To understand the toxicological effect of different xenobiotics to humans, 
it is important to know the corresponding GST isozymes of animal models 
(e.g., in rats and mice) that are most frequently used in toxicological studies. 
For example, GST P1-1 which is one of the major extrahepatic GSTs in hu-
mans, is less abundant in the rat extrahepatic tissues, and unlike rats and 
mice, GST P1-1 is almost absent in human liver (Shaheen and Awasthi, 
2006). Theta class GST also showed differences in the expression levels 
between human and rodent tissues. In human, Theta class GST T1-1 expres-
sion was higher in kidneys by two-fold when compared with liver, whereas 
in rat and mouse its expression in the liver was two to seven times higher 
than that in the kidney (Thier et al., 1998).  
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Table 1. Distribution of cytosolic GSTs in different adult human tissues 
GST Brain Colon Kidney Liver Lung Plancenta, 

gonads or 
adrenal gland 

Skeletal 
or 

heart 
muscles 

A1-1 �  � �  �  
A2-2   � �    
A3-3      �  
A4-4 �  �    � 
M1-1 �  � � � � � 
M2-2 �     � � 
M3-3 �  � �  � � 
M4-4 �   �   � 
M5-5 �    �  � 
O1-1    �   � 
O2-2      �  
P1-1 � � �  � � � 
T1-1 � � � � �  � 
T2-2  �  �    
Z1-1 �   �   � 

 

Polymorphisms 
Polymorphisms in genes can give rise to significant functional variations. 
Polymorphic expression of the GSTs was recognized in the early 1980s. 
Variation occurs in GST forms present in human tissue extracts and red 
blood cells of different individuals were studied using isoelectric focusing 
and starch-gel electrophoresis (Warholm et al., 1980; Scott and Wright, 
1980; Board, 1981). The polymorphism in human GSTs could contribute to 
inter-individual differences in responses to xenobiotics (Strange and Fryer, 
1999; Hayes and Strange, 2000). The most extensively studied GST poly-
morphisms occur in three isozymes found in cytosol, Mu (GSTM1), Theta 
(GSTT1), and Pi (GSTP1) (Wormhoudt et al., 1999; Bolt and Their, 2006). 
The human GSTM1 gene is deleted in 50% of the Caucasian population, who 
thus lack any GST M1-1 protein (Seidegård et al., 1988). Individuals lacking 
the gene might have an increased risk to develop lung cancer (Seidegård et 
al., 1990). Conversely, in a Saudi Arabian population, individuals with ultra-
rapid GST M1-1 activity were characterized, presumably because they car-
ried three GSTM1 genes (McLellan et al., 1997). 

The human Theta class GSTs is comprised of two subclasses, GSTT1 and 
GSTT2, both of which are located on chromosome 22q11 (Pemble et al., 
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1994; Tan et al., 1995). GSTT1 has two functional alleles, GSTT1*A, 
GSTT1*B and a null allele, GSTT1*0. The GSTT1*A and GSTT1*B differ 
in an amino acid residue at codon 104, which in GSTT1*A is Thr and in 
GSTT1*B, Pro (Alexandrie et al., 2002).The most common polymorphism 
in GSTT1 is a null allele which results in the lack of enzyme activity (Spren-
ger et al., 2000). The frequency of the GSTT1 deletion varies among differ-
ent populations. In particular, the prevalence of the GSTT1 null genotype is 
lower among Caucasians (10–20 percent) (Nelson et al., 1995). The absence 
of the gene has been associated with an increase of cancers. For example, 
individuals with the GSTT1*0 genotype are at a significantly higher risk of 
developing bladder cancer, acute myeloid leukemia and squamous cell car-
cinoma than are those with at least one active GSTT1 allele (Salagovic, et 
al., 1999). The GSTT2 also has two alleles, GSTT2*A and GSTT2*B, which, 
although differing in amino acid residue 139 (Met in 2*A and Ile in 2*B), 
are similar in enzyme activity (Coggan, et al., 1998). Recently, the human 
null allele GSTT2 has been reported (Zhao et al., 2009). Therefore, a null 
allele exists for both of the Theta class GST genes in humans.  

Four different alleles of the GSTP1 gene, GSTP1*A, *B, *C and *D have 
been identified, arising from amino acid changes at codon 105 from Ile to 
Val and codon 114 from Ala to Val. The different GST P1-1 proteins differ 
in their ability to metabolize anti-cancer agents. The Val105 and the Val114 
allele are associated with reduced catalytic activity (McIlwain et al., 2006; 
Jiao et al., 2007). 

It has been also shown that GSTA1 and GSTA2 are polymorphic, and the 
various alleles either affect the amount of protein synthesized or the activity 
of the encoded proteins (Morel et al., 2002; Tetlow and Board, 2004; Ning et 
al., 2004; Coles and Kadlubar, 2005). The GSTO1*Ala140Asp and 
GSTO2*Asn142Asp polymorphisms have been reported to be related to 
individual susceptibility to cancer, as well as Alzheimer’s disease (Marahatta 
et al., 2006; Whitbread et al., 2004). GSTZ1 polymorphisms had been identi-
fied (GSTZ1*A-D) (Blackburn et al., 1998, 2001). 

Structure  
The three dimensional structures of numerous GSTs have been determined. 
Cytosolic GSTs function as dimers; each subunit  is composed of two do-
mains, the N-terminal domain containing the GSH binding site (G-site) fol-
lowed by the more variable C-terminal domain containing the binding site 
for the hydrophobic substrate (H-site) (Figure 3). The N-terminal domain is 
common to all cytosolic GSTs, at least in its general characteristics. This 
domain constitutes roughly one-third of the protein and is composed of �-
strands sandwiched between two �-helices. The C-terminal domain is com-
posed of five or six �-helices and constitutes two-thirds of the protein. This 
domain contributes most of the interactions responsible for binding of the 
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electrophilic substrate (Josephy and Mannervik, 2006). In spite of resem-
blance in overall topologies of GSTs, the structures differ considerably with 
respect to a number of details. The most notable topological differences in-
clude the mu-loop of the Mu class and the extra �9-helix of the Alpha and 
Theta class enzymes. Both of these structural elements are located adjacent 
to the substrate-binding sites and contribute to a more constricted active site 
of these three enzyme types when compared to examples of Pi, Sigma, and 
Zeta classes. The structural differences contribute to the differential substrate 
selectivity seen between isozymes and also among given class members 
(Mannervik, 1985; Armstrong, 1997).  

Human Theta class GST structure 
As the work of this study is based on the Theta class GSTs, it is useful to 
shed light on the structure of human Theta class GSTs. The Two distinct 
subclasses, hGST T1-1 and hGST T2-2, have been characterized in humans 
(Hussey and Hayes 1992; Tan and Board 1996; Webb et al., 1996; Tan et 
al., 1995), showing 50% sequence identity. The crystal structures of both 
human subclasses have been solved (Rossjohn et al., 1998; Tars et al., 
2006). Theta class GST has a fold typical for cytosolic GSTs and functions 
as a dimer. Each subunit is composed of two domains, N-terminal domain 
(residues 1-79 for T1-1; residues 1-78 for T2-2) which is connected through 
a short linker to an �-helical domain (residues 88-240 for T1-1; residues 89-
244 for T2-2). The structure of human GST T1-1 is shown in Figure 3. As 
can be expected from the high identity of the N-terminal domain among 
GSTs, many of the residues involved in the G-site are conserved between 
human GST T1-1 and T2-2, such as Ser11, Lys53, Glu66, and Ser67. A cha-
racteristic feature of Asp104 in GST T2-2 is the interaction with the N-
terminal amino group of GSH bound by the other subunit (Rossjohn et al., 
1998), but Thr104 of GST T1-1 is too far from GSH to interact with it. In-
stead, Thr104 makes contact via a water molecule (Tars et al., 2006). As was 
mentioned above, GSTs can bind to a wide range of substrates and this di-
versity arises from low sequence identity of H-site residues between differ-
ent classes and also among the different members within one class. The H-
site of GST T1-1 is somewhat smaller than that of GST T2-2, but it is deeper 
in GST T2-2 by 2-3Å than in GST T1-1, thus potentially allowing larger 
substrates to enter the H-site. The differences in both G-site and H-site resi-
dues between human GST T1-1 and T2-2 are included in Table 2.  
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Figure 3. Structure of Theta class GST (GST T1-1) dimer (PDB entry, 2c3n; Tars et 
al., 2006). The subunit on the left has the helical domain in gray and the thioredox-
in-like domain in a blue-red gradient from N to C terminus. The subunit on the right 
has the thioredoxin-like domain in gray and the helical domain in a blue-red gradient 
from N- to C-terminus. S-hexyl glutathione bound to the Trp234Arg mutant is 
shown as a space-filling model. The hexyl group, occupying the H-site, is shown in 
black, whereas the peptide part, occupying the G-site, is shown in brown. (From 
Paper III) 

A homology model structure of human GST T1-1 based on the GST T2-2 
structure has been described earlier by Flanagan et al., (1998). The compari-
son between the crystal structure of human GST T1-1 (Tars et al., 2006) and 
the model structure of the human enzyme (Flanagan et al., 1998) shows that 
from five model structures illustrated for human GST T1-1, model 1 was 
closest to the crystal structure as shown in Table 2. The other models in the 
same study showed remarkable deviations from the crystal structure (Tars et 
al., 2006). The differences between G-site and H-site residues of the mod-
eled structure and the three-dimensional structure of human GST T1-1 are 
presented in Table 2.  
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Table 2. Comparison of G-site and H-site residues of GST T1-1 and GST T2-2 

 
a homology model of mouse GST T1-1 based on crystal structure of human GST T1-1 (Tars et 
al., 2006);  b homology model of human GST T1-1 based on human GST T2-2 by Flanagan et 
al., 1998; c the crystal structure of human GST T2-2 by Rossjohn et al., 1998. 

Catalytic mechanism  
GSTs catalyze the nucleophilic attack of the activated thiolate of GSH on 
electrophilic substrates. The important step of the catalytic cycle is the acti-
vation of GSH to the thiolate anion form to become a strong nucleophile and 
react with electrophilic substrate. When GSH binds to G-site, the pKa of the 
thiol group decreases from 9.2 to about 6.2-6.6 pH units (Caccuri et al., 
1999), which promotes the deprotonation of GSH. The more popular hypo-
theses for GSH activation is that the hydroxyl group of a conserved tyrosine 
(in the Alpha, Mu, and Pi) or serine (in the Theta and Zeta) is capable of H-
bonding with the sulfur of GSH (Raghunathan et al., 1994; Cameron et al., 
1995; Oakley et al., 1997). A recent study proposed that the GSH activation 
process of GST A1-1 is due to the active-center water molecule that able to 
transfer the proton from the thiol group of GSH to the GSH glutamyl �-
carboxylate group (Dourado et al., 2008). 

In contrast to GSH-binding and activation, a variety of chemically and 
structurally different electrophilic substrates need to bind to the substrate 
binding site (H-site). Generally, the role of the H-site is to bind the electro-
philic substrate and orient it for nucleophilic attack by the GSH thiolate. 
However, in some cases the binding to the H-site activates the electrophile, 
as exemplified by the bioactivation of 1,2-dihaloalkanes using GSTs (Guen-
gerich, 2005) as shown later. 
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GSTs catalyze numerous GSH-dependent reactions including two main cat-
egories of such conjugation reactions: additions and substitutions (Figure 4). 
In the addition reactions, the sulfur of GSH adds to a double bond, oxirane 
ring, or similar structure, resulting in a single product containing all the con-
stituents of the reacting molecules. In the substitution reactions, the GSH 
thiolate displaces a fragment (e.g., an anion such as a halide) of the electro-
philic substrate and is inserted in its place. The net reaction usually involves 
release of a proton stoichiometric to the amount of GSH thiolate formed in 
the G-site (Josephy and Mannervik, 2006). Substrates used in this thesis 
include both addition and substitution reactions. Reaction mechanisms for 
some of those substrates are shown in Figure 4.  

Alternative substrates  
The GST activity was discovered as an enzyme-catalyzed conjugation of 
GSH with halogenated aromatic compounds such as bromosulfophthalein 
(Combes and Stakelum, 1961) and chloronitrobenzenes (Booth et al., 1961). 
1-Chloro-2,4-dinitrobenzene (CDNB) is considered as standard substrate for 
almost all GSTs (except GST T1-1). The reaction with CDNB is an example 
of a nucleophilic aromatic substitution reaction (Figure 4d). Characterization 
of the biochemical activities of GST revealed that individual isozymes can 
metabolize a spectrum of electrophilic compounds (Hayes and Strange, 
2000). Even though individual GSTs display overlapping substrate specifici-
ties, a significant number of GST subunits possess unique catalytic features. 
For example, GST A4-4 has acquired particularly high activity with 4-
hydroxynonenal and other toxic products of lipid peroxidation (Hubatsch et 
al., 1998). Another example is human GST M2-2, which is highly efficient 
in the inactivation of neurotoxic ortho-quinones derived from dopamine and 
other naturally occurring catecholamines (Dagnino-Subiabre et al., 2000). 
The isomerization of androstene 3,17-dione to �4-3-ketosteroids is catalyzed 
by GST A3-3 (Johansson and Mannervik, 2001b). Typical substrates for 
GST T1-1 are industrial compounds, such as haloalkanes (dichloromethane, 
DCM) and ethylene oxide (Meyer et al., 1991). GST T1-1 also shows GSH- 
conjugating activity towards molecules with epoxide groups, such as 1,2-
epoxy-3-(4-nitrophenoxy)propane (EPNP) (Meyer et al., 1991). The GST 
T2-2 shows specific sulfatase activity (Sherratt et al., 1997; Flanagan et al., 
1999). This section represents some of the substrates for Theta class GST 
that are used in this thesis and their functional roles. 
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Figure 4. Chemical reactions of GSH with different substrates. Isothiocyanate and 
1,2-epoxy-3-(p-nitrophenoxy)-propane are examples of addition reactions (a,b); 
alkylhalide as an aliphatic nucleophilic substitution (c); 1-chloro-2,4-dinitrobenzene  
is an example for aromatic substitution (d); cumene hydroperoxide as a reductive 
substitution reaction (e).  

Haloalkanes 
Haloalkanes are important industrial chemicals and environmental contami-
nants. For example, DCM is an important chemical used in the manufacture 
of cellulose acetate film and as a solvent, and paint remover. Also, 1,2-
dibromoethane and 1,2-dibromo-3-chloropropane were formerly used as 
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fumigants and nematocides. GSH conjugations of haloalkanes can be detoxi-
cation or bioactivation reactions. The reaction with a monohalide is a detoxi-
cation reaction, whereas the reaction with dihalides can activate the substrate 
(Guengerich, 2005). Many haloalkanes are toxic, and some are rodent carci-
nogens (Anders, 2004). The toxicity of these chemicals is associated with 
their bioactivation to reactive intermediates by the GSTs, particularly GST 
T1-1.  

DCM undergoes GST dependent biotransformation to formaldehyde 
(Hashmi et al., 1994) (Figure 5). The reaction mechanism involves the GST 
T1-1 catalyzed displacement of chloride from dichloromethane to give S-
(chloromethyl)glutathione that is hydrolyzed to give S-
(hydroxymethyl)glutathione, which is the hemithioacetal of formaldehyde 
and GSH (Meyer et al., 1991; Thier et al., 1993; Mainwaring et al., 1996). 
The observed carcinogenicity of DCM in mice is associated with its GST 
T1-1-dependent metabolism (Sherratt et al., 2002). 
 

 
    (a)                                  (b)                                    (c)                             (d) 
Figure 5. Glutathione dependent biotransformation of DCM. (a), DCM; (b), S-
(chloromethyl)glutathione; (c), S-(hydroxymethyl)glutathione; (d), formaldehyde 

Vicinal dihaloalkanes (1,2-dihaloalkanes) are an important group of chemi-
cals. 1,2-Dihaloethane has been used as a soil and grain fumigant, as a nema-
tocide, and as a gasoline additive. The metabolism of 1,2-dihaloethane  
proceeds through two pathways in mammalian species, Cytochrome P450 
and GSTs. Cytochrome P450s oxidize 1,2-dibromoethane to give 2-
haloacetaldehyde as a product which can react with DNA (Guengerich et al., 
1980). The role of GSH and GSTs in the bioactivation of 1,2-dibromoethane 
was demonstrated (van Bladeren et al., 1980a,b). GST catalyzes the bio-
transformation of 1,2-dihaloethane to S-(2-haloethyl)glutathione, which un-
dergoes intramolecular reactions to yield thiiranium (episulfonium) ions. The 
episulfonium ions thus formed may react with nucleophilic sites in DNA to 
give the adduct S-[2-N7-guanyl)ethyl]glutathione (Ozawa and Guengerich, 
1983) (Figure 6).  
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Figure 6. Pathway for conjugation of dihaloethane with GSH. (a), dihaloe-
thane; (b), S-(chloromethyl)glutathione; (c), thiiranium ions; (d), S-[2-N7-
guanyl)ethyl]glutathione; (e), S-hydroxyethylGSH; (f), S,S-ethylene-bis-
GSH. (Adopted from Guengerich, 2005) 

Isothiocyanates 
Isothiocyanates (ITCs) are sulfur-containing compounds which are largely 
responsible for the typical flavor of cruciferous vegetables such as broccoli 
and cabbages. ITCs are electrophilic and thus react with GSH. The reaction 
between ITC and GSH is spontaneous, but can also be catalyzed by GSTs 
(Zhang et al., 1995). The first product of this reaction is a dithiocarbamate 
(Figure 4a), which can be further metabolized to the cysteine conjugate and 
then N-acetylated to form the corresponding mercapturic acid, which is rea-
dily excreted in urine. It has been suggested that ITCs function as cancer 
chemopreventive agents (Bianchini and Vainio, 2004). A number of ITCs 
had also been shown to be inducers of GSTs in animal tissues and to display 
pronounced anticarcinogenic activity (Zhang and Talalay 1994). GST activi-
ty with organic ITCs occurs in organisms ranging from cyanobacteria (Wik-
telius and Stenberg, 2007) to man (Kolm et al., 1995), indicating its biologi-
cal importance. The catalytic activity of relatively few GSTs towards ITCs 
and GSH conjugation had been studied, but these studies had concluded that, 
in general, GST M1-1 and GST P1-1 have greatest activity towards sulfora-
phane (major ITC derived from 4-methylsulfinylbutyl glucosinolate), al-
though conjugation between GSH and sulforaphane tends to be slower than 
with other dietary ITCs (Kolm et al., 1995; Zhang et al., 1995). This thesis 
shows remarkable activity of GST T1-1 towards allyl isothiocyanates (allyl-
ITC) as a result of simple point mutation of C-terminal helix (Paper V).  

Hydroperoxides 
Hydrogen peroxide (H2O2) is a reactive oxidant that can pass easily across 
cell membranes in a tissue or between cellular compartments (Josephy and 
Mannervik, 2006). The H2O2 has toxic effects as well as acts as an intracellu-
lar signaling molecule common to many cytokine-induced signal-
transduction pathways (Wood et al., 2003). Organic hydroperoxides 
(ROOH) are downstream products of reactive oxygen species and are 
formed in tissues and biological fluids by lipid peroxidation and by oxidative 
damage to nucleic acids. They are reduced to corresponding alcohols by 
certain GSTs. In this case the nucleophilic attack of the GSH thiolate is on 
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an oxygen atom of the peroxy group, and the unstable sulfenic acid deriva-
tive is subsequently reduced by another GSH molecule (Figure 4e). It has 
been shown that Alpha class GSTs, especially GST A1-1, have the ability to 
utilize GSH as a reductant to convert organic hydroperoxides to the corres-
ponding alcohols (Mannervik and Danielson, 1988). As we will see in this 
thesis, simple mutations in the C-terminal helix of GST T1-1 can elevate the 
activity towards organic hydroperoxides (Paper V).  

Alkylating cytostatic drugs 
GSTs catalyze the conjugation of GSH with numerous substrates, including 
chemotherapeutic agents (Townsend and Tew, 2003). GSTs are one of the 
enzyme systems induced by anticarcinogens and thus can prevent tumor 
formation (Lieberman, 2002). They also play an important role in multidrug 
resistance in cancer chemotherapy. Several reports showed that GSTs can 
protect cancer cells in cultures (Townsend and Tew, 2003; Lin et al., 2005). 
The drug resistance is associated with multiple biochemical changes such as 
alterations of the drug influx and efflux, increased GSH synthesis, activation 
of GST as a detoxication enzyme, and modulation of genes and proteins 
involved in the control of cell cycle and apoptosis. There are many examples 
showing that resistance to anticancer drugs is associated with elevated levels 
of GSTs (e.g. BCNU, chlorambucil, melphalan) (Townsend and Tew, 2003).  

1,3-bis(2-Chloroethyl)-1-nitrosourea (BCNU) 
One of the most widely used alkylating agents (chloroethylnitrosoureas, 
CENUs) for brain tumors, lymphomas, multiple myeloma, and malignant 
melanoma is a bifunctional alkylating nitrosourea, 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU, carmustine) (Wasserman et al., 1975; Fine et al., 1993; 
Stupp et al., 2006). Because of its high lipophilicity it has the capacity to 
cross the blood brain barrier, essential for any brain tumor therapy. BCNU 
has been somewhat effective, but its clinical activity is limited by a number 
of mechanisms that impart cellular resistance to the drugs (Drabløs et al., 
2004). For example, a well-described mechanism of resistance to BCNU is 
O6-alkylguanine-DNA transferases (AGT)-mediated monoadduct removal 
(Pegg, 1990). Glutathione quenching of monoadduct formation also plays a 
role in reducing BCNU cytotoxicity (Ali-Osman, 1989.; Ali-Osman et al., 
1990). The overexpression of drug detoxifying enzymes (GSTs) is thought to 
prevent the formation of alkylation and carbamoylating species by consum-
ing the parental BCNU. Among different classes of GSTs, the GST M1-1, 
M2-2 and T1-1 showed significant activities with BCNU (Lien et al., 2002; 
Berhane et al., 1993). The Theta class GST T1-1 has the highest activity 
towards BCNU (Lien et al., 2002). 

The chemical structures of different substrates used in this thesis are in-
cluded in Figure 7. 
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Figure 7. Chemical structures of different substrates investigated in thesis. Arrows 
indicate sites of attack by GSH on the substrates 
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Enzyme kinetics 
In this thesis, the steady-state kinetics parameters were used in order to study 
the kinetics of the different enzyme variants. It is based on the Michaelis-
Menten model (Scheme 1). The model assumes that the following steps are 
involved in the enzymatic reaction: reversible formation of the enzyme-
substrate complex (ES), followed by conversion to product.  

  
                                                                Scheme 1. Michaelis-Menten model 
 
The basic equation describing enzyme catalysis is the Michaelis-Menten 
equation: 
 
                      kcat [E]tot [S] 

v  =  
                        Km + [S] 
The kcat parameter (unit of time-1) is the enzyme turnover number and it 
represents the number of μmoles of substrate converted per μmole of en-
zyme per second. Alternatively, in molecular terms, it represents the number 
of molecules turned over by one molecule of enzyme per second, which 
gives a good feel for how quickly the enzyme is operating.  

 

 
Figure 8. Analysis of steady-state kinetic data by fitting the Michaelis-Menten equa-
tion to the data. 
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The Km parameter is known as the Michaelis constant for the enzyme. In 
practice, the Km is the concentration of substrate at which half-maximal rate 
is observed. It can be considered as an apparent dissociation constant of the 
enzyme bound species. The Km is a function of several rate constants in the 
enzyme mechanism. However in the simplest case, Km equals the dissocia-
tion constant, KD, of the enzyme-substrate complex when k-1>>k2 (Scheme 
1).    

The specificity constants, kcat/Km, is a measure of the enzyme’s catalytic 
efficiency. The kcat/Km value is the apparent second order rate constant for 
the association of the substrate and free enzyme leading to the formation of 
product and free enzyme. Also, the kcat/Km values are a measure of the speci-
ficity of the enzyme in discriminating between competing substrates (Fersht, 
1999). 

Protein engineering and GSTs 
It is important before going into the results of this work to shed light on the 
protein engineering strategies and show how engineered GSTs can evolve 
new functions or improve the enzyme’s properties. Protein engineering is an 
important technology that increases our basic understanding of enzyme 
structure-function relationships, and it is the key method of improving en-
zyme properties for different applications in pharmaceutical, chemical, agri-
cultural and food industries. Protein engineering involves three steps: choos-
ing the protein changes by engineering strategies, making those changes by 
mutagenesis, and evaluating the protein variants for improved properties by 
screening or selection (Kazlauskas and Bornscheuer, 2009). The protein 
engineers have used three different strategies; such as rational design, di-
rected evolution, or de novo design. Among these strategies the de novo de-
sign is the most challenging, since it involves problems with the proper fold-
ing of the desired protein. The first de novo protozymes engineered by this 
strategy have been reported to catalyze the predicted reactions (Benson et 
al., 2000; Bolon and Mayo, 2001; Bolon  et al., 2002). There are other ex-
amples of de novo design, such as the study performed by Seelig and Szos-
tak in which the authors used a messenger RNA display to yield new enzy-
matic activities (Seelig and Szostak, 2007). Also, Jumawid et al successfully 
constructed and screened de novo proteins from a genetic library designed to 
encode �3�3 de novo proteins to generate novel scaffolds of smaller size 
using a binary combination of simplified hydrophobic and hydrophilic amino 
acid sets (Jumawid et al., 2009). 
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Rational design 
In the rational redesign, precise changes in amino acid sequence are precon-
ceived based on a detailed knowledge of protein structure, function, and 
mechanism, and are then introduced using site-directed mutagenesis (Chen, 
1999). Site-directed mutagenesis consists in introducing a change in one or 
more amino acids and evaluating the effect of these selected substitutions in 
the mutant product. In the early 1980s, a structure-based rational design ap-
proach that involves rational alterations of selected residues in a protein via 
site-directed mutagenesis was developed to engineer proteins (for a review 
see Brannigan and Wilkinson, 2002). There are many successful examples of 
GSTs used in rational design experiments. For example, the approach has 
been used to graft onto human GST A1-1 an activity with 4-hydroxynonenal 
that is characteristic of human GST A4-4 (Nilsson et al., 2000). In another 
example, human GST A2-2, which has high GSH peroxidase activity, was 
converted into an enzyme with high steroid isomerase activity by mutations 
patterned on GST A3-3 (Pettersson et al., 2002). Also, single mutation sig-
nificantly altered the catalytic properties of the GST P1-1 and shifted the 
substrate selectivity of the enzyme toward that of the class Alpha enzyme 
(Nuccetelli et al., 1998). GSTs can also be engineered to gain entirely new 
activities. This strategy has been used to turn GST A1-1 into a construct for 
thiol-ester hydrolysis, which was a novel function for the enzyme (Hederos 
et al., 2004). Chemical conversion of serine residues in rat GST T2-2, pre-
sumably including the active site serine, to selenocysteine converts the en-
zyme into GSH peroxidase able to metabolize H2O2, a reaction of which 
GSTs are not capable, with an efficiency equal to that of natural selenium-
dependent GSH peroxidases (Ren et al., 2002). However, despite these spec-
tacular examples and others, numerous attempts at redesigning enzymes 
have failed. This failure might result from limited information about the 
structural basis of function as well as about protein folding, dynamic and 
stability. An alternative approach, directed evolution, was developed to 
overcome the limitations of rational design (for a review see Brannigan and 
Wilkinson, 2002). 

Directed evolution 
Directed evolution does not require information about enzyme structure re-
lates to function (Stemmer, 1994; Kuchner and Arnold, 1997). This tech-
nique has emerged as a powerful tool for protein engineering and functional 
studies of protein structure-function relationships (Arnold, 2001; Brannigan 
and Wilkinson, 2002). Also, it has been widely adopted by industry and 
evolving new metabolic pathways (Kuchner and Arnold, 1997). There are 
several strategies for directed evolution such as DNA shuffling, sequence 
saturation mutagenesis, staggered extension process, random-priming re-
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combination, heteroduplex recombination, and random chimeragenesis on 
transient templates (Sen et al., 2007).  

DNA shuffling 
DNA shuffling involves the recombination of DNA to produce a library 

of chimeras (Stemmer, 1994). Recombination by DNA shuffling is used to 
modify physical and catalytic properties of biological systems. It is achieved 
through a repeating process of changes in the DNA (Figure 9), followed by 
screening or selection of the optimum sequence. DNAseI first cleaves paren-
tal templates randomly to small fragments and then they are resembled via a 
primerless PCR reaction. Denatured fragments from different genes anneal 
to each other based on sequence homology and are extended via a DNA 
polymerase to full length fragments. The DNA shuffling can be used to shuf-
fle distinct, but related genes (Crameri et al., 1998). By this method, enzyme 
variants were generated from human GST M1-1 and human GST M2-2 
(Hansson et al., 1999), human GST T1-1 and rat GST T2-2 (Broo et al., 
2002), and the active site mutants of human GST A1-1 together with human 
GST A2-2, human GST A3-3, bovine GST A1-1, rat GST A2-2, and A3-3 
were subjected to DNA shuffling (Kurtovic et al., 2008a). Although DNA 
shuffling is considered a powerful tool, it is not without limitations. This 
technique relies on homology between genes for recombination, and as a 
result, crossovers tend to accumulate at certain “hotspot” of high homology 
and more frequency between templates with higher sequence similarity 
(Joern et al., 2002).  
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Figure 9. Scheme of DNA shuffling.  

Enzyme properties can be improved by rational design or directed evolution. 
With the rapidly increasing number of available three-dimensional structures 
in protein data bank and development of powerful protein modeling tools, 
rational design becomes more efficient and widely applicable. Meanwhile, 
emergence of novel high-throughput screening processes and strategies for 
increasing sequence diversity will connect the application of directed evolu-
tion to many more industrial biocatalysts and increase the possibility for 
evolving new functions (Georgiou and Dewitt, 1999). Although either ra-
tional protein design or directed evolution can be very effective, a combina-
tion of both strategies will probably represent the most successful way to 
improving the enzyme properties and functions. The present work in this 
thesis shows an interesting example of the combination between directed 
evolution, using DNA shuffling tool, and rational design.   
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Aim of study 

This thesis is based on both directed evolution (DNA shuffling) and rational 
design (site directed mutagenesis) in an attempt to design enzyme variants 
with novel activities towards a wide range of alternative substrates, including 
alkylating agents (e.g., haloalkanes, BCNU), isothiocyanates, and hydrope-
roxides. Another important goal was to study structure-function relationships 
among different chosen mutants compared to the wild-type enzyme in order 
to find key residues responsible for catalytic function. This thesis also in-
cludes comparative studies of the catalytic properties of human and rodent 
GST T1-1.  
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Present investigations 

Molecular evolution of Theta class GST for enhanced 
activity with BCNU as alkylating agent (Paper I) 
The aim of this study was to investigate how directed evolution can produce 
new mutants with higher efficiency in catalyzing the conjugation of GSH to 
alkylating drug BCNU and other alkylating agents. This could provide pro-
tection of the normal cells against the toxic side-effects of the cytostatic 
drugs.  

Protein engineering and cancer therapy 
Alkylating agents are used as cytostatic drugs in cancer therapy, including 
brain tumors, glioblastoma, melanoma, and lymphoma (Drabløs, et al., 2004, 
Giese et al., 2004). The critical problems with alkylating drugs are their tox-
ic-effects of the normal cells and the acquisition of drug resistance, which is 
implicated in many survival mechanisms in tumor cells. The major resistant 
factors are AGT, which repairs DNA damage by removing the alkyl groups 
from the O6 position of guanine, and GSTs, as they play an important role in 
the conjugation, and thus, the detoxication of different alkylating drug (Bo-
dell et al., 1986; Smith et al., 1989). The O6-benzylguanine suicide-substrate 
was developed to inactivate AGT and increase the antitumor activity of 
chemotherapeutic alkylating agents (Pegg et al., 1993; Pegg, 2000). Several 
human AGT mutants with a reduced ability to react with O6-benzylguanine 
have been obtained either by site-directed mutagenesis (Dolan and Pegg 
1997; Dolan et al., 1991) or by screening cDNA libraries containing random 
insertions in the AGT sequences (Xu-Welliver et al., 1998; Christians et al., 
1997; Encell et al., 1998). The greater advantage of using O6-benzylguanine-
resistant mutants of AGT would be conferred for expression in bone marrow 
in conjunction with O6-benzylguanine to sensitize the tumor to the alkylating 
agent (Xu-Welliver et al., 1998).  

As was mentioned above, AGT plays an important role in the elimination 
of cytotoxic adducts from DNA. In this reaction, AGT catalyzes the transfer 
of the alkyl substituent from DNA (O6-position of guanine) to an active 
Cys145 site within the protein, thereby inactivating itself. The AGT is con-
sumed and is consequently needed in large amounts to repair the alkylated 
DNA. Utilizing GSTs would be superior to AGT because GST molecule can 
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accomplish the inactivation of a very large number of drug molecules. 
Another advantage of GSTs is that they are normally expressed in very high 
concentrations in mammalian cells, demonstrating that they are well tole-
rated. This suggests that the administration of GST to patients would not be 
limited by an unfavorable response to the protein. 

 Directed evolution of GSTs that could decrease the toxicity of alkylating 
drugs has been attempted. By this approach, possible clinical applications 
were considered, such as protection of normal cells in patients undergoing 
treatment with alkylating drugs. GSTs mutant with high catalytic efficiency 
could be administered to patients by injection of the GST gene into the bone 
marrow. In this way, it could be transplanted to the patient (Sorrentino, 
2002). An example of GSTs evolution is the random mutagenesis of a small 
number of residues of Alpha class GST studied by Gulick and Fahl, 1995. 
The mutants showed significant improvement in catalytic efficiency against 
the nitrogen mustard mechloramine.  

Theta class GST T1-1 and the alkylating drug BCNU 
Human GST T1-1 is the most efficient cytosolic GST investigated to cata-
lyze the reaction of GSH with the anticancer drug BCNU. GST T1-1 showed 
20-fold higher activity with BCNU as an alkylating drug than those of the 
GST M2-2 and M3-3 types (Lien et al., 2002). The GST T1-1 is expressed in 
the brain, a clinical target for BCNU treatment (Sherratt et al., 1997). It was 
also found that human GST T1-1 was expressed in the neoplastic cells of 
glioblastoma multiforme (Diedrich et al., 2006). This could mean that GST 
T1-1 is responsible for metabolizing most of the alkylating agents. There-
fore, the existence of human GSTT1-null genotype may influence the sensi-
tivity of tumors to BCNU. In an attempt to use knockout mouse GSTT1 as a 
model of the human null enzyme, Fujimoto et al., (2007) showed that the 
plasma BCNU concentrations in GSTT1-null mice were significantly higher 
than in wild-type after a single administration of BCNU. Also, cytosolic 
samples of the GSTT1-null mice showed decreasing GST activity with 
BCNU compared to the wild-type control. This implies that GSTT1-null 
mice are highly exposed and toxicologically susceptible to BCNU (Fujimoto 
et al., 2007). In the present study, the directed evolution depending on Theta 
class GSTs was used to improve their ability to catalyze the degradation of 
the anticancer drug BCNU. 

Screening of DNA shuffling libraries with NPB as a surrogate 
substrate for BCNU  
The genes coding for GSTs with higher alkyltransferase activity selected 
from the Theta class GSTT1/T2 library (F1 generation) (Broo et al., 2002) 
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were recombined with DNA encoding wild-type mouse and rat GST T1-1 to 
generate the F2 generation (Larsson et al., 2004). F2:1215 is one of the cho-
sen mutants from the F2 generation that displayed higher alkyltransferase 
activity by more than two orders of magnitude compared to wild-type human 
GST T1-1. Thirteen GSTs mutants from the F2 generation (F2:1215, in-
cluded) were used for further DNA shuffling. Genetic diversity was in-
creased by addition of cDNA encoding rat GST T1-1 (whole sequence). The 
following F3 and F4 generations were screened for improved alkyltransfe-
rase activity with 4-nitrophenethyl bromide (NPB) and EPNP. From the F3 
and F4 generations, 16 and 20 variants, respectively, were chosen for the 
next F5 generation. Different generations resulting from DNA shuffling are 
illustrated in simplified form in Figure 10. Screening of the F5 generation 
revealed a mutant F5:1474 with higher activity with NPB and EPNP com-
pared to wild-type human GST T1-1. 

 

 
Figure 10. DNA-shuffling process from F1 to F5 generation 
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Due to the cytotoxicity of BCNU, it was difficult to use this substrate for 
screening the libraries. NPB was chosen as a surrogate substrate for BCNU 
because it is less hazardous and displays structural similarities to BCNU 
(Figure 11). Both NPB and BCNU undergo nucleophilic substitution reac-
tion with GSH. EPNP is another substrate used in the screening and shows 
similarity in the molecular size of NPB and BCNU. EPNP undergoes addi-
tion reaction with GSH.  
 

 
Figure 11. Structures of three alternative alkylating agents used as electrophilic GST 
substrates. Arrows indicate the site of attack by GSH on the substrates. 

Sequence analysis of F2:1215 and F5:1474 
DNA sequence analysis of F2:1215 established that the mutant contained 
approximately 50 nucleotides of rat GST T2-2 sequence in the N-terminal 
region, followed by a large region of human GST T1-1 sequence. All togeth-
er, 15 nucleotides were changed in the mutant compared to human GST T1-
1. The difference at the protein level of F2:1215 variant compared to wild-
type human GST T1-1 was only three amino acid residues out of a total 240; 
Cys14Ser, Thr226Ile, and Trp234Arg (Figure 12). The Cys14Ser mutation 
derived from the rat GST T2-2 sequence. Residue 226 is one of only two 
residues in the whole GST T1-1 sequence that differs among all three paren-
tal wild-type species (human, rat, and mouse). So, the residue 226 in 
F2:1215 apparently originates from the mouse enzyme. It is difficult to de-
cide whether the Trp234Arg mutation has its origin from rat GST T1-1 or 
mouse GST T1-1.  

DNA sequence analysis of mutant F5:1474 showed that all three wild-
type sequences (human, mouse, and rat GST T1-1) contributed to the recom-
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bination, but it is difficult to determine the overlapping positions in the re-
combined sequence due to high sequence identity among the three wild-type 
GST T1-1. The total amino acid difference between F5:1474 and wild-type 
human GST T1-1 was 34 amino acids (Figure 12). Comparison between the 
mutations found in the F2:1215 and F5:1474 showed that the Cys14Ser is 
not present in F5:1474, suggesting that this mutation may not be necessary 
for elevated expression. Residue 226 was Val in F5:1474, which corresponds 
to the residue in the rat GST T1-1 sequence. The Trp234Arg mutation was 
also found in F5:1474. 

 
Figure 12. Alignment of amino acid sequences of three human, mouse and rat wild-
type GST T1-1as well as mutants F2:1215 and F5:1474. H-site residues are marked 
with gray boxes. 

Steady-state kinetic parameters of F2:1215 and F5:1474 
Steady-state kinetic parameters of the purified F2:1215 and F5:1474 were 
determined with NPB and EPNP as alternative substrates. Similar data were 
obtained with BCNU. The mutant F2:1215 showed higher catalytic efficien-
cy (kcat/Km) with NPB and EPNP by 70- and 4-fold, respectively, than wild-
type human GST T1-1 (Figure 13). The kinetic parameters with BCNU of 
F2:1215 showed an increase in kcat/Km by 170-fold compared to human GST 
T1-1. The data demonstrate a good correlation between the activities with 
NPB and BCNU. Thus, NPB can be used as a surrogate substrate for BCNU. 
The kcat/Km of F5:1474 variant showed an increase in activity by 119-fold for 
NPB and 27–fold increased EPNP compared to human GST T1-1 (Figure 
13). The kinetic parameters of F5:1474 with BCNU as substrate remain to be 
determined.  
  



 39

 
 

Figure 13. Relative increase of kcat/Km for F2:1215 and F5:1474 mutants compared 
to wild-type human GST T1-1using NPB and EPNP as alternative substrates 

Conclusion 
The alkyltransferase activity of human GST T1-1 was improved by directed 
evolution. Among different libraries (F2-F5 generations) resulting from 
DNA shuffling, F2:1215 and F5:1474 mutants showed highest alkyltransfe-
rase activity compared to wild-type human GST T1-1. The increase in NPB 
activity correlates with the BCNU activity. NPB was used as a useful surro-
gate substrate of BCNU as they have similar structure and both undergo a 
substitution reaction with GSH.  

Role of residue 234 in the catalytic activity of human 
GST T1-1 (Papers II and III) 
F2:1215 is the human GST T1-1 mutant that showed highest alkyltransferase 
activity found in the screening of the F2 generation (Larsson et al., 2004; 
Paper I). One of the changes found in the F2:1215 mutant compared to wild-
type human GST T1-1 was the replacement of Trp234 by Arg, found in 
mouse and rat GST T1-1. So it was interesting to elucidate whether replacing 
Trp234 with Arg influences the catalytic properties of human GST T1-1. Fur-
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thermore, it would illustrate the contribution of residue 234 to enhanced 
alkyltransferase activity found in the F2:1215 mutant. The crystal structures 
of both wild-type human GST T1-1 and human Trp234Arg (hTrp234Arg) 
mutant were solved to help in the explanation of the increased catalytic ac-
tivity of hTrp234Arg mutant in comparison with the wild-type enzyme with 
different alternative substrates.  

Specific activities of hTrp234Arg mutant using different 
alternative substrates 
The replacement of Trp234 with Arg, or with Lys as an alternative positively 
charged amino acid similar to Arg, affected the catalytic properties of human 
GST T1-1 using a series of homologous 1-iodoalkanes and some typical 
GST substrates. The chemical structures of the substrates used in this study 
are shown above in Figure 7.  The hTrp234Arg mutant is a more efficient 
enzyme than wild-type human GST T1-1 with all tested substrates except 
cumene hydroperoxide (CuOOH) and iodopropane (not changed).  The al-
kyltransferase activities with NPB and 4-nitrobenzyl chloride (NBC) 
represent the largest enhancements (> 50 fold increase) of the hTrp234Arg 
mutant compared to human GST T1-1. This illustrates the importance of 
Arg234 for the increased activity of mutant F2:1215 shown in Paper I. Despite 
the similarities between Arg and Lys in size and charge there are significant 
differences between the two mutants in their activities with various sub-
strates (Figure 14). The mutant hTrp234Lys showed lower activity than the 
human GST T1-1 with all substrates except NPB and NBC, that showed 
slight increases by 4 and 2-fold, respectively, compared to the human en-
zyme. This indicates that a positive charge is not sufficient for increased 
activity. As was illustrated by the crystal structure of hTrp234Arg mutant 
(Paper III), the Arg234 interacts with C-terminal carboxylate group of GSH, 
thereby assisting the positioning of GSH in the active site. Although neither 
Arg nor Lys blocked the active site compared to Trp in human GST T1-1, 
hTrp234Lys mutant showed lower activity than wild-type enzyme and 
hTrp234Arg. Although GST T1-1 prefers small substrates, the specific activ-
ity does not decrease with increasing chain length of the 1-iodoalkanes (Fig-
ure 14). The activities of the wild-type human GST T1-1 decrease to an ap-
proximately constant level <0.1 μmol min-1 mg-1, whereas the activities of 
hTrp234Arg and hTrp234Lys initially decrease with the chain length (lowest 
value at 1-iodobutane) and then increase to a local maximum at 1-
iodohexane (Figure 14). 
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Figure 14. Bar plot displaying specific activities of wild-type human GST T1-1 
(blue color), hTrp234Arg (W234R, red color), and hTrp234Lys (W234K, green 
color) mutants with different electrophilic substrates. (Data from Paper II). 

The importance of residue 234 was also illustrated by Griswold et al., 
(2006). The authors used the fluorogenic substrate, 7-amino-4-chloromethyl 
coumarin for screening the library of both human GST T1-1 and rat GST T2-
2. The study showed a high frequency of Trp234 to Arg during screening with 
the fluorogenic substrate. Site saturation mutagenesis of Trp234 in human 
GST T1-1 with 19 amino acids showed that Arg is one of the best other six 
residues that showed high levels of catalytic activity using CMAC (Griswold 
et al., 2006). They concluded that residue 234 plays a dominant role in con-
ferring high fluorogenic substrate activity. 

Based on the three dimensional structures of both the wild-type human 
GST T1-1 and hTrp234Arg mutant (Paper III), the side chain of Arg234 in 
hTrp234Arg mutant is pointing towards the surface of the protein. In con-
trast, Trp234 in wild-type enzyme occupies a significant portion of the active 
site, leaving little space for electrophilic substrate or GSH (Figure 15). In 
addition, Arg234 forms a salt bridge with the C-terminal carboxylate group of 
GSH and thereby is directed away from the binding site of the electrophilic 
substrate (Paper III). 
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Figure 15. C-terminal helix structure of wild-type human GST T1-1, with Trp234, 
(brown) is superpositioned with the hTrp234Arg mutant in complex with S-hexyl 
glutathione (yellow). (PDB entry, 2c3n; 2c3q) (From Paper III) 

Steady-state kinetic parameters of different variants 
EPNP, NPB, iodomethane, and 1-iodohexane were chosen for determination 
of steady-state kinetic parameters (Table 3). The lower Km value of the larger 
substrates (EPNP, NPB, and 1-iodohexane) indicates that these substrates are 
more acceptable to the mutants than for the wild-type enzyme. This refers to 
an increased volume of the active-site cavity created by replacing Trp by the 
less bulky residues Arg or Lys (Paper III). In the case of a small substrate, 
such as iodomethane, the Km value change suggests less tight binding. On the 
other hand, The kcat values increase markedly with Arg234 with the four sub-
strates. The comparison between hTrp234Arg and F2:1215 indicated that the 
catalytic efficiencies (kcat/Km) for mutant hTrp234Arg increased by 2- and 3-
fold with EPNP and NPB, respectively, than F2:1215 (Figure 16). These 
results support the suggestion that the residue 234 could be the reason for the 
elevation of the alkyltransferase activity displayed in mutant F2:1215. The 
change of the absolute values of kcat for the F2:1215 mutant in this study 
compared to that found in Paper I is due to different preparations of the mu-
tant. 
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Table 3. Steady-state kinetic parameters of human GST T1-1 variants with alterna-
tive substrates. (From Paper II). 

 
 

The catalytic efficiency of hTrp234Arg and F2:1215 mutants with iodome-
thane and 1-iodohexane showed different effects compared to each other. 
With iodomethane, the catalytic efficiency was significantly higher (3 times) 
for hTrp234Arg than for mutant F2:1215. In contrast, with 1-iodohexane, the 
kcat/Km for F2:1215 was 1.8 times higher than that for the hTrp234Arg mu-
tant. A previous study illustrated that the product release, controlled by the 
C-terminal region, is the rate-limiting step for substrates that react quickly in 
case of T2-2 (Jemth and Mannervik, 1999). So the corresponding difference 
in kcat with iodomethane and 1-iodohexane could mean that the higher rate 
obtained with iodomethane is limited by a conformational change linked to 
product release which, is smaller with the 1-iodohexane. The additional mu-
tations in F2:1215 (Cys14Ser and Thr226Ile) could perhaps influence the 
conformational flexibility of the enzyme. 
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Figure 16. Catalytic efficiency of human GST T1-1 variants with four different 
substrates. (From Paper II) 

Conclusion 
From this study, it becomes clear that residue 234 as an H-site residue in the 
C-terminal helix of human GST T1-1 plays a decisive role in determining 
the catalytic properties of human GST T1-1. Accordingly, the high catalytic 
efficiency shown in F2:1215 with NPB as a surrogate substrate of BCNU 
(Paper I) could be due to the presence of Arg234 in the F2:1215 mutant. This 
is illustrated by high catalytic activity of hTrp234Arg mutant with NPB and 
NBC. 

Residue 234 is a master switch of substrate selectivity 
profile between human and rodents GST T1-1 (Paper 
IV) 
After elucidating the importance of residue 234 in the catalytic activity of 
human GST T1-1, it was interesting to see whether the same residue is im-
portant in rodent animal models (e.g., mouse). The present study shows how 
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the reciprocal mutations of residue 234 between mouse and human enzymes 
transform the substrate selectivity profiles from one to the other. Also, it 
shows the similarity between mouse GST T1-1 and rat GST T1-1 activities 
towards a wide range of substrates with different chemical reactions com-
pared to human enzyme. 

Similarities between human, mouse, and rat GST T1-1 
Human Theta class GST has two distinctly different subclasses (hGSTT1-1, 
and hGSTT2-2), whereas mouse has four Theta-class GSTs, and rat has three 
Theta enzymes. Both the rat and mouse GST T1-1 sequences show an identi-
ty of 92%, whereas the identities between rat and mouse enzymes are 79 and 
82% compared to human GST T1-1, respectively. The structures of wild-
type mouse and rat GST T1-1 were modeled based on the crystal structure of 
human GST T1-1 (PDB entry, 2c3n; Paper III). Both modeled structures 
were essentially superimposable with human GST T1-1 (RMSD 0.33Å for 
mouse GST T1-1 and 0.45Å for rat enzyme).  Figure 17 shows the model 
structure of wild-type mouse GST T1-1 superimposed on the human GST 
T1-1 mutant. The G-site residues are conserved among three species except 
for residue 53 in rat GST T1-1. For unclear reasons, the recombinant rat 
GST T1-1 sequence differs in three positions, Arg47Glu, Arg53Lys, and 
Met58Lys, from the previously published sequence (Ogura et al., 1994). 
These differences did not change the catalytic activity of the recombinant rat 
enzyme compared to the published sequence enzyme. The H-site residues 
are identical between rodents and human enzyme except in residues 36 and 
234 (Table 2; Figure 12).  
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Figure 17. Model structure of wild-type mouse GST T1-1 superimposed on human 
GST T1-1 mutant (PDB entry, 2c3q) 

Substrate-activity profile of different GST T1-1 enzymes  
In spite of the high degree of structural similarities of wild-type enzymes 
(human, mouse, and rat) (Figure 12), human GST T1-1 is overall less active 
and has a different substrate selectivity profile compared to the rodent en-
zymes towards 26 alternative substrates. Among the different haloalkanes 
(mono- and diiodoalkanes) tested in the present study (Figure 18), the rodent 
enzymes showed 15 and 20 times higher activity than human GST T1-1, 
except for diiodoethane, which gives the same value for rodents and human 
enzymes.  
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Figure 18. Chemical structures of different mono- and diiodoalkanes  

A previous study by Kurtovic et al., (2008b) showed higher activity with 
diiodoethane for human GST A1-1, A2-2, and A3-3 by approximately 27-
fold over that found in Theta GST T1-1 (Figure 19). The rest of the iodoal-
kanes used with Alpha enzymes (Kurtovic et al., 2008b) did not show any 
activity higher than for rodent GST T1-1. Comparing the activity of human 
and rat Alpha GSTs (A2-2 and A3-3) with haloalkanes showed for all tested 
haloalkanes that the activity of human Alpha enzyme is higher or similar to 
that of rat enzymes (Kurtovic et al., 2008b). So, it will be interesting in the 
future to study the differences between Theta and Alpha GSTs towards such 
important substrates (haloalkanes), especially diiodoethane, because of its 
toxicological importance. 
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Figure 19. Specific activities of Theta and Alpha class GSTs using different iodoal-
kanes. The data of Theta class enzymes from Paper IV whereas the data of Alpha 
class enzymes from Kurtovic et al., 2008b. 

 
Replacing Arg234 in the mouse enzyme with Trp, as found in the human GST 
T1-1, gave rise to the mArg234Trp mutant that showed high similarity to 
wild-type human enzyme in its overall activity using 26 alternative sub-
strates. Both enzymes showed significantly lower activities compared to 
wild-type mouse GST T1-1. On the other hand, the catalytic activities of the 
wild-type mouse and rat GST T1-1 were similar to those of the human mu-
tant hTrp234Arg, even though the values were somewhat lower (Figure 20). 
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Figure 20. Substrate selectivity profiles of wild-type mouse, rat, and human GST 
T1-1 as well as two variants (hTrp234Arg, and mArg234Trp). The pie charts illu-
strate the dominating activities in the larger circles and an enlargement of the lower 
activities of monoiodo- and diiodoalkanes in the smaller circles. (From Paper IV) 

Steady-state kinetics of wild-type human and rodents GST T1-1 
In order to investigate the differences among the specific activities obtained 
with 1-iodoalkanes of different chain lengths, a steady-state kinetic analysis 
of three wild-type GST T1-1 enzymes of different species was made with 
three substrates (iodomethane, 1-iodobutane, and 1-iodohexane) (Table 4). 
The data show very similar kinetic parameters for rat and mouse GST T1-1 
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with three 1-iodoalkanes. The Km values decrease with increasing chain 
length in both rodents. The lowest kcat value was shown by 1-iodobutane and 
then increased in the case of 1-iodohexane by 20-fold over that obtained 
with 1-iodobutane. Human GST T1-1 displayed a different kinetic behavior 
compared to the rodent enzymes. The Km value of human GST T1-1 is es-
sentially the same among the three different iodoalkanes (Table 4), whereas 
the kcat of human enzyme with 1-iodohexane was higher by 1.5-fold than 
with 1-iodobutane. Human GST T1-1 showed lower kcat values by 27, and 
50-fold with iodomethane, and 1-iodohexane, respectively, compared to 
wild-type rodent enzymes (Table 4). The higher kcat values of iodomethane 
than 1-iodohexane, among three wild-type enzymes, indicate that the product 
release could be the rate-limiting step.  

 

Table 4. Steady state kinetic parameters of wild-type rat, mouse, and human GST 
T1-1. (From paper IV) 

 
* data from paper II. 

Conclusion 
This study illustrates that residue 234 has a key role in governing the activity 
and substrate selectivity profile between human and rodent GST T1-1. 
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Structural changes in the C-terminal helix reschedule 
the favored chemical reactions catalyzed by Theta class 
GST T1-1 (Paper V) 
This study shows how minor structural changes in the C-terminal helix of 
mouse GST T1-1 introduce important changes in the substrate selectivity 
profile of the enzyme to favor novel chemical reactions and to suppress other 
reactions catalyzed by the parental enzyme.  

The story of this study began when Arg234 in mouse GST T1-1 was mod-
ified to Trp (Paper IV). In the course of mutagenesis a spurious deletion of 
Met232 was obtained in combination with mArg234Trp mutation. The fre-
quency of the deletion mutant (�R234W) to the total DNA sequences was > 
60 %. So it was interesting to investigate the catalytic properties of that mu-
tant. The present study shows that residue 232 has strongly influenced the 
catalytic activity of mouse GST T1-1, without being in the first coordination 
sphere of any of the substrates, as shown from the model structure of mouse 
GST T1-1 (Figure 17) as well as the distance from Met232 and the sulfur of 
GSH is approximately 13 Å. To investigate the effect of residue 232 on the 
catalytic properties of the enzyme, Met232 was mutated into Ala in both the 
wild-type mouse GST T1-1 and the mutant mArg234Trp. The substrate-
activity profile of wild-type mouse GST T1-1 and its four mutants 
(Met232Ala, Met234Ala/Arg234Trp, Arg234Trp, and �Arg234Trp) were 
followed using different substrates representing substitutions as well as dif-
ferent addition reactions (Figure 7, 21). An interesting observation regarding 
catalytic activities of different mutants is the enhanced activities with hydro-
peroxides and organic isothiocyanates compounds that have biological signi-
ficance, as shown in the introduction section.  

Effect of residue 232 deletion 
The effect of Met232 deletion on the mArg234Trp mutant was studied by 
following the activity of the �Arg234Trp using a wide range of substrates 
undergoing different chemical reactions (Figure 21). The �Arg234Trp mu-
tant showed increased activity by 12 and 47-fold towards phenethyl- and 
allyl-ITCs, respectively, than mutant mArg234Trp. Both benzyl- and propyl-
ITC also showed elevation in activity for deletion mutant by 3- and 6-fold 
over mArg234Trp mutant, respectively. Among the hydroperoxides, the 
deletion mutant showed the highest activity with CuOOH: 47-times higher 
than that of mArg234Trp mutant, whereas the activities of the �Arg234Trp 
and mArg234Trp mutants were the same using tert-BuOOH. Both activities 
are lower than that of wild-type mouse GST T1-1 by 9-fold.  
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Figure 21. Pyramid plot of catalytic activity profiles of wild-type mouse GST T1-1 
and four variants. (From PaperV) 

Effect of Ala232 on the activity of wild-type mouse GST T1-1 
and mArg234Trp mutant 
The Met232 was replaced with Ala in both the wild-type mouse GST T1-1 
and Arg234Trp mutant, resulting in Met232Ala and Met232Ala/Arg234Trp 
mutants. Both mutants showed higher activities with allyl-ITC by 8-fold than 
the wild-type enzyme. The doubled mutant showed an increase in activity 
with propyl-ITC by 16-fold compared to wild-type enzyme. Mutant 
Met232Ala showed 30-fold increase in the activity with CuOOH compared 
to wild-type mouse GST T1-1, even though the activity with tert-BuOOH is 
decreased almost 4-fold. By contrast, the double mutant 
Met234Ala/Arg234Trp showed 17- and 1.5-fold higher activity with 
CuOOH and tert-BuOOH, respectively, than the wild-type enzyme (Figure 
21).  

 
 



 53

Structural modifications of the C-terminal helix  
The model structure of wild-type mouse GST T1-1 is superimposable with 
the human GST T1-1 (RMSD = 0.33Å), except for the residues that differ 
between the two sequences as shown in Figure 17 and Table 2. The close-up 
of the C-terminal helix of the modeled structure of wild-type mouse GST 
T1-1 with human GST T1-1 mutant (PDB, 2c3q) is shown in Figure 22a. As 
was mentioned in Paper III, the Arg234 displayed an ionic bond with the car-
boxyl group of GSH and the mouse GST T1-1 presumably forms a similar 
ionic interaction. The effect of replacing Met232 with Ala on the C-terminal 
helix did not cause any remarkable change in the position of residue 232 or 
234 in the model structure of Met232Ala (RMSD = 0.6 Å) compared with 
mouse GST T1-1 (Figure 22a,b). Meanwhile, the model structure of the de-
letion mutant, �Arg234Trp (RMSD = 0.87), showed significant alteration in 
the C-terminal helix (Figure 22c). Deletion of residue 232 from mArg234Trp 
causes a bend of the C-terminal helix as shown in Figure 22c.  

The importance of the C-terminal helix of GST T1-1 was also investi-
gated by Josephy et al., (2006).  The investigators screened a Theta class 
GST library obtained by recombination of DNA encoding human GST T1-1 
and rat GST T2-2 (Broo et al., 2002) for mutagenic activity in the E. coli 
lacZ reversion (Josephy et al., 2006). The Leu236Pro mutant, one of the 
selected mutants, showed a dramatic decrease in catalytic activity of human 
GST T1-1 and the authors concluded that residue 236 has destructive effect 
due to disruption of the C-terminal helix of the enzyme (Josephy et al., 
2006). 
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Figure 22. Close up of the C-terminal helix of (a) wild-type mouse GST T1-1, (b) 
Met232Ala mutant, and (c) deletion mutant �Arg234Trp. Modeled structures of 
GST T1-1 variants (red color) are superpositioned with human Trp234Arg mutant, 
PDB entry 2c3q (blue color) (Adopted from Paper V) 

Switch of substrate selectivity profile between different mutants  

From 18 tested substrates undergoing different chemical reactions with 
GSH, four substrates were selected. These substrates are: EPNP and allyl-
ITC are examples of addition reactions, iodomethane as a nucleophilic subs-
titution reaction, and CuOOH as a reductive substitution reaction. The chem-
ical reactions of these substrates are shown in Figure 4. Both EPNP and 
iodomethane are preferred substrates for wild-type mouse GST T1-1, so they 
showed highest activities in the wild-type enzyme compared to allyl-ITC and 
CuOOH. The mArg234Trp showed the same substrate preference as the 
wild-type enzyme, but the absolute values were lower. For mutant 
Met232Ala, all four substrates were comparable. Deletion of residue 232 
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switched the wild-type substrate preferences as shown by the �Arg234Trp 
mutant, which displays the highest activities with CuOOH and allyl-ITC. In 
the case of the Met232Ala/Arg234Trp mutant, allyl-ITC was the favored one 
among the four substrates (Figure 23). The explanation of the switched sub-
strate preference among the four mutants needs more investigation of the 
different structures. The mutations of both residue 232 and 234 could change 
the topology of the C-terminal domain of GST T1-1, but these changes re-
quire deeper studies of the enzyme structure. The residues 232 and 234 are 
different among closely related mammalian GST T1-1 (Table 5). It will be of 
interest to change these residues to the corresponding residues of related 
species and to follow their effect on the catalytic function of the protein.  

 
 
 

 

 
 
 

Figure 23. Rescheduling of favored chemical reactions by point mutations in GST 
T1-1. (From Paper V) 
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Table 5. Comparison between residues 232 and 234 among different mammalian 
GST T1-1 

Species  Residue 232 Residue 234 Overall sequence 

Similarity to hGST T1-1 
(%) 

Homo sapiens M W 100 

Rattus norvegicus M R 79 

Mus musculus M R 82 

Canis lupus  familiaris M R 91 

Macaca mulatta M W 97 

Bos taurus L K 86 

Sus scrofa L K 86 

Equus caballus R S 85 
 

Conclusion 
The C-terminal helix is an important region that can affect the substrate se-
lectivity profile of GST T1-1. This study showed how simple mutations in 
the �9 helix alter the substrate specificity profile of mouse GST T1-1. As a 
result of this mutation, the enzyme gained catalytic properties with ITCs and 
hydroperoxides substrates that were not found in the wild-type enzyme, and 
showed decreased activity with preferred substrates of GST T1-1 such as 
EPNP and iodomethane.    
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Summary 

Paper I shows that directed evolution can generate new variants with higher 
activity than wild-type human Theta class GST T1-1 toward alkylating 
agents, including the anticancer drug drug 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU). The library was constructed by recombination of 
cDNA coding for human GST T1-1 and rodent Theta class GSTs resulting 
F2-F5 generations. The clones were heterologously expressed in Escherichia 
coli and screened for variants with enhanced alkyltransferase activity. In this 
study NPB was used as a surrogate substance for BCNU. Two variants with 
higher activities towards NPB were investigated from the F2 and F5 genera-
tions, F2:1215 and F5:1474, respectively. Both variants showed an increase 
in catalytic activity with NPB by 70-fold for F2:1215 and 119-fold for 
F5:1474 compared to wild-type human GST T1-1. The alkyltransferase ac-
tivity of mutant F2:1215 was increased by 170-fold for BCNU. The F2:1215 
variant differs from human GST T1-1 in three amino acids. One of these 
residues is Arg234 which is Trp in the wild-type human enzyme. The study in 
Paper II showed that residue 234 plays an important role in catalytic activi-
ty and substrate selectivity against different alternative substrates in human 
GST T1-1. The Trp234 of human enzyme was replaced with Arg by site di-
rected mutagenesis, found in mouse and rat GST T1-1. The hTrp234Arg 
mutant showed significant elevation of alkyltransferase activity with a series 
of homologous 1-iodoalkanes as well as with some of typical GST sub-
strates. The enhanced activity of hTrp234Arg mutant over than wild-type 
value can be explained by inspection of the three-dimensional structure in 
Paper III. Trp234 in wild-type human GST T1-1 occupies a significant por-
tion of the active site, leaving little space for electrophilic substrate or gluta-
thione. In contrast, the hTrp234Arg mutant, the side chain of Arg234 in point-
ing towards the surface of the protein. In addition, Arg234 forms a salt bridge 
with the C-terminal carboxylate group of glutathione and thereby is directed 
away from the binding site of electrophilic substrate. Since the residue 234 
plays an important role in human GST T1-1 activity as mentioned in papers 
II and III, it was important to investigate if this role is also found in rat or 
mouse GST T1-1 (Paper IV). Replacing Arg234 of mouse GST T1-1 with 
Trp, found in the human enzyme, resulting in mArg234Trp mutant, showed 
a dramatic decrease in catalytic activity with a wide range of alternative sub-
strates representing diverse chemical reactions. Also, the reciprocal muta-
tions of residue 234 between mouse and human enzymes showed a transfor-
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mation of the substrate selectivity profile from one to the other. This indi-
cates that the residue 234 can be considered as a master switch between hu-
man and rodents GST T1-1. The minor structural changes in the C-terminal 
helix of GST T1-1 could induce major changes in substrate selectivity pro-
file of the enzyme to favor novel chemical reactions and to suppress other 
reactions catalyzed by the parental enzyme. The study in Paper V showed 
that residue 232 has strongly influenced the catalytic activity of mouse GST 
T1-1, without being in the first coordination sphere of any of the substrates. 
The effect of deletion of residue 232 as well as replacement of Met232 with 
Ala in both wild-type mouse GST T1-1 and the mArg234Trp mutant was 
studied. An interesting observation derived from catalytic activities of four 
mutants (Met232Ala, Met232Ala/Arg234Trp, Arg234Trp, and �Arg234Trp) 
is the enhanced activities with two classes of important biological signific-
ance compounds, hydroperoxides and organic isothiocyanates. 
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Svensk sammanfattning  

 Bakgrund  
Glutationtransferaser (GSTs) (EC 2.5.1.18) är en superfamilj av multifunk-
tionella proteiner med grundläggande roller i cellens avgiftning av ett brett 
spektrum av exogena och endogena föreningar. De cytosoliska  glutation-
transferaserna från däggdjur delas in i sju klasser baserat på deras likhet på 
sekvensnivå, nämligen alfa, mu, pi, sigma, teta, zeta coh omega. Sekvenslik-
heten inom en klass är vanligtvis >40% medan sekvenslikheten  mellan klas-
ser är betydligt lägre, oftast mindre än 25%. Denna avhandling baseras på 
studier gjorda på glutationtransferaser tillhörande teta-klassen.  

 Teta-klassens glutationtransferaser 
Enzymer från teta-klassen är några av de mest intressanta glutationtransfera-
serna gällande forskning kring evolution, biokemi, polymorfi hos männsikor, 
etniska skillnader samt påverkan på människors cancerrisk. Teta-klassens 
enzymer är hittills några av de mest undersökta och karaktäriserade gluta-
tiontransferaserna med avseende på deras roll i de processer som sker från 
exponering för mutagena substanser till processer som leder till DNA-
skador, mutationer och slutligen cancer. Teta-klassens glutationstransferaser 
visade viktiga skillnader i den katalystiska aktiviteten jämfört med andra 
klassers. Teta-glutationtransferaser uppvisar låg affinitet för glutationkonju-
gat samt dålig förmåga att metabolisera 1-klor-2,4-dinitrobensen (CDNB) i 
jämförelse med enzymer från klasserna alfa, mu och pi. I människa finns två 
enzymer GST T1-1 och GST T2-2, medan det i gnagare finns fler. 

Syftet med arbetet, sammanfattat i denna avhandling, var att skapa nya 
enzymvarianter med utgångspunkt i teta-klassens GST T1-1. Dessa skulle 
uppvisa nya funktioner med ett brett utbud av alternativa substrat. De nya 
varianterna skulle skapas med hjälp av metoderna riktad evolution samt rik-
tad mutagenes.  
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Sammanfattning av avhandlingsarbetet 
I delarbete I visas att riktad evolution kan användas för att skapa nya en-
zymvarianter. Dessa uppvisar högre aktivitet än det humana vildtypsenzymet 
med alkylerande medel inklusive cancerläkemedlet 1,3-bis(2-kloretyl)-1-
nitrosourea (BCNU). Ett bibliotek av enzymvarianter skapades genom re-
kombination av cDNA som kodar för humant GST T1-1 samt cDNA som 
kodar för teta-klassens glutationtransferaser i gnagare (vilket resulterar i F2-
F5-generationer). Dessa varianter uttrycktes heterologt i Escherichia coli och 
enzymvarianter med ökad alkyltransferasaktivitet urskildes. I denna studie 
användes NPB som en alternativ substans till BCNU. Två varianter med 
förhöjd katalytisk aktivitet med NPB jämfört med det humana vildtypsen-
zymet GST T1-1 undersöktes från F2- och F5-generationen. För variant 
F2:1215 var ökningen 70-faldig och för F5:1474 var ökningen 119-faldig. 
F2:1215 visade en ökning av alkyltransferasaktiviteten med BCNU som är 
170 gånger högre än den aktivitet som vildtypsenzymet har. F2:1215 skiljer 
sig från humant GST T1-1 i tre aminosyrapositioner. Arginin i postion 234 
(Arg234) är en av dessa tre och är i humana GST T1-1 representerat av en 
tryptofan. Studien i delarbete II visar att aminosyra 234 i den humana GST 
T1-1 spelar en viktig roll för den katalytiska aktiviteten samt för substratse-
lektiviteten med olika substrat. Trp234 i det humana enzymet GST T1-1 ersat-
tes med hjälp av riktad mutagenes med en arginin, en aminosyrarest som 
finns i motsvarande position i enzymerna från både mus och råtta. Enzymva-
rianten hTrp234Arg visade en signifikant höjd alkyltransferasaktivitet med 
ett flertal homologa 1-jodalkaner samt typiska glutationtransferassubstrat. I 
delarbete III undersöktes den tredimensionella strukturen hos enzymvariant 
hTrp234Arg för att finna en förklaring till ökningen i alkyltransferasaktivi-
tet. De skillnader, i jämförelse med vildtypsenzymets struktur, som upptäcks 
kan vara förklaringen till den förhöjda aktiviteten. I det humana vildtypsen-
zymet är det aktiva sätet ockuperat av Trp234, vilken lämnar liten plats för 
elektrofila substrat samt glutation. I hTrp234Arg  är sidokedjan från Arg234 
däremot positionerad bort från det aktiva sätet, riktad mot ytan av proteinet. 
Arg234 bildar även en saltbrygga med den C-terminala karboxylgruppen i 
glutation vilket leder till ytterligare plats för inbindning av elektrofila sub-
strat. Eftersom aminosyrarest 234 i det humana GST T1-1 starkt influerar 
aktiviteten, vilket visats i delarbete II och III, så undersöktes om den även 
är betydande för bibehållen aktivitet i GST T1-1 från råtta och mus (delar-
bete IV). The F2:1215 variant differs from human GST T1-1 in three amino 
acids.Aminosyrarest 234 kan alltså ses som den rest som har störst 
inflytande på skillnaden mellan humant GST T1-1 och det från mus. 
Små strukturella förändringarna i den C-terminala helixen hos GST 
T1-1 kan ge upphov till stora förändringar i enzymets substratselekti-
vitetsprofil samt skapa förutsättningar för katalys genom nya kemiska 
reaktioner samt hindrande av andra reaktioner som det parentala enzy-
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met utför. I delarbete V påvisas att aminosyrarest 232 har kraftig påverkan 
på den katalytiska aktiviteten hos GST T1-1 från mus utan att befinna sig i 
direkt närhet till något av substraten. Effekterna av borttagande eller mute-
ring av Met232 till alanin studerades i både vildtypsenzymet GST T1-1 från 
mus samt i enzymvariant Arg234Trp. Den katalytiska aktiviteten hos fyra 
enzymvarianter (Met232Ala, Met232Ala/Arg234Trp, Arg234Trp och � 
Arg234Trp) påvisade ökad aktivitet med två klasser av biologiskt viktiga 
ämnen, väteperoxider och organiska isotiocyanater, vilket är av ytterst in-
tresse.  
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