
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2013

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1050

Mutational Analysis and
Redesign of Alpha-class
Glutathione Transferases for
Enhanced Azathioprine Activity

OLOF MODÉN

ISSN 1651-6214
ISBN 978-91-554-8685-3
urn:nbn:se:uu:diva-167332



Dissertation presented at Uppsala University to be publicly examined in B42, Biomedical
Center (BMC), Husargatan 3, Uppsala, Wednesday, June 5, 2013 at 13:15 for the degree of
Doctor of Philosophy. The examination will be conducted in English.

Abstract
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Glutathione transferase (GST) A2-2 is the human enzyme most efficient in catalyzing
azathioprine activation. Structure-function relationships were sought explaining the higher
catalytic efficiency compared to other alpha class GSTs. By screening a DNA shuffling
library, five recombined segments were identified that were conserved among the most active
mutants. Mutational analysis confirmed the importance of these short segments as their insertion
into low-active GSTs introduced higher azathioprine activity. Besides, H-site mutagenesis led
to decreased azathioprine activity when the targeted positions belonged to these conserved
segments and mainly enhanced activity when other positions were targeted. Hydrophobic
residues were preferred in positions 208 and 213.

The prodrug azathioprine is today primarily used for maintaining remission in inflammatory
bowel disease. Therapy leads to adverse effects for 30 % of the patients and genotyping of the
metabolic genes involved can explain some of these incidences. Five genotypes of human A2-2
were characterized and variant A2*E had 3–4-fold higher catalytic efficiency with azathioprine,
due to a proline mutated close to the H-site. Faster activation might lead to different metabolite
distributions and possibly more adverse effects. Genotyping of GSTs is recommended for further
studies.

Molecular docking of azathioprine into a modeled structure of A2*E suggested three
positions for mutagenesis. The most active mutants had small or polar residues in the mutated
positions. Mutant L107G/L108D/F222H displayed a 70-fold improved catalytic efficiency with
azathioprine. Determination of its structure by X-ray crystallography showed a widened H-site,
suggesting that the transition state could be accommodated in a mode better suited for catalysis.

The mutational analysis increased our understanding of the azathioprine activation in alpha
class GSTs and highlighted A2*E as one factor possibly behind the adverse drug-effects. A
successfully redesigned GST, with 200-fold enhanced catalytic efficiency towards azathioprine
compared to the starting point A2*C, might find use in targeted enzyme-prodrug therapies.
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Abbreviations

6-MMP 6-methyl-mercaptopurine

6-MMPR 6-methyl-mercaptopurine ribonucleotide

6-MP 6-mercaptopurine

6-TGN 6-thioguanine nucleotide

A2*E Variant E of human GST A2-2

ADEPT Antibody directed enzyme-prodrug therapy

AO Aldehyde oxidase

Aza Azathioprine

cDNA Complementary DNA

CDNB 1-chloro-2,4-dinitrobenzene

CMNI 5-chloro-1-methyl-4-nitroimidazole

DNA Deoxyribonucleic acid

E. coli Escherichia coli

epPCR Error-prone PCR

G-site Glutathione binding site

GDH Mutant G107/D108/H222 based upon GST A2*E

GSH Glutathione

GST Glutathione transferase

GTP Guanosine triphosphate

H-site Hydrophobic substrate binding site

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HER2 Human epidermal growth factor receptor 2

IBD Inflammatory bowel disease

IMPDH Inosine monophosphate dehydrogenase

IPTG Isopropyl-1-thio-β-D-galactopyranoside

ITPA Inosine triphosphate pyrophosphatase

MeTIMP 6-methyl-thioinosine monophosphate

MRP Multidrug resistance protein

NPTI 1-methyl-4-nitro-5-(4-nitrophenylthio)-1H-imidazole

PCR Polymerase chain reaction

SD (or ±) Standard deviation

SNP Single nucleotide polymorphism

TIMP 6-thioinosine monophosphate

TITP 6-thioinosine triphosphate

TNF-α Tumor necrosis factor α

TPMT Thiopurine methyltransferase

XO Xanthine oxidase



Alpha-class GSTs

bA1 Bovine GST A1-1

hA1 Human GST A1-1

hA2 Human GST A2-2

hA3 Human GST A3-3

rA2 Rat GST A2-2

rA3 Rat GST A3-3

Degenerate codons

N A, C, T or G

B C, G or T

D A, G or T

H A, C or T

V A, C or G

K G or T

M A or C

R A or G

S C or G

W A or T

Y C or T

NNN 64 codons. 20 amino acids represented. Uneven distribution. 3 stop codons.

NNS 32 codons. 20 amino acids represented. Uneven distribution. 1 stop codon.

NDT 12 codons representing Arg, Asn, Asp, Cys, Gly, His, Ile, Leu, Phe, Ser, Tyr and Val.

YHC 6 codons representing His, Leu, Phe, Pro, Ser and Tyr.

MAX Strategy with 20 codons using multiple primers. 20 amino acids represented.

The genetic code

TTT Phe TCT Ser TAT Tyr TGT Cys 

TTC Phe TCC Ser TAC Tyr TGC Cys 

TTA Leu TCA Ser TAA STOP TGA STOP 

TTG Leu TCG Ser TAG STOP TGG Trp 

CTT Leu CCT Pro CAT His CGT Arg 

CTC Leu CCC Pro CAC His CGC Arg 

CTA Leu CCA Pro CAA Gln CGA Arg 

CTG Leu CCG Pro CAG Gln CGG Arg 

ATT Ile ACT Thr AAT Asn AGT Ser 

ATC Ile ACC Thr AAC Asn AGC Ser 

ATA Ile ACA Thr AAA Lys AGA Arg 

ATG Met ACG Thr AAG Lys AGG Arg 

GTT Val GCT Ala GAT Asp GGT Gly 

GTC Val GCC Ala GAC Asp GGC Gly 

GTA Val GCA Ala GAA Glu GGA Gly 

GTG Val GCG Ala GAG Glu GGG Gly 



Amino acids

A Ala Alanine

C Cys Cysteine

D Asp Aspartic acid

E Glu Glutamic acid

F Phe Phenylalanine

G Gly Glycine

H His Histidine

I Ile Isoleucine

K Lys Lysine

L Leu Leucine

M Met Methionine

N Asn Asparagine

P Pro Proline

Q Gln Glutamine

R Arg Arginine

S Ser Serine

T Thr Threonine

V Val Valine

W Trp Tryptophan

Y Tyr Tyrosine



Background

Redesign of enzymes

Enzyme evolution
Enzymes are biological macromolecules that catalyze biochemical reactions 
under physiological conditions, thereby steering the metabolism of the cell 
into useful pathways rather than wasteful side reactions. In nature the genes 
encoding the enzymes obtain diversity through duplications, recombinations, 
point mutations, insertions and deletions. Modifications can occur both in 
the coding and the non-coding sequence and they can have effects for ex-
ample on expression,  structure,  stability,  degradation,  chemistry,  and sub-
strate selectivity. Organisms that survive and reproduce pass on to the next 
generation the code for the enzymes best adapted to the environment.

Directed evolution
Evolution of enzymes can also be performed in the laboratory by mimicking 
the natural processes. Directed evolution involves iterative mutagenesis of 
genes in successive generations and selecting of enzymes with desired prop-
erties. Redesign of enzymes enhances their efficiencies in pre-existing chem-
ical reactions, modifies their substrate or product selectivities, modifies the 
stability of the enzymes and their reactions under new conditions, or fulfills 
several conditions simultaneously. Alternatively the ability to catalyze new 
reactions can be introduced but preferably using existing protein scaffolds 
(Park et al., 2006; Siegel et al., 2010).

Point mutations can be randomly introduced in vitro by error-prone poly-
merases (epPCR) or by chemical mutagens (Wong et al., 2005). DNA shuff-
ling utilizes recombination of similar sequences in order to create chimeric  
mutants (Stemmer, 1994). Later other methods have been presented which 
have expanded or improved the techniques or produced similar  outcomes 
while circumventing intellectual property rights (Neylon, 2004; Kazlauskas 
and Bornscheuer, 2009).
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Rational approaches
The stochastic methods are also complemented by rational approaches. Point 
mutations can be directed to active sites or other regions of interest. Libraries 
obtain sufficient diversity by introduction of several possible amino acids in 
each position. The rationality can be based for example upon structural in-
formation and multiple alignments. By using optimized sets of codons for 
each position, the bias of the epPCR, where only one base at the time is 
mutated, can be avoided. Recombination of sequences from different sources 
can also be focused to specific sites in order to minimize structural disrup-
tions  while  also  allowing sequences  of  less  homology to be  recombined 
(Voigt et al., 2002; Hiraga and Arnold, 2003; Endelman et al., 2004; Meyer 
et al., 2006; Otey et al., 2006). Recombination of more distantly related se-
quences generally gives fewer crossover sites and the chimeric proteins eas-
ily become unstable (Goyal et al., 2002; Kim et al., 2006).

The redesign can comprise different phases in which first a diverse set of 
mutants is examined followed by a phase of mutant creation based on the in-
formation obtained in the previous phase. Thus beneficial mutations can be 
enriched and deleterious mutations removed in a more organized manner 
than by simply letting the best mutants become templates in the next genera-
tion (Fox et al., 2003; Gustafsson et al., 2003; Ehren et al., 2008). This de-
velopment  including  the synthesis  of  entire  genes  is  possible  due  to  de-
creased costs of DNA synthesis.

One problem that rational or reductionistic design faces is the epistatic in-
teractions of the mutated residues. The higher the number of mutations intro-
duced in the same template, the less accurately the final properties can be es-
timated from single mutations alone. One way to partially capture the co-
operative effects of mutagenesis is to iteratively saturate different sites of 
two to three positions each (Reetz et al., 2005, Reetz et al., 2006). Mutagen-
esis of too many residues at the same time might on the other hand hide any 
beneficial effects among the deleterious ones.

Computational chemistry can also be of use, for example in estimating en-
antioselectivity  of  mutants  in  silico.  In  one  example  (Frushicheva  and 
Warshel,  2012),  the rate  of  free-energy calculations performed using  400 
processors would equal the rate of bacterial lysates screened manually in our 
laboratory.  However,  subtle structural  alterations  introduced by mutations 
can have effects not always captured by modeling.

Catalytic mechanisms
Some enzymes have evolved to have a catalytic efficiency up to about 108 

M-1s-1 and only be limited by substrate diffusion. Enzyme catalyzed reactions 
can be many orders of magnitude faster than the corresponding uncatalyzed 
reactions. Mechanisms of enzymatic reactions can be explained by different 
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kinds of contributing effects like acid-base, nucleophilic, electrophilic and 
covalent catalysis as well as redox reactions, hydrogen bonding, desolvation, 
immobilization,  transition  state  stabilization,  ground  state  destabilization, 
preorganization of the active site, binding of near attack conformations, con-
formational mobility and quantum tunneling (Benkovic and Hammes-Schif-
fer, 2003; Frey and Hegeman, 2007). Another view is that the combination 
of different effects is dominated by the preorganization of polar or charged 
groups in the active site stabilizing the transition state (Warshel, 2003). The 
characterization of libraries with point mutations in the active site of the en-
zyme might provide knowledge regarding the underlying mechanism while 
the stochastic nature of the methodology allows for improved variants to be 
found without explicit mechanistic knowledge.

Screening throughput
Display methods that  link the protein with the encoding DNA are  useful 
when  improving  the  affinity  of  a  target  protein  (Scott  and  Smith,  1990; 
Roberts and Szostak, 1997).  In vitro compartmentalization by water-in-oil 
emulsions provides one way to link genes and enzymatic activity in a selec-
tion process (Tawfik and Griffiths, 1998). Some enzymatic reactions, like 
antibiotic resistance, can be selected for using living systems. The mentioned 
selection methods allow for a large part of the libraries to be assayed simul-
taneously. Many cases however require a screening assay where the enzyme 
variants are tested one at the time, making the process of finding improved 
mutants slow. Depending on screening methodology and automation up to 
several hundreds of thousands of mutants can be screened for a certain prop-
erty (Jones et al., 2008). If alternative substrates are screened for instead of 
the desired property itself, then you simply get what you screen for (You and 
Arnold, 1996), and that can be a reason for screening fewer mutants using a 
more sophisticated method.

Screening efficiency

Library quality
Design, quality, and coverage of the library are also of importance for the ef-
ficiency of the screening process, aside from screening for the desired prop-
erty.  The  quality  factor  involves  minimizing  or  avoiding  stop  codons, 
frameshifts and template sequences in the library. It is it also useful to design 
the mutated positions  to have equal  codon frequencies for the introduced 
amino acids, as well as to minimize the possibilities of introducing or ampli-
fying bias during the cloning of the library.
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Codon distribution
While methods like epPCR are based on point mutations of single bases and 
not complete codons, saturation mutagenesis using degenerate primers with 
codons like NNN or NNS can yield all 20 amino acids in each targeted posi-
tion. Using reduced sets of codons, like NDT, is one way to get an even 
codon distribution but also to make smaller libraries while still keeping the 
diversity of the amino acids or alternatively focusing them towards a specific 
property. To narrow the choice of amino acids to fewer than 20 is not neces -
sarily disruptive to the function or stability of the enzyme since functional 
enzymes can be created using down to only nine types of amino acids (Wal-
ter et al., 2005). One paper compared the result of screening of 5000 mutants 
from two libraries with three positions mutated with either NNK or NDT 
codons (Reetz et al., 2008). There were more hits found in the library with 
NDT codons and that could probably be explained by the even distribution 
of amino acid probabilities. To have an equal codon distribution with all 20 
amino acids included, the MAX strategy (Hughes et al., 2003) can be used. 
Alternatively four degenerate primers can be combined in the right propor-
tions to obtain one codon for each amino acid or the DNA can be synthes-
ized using trinucleotide phosphoramidites.

Coverage
The coverage of a library depends on the size of the library, the codon distri-
bution in each position and the number of mutants screened (Figure 1). Lib-
rary coverage is sometimes discussed and it is even mentioned that lower 
coverage might be enough in particular experiments (Reetz et al., 2008) but 
still  the general discussion is focused on three times oversampling which 
gives approximately 95 % coverage.  Oversampling of a library will  give 
higher coverage, which can be beneficial when characterizing a specific lib-
rary or specific positions in the active site, or when the cost of the library 
construction was significantly larger than the cost  of screening additional 
mutants.
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Figure 1. (Paper III: Figure 5f). Theoretical coverage of a library with two positions  
mutated with NNS codons, showing both the mean and the 95 % confidence level. 
About 2100 colonies must be picked to reach a coverage of 95 %.

However, enzyme mutant activities are like rugged multidimensional energy 
landscapes, with each dimension being represented by one position with 20 
possible amino acids. When traversing such an energy landscape it is diffi-
cult to predict which mutations will be beneficial. A screening strategy with 
higher coverage most likely have higher redundancy, with the same mutants 
screened multiple times. For example, three times oversampling means that 
only one out of three samples screened will be unique mutants and thus the 
screening efficiency is already quite low. Since no one knows which mutant 
combinations are desirable, it might be better to just avoid the oversampling 
and reduce the redundancy. After screening a smaller part of a larger library 
using a higher screening efficiency one could rather make new libraries with 
better starting points in order to benefit from the enhanced mutants. It is also 
preferable to continue screening in several directions of the energy landscape 
with the possibility of returning to previous amino acids in order to avoid 
getting trapped in local energy minima (Gumulya and Reetz, 2011).

Applications
Engineered enzymes have many applications in molecular biology and dia-
gnostics. Enzymes are also used in industrial applications regarding deter-
gent, starch and fuel, food, baking, animal feed, beverage, textile, pulp and 
paper, fats and oils, organic synthesis, leather, and personal care (Kirk et al., 
2002). In medicine enzymes conjugated with antibodies can activate prod-
rugs locally (Bagshawe, 1987). Directed evolution can also be used to engin-
eer alternative variants of drug targets in order to identify structural features 
that are conserved among the active target mutants or to proactively screen 
for drugs resistant to the possible target mutants. For numerous examples of 
applications  of  protein  engineering  for  therapeutics,  see  Methods  in  En-
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zymology  volumes  502−503  (Wittrup  and  Verdine,  2012a;  Wittrup  and 
Verdine, 2012b).

Comparisons of methods
One paper suggested that substrate specificity is faster changed using site 
directed mutagenesis than DNA shuffling (Parikh and Matsumura,  2005). 
Another paper compared several  approaches for  change of  substrate  spe-
cificity, and reported that the strategies which had rationally chosen large 
active site residues in order to accommodate smaller substrates were more 
successful (Chen  et al., 2012). In one case with optimization of enantiose-
lectivity, iterative saturation mutagenesis performed better than both epPCR, 
some forms of saturation mutagenesis as well as DNA shuffling (Reetz et al., 
2010). Reduced sets of codons and two to three positions mutated per library 
were recommended.

One meta-analysis suggested that mutational efforts should be focused to 
the active site when optimizing enantioselectivity, substrate selectivity or al-
ternate  catalytic  activity,  while  there  was no  preference when optimizing 
thermostability and catalytic activity (Morley and Kazlauskas, 2005). A diffi-
culty with such a comparison is of course the bias of what types of experi-
ments are mostly performed, what parts of the enzymes different strategies  
usually target, that only successful attempts are reported, and the fact that  
whole enzyme engineering processes seldom are repeated with the same or 
different methods using the same enzyme, conditions and targeted proper-
ties. Both DNA shuffling and directed mutagenesis of active site residues 
and other positions of interest were performed in papers I−IV. Thus, in this 
thesis different approaches to enzyme engineering were compared by screen-
ing for the same properties using several mutant libraries. The target enzyme 
of the mutational analysis will be the subject of the next chapter.

Glutathione transferase (GST)

Function
The main biological role of GSTs (EC 2.5.1.18) is detoxification and protec-
tion  against  oxidative  stress.  By  conjugating  the  antioxidant  glutathione 
(GSH) to toxic electrophilic substrates the resulting molecules become less 
reactive and more soluble and can be excreted from the cell and the organ-
ism. The GSTs are promiscuous in their substrate acceptance and together 
they can deal with various xenobiotics or metabolic byproducts that other-
wise could be harmful and for example damage the DNA (Josephy and Man-
nervik, 2006).
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GSTs and other genes involved in cellular detoxification are upregulated 
in long lived individuals in different species (McElwee  et al.,  2007). The 
protective effects of GSTs can also be found for example as herbicide resist-
ance in plants (Dixon et al., 2002), as insecticide resistance in insects (Low 
et al., 2007) or as drug resistance in tumors (Morgan et al., 1998).

Figure 2. Glutathione (γ-L-Glu-L-Cys-Gly).

Glutathione
The tripeptide glutathione (Figure 2) is synthesized inside every cell while 
degradation of glutathione conjugates is initiated by γ-glutamyl transferase 
on the cell surface (Ballatori et al., 2005). Glutathione might have evolved as 
a stable storage of cysteine (Fahey and Sundquist 1991). The concentration 
of reduced glutathione has been estimated to be about 1−2 μM in human 
plasma and about 1 mM in whole blood (Andersson et al., 1999), while as-
sumed to be in the range 0.5−10 mM inside mammalian cells (Meister and 
Anderson, 1983).

Phylogeny
There are four families of GSTs; cytosolic, mitochondrial, microsomal/mem-
brane-associated and fosfomycin/glyoxalase (Pearson 2005). In human there 
are  17  different  cytosolic  GSTs,  divided  into  seven  classes  (alpha,  mu, 
omega, pi, sigma, theta and zeta) based on sequence similarity. The alpha 
class have five members in human, A1-1 to A5-5, and their genes are located 
together on chromosome 6.

Polymorphism of human GST A2-2
Alpha class GSTs and especially human A2-2 will be the focus of the thesis. 
Four single nucleotide polymorphisms (SNPs) have been described for hu-
man  A2-2  leading  to  five  possible  genotypes.  Based  upon  A2*A (P110, 
S112,  K196,  E210)  the other  variants  differ  in  positions E210A (A2*B), 
S112T (A2*C), K196N/E210A (A2*D) and P110S (A2*E). A2*D was only 
found in an expressed sequence tag database and not in population studies.  
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The others have allele frequencies reported for different populations to be 
30−86 % of variant A2*A, 8−43 % of A2*B, 1−57 % of A2*C and 1−13 % 
of A2*E (Tetlow  et al., 2001; Ning  et al., 2004; Tetlow and Board, 2004; 
Coles and Kadlubar, 2005; Silva et al., 2009). Variant A2*C is the most com-
mon allele in Caucasians while A2*A is the most common in Chinese and 
Australian populations. The allele frequency of A2*E is 1 % in Bantu Afric-
ans, 4 % in Portuguese Caucasians, 5 % in Australians, 12 % in Chinese and 
13 % in Creole Africans.

Expression of human alpha class GSTs
Human GSTs A1-1 and A2-2 are expressed at high levels in liver, small in-
testine, testis, kidney, adrenal gland and pancreas and at lower levels in other 
tissues (Coles and Kadlubar, 2005). A3-3 is expressed in steroidogenic tis-
sue, often at lower concentrations than A1-1 and A2-2 (Johansson and Man-
nervik, 2001; Larsson et al., 2011). A4-4 is expressed in a wide range of tis-
sues while no expression of A5-5 has been identified. The variations of GST 
concentrations expressed as μg GST per mg cytosolic protein have been re-
ported  for  alpha  class  GSTs  in  several  tissues,  see  Table  1.  The  ratios 
between the minimum and maximum expression levels were at the most 50-
fold for A1-1 and 15-fold for A2-2.

Table 1. Variation of expression levels in various human tissue types. N = Number 
of subjects.

Liver (N = 35, Mulder et al., 1999)

GST alpha class mean 25.1 ± 9.4 μg/mg

Liver (N = 52, Coles and Kadlubar, 2005)

GST A1-1 mean 6 μg/mg, 10th−90th percentiles 3−10 μg/mg

GST A2-2 mean 3 μg/mg, 10th−90th percentiles 1−7 μg/mg

Pancreas (N = 43, Coles et al., 2000)

GST A1-1 mean 1.4 μg/mg, range 0.2−5.1 μg/mg

GST A2-2 mean 4.3 μg/mg, range 0.7−10.8 μg/mg

Gastrointestinal tract, first part of the small intestine (N = 15, Coles et al., 2002)

GST A1-1 mean 7.7 ± 3.4 μg/mg, range 0.3−12.6 μg/mg

GST A2-2 mean 1.5 ± 0.6 μg/mg, range 0.3−2.7 μg/mg
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Expression of different genotypes
The expression can also depend on the genotype of the GSTs. For human 
A1-1, polymorphism in the 5' non-coding region gave rise to altered expres-
sion levels in liver,  with median 8 μg/mg, range 1−13 μg/mg, for A1*A 
versus median 4 μg/mg, range 2−7 μg/mg, for A1*B (Coles and Kadlubar, 
2005). There were some inverse relationships between the expression of A1-
1 and A2-2 due to this polymorphism, with A2-2 expression having median 2 
μg/mg  (range  0−5  μg/mg,  N  =  20)  versus  median  7  μg/mg  (range  5−9 
μg/mg,  N =  10)  for  the  two different  homozygous  genotypes  A1*A and 
A1*B respectively. The differences in expression in relation to the genotypes 
were more pronounced in A2-2 than in A1-1, where the individual variation 
is larger.

For the hepatic expression levels there was a similar result for the A2-2 
polymorphism. The homozygous genotype A2*C (median 2 μg/mg, range 
0−5 μg/mg, N = 20) had 3-fold lower expression than combinations of the 
genotypes A2*A/B/E (median 7 μg/mg, range 3−9 μg/mg, N = 11), (Ning et  
al., 2004). In pancreas there was however no significant difference between 
the median expression levels of the different A2-2 genotypes. The variability 
within each genotype was larger than for the liver samples.

Structure
The cytosolic GSTs are dimeric proteins with one catalytic center in each 
subunit, located near the interface between the subunits (Figure 3). The G-s-
ite binds and activates glutathione while the H-site accommodates the hydro-
phobic second substrate. The amino acids forming the H-site are located in 
three specific regions in the primary structure while each G-site is composed 
of amino acids from both subunits. Each subunit consists of an N-terminal 
thioredoxin domain with secondary structure βαβαββα and an all-helical C-
terminal domain. Most alpha class genes encode GSTs with 222 amino acids 
and each subunit has a molecular mass of around 25 kDa.
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Figure 3. Structure of human GST A2-2 in complex with glutathione determined by 
X-ray crystallography (PDB: 2WJU).

Mechanism
Glutathione  is  first  activated  by  deprotonation  of  its  thiol  group.  The 
glutamyl α-carboxylate group of the glutathione receives the proton while an 
active site water assists as a bridge (Dourado et al., 2008). The formed thi-
olate is stabilized by hydrogen bonding to a conserved tyrosine (Tyr9) and 
thus  ready for  nucleophilic attack on  the second substrate.  The reactions 
catalyzed by GSTs can be substitutions, additions or isomerizations, depend-
ing on the enzyme and the second substrate.

Applications
The presence of alpha class GSTs in blood plasma is low in healthy individu-
als (median 2.6 μg/l, range 0.2−20.4 μg/l, N = 350, Mulder et al., 1999). Al-
pha class GSTs can be used as a marker of liver disease due to raised plasma 
levels during liver damage (Mulder et al., 1996). Expression of alpha and pi 
class GSTs is localized to different parts of the kidney and their urinary ex-
cretion can be used as markers during various pathological conditions (Sund-
berg et al., 1995).

GSTs can also be used as fusion partners for coexpression and affinity 
purification of proteins. Engineered GSTs with altered substrate selectivities 
can for example be designed to detoxify herbicides or to specifically activate 
prodrugs. One prodrug activated by GSTs, azathioprine, will be presented in 
the next chapter.
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Azathioprine

History
Hitchings had theorized that antagonists of DNA bases might be able to in-
hibit the growth of rapidly dividing cells and in the 50's Elion screened sev-
eral purine variants for inhibition of purine utilization (Elion, 1989). 6-mer-
captopurine (6-MP) turned out to be active against tumors in animal models 
and acute leukemia in children. Azathioprine was designed as a prodrug that 
should release 6-MP slowly and preferably by a tumor-specific enzyme. For 
childhood leukemia the chemotherapeutic index was similar between aza-
thioprine and 6-MP while for another carcinoma in mice azathioprine was as 
active but less toxic.

Schwartz proposed that since the immunoblastic lymphocytes formed dur-
ing an immune response were similar to leukemic lymphocytes the purine 
analogs might inhibit an immune response. 6-MP given to rabbits simultan-
eously with antigen administration was indeed effective. Calne proved that 
kidney transplantation in dogs was possible with immunosuppression by 6-
MP and later studies showed that azathioprine was superior for preventing 
rejection. In the early 60's kidney transplantations in humans became suc-
cessful by administration of azathioprine and anti-inflammatory corticoster-
oids.

Figure 4. (Paper III: Figure 1a). The reaction of glutathione with Aza. The electro-
philic carbon of Aza is attacked by the sulfur of the glutathionylate,  forming the 
glutathione-imidazole conjugate and 6-MP.

Immunosuppression
The thiopurines azathioprine and 6-MP have been widely used as immun-
osuppressive and anti-inflammatory agents in organ transplantation and in 
treatment of various autoimmune and chronic inflammatory diseases, such as 
multiple  sclerosis,  rheumatoid  arthritis  and  inflammatory  bowel  disease 
(IBD), (Tiede et al., 2003). Regarding organ transplantation there are today 

23



drugs that act faster than the thiopurines but also with more adverse effects 
(Barba  et al., 2012), while the results for organ function and cancer incid-
ence are similar in the longer perspective (Clayton et al., 2012).

Inflammatory bowel disease

Thiopurine treatment
IBD is a class of chronic inflammatory disorders of the gastrointestinal tract 
including Crohn’s disease and ulcerative colitis. Azathioprine have proven 
efficacy in induction of remission, maintaining remission and reducing ster-
oid dependence (Pearson et al., 1995; Chouchana et al., 2012). Stronger anti-
inflammatory corticosteroids are often used for induction of remission fol-
lowed by administration of immunosuppressive thiopurines as steroid spar-
ing agents or when the steroids no longer work or produce adverse effects 
(Prefontaine et al., 2009; Lakatos and Kiss, 2011). According to a meta-ana-
lysis of relapse rates, it is significantly better to continue than to stop the 
treatment, at least up to 18 months after induction of remission (French  et 
al., 2011). For patients continuing with azathioprine treatment after achiev-
ing remission, 62 % were after five years still in remission and 19 % had 
only had a short relapse (Fraser et al., 2002).

Monoclonal antibodies
Monoclonal antibodies against tumor necrosis factor α (TNF-α) represent an-
other alternative for inducing or maintaining remission in IBD and are some-
times used in conjunction with azathioprine or as a third option in patients 
when steroids and azathioprine have failed (Lakatos and Kiss, 2011). For ex-
ample infliximab (Knight  et al., 1993) binds all forms of TNF-α, even re-
ceptor-bound,  leading  to  caspase-3  activation  and  apoptosis  (Van  den 
Brande, 2003).

Adverse effects

Dose adjustment
Dose is often adjusted during therapy in order to reach therapeutic effect or 
to decrease adverse effects and can be adjusted before administration due to 
thiopurine methyltransferase  (TPMT) status (Stocco  et  al.,  2007). Among 
IBD-patients that had started azathioprine therapy, about 9 % had stopped 
because of lack of effect and 11 % because surgery was needed (Barabino et 
al., 2002; Fraser et al., 2002; Zabala-Fernández et al., 2011).
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Different adverse effects
About 28 % of patients with IBD receiving azathioprine experienced adverse 
effects and the severity led to withdrawal in about 20 % of the patients under 
treatment (Connell et al., 1993; Barabino et al., 2002; Schwab et al., 2002; 
Weersma et al., 2004; van Dieren et al., 2005; Stocco et al., 2007; Gardiner 
et al., 2008; Xiong et al., 2010; Zabala-Fernández et al., 2011; Wroblova et  
al., 2012). Reported adverse effects were bone marrow suppression (7 %), 
gastrointestinal toxicity (6 %), hepatotoxicity (4 %), pancreatitis (4 %), flu-
like symptoms (3 %), rash (2 %) and other (2 %).

Cancer
The use of DNA base analogs were intended to inhibit the growth of fast di-
viding cells but the mutations introduced could potentially also lead to can-
cer.  The risk of developing lymphoproliferative disorder was estimated in 
IBD patients receiving thiopurines to be 0.1 % per year, which was 5 times 
higher than for IBD patients not receiving thiopurine treatment (Beaugerie et  
al., 2009). Since thiopurines absorb ultaviolet A radiation, leading to oxidat-
ive stress  and DNA damage,  the  combination  of  sunlight  and  thiopurine 
treatment might synergistically increase the risk of skin cancer (O'Donovan 
et al., 2005; Maddox and Soltani, 2008).

Selectivity
About 60 % of azathioprine intolerant patients could tolerate 6-MP instead 
(Lees et al., 2008). Several of those that did not tolerate the switch to 6-MP, 
experienced different types of adverse effects compared to during the stage 
of azathioprine intolerance. Selectivity of the toxicity depends on the levels 
of individual metabolic enzymes, mitotic rate, drug transport and metabolite 
pool sizes (Elion, 1989). More knowledge about the enzymes involved in the 
metabolism can provide insight relevant to dosing adjustment, efficacy and 
adverse effects during azathioprine therapy.

Mechanism of action

Azathioprine metabolism
The metabolism of azathioprine is complex, involving multiple pathways of 
activation or inactivation, variation among patients as well as uncertainty of 
which metabolites actually  exert  effects  and adverse  effects and by what 
mechanisms. An overview is presented in Paper II: Figure 4.

Activation
The prodrug  azathioprine  is  activated  by  conjugation  with  thiols,  mainly 
glutathione, and it was widely considered to be activated non-enzymatically 
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even though it  was known that GSTs could be involved.  Recently it  was 
shown that the activation in human was mainly performed enzymatically by 
GSTs A2-2, A1-1 and M1-1 (Eklund  et al., 2006). Upon conjugation with 
glutathione, 6-MP is released (Figure 4) and its metabolites are most likely 
responsible for the therapeutic effects.

Cytotoxicity
After the initial  GST-catalyzed activation, 6-MP is metabolized in several 
steps  into  6-thioguanine  nucleotides  (6-TGNs).  Incorporation  of  6-TGNs 
into DNA can lead to methylation, DNA strand breaks, erroneous base pair-
ing  and  can  with  an  active  mismatch-repair  system  result  in  cell  death 
(Swann et al., 1996; Karran, 2007).

Inactivation
There are two major inactivating enzymes involved (Roberts and Barclay, 
2012).  Xanthine  oxidase (XO) catalyzes  the  formation  of  6-thiouric  acid 
which  is  excreted.  TPMT methylates  6-MP and 6-thioinosine monophos-
phate (TIMP) into 6-methyl-mercaptopurine (6-MMP) and 6-methyl-thioin-
osine monophosphate (MeTIMP) respectively. Higher activities of these in-
activating enzymes lead to lower concentrations of active 6-TGN. Aldehyde 
oxidase (AO) also acts on azathioprine, 6-MP and other metabolites but the 
functional significance of the products is poorly understood (Smith  et al., 
2009).

Purine starvation
An additional effect of the thiopurines is the fact that MeTIMP is a potent in-
hibitor of phosphoribosylpyrophosphate amidotransferase, leading to block-
ing of the primary pathway of purine nucleotide biosynthesis (Tay  et al., 
1969). It is possible that the effect of the purine starvation has been exagger-
ated by in vitro studies involving cell lines with mismatch-repair defects and 
it is not clear to which extent the purine starvation contribute to the cellular 
toxicity (Karran, 2007). On the other hand patients taking 6-thioguanine re-
quire higher levels of 6-TGN in order to reach therapeutic efficiency com-
pared to azathioprine and 6-MP, indicating either that the distribution and ac-
tivation profiles are different or that there are other effects additional to that  
of 6-TGN (Cara et al., 2004).

Other 6-MP metabolites
The metabolite TIMP can be phosphorylated twice leading to 6-thioinosine 
triphosphate (TITP). Inosine triphosphate pyrophosphatase (ITPA) then con-
verts it back to TIMP. In the case of ITPA deficiency, accumulation of TITP 
could  potentially  lead  to  toxicity,  perhaps  via  incorporation  into  DNA 
(Chouchana  et  al.,  2012).  The methylated 6-MMP as  well  as  methylated 
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mercaptopurine ribonucleotides, 6-MMPR, might also contribute to the tox-
icity of the thiopurines.

Changes in metabolite levels
When non-responders  with  high  6-MMP levels  were  given  reduced aza-
thioprine doses  and coadministration of the XO inhibitor  allopurinol,  the 
mean levels of 6-MMP decreased from 10600 to 2000 pmol/8·108 red blood 
cells while the mean levels of 6-TGN increased from 190 to 400 pmol/8·108 

red blood cells (Sparrow et al., 2007). For patients given a 50 % dose in-
crease, the mean 6-TGN levels increased almost proportionally, 150 to 260 
pmol/8·108 red blood cells, while the mean 6-MMP levels increased from 
280 to 2260 pmol/8·108 red blood cells (Kennedy et al., 2013). When using 
split dosing for a group of mostly 6-MP users, half  the dose was admin-
istered twice a day. The mean levels of 6-MMP decreased with 55 % from 
11800 to 5300 pmol/8·108 red blood cells while the mean levels of 6-TGN 
did not  change significantly,  only 239 to 216 pmol/8·108 red  blood cells 
(Shih et al., 2012). The changes in metabolite levels were accompanied by a 
reduction in adverse effects. The notion that the dose or the rate of accumu-
lation of early metabolites can influence the distribution of the metabolites 
later along the pathways suggests that differences in activation in the first  
step of azathioprine metabolism by GSTs could influence metabolite concen-
trations in later steps.

Metabolite concentration thresholds
A 6-TGN concentration threshold of 235 pmol/8·108 red blood cells has been 
suggested,  with higher proportion of response for patients with higher  6-
TGN concentration (Dubinsky  et  al.,  2000). It  was also reported that  the 
mean level of 6-MMP in patients with hepatotoxicity was elevated and that 
5700 pmol/8·108 red blood cells could be a suitable threshold for 6-MMP re-
lated liver damage. However, others have failed to find a difference in 6-
TGN concentrations between subjects with active IBD and subjects in remis-
sion (Lowry, 2001). An analysis of different possible thresholds noticed no 
correlations between levels of 6-TGN, 6-MMP or the ratio 6-MMP/6-TGN 
on the one hand and efficacy of treatment or adverse effects on the other  
(González-Lama  et  al.,  2011).  In a large study,  TPMT activity  correlated 
with 6-MMP levels and the 6-MMP/6-TGN ratio but not with 6-TGN levels 
(van Egmond et al., 2012). However, the distributions of TPMT activities for 
the group with high or low 6-MMP/6-TGN ratio were almost overlapping 
with a small but significant difference in mean. Even though there was a 
small difference in mean there could be no clinically relevant threshold level 
that  could  separate  the  metabolite  level  groups based  on  TPMT activity. 
Most of the variations in these metabolite concentrations are thus not ex-
plained by the TPMT status.
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Signaling pathway
Upon CD28 costimulation of T lymphocytes, the small GTPase Rac1 medi-
ates anti-apoptotic signals by activating bcl-xL. 6-thio-GTP binds to Rac1 but 
blocks the corresponding Vav guanosine exchange activity leading to accu-
mulation of inactive 6-thio-GDP-Rac1 complexes (Poppe et al., 2006). The 
molecular target of azathioprine and 6-TGN in immunosuppression is thus 
blocking of the Vav guanosine exchange activity on Rac1, thereby inhibiting 
antigen presentation and antigen-specific immune responses, as well as indu-
cing  apoptosis  via  the  mithochondrial  pathway  and  caspase-9  activation 
(Tiede et al., 2003).

Glutathione
Aside from the 6-MP metabolites it is possible that the glutathione conjugate 
of the reaction with azathioprine exerts effects during therapy. When the 6-
MP component of azathioprine was replaced by different non-toxic thiols, 
several of the prodrugs were more potent than azathioprine in the human 
mixed lymphocyte reaction, which tests inhibitory potency (Crawford et al., 
1996). Two of the variants performed better than azathioprine in prolonging 
graft survival in mice, without showing toxicity like azathioprine. Immun-
osuppressive effects were later confirmed in rabbits by determining antibody 
titer response (Al-Safi et al., 2003).

Glutathione depletion is also a possible cause of toxicity during therapy 
with azathioprine or the above mentioned prodrugs. Cell studies often show 
changes in viability after a few days of incubation with azathioprine while 
therapeutic results usually appear on a larger time scale (Chouchana  et al., 
2012). It is possible that the glutathione depletion can be the cause of some 
of these effects, especially in the in vitro experiments (DeLeve et al., 1996; 
Lee and Farrell, 2001).

Polymorphism in the metabolic pathways

GST polymorphism
The specific activity towards azathioprine was estimated in liver samples 
from eight donors to be 4.3 ± 2.1 min-1 mg-1, with a range of 1.6−7.6 nmol 
min-1 mg-1 (von Bahr, 1980). The urinary excretion of thiouric acid reached a 
maximum within the first 4 hours after oral administration of azathioprine (1 
mg/kg body mass) in three individuals (Chalmers et al., 1967). The time to 
maximum plasma concentrations of azathioprine and 6-MP was determined 
in eight subjects receiving 100 mg azathioprine orally to be 75 ± 77 min and 
114 ± 83 min respectively, with a range of 15−240 min for both azathioprine 
and 6-MP (Odlind et al., 1986). The time to azathioprine and 6-MP maxim-
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um coincided for some subjects and were separated up to 4 hours in other 
subjects.

With  such  rate  differences  in  the  first  step  of  the  activation  of  aza-
thioprine, it is reasonable to believe that the activity and expression of the 
relevant  GSTs might  affect the distributions and toxicities of the prodrug 
metabolites. When examining the GST M1-null genotype in relation to ad-
verse effects during azathioprine treatment there was a significant under rep-
resentation  of  homozygous  M1-null  individuals  among  patients  suffering 
from adverse effects (Stocco et al., 2007). Since GST A2-2 has even higher 
specific activity towards azathioprine than M1-1, the polymorphism of A2-2 
was further investigated in Paper II.

TPMT polymorphism
Polymorphism in the gene for TPMT results in 89 % of subjects having high 
TPMT activity, 11 % being heterozygous with intermediate activity and 1 
out of 300 being TPMT deficient (Weinshilboum and Sladek, 1980). Several 
variant  genes  have  been  described  leading  to  absence  of  TPMT activity 
(Yates  et al., 1997). Determination of TPMT genotype was one of the first 
pharmacogenetic tests to be incorporated into routine clinical practice, in or-
der to avoid potentially fatal myelotoxicity in double null mutant patients 
(Gearry and Barclay, 2005). They generally receive a 10-fold dose reduction 
or avoid these thiopurines completely (Roberts and Barclay, 2012). Of sever-
al examined TPMT variants with non-synonymous SNPs, only one had lost 
its enzymatic activity, one had no expression at all and the rest had about the 
same  kinetical  properties  but  lower  expression  levels  than  the  wild-type 
(Wang and Weinshilboum, 2006).  The difference in expression levels was 
probably caused by faster degradation involving ubiquitination and protea-
some degradation or misfolding and aggregation.

A meta-analysis showed that bone marrow toxicity was 6 times more com-
mon in patients with at least one TPMT mutation compared to patients ho-
mozygous for functional TPMT (Dong et al., 2010). Still only 30 % of the 
cases of bone marrow toxicity could be explained by the TPMT mutation 
and only 21 % of patients with the TPMT mutation had bone marrow tox-
icity compared to 5 % of the control population, indicating that other factors 
than TMPT status are influencing the outcome.

S-adenosyl-L-methionine  is  involved  in  the  reaction  and  stability  of 
TPMT and  polymorphism in  enzymes  affecting  S-adenosyl-L-methionine 
concentrations might decrease the TPMT activity of subjects with wild-type 
TPMT genotype (Arenas  et al., 2005; Roberts and Barclay, 2012). On the 
other hand, polymorphism in inosine monophosphate dehydrogenase (IMP-
DH) can in individuals with wild-type TPMT give metabolism preferentially 
into 6-MMPR, which might lead to toxicity (Roberts and Barclay, 2012).
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ITPA polymorphism
One polymorphic variant, C94A, results in loss of ITPA activity. Some stud-
ies have indicated a correlation between the occurrence of this mutation and 
adverse effects or lack of response (Marinaki et al., 2004; von Ahsen et al., 
2005), while others have not been able to confirm these findings (Gearry et 
al., 2004; Allorge et al., 2005; Breen et al., 2005; van Dieren et al., 2005). 
When  examining  ITPA activity  instead  of  genotype,  it  seems  that  lower 
activity could be correlated with adverse effects (Xiong et al., 2010; Ship-
kova  et al., 2011). Few homozygous C94A individuals are included in the 
mentioned studies and they are often suffering from adverse effects (Mar-
inaki et al., 2004; Xiong et al., 2010; Shipkova et al., 2011) suggesting that 
homozygocity with the deficient allele is a risk factor while heterozygous or 
wild-type individuals have adverse effects not directly related to the IPTA 
status. The adverse effects of azathioprine therapy are a multifactorial issue 
with  more  than  just  differences  in  TPMT and ITPA contributing  (Zabal-
a-Fernández et al., 2011).

Polymorphism in transporters
6-MP metabolites  can  be  transported  by  multidrug  resistance  protein  4 
(MRP4)  and multidrug  resistance  protein  5  (Wielinga  et  al.,  2002).  One 
known MRP4 mutant exhibits decreased cell surface expression leading to 
enhanced sensitivity  to  6-MP (Roberts  and  Barclay,  2012).  Its  allele  fre-
quency is 15−22 % in Japanese, 8 % in Han Chinese and less than 1 % in 
Caucasians and Africans. Concentrations of 6-TGN were higher and adverse 
effects in the form of leucopenia tended to be more common in mutant carri-
ers (Ban et al., 2010).

XO and AO polymorphism
One case report indicated that high XO activity could prevent response to 
azathioprine therapy, including no detectable levels of 6-TGN or 6-MMP, 
while administration of allopurinol and 6-MP instead could result  in high 
metabolite levels and toxicity (Wong et al., 2007). Different genetic variants 
of XO have been described and deficiency in XO activity is very rare (Kudo 
et al., 2008). One SNP of AO with 11−16 % allele frequency have been re-
ported to be involved in improved response to azathioprine therapy (Smith et 
al., 2009). They also reported that polymorphisms in XO and the enzyme ad-
apting the molybdenum cofactor for AO and XO might contribute to fewer 
adverse effects.

Rac1 polymorphism
Polymorphism in the promotor region of Rac1 can influence the expression 
of Rac1 but there was no significant correlation between occurrence of poly-
morphism and therapy response or leucopenia (Bourgine et al., 2011).
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Polymorphism summary
Several factors have been examined that could influence metabolite levels, 
therapeutic response and adverse effects during azathioprine treatment, espe-
cially in the case of enzyme deficiency and homozygosity of mutant alleles. 
Still only a minority of adverse effects can be explained or predicted using 
existing knowledge from genotyping and metabolite monitoring and some of 
the indications need to be replicated and confirmed by other studies.

Antibody directed enzyme-prodrug therapy (ADEPT)
The usage of prodrugs is expanded by the possibility of making fusion pro-
teins of the activating enzyme and an antibody against a suitable target (Bag-
shawe,  1987).  The  ligand  does  not  necessarily  have  to  be  an  antibody 
(Grabulovski et al., 2007). One potential benefit aside from the targeted ac-
tivation and the improved distribution profile is that a smaller drug might 
penetrate the surrounding tissue or tumor better than the antibody (Senter 
and Springer, 2001).

Azathioprine is a prodrug that has been in clinical use for cancer and cur-
rently is for IBD. Localized activation by targeted GSTs with improved cata-
lytic efficiency towards azathioprine might improve its therapeutic index and 
provide efficacy at lower doses or decrease adverse effects. Suitable targets 
that today are targeted by antibodies could be for example TNF-α during 
IBD (Lakatos and Kiss, 2011) or the human epidermal growth factor recept-
or 2 (HER2) which is over-expressed in certain tumors (Orlova et al., 2006; 
Whittington  et al., 2008; Zielinski  et al., 2011). Immunogenicity is often a 
problem with protein drugs (Holliger and Hudson, 2005; Hosse et al., 2006; 
Afshar  et al., 2009) but combination therapy of azathioprine together with 
infliximab has resulted in a decrease in antibody formation against inflixim-
ab (Baert et al., 2003), suggesting that azathioprine could be well suited for 
ADEPT.

Aims of the thesis

Structure-function relationships of human GST A2-2
Before this project started in became clear that the bioactivation of the prod-
rug azathioprine was mainly catalyzed by human GST A2-2, A1-1 and M1-1, 
and that the uncatalyzed reaction of azathioprine with glutathione was estim-
ated to contribute with less than 1 % of the enzymatically catalyzed biotrans-
formation (Eklund  et al.,  2006). GST A2-2 had the highest catalytic effi-
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ciency of the these three enzymes and one aim of the thesis was to under-
stand why by gathering structure-function relationships from characteriza-
tion of different GST mutant libraries (Papers I, III).

Polymorphism of human GST A2-2
There is polymorphism in the genes encoding these enzymes and there is 
particularly one  GST M1-null  genotype which does  not  produce  any en-
zyme. Its presence seems to be negatively correlated with adverse effects in 
patients receiving azathioprine (Stocco et al., 2007). Since GST A2-2 has an 
even higher azathioprine activity it was of interest to examine the effects of 
polymorphism in this enzyme (Paper II).

Characterization using alternative substrates
Previously, an azathioprine analogue was developed for colorimetric screen-
ing of azathioprine activity (Kurtovic et al., 2008) and throughout this study 
the activities of the mutated GSTs with substrates other than azathioprine 
were determined. By such analyses further information about structure-func-
tion relationships could be gained (Papers II, III).

Redesign of human GST A2-2 for enchanced azathioprine 
activity
The high GST activity with other substrates also led to the question whether 
GST mutants could obtain a similarly high activity with azathioprine and this 
was approached by further mutational strategies (Paper IV). The applications 
of  such  an  enzyme,  that  could  catalyze  the bioactivation  of  azathioprine 
faster than the endogenous GSTs, would be as a selectable marker in tempor-
al gene therapy or in ADEPT, for example against the HER2 receptor on tu-
mor cells. The use of different mutational approaches allowed for a compar-
ison of several techniques for enzyme engineering (Papers I−IV).
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Present investigation

Azathioprine activity of shuffled alpha class GSTs 
(Paper I)

Introduction
As previously mentioned GSTs A2-2, A1-1 and M1-1 are  the human en-
zymes contributing the most to the azathioprine bioactivation. In order to 
learn more about the structure-function relationships regarding azathioprine 
activation by GSTs, mutant enzymes were produced by DNA shuffling. In 
this case family shuffling was performed using human A2-2 and four other 
alpha class GSTs from different species. In this project one generation of  
mutants produced by shuffling was examined thoroughly.  By this method 
segments in A2-2 that are of importance for the particular activity would be 
present in the mutants with high activity, while other parts of these mutants 
would show more variation.

Mutant library design
There are  five  reported  polymorphic  variants of  human A2-2  (Coles  and 
Kadlubar, 2005). Variant A2*C is the most common genotype in Caucasian 
populations and it was used throughout paper I. The other alpha class en-
zymes included were human A3-3, bovine A1-1, rat A2-2 and rat A3-3 and 
expression clones of them were available in the laboratory. Their specific 
activities with azathioprine were very low compared to the specific activity 
of  human  A2-2.  To  introduce  additional  variability  a  previously  created 
mutant library of human A1-1 was included in the shuffling. This library had 
ten potential H-site residues mutated with the degenerate codon NNN to en-
code all 20 amino acids (Hansson et al., 1997). The shuffled chimeras also 
had point  mutations based on the infidelity of the  Taq polymerase. Point 
mutations in the active site have probably a higher chance of drastically al-
tering  the  function  of  the  enzyme  compared  to  mutations  further  away. 
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Shuffling of homologous sequences introduces mutations in block-wise seg-
ments and affects both the active site and more distant parts of the enzymes.

The construction  of  the  shuffled library  (Paper  I:  Figure  2)  started by 
cleaving the DNA with DNAse I to segments of 50−100 bp. During cycles of 
primerless PCR, pieces of homologous single stranded DNA were annealed 
followed by elongation and denaturation. In the end full-length sequences 
were amplified using end primers. The resulting chimeric sequences had mo-
saic patterns of segments with different origins. However, these final seg-
ments could be shorter than 50 bp if two products were annealed that  in 
earlier cycles ended up with crossovers located 1−49 bp away from each oth-
er.

Screening of bacterial lysates
The DNA vectors were transformed into E. coli by electroporation. Bacterial 
colonies containing the desired vector encoding ampicillin resistance were 
grown on agar plates. The estimated size of the library was 1.3 x 106. A test 
round of 456 colonies was grown in 2 ml LB medium overnight at 37 ˚C fol-
lowed by dilution 1:100 into 10 ml 2TY medium. After 2 h protein expres-
sion was induced by addition of IPTG. Cell lysates were prepared by centri-
fugation,  pellet  resuspension,  lysozyme  treatment  for  1  h  and  repeated 
freeze-thaw cycles to break the cell walls. No hits of interest with elevated 
azathioprine activity were found in the test set and higher throughput was 
desired. A second round of screening of 1114 colonies was performed in 96-
well  microtiter  plates  using  300  μl  culture  medium.  Expression  without 
IPTG induction was in this case enough for proper detection of the positive 
control, human A2-2.

The lysates were either stored in -80 °C or used directly for azathioprine  
measurements. The GST-catalyzed reaction of 0.2 mM azathioprine with 1 
mM glutathione was monitored using a microtiter plate spectrophotometer. 
The absorbance spectrum of the product formation has a maximum at 320 
nm  and  the  reaction  was  followed  by  an  increase  in  absorbance  at  this  
wavelength (Eklund et al., 2006). The sodium phosphate buffer had pH 7.0 
in order to get a lower uncatalyzed reaction rate.

The lysate activity of human A2-2 was 27.0 ± 5.5 (10−3 ΔA320/min) using 
29 replicates as positive controls on different plates, with a range of 14.6 to 
37.8 (10−3 ΔA320/min). Lysate activity depends on the catalytic activity but 
also on the expression level, solubility and stability of the enzyme. Mutant 
lysate  activities  in relation to human A2-2 were sometimes in agreement 
with later measurements on the purified enzymes but could also deviate up 
to three-fold for active enzymes. Mutants with low activity can also deviate 
because of the detection level of the reaction. The uncatalyzed reaction rate 
in absence of lysate was determined to be 7.4 ± 0.4 (10−3 ΔA320/min) while 
the corresponding value with inactive lysate was 7.0 ± 1.0 (10−3 ΔA320/min).
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Sequence analysis
In total 1570 bacterial lysates were screened; the majority of them with no 
measurable  activity  with  azathioprine  (Paper  I:  Figure  5).  A total  of  62 
colonies were cultivated and their DNA sequenced, some of them because of 
their activity with azathioprine in lysate. 13 sequences were identical to hu-
man A2-2. Since it was the most active parental enzyme all of the colonies 
expressing human A2-2 were most likely found as hits in the screening. By 
assuming that wild type occurrence in the final library was roughly the same 
for the different wild type templates, the total occurrence of wild type se-
quences in the library was estimated to be 5 · 13/1570 ≈ 4 %. A frame shift 
in the N-terminal sequence of the bovine A1-1 template sequence led to 1/6 
of the library not encoding full length GSTs.

Aside from the wild type sequences found the number of crossover points 
at the DNA level was 1−13, with a mean of 5.9 ± 2.6. The chimeric enzymes 
had sequences originating from on average 4.1 different templates (Paper I:  
Table 1). The library additionally had about 0.6 non-silent point mutations 
per  mutant.  A high  number  of  point  mutations  could  lead  to  deleterious 
mutations hiding the effect of beneficial recombinations as well as making it 
more difficult to draw conclusions about structure-function relationships.

The H-site library
The human A1-1 library with point mutations in the H-site also increased the 
structural  diversity  of  the  library.  However,  no  such  segment  was  found 
among the chimeric mutants active with azathioprine in the lysate screening. 
Perhaps the simultaneous mutation of four positions in the H-site was too 
much to tolerate in regions B and C while on the other hand only two posi-
tions were mutated in region A (Paper I: Figure 6 and Paper I: Figure 8).  
Screening of 384 colonies of that library itself showed no azathioprine activ-
ity in lysates.  That  was however not  surprising considering that  a library 
with ten positions with NNN codons would have a premature stop codon in 
38 % of the mutants and 7−10 non-wild-type H-site amino acids in 62 % of  
the  mutants,  making the library  more  suitable  for  selection  methods like 
phage display (Hansson et al., 1997).

Crossover locations
A multiple  alignment  of  30  alpha  class  sequences  from different  species 
showed regions of more or less sequence conservation (Paper I: Figure 9). 
Especially the three regions with H-site residues were among the more vari-
able regions, as well as two regions on the outside of the dimer; one region 
around amino acids 35−50, containing helix 2, and one region around amino 
acids 170−190, containing helix 7. The crossover locations in the chimeric 
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mutants were mostly located in the conserved regions (Paper I: Figure 3). 
The conserved regions were also visualized in an alignment where segments 
of amino acids were color coded depending on their corresponding wild type 
source (Paper I: Figure 4).

Expression and purification
The wild type enzymes and a selection of the sequenced mutants were ex-
pressed in E. coli in 0.5−3 liter scale. The preparations of the bacterial cell 
lysates and the enzyme purifications were similar in papers I−IV yielding 
several milligrams of purified protein. After over night cultivation the medi-
um was diluted 100-fold and at an optical density of 0.3−0.6, at 600 nm, the 
protein production was induced by IPTG. After 12−16 h the cells were har-
vested by centrifugation, dissolved in a sodium phosphate buffer with pro-
tease inhibitors, and lysed by lysozyme treatment followed by sonication or 
cell disruption. After centrifugation the enzymes were purified from the lys-
ate  using  immobilized  metal  ion  affinity  chromatography  (Porath  et  al., 
1975).

The N-terminal sequence of the GSTs coded for methionine followed by 
six histidines inserted by cloning. The affinity of the hexahistidine tag to Ni2+ 

allowed for selective absorption of the enzymes. The bound enzymes were 
washed and eluted using different concentrations of imidazole. The buffer 
was exchanged by dialysis or size exclusion chromatography. The 100 mM 
phosphate buffer used for some enzymes could lead to precipitation and was 
later replaced by 25 mM HEPES with 150 mM NaCl. Protein purity was 
verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis. Pro-
tein concentration was determined using Bradford assay or absorbance at 
280 nm using a previously determined extinction coefficient (Widersten  et 
al., 1994). Purified enzymes were stored at -80 ˚C.

Kinetic characterization
Reduced glutathione was kept at a constant level of 1 mM in the activity 
measurements of the purified enzymes.  The concentration of azathioprine 
was 0.2 mM for determination of specific activities and varying for determ-
ination of kinetic parameters. The temperature was kept at 30˚C and the so-
dium phosphate buffer had pH 7.4. The specific activities of the wild type 
enzymes and the mutants are presented in Paper I: Figure 6. The catalytic ef-
ficiency,  kcat/KM, was determined for the three most active enzymes, human 
A2-2, human A1-1 and mutant 1362, to be 1.35 s−1mM−1, 0.70 s−1mM−1, and 
0.61 s−1mM−1, respectively. Throughout papers I−IV, kcat and kcat/KM were cal-
culated per enzyme subunit.
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Structure-activity relationships

Some H-site residues conserved among the active chimeric mutants
The analyzed amino acid sequences were divided into 23 segments repres-
enting primary structure regions recombined during the shuffling process. 
Segments originating from all wild type GSTs were present among the four 
most active chimeric GSTs (1362, 1347, 608 and 1108, see Paper I: Figure 4 
and Paper I: Figure 6).

Segments 1−2 and 20−22 were on the other hand conserved among the 
four most active chimeras and the most active wild type, human A2-2. Hu-
man A1-1 also had similar azathioprine activity and showed some additional 
variation in segments 2 (S10F/I12A) and 22 (S216A). Segments 1−2 were 
located  in  the  N-terminus.  Segment  2  contained  two  H-site  residues 
(S10/I12)  and  were  surrounded  by  conserved  G-  and  H-site  residues 
(Y9/G14/R15). Segments 20−22 comprised part of the C-terminus and con-
tained one H-site residue each (M208/L213/S216). Four of these five con-
served  segments  contained  H-site  residues  and  were  thus  considered  the 
primary determinants of azathioprine activity in alpha class GSTs.

Other segments of interest
One basic  assumption in this  study was that,  among the most  active en-
zymes, variable regions were more tolerant to mutations while conserved re-
gions were more important for the function of interest. Depending on the re-
combination resolution and the number of chimeras sequenced, segments of 
importance might in the analysis be linked to other segments that do not ne-
cessarily contribute to the function.

The finding of H-site residues in almost all conserved segments among the 
most active enzymes demonstrated the power of family shuffling in identify-
ing  important  functional  elements.  However,  segment  1,  lacking  H-site 
residues,  might  still  also  be  of  importance  even  though it  might  just  be 
linked to the H-site residues of segment 2 due to the recombination process. 
Segment 8, having 5 H-site residues, did not seem to be correlated with aza-
thioprine activity in this alpha class context.

Structural interpretation
Segments 2, 8 and 20−23 form the three parts of the H-site cavity, in paper I  
called regions A, B and C (Paper I: Figure 6 and Paper I: Figure 8). Seg-
ments 21−22 are located in the C-terminal helix 9 with segment 20 in the 
hinge region and segment 23 at the end of the helix. Human A1-1 crystal  
structures have shown that the C-terminal helix is disordered without a lig-
and bound in the active site (Grahn  et al., 2006). The flexible C-terminus 
forms a lid closing on the H-site,  coordinating the binding of both gluta-
thione and the second substrate (Nilsson et al., 2002).
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Several of the chimeras with some activity in the screening but low specif-
ic activity with azathioprine when measured with purified enzymes had seg-
ments from human A2-2 in the N-terminal region but not in the C-terminal 
region. Mutant 227 had sequences originating from human A2-2 in the C-ter-
minal region but did not have any detectable activity in lysate. Its sequence 
was a mix of the active mutants 608 and 1108 aside from segment 1 from rat 
A2-2 (A2S/E3G/K6V),  segment 2 from human A1-1 as well  as mutation 
N80D from rat A2-2. This suggests that the residues in segment 1 could in-
fluence the activity, perhaps via the H-site residues in segment 2. However, 
the distances from the residues in segment 1 to the active site do not offer 
any straightforward structural explanations.

One example of an active GST lacking amino acid 222
With more chimeric enzymes included in the sequence analysis, the resolu-
tion of a crossover pattern becomes more detailed,  possibly facilitating a  
more detailed understanding of the sequence function relationships. One ex-
ample was that the mutant 1347 differs from human A2-2 only in the last  
two amino acids (S221 plus stop codon compared to R221 plus F222). Posi-
tion 222 is in the H-site in segment 23. The mutant still had 42 % of the hu-
man A2-2 specific activity indicating that those two amino acids were not es-
sential for the activity with azathioprine. The division into smaller segments 
on the other hand also makes it harder to draw conclusions about the contri-
bution of individual segments to the function, compared to methods using 
site-directed recombination.

Five chimeras had specific azathioprine activity > 20 % of human A2-2
Later the last three mutants that showed some azathioprine activity in the 
screening were also sequenced and purified. One was very similar in activity 
and sequence to A1108. Another one was inactive with azathioprine having 
segments from rat A3-3 in the C-terminus. The third was also inactive but 
the  sequence  was  basically  a  mix  of  the  segments  present  in  the  active 
mutants 608 and 1362, aside from one mutation E3G in segment 1 that was 
present in all wild type sequences except human A1-1 and human A2-2. This 
could potentially indicate that segment 1 was of more importance than just 
as being linked to segment 2 containing the H-site residues in positions 10 
and 12. However, other chimeric mutants can also have sequences consisting 
of combinations of segments from active mutants without having activity 
themselves. It is rather an expected effect of the recombination of segments 
to get both increased and decreased activities compared to the starting mater-
ial. With these mutants examined it was concluded that out of 1570 tested 
colonies, only five expressed a chimeric GST with more than 20 % of the 
specific activity of human A2-2.

Compared to the total  number of chimeras with low activity with aza-
thioprine, only a small fraction were sequenced. Thus comparing the active 

38



GSTs with the few inactive GSTs that were sequenced is not as relevant as 
comparing with the possible sequence space that could be sampled in the 
shuffling  process.  Approximately (1/6)  ·  (1/6) ·  1570 -  13 = 31 mutants 
would have been expected to have segments originating from human A2-2 in 
the N-terminus and C-terminus without being identical to human A2-2 in the 
rest of the sequence. Since only five sequences with relatively high activity 
were found, inclusion of the five important segments was probably not itself 
enough for activity in the sense that mutations elsewhere or specific seg-
ments  or  combinations  of  segments  in  other  positions  could  abolish  the 
activity with azathioprine.

Thoughts on exploiting the data for directed recombination
Multiple generations of DNA shuffling is basically a genetic algorithm, lead-
ing to linear combinations of the segments that are part of the proteins with 
maximum fitness in the previous generation. Semi-rational approaches might 
perform one or several exploration steps, gathering information about the ef-
fect  on fitness  of  the  mutations,  followed by  one or  several  exploitation 
steps. In the exploitation steps the beneficial mutations are more strongly en-
riched  and  the  deleterious  mutations  more  often  excluded  compared  to 
stochastic methods. If a similar approach would have been used in this pro-
ject the shuffled segments in each template would correspond to the para-
meters while the specific activity would be the output and important seg-
ments would have been identified by multivariate statistics (Fox, 2005).

However, there are not nearly enough sequences determined to paramet-
rize such a system using linear combinations of segments. With simplifica-
tion from 23 segments to N segments, 6N sequences would still be needed. 
Besides, the activities in lysates and the specific activities of the GSTs with 
low activity were not accurate enough for such a detailed analysis. While the 
methods might work with single point mutations, there could likely be epi-
static effects present among longer segments. When taking into account the 
combination effects between different segments the number of parameters 
increases dramatically. The resulting structure-function relationships in this 
study indicated that taking such combination effects into account would have 
been necessary.

In  another  recombination  study  using  three  template  sequences,  221 
mutants were screened (Engler et al., 2009). Eight mutants had higher fitness 
than  50  % of  the  best  template  and the best  had a  4-fold  improvement.  
Among these eight mutants, two recombination segments out of nine were 
conserved with seven or eight mutants having the same origin in those seg-
ments.  Screening  of  24  mutants  in  the  second  generation  produced  one 
mutant with an additional 2-fold improvement. This mutant was still contain-
ing the conserved segments, also confirming that enhanced proteins can be 
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generated using multiple generations of recombinations that keep important 
segments while varying other segments.

Comments on the alpha class GSTs included in the library
Three human alpha class GSTs, A1-1, A2-2 and A3-3, were used for the con-
struction of the library. In order to provide more variation to the library three 
alpha class GSTs from other species were also incorporated. By including 
enzymes with a lot of sequence variation and with both high and low activity 
towards azathioprine, regions of importance for the function could be identi-
fied. Human A2-2 shares 95 % amino acid sequence identity with human 
A1-1, 89 % with human A3-3 and human A5-5, 81 % with bovine A1-1, 73 
% with rat A2-2 and rat A3-3, and 54 % with human A4-4. These two rat 
GSTs are however not that similar, sharing only 68 % identity with each oth-
er.

Comments on the alpha class GSTs excluded from the library

Human A5-5
The gene encoding human A5-5 is probably not expressed in vivo. Due to the 
high similarity to the H-site residues of human A2-2 and A1-1, one would 
assume that if human A5-5 was expressed  in vitro and assayed with aza-
thioprine it would show similar activity. Only P110L, F111I and I12A are 
different from human A2-2, and P110S at least is tolerated in human A2-2 
(Paper II), F111I was introduced into a mutant of hA2-2 with retention of 
azathioprine activity, and I12A is present in human A1-1, which also has 
activity with azathioprine. On the other hand, the G-site mutation R15S in 
human A5-5 might be detrimental to the catalytic activity in general, consid-
ering the conservation of a basic residue in this position in alpha class se-
quences (Björnestedt et al., 1995).

Human A4-4
Human A4-4 had too low sequence identity with the other GSTs to be in-
cluded in the shuffling process. The genes encoding the alpha class GSTs are 
located on chromosome 6, accompanied by several gene fragments. Both the 
genes and the fragments are the results of more or less successful gene du-
plications. The order of the genes on the chromosome represents A2-2, A1-1, 
A5-5, A3-3 and at last A4-4. A closer look at the fragments and the alpha 
class GSTs in different species drew attention to the fragment between hu-
man A3-3 and A4-4. Its sequence was similar to rat A4-4 as well as a corres-
ponding gene in Macaca mulatta. Rat A4-4 and this GST in Macaca mulatta 
share 76 % amino acid identity. They both share only 56−60 % amino acid  
identity with human A1-1, A2-2, A3-3, A4-4 and A5-5, indicating that this 
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fragment represented a branch of the alpha class GSTs that was lost in hu-
mans.

In fact, a cDNA search for human A4-4 as a homologue to rat A4-4 failed 
because of the low sequence identity (Mannervik  et al.,  2000). However, 
when human A4-4 later was identified and expressed, its substrate specificity 
profile was still similar to that of rat A4-4 (Hubatsch et al., 1998). This func-
tional similarity could partly be due to eight of twelve H-site residues being 
identical between human A4-4 and rat A4-4, compared to for example only 
three identical between human A4-4 and human A1-1. One example of re-
design of the H-site was the study where human A1-1 was mutated into an 
enzyme with hA4-4 like substrate selectivity by mutating one position in re-
gion A, three positions in region B and the whole region C (Nilsson et al., 
2000).

Another example using DNA shuffling
In paper I, analysis of structure-activity relationships revealed segments with 
H-site residues as primary determinants of the activity with azathioprine. But 
the mutations introduced by DNA shuffling targets the whole sequence of 
the enzyme except for the conserved parts. Another study using DNA shuff-
ling and a growth selection system found 13 amino acids mutated in an as-
partate aminotransferase with modified specificity (Yano et al., 1998). Six of 
them were together responsible for a 20000-fold increase in catalytic effi-
ciency with one of the substrates while the other seven mutations contributed 
cooperatively to an additional 3-fold enhancement. However, only one of the 
six functionally important residues were located close enough for direct in-
teraction with the substrate. This demonstrated the complementary effects of 
shuffling to active site redesign.

Suggested screening modifications
One attempt was made at testing azathioprine in a negative selection system. 
E. coli with plasmids encoding different GST were grown in media or on 
plates with azathioprine. The survival was not correlated to the activity of 
the GSTs but could depend on several other factors,  including expression 
level of the GSTs but also viability during recombinant expression or pos-
sibly previous treatment of the bacterial colonies.

The specific activities with the fluorogenic substrate monochlorobimane 
were determined for the wild type enzymes and eight mutants. There was no 
correlation  between  the  specific  activities  with  azathioprine  and  mono-
chlorobimane (R2 = 0.02). The fluorogenic substrate can be used for initial 
selection of colonies expressing functional GSTs (Eklund  et al., 2002) but 
biased substrate specificities would obviously follow.
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For estimations of specific activities already in the lysates, the enzyme 
concentrations could have been determined using fusion tags or antibody de-
tection but this was never performed in this paper. One such example used 
green fluorescent protein cloned downstream of the protein of interest in or-
der to determine the concentration of the fusion protein as well as distinguish 
mutants with frame shifts (Denis-Quanquin et al., 2007).

Conclusion
In this project a library of chimeric enzymes was constructed by DNA shuff-
ling of five alpha class GSTs and a point mutation library. Comparison of the 
sequences and their corresponding enzymatic activities with azathioprine in-
dicated that segments 1−2 in the N-terminus and 20−22 in the C-terminus 
were important for this function. These segments contained several H-site 
residues forming part of the substrate binding site. Both the segments and the 
H-site residues will be further examined in papers II, III and IV. One issue 
that will be addressed is whether these important segments of human A2-2 
should be conserved or targeted when attempting to improve the catalytic ef-
ficiency  with  azathioprine  by  mutagenesis.  Aside  from  the  differences 
among alpha class GSTs there is also variation present among individuals re-
garding single enzymes. The human A2-2 variant named A2*C was used in 
paper I. The next chapter will be about the polymorphism of human GST 
A2-2.

Polymorphism in human GST A2-2 (Paper II)

Introduction
The metabolism of azathioprine involves several steps of activation and mul-
tiple inactivation routes (Paper II: Figure 4). Genetic variation in TPMT can 
have drastic effects on the outcome of clinical treatment of patients with the 
drug.  For  double  null-mutants  the  dose  administered  must  be  radically 
lowered  to  avoid acute  bone marrow degeneration  (Roberts  and Barclay, 
2012). TPMT status can however only explain a small part of the adverse ef-
fects (Dong et al., 2010) and the results of polymorphism in other steps have 
not been thoroughly examined. The first step involves glutathione conjuga-
tion by GSTs,  in human mainly by A2-2, A1-1 and M1-1 (Eklund  et al., 
2006). Different rates of activation could be related to adverse effects as seen 
in  a  study  monitoring the  presence  of  M1-1  null-mutants  (Stocco  et  al., 
2007). However, no articles have been published investigating the effects of 
differences in phenotype for A2-2 and A1-1, despite their high activity with 
azathioprine and high expression in several tissue types. In this paper, the 
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polymorphic variants of A2-2 were characterized with respect to catalytic ef-
ficiency with azathioprine and alternative substrates as well as thermostabil -
ity.

Table 2. (Paper II: Table 1). Amino acid variations in allelic variants of human GST 
A2-2. Position marked "-" is not located close to the H-site.

Residue 110 112 196 210

H-site region B B - C

(according to Paper I)

GST A2*A Pro Ser Lys Glu

GST A2*B Pro Ser Lys Ala

GST A2*C Pro Thr Lys Glu

GST A2*D Pro Ser Asn Ala

GST A2*E Ser Ser Lys Glu

Kinetic characterization
Five genotypes of human GST A2-2 have been found, see Table 2. All but 
A2*D have been confirmed in population studies. In paper II the five de-
scribed  A2-2  genotypes  were  cloned,  expressed  and  characterized.  The 
steady-state kinetics parameters are presented in Paper II: Table 4. Assuming 
in vivo azathioprine concentrations below 10 μM (Odlind et al., 1986) and 
KM values over 1 mM indicated that the activation rate under physiological 
conditions was proportional to  kcat/KM. Variant A2*E turned out to catalyze 
this reaction 3−4-fold faster than the other variants of A2-2 and about 6-fold 
faster than A1-1 and M1-1.

Structurally A2*E differs from the other variants by the P110S mutation. 
The proline in position 110 is otherwise conserved in all human alpha class 
GSTs.  Serine in position 110 is present in one other alpha class GST, in 
Monodelphis domestica. Positions 107, 108, 110 and 111 are all potential H-
site residues, located near the end of helix 4. Prolines can disrupt secondary 
structure elements and mutations in this position could lead to reorientation 
of the adjacent H-site residues.

Figure 5. (Paper II: Figure 1). Structures of Aza, NPTI, CMNI and CDNB. Arrows 
indicate  the  positions  of  nucleophilic  substitution  by  GSH.  All  compounds  but 
CDNB give the same imidazolyl-GSH conjugate.
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Alternative substrates
The enzymes in paper I were also characterized with alternative substrates 
(Figure 5). NPTI (Kurtovic et al., 2008) is an azathioprine analogue in which 
the leaving group is 4-nitrothiophenol instead of 6-MP, facilitating colori-
metric  screening.  CMNI  has  the  same substituted  imidazole  ring  as  aza-
thioprine and NPTI but only a chloride ion as leaving group. CMNI has been 
tested as a radiosensitizer (Watts  et al., 1980) with the primary purpose to 
deplete  cellular  glutathione  before  radiation  therapy (Sauer  et  al.,  1988). 
CDNB has a size similar to CMNI and is the standard substrate for measure-
ment of GST activity.

The catalytic efficiency with NPTI was about 3-fold higher for A2*E than 
for the other variants, while it was lower with CMNI and CDNB (Paper II:  
Table 4). Azathioprine, NPTI and CMNI all form the same glutathione con-
jugate. Since kcat was different for the three substrates it indicated that the re-
action rates were not limited by the release of this conjugate, at least not in 
the cases with lower kcat.

Principal component analysis of the normalized catalytic efficiencies with 
the four substrates was performed (Paper II: Figure 2). Principal component 
1 accounted for 88 % of the total variability in the data set and confirmed 
that variant A2*E was functionally different  from the other four variants,  
mainly due to its higher catalytic efficiency with azathioprine and NPTI as 
well as lower catalytic efficiency with CDNB and CMNI. Principal compon-
ent 2 explained only 12 % of the variation in the data set, separating variants 
A2*A-D depending on their relative catalytic efficiency with CMNI versus 
CDNB.

Combining activity and expression in different tissues
In  a  previous  paper  (Eklund  et  al.,  2006)  the  rate  of  activation  of  aza-
thioprine was estimated for human liver cytoplasm. The enzymatic activation 
dominated over the uncatalyzed reaction and the enzymes contributing the 
most were GST A2-2, A1-1 and M1-1. A similar estimation was performed 
using the GST isoenzyme concentrations from Rowe et al., 1997, combined 
with the catalytic efficiencies of the allelic variants determined in paper II. 
The sum of the apparent rate constants (min-1) was estimated to be 2.8−4.5 
(liver), 2.4−3.6 (testis), 0.6−1.8 (pancreas), 0.6−1.1 (kidney), 0.4−0.7 (adren-
al glands), 0.2−0.3 (brain), 0.05−0.07 (lung), 0.04−0.07 (pituitary gland) and 
0.03 (heart). The range of the rates in different tissues represented the vari -
ation among individuals, assuming the same concentration of GSTs but with 
either A2*E (higher value) or another A2-2 variant (lower value). The GST 
concentrations were determined as the mean of two samples from different 
individuals.

44



Due to the higher catalytic efficiency of A2*E there is a 1.5−2 fold differ -
ence in the sum of the apparent rate constants in most tissue types, except 
pancreas with a 3-fold difference and heart with no A2-2 expression. The un-
catalyzed reaction contributes only about 1 % or less in the five tissue types 
with  the  highest  apparent  rate  constant.  A M1-null  homozygous  mutant 
would only influence the apparent rate constant by a 5−20 % decrease in 
these tissue types. In the four other tissue types the apparent rate constant of 
the GSTs plus the uncatalyzed reaction would be 1.5−3 fold lower in sub-
jects with the M1-null genotype.

Activity and variation of expression
However, from studying the expression of GSTs in specific tissues using a 
larger sample of individuals it is clear that the inter-individual differences in 
expression levels also are of a notable magnitude. As discussed in the intro-
duction the ratios between the minimum and maximum expression levels 
was at the most 50-fold for A1-1 and 15-fold for A2-2. The sum of the ap-
parent rate constants could vary in that order of magnitude between individu-
als with very high and very low concentrations of azathioprine-active GSTs, 
even if the GSTs were of the same genotype. One measurement with aza-
thioprine using human liver cytosol resulted in a specific activity of 4.3 ± 2.1 
nmol/min/mg (N = 8, range 1.6−7.6 nmol/min/mg, von Bahr et al., 1980).

Bioavailability and activation
The time to maximum concentrations of azathioprine and 6-MP after oral ad-
ministration  of  azathioprine  varies  significantly  among  subjects  (range 
15−240 min, N = 8) and the difference between the maximum times also 
varies up to 4 hours (Odlind  et al., 1986). The different rates of activation 
might be related to the distribution and toxicity of the metabolites. The es-
timated GST catalyzed activation of azathioprine in liver, pancreas and the 
small intestine is potentially very high with large variation among individu-
als and might be one factor involved in effectiveness of treatment as well as 
the commonness of adverse effects in these tissues.

Genotyping for activity and expression
Part of the difference in expression levels can be attributed to known poly-
morphisms,  with  3-fold  lower  hepatic  expression  for  A2*C (Ning  et  al., 
2004) and differences in expression levels for A1-1 and A2-2 depending on 
an A1-1 polymorphism in the 5'  non-coding region (Coles and Kadlubar, 
2005). Genotyping of patients might thus aside from identifying the specific 
activities of the GSTs with azathioprine also provide some hints about their 
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expression levels. Based on the allele frequencies mentioned in the introduc-
tion, the occurrence of A2*E homozygosity could be up to 1.7 % in some 
populations  and the A2*E heterozygosity  up to  23  %.  In the  Portuguese 
Caucasian population the occurrence of homozygous A2*E individuals with 
higher specific activity towards azathioprine would be 0.6 %, while 32 % 
would have A2*C homozygosity with lower hepatic expression.

Thermal inactivation
Thermostability of the five A2-2 variants was assessed with the addition of 
physiological concentrations of glutathione at 2 mM. At a temperature of 37 
°C the half-life of the thermal inactivation of variant A2*C was about two 
weeks while the others were more stable. At 48 °C it was shown that A2*E 
was more stable than the other four variants (Paper II: Figure 3). However,  
the half-lives might be even shorter in vivo (García-Mata et al., 1998; Shen 
et al., 1995) indicating that thermostability is not a major determinant of the 
intracellular GST concentrations.

Conclusion
Five genotypes of human GST A2-2 were characterized and variant A2*E 
turned out to have a different substrate profile than the other variants, with 
3−4-fold higher catalytic efficiency with azathioprine. The  in vitro results 
can be considered in order to try to understand the consequences of clinical 
azathioprine usage and to estimate the impact of different GST genotypes. 
Considering the additional contribution of A1-1 and M1-1 to the bioactiva-
tion of azathioprine, the effect of having the A2*E genotype could result in 
an up to 3-fold difference in apparent rate constant in some tissues. Com-
bined with differences in expression levels, the rate of activation varies sub-
stantially among individuals, possibly affecting the localization and toxicity 
of azathioprine metabolites. Genotyping of GSTs involved in azathioprine 
activation is recommended to further study the connections among GSTs, 
azathioprine dose,  metabolite  levels,  efficacy and adverse  effects.  Variant 
A2*E showed that mutagenesis close to the H-site could increase the specific 
activity with azathioprine. Paper I identified segments of human A2-2 of in-
terest for the specific activity with azathioprine and these segments will be in 
focus in the next chapter.
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Structural elements supporting high azathioprine 
activity (Paper III)

Introduction
The prodrug azathioprine is activated mainly by human GSTs A2-2, A1-1 
and M1-1,  of  which A2-2 has the highest  specific  activity of  the human 
GSTs. There is polymorphism affecting the activity as well as expression of 
the GSTs and faster activation of the prodrug might lead to adverse effects in 
treated patients. In Paper III structure-activity relationships were sought in 
order to understand the higher catalytic efficiency of human A2-2 compared 
to the other GSTs examined. By DNA shuffling of GST A2-2 together with 
other alpha class GSTs in Paper I, the sequences were divided into 23 seg-
ments separated by recombination events (Paper I: Figure 4). Segments 1−2 
in the C-terminus and 20−22 in the N-terminus were conserved among hu-
man A2-2 and the mutants with more than 20 % of the specific azathioprine 
activity of A2-2.

The significance of these conserved segments was in Paper III investig-
ated by insertion of the C- and N-terminus from human A2-2 into the low-
active GSTs human A3-3 and rat A3-3. These short segments contained sev-
eral H-site residues and two of them, M208 and L213, are conserved among 
human A2-2, the mutants with high activity and human A1-1, which displays 
about 60 % of the specific activity of human A2-2. These two H-site residues 
were targeted by saturation mutagenesis in order to examine their importance 
for the activity of human A2-2 with azathioprine. Aside from azathioprine, 
the enzymes were also characterized using three other substrates undergoing 
similar chemical transformations.

Chimeric mutants

Cloning
In this paper as well as in paper I, human A2-2 refers to allelic variant C of 
human GST A2-2. Two chimeric mutants were based on human A3-3 and rat 
A3-3 with sequence  from human A2-2 in  the  N- and C-terminus.  These 
mutants were produced by PCR using long primers covering the inserted 
hA2-sequences, some bases identical to the templates as well as the restric-
tion sites outside of the coding sequence. Although the C-terminal segment 
23, including H-site position F222, was not part of the conserved segments 
in Paper I, it was included in the insertion in the chimeric mutants produced 
in Paper III because of its location between segments 20−22 and the restric-
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tion site. The amino acid sequences of human A3-3 and rat A3-3 differ in 25 
and 60 positions respectively from human A2-2. The inserted C- and N-ter-
minal sequences introduced 7 and 15 mutations respectively into the chimer-
ic mutants based on human A3-3 and rat A3-3 (Paper III: Figure 3).

Characterization
The chimeric mutants were folded and stable GSTs and their specific activit-
ies towards azathioprine were determined to 0.19 and 0.44 μmol·min-1·mg-1, 
about 10-fold higher than that of their respective templates human A3-3 and 
rat A3-3, and almost up to the level of human A2-2, 0.67 μmol·min-1·mg-1 

(Paper III: Figure 3).
The chimeric mutants were also examined using three other substrates in-

troduced in Paper II, CDNB, CMNI and NPTI (Paper III: Figure 1b). The 
least difference among the five enzymes was found with CDNB, the general 
GST substrate, with only small changes upon insertion of the flanking se-
quences from human A2-2. Human A2-2 has more than 10-fold higher spe-
cific activity with CMNI than human A3-3 and rat A3-3, similarly to the 
situation with azathioprine, but the chimeric mutants only displayed up to 
1/7 of the specific activity of human A2-2 with CMNI. With NPTI the chi-
meric mutants had 100- and 15-fold higher specific activities than the tem-
plates human A3-3 and rat A3-3. The chimeric mutant with human A3-3 in 
the central portion even had 10-fold higher specific activity than human A2-
2, with a value of 660 μmol·min-1·mg-1.

Because of the high reaction rates with some of the enzymes and sub-
strates, significant dilutions of the enzyme stock solutions were made before 
measurement in the cuvette and the spectrophotometer. To avoid noticeable 
absorption of enzymes to the test tube walls, the tubes were incubated over 
night with 2.5 % bovine serum albumin before making the diluted enzyme 
solutions (Sundberg et al., 1995; Fedulova and Mannervik, 2011).

Alternative approach
Multivariate methods like partial least squares regression could have been 
used to estimate how much each segment in the shuffled library in Paper I 
contributed to the activity of the chimeric enzymes and possibly to predict 
the sequences of improved chimeras. However, many more mutants would 
have had to be sequenced and characterized and the enzymes with low activ-
ity would have had to be characterized more accurately in order to get useful 
quantitative data. Besides, the greater the number of positions mutated, the 
less additivity is to be expected in terms of activity or function (Lunzer  et 
al., 2010), and using crossterms to account for epistatic interactions would 
require even more data to avoid overfitting. Choosing to focus only on the 
segments that were conserved among the active mutants proved to be useful 
in Paper III in identifying the features of the primary structure of importance 
for the azathioprine activity of human GST A2-2.
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Saturation mutagenesis

Cloning
The M208X/L213X mutant library based on human A2-2 was prepared us-
ing  inverted  polymerase  chain  reaction.  Full-length  linear  plasmids  were 
generated using adjacent 5'-phosphorylated primers pointing in opposite dir-
ections. The PCR product was purified after agarose gel electrophoresis and 
its blunt ends ligated before transformation into E. coli. The use of degener-
ate primers with NNS codons in two positions led to a library of 400 pos-
sible mutants with amino acids in both positions as well as some mutants 
with early stop codons.

Screening
Lysates from 1880 bacterial colonies were screened with azathioprine and 
the library coverage was estimated by Monte Carlo simulation to be 93 ± 1 
% or 374 ± 5 unique mutants without stop codons in the mutated positions 
(Paper III: Figure 5e−f). 1504 of the lysates were also screened with CDNB 
and 752 of them with NPTI and CMNI as well. Different volumes of lysates 
were used in the separate papers indicating that direct comparisons are not 
straightforward. In this paper replicates were made but with less lysate in 
each compared to Paper I. By measuring with different substrates the ratio of 
activity values with different substrates corresponds to the ratio of specific 
activities and it is independent of expression level.  During screening, only 
three lysates had higher activity with any of the substrates, with values of  
120−150 % of the human A2-2 CDNB activity (Paper III: Figure 5a−d).

Mutant characterization
Sequencing and purification of selected variants confirmed that the wild-type 
human A2-2 had the highest activity with azathioprine (Paper III: Table 1). 
For CDNB, CMNI and NPTI there were mutants with about the same specif-
ic activities as human A2-2, even though fewer lysates were screened with 
these substrates.  The general trend confirmed by principal component ana-
lysis was that the mutations led to decreased catalytic activities with all four 
tested substrates, even though some mutants had distinctly different substrate 
profiles compared to the template, A2-2 (Paper III: Figure 6). The loading 
vectors of the biplot showed that azathioprine and the chromogenic analog 
NPTI did  not  have  the highest  covariation,  highlighting  the  difficulty  of 
screening using analog substrates during directed evolution of enzyme prop-
erties.

In human GST A2-2, the α9 helix acts as a lid and forms one side of the 
H-site. L213 is located in the α9 helix with M208 in the hinge segments pre-
ceding the helix and depending on the flexibility and dynamics they might 
interact with each other. The mutants with about half or more of the aza-
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thioprine activity retained had mainly hydrophobic residues in these posi-
tions, especially in position 208 (Paper III: Figure 7). One exception was the 
M208D/L213R mutant, with 40 % of the wild-type specific activity towards 
azathioprine, and possibly its mutated residues were stabilized by their op-
posite charges. A truncated variant with valine in position 208 and a stop 
codon in 213 still  had 31 % of the specific activity of human A2-2 with 
CDNB, indicating that  the  α9 helix is  not necessary for general  catalytic 
activity but that removal of the helix might be more detrimental for the cata-
lysis with some substrates.

Conclusion
Two chimeric GSTs were rationally designed by insertion of the N- and C-
terminal sequences from human A2-2 into two alpha class GSTs with low 
specific  azathioprine  activities,  human  A3-3  and  rat  A3-3.  The  chimeric 
mutants displayed a 10-fold improvement in specific activity towards aza-
thioprine, almost up to the level of human A2-2.

The H-site positions M208/L213 were conserved among the wild-types 
and mutants that in Paper I displayed high azathioprine activity. Screening to 
an estimated 93 % coverage of a saturation mutagenesis  library targeting 
these two positions revealed mutants which all had decreased specific activ-
ities towards azathioprine, while activities towards the other substrates were 
slightly better  tolerated.  Analysis of the mutants with higher azathioprine 
activity indicated that hydrophobic amino acid residues were preferred, espe-
cially in position 208 but also in position 213.

Analysis of the point mutants and the chimeras confirmed that screening 
with alternative substrates during directed evolution can provide a conveni-
ent way of faster finding functional enzymes but not necessarily with the de-
sirable properties regarding substrate specificity.

The structure-activity relationships showed that segments 1−2 and 20−22 
from human GST A2-2, that were conserved among the mutants with high 
activity, could sustain high azathioprine activity within the context of the ex-
amined alpha class sequences, while the conserved H-site residues within 
these segments did not tolerate mutations with retention of the activity to-
wards azathioprine. Mutational strategies attempting to improve the catalytic 
efficiency with this substrate could preferably instead focus on the variable  
segments among the mutants with high activity. Mutagenesis in the variable 
segments 8 and 23 of human GST A2-2, will be further examined in paper 
IV.

50



Redesign of GST A2-2 for enhanced azathioprine 
activity (Paper IV)

Introduction
The preceding papers have discussed mutagenesis of human GST A2-2, in-
cluding mutations throughout the whole enzyme as well as in the active site. 
However, the catalytic efficiency with azathioprine was found to be lower 
than with many other substrates. If the GSTs could be redesigned to have a  
catalytic efficiency with azathioprine much higher than that of the endogen-
ous enzymes, they could find use in ADEPT. In this paper molecular docking 
was  performed  in order  to  suggest  which  H-site  amino acids  were  most 
likely to influence catalysis. Three positions were chosen for mutagenesis 
and a mutant library was created using reduced sets of codons. Variant A2*E 
was used as template due to its higher catalytic efficiency with azathioprine 
compared to the other A2-2 variants (Paper II). The library was screened for 
azathioprine activity and interesting hits were characterized. The structure of 
the most active mutant was determined by X-ray crystallography.

Library design

Choice of mutations
The family shuffling in paper I did not generate any alpha class GSTs with 
enhanced activity towards azathioprine. Paper IV instead focused on mutat-
ing active site residues that were more likely to influence the catalysis and 
not only to amino acids already present in the alpha class GSTs in these posi-
tions. Based on molecular docking of azathioprine into a model of human 
A2*E the H-site residues L107, L108, F111 and F222 were assumed to be 
able to interact directly with the substrate (Paper IV: Figure S1A). In particu-
lar amino acids in positions 107, 108 and 222 were thought to possibly con-
tribute to the transition state stabilization by interacting with the nitro group 
of the imidazole ring, the thiolate of the glutathione or the upcoming negat-
ive charge on the sulfur in the 6-mercaptopurine leaving group (Paper IV: 
Figure 1). One library was constructed targeting positions 107, 108 and 222 
simultaneously. Positions F111 and L213 were later mutated independently 
without finding any enzyme with improved activity towards azathioprine.

Reduced codon sets
The three-position library was produced using reduced codon sets in the tar-
geted positions in order to obtain a high quality in terms of even frequency 
of the different amino acids. It also reduced the size of the library to facilit -
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ate screening of a larger proportion of the possible amino acid combinations. 
The degenerate codon set YHC (coding for His, Leu, Phe, Pro, Ser and Tyr) 
was used for position 222, since an F222A mutation in a human A1-1 mutant 
had detrimental effects on catalysis indicating that large amino acids might 
be needed in this position (Nilsson  et al.,  2002). NDT (coding for amino 
acids Arg, Asn, Asp, Cys, Gly, His, Ile, Leu, Phe, Ser, Tyr and Val) was used 
for positions 107 and 108, giving a wider range of different types of amino 
acids, all with only one codon per amino acid. In total, the library contained 
864 possible amino acid combinations.

Cloning
The library was prepared using the dual-tube megaprimer approach (Tseng 
et al., 2008). By first amplifying the region between the mutated sites (cor-
responding to amino acids 107/108 and 222), the purified PCR product was 
then used as primers during the amplification of the whole plasmid. After  
DpnI digestion of the template plasmids and transformation into E. coli, se-
quencing of randomly sampled colonies confirmed adequate codon variabil-
ity and no overrepresentation of template sequences.

Screening
Lysates from 1901 bacterial colonies were screened for activity with aza-
thioprine and the coverage of the library was estimated to be 89 ± 1 %. The 
distribution of activities was skewed toward higher values and 44 % of the 
lysates had activities significantly higher than the positive control A2*E (Pa-
per IV: Figure 2).

Kinetic characterization
Mutants with high activity towards azathioprine were sequenced and purified 
(Paper  IV:  Table  S2  and  Paper  IV:  Table  1).  Mutant  G107/D108/H222 
(named "GDH") had the highest specific activity towards azathioprine, 128 
μmol mg-1 min-1. The catalytic efficiency kcat/KM was 292 mM-1  s-1, 70 times 
larger than A2*E, with 11-fold higher  kcat and 6-fold lower  KM (Paper IV: 
Table 2).  The pH-profiles of the examined GSTs show a specific activity 
maximum around 7 (Fig IV_4b). This indicated that lowering of the pH from 
7.4 to 7.0 during screening did not drastically modify the activity values ob-
tained from the screening.

Comparison to other alpha class sequences
The GSTs with highest activity in the screening had mainly hydrophilic or 
small amino acids in the three positions mutated (Table 3). These positions 
are primarily occupied by large hydrophobic amino acids in the alpha class 
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GSTs. P222 is present in four of 30 alpha class GSTs while G107 and D108 
are rare with only one occurrence of G107, according to the sequences ex-
amined in paper I.

Table 3. Amino acids represented in the mutated positions of the GSTs with highest 
activity in the screening with azathioprine. Note that mutants with C107 had higher 
expression and lower specific activity relative to the other mutants examined. Some 
alpha class GSTs end before amino acid 222 and the absence is marked as "-".

Amino acid position 107 108 222

H-site region according to Paper I B B C

Present in the most active GHSVC DGSN HPS

Absent in the most active DFILNRY CFHILRVY FLY

Present frequently in alpha class LIMAG LMQHYVIGS F-PIML

Structural interpretation

Comparison of A1-1, A2*C and GDH
In human A2*C and the A2*E-derived GDH mutant, F111 is pointing in to 
the middle of the H-site making it less deep compared to the H-site of human 
A1-1 (compare Paper I: Figure 8b and Paper III:  Figure 2).  On the other 
hand, the GDH mutant lacks the larger hydrophobic residues L107/L108 that 
in A2*C and A1-1 form one wall of the H-site. Instead G107 is small and 
D108 is pointing in another direction making the H-site wide in the mutant 
compared to A2*C (Paper IV: Figure 5). Besides, H222 in mutant GDH is a 
bit shorter and a bit further away from the H-site compared to F222 in A2*C 
and A1-1, making that side of the active site pocket slightly larger as well. 
Probably azathioprine and in particular the transition state can fit more easily 
into the wider pocket of the GDH mutant. This is in agreement with the se-
quences of the mutants that had high activity with azathioprine, which had 
mainly smaller amino acid residues in positions 107, 108 and 222 compared 
to the residues available in the mutagenesis of those positions (Table 3).

Comparison of A2*C and A2*E
It  is  also  possible  that  the  difference  between  A2*C  and  A2*E, 
P110S/T112S, is influencing the orientation of the D108 side chain in the 
GDH mutant.  The  T112S mutation  only  modified  the  kinetics  with  aza-
thioprine marginally, while P110S enhanced the catalytic efficiency 3−4-fold 
(Paper II: Table 4). Without determining a structure of A2*E it is hard to 
draw conclusions about the structural effects of the P110S mutation. Even in 
A2*C and the GDH mutant, E104 and F111 are in almost the same locations, 
but possibly small changes in positions and orientations of L107, L108 and 
F111 induced by the P110S mutation are responsible for the modified cata-
lytic properties.
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Three mutated positions
The structurally visible effect of the GDH mutation on the template enzyme 
was the widening of the H-site while the mutated amino acids did not neces-
sarily interact directly with the substrate. However, docking results may also 
depend on the flexibility of the model. In the structure determination by X-
ray crystallography the electron density was not well-defined neither for aza-
thioprine nor for the substituted imidazole group of the corresponding gluta-
thione conjugate. This suggests that there is not a single fixed binding con-
formation of the substrate and with flexibility the mutated positions could 
possibly interact with the substrate. One of the purified mutants with very 
high specific activity with azathioprine, V107/G108/P222, lacked hydrophil-
ic groups in the three mutated positions, indicating that it was not the inser-
tion of new polar or charged catalytic groups that caused the rate enhance-
ment.  This  experiment provided one example of the difficulty  in rational  
design and the benefits of combining it with stochastic mutagenesis. Even 
though the result was satisfying in terms of rate enhancement the reason was 
not as anticipated before the experiment. Detailed mechanistic understanding 
requires further investigation.

Other positions involved
If the mutated residues did not provide new catalytic groups, perhaps the 
already existing residues are more involved in the transition state stabiliza-
tion. Y9 is already known to stabilize the deprotonated sulfur on the activ-
ated glutathione (Dourado et al., 2008). Maybe R15 nearby could hydrogen 
bond to the upcoming negative charge on the sulfur of the purine leaving 
group or possibly to the nitro group of the imidazole ring. Position 15 is a  
conserved basic residue in alpha class GSTs (Björnestedt et al., 1995) and its 
charge is  of  importance for the activation of glutathione (Dourado  et  al., 
2010). F111 could possibly stabilize the purine ring of azathioprine depend-
ing on the conformation of the substrate and the transition state. Perhaps re-
placements to larger or polar amino acids in other H-site positions could also 
lead to new interactions with the substrate while removal of bulky residues 
might position the substrate or interacting amino acids even more favorably. 
The three mutated positions were quite tolerant to substitutions and further 
mutagenesis could allow some flexibility there.

Mutational strategies
Several mutational strategies were used in papers I−IV that all generated lib-
raries with folded and active GSTs. Paper IV approached the question wheth-
er it was possible to improve the catalytic efficiency with azathioprine. In 
summary  there  was  no  improvement  by  shuffling  with  other  alpha  class 
GSTs displaying low activity (Paper I), a 3-fold improvement by examining 
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the naturally occurring polymorphism in human A2-2 (Paper II), and an ad-
ditional 70-fold improvement in catalytic efficiency by simultaneously tar-
geting three H-site positions (Paper IV). These three positions were not con-
served in the azathioprine active GSTs in paper I while mutagenesis of two 
H-site positions that were conserved in the GSTs with higher activity to-
wards azathioprine did not lead to improvement (Paper III). Mutants with 
very high azathioprine activity in the three-position-library had small or po-
lar residues that were rare in alpha class sequences in these positions and that 
could  be one reason why the shuffling  of  alpha class  sequences  did  not 
identify mutants with higher specific activity than human A2-2 towards aza-
thioprine.

Conclusion
Human GST A2*E was targeted for mutagenesis in order to see if higher 
activity with the prodrug azathioprine could be achieved. Molecular docking 
of the substrate into a modeled structure of the template suggested for muta-
genesis three positions, in which new amino acids might influence the cata-
lysis. A library was constructed using reduced sets of codons and contained 
864 possible unique mutants. 1901 bacterial lysates was screened for aza-
thioprine activity giving an estimated 89 ± 1 % coverage of the library. 44 % 
of the examined lysates had activity values significantly higher than the tem-
plate.  In general  the mutants with the highest activity had small or  polar 
residues in the mutated positions.  The best mutant,  L107G/L108D/F222H 
had a 70-fold improved catalytic efficiency with the targeted substrate. De-
termination of the structure of the mutant by X-ray crystallography showed a 
wider H-site, suggesting that that the transition state could be accommodated 
in a mode better suited for catalysis. A GST with improved catalytic effi-
ciency towards azathioprine might find use as a selectable marker in tempor-
al gene therapy or in ADEPT, especially for subjects with slow endogenous 
azathioprine activation as discussed in Paper II.

Summary

Structure-function relationships of human GST A2-2
The prodrug azathioprine is metabolized along several pathways and the first 
step is activated in human by GSTs A2-2, A1-1 and M1-1. To investigate the 
faster azathioprine activation of human A2-2 compared to other GSTs, DNA 
shuffling was performed using human GST A2-2 as template together with 
four other alpha class GSTs from different species as well as a point muta-
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tion library (Paper I). Five of the 23 recombined segments, located in the N- 
and C-terminus, were conserved among mutants with more than 20 % of the 
human A2-2 specific azathioprine activity.

The importance of these conserved segments was further examined by in-
sertion of the N- and C-terminal sequences from human A2-2 into the low-
active GSTs human A3-3 and rat A3-3 (Paper III). The resulting chimeric en-
zymes displayed a 10-fold enhanced specific activity towards azathioprine, 
almost up to the level of human A2-2. The segments contained five H-site 
residues and two of them, M208/L213, were conserved among the active 
mutants as well  as human A1-1,  with 60 % of the human A2-2 activity. 
These two conserved positions were targeted by saturation mutagenesis with 
NNS codons (Paper III). After screening of approximately 93 % of the 400 
enzyme combinations, all mutants examined had decreased activity towards 
azathioprine, with a preference among the most active mutants for hydro-
phobic residues in the mutated positions, especially position 208.

The  structure-activity  relationships  showed  that  the  analyzed  segments 
could sustain azathioprine activity in the context  of  these alpha class se-
quences and that mutagenesis in the corresponding H-site residues was not  
tolerated regarding the azathioprine activity. This suggested that mutagenesis 
leading to higher rates of azathioprine activation instead should be focused 
to the segments that were variable among the chimeric GSTs with higher 
specific activity towards azathioprine.

Polymorphism of human GST A2-2
About 30 % of the patients undergoing azathioprine therapy experience ad-
verse effects,  including bone marrow suppression, gastrointestinal  disturb-
ance, hepatotoxicity and pancreatitis. Genotyping of the gene encoding the 
inactivation enzyme TPMT identifies patients with TPMT deficiency and at 
high risk for severe myelosuppression, but only a minor proportion of the 
cases of adverse effects can be predicted. The differences in the rate of aza-
thioprine activation might affect metabolite concentrations and distributions. 
Polymorphism in the azathioprine-activating GST M1-1 have been indicated 
to be related to differences in the occurrence of adverse effects.

Five genotypes of human GST A2-2 were characterized and variant A2*E 
turned out to have a 3−4-fold higher catalytic efficiency with azathioprine 
(Paper II). Variant A2*E showed that the P110S mutation, adjacent to the H-
site positions in the central portion of the GST could increase the specific 
activity with azathioprine, possibly by changing the orientation of the H-site 
residues. For a homozygous A2*E carrier, the difference could, depending 
on the expression levels of the relevant GSTs, result in an up to 3-fold differ-
ence in apparent rate constant in some tissues. Genotyping of GSTs involved 
in azathioprine activation is recommended to further study the connections 
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among GSTs, azathioprine dose, metabolite levels, efficacy and adverse ef-
fects.

Characterization using alternative substrates
The catalytic efficiency with the chromogenic substrate NPTI was about 3-
fold higher for A2*E than for the other variants of human A2-2, while it was 
lower with the radiosensitizer CMNI and the general GST substrate CDNB 
(Paper II). Azathioprine, NPTI and CMNI all form the same glutathione con-
jugate and the difference in kcat indicates that the reaction rates of these en-
zymes are not limited by the release of this conjugate, at least not for the re-
actions with lower kcat.

In the principal component analysis, azathioprine and its surrogate sub-
strate NPTI showed more covariation than the other substrates when examin-
ing the polymorphic A2-2 variants (Paper II) but not when examining the 
M208/L213 saturation  library  of  A2-2  (Paper  III).  The  specific  activities 
with the fluorogenic substrate monochlorobimane were not correlated with 
the specific activities towards azathioprine in the alpha class chimeric GSTs. 
Analysis  of  the point  mutants and the chimeras confirmed that  screening 
with alternative substrates during directed evolution can provide a conveni-
ent way of faster finding functional enzymes but not necessarily with the de-
sirable properties regarding substrate specificity.

Redesign of human GST A2-2 for enchanced azathioprine 
activity
Human A2-2 was further targeted by mutagenesis to see if the catalytic effi-
ciency with azathioprine could be improved. Molecular docking of the sub-
strate into a model of the variant A2*E suggested positions L107/L108/F222 
for mutagenesis. Amino acids in these positions might directly interact with 
the substrate and possibly affect the catalysis. A library with reduced codons, 
NDT and YHC, was screened for azathioprine activity to an estimated 89 % 
coverage. 44 % of the examined lysates had significantly higher activity val-
ues during the screening and the best mutant,  L107G/L108D/F222H, dis-
played a 70-fold increased catalytic efficiency with azathioprine compared to 
A2*E, a more than 200-fold improvement compared to the original starting 
point A2*C.

The mutated positions that led to increased catalytic efficiency with aza-
thioprine,  P110S/T112S (Paper II) and L107G/L108D//F222H (Paper IV), 
were all part of the variable segments among the mutants with specific aza-
thioprine activity more than 20 % of that of A2*C (Paper I). The most active 
mutants had small or polar residues in positions 107, 108 and 222 and de-
termination  of  the  structure  of  the  best  mutant  by  X-ray  crystallography 
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showed a wider H-site than A2*C (Paper IV), suggesting that that the trans-
ition state could be accommodated in a mode better suited for catalysis. A 
GST with improved catalytic efficiency towards azathioprine might find use 
in ADEPT, for example targeting the HER2 receptor on tumor cells.
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Summary in Swedish

Mutationsanalys och förbättring av alfaklass-
glutationtransferaser med avseende på aktivitet med 
proläkemedlet azatioprin

Bakgrund

Modifiering av enzymer
Enzymer  utgör  cellens  maskineri  och  katalyserar  biokemiska  reaktioner 
under  fysiologiska  betingelser.  Därmed guidas  cellens  metabolism till  att 
genomföra användbara reaktioner. I naturen utvecklas generna som kodar för 
enzymerna  genom  att  variation  skapas  i  form  av  duplikationer, 
rekombinationer,  punktmutationer,  insättningar  och  borttagningar. 
Organismer som överlever och reproducerar sig för vidare generna för de 
enzymer som var bäst anpassade för sin situation. I ett laboratorium kan man 
härma den evolutionära processen och skapa bibliotek av enzymvarianter, 
mutanter, på olika sätt. DNA som kodar för de olika varianterna sätts in i 
bakterier som odlas i näringslösning och som producerar enzymerna, vars 
funktion sedan kan mätas direkt eller efter att ha renats fram.

För att sålla ut enzymer med de önskvärda egenskaperna bör man helst 
mäta mutanternas aktivitet med det tilltänkta substratet. Använder man andra 
liknande substrat är det inte säkert att man utvecklar den egenskap som man 
har hoppats på. Andra faktorer som kan påverka utsållningen är till exempel 
om enzymbiblioteket har många mutanter med ofullständig sekvens eller om 
många exemplar av ursprungssekvensen finns kvar i omuterad form. Det kan 
också vara lämpligt att använda sig av degenererade primrar med bara ett  
kodon  för  varje  aminosyra,  vilket  leder  till  en  jämnare  fördelning  av 
mutanternas variation i biblioteket. I den här avhandlingen har olika metoder 
för att modifiera enzymer testats.

Enzymer  har  tekniska  tillämpningar  inom industri,  medicin,  diagnostik 
och molekylärbiologi. Ett exempel på en medicinsk tillämpning är att koppla 
ihop läkemedelsaktiverande enzym med en ligand som binder till receptorer 
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på oönskade celler,  till  exempel i  en tumör, för att  på så sätt  få en lokal  
aktivering av läkemedlet.

Glutationtransferas (GST)
GSTer  katalyserar  reaktionen  mellan  antioxidanten  glutation  och  diverse 
toxiska molekyler i cellen som annars skulle kunna bidra till oxidativ stress 
eller  skador  på  DNA.  Genom  att  konjugera  glutationet  till  de  reaktiva 
substraten blir de mindre reaktiva och mer lösliga och kan lättare utsöndras 
från cellen och kroppen.

GSTerna  är  promiskuösa  vad  gäller  substratacceptansen  och  kan 
katalysera  reaktionen  med  många  olika  substrat  med  olika  hastigheter.  I 
människan finns det 17 olika cytosoliska GSTer och tillsammans utgör de en 
arsenal av avgiftningsenzymer som alla är redo att ta hand om olika substrat. 
Fem av dessa GSTer tillhör alfaklassen och framför allt A2-2 var i fokus i  
denna avhandling. A2-2 uttrycks i hög nivå i levern, tunntarmen, testiklarna, 
njurarna, binjurarna och bukspottkörteln.

De  flesta  alfaklass  GSTerna är  uppbyggda av två subenheter  med 222 
aminosyror var. Varje subenhet har ett G-säte som binder glutation och ett H-
säte som binder de hydrofoba substraten. Ett av substraten som A2-2 kan 
katalysera reaktionen med är läkemedlet azatioprin. Varför A2-2 har så hög 
specifik aktivitet med azatioprin jämfört med andra GSTer har undersökts i 
denna avhandling.

Azatioprin (Imurel®)
Azatioprin är ett immundämpande läkemedel som används till exempel vid 
inflammatoriska  tarmsjukdomar  som  ulcerös  kolit  och  Chrons  sjukdom. 
Azatioprin är ett proläkemedel som aktiveras i flera steg innan den aktiva 
substansen  bildas.  Först  aktiveras  azatioprin  genom  konjugering  med 
glutation  vilket  frisläpper  6-merkaptopurin  (6-MP).  Det  är  en  analog  till 
baserna i DNA och inkorporering i DNA leder till skador på DNA-strängarna 
och celldöd. Metaboliterna kan även störa andra enzymer. Ungefär 30 % av 
patienterna upplever bieffekter i form av skador på exempelvis benmärgen, 
magtarmkanalen,  levern  och  bukspottkörteln.  Har  man  brist  på  ett  av 
enzymerna som inaktiverar 6-MP kan man vara extra känslig och behöva 
lägre dos av azatioprin.

En stor  del  av  bieffekterna  kan  dock inte  förklaras  av  kända  faktorer. 
Aktiveringen av azatioprin skiljer sig åt mellan individer och hastigheten kan 
påverka  koncentrationen  av  metaboliter  i  senare  steg,  vilket  också  kan 
påverka uppkomsten av bieffekter.  Aktivitet och uttryck av olika GSTer i  
olika  vävnader  borde alltså  kunna påverka effekterna av behandling med 
azatioprin. Aktiviteten hos olika varianter av det azatioprin-aktiverande GST 
A2-2 har undersökts i den här avhandlingen. Om enzymet dessutom kunde 
förbättras med avseende på aktiveringen av azatioprin skulle enzymet kunna 
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kopplas till en målsökande ligand för att få en mer kontrollerad lokalisering 
av metaboliterna.

Avhandlingens artiklar

Struktur-funktionssamband för humana GST A2-2
Det humana GST A2-2 rekombinerades med fyra andra alfaklass-GSTer från 
olika  arter  samt  ett  punktmutationsbibliotek  (Artikel  I).  Av  de  23 
rekombinerade  segmenten  var  det  fem som hade behållits  likadana inom 
mutanterna  med  mer  än  20  %  av  aktiviteten  med  humana  A2-2.  Dessa 
segment undersöktes ytterligare  genom att  sätta in dem i GSTer med låg 
aktivitet  (Artikel  III).  I  dessa  mutanter  var  aktiveringen av  azatioprin 10 
gånger högre än för de låga GSTerna, nästan upp till nivån för humana A2-2. 
Segmenten  betydelse  undersöktes  ytterligare  genom  att  mutera  flera  H-
sätespositioner.  I  det fall  mutationerna förlades  till  de nämnda segmenten 
blev  aktiviteten  med  azatioprin  bara  lägre  (Artikel  III)  medan  när 
mutationerna  förlades  till  andra  segment  så  hade  mutantenzymerna  både 
högre och lägre aktivitet (Artiklar II och IV). De nämnda segmenten, som 
låg i början och slutet av enzymets aminosyrasekvens, var alltså viktiga för 
aktiviteten  med  azatioprin  och  tolererade  inte  att  H-sätespositionerna 
muterades annat än till hydrofoba aminosyror som i vissa fall bara gav lite 
minskad aktivitet.

Polymorfi i humana GST A2-2
I den mänskliga befolkningen existerar fem kända genetiska varianter av A2-
2. Variant A2*E visade sig ha 3−4 gånger högre katalytisk effektivitet med 
azatioprin (Artikel II). Mutationen P110S befinner sig intill H-sätet och har 
förmodligen påverkat  orienteringen av H-sätespositionerna. Aktiveringen i 
kroppen  påverkas  även  av  uttrycksnivån  av  enzymet  i  olika  vävnader. 
Skillnaden i aktivering mellan olika individer kan ge olika koncentration och 
fördelning av proläkemedlets aktiva metaboliter, och kan vara relaterat till  
uppkomsten  av  bieffekter.  Fortsatta  studier  rekommenderas,  som  skulle 
kunna  undersöka  kopplingen  för  patienter  mellan  GST-polymorfi, 
azatioprinaktivitet, metabolitfördelning och bieffekter.

Karaktärisering med alternativa substrat
GSTerna undersöktes förutom med azatioprin även med två substrat som ger 
upphov  till  samma  glutationkonjugat  men  andra  frisläppande  grupper. 
Värdena på kcat var inte lika för de olika substraten (Artikel II), vilket antyder 
att  reaktionshastigheterna  inte  är  begränsade  av  frisläppningen  av  det 
gemensamma  glutationkonjugatet,  åtminstone  inte  för  de  reaktioner  med 
långsammare kcat.
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Aktiviteten  med  azatioprin  och  ett  surrogatsubstrat  samvarierade  med 
vissa mutanter men inte med andra (Artiklar II och III). Ingen korrelation 
syntes  mellan  azatioprin  och  ett  fluorogent  GST-substrat.  Analys  av 
mutanternas aktiviteter med andra substrat bekräftar att även om utsållning 
kan ske snabbare med hjälp av andra substrat så ger det i första hand en 
utsållning av enzym som klarar av att uttryckas och inte säkert en förbättring 
av den substratselektivitet man är ute efter.

Förbättring av azatioprinaktiveringen hos humana GST A2-2
Datoriserad  dockning av  azatioprin  mot  en  modellerad  struktur  av  A2*E 
föreslog tre positioner som vid mutagenes skulle kunna påverka katalysen 
(Artikel  IV).  Ett  mutantbibliotek  skapades  med  tolv  eller  sex  alternativa 
aminosyror i varje muterad position och bara ett kodon per aminosyra. En 
stor andel av mutanterna visade sig utföra förbättrad azatioprinaktivering och 
den allra snabbaste, L107G/L108D/F222H hade 70 gånger högre katalytisk 
effektivitet än A2*E. Dess struktur bestämdes med röntgenkristallografi och 
dess H-säte verkade vara bredare än i A2*C, vilket tyder på att reaktionens 
övergångstillstånd passar in i ett läge bättre lämpat för katalys.

Slutsats
Mutationsanalysen som utförts ökade förståelsen av azatioprinaktiveringen i 
alfaklass-GSTer  och  belyste  A2*E  som  en  faktor  bakom  läkemedlets 
bieffekter.  En  framgångsrikt  förändrad  GST,  med  200  gånger  högre 
katalytisk effektivitet med azatioprin jämfört med ursprungsvarianten A2*C, 
kan komma till användning inom målinriktad läkemedelsaktivering.
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