
 
From the Institute of Environmental Medicine 

Division of Biochemical Toxicology, 
Karolinska Institutet, Stockholm, Sweden 

 

LIGAND BINDING AND 
MECHANISM OF MICROSOMAL 

GLUTATHIONE TRANSFERASE 1 

Johan Ålander 

 

 
Stockholm 2009 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All previously published papers were reproduced with permission from the publisher. 
 
Published by Karolinska Institutet. Printed by Universitetsservice US-AB 
 
© Johan Ålander, 2008 
ISBN 978-91-7409-243-1



 

 

ABSTRACT 
The homo-trimeric, membrane bound Microsomal Glutathione Transferase 1 

(MGST1, EC. 2.5.1.18) belongs functionally to both the glutathione transferase family 
(GST) and the Membrane Associated Proteins in Eicosanoid and Glutathione 
Metabolism (MAPEG) superfamily. It is found in high amount in the liver, where it is 
localised to the endoplasmatic reticulum and the outer membrane of mitochondria. 
MGST1 possesses both glutathione transferase and peroxidase activity, thus protecting 
the organism against electrophilic, hydrophobic substances and lipid peroxidation. 

In this thesis, the rat MGST1 has been used both in purified form from rat livers, 
heterologously expressed in the bacteria E. coli BL21(DE3) strain and in stably 
transfected MCF7 cells over expressing the enzyme. 

MGST1 exhibits one-third-of-the-sites-reactivity towards glutathione, as it is 
capable of binding three GSH molecules but only stabilising one thiolate anion (GS-), 
the catalytically active form of GSH. Using electrospray mass spectrometry, binding of 
three GSH molecules was observed within the trimer while the monomer did not bind 
GSH, in agreement to the proposed binding sites at subunit interfaces (Holm, et al., 
(2006). J. Mol. Biol. 360(5): 934-945). The binding of GSH could be competed out 
with equimolar concentration of the inhibitor glutathione sulfonate. Using equilibrium 
dialysis three bound product molecules (GSDNB) with a global Kd of 320 µM were 
observed. Using the same technique analysing GSH binding confirmed previous results 
(Sun et al., (1997). Biochem. J. 326(Pt 1): 193-193) with one GSH bound with a Kd of 
16 µM, while competition experiments using GSDNB as a marker for GSH binding 
showed complete exchange of GSDNB at a few mM GSH. Thus one GSH binds 
strongly to MGST1 while the other two bind more weakly. To obtain a Kd for more 
loosely bound GSH, stopped flow experiments were performed and the binding 
constant for the “third” GSH was determined to 2.5 mM. 

Hydrogen/deuterium (H/D) exchange has previously been used to determine GSH 
dependent dynamics in MGST1. GSH dependent changes were found to be localised 
largely in the cytosol facing regions of the enzyme (Busenlehner et al., (2004). 
Biochemistry 43(35): 11145-11152). Here, H/D exchange and H/D footprinting was 
used to further determine the binding sites for GSH and the two putative second 
substrate binding sites (the hydrophobic, electrophile binding site and the fatty 
acid/phospholipid binding site, respectively). The two latter sites were found to be 
localised in different parts of the enzyme and both bordered the GSH binding site. Site 
directed mutagenesis within the proposed GSH binding site confirmed its location. 

Other mutational studies revealed that two mutants (R72A and R73Q) lost 
saturation behaviour for GSH but had extremely high activity at high GSH 
concentration. These data are also consistent with the proposed GSH binding site 
location. 

Finally, a new fluorogenic substrate, based on release of a Rhodamine moiety, has 
been characterised with purified MGST1 and in MCF7 cells (or cell extracts) 
expressing MGST1 and was found to be a highly sensitive substrate for MGST1. 

In conclusion, the studies presented in this thesis yield a deeper understanding of 
the mechanism and structure of MGST1 as well as providing new experimental tools. 
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1 INTRODUCTION 
This thesis focuses on the membrane bound enzyme Microsomal Glutathione 

Transferase 1 (MGST1), with emphasis on the mechanism, binding of ligands and 
mutational studies done in the light of the newly determined 3-D structure of the 
enzyme (Holm et al. 2006). MGST1 is both a glutathione transferase (GST) 
(Morgenstern et al. 1979; Morgenstern et al. 1980; Morgenstern et al. 1982a) and a 
glutathione (GSH) dependent peroxidase (Mosialou et al. 1989; Mosialou et al. 1993; 
Mosialou et al. 1995) which thus protects the cell from lipophilic electrophilic 
compounds and lipid peroxidation. For a more in depth description of MGST1, see 
chapter 3.1. 

 
1.1 DETOXIFICATION 
1.1.1 Xenobiotic compounds 

Organisms are continuously exposed to foreign compounds of no nutritional value, 
so called xenobiotics. Examples of xenobiotics are man made compounds such as 
waste- and by products from the chemical industry, drugs, as well as substances from 
natural sources. Many of these xenobiotics are lipophilic and therefore have a tendency 
to accumulate in the organisms. To get rid of these compounds they need to become 
more water soluble and the organisms have developed several defence systems to deal 
with this, converting lipophilic xenobiotics into more polar metabolites that can be 
excreted. 

These different systems are classically divided into three phases (Fig. 1), although 
this classical view has recently been seen as rather simplified (Josephy et al. 2006). 
Phase one involves oxidation, reduction and hydrolysis reactions and can be seen as a 
functionalisation (and often a more reactive metabolite is produced) of the toxic 
compound. Phase two involves conjugation reactions such as glutathionylation (of 
which MGST1 is one of many enzymes involved), sulfation, acetylation and 
glucuronidation, which normally renders the substrate less reactive and more 
hydrophilic. Phase three involves the excretion of the metabolite i.e. the ATP 
dependent pumping of the metabolite across the plasma membrane by multidrug 
resistant proteins (MRP). Finally, if the metabolite has been glutathionylated several 
other steps downstream of MRP are involved in further metabolism of the conjugate, 
generating the excreted mercapturic acid product. 

 
1.1.2 Reactive oxygen species 

Organisms are also exposed to reactive oxygen species (ROS), mostly generated in 
the mitochondria during respiration, where molecular oxygen is reduced to water. 
These are the superoxide anion (O2

•-), hydrogen peroxide (H2O2) and the hydroxyl 
radical (OH•). Both O2

•- and OH• are radicals that have one unpaired electron and are 
highly reactive. ROS, especially OH•, can start a chain reaction resulting in the 
oxidation of lipids which can lead to cell injury and cell death. 

The protection from ROS occurs enzymatically by superoxide dismutases, catalase, 
glutathione peroxidases (GPX) and GSTs with peroxidase activity (including MGST1), 
while non-enzymatic protection involves e.g. vitamin E, carotenoids and coenzyme Q, 
which all are hydrophobic, and the hydrophilic vitamin C, GSH and uric acid. 



 

 
Figure 1. The three detoxification phases within a cell illustrated with benzo[a]pyrene. Phase 
one is catalysed by Cytochrome P450 monooxygenase (P450) in two steps with an epoxide 
hydroxylase (EH) catalyzed reaction in between, generating the carcinogenic compound 7,8-
dihydrodiol-9,10-epoxide. Phase two  is catalyzed by a glutathione transferase (GST). If the 
carcinogenic compound is not glutathionylated a DNA adduct may be formed (dashed arrow). 
In the third phase  a multidrug resistance protein (MRP) pumps the metabolite out of the cell. 

 
1.2 GLUTATHIONE 

GSH is the tripeptide γ-L-glutamyl-L-cysteinyl-glycine (Fig. 2) which is 
synthesized, de novo, in two steps (Dickinson et al. 2002). First by glutamate cysteine 
ligase, to form the unusual γ-peptide bond between the side chain carboxyl of glutamic 
acid and the backbone amine of cysteine, giving the dipeptide γ-L-glutamyl-L-cysteine. 
The γ-peptide bond prevents GSH from being hydrolysed by most peptidases 
(Anderson 1998). The second step is the addition of glycine to the cysteine moiety of γ-
L-glutamyl-L-cysteine by glutathione synthetase. 

GSH is the most abundant small molecular weight thiol in mammalian cells 
(Anderson 1998) with a concentration of up to 10 mM in the cytosol of liver cells 
(Meister 1988; Anderson 1998; Josephy et al. 2006) which is the major organ for most 
of the detoxification processes. 
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Figure 2. The structure of glutathione with the glutamyl moiety to the left. 

GSH is involved in the redox homeostasis of the cell and trapping of electrophilic 
compounds. The redox homeostasis function involves, among others, GPX and 
glutathione reductase (GR) and results in the reduction of peroxides (ROOH) to the 
corresponding alcohol (ROH) via two GPX-enzyme intermediates. These are an 
enzyme cysteine sulfenic acid form and a glutathionylated enzyme, which upon 
reduction releases glutathione disulfide (GSSG). GSSG is reduced back to GSH by GR 
using NADPH (Dickinson et al. 2002) (Fig. 3). 

The other major function is protection from electrophilic damage by GSH 
conjugation of electrophiles (Fig. 4), both non-enzymatically and by the action of 
glutathione transferases (GST). GSTs bind GSH and stabilise the thiolate anion (GS-) 
of GSH, which is the nucleophilic and reactive form of GSH. 

 

Figure 3. Glutathione peroxidase activity of GPX and reformation of GSH by GR.  

1.3 MEMBRANE PROTEINS 

The lipid bilayer is the interface between a cell (and organelles within the cell) and 
the surrounding, and is of vital importance for the cells survival. Within this bilayer 
proteins are found with a wide variety of functions, such as transport of molecules in 
and out of the cell, detoxification, bioenergetics, synthesis and communication with the 
surrounding. 

The common property of membrane bound proteins is that part of their structure is 
located within the hydrophobic lipid bilayer. This makes them more challenging to 
work with, compared to soluble proteins, as they need to be removed from the lipids 
and solubilised with detergent when purified. Without detergent most, if not all, 
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membrane bound proteins would aggregate, rendering them more or less useless for 
functional or structural studies. 

It has been estimated that 20-30% of all proteins in an organism are membrane 
bound (Krogh et al. 2001) and that 60% of all prescribed drugs target one class of 
membrane proteins, the G-protein coupled receptor (Torres et al. 2003). Thus 
membrane proteins are of great interest in drug discovery. 

In order to fully understand the function of a protein the three dimensional structure 
has to be solved. Over 55 700 structures have been deposited in the Protein data bank 
and of these only 950 are transmembrane (of which MGST1 is one) according to the 
protein data bank of transmembrane proteins, as of 2008-11-28 
(http://pdbtm.enzim.hu/, (Tusnady et al. 2004)), This corresponds to 2% of the solved 
structures, thus there is a large gap in structural knowledge compared to soluble 
proteins. 
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2 GLUTATHIONE TRANSFERASES 
 

2.1 BACKGROUND 

GSTs (EC 2.5.1.18) have historically been called Glutathione S-transferases, which 
is the reason for the commonly used abbreviation GST. Mammalian GSTs can be 
divided into three major groups, the cytosolic, the mitochondrial and the membrane 
bound GSTs (Hayes et al. 2005). The membrane bound GSTs belong to the Membrane 
Associated Proteins in Eicosanoid and Glutathione Metabolism (MAPEG) super family 
and will be discussed in more detail in chapter 3, below. There is also a bacterial GST 
variant involved in antibiotic fosfomycin resistance (Armstrong 1997). 

It has been calculated that each GST within the liver, on average, catalyses one turn 
over every second day (Rinaldi et al. 2002). Thus there seems to be a tremendous 
“over” capacity of GSTs, implicating a vital function of these enzymes in protection 
from toxic substances. 

 
2.2 SOLUBLE GLUTATHIONE TRANSFERASES 

The cytosolic GSTs have been grouped into seven subclasses based on sequence 
similarities and immunological cross reactivity (Mannervik et al. 1992; Hayes et al. 
2000; Frova 2006). These are Alpha, Mu, Pi, Sigma, Theta, Omega and Zeta. They are 
all dimeric enzymes with subunits of 200-250 residues in length. In human and rodents, 
the sequence identity is >40% within a class and <25% between classes (Hayes et al. 
2005). Many of the cytosolic GST display a broad substrate specificity towards the 
second, electrophilic substrate and many, but not all, catalyze the reaction between 
GSH and the “universal” second substrate 1-chloro-2,4-dinitrobenzene (CDNB, Fig. 4) 
and many also show peroxidase activity (Frova 2006). 

The mitochondrial class Kappa was discovered in 1991 and is located to 
mitochondria and peroxisomes and also has GSH conjugation and peroxidase activity 
(Frova 2006). 

. 

 
Figure 4. Mechanism of GSH conjugation to CDNB. The thiolate anion of GSH makes a 
nucleophilic attack on the halogenated carbon and an intermediate Meisenheimer complex (also 
called σ-complex) develops. The chloride atom leaves and the product 1-glutathionyl-2,4-
dinitrobenzene (GSDNB) is formed. 
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GSTs have the ability to lower the pKa of the thiol of GSH, from about 9 in 
solution to around 6 when bound in the active site. In the cytosolic GSTs a tyrosine 
(alpha, mu, pi and sigma class) or a serine (theta and zeta) (Frova 2006), located in the 
first α-helix, are the most common residues shown to stabilize the thiolate anion (GS-), 
and an arginine together with tyrosine (alpha) might also contribute to the stabilization 
(Armstrong 1997). Another hypothesis has been proposed, where the dipole moment of 
the first α-helix might be responsible for GS- stabilization (Josephy et al. 2006). There 
are two binding sites within each subunit, the highly conserved GSH binding site, or G 
site, and the hydrophobic substrate binding site, the H site (Frova 2006). 
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3 MAPEG 
Members of the super family Membrane Associated Proteins in Eicosanoid and 

Glutathione metabolism (MAPEG) are found in all kingdoms except archaea (Bresell et 
al. 2005). Based on multiple sequence alignments using 136 proteins, the super family 
can be grouped into six classes. Microsomal Glutathione Transferase 1 (MGST1), 
Microsomal Prostaglandin E Synthase 1 (MPGES1) and the insect forms cluster in one 
group, Leukotriene C4 Synthase (LTC4S), 5-Lipoxygenase Activating Protein (FLAP) 
and Microsomal Glutathione Transferase 2 (MGST2) in another while Microsomal 
Glutathione Transferase 3 (MGST3) and the two bacterial groups (the E. coli and the 
synechosystis cluster) each are in separate groups (Bresell et al. 2005). 

The six mammalian proteins in the MAPEG family are MGST1, MGST2 and 
MGST3, LTC4S, MPGES1 and FLAP (Jakobsson et al. 1999a; Jakobsson et al. 2000). 
The name MAPEG can be a bit misleading since these proteins are integral membrane 
proteins, not only associated to the membrane. They are involved in detoxification 
and/or biosynthetic pathways of arachidonic acid metabolism.  

 
3.1 MGST1 
3.1.1 Background 

In 1961 Both et al. described an enzyme in rat liver microsomes that conjugated 
GSH to 3,4-dichloronitrobenzene (Booth et al. 1961) and in 1979 it was shown that a 
GST in the microsomes was activated by N-ethylmaleimide (NEM) when CDNB was 
used as the second substrate (Morgenstern et al. 1979). In the beginning of the eighties 
MGST1 was purified, both in NEM activated (Morgenstern et al. 1982a; Morgenstern 
et al. 1982b) as well as the unactivated form (Morgenstern et al. 1983) and was shown 
not to be related to the cytosolic GSTs (Morgenstern et al. 1982a). For a recent review 
of purification and enzymatic assays, see (Morgenstern 2005). 

The enzyme is a homotrimer, as determined by hydrodynamic studies, radiation 
inactivation and 2D crystallization (Morgenstern et al. 1982a; Boyer et al. 1986; Hebert 
et al. 1995) and has a molecular weight of 17.3 kDa per subunit (Lengqvist et al. 2004) 
and a Ip of 10.1 (Morgenstern et al. 1983). MGST1 is found in high amounts in rat liver 
endoplasmatic reticulum (ER) and the outer membrane of mitochondria, 3% and 5% of 
the total protein in the membrane fractions, respectively (Morgenstern et al. 1984). The 
tissue distribution has also been investigated, with the highest amount found in the 
liver, lower amounts were found in the intestine, adrenals, and testis and low amounts 
of the enzyme was found in thymus, lung, spleen, kidney and brain (Morgenstern et al. 
1984).  

It is a highly promiscuous enzyme and like many cytosolic GSTs it has broad 
substrate specificity. CDNB and other halogenated arenes are efficiently conjugated by 
the enzyme (Morgenstern et al. 1988). Peroxidase activity towards organic 
hydroperoxides is also catalyzed by MGST1 (Mosialou et al. 1989) as well as products 
derived from lipid peroxidation, such as 4-hydroxynonenal, and phospholipid 
hydroperoxides both in presence of detergent and in liposomes (Mosialou et al. 1995). 
This latter observation indicates an important role for MGST1 in protection against 
lipid peroxidation in situ. 
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A recent investigation where rat MGST1 was heterologously expressed in MCF7 
cells, showed that the enzyme can protect cells against oxidative stress (Siritantikorn et 
al. 2007) and several cytostatic drugs (Johansson et al. 2007). Polymorphism in the 
gene (in a Chinese population) may contribute to an increased risk of colorectal 
carcinoma (Zhang et al. 2007). A hypothesis where MGST1 is involved in cytochrome 
C release from mitochondria (regulating cell death) has also been proposed (Lee et al. 
2008). 

 
3.1.2 Activation of MGST1 

The enzyme has the ability to become activated by several treatments. The most 
commonly used method is modification of the single cysteine at position 49 (C49) by 
NEM, and the degree of activation is up to 30 times towards reactive second substrates. 
When C49 was mutated to an alanine the enzyme was semi-activated and could not be 
further activated by NEM-treatment, thus demonstrating the site of activation 
(Weinander et al. 1997). The reactivity of C49 has been investigated and compared to 
the reactivity of GSH and cysteine in solution. The reactivity was low in comparison 
and it was concluded that the residue is located in a hydrophobic pocket. In order to get 
a fully activated enzyme all three C49 had to be modified by NEM (Svensson et al. 
2000). 

Other ways of activating the enzyme is by limited proteolysis at lysine-41 with 
trypsin (Morgenstern et al. 1989), radiation (Boyer et al. 1986), heating (Aniya 1989) 
and addition of bromosulphophtalein (Andersson et al. 1988; Mosialou et al. 1993). 
Activation in vivo has also been shown by treating rats with various toxic chemicals 
(Masukawa et al. 1986; Haenen et al. 1988). Finally, mutations have been shown to 
activate the enzyme. Both Y137F and S30A display higher activity towards CDNB, 
compared to the wild type (wt) enzyme (Weinander et al. 1997) and paper 2. When the 
structure was solved these two residues were shown to form a structural link between 
subunits (Holm et al. 2006). 

Activation has been shown to be dependent on the second substrate used. With 
para-substituted 1-chloro-2-nitrobenzenes, activation was seen only for the more 
reactive substrates (Morgenstern et al. 1988) and the activation towards these substrates 
was shown to be due to an increase in thiolate anion formation rate (Morgenstern et al. 
2001) and paper 1. Activation is also seen towards peroxides (Mosialou et al. 1993) and 
with fluorescent substrates that have low specific activity compared to CDNB 
(Svensson et al. 2002), and paper 4. Finally, we have also seen a transient activation of 
the enzyme when incubated with the CDNB product GSDNB (unpublished 
observation). In general, since activation affects the enzyme efficiency towards GSH, 
activation can be observed at low (limiting) GSH concentration regardless of second 
substrate. 

Clearly, activation is a complex phenomenon that can be brought about by many 
treatments such as interactions with ligands/inhibitors (Andersson et al. 1988; Mosialou 
et al. 1990), proteolysis (Morgenstern et al. 1989), radiation (Boyer et al. 1986), and 
mutagenesis (Weinander et al. 1997) and paper 2. The common explanation for all 
these observations is not trivial. A more flexible enzyme that facilitates more rapid 
subunit communication, influencing binding of GSH and stabilization of GS- is one 
possible explanation. 
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Activation could be a rapid response to toxic insult and oxidative stress, 
complementing a slower up regulation via gene expression (Kelner et al. 2000). 
Considering the location of MGST1, in the outer membrane of mitochondria and the 
ER, the enzyme could efficiently reduce lipid hydroperoxides generated during 
mitochondrial respiration/lipid peroxidation and/or conjugate P450 metabolites in the 
ER. 

 
3.1.3 Catalytic mechanism 

Like the cytosolic GSTs, MGST1 has the ability of lowering the apparent pKa of 
the thiol of GSH, from 9 in solution to 5.7 and 6.3 in the unactivated and activated 
enzyme forms, respectively (Andersson et al. 1995). Both unactivated and activated 
enzyme seem to follow a random sequential mechanism (Andersson et al. 1995). 

Using steady state and stopped flow techniques the enzymes ability to utilize GSH 
and conjugate GSH to CDNB (and other substrates as well) has been investigated. 
Binding of GSH and formation of the thiolate anion is described by a two step 
mechanism (Eq. 1) where a rapid equilibrium step (k1 and k-1) is followed by a slower 
formation of GS- (k2 and k-2) (Morgenstern et al. 2001). In the NEM activated enzyme 
the same mechanism was proposed but the GS- formation was enhanced (paper 1). This 
is the rate limiting step in catalysis when more reactive para-substituted 1-chloro-2-
nitrobenzenes are the second substrate. 

 
1 2

-1 -2

k k -
k k

E+GSH E GSH E GS +H• •  (Eq. 1) 

 
The chemical step (towards CDNB, R-X in Eq. 2) can also be described by a two 

step mechanism (Eq. 2) with a rapid equilibrium step (k3 and k-3) forming the enzyme-
GS--CDNB complex, and a fast chemical step (k4 and k-4) (Morgenstern et al. 2001) 
and paper 1. It should be pointed out that the chemical step is essentially irreversible, 
i.e. k-4 = 0. 

The last step in the catalytic pathway, product release, has yet to be determined 
with regard to the microscopic rate constants but was shown not to be rate limiting, by 
experiments using increased viscosity in the assay media revealing no effect on kcat 
during steady state turn over (Andersson et al. 1995). 

 
3 54

-3 -4 -5

k kk- - -
k k k

E GS +R-X E GS E GSR+X E+GSRR X• • • − •  (Eq. 2) 
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Figure 5. Mechanism of Meisenheimer complex formation with TNB. Nota bene, this does not 
lead to product formation, as indicated by the crossed over arrow to the right, due to lack of a 
leaving group (e.g. the chloride atom in CDNB). 

3.1.4 The active site, is it one or three? 

MGST1 was thought to bind one GSH in the active site based on equilibrium 
dialysis (Sun et al. 1997), thiolate anion formation and stabilization as well as 
Meisenheimer complex formation with 1,3,5-trinitrobenzene (TNB, Fig. 5) 
(Morgenstern et al. 2001) and paper 1. This notion was tentatively supported by earlier 
electrospray mass spectrometry (ESI-MS) where the enzyme flies in its native state 
(Lengqvist et al. 2004). 

Evidence for subunit interaction was suggested when the mono- di- and tri-NEM-
modified enzyme showed differences in activation level (Svensson et al. 2000). 
Hydrogen/deuterium exchange experiments with un- and NEM activated MGST1 also 
indicated subunit communication (Busenlehner et al. 2004), but how the trimeric 
enzyme forms and utilizes one active site was not clear. When the structure was solved, 
densities corresponding to three GSH molecules within the enzyme were seen (Holm et 
al. 2006), indicating three active sites in the trimer. 

Thus, there is a discrepancy between the structural model with three GSH bound 
and the other techniques described above (Sun et al. 1997; Morgenstern et al. 2001; 
Lengqvist et al. 2004) indicating only one GSH per trimer. This discrepancy has been 
investigated (paper 3) and is discussed in chapter 5.2. 

 
3.2 MPGES1 

MPGES1, formerly known as MGST1-L1 (MGST1-like-1) is the closest relative to 
MGST1 with 38% sequence identity (Jakobsson et al. 1999b). MPGES1 catalyses the 
ring opening of the endoperoxide PGH2 to form PGE2 (Fig. 6), and the reaction is GSH 
dependent but, as it is an oxidoreduction, GSH is not consumed (Samuelsson et al. 
2007). The enzyme also has peroxidase activity towards cumene hydroperoxide and 
slow but significant conjugation of CDNB (Thoren et al. 2003). Unlike MGST1, 
incubation with NEM abolishes the catalytic activity (Jakobsson et al. 1999b). PGE2 
has several biological functions such as in vascular regulation, inflammation and pain 
(Samuelsson et al. 2007). 



 

Figure 6. Metabolism of arachidonic acid, adopted from (Hebert et al. 2007). Gray circles 
indicate proteins in the MAPEG family. Cyclooxygenase 1 and 2 (COX-1 and COX-2) are the 
enzymes generating the MPGES1 substrate PGH2 while 5-lipoxygenase (5-LO), together with 
FLAP, first synthesise 5-hydroperoxyeicosatetraenoic acid (5-HPETE), which is a peroxide 
substrate for MGST2 and MGST3, and in the next step LTA4 is generated. LTA4 is further 
metabolized by LTC4S, MGST2 and MGST3 to LTC4. 

3.3 LTC4S 

LTC4S was first purified to homogeneity in 1993 (Nicholson et al. 1993) and was 
long believed to be a dimer (Nicholson et al. 1993; Lam et al. 1997; Lam et al. 2002; 
Lam 2003). However structural studies using 2-D crystals and electron crystallography 
generating a projection map at 4.5 Å (Schmidt-Krey et al. 2004) and the newly 
published structure (Ago et al. 2007; Molina et al. 2007b) (see below) showed that the 
enzyme is a trimer. The enzyme catalyses the conjugation of GSH to LTA4, generating 
LTC4 (Fig. 6), which is involved in airway inflammation i.e. asthma (Lam et al. 2002). 

 
3.4 FLAP 

FLAP is the only member of MAPEG without any known enzymatic activity and 
was found in 1990 (Dixon et al. 1990; Miller et al. 1990). The protein is believed to 
activate the enzyme 5-lipoxygenase and bind arachidonic acid (Mancini et al. 1993; 
Lam et al. 2002) hence it is involved in the biosynthesis of LTA4 (Fig. 6). 

 
3.5 MGST2 AND MGST3 

MGST2 and MGST3 were identified as close relatives to FLAP and LTC4S 
(Jakobsson et al. 1996; Jakobsson et al. 1997) and they catalyze the conjugation of 
GSH to LTA4 to form LTC4 and also display GSH peroxidase activity, converting 
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5-HPETE to 5-HETE (Fig. 6). MGST2 also has GST activity, conjugating GSH to 
CDNB, although at a much lower rate than MGST1 (Jakobsson et al. 1996) while 
MGST3 did not show any activity towards CDNB (Jakobsson et al. 1997). 

 
3.6 STRUCTURE OF MAPEG PROTEINS 

The structures of four MAPEG members have now been determined, starting with 
MGST1 in 2006. MGST1 was solved using 2-D crystals and electron crystallography at 
a resolution of 3.2 Å (Holm et al. 2006). 

The year after, FLAP, with two leukotriene biosynthesis inhibitors bound, was 
solved at a resolution of 4.0 and 4.2 Å, respectively (Ferguson et al. 2007b). 

LTC4S was solved by two different groups. Molina et al. determined the apo and 
GSH bound form at 2.0 and 2.15 Å resolution, respectively (Molina et al. 2007b) while 
Ago et al. solved the structure at 3.3 Å resolution with bound GSH (Ago et al. 2007). 

Finally, MPGES1 was solved in 2008 in complex with GSH at a resolution of 3.5 
Å (Jegerschöld et al. 2008) using the same technique as for MGST1. 

MGST2 and MGST3 are not yet structurally determined (to my knowledge), but 
based on the sequence similarity between the other four proteins within the MAPEG 
family it can be anticipated that they have the same structural features as the other 
family members. 

The common theme for the structurally solved MAPEG members is a homo 
trimeric arrangement where each monomer contains a four helix bundle (Fig. 7). In 
helix 2 the signature motif RX3NX2E/D is found and is suggested to be involved in 
GSH binding (Molina et al. 2008). GSH is bound at the interface between subunits by 
residues from helix 2, 3 and 4. Residues involved in GSH binding will be discussed 
further in the MAPEG mutants section (below). A proline residue, located roughly in 
the middle of helix 2, introducing a kink, is also found in all proteins. 

Major differences within the structures are found in the cytosolic loop between 
helix 1 and 2 and in the C-terminal part of the proteins. The loop is more elongated in 
MGST1 and MPGES1 than in the other two proteins, while the opposite is true for the 
C-terminal, where an additional helix is found in LTC4S (Fig. 7). The first loop in 
MGST1 could not be modelled although there were densities in that area. This loop is 
supposed to extend to and to be in close contact with the loop between helix 3 and 4 in 
a neighbouring subunit (Holm et al. 2006). Cleavage of lysine 41 or modification of 
cysteine 49 activates MGST1 (discussed in chapter 3.1.2) and it was suggested that 
release of constrained dynamics of the transmembrane helices, via interaction of the 
loop, could be the basis of activation (Holm et al. 2006). 

Binding of GSH is also a bit different between the enzymes, disregarding FLAP 
which was crystallized in absence of GSH (as the protein does not bind GSH) 
(Ferguson et al. 2007a). MPGES1 binds GSH deep down in the active site, while the 
opposite is true for MGST1, although the resolution limit did not permit modelling of 
the exact interactions (Holm et al. 2006). LTC4S is more like MPGES1, although the 
binding site is not as deep down. (Fig. 7). In MGST1 the GSH molecules are in an 
extended conformation, much like the cytosolic GSTs, while MPGES1 and LTC4S bind 
GSH in a horse shoe like conformation. 
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Figure 7. Structurally aligned members of the MAPEG super family seen from the membrane 
plane. Each monomer is coloured differently within the structures and atoms in GSH are shown 
as spheres with carbon coloured white, nitrogen in blue, oxygen in red and sulphur in yellow. 
The structural alignments and the figure was made with the program Pymol (DeLano 2008). 

The hydrophobic binding site is more elusive. A site was suggested for MGST1 
between helix 1 and 4 which in LTC4S bound a detergent molecule that was proposed 
to mimic the binding of LTA4 (Molina et al. 2007b). An inhibitor of FLAP was shown 
to bind at a similar location (Ferguson et al. 2007b). If this binding site is the same in 
the other MAPEG members remains to be established but it is an attractive proposal, 
allowing access of hydrophobic substrates from within the membrane compartment. In 
both MGST1 and LTC4S the sulphur of GSH can be seen between helix 1 and 4 from 
within the membrane plane. This might indicate a common entry point for the 
hydrophobic substrates acted on. 

LTC4S has a V-shaped cleft between helix 1 and 4 that allows access to GSH from 
the interior of the membrane while in MPGES1 helix 1 and 4 are close together. It was 
proposed that MPGES1 was in a closed conformation and rearrangement of the helixes 
would be needed to allow access of the hydrophobic substrate PGH2 to GSH 
(Jegerschöld et al. 2008). 
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3.7 MAPEG MUTANTS 

One goal with mutagenesis of MGST1 (and the other GSH binding MAPEG 
members) is to find the residue(s) that lowers the pKa of, and stabilises the thiolate 
anion. Previous studies concluded that tyrosine or histidine residues were not essential 
for catalysis (Weinander et al. 1997). 

The focus in this section will be on the mutants made with MGST1 that have been 
proposed to bind GSH (Holm et al. 2006) and those proposed for MPGES1 and LTC4S 
(Ago et al. 2007; Molina et al. 2007b; Jegerschöld et al. 2008). Several other mutants 
not presented here have been made with MGST1 (Weinander et al. 1997) and paper 2, 
MPGES1 (Murakami et al. 2000; Huang et al. 2006; Hammarberg et al. 2008), LTC4S 
(Lam et al. 1997; Lam et al. 2002) and with FLAP (Vickers et al. 1992; Mancini et al. 
1994; Mancini et al. 1998; Ferguson et al. 2007a). The interested reader is referred to 
these papers. 

From the structures of MGST1, MPGES1 and LTC4S several residues were 
identified and proposed to bind GSH (Table 1). In LTC4S and MPGES1 an arginine 
residue, R104 and R126 respectively, were proposed to interact with the sulfur of GSH 
(Ago et al. 2007; Molina et al. 2007b; Jegerschöld et al. 2008). This residue in MGST1 
has been mutated but the construct was not yet expressed: When this arginine was 
mutated in MPGES1 the PGH2 isomerase activity was reduced by 85-95%, and the 
reaction changed to a reductase activity generating prostaglandin F2α instead 
(Hammarberg et al. 2008). Additional experiments using a different pH, preferably at 
pH 9 where the ratio of GS-/GSH is about one, might give further information on the 
importance of this arginine residue, if the enzyme is capable of using GS- directly from 
the solution. 

The residues proposed to bind GSH in all three enzymes are R37, R73, H75, E80 
and Y120 (MGST1 numbering). Mutation of all of these yield a decrease in activity 
towards CDNB compared to wt but non resulted in total loss of activity when mutated 
in MGST1. Only one mutant in MGST1, N77T, believed to be involved in intra-subunit 
interactions and not GSH binding (Holm et al. 2006), totally lost activity. These 
residues will be discussed further in chapter 5.2, below. 
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Table 1. Comparison of residues proposed to be involved in GSH binding in either MGST1 
(Holm et al. 2006), MPGES1 (Jegerschöld et al. 2008) or LTC4S (Ago et al. 2007; Molina et 
al. 2007b) and the corresponding residues in each enzyme based on structural alignment 
(Molina et al. 2007a). 

MGST1  MPGES1  LTC4S 
Mutant % of wt  Mutant % of wt  Mutant % of wt 

aR37A 86   
aR37K 11  R38   R30  
bR72A 58   
aR72K 230  L69 N.P.  Y50 N.P. 

 dR70A 58  hR51H 100 
 dR70S 68  hR51K 100 bR73Q 57 
 eR70C 100  hR51T 0 

cH75Q 34  dH72A 32  Q53  
bN77T 0, N.P.  N74 N.P.  hN55A 85 
bE80Q 7  dE77A 0  E58  
N81 N.P.  T78 N.P.  hY59F 100 

 dR110A 0  
 dR110S 0  
 fR110T 18  

bR113K 5, N.P. 

 eR110S 0  

R90 N.P. 

cH116Q 20, N.P.  H113   hY93F 5 
 dY117A 1  cY120F 49  dY117F 100  

hY97F 100 

R129 N.P.  gR126A/Q 5-15  R104  
F133 N.P.  fY130I 15  L108 N.P. 

a This thesis, b from paper 2, c (Weinander et al. 1997), d (Jegerschöld et al. 
2008), e (Murakami et al. 2000), f (Huang et al. 2006), g (Hammarberg et al. 
2008), h (Lam et al. 1997). N.P.=Not proposed to be involved in GSH binding. 
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4 METHODS USED IN THE PRESENT INVESTIGATION 
 

4.1 ENZYME KINETICS 

UV/VIS-spectrometry is a common and convenient method to measure formation 
of, or disappearance of, substances that absorb ultraviolet or visible light at a specific 
wavelength, hence the name UV/VIS. In this thesis we have used two methods, the fast 
stopped flow and the slower “mixing by hand” steady state kinetics. 

Spectrofluorimetry has also been used. In short, this technique depends on the 
formation or disappearance of a fluorescent molecule. Fluorescence is, with a simplistic 
explanation, caused by an electron that has interacted with a photon at a certain 
wavelength and picked up energy, thereby leaving its ground state. When the electron 
returns to the ground state level a new photon is emitted, at a higher wavelength, which 
is then detected. Common problems with spectrofluorimetry are the inner filter effect, 
absorption of the excitation or emission photon by molecules in the solution, and that 
the concentration of fluorophore can not be determined directly from the signal. To 
overcome this problem and to quantify the products made, we titrated in a known 
amount of the product fluorophore during the experiments. 

For a more thorough introduction and explanation of enzyme kinetics the interested 
reader is referred to e.g. books written by Cornish-Bowden and Fersht (Cornish-
Bowden 1995; Fersht 1999). 

 
Figure 8. The time course of e.g. product formation. The gray area (enlarged) shows the fast 
initial step, the burst of product formation, before the linear part of the curve, the steady state, is 
reached. 
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4.1.1 Stopped flow spectrometry 

In a stopped flow, fast mixing of enzyme and substrate(s) is accomplished by 
injection of the liquids, contained in pneumatic driven syringes, into a mixing chamber. 
From the mixing chamber the solution rapidly flows into the detection chambers were 
the change in absorption/fluorescence is measured (Fig. 8). This technique makes it 
possible to measure fast processes, down to a millisecond time scale. An example used 
in this thesis is the mixing of the MGST1-GSH complex in one syringe with CDNB in 
the other, recording the burst of product formation, which absorbs light at 340 nm. 

 
4.1.2 Steady state kinetics 

Steady state kinetics measures the time dependent formation/disappearance of a 
spectroscopically detectable molecule, after the initial burst, if present (the linear part in 
Fig. 8). Determining the rate at a range of substrate concentrations is the classical way 
of obtaining the Michaelis-Menten constants kcat and Km. 

 
4.2 EQUILIBRIUM DIALYSIS 

Binding of ligands can be measured by several techniques, such as changes in 
tryptophan fluorescence within the enzyme when ligands bind, NMR, changes in signal 
from fluorescent molecules that is dependent on the environment (e.g. bound in a 
hydrophobic pocket in the enzyme vs. free in solution) and equilibrium dialysis. All 
these techniques, except equilibrium dialysis, can measure binding as a function of time 
and can thus give information on the microscopic rate constants (k5 and k-5 in our case, 
Eq. 2). 

MGST1 is too large to be detected by NMR since the trimer/detergent complex has 
a molecular weight of approximately 127 kDa (Morgenstern et al. 1982a). The enzyme 
lacks tryptophan while GSDNB is not a fluorophore, leaving us with the option of 
equilibrium dialysis to determine binding constants. 

Equilibrium dialysis is used to measure the distribution of a ligand in two 
compartments of a chamber separated by a dialysis membrane. The membrane allows 
small ligands, added on one or both side/s of the membrane to pass, but not the larger 
enzyme contained on one side of the membrane. Initially the system is in 
disequilibrium, but after agitation (usually over night) equilibrium is reached, with free 
ligand on the ligand side of the membrane and free plus enzyme bound ligand on the 
other side. Thus it is easy to measure the concentration of enzyme bound ligand by 
simple subtraction provided that the amount of enzyme is significant in comparison to 
ligand. 

 
4.3 ELECTROSPRAY IONIZATION MASS SPECTROMETRY 

Electrospray ionization mass spectrometry (ESI-MS) is a soft ionisation technique 
where the sample of interest is sprayed into the mass spectrometer from a capillary. 
Using an electric field between the capillary, which is the positive electrode if the 
molecule of interest is positively charged, and the inlet of the MS, the negative 
electrode, droplets are sprayed into the inlet. During the spraying process evaporation, 
leading to a concentration increase within droplets, and fission of the droplets takes 
place until the desolvated ion is formed and subsequently detected within the MS 
(Lengqvist 2004). This technique is challenging to use in the presence of detergent that 
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has to be present in order to keep purified MGST1 in solution, as it is a membrane 
bound enzyme. 

 
4.4 H/D EXCHANGE AND H/D FOOTPRINTING 

Amide hydrogen/deuterium (H/D) exchange is a technique to detect solvent 
accessibility and dynamics of the protein backbone. Amide hydrogens that are exposed 
to solvent or are in a dynamic part of the protein will exchange hydrogens to deuterons 
faster than hydrogens in a more rigid part of the protein. The apo enzyme or the 
enzyme together with a ligand is put into deuterated water, and at different time points 
a small aliquot is withdrawn. The exchange is stopped by lowering the pH to 2.4 at zero 
degrees, and the enzyme is cleaved into fragments by added pepsin. The cleaved 
enzyme is then run on an HPLC to separate the fragments from each other. The HPLC 
is coupled to a mass spectrometer, where these fragments are detected. Due to the 
weight increase of deuterons compared to hydrogen it is possible to calculate the 
amount of exchange in every fragment and compare the time dependent exchange 
between free and ligand bound enzyme. For a recent review see (Busenlehner et al. 
2005). 

H/D footprinting is a technique similar to the previous one, with the exception that 
it is started with the empty enzyme in deuterated water (D) and then the ligand is 
added. Deuterons that have been incorporated can be protected from back exchange by 
the added ligand after dilution into water (H). The protein is fragmented and detected as 
for H/D exchange described above. 

 
4.5 SITE DIRECTED MUTAGENESIS 

Mutants were made using Stratagene’s QuickChange® approach. In short, a 
plasmid, containing the cDNA of interest, two oligonucleotide primers with the desired 
mutation, each complementary to opposite strands of the cDNA, a deoxy-
nucleotidephosphate mix, reaction buffer and PfuTurbo® DNA polymerase are mixed 
together. The mix is run on a PCR machine where new nicked plasmids containing the 
mutation are produced. The parental methylated plasmid is digested with the DNA 
cleaving enzyme Dpn I, and the mutated plasmids are transformed into the E. coli 
bacterial strain XL1-Blue. New mutated plasmids, produced by the bacteria, are 
purified and the sequence analyzed and subsequently transformed into the E. coli strain 
BL21(DE3) for enzyme production. 
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5 PRESENT INVESTIGATION 
 

5.1 CATALYTIC MECHANISM (PAPER 1) 

Binding of GSH and stabilisation of the thiolate anion is an important part in the 
mechanism of GSTs. The catalytic mechanism of the unactivated enzyme has 
previously been described with regard to GSH binding and stabilisation as well as the 
chemical step, discussed in chapter 3.1.3. The rate limiting step towards reactive 
substrates (e.g. CDNB) was found to be the thiolate anion formation, and this step was 
much more rapid with the NEM-activated enzyme (Morgenstern et al. 2001). In paper 1 
these two steps in the mechanism were examined in detail with regard to the NEM 
activated enzyme. 

As for the unactivated MGST1, binding of GSH could be described by a two step 
mechanism (Eq. 1) with a rapid equilibrium step (Eq. 3) and a slower thiolate anion 
formation (k2) determined to be 13.2 ± 0.9 s-1, about 30 times faster compared to the 
unactivated enzyme. The release of GS- (k-2, 0.016 ± 0.000 05 s-1) was slow as 
determined by competition experiments with glutathione sulphonic acid (GSO3

- is a 
competitive inhibitor of MGST1 (Sun et al. 1997)). This step was also about 30 times 
faster in the NEM-activated enzyme, indicating an unaltered pKa for GSH as seen 
before (Andersson et al. 1995). 

 
GSH -1
d

1

k
K =

k
 (Eq. 3) 

 
When rapidly mixing the MGST1-GSH complex with CDNB or 4-chloro-3-

nitroacetophenone (CNAP) an initial burst of product formation was seen followed by a 
steady state, indicative of a rate limiting step after product formation such as product 
release or recharging of the enzyme with GSH thiolate (the latter process being relevant 
in this case). When using CNAP as the second substrate the chemistry was, as for the 
unactivated enzyme, described by a two step mechanism (Eq 2) with an initial rapid 
equilibrium (eq. 4) followed by the conjugation step k4, which was determined to 4.1 ± 
0.7 s-1. 

 
CNAP -3
d

3

k
K =

k
 (Eq. 4) 

 
CDNB on the other hand did not reach saturation with the concentrations used and 

the different microscopic rate constants could not be determined. Instead the data was 
fit to a linear rate equation derived from Eq. 2 in paper 1 which, at low substrate 
concentrations ( [ ]CDNB

dK >> CDNB ), can be described by equation 5. 
 

[4
obs CDNB

d

k
k = • CDNB

K

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

]  (Eq. 5) 

 
This gives the apparent second order rate constant for the reaction, determined to 

(4.4 ± 0.4) x 105 M-1 s-1, similar to the unactivated enzyme, thus the chemical 
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conjugation step in catalysis is essentially the same in both enzyme forms. It should be 
pointed out that 0.8 mM CDNB (1.6 mM is present in the substrate syringe that 
becomes diluted upon the rapid mixing 1:1 in the stopped flow), the highest 
concentration of CDNB used in this study, approaches the solubility limit for this 
substrate when dissolved in the assay buffer. 

Solvent kinetic isotope effects (measurements in D2O vs. H2O) revealed a two fold 
decrease in thiolate anion formation and kcat for both activated and unactivated MGST1 
indicating that thiolate formation contributes to kcat for the enzyme. Although the exact 
nature of the isotope sensitive step(s) are tentative (due to the complexity of primary, 
secondary and solvent isotope effects) we suggest that the making and breaking of 
multiple hydrogen bonds during a conformational alteration accompanying thiolate 
formation, is responsible for the slower rate in D2O. An inverse isotope effect was seen 
for the chemical step with no significant differences between the unactivated and NEM-
activated enzyme and the magnitude was close to that expected for a hydrogen bonded 
or solvated thiolate as the nucleophile (Huskey et al. 1991). Finally, in control 
experiments we showed that kcat/Km for CDNB was not altered between pH/pD 6.5 to 
7.5, indicating that alterations in pKa did not influence the solvent kinetic isotope 
results obtained at pH 7. 

In conclusion, the NEM-activated step in catalysis, using CDNB and CNAP, is the 
formation of the thiolate anion, while the chemical step is essentially unaltered with 
these two substrates upon NEM treatment of MGST1. 

To describe the complete mechanism, the product release rate has yet to be 
determined (k5 and k-5). We tried to apply pre steady state off rate measurements with 
the substrates (i.e. the corresponding products) used above, but unfortunately this is a 
spectroscopically silent step. Fluorescent enzyme reaction products will be tried in 
future experiments. 

 
5.2 BINDING OF LIGANDS (PAPER 1 AND 3) 

As mentioned in section 3.1.4 there is a discrepancy between the structure, with 
densities corresponding to three bound GSH (Holm et al. 2006), and equilibrium 
dialysis (Sun et al. 1997), thiolate anion formation (Morgenstern et al. 2001) and paper 
1 and ESI-MS (Lengqvist et al. 2004) where one bound GSH was observed. 

In paper 1, data show one GS- formed per trimer and the determined Kd, the first 
step in GSH binding to the empty NEM-activated enzyme, was determined to 11.7 ± 
3.1 mM. In the unactivated MGST1 data show one GS- per trimer and a Kd for GSH of 
47 ± 7 mM (Morgenstern et al. 2001), i.e. binding affinity to apo-enzyme is low but 
increases in the activated enzyme. Calculation of the over all Kd for GSH (Kd, k2 and 
k-2, Eq 1) for unactivated and NEM-activated MGST1 gave values of 70 ± 30 µM and 
14 ± 4, respectively, in good agreement with equilibrium dialysis that gave a Kd at 
around 20 µM for both enzyme forms (Sun et al. 1997). 

In paper 3 we made an attempt to solve this discrepancy (using the unactivated 
MGST1) by equilibrium dialysis experiments with the product GSDNB, with and 
without GSH, equilibrium dialysis experiments with GSH only (repeating previous 
experiments), ESI-MS with GSH and the inhibitor GSO3

- and steady state inhibition 
experiments using GSDNB at variable GSH concentration. 

With ESI-MS we could show that the monomeric form of MGST1 does not bind 
GSH nor GSH/GSO3

- in equimolar concentration (Fig. 1B, paper 3). The two different 
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peaks in the overlaid spectra correspond to the non-acetylated (2169.3 m/z) and the 
N-acetylated enzyme (2174.5 m/z). This finding is consistent with the proposed binding 
of GSH at the subunit interface (Holm et al. 2006). We could also show (figure 1C, 
paper 3) binding of 3 GSH molecules (3790.1 m/z) and a complete exchange of GSH 
when incubated with an equimolar GSH/GSO3

- mix (3800.0 m/z). In a control 
experiment 1 mM L-glutamate, having the same charge as GSH at neutral pH, was 
tested and found not to bind. 

Having established three bound GSH with ESI-MS we next performed equilibrium 
dialysis with GSH and GSDNB, both independently with increasing concentrations of 
the ligands, and in a competition experiment using GSDNB as a reporter molecule for 
GSH binding. The Donnan effect, which can influence the distribution of charged 
ligands between the two compartments, had previously been tested and found not to 
interfere with the system at the ionic strength used (Sun et al. 1997). 

When re-evaluating GSH binding one bound GSH per trimer, with a Kd of 16 ± 4 
µM was found (Fig. 2, paper 3) thus confirming the previous experiments from our 
laboratory (Sun et al. 1997). GSDNB on the other hand showed three bound product 
molecules per trimer (3.6 ± 0.3 was the calculated Bmax value) and a Kd of 320 ± 50 µM 
(Fig. 3, paper 3). This is in the same range as binding of CDNB to unactivated MGST1, 
with a determined Kd of 0.5 mM (Morgenstern et al. 2001). The best fit to the data was 
with a single binding site equation (Eq. 6), indicating the same affinity towards the 
ligand in all three sites. 

 

[ ] [ ] [ ]
[ ]

0

d

E S
ES =

K + S
 (Eq. 6) 

 
Using competition experiment with GSDNB as a reporter for GSH binding (Fig. 4, 

paper 3) we hoped to be able to determine all of the GSH binding constants. 
Unfortunately, the quality of data was not sufficient for this purpose. The enzyme was 
only 70% saturated with GSDNB at zero GSH and approximately 30% of the enzyme 
became irreversibly bound with GSDNB, as added excess GSO3

- could not compete out 
the remaining GSDNB (not shown). Only a qualitative determination could be made 
indicating full competition at a few mM GSH. 

To obtain an estimate for the last GSH binding to the enzyme, already containing 
bound GSH, we performed stopped flow measurements using CDNB at the same 
concentration as the active site. This set up will quickly deplete the enzymes of GS- and 
the rate (kobs) of reformation of GS- can be measured at different GSH concentrations, 
kobs is then plotted against the GSH concentrations used, yielding the Kd for GSH as in 
paper 1, Eq. 1. The active site concentration was determined, in a separate experiment, 
by the amplitude of the burst of product formation using CDNB in excess. Data plotted 
(Fig. 5B, paper 3) gave a Kd of 2.5 ± 0.5 mM, i.e. the “third” GSH binds stronger 
(although still with a low affinity) than the “first” GSH determined with the apo-
enzyme (Morgenstern et al. 2001). The affinity for the second GSH is still not known 
but has to be much higher than 20 µM, otherwise we would have detected this in the 
equilibrium dialysis experiment, and it is possible that it is as high as 2.5 mM. This 
analysis of the “third” GSH is somewhat oversimplified as it also has to involve the 
binding of the second GSH depending on the GSH concentration used in each specific 
single turnover experiment. The concentration range starts at 250 µM GSH where 
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MGST1 most likely contains only one bound GSH, as discussed below regarding the 
GSH concentration used during the structure determination. 

Finally, we performed inhibition experiments at different GSDNB concentrations 
while varying the GSH concentration and keeping CDNB at 0.5 mM. Upon inspection 
of a Lineweaver-Burk plot the type of inhibition seemed to be mixed (Fig. 6A, paper 3). 
However, data clearly do not fit a mixed inhibition model using non linear regression 
analysis (Fig. 6B, paper 3). We also tried to fit the data to competitive, non-competitive 
and uncompetitive inhibition equations, but this did not improve the fits. We believe 
this indicates a more complex inhibition pattern, involving subunit communication. 
This proposal is further strengthened by the unpublished observation of a transient 
activation of MGST1 when pre-incubated with GSDNB, discussed in section 3.1.2. 

In conclusion, MGST1 has three binding sites for GSH or product, shown by the 
solved structure (Holm et al. 2006) ESI-MS and equilibrium dialysis with GSDNB and 
the competition data with GSDNB/GSH. The first GSH (protonated and binding to the 
empty enzyme) has a high Kd at about 50 mM (Morgenstern et al. 2001). This first 
binding step (and probably also binding of GSH number two) increases the affinity of 
GSH 20 times, to 2.5 mM. GS- on the other hand has a Kd of about 20-70 µM as seen 
by equilibrium dialysis with GSH and calculated from stopped flow data (Morgenstern 
et al. 2001). The two weaker binding sites were outside the sensitivity range using 
equilibrium dialysis due to the limited protein concentration that could be used (30 µM 
trimer). Finally, we suggest that subunit communication explains the change in affinity 
towards GSH and the complex inhibition pattern seen in the inhibition experiment with 
GSDNB. 

When the structure was solved, together with 1 mM GSH, the high affinity site 
would almost certainly be occupied to 100%. The other two sites, assuming two 
different Kd values of 500 µM and 2.5 mM, would theoretically be partially bound by 
GSH, with 66% and 28% occupancy, respectively, and all three sites together would 
have 64% occupancy. This could in part explain the missing densities within the map 
and the difficulty of modelling GSH with precision. It is also possible that GSH binds 
in different ways in the three sites. The high affinity GSH could be bound in the horse 
shoe shaped conformation promoting thiolate anion stabilisation, as seen with MPGES1 
and LTC4S, while the other two GSH molecules reside in an extended conformation. 
These hypothetical binding modes are shown in figure 9. 

 



 

 
Figure 9. Hypothetical binding mode of GSH, shown as sticks, in MGST1 with one horse shoe 
shaped and two GSH in extended conformation. The colouring and positioning of the 
monomers and GSH is essentially as in fig. 7. The model was built after a structural alignment 
had been done with residues (in one subunit, with a RMSD of 3.87 Å) of MGST1 and LTC4S 
proposed to bind GSH (table 1). The alignment and figure were made with the programs 
SwissPdbViewer and Pymol (DeLano 2008), respectively. 
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5.3 ENZYME DYNAMICS AND MUTANTS (PAPER 2 AND PRELIMINARY 
RESULTS) 

MGST1 has three putative substrate binding sites, the GSH binding site, a 
hydrophobic binding site (were substrates such as CDNB bind) and a fatty 
acid/phospholipid binding site, the binding site for the corresponding hydroperoxides. 
The arachidonic acid derivative LTC4, used as a ligand in this work, has been shown to 
be a tight binding competitive inhibitor towards GSH and a non-competitive inhibitor 
towards CDNB and binds with a stoichiometry of one per trimer (Bannenberg et al. 
1999). Previous investigation using H/D exchange revealed peptide segments involved 
in GSH binding and NEM-activation (Busenlehner et al. 2004). In short, data indicated 
a decrease in exchange in the part of the enzyme facing the cytosol and an increase in 
two short peptides in helix 1 and 3 upon GSH binding, providing clear evidence that the 
cytosolic facing part of MGST1 harbours the GSH binding site and that this domain 
undergoes conformational changes when GSH binds (Fig. 10). Upon NEM-activation 
the GSH bound enzyme had a decrease in deuterium incorporation in the N-terminal 
part of helix 2 and in a peptide fragment containing the target for NEM-activation, C49, 
indicating conformational changes within the cytosolic part of MGST1, although to a 
lesser extent than apo vs. GSH bound enzyme described above. 

 

Figure 10. Regions in MGST1 influenced by GSH binding as determined by amide H/D 
exchange. In red boxes are residues in regions showing an increase in H/D exchange and in 
blue a decreased exchange compared to apo-MGST1. Yellow boxes correspond to α-helices 
within the structure. Data from (Busenlehner et al. 2004). 
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In an attempt to identify residues involved in thiolate anion stabilisation, the 
hydrophobic and the fatty acid/phospholipid binding sites further experiments with H/D 
exchange together with H/D footprinting was done in collaboration with Dr. Armstrong 
and Dr. Busenlehner. 

Thiolate anion stabilising residues were probed using GSO3
-, which has a higher 

affinity towards MGST1 than GSH (Sun et al. 1997): Glutathione sulphonate has the 
same charge as, but is larger than GS-, due to the three oxygen molecules of the 
sulphonic acid. Interestingly, in peptide 53-62 a decrease in exchange was seen 
compared to apo- and GSH bound MGST1 (Fig. 3C, paper 2). Using H/D footprinting 
this region of MGST1 was also indicated to be involved in GSO3

- binding as seen by 
the protection of the ligand, compared to GSH bound enzyme (Fig 4B, paper 2). This 
region was not proposed to be involved in GSH binding (Busenlehner et al. 2004). In 
peptide 62-69 a slight increase of deuterium incorporation was seen (Fig. 3D, paper 2). 
These two findings might indicate that GSO3

- does not bind in the exact same manner 
as GS-. This proposal is mainly based on the decreased incorporation in peptide 53-62 
only seen with this ligand but also, in the light of the newly solved structures of other 
MAPEG members published after this work, based on the proposed thiolate anion 
stabilisation in MPGES1 and LTC4S structures, discussed in chapter 3.7. 

In search for the hydrophobic binding site the product GSDNB was used instead of 
CDNB due to the reactivity of the substrate, which might lead to alkylation of C49 and 
activation of the enzyme during the rather long incubation time. Comparing GSH 
bound vs. GSDNB-MGST1 showed a decrease in peptide 19-23 and 104-106, similar 
to apo-enzyme (Fig. 3A and 3B, paper 2) a pronounced decrease in peptide 44-58 (Fig. 
3E, paper 2) and a slight decrease in peptide 113-121 (Fig. 3F, paper 2). Footprinting 
experiments revealed three peptides (62-69, 103-112 and 113-121, Fig. 4, paper 2) with 
protection from back exchange, compared to GSH bound enzyme, with the most 
pronounced effects on 62-69 and 103-112. Thus peptide 44-58, in the cytosolic loop 
connecting helix 1 and 2, is most likely involved in hydrophobic substrate binding, 
together with regions in helix 2 and 3. Also, the binding site overlaps the GSH binding 
site. 

Binding of LTC4 also decreases H/D exchange in peptide 19-23 and 104-106, as 
seen with apo- and GSDNB bound MGST1. Peptide 44-58 is very much like the 
apo-MGST1, while the other peptides (53-62, 62-69 and 113-121, Fig 3, paper 2) are 
more like the GSH bound enzyme. Based on these data binding of LTC4 was proposed 
to be overlapping with the GSH binding site, although alterations supporting specific 
conformational changes in helix 1 and 3 (peptide 19-23 and 104-106) and in the 
cytosolic part (44-58) were not observed. Clearly more experiments are needed to 
pinpoint the exact location of the fatty acid/phospholipid binding site. It is of interest to 
note that this ligand influenced Helix 1 which was suggested to line the membrane 
entry path to the active site (and suggested to be part of the “H-site” in LTC4S). 

 
Using these data together with information from the structural model we performed 

site directed mutagenesis (Table 2, paper 2) at our laboratory with residues within the 
regions indicated to bind GSH. The mutants were characterised with 0.5 mM CDNB 
and 5 mM GSH (the standard CDNB assay) using the membrane fraction from E. coli, 
and western blots together with densitometry was used to quantify the enzyme 
concentration. 
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Two of the mutants (S30A and T64V) in the proposed GSH binding site showed 
activation while R63A was wt like. The other mutants made had lowered (R72A, 
R73Q, E80Q and R113K) or no activity (N77T) compared to wt. 

It is interesting to note the S30A activation. When the structure was solved this 
residue was found to be involved in a structural link with Y137 in another subunit and 
when Y137 was mutated earlier to a phenylalanine this mutant also displayed activation 
(Weinander et al. 1997). T64 is in hydrogen bonding distance with the side chain of 
D65 and the back bone of K67, perhaps stabilising the enzyme. This might indicate that 
a more structurally flexible enzyme enhances catalysis towards CDNB. The residues 
with low or no activity towards CDNB, R72, R73, H75, N77 and E80 are all in close 
proximity to GSH in the structure, thus they might be involved in binding of GSH, 
although only R72 hydrogen bonds to the carbonyl of the cysteinyl moiety of GSH 
(indicated by the program SwissPdbViewer). N77 and R113 are both believed to be 
involved in a hydrogen bonding network within the subunit, which seems to be of vital 
importance. This indicates interaction with GSH directly, or via a network although an 
altered, catalytically impaired structure can not be ruled out where enzyme activity is 
lost completely. 

In conclusion, the data obtained indicated binding of GSH and electrophilic 
substrates within similar but distinct regions of MGST1. Using LTC4 suggested an 
overlap between the GSH binding site and the fatty acid/phospholipid binding site that 
was distinct from the electrophilic binding site. The mutational data supports the GSH 
binding site location indicated by both the amide H/D exchange and the structural 
model. 

 
Other mutants have also been made but not yet published and these, together with 

the mutants discussed above, are presented in table 2. 
 

Table 2. Rat MGST1 expressed in E. coli BL21(DE3). Specific activity measured in isolated E. 
coli membranes with 5 mM GSH, 0.5 mM CDNB, pH 6.5. Km measured in isolated E. coli 
membranes, pH 6.5. All measurements were done at 30° C. Densitometry of western blots was 
used to determine enzyme concentrations with purified MGST1 as standard. 

Mutation Specific activity 
(μmol min-1 mg-1) 

Km GSH (mM) 
(0.5 mM CDNB) 

Wt 6.4 ± 0.6 7.5 ± 0.4 
Y18F No expression  
S30A 46 ± 14  
R37A 6 ± 2  
R37K 0.7 ± 0.2  
T39S 10 ± 2  
T39V 44 ± 3  
R63A 8 ± 1  
R63K 20 ± 4  
T64V 12 ± 2  
R72A 4 ± 4 NSb

R72K 15 ± 3  
R73Q 2.4 ± 0.51 NS 
H75Q 1.2 ± 0.16 45 ± 11 
N77T NDa  
E80Q 0.51 ± 0.061  
R113K 0.4 ± 0.1  
Y120F 8 ± 2 13 ± 4 
aNot detectable, bNot saturable 
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One mutant, Y18F, newer expressed (as determined by western blots) although the 
plasmid did contain the correct DNA when sequenced. It should be pointed out that 
although E. coli possesses a MAPEG member no endogenous E. coli GSTs within the 
membrane fraction affected the measurements. 

Three mutants (T39V, R63K and R72K) activated the enzyme. Of these three 
activating mutants, only R72K is in hydrogen bonding distance to GSH. By removing 
the positive charge at R72 the enzyme loses some activity (R72A, discussed above), 
while moving the charge away (R72K) activates the enzyme. Of the other activating 
mutants T39 are involved in intra subunit hydrogen bonding networks. R63 is located 
in the transition between the cytosolic loop, not modelled in the structure, and helix 2 
and is only one residue away from where the modelled peptide starts. Thus, this residue 
might hydrogen bond to some other residue(s) in the non-modelled part of MGST1. We 
believe that the activation might be due to a more structurally flexible enzyme that 
facilitates catalysis. 

Three other mutants made (R37A, T39S and Y120F) were Wt-like or slightly 
activated. Only R37 and Y120 are in close, but not hydrogen bonding distance, to GSH. 

We have also investigated the pH dependence of catalysis. If there is one residue 
responsible for lowering the pKa of glutathione, and it has been mutated, we will 
hopefully see a low activity at pH 6 that can be rescued at pH 9, if the mutant can use 
the GSH thiolate anion directly. To test this hypothesis, activity measurements at pH 
6.5, 7.5 and 9.0, using 5 µM CDNB (due to the high non-enzymatic background 
activity at pH 9) or 0.5 mM CNAP as the second substrates and 5 or 100 mM GSH 
were performed. None of the mutants tested showed an increased activity with 
increased pH compared to Wt (not shown). 

Substrate saturation with CDNB (0.5 mM) and GSH as the variable substrate have 
been done at pH 6.5 with Wt, R72A, R73Q, H75Q and Y120F (Fig. 11). Km for Wt, 
H75Q and Y120F was 7, 45 and 11 mM, respectively, while R72A and R73Q did not 
reach saturation and their activities were highly elevated at high GSH concentration, to 
about 100 and 150 µmol min-1 mg-1 at 125 mM GSH, respectively. Vmax values were 
4.5, 23 and 35 µmol min-1 mg-1 for Wt, H75Q and Y120F, respectively. These data 
demonstrate that lowering of apparent GSH affinity in R72A and R73Q leads to a 
diminished activity (at low GSH) but that loss of saturation behaviour releases a kinetic 
constraint at high GSH. We suggest that this kinetic constraint involves conformational 
(and inter-subunit communicating) alterations that accompany thiolate anion formation. 

In retroperspective, several of the mutants made were perhaps not the best choices, 
especially N77T and E80Q. Both these mutants introduce large differences in the side 
chains that the enzyme might not tolerate structurally, especially E80Q. Mutating to 
alanine would have been a better choice with these two, and perhaps also with R73Q 
and R113K. 

In conclusion, mutational and H/D exchange data support the suggested GSH 
binding site but have not revealed the residue that is responsible for the GSH thiol pKa 
shift. New structural data (Ago et al. 2007; Molina et al. 2007b; Jegerschöld et al. 
2008) suggest that R129 is this residue. 
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Figure 11. Substrate saturation at pH 6.5 and 30° C using variable GSH and 0.5 mM CDNB. 
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5.4 CHARACTERIZATION OF A NEW FLUORESCENT SUBSTRATE 
(PAPER 4) 

Molecules used in ordinary UV/VIS measurements often need to be in the 
micromolar range to be detectable. Formation by an enzyme of e.g. 1 µM GSDNB 
during one minute would yield an absorption signal of 0.0096 units per minute which is 
low and in the same order as the non-enzymatic reaction (at 5 mM GSH and 0.5 mM 
CDNB and pH 6.5), thus setting the limit for the detection of enzyme catalysis with this 
substrate. Fluorescent substrates, on the other hand, can often be detected in the low 
nanomolar range and, as long as the non-enzymatic reaction is low, is a sensitive way 
to measure enzyme catalysis. Fluorescence is also often environment dependent, as 
mentioned above, and thus can be a good technique to determine binding of molecules 
to enzymes. 

Fluorescent substrates for MGST1 and other GSTs have been synthesised and 
characterised in our laboratory with regard to catalysis of MGST1 and other GSTs 
(Svensson et al. 2002) and by others (Fujikawa et al. 2008) although the latter was not 
tested with MGST1. Recently a new thiol reactive, rhodamine based fluorogenic probe 
(Fig. 1, paper 4) has been synthesised and described with regard to reactivity towards 
thiols, both in HeLa cells as well towards GSH, β-mercapthoethanol and L-cysteine 
(Shibata et al. 2008). The rhodamine moiety, which gives a strong fluorescence signal, 
is either mono- or di-substituted as a dinitrobenzene sulphonamide, where the mono- or 
di-substituted probes gives a very low or no fluorescence signal, respectively. 

In this paper we investigated if these thiol reactive probes could be substrates for 
MGST1, using MCF7 cells over expressing MGST1, the corresponding cell extracts 
and with purified MGST1. 

It was shown that both probes indeed were substrates for MGST1. Using purified 
MGST1 the kinetic analysis of the mono-substituted probe gave a kcat of 0.075 s-1 and a 
Km of 21 µM (Fig. 2, paper 4), and the calculated rate enhancement was in the order of 
106, compared to the non-enzymatic reaction. The diprobe had an apparent Km of 1.7 ± 
0.5 µM (Fig. 4, paper 4), however the enzyme concentration that had to be used was in 
this range and the analysis was therefore not pursued further. Pilot experiments using 
GST Pi indicated that the diprobe was not a substrate for this class of GSTs but further 
experiments are needed to confirm this finding. 

In cells over expressing MGST1 a time dependent increase of fluorescence could 
be seen, compared to normal cells and cells stably transfected with an antisense DNA 
sequence towards MGST1 (Fig. 5, paper 4). Pre-incubating the cells with NEM, i.e. 
depleting the cells of free thiols, abolished the fluorescence signal (not shown). 

In experiments using MCF7 cell lysates, cells over expressing MGST1 were much 
more efficient at catalysing the reaction with both probes, compared to wt and antisense 
cells (Fig. 6, paper 4). Activation with NEM (and subsequent quenching of added NEM 
by adding equimolar GSH prior to activity measurements) was seen in the sense cell 
lysate with both probes. Interestingly, activation was also seen in all cell lysates from 
wt and anti sense cells when using the monoprobe. This enhanced activity most likely 
stems from the low endogenous expression of MGST1 and indicates that MGST1 is the 
most efficient enzyme in the catalysis of the monoprobe. 

Thus we have characterised a new fluorogenic substrate for MGST1 that will be a 
useful tool in the study of this and probably related enzymes. 
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6 CONCLUSIONS 
MGST1 exhibits one-third-of-the-sites-reactivity towards GSH with one tightly 

bound GS- (Kd between approximately 20 and 70 µM) and, depending on the GSH 
concentration, two more loosely bound molecules (Kd >> 16 µM to 2.5 mM). Upon 
GSH binding the enzyme undergoes global conformational changes involving parts of 
helix 1 and 3, which become more exposed to solvent and rearrangements in the 
cytosol facing part of the enzyme which becomes less accessible (fig. 10). The binding 
site for GSH was confirmed by mutational studies. Binding of electrophilic substrates 
overlapped with the GSH binding site and the same was seen for the putative fatty 
acid/phospholipid binding site, although these two sites were separated from each 
other. 

The mechanism behind activation with NEM was investigated in paper 1, and we 
show that the thiolate anion formation is 30 times faster in the NEM activated enzyme. 
This explains the activation seen with reactive para-substituted 1-chloro-2-
nitrobenzenes, while the chemical step was essentially unaltered towards these second 
substrates. Solvent kinetic isotope effects for thiolate anion formation and kcat were 
similar in both un- and NEM activated enzyme, thus thiolate anion formation is 
suggested to contribute to kcat. The exact nature of the isotope sensitive step(s) could 
not be revealed but was proposed to involve making and breaking of hydrogen bonds 
during conformational changes within the enzyme. 

MGST1 binds three product molecules (GSDNB, Kd 320 µM) and three GSH or 
GSO3

-, as determined by equilibrium dialysis and ESI-MS, respectively. All product 
molecules could be competed away with a few mM GSH but the data did not allow 
determination of the binding constants for GSH. In stopped flow experiments the 
binding of the “third” GSH was determined to have a Kd of 2.5 mM. 

Site directed mutagenesis (table 2) revealed two mutants (R72A and R73Q) that 
lost saturation behaviour (i.e. Km) towards GSH and had highly elevated activities at 
high GSH concentration revealing fundamentally altered GSH binding and catalysis. It 
was suggested that kinetic constraints, involving conformational changes, were released 
in these mutants (at high GSH concentrations). These mutants support the model for 
GSH binding (at least in terms of location), however the residue(s) responsible for GS- 
stabilisation has not yet been determined. 

Finally, we have characterised a new fluorogenic substrate, based on a Rhodamine 
moiety, that that can be a useful tool in the study of MGST1 and probably other GSTs. 

 
A hypothetical catalytic pathway is shown in figure 12. The first and second step 

involves binding of GSH, in fast equilibrium, to empty enzyme and subsequent slow 
thiolate anion formation, with an overall Kd between 16 µM (paper 3) to 70 µM 
(Morgenstern et al. 2001). The binding strength of the next GSH is still unknown but is 
much higher than 16 µM, and possibly as high as the Kd for the “third” GSH, 2.5 mM 
(paper 3). CDNB, shown here to interact with the GSH saturated enzyme, can react 
with any form of GS- containing enzyme as seen in (Morgenstern et al. 2001) (where 
non-saturating 0.5 mM GSH was used in burst experiments). An enzyme-GS--CDNB 
complex in fast equilibrium is formed leading to the chemical step (Morgenstern et al. 
2001). Thiolate anion formation has been seen to be faster in MGST1 pre-incubated 
with GSDNB (unpublished observation). This indicates that thiolate anion formation in 



 

  31 

a neighbouring subunit can be enhanced in the product bound enzyme prior to product 
release. When GSDNB is released a new GSH can bind completing the cycle. The Kd 
for GSDNB has not been measured during steady state and should thus be considered 
as a proposal. 

 

Figure 12. Proposed catalytic mechanism with unactivated MGST1. The trimer is represented 
by E-E-E and the Kd and microscopic rate constants are from (Morgenstern et al. 2001) and 
paper 3. See text for an explanation. 
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7 FUTURE PERSPECTIVES 
We have a fairly extensive description of MGST1 kinetics. However, the last 

step in catalysis, product release has to be characterised. In order to do this 
fluorescent GSH conjugate molecules that bind to the active site can be used as 
surrogate probes for GSDNB binding/release. Alternatively, labelling C49 with a 
fluorophore (that most likely activates the enzyme) could be used to look at protein 
dynamics during product/ligand binding. One possible candidate might be 2-(4-
maleimidylanilino)-naphthalene-6-sulfonic acid (MIANS) which becomes 
fluorescent when it has reacted with sulfhydryl groups. This fluorophore has been 
used previously with a membrane bound enzyme to investigate ligand binding 
(Althage et al. 2001). 

Introduction of tryptophan(s) (that do not alter catalysis) and subsequent 
expression in a host organism could be another way of solving the question. To do 
this the enzyme has to be purified from bacterial membranes, which so far has 
resulted in low yields. Ongoing work with histidine tagged MGST1 or alternative 
hosts as well as in vitro protein synthesis might solve the purification problem. 

 
In principle the microscopic rate constants generated so far could describe the 

global steady state mechanism of MGST1. As the data was obtained at 5° C, 
corresponding steady state measurements with un- and NEM activated enzyme at 
this temperature should be performed in order to check if the complete mechanism 
proposed (k1 to k5) is valid. 

 
R129 has been proposed to be the thiolate anion stabilising residue in 

MPGES1 (R126) and LTC4S (R104). The R129A mutant has been constructed but 
not yet expressed. As described previously, pH experiments might reveal if this is 
the thiolate anion stabilising residue. If the mutant is catalytically non-functional, a 
so called Lazarus experiment can be performed, where addition of e.g. guanidinium 
(the functional group of the side chain of arginine) might rescue the activity and 
thus prove the functional significance of the residue. 

 
A pseudo-trimer construct, where the monomers are linked by poly-

glycine/serine peptides, will allow mutation in one, two or three subunits at a time 
and could be a useful tool in revealing utilisation of the different sites. 

 
The activation phenomenon that we observed when the enzyme is pre-

incubated with the product GSDNB has to be explored, what is behind it? Does it 
contribute significantly to steady state catalysis as such (i.e. is it occurring also 
without extra added product)? As it is a transient activation, stopped flow will be 
useful in solving this question. 

 
Is one GSH bound in a horse shoe shaped conformation, as with MPGES1 and 

LTC4S, and the other two in the extended conformation? Can this question be 
solved by structural information at a higher resolution or is the GSH not 
symmetrically bound in the three sites precluding a uniform electron density? 



 

  33 

Increasing the GSH concentration, from 1 mM used previously, to up to 10 mM 
should help in terms of full occupancy, if the crystals tolerate this increase in GSH. 

 
Determination of the binding/active site for hydrophobic second substrates 

(CDNB as well as peroxides) needs to be improved further. Does it reside between 
helix 1 and 4 as proposed for LTC4S? Are there more sites (the urn within the 
middle of the trimer)? Structural information with the Meisenheimer complex, with 
GSDNB and with LTC4 should shed light on these questions. The Meisenheimer 
complex can also give valuable information on the catalytic path as it is believed to 
mimic the transition state with GSH and CDNB. 

 
In summary, the detailed elucidation of the kinetic/chemical mechanism and 

third of the site reactivity of MGST1 is a puzzle that will engage biochemists for 
some time yet. 



 

34 

8 ACKNOWLEDGEMENTS 
 

First and foremost I would like to thank my supervisor Ralf Morgenstern, giving me the 
opportunity to do my PhD studies on MGST1, and for always keeping your door open. 
You are the best supervisor a student could ask for. Thank you for all fishing trips, 
sailing trips with your boat in Mälaren and all the social events you have brought us out 
on. 
 
My co-supervisor Jan-Olov Höög, always being available when I needed you. 
 
Richard Armstrong, for the collaboration in three of my four papers and for “putting” a 
fishing rod in my supervisor’s hand. 
 
Peter Holm, for interesting discussions and a nice collaboration during late nights in the 
lab. Thank you for solving the MGST1 structure (in collaboration with many other 
people) and for all the airport maps and war movies I have received. 
 
Johan Lengqvist, the ESI-MS wizard, for the collaboration and for writing a good 
description of the spraying process in your thesis, without you I would have been lost 
regarding the MS data. 
 
My collaborators in paper two, Laura Busenlehner, Caroline Jegerschöld, Priyaranjan 
Bhakat and Hans Hebert. 
 
Claudia Staab for a nice collaboration with the MGST1 inhibitors produced by your 
enzyme. 
 
My former students Veronika and Jens (who was the first to suggest R129 as the 
thiolate anion stabilising residue back in 2006!). You both did excellent work with the 
mutants. 
 
Members of the Black group, both past and present: 

My room mates Louise, Katarina, Rebecca and Vanina for interesting discussion, 
both scientifically and about life at large, astrology, homeopathy and other 
pseudoscientific things. Life at IMM would not have been such a pleasure without you! 

Richard S., who introduced me to IMM and Ralf’s laboratory when I first arrived 
and for collaboration on two of the papers. 

Gudrun T., for crazy discussion during late evening purification of MGST1 and for 
all of the enzyme I have used up during my time at IMM. 

Miyuki, Elena, Atchasai, Julia and Henny; you are all such nice people! 
 
Past and present PhD students at the third floor. Åse, Astrid, Erika, Therese, Kristian, 
Oras, Ilona, Salomon, Rebecca, Daniel, Maria, Sabina, Emma, Mathias P, Mattias Ö 
and Carolina, for interesting discussions in the lunch room and elsewhere, you all made 
my time at IMM enjoyable. 
 



 

  35 

To all of the other people on the third floor and the administration on the fourth flour at 
IMM, creating a pleasant environment to work in. 
 
All of the MAPEG people for two inspiring MAPEG meetings, the two solved 
structures and scientific discussions whenever we have met. 
 
Albert Hech and all the people at his laboratory in Utrecht, Holland, especially Pascal 
Gerbaux and Robert van den Heuvel who helped me with the data collection during my 
stay there. 
 
At Göteborgs University: Anders Pedersen for your efforts to express MGST1 in vitro. 
Jan Rydström and all of the people in the Transhydrogenase group, I enjoyed my time 
as an undergraduate student in your group. 
 
 
To the people outside IMM and the scientific community: 
 
The old gang from my sea-scout period 20 years back, who still meet once a month for 
a chat, beers and a Cheddar bacon burger. Cheers! You all know who you are. 
 
My “extra sister” Lena, for being such a good friend, always taking your time listening 
to me. 
 
The hamburger restaurant close to KI, providing me with the best hamburgers during 
late evenings spent in the lab or in front of the computer, and Rockklassiker (106.7 
mHz) for the best music ever. 
 
Mom and dad, always being there, believing in me, giving support and love. 
 
My little sister with family, Per, Fredrik, Oskar and their black savage dog Walle ;-), 
always being supportive and inviting us to your home or to your lovely cottage, for fun 
dinners and parties. I am always looking forward to the next time we will meet. 
 
Dorrit and Michael for excellent dinners, good wine and interesting discussions in your 
home, and for letting us lend your boat. You are brilliant. 
 
My bonus kids, Fabian and Linus. For your curiosity, asking relevant questions I newer 
would have dreamt asking, forcing me to think hard and long trying to come up with an 
answer or explanation. You are making my day. 
 
Last but not least, my wonderful fiancé Mikla who has taken care of the home, kids, the 
lizard and the yellow dog during these last months, and for reading the manuscript 
several times with critical eyes. I love you ab imo pectore!!! Amor vincit omnia, et nos 
cedamus amori! It is about time to start to climb again, don’t you think? 
 
 
If I have forgotten anybody I am terribly sorry, it was not on purpose. 



 

36 

9 REFERENCES 
 
Ago, H., Y. Kanaoka, D. Irikura, B. K. Lam, T. Shimamura, K. F. Austen and M. 

Miyano (2007). "Crystal structure of a human membrane protein involved in 
cysteinyl leukotriene biosynthesis." Nature 448(7153): 609-12. 

 
Althage, M., T. Bizouarn and J. Rydström (2001). "Identification of a region involved 

in the communication between the NADP(H) binding domain and the 
membrane domain in proton pumping E. coli transhydrogenase." Biochemistry 
40(33): 9968-76. 

 
Anderson, M. E. (1998). "Glutathione: an overview of biosynthesis and modulation." 

Chem Biol Interact 111-112: 1-14. 
 
Andersson, C., F. Piemonte, E. Mosialou, R. Weinander, T. H. Sun, G. Lundqvist, A. 

E. Adang and R. Morgenstern (1995). "Kinetic studies on rat liver microsomal 
glutathione transferase: consequences of activation." Biochim Biophys Acta 
1247(2): 277-83. 

 
Andersson, C., M. Söderstrom and B. Mannervik (1988). "Activation and inhibition of 

microsomal glutathione transferase from mouse liver." Biochem J 249(3): 819-
23. 

 
Aniya, Y. (1989). "Activation of liver microsomal glutathione S-transferase activity by 

heating." J Pharmacobiodyn 12(4): 235-40. 
 
Armstrong, R. N. (1997). "Structure, catalytic mechanism, and evolution of the 

glutathione transferases." Chem Res Toxicol 10(1): 2-18. 
 
Bannenberg, G., S. E. Dahlen, M. Luijerink, G. Lundqvist and R. Morgenstern (1999). 

"Leukotriene C4 is a tight-binding inhibitor of microsomal glutathione 
transferase-1. Effects of leukotriene pathway modifiers." J Biol Chem 274(4): 
1994-9. 

 
Booth, J., E. Boyland and P. Sims (1961). "An enzyme from rat liver catalysing 

conjugations with glutathione." Biochem J 79(3): 516-24. 
 
Boyer, T. D., D. A. Vessey and E. Kempner (1986). "Radiation inactivation of 

microsomal glutathione S-transferase." J Biol Chem 261(36): 16963-8. 
 
Bresell, A., R. Weinander, G. Lundqvist, H. Raza, M. Shimoji, T. H. Sun, L. Balk, R. 

Wiklund, J. Eriksson, C. Jansson, B. Persson, P. J. Jakobsson and R. 
Morgenstern (2005). "Bioinformatic and enzymatic characterization of the 
MAPEG superfamily." Febs J 272(7): 1688-703. 

 
Busenlehner, L. S. and R. N. Armstrong (2005). "Insights into enzyme structure and 

dynamics elucidated by amide H/D exchange mass spectrometry." Arch 
Biochem Biophys 433(1): 34-46. 

 
Busenlehner, L. S., S. G. Codreanu, P. J. Holm, P. Bhakat, H. Hebert, R. Morgenstern 

and R. N. Armstrong (2004). "Stress Sensor Triggers Conformational Response 
of the Integral Membrane Protein Microsomal Glutathione Transferase 1." 
Biochemistry 43(35): 11145-11152. 

 
Cornish-Bowden, A. (1995). Fundamentals of enzyme kinetics. Cambridge, Portland 

Press Ltd. 
 



 

  37 

DeLano, W. L. (2008). "The PyMOL Molecular Graphics System." DeLano Scientific 
LLC, Palo Alto, CA, USA. http://www.pymol.org. 

 
Dickinson, D. A. and H. J. Forman (2002). "Cellular glutathione and thiols 

metabolism." Biochem Pharmacol 64(5-6): 1019-26. 
 
Dixon, R. A., R. E. Diehl, E. Opas, E. Rands, P. J. Vickers, J. F. Evans, J. W. Gillard 

and D. K. Miller (1990). "Requirement of a 5-lipoxygenase-activating protein 
for leukotriene synthesis." Nature 343(6255): 282-4. 

 
Ferguson, A. D., B. M. McKeever, S. Xu, D. Wisniewski, D. K. Miller, T. T. Yamin, 

R. H. Spencer, L. Chu, F. Ujjainwalla, B. R. Cunningham, J. F. Evans and J. W. 
Becker (2007a). "Crystal structure of inhibitor-bound human 5-lipoxygenase-
activating protein." Science 317(5837): Supporting information. 

 
Ferguson, A. D., B. M. McKeever, S. Xu, D. Wisniewski, D. K. Miller, T. T. Yamin, 

R. H. Spencer, L. Chu, F. Ujjainwalla, B. R. Cunningham, J. F. Evans and J. W. 
Becker (2007b). "Crystal structure of inhibitor-bound human 5-lipoxygenase-
activating protein." Science 317(5837): 510-2. 

 
Fersht, A. (1999). Structure and mechanism in protein science. A guide to enzyme 

catalysis and protein folding. New York, W. H. Freeman & Company. 
 
Frova, C. (2006). "Glutathione transferases in the genomics era: new insights and 

perspectives." Biomol Eng 23(4): 149-69. 
 
Fujikawa, Y., Y. Urano, T. Komatsu, K. Hanaoka, H. Kojima, T. Terai, H. Inoue and T. 

Nagano (2008). "Design and Synthesis of Highly Sensitive Fluorogenic 
Substrates for Glutathione S-Transferase and Application for Activity Imaging 
in Living Cells." J Am Chem Soc. 

 
Haenen, G. R., N. P. Vermeulen, J. N. Tai Tin Tsoi, H. M. Ragetli, H. Timmerman and 

A. Blast (1988). "Activation of the microsomal glutathione-S-transferase and 
reduction of the glutathione dependent protection against lipid peroxidation by 
acrolein." Biochem Pharmacol 37(10): 1933-8. 

 
Hammarberg, T., M. Hamberg, A. Wetterholm, H. Hansson, B. Samuelsson and J. Z. 

Haeggström (2008). "Mutation of a critical arginine in microsomal PGE 
synthase-1 shifts the isomerase activity to a reductase activity that converts 
prostaglandin H2 into prostaglandin F2alpha." J Biol Chem In press. 

 
Hayes, J. D., J. U. Flanagan and I. R. Jowsey (2005). "Glutathione Transferases." Annu 

Rev Pharmacol Toxicol 45: 51-88. 
 
Hayes, J. D. and R. C. Strange (2000). "Glutathione S-transferase polymorphisms and 

their biological consequences." Pharmacology 61(3): 154-66. 
 
Hebert, H. and C. Jegerschold (2007). "The structure of membrane associated proteins 

in eicosanoid and glutathione metabolism as determined by electron 
crystallography." Curr Opin Struct Biol 17(4): 396-404. 

 
Hebert, H., I. Schmidt-Krey and R. Morgenstern (1995). "The projection structure of 

microsomal glutathione transferase." Embo J 14(16): 3864-9. 
 
Holm, P. J., P. Bhakat, C. Jegerschöld, N. Gyobu, K. Mitsuoka, Y. Fujiyoshi, R. 

Morgenstern and H. Hebert (2006). "Structural Basis for Detoxification and 
Oxidative Stress Protection in Membranes." J Mol Biol 360(5): 934-945. 

 
Huang, X., W. Yan, D. Gao, M. Tong, H. H. Tai and C. G. Zhan (2006). "Structural 

and functional characterization of human microsomal prostaglandin E synthase-



 

38 

1 by computational modeling and site-directed mutagenesis." Bioorg Med 
Chem 14(10): 3553-62. 

 
Huskey, S.-E. W., W. P. Huskey and A. Y. H. Lu (1991). "Contributions of Thiolate 

“Desolvation” to Catalysis by Glutathione S-Transferase Isozymes 1 - 1 and 2-
2: Evidence from Kinetic Solvent Isotope Effects." J. Am. Chem. Soc. 113: 
2283-2290. 

 
Jakobsson, P. J., J. A. Mancini and A. W. Ford-Hutchinson (1996). "Identification and 

characterization of a novel human microsomal glutathione S-transferase with 
leukotriene C4 synthase activity and significant sequence identity to 5-
lipoxygenase-activating protein and leukotriene C4 synthase." J Biol Chem 
271(36): 22203-10. 

 
Jakobsson, P. J., J. A. Mancini, D. Riendeau and A. W. Ford-Hutchinson (1997). 

"Identification and characterization of a novel microsomal enzyme with 
glutathione-dependent transferase and peroxidase activities." J Biol Chem 
272(36): 22934-9. 

 
Jakobsson, P. J., R. Morgenstern, J. Mancini, A. Ford-Hutchinson and B. Persson 

(1999a). "Common structural features of MAPEG -- a widespread superfamily 
of membrane associated proteins with highly divergent functions in eicosanoid 
and glutathione metabolism." Protein Sci 8(3): 689-92. 

 
Jakobsson, P. J., R. Morgenstern, J. Mancini, A. Ford-Hutchinson and B. Persson 

(2000). "Membrane-associated proteins in eicosanoid and glutathione 
metabolism (MAPEG). A widespread protein superfamily." Am J Respir Crit 
Care Med 161(2 Pt 2): S20-4. 

 
Jakobsson, P. J., S. Thoren, R. Morgenstern and B. Samuelsson (1999b). "Identification 

of human prostaglandin E synthase: a microsomal, glutathione-dependent, 
inducible enzyme, constituting a potential novel drug target." Proc Natl Acad 
Sci U S A 96(13): 7220-5. 

 
Jegerschöld, C., S. C. Pawelzik, P. Purhonen, P. Bhakat, K. R. Gheorghe, N. Gyobu, K. 

Mitsuoka, R. Morgenstern, P. J. Jakobsson and H. Hebert (2008). "Structural 
basis for induced formation of the inflammatory mediator prostaglandin E2." 
Proc Natl Acad Sci U S A 105(32): 11110-5. 

 
Johansson, K., K. Åhlen, R. Rinaldi, K. Sahlander, A. Siritantikorn and R. Morgenstern 

(2007). "Microsomal glutathione transferase 1 in anticancer drug resistance." 
Carcinogenesis 28(2): 465-70. 

 
Josephy, P. D. and B. Mannervik (2006). Molecular Toxicology, Oxford University 

Press. 
 
Kelner, M. J., R. D. Bagnell, M. A. Montoya, L. A. Estes, L. Forsberg and R. 

Morgenstern (2000). "Structural organization of the microsomal glutathione S-
transferase gene (MGST1) on chromosome 12p13.1-13.2. Identification of the 
correct promoter region and demonstration of transcriptional regulation in 
response to oxidative stress." J Biol Chem 275(17): 13000-6. 

 
Krogh, A., B. Larsson, G. von Heijne and E. L. Sonnhammer (2001). "Predicting 

transmembrane protein topology with a hidden Markov model: application to 
complete genomes." J Mol Biol 305(3): 567-80. 

 
Lam, B. K. (2003). "Leukotriene C(4) synthase." Prostaglandins Leukot Essent Fatty 

Acids 69(2-3): 111-6. 
 



 

  39 

Lam, B. K. and K. F. Austen (2002). "Leukotriene C4 synthase: a pivotal enzyme in 
cellular biosynthesis of the cysteinyl leukotrienes." Prostaglandins Other Lipid 
Mediat 68-69: 511-20. 

 
Lam, B. K., J. F. Penrose, K. Xu, M. H. Baldasaro and K. F. Austen (1997). "Site-

directed mutagenesis of human leukotriene C4 synthase." J Biol Chem 272(21): 
13923-8. 

 
Lee, K. K., M. Shimoji, Q. S. Hossain, H. Sunakawa and Y. Aniya (2008). "Novel 

function of glutathione transferase in rat liver mitochondrial membrane: role for 
cytochrome c release from mitochondria." Toxicol Appl Pharmacol 232(1): 
109-18. 

 
Lengqvist, J. (2004). PhD thesis. Native protein mass spectrometry of nuclear receptor-

ligand and enzyme-substrate complexes. Department for Medical Biochemistry 
& Biophysics, Karolinska institutet, Stockholm. 

 
Lengqvist, J., R. Svensson, E. Evergren, R. Morgenstern and W. J. Griffiths (2004). 

"Observation of an intact noncovalent homotrimer of detergent-solubilized rat 
microsomal glutathione transferase-1 by electrospray mass spectrometry." J 
Biol Chem 279(14): 13311-6. 

 
Mancini, J. A., M. Abramovitz, M. E. Cox, E. Wong, S. Charleson, H. Perrier, Z. 

Wang, P. Prasit and P. J. Vickers (1993). "5-lipoxygenase-activating protein is 
an arachidonate binding protein." FEBS Lett 318(3): 277-81. 

 
Mancini, J. A., M. G. Coppolino, J. H. Klassen, S. Charleson and P. J. Vickers (1994). 

"The binding of leukotriene biosynthesis inhibitors to site-directed mutants of 
human 5-lipoxygenase-activating protein." Life Sci 54(9): PL137-42. 

 
Mancini, J. A., H. Waterman and D. Riendeau (1998). "Cellular oxygenation of 12-

hydroxyeicosatetraenoic acid and 15-hydroxyeicosatetraenoic acid by 5-
lipoxygenase is stimulated by 5-lipoxygenase-activating protein." J Biol Chem 
273(49): 32842-7. 

 
Mannervik, B., Y. C. Awasthi, P. G. Board, J. D. Hayes, C. Di Ilio, B. Ketterer, I. 

Listowsky, R. Morgenstern, M. Muramatsu, W. R. Pearson and et al. (1992). 
"Nomenclature for human glutathione transferases." Biochem J 282 ( Pt 1): 
305-6. 

 
Masukawa, T. and H. Iwata (1986). "Possible regulation mechanism of microsomal 

glutathione S-transferase activity in rat liver." Biochem Pharmacol 35(3): 435-
8. 

 
Meister, A. (1988). "Glutathione metabolism and its selective modification." J Biol 

Chem 263(33): 17205-8. 
 
Miller, D. K., J. W. Gillard, P. J. Vickers, S. Sadowski, C. Leveille, J. A. Mancini, P. 

Charleson, R. A. Dixon, A. W. Ford-Hutchinson, R. Fortin and et al. (1990). 
"Identification and isolation of a membrane protein necessary for leukotriene 
production." Nature 343(6255): 278-81. 

 
Molina, D. M., S. Eshaghi and P. Nordlund (2008). "Catalysis within the lipid bilayer-

structure and mechanism of the MAPEG family of integral membrane 
proteins." Curr Opin Struct Biol: 1-8. 

 
Molina, D. M., A. Wetterholm, A. Kohl, A. A. McCarthy, D. Niegowski, E. Ohlson, T. 

Hammarberg, S. Eshaghi, J. Z. Haeggström and P. Nordlund (2007a). 
"Structural basis for synthesis of inflammatory mediators by human leukotriene 
C4 synthase." Nature 448(7153): Supporting information. 



 

40 

 
Molina, D. M., A. Wetterholm, A. Kohl, A. A. McCarthy, D. Niegowski, E. Ohlson, T. 

Hammarberg, S. Eshaghi, J. Z. Haeggström and P. Nordlund (2007b). 
"Structural basis for synthesis of inflammatory mediators by human leukotriene 
C4 synthase." Nature 448(7153): 613-6. 

 
Morgenstern, R. (2005). "Microsomal glutathione transferase 1." Methods Enzymol 

401: 136-46. 
 
Morgenstern, R. and J. W. DePierre (1983). "Microsomal glutathione transferase. 

Purification in unactivated form and further characterization of the activation 
process, substrate specificity and amino acid composition." Eur J Biochem 
134(3): 591-7. 

 
Morgenstern, R., J. W. DePierre and L. Ernster (1979). "Activation of microsomal 

glutathione S-transferase activity by sulfhydryl reagents." Biochem Biophys Res 
Commun 87(3): 657-63. 

 
Morgenstern, R., C. Guthenberg and J. W. Depierre (1982a). "Microsomal glutathione 

S-transferase. Purification, initial characterization and demonstration that it is 
not identical to the cytosolic glutathione S-transferases A, B and C." Eur J 
Biochem 128(1): 243-8. 

 
Morgenstern, R., C. Guthenberg and J. W. Depierre (1982b). "Purification of 

microsomal glutathione S-transferase." Acta Chem Scand B 36(4): 257-9. 
 
Morgenstern, R., G. Lundquist, H. Jornvall and J. W. DePierre (1989). "Activation of 

rat liver microsomal glutathione transferase by limited proteolysis." Biochem J 
260(2): 577-82. 

 
Morgenstern, R., G. Lundqvist, G. Andersson, L. Balk and J. W. DePierre (1984). "The 

distribution of microsomal glutathione transferase among different organelles, 
different organs, and different organisms." Biochem Pharmacol 33(22): 3609-
14. 

 
Morgenstern, R., G. Lundqvist, V. Hancock and J. W. DePierre (1988). "Studies on the 

activity and activation of rat liver microsomal glutathione transferase, in 
particular with a substrate analogue series." J Biol Chem 263(14): 6671-5. 

 
Morgenstern, R., J. Meijer, J. W. Depierre and L. Ernster (1980). "Characterization of 

rat-liver microsomal glutathione S-transferase activity." Eur J Biochem 104(1): 
167-74. 

 
Morgenstern, R., R. Svensson, B. A. Bernat and R. N. Armstrong (2001). "Kinetic 

analysis of the slow ionization of glutathione by microsomal glutathione 
transferase MGST1." Biochemistry 40(11): 3378-84. 

 
Mosialou, E., C. Andersson, G. Lundqvist, G. Andersson, T. Bergman, H. Jornvall and 

R. Morgenstern (1993). "Human liver microsomal glutathione transferase. 
Substrate specificity and important protein sites." FEBS Lett 315(1): 77-80. 

 
Mosialou, E. and R. Morgenstern (1989). "Activity of rat liver microsomal glutathione 

transferase toward products of lipid peroxidation and studies of the effect of 
inhibitors on glutathione-dependent protection against lipid peroxidation." Arch 
Biochem Biophys 275(1): 289-94. 

 
Mosialou, E. and R. Morgenstern (1990). "Inhibition studies on rat liver microsomal 

glutathione transferase." Chem Biol Interact 74(3): 275-80. 
 



 

  41 

Mosialou, E., F. Piemonte, C. Andersson, R. M. Vos, P. J. van Bladeren and R. 
Morgenstern (1995). "Microsomal glutathione transferase: lipid-derived 
substrates and lipid dependence." Arch Biochem Biophys 320(2): 210-6. 

 
Murakami, M., H. Naraba, T. Tanioka, N. Semmyo, Y. Nakatani, F. Kojima, T. Ikeda, 

M. Fueki, A. Ueno, S. Oh and I. Kudo (2000). "Regulation of prostaglandin E2 
biosynthesis by inducible membrane-associated prostaglandin E2 synthase that 
acts in concert with cyclooxygenase-2." J Biol Chem 275(42): 32783-92. 

 
Nicholson, D. W., A. Ali, J. P. Vaillancourt, J. R. Calaycay, R. A. Mumford, R. J. 

Zamboni and A. W. Ford-Hutchinson (1993). "Purification to homogeneity and 
the N-terminal sequence of human leukotriene C4 synthase: a homodimeric 
glutathione S-transferase composed of 18-kDa subunits." Proc Natl Acad Sci U 
S A 90(5): 2015-9. 

 
Rinaldi, R., E. Eliasson, S. Swedmark and R. Morgenstern (2002). "Reactive 

intermediates and the dynamics of glutathione transferases." Drug Metab 
Dispos 30(10): 1053-8. 

 
Samuelsson, B., R. Morgenstern and P. J. Jakobsson (2007). "Membrane prostaglandin 

E synthase-1: a novel therapeutic target." Pharmacol Rev 59(3): 207-24. 
 
Schmidt-Krey, I., Y. Kanaoka, D. J. Mills, D. Irikura, W. Haase, B. K. Lam, K. F. 

Austen and W. Kuhlbrandt (2004). "Human leukotriene c(4) synthase at 4.5 a 
resolution in projection." Structure (Camb) 12(11): 2009-14. 

 
Shibata, A., K. Furukawa, H. Abe, S. Tsuneda and Y. Ito (2008). "Rhodamine-based 

fluorogenic probe for imaging biological thiol." Bioorg Med Chem Lett 18(7): 
2246-9. 

 
Siritantikorn, A., K. Johansson, K. Ahlen, R. Rinaldi, T. Suthiphongchai, P. Wilairat 

and R. Morgenstern (2007). "Protection of cells from oxidative stress by 
microsomal glutathione transferase 1." Biochem Biophys Res Commun 355(2): 
592-6. 

 
Sun, T. H. and R. Morgenstern (1997). "Binding of glutathione and an inhibitor to 

microsomal glutathione transferase." Biochem J 326 ( Pt 1): 193-6. 
 
Svensson, R., C. Greno, A. S. Johansson, B. Mannervik and R. Morgenstern (2002). 

"Synthesis and characterization of 6-chloroacetyl-2-dimethylaminonaphthalene 
as a fluorogenic substrate and a mechanistic probe for glutathione transferases." 
Anal Biochem 311(2): 171-8. 

 
Svensson, R., R. Rinaldi, S. Swedmark and R. Morgenstern (2000). "Reactivity of 

cysteine-49 and its influence on the activation of microsomal glutathione 
transferase 1: evidence for subunit interaction." Biochemistry 39(49): 15144-9. 

 
Thoren, S., R. Weinander, S. Saha, C. Jegerschold, P. L. Pettersson, B. Samuelsson, H. 

Hebert, M. Hamberg, R. Morgenstern and P. J. Jakobsson (2003). "Human 
microsomal prostaglandin E synthase-1: purification, functional 
characterization, and projection structure determination." J Biol Chem 278(25): 
22199-209. 

 
Torres, J., T. J. Stevens and M. Samso (2003). "Membrane proteins: the 'Wild West' of 

structural biology." Trends Biochem Sci 28(3): 137-44. 
 
Tusnady, G. E., Z. Dosztanyi and I. Simon (2004). "Transmembrane proteins in the 

Protein Data Bank: identification and classification." Bioinformatics 20(17): 
2964-72. 

 



 

42 

Weinander, R., L. Ekström, C. Andersson, H. Raza, T. Bergman and R. Morgenstern 
(1997). "Structural and functional aspects of rat microsomal glutathione 
transferase. The roles of cysteine 49, arginine 107, lysine 67, histidine, and 
tyrosine residues." J Biol Chem 272(14): 8871-7. 

 
Vickers, P. J., M. Adam, S. Charleson, M. G. Coppolino, J. F. Evans and J. A. Mancini 

(1992). "Identification of amino acid residues of 5-lipoxygenase-activating 
protein essential for the binding of leukotriene biosynthesis inhibitors." Mol 
Pharmacol 42(1): 94-102. 

 
Zhang, H., L. H. Liao, S. M. Liu, K. W. Lau, A. K. Lai, J. H. Zhang, Q. Wang, X. Q. 

Chen, W. Wei, H. Liu, J. H. Cai, M. L. Lung, S. S. Tai and M. Wu (2007). 
"Microsomal glutathione S-transferase gene polymorphisms and colorectal 
cancer risk in a Han Chinese population." Int J Colorectal Dis 22(10): 1185-
1194. 

 
 
 


	1 INTRODUCTION
	1.1 DETOXIFICATION
	1.1.1 Xenobiotic compounds
	1.1.2 Reactive oxygen species

	1.2 GLUTATHIONE
	1.3 MEMBRANE PROTEINS

	2 GLUTATHIONE TRANSFERASES
	2.1 BACKGROUND
	2.2 SOLUBLE GLUTATHIONE TRANSFERASES

	3 MAPEG
	3.1 MGST1
	3.1.1 Background
	3.1.2 Activation of MGST1
	3.1.3 Catalytic mechanism
	3.1.4 The active site, is it one or three?

	3.2 MPGES1
	3.3 LTC4S
	3.4 FLAP
	3.5 MGST2 AND MGST3
	3.6 STRUCTURE OF MAPEG PROTEINS
	3.7 MAPEG MUTANTS

	4 METHODS USED IN THE PRESENT INVESTIGATION
	4.1 ENZYME KINETICS
	4.1.1 Stopped flow spectrometry
	4.1.2 Steady state kinetics

	4.2 EQUILIBRIUM DIALYSIS
	4.3 ELECTROSPRAY IONIZATION MASS SPECTROMETRY
	4.4 H/D EXCHANGE AND H/D FOOTPRINTING
	4.5 SITE DIRECTED MUTAGENESIS

	5 PRESENT INVESTIGATION
	5.1 CATALYTIC MECHANISM (PAPER 1)
	5.2 BINDING OF LIGANDS (PAPER 1 AND 3)

	6 CONCLUSIONS
	7 FUTURE PERSPECTIVES
	8 ACKNOWLEDGEMENTS
	9 REFERENCES

