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ABSTRACT

Interest in insect GSTs has focused on their role in conferring insecticide
resistance. Previously from the mosquito malaria vector Anopheles dirus, two genes
encoding five delta class GSTs have been characterized for structural as well as
enzymatic activities. We have obtained a new delta class GST gene and isoenzyme
from An. dirus which we named adGSTDS5-5. The adGSTDS5-5 isoenzyme was
identified and only detectably expressed in Anopheles dirus adult female. A putative
promoter analysis suggests this GST has an involvement in oogenesis. The enzyme
displayed little activity for classical GST substrates although it possessed the greatest
activity for DDT observed for delta GSTs. Moreover, a crystal structure showed
adGSTDS5-5 possessed an elongated and more polar active site topology compared to
other Delta GSTs. In addition to catalytic function, GST regulate JNK (c-Jun N-
terminal kinase) signal transduction by interaction with JNK itself or other proteins
upstream in the JNK pathway. We have studied GSTs and their interaction with
components of the JNK pathway from Diptera. We have evaluated the effects of all
six delta class adGSTs, D1-1, D2-2, D3-3, D4-4, D5-5 and D6-6, on the activity of
full-length recombinant Drosophila HEP (mitogen-activated protein kinase kinase 7;
where HEP stands for hemipterous) and the Drosophila INK, as well as the reciprocal
effect of these kinases on GST activity. Interestingly, these exerted different effects on
JNK activity. adGSTD1-1 inhibited JNK activity, whereas the other GST isoforms
activated JNK. All adGSTs were inhibited 50-80% by HEP or JNK but adGSTD1-1
was not inhibited by JNK. However, binding constants for HEP or JNK inhibiting a
GST were similar (20-70 nM). Upon GST-JNK interaction, both GST and JNK
underwent conformational changes and that affected their structural and catalytic
properties differently, an example is adGSTD1-1 which was stabilized by JNK
whereas adGSTD2-2 was not. Furthermore, the substrate specificities of both GSTs
and JNK were also altered after their co-incubation. In addition, glutathione modulated
the effects of JINK on GST activity.

These results emphasize that different adGST isoforms possess different
properties, both in their catalytic function and in their regulation of signaling through
the INK pathway.

KEY WORDS: ANOPHELES DIRUS GLUTATHIONE S-TRANSFERASE/
JUN-N TERMINAL KINASE
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CHAPTER 1
INTRODUCTION

1.1 Glutathione S-transferases

Glutathione S-transferases (EC 2.5.1.18; GSTs) are a superfamily of
multifunctional enzymes involved in normal cellular metabolism as well as the
detoxication of various hydrophobic endogenous and xenobiotic compounds (1). The
central importance of GSTs in detoxication lies in their unique capacity to conjugate
glutathione with a wide variety of compounds (2). This detoxification reaction is of
critical importance in cell survival. As a consequence, GSTs have been virtually
found in all organisms from mammals, insects, plants, yeasts and bacteria (3). The
two GST superfamilies are distinguished by being membrane-bound and cytosolic
GSTs, which are different in structure, activity, intracellular distribution, and

biological activity (4).

1.1.1 Membrane-bound GSTs

The membrane-bound enzymes have an evolutionarily different origin from
that of the cytosolic enzymes and three enzymes, microsomal GST I (MGST1),
leukotriene C4 (LTC4) synthase and microsomal GST II (MGST2), have been
identified (5-7). These three proteins are similar in size. With respect to amino acid
sequence, there is no apparent relationship between these three GSTs and any of the
known cytosolic GST enzymes (2,8). MGST1 is a homotrimeric integral membrane
protein that also forms part of the so-called MAPEG superfamily. This superfamily
contains structurally and phylogenetically related enzymes involved in detoxication,
protection from oxidative stress, and synthesis of prostaglandin E and cysteinyl
leukotrienes (9). LTC4 and MGST?2 are the only mammalian glutathione transferases

which have a clearly defined physiologic substrate, leukotriene A4. However, both
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LTC4 and MGST2 show a remarkable degree of sequence identity to the 5-
lipoxygenase activating protein as well as the small degree of sequence similarity with
the MGST1 noted above. Considerably less is known about structure and catalytic

mechanisms of the membrane-bound GSTs compared to the cytosolic GSTs.

1.1.2 Soluble GSTs

Cytosolic GSTs are extremely diversified and are grouped into a number of
classes based on their primary sequence similarity, substrate specificity,
immunological properties, tertiary structure and quaternary structure, which are
thought to originate from an ancient group of proteins. It is generally accepted that
GSTs share greater than 40% amino acid sequence identity within a class, and those
with less than 30% identity are assigned to separate classes (1,10). Each class is
composed of several subunits, of which the biologically active forms are either homo-
or heterodimeric proteins. The GST classes are designated as alpha, mu, pi, theta,
zeta, kappa and omega in mammal (10-14), sigma class in cephalopods and
arthropods (15), the phi and tau classes in plants (16), the delta and epsilon classes in
insects and the beta class in bacteria (17,18). Theta and zeta classes occur in plants,
insects and bacteria as well as in animals (19). A nomenclature has been agreed upon
for the human cytosolic enzymes which is, in principle, applicable to all vertebrate
glutathione transferases and extendible to insects, prokaryotes and other organisms
(10,20). For example, the human enzymes are named with respect to the class in
which they fall (A, M, P, K, or T for alpha, mu, pi, kappa, and theta) with their
subunit composition or isoenzyme type represented by Arabic numerals. For example,
a homodimer of type 1 mu subunits is M1-1 and the heterodimer of type 1 and 2 alpha
subunits is A1-2. The existence of numerous isoenzymes is largely responsible for the
broad substrate specificity of GSTs. Remarkably; additional breadth in specificity is
attained by the catalytic competency of any single GST toward a number of
chemically unique substrates.

A common feature of the GSTs is their ability to bind glutathione; another
property is their ability to recognize and detoxify compounds with diverse chemical
structures. The evolution of the GSTs in which relatively low binding affinities are

offset by broad substrate specificities constitutes an energy-efficient response to toxin
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exposure. Although substrate specificities are somewhat overlapping, the enzymes are
critical to eukaryotic organisms in that they display unique activities toward a variety
of harmful compounds (13). The heterogeneity of substrate specificity between
isoforms in any given class has significant physiologic and pathophysiologic
importance in detoxication of endogenous and exogenous compounds (21). The
natural evolution of GSTs has occurred by both convergent and divergent pathways
(15,22). The cytosolic enzymes are the best characterized examples of divergent
evolution. GSTs are expressed at high levels in mammalian tissues constituting 1 to
5% of the total soluble proteins (23,24).

Most GST classes are encoded by multigene families. The alpha, mu and pi
classes account for the majority of cytosolic GST activity in mammalian tissues (2).
Several enzymes belonging to the alpha and mu classes have been recognized, while
the pi class originally contained only one protein. These GSTs are expressed in
discrete tissue and species specific patterns (25). GST P1-1 has a widespread
distribution in most tumor cells and tissues but it is absent in liver. Whereas livers of
some species are rich in alpha and several mu-class GSTs (24).

Insect GSTs are of interest because of their important role in conferring
insecticide resistance (26) and in protecting cells against damage by oxidative stress
(27,28). Elevated GST levels have been detected in pesticide-resistant strains of
insects (29). Three major distinct classes, I, Il and III have been classified as insect
specific delta (D) (30-32), sigma (S) (33) and epsilon (E) class (28,34,35),
respectively. Delta class enzymes together with epsilon GSTs are implicated in
conferring resistance to insecticides (34). Sigma-class GSTs, however, are poorly
characterized and their exact biological function remains elusive. Delta class is so far
unique. It possesses both a cluster of intronless genes and genes with introns that
undergo alternative RNA splicing. Two of the GST genes (GSTd! and GSTsl) are
alternatively spliced to produce multiple transcripts with identical N-termini but
differing C-termini (30,32). Alternative splicing and the formation of hetero-dimers,

may add a further level of heterogeneity to this enzyme family.
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1.1.3 Anopheles dirus GSTs

In Anopheles dirus, a Thai malaria vector, five delta class GSTs isoenzymes
have been previously acquired and characterized for structural as well as functional
roles (32,36-39). The major adgstIASI gene (Anopheles dirus alternatively spliced
GST gene) of 7.5 kb encoded four alternatively spliced products; adGSTDI1-1,
adGSTD2-2, adGSTD3-3 and adGSTD4-4, derived from six exons, which share the
first two exons, and vary among four different exon 3 sequences (exon 3A-3D) (32).
They four spliceforms share an untranslated exon 1 and a translated exon 2 that codes
for 45 amino acids at the N-terminus. These two exons are spliced to one of four
alternative exons 3, namely 3A, 3B, 3C or 3D. This generates four different mature
transcripts coding for proteins of 209 to 219 amino acids that have been called
adGSTD4-4, adGSTD3-3, adGSTD2-2, and adGSTDI-1, respectively. These four
spliceforms therefore differ in their C-terminal amino acids, which possess 61-77%
amino acid identity (32,37). The upstream sequence of adgstiAS] gene yields a
mature transcript of adGSTDS5-5 (40). This gene organization is highly conserved
between An. dirus and An. gambiae (aggstia), with .80% nucleotide identity in the
coding region (30). The gene encoding adGSTD6-6 is in an unknown location. This
GST isoenzymes yielded very low enzymatic activities toward classical known GST
substrates, however, the putative element analysis reviewed this GST may involve in
development and cell differentiation (39). These six GSTs isozymes contain a highly
conserved glutathione binding region in the N-terminus, although the sequences at the
C-terminus are highly variable. These six adGST enzymes therefore possess distinct
enzyme kinetic properties toward substrates including insecticides and inhibitors
(37,39). However, they are all highly active for conjugating GSH toward the
traditional 1-chloro-2, 4-dinitrobenzene (CDNB) substrate compared to the other
insect GST classes (33,41).
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1.1.4 GST structure

The soluble GSTs exist as stable homo or hetero dimeric proteins of
approximately 50 kDa formed by association between subunits from within a given
GST class (42). The sequences and the known three-dimensional (3D) structures
suggest that these proteins share a common ancestry, although the precise details of
their evolution remain obscure. Three-dimensional structures of members of the
different classes of GST determined by x-ray crystallography over the last decade (43-
45) have provided insight into their catalytic mechanisms.

Numerous structures of mammalian GSTs have been described (3). These
include pi class (46-48), mu class (49) and alpha class (43,50). Non-mammalian GST
structures include ones from the bacterial beta class (51) and the plant phi and zeta
classes (52). Currently, only five structures of insect GSTs are known, which all
belong to the delta class. One from the Australian sheep blowfly Lucilia cuprina (53)
and four from the mosquito Anopheles dirus (36,40). Despite the low sequence
identity between classes (often less than 20%), crystallographic studies have indicated
that the overall polypeptide folding of the different classes of soluble GST is very
similar (44,54). Each GST monomer has an active site which contains two distinct
functional domains; the hydrophilic G-site that binds to the physiological substrate
glutathione (GSH) and an adjacent H-site which provides a hydrophobic environment
for binding to a variety of electrophilic substrates (2). The N-terminal domain or G-
site consists of four P-sheets with three flanking o-helices, adopting a Bofappa
topology. Helices al and a3 represent core secondary structural elements, whereas
helix a2 is a mobile surface-exposed helix (55). The C-terminal domain or H-site is
entirely a-helical, with helix a5 adopting a marked bend. There are five a-helices in
the pi and mu class (49,56) and six a- helices in alpha class in total (43) (Figure 1.1
A). Due to its high specificity for GSH, the G-site is highly conserved across all
GSTs. In contrast, the structure of the H-site governs the substrate specificity of a
particular GST, diversity in the H-site gives the GST family the ability to catalyze
reactions towards an exceedingly large number of structurally diverse substrates (23).

Structural investigations have revealed many features of the subunit interface
that are conserved in the members of the distinct GST classes (43) but the differences

that do exist among subunits of different classes make their interfaces incompatible.
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Interactions at the subunit interface contribute to the stabilization of the subunit
tertiary structures of GSTs, and the dimer is required to maintain functional
conformations at the active site on each subunit and the nonsubstrate ligand binding
(or ligandin) site at the dimer interface (57-59). Inter-subunit contacts occur between
domain I of one subunit and domain II of the other. The H-site is located in the
crevice between the two domains and makes a number of contacts with residues in
domain II, particularly along the face of the a4-helix and the C-terminal tail (Figure
1.1 B). Thus, domain II appears to provide structural elements for the recognition of
xenobiotic substrates and helps to define the substrate selectivities of the various
isoenzymes. The dimer interface of the GSTs features extensive hydrophobic and
hydrogen bonding interaction. The structural features at the dimer interface of the
GSTs appears to have evolved relatively recently suggesting at least two major areas
of interactions, a hydrophobic ball-and-socket and electrostatic interactions at the
subunit interface. The ball and socket feature known as “lock-and-key motif” is
highly conserved in the mammalian GST structures (54). This involves an aromatic
residue (Phe-52 in alpha, Phe-56 in mu and Tyr-49 in pi) termed the “key”, from the
loop preceding strand a3 and a hydrophobic “lock” from helices 04 and a5 of the
other monomer (60). Electrostatic interactions are formed as salt bridges by positive
charged residues, arginine, and negative charged residues, glutamate from both
subunits at the edge (43) as well as the top of the subunit interface (36,49).

In addition, there are many positions in GSTs that appeared to be sensitive
structural regions, for example the structural conformation of a6 and the proceeding
loop called the N-capping box motif (Ser/Thr-Xaa-Xaa-Asp) at Ser-150/Asp-153
(61,62) and the hydrophobic staple motif at Ile-149/Tyr-154 (63). These residues have
hydrogen bonds and hydrophobic interaction that play an important role for GST
folding and stability. Mutagenesis of residues in these motifs generate proteins more
unstable compared to the wild type. Furthermore, several studies reviewed the
importance of sensitive residues in the GST structure that modulates enzyme catalytic
activity as well as stability (64-69). Therefore, the dimerization of the GSTs not only
allow for the construction of a fully functional active site, part of which is situated
near the subunit interface, but also contributes to the stabilization of the subunit

tertiary structure.
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N-terminus C-terminus

Figure 1.1 GST structure (A) Three-dimensional structures of GST subunits
GST domains are distinguished by different colors (domain 1; blue, domain 2; pink).
The ligands are shown in CPK form, identifying the location of the active site. (B)
Quaternary structures of dimeric GST View of the GST dimers down the two fold
axis relating the two subunits. The major intersubunit interactions occur between

domain I of one subunit and domain II of the other subunit (2).
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1.1.5 The enzyme mechanism

Much emphasis tends to be placed on the primary structure at the N-terminus
because, within the classes, this region tends to be better conserved than others, as it
includes an important part of the active site. This region contains a catalytically
essential tyrosine, serine or cysteine residue that interacts with the thiol group of
GSH, thus lowering its pK, from its normal value of around 9.0 to a value of
approximately 6.0 to 7.0. This is thought to be a key component of catalysis in GSTs
(70,71). Enzyme catalysis scheme for GST involves GSH substrate binding to the
active site, GSH ionization to form a nucleophilic thiolate anion (GS), substrate
conjugation, product formation and product release (54,72).

GSTs are highly specific for GSH as the nucleophile but are notably
nonspecific with regard to structurally diverse electrophilic second substrates (4, 17).
Because the proteins are not designed to accommodate any particular substrate, and
each form exhibits broad specificity for binding of substrates and nonsubstrate ligands
(18), catalysis by GSTs is in many ways unique. Therefore, the activation of GSH for
reaction with diverse types of electrophilic centers is important for the function of
GSTs.

The function of the enzyme is to bring the substrate into close proximity with
glutathione (GSH) by binding both GSH and the electrophilic substrate to the active
site of the protein to activate the sulthydryl group on GSH, thereby allowing for
nucleophilic attack of GSH on the electrophilic substrate (R-X) (2). The pK, of its

sulhydryl group (-SH) is lowered from 9.0 to about 6.0 to 6.5. A general form of the
reaction is expressed thus: GSH + R-X — GS-R + HX, where R is the substrate with
electrophilic group X. The enzyme uses the binding interactions with GSH to activate

sulfur for nucleophilic attack.

O
i NO; NO;
C-Glycine
GST o)
SH-CH,-CH + — 1
\ C-Glycine
HN-y-Glutamyl NO, NO,
cl S-CHy-CH
. N\
(GSH) 1-Chloro-2, 4-dinitobenzene HN-v-Glutamyl
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The binding of substrates by alpha, mu and pi class GSTs occurs by an accelerating,
multi-step mechanism depending on an increase of flexibility in critical regions of the
structure, that enables rapid access, optimal orientation for conjugation and
subsequent product release (73).

GSTs normally use hydroxyl group containing residues in the N-terminal
domain of the enzyme to stabilize the activated form of the co-substrate, glutathione,
except beta class GSTs for which the origin of the stabilization remains a mystery. A
conserved tyrosine residue near the N-terminus in Alpha, Mu, Pi and Sigma class
GSTs and a similarly located serine or threonine residue in Theta class GSTs have
been shown to be important in catalysis, probably by stabilizing the GSH thiolate
anion (54,74). In mammalian GSTs, a conserved tyrosine hydroxyl group is
responsible for promoting the formation of a thiolate anion in GSH. It has been
demonstrated for alpha-, mu-, and delta-class GSTs that a proton is released by GSH
upon binding to the enzyme (75). However, in the human theta class GST, it is a
serine residue that provides the hydroxyl group (76), similar to that found in insect
delta (36) and plant phi class GSTs. Unlike other eukaryotic GSTs, the mammalian
GSTO 1-1 and the bacterial beta class GST has a molecule of GSH covalently bound
to a cysteine residue (12). Nevertheless, mutational studies have demonstrated that
none of the tyrosine, serine or cysteine residues located in the N-terminal domain of
Proteus mirabilis GST (PmGST) BIl-1 are directly involved in its catalytic

mechanism (77).

1.1.6 GST functions

GSTs are expressed qualitatively and quantitatively at various constitutive
basic levels in most mammalian tissues but are also involved in normal cellular
metabolism as well as the detoxication of various hydrophobic endogenous and
xenobiotic compounds (1). The central importance of GSTs in detoxication lies in
their unique capacity to conjugate glutathione with a wide variety of compounds (2).
This detoxification reaction is of critical importance in cell survival. In addition,
several other functions of GSTs have been recently discovered; for example, they are
involved in the binding and transport of non-substrate hydrophobic ligands (1) and in

a range of physiological roles such as signal transduction, gene regulation and
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apoptosis (23). Thus, GSTs can be considered as multi-functional enzymes devoted to

various aspects of cell defense.

1.1.6.1 Role of GSTs in Glutathione conjugation and detoxification

The enzyme detoxification of xenobiotics has been classified into three
distinct phases, which act in a tightly integrated manner. Phases I and II involves the
conversion of a lipophilic, non-polar xenobiotic into a more water-soluble and less
toxic metabolite, which is catalysed mainly by the cytochrome P450 system and GSTs
respectively (3,23). GSTs catalyze the reaction of glutathione with a wide variety of
organic compounds to form thioethers, a reaction that is a first step in a detoxification
process leading to mercapturic acid formation, thereby decreasing the compounds’
reactivity with cellular macromolecules. These conjugation products increase the

compounds solubility and excretion from the cell (44).

1.1.6.2 Role of GST in binding and transport of non-substrate
hydrophobic ligands.

In addition to their enzymatic roles, GSTs bind to large lipophilic
molecules (molecular masses >400 Daltons). These ligands include such molecules as
hemin, bilirubin, bile salts, steroids, thyroid hormones, fatty acids and a wide variety
of drugs and xenobiotics, which represents a potentially important mechanism of drug
resistance. GSTs are involved in the intracellular uptake and/or storage as well as
rapid transport of a great variety of these hydrophobic non-substrate compounds in the

aqueous phase of the cell (78,79).

1.1.6.3 Role of GST in gene regulation and apoptosis

Besides their roles in conferring insecticide resistance, GSTs can
display glutathione peroxidase activity under conditions of oxidative stress and are
further implicated in physiological roles such as signaling, cell proliferation,
differentiation and apoptosis by protecting against oxidative damage (33,80). The
expression of some mammalian GSTs increases in response to chemical and oxidative
stress (12) and indeed it was also recently reported that the Sacharomyces pombe

gst2+ promoter is induced by oxidative stress (31).
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Because the Bcl-2 family member Bax regulates programmed cell
death by promoting apoptosis (8), a role for GST theta in regulation of apoptotic cell
death has also been suggested following its identification as a Bax-interacting protein
(9). It has also been reported that certain GSTs (class Theta) may inhibit the
proapoptotic action of Bax (18), and the most recently discovered class omega, GST
O1-1, modulates calcium channels, thus protecting mammalian cells from apoptosis
induced by Ca®" mobilization (19).

Other interactions of GSTs to alter intracellular signal transduction
events have been reported. Most often these implicate GST in the regulation of the
Jun N-terminal kinase (JNK) signal transduction pathway. JNK is a member of the
MAPK family which is conserved across all eukaryotes ranging from yeast and
insects to mammals (81-84). GSTs have been shown to be involved with stress kinase
response in studies of the mammalian GST pi that served as a JINK (Jun N-Terminal
kinase) regulatory protein through GST inhibition of JNK activity (85). A mu class
GST similarly interacted and inhibited ASK1 (Apoptosis signal-regulating kinase 1)
which is an upstream kinase of JNK participating in cell death (86). Moreover, a small
stress response protein (p28) was identified as a GST-like protein related to theta class

GSTs based on sequence homology and protein activity (87).

1.1.7 GST inhibitors

The currently existing GST inhibitors tend to fall into three classes,
determined by their binding site on the protein and mechanism of inhibition. The first
of these are analogues of electrophilic substrates, which bind in the hydrophobic
region of the active site (H-site) and competitively inhibit the binding of hydrophobic
electrophiles. Second are glutathione conjugates, which occupy both the glutathione
binding site (G-site) and at least part of the H-site, and are typically competitive with
respect to both glutathione and hydrophobic substrate. Third, a collection of
compounds referred to as nonsubstrate ligands are noncompetitive inhibitors of the
GSTs. These inhibitors are typically hydrophobic anions and include endogenous
compounds such as porphyrins and bile acids and such exogenous compounds as
sulfated organic dyes. The binding site of this group of inhibitors has historically been

called the ligandin site, and its location remains uncertain; however, it may lie at one
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edge of the H-site or within the wide cleft between the two subunits of the GST
dimer. These nonsubstrate ligands are unique among the GST inhibitors in that they
elicit noncompetitive inhibition with respect to both glutathione and electrophilic

substrate (88).

1.2 c-Jun NH,-Terminal Kinases Mitogen-Activated Protein Kinases

(JNK MAPK)

External stimuli play a major role in regulating intracellular processes such as
gene expression, cell survival, cell growth, cell differentiation and cell death.
Examples of these stimuli include cell-cell and cell-extracellular matrix adhesion and
mechanical forces, in addition to the exposure to soluble factors such as growth
factors, hormones and cytokines. Mammalian cells respond to extracellular stimuli by
activating members of the mitogen-activated protein kinase (MAPK) family, which
include the extracellular signal regulated kinases (ERK), the Big MAPK
(BMK/ERKY), the 38 kDa protein kinases (p38) and the c-Jun N-terminal kinases
(JNK)/ Stress activated protein kinase (SAPK) (89). These different MAPKs can be
activated in response to specific stimuli, define independent signaling pathways, and
can subsequently regulate specific substrates. Whereas ERK is activated mainly by
mitogenic stimuli in response to hormones and growth factors (90), BMK/ERKS, p38
and JNK/SAPK are activated mainly by inflammatory cytokines or stress stimuli such
as lipopolysaccharide (LPS), heat shock, hyperosmolarity, and radiation (84,91,92).

The MAPKs are serine/threonine kinases that are activated by dual
phosphorylation of threonine and tyrosine residues of the Thr-X-Tyr segment in a
loop located adjacent to the active site (84). MAP kinases comprise a group of
intracellular signal transduction enzymes that allow a cell to respond to such stimuli.
The transmission of signals is achieved by sequential phosphorylation and activation
of the pathway kinase components specific to a respective cascade. The MAPK
cascades are typically organized in a three-kinase architecture consisting of a MAPK,
a MAPK activator (MEK, MKK, or MAPK kinase), and a MEK activator (MEK
kinase [MEKK] or MAPK kinase kinase). Phosphorylation of each MAP kinase is
carried out by specific kinases upstream of the MAP kinase. Activated MAP kinases
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then phosphorylate various substrates, including transcription factors, which in turn
regulate the expression of specific sets of genes and thus mediate a specific response
to the stimulus (Figure 1.2).

The Jun-N-terminal protein kinase (JNK) family of enzymes is conserved
across all eukaryotes ranging from yeast and insects to mammals (91). JNK has been
implicated in a variety of biological processes in response to stress including
inflammation, apopotosis, development and tumorigenesis (84,93). JNK is activated
by treatment of cells with cytokines (e.g. TNF and IL-1) and by exposure of cells to
many forms of environmental stress (e.g., osmotic stress, redox stress and radiation).
JNK activation requires dual phosphorylation in the conserved motif Thr-Pro-Tyr,
which is brought about by two dual specificity protein kinases, MAP kinase kinases
MKK4 and MKK?7 [also called JNK kinase (JNKK) 1 and 2, respectively]. The
MKK4 protein kinase also functions as an activator of p38 MAP kinase in vitro (94).
In contrast, MKK7 functions as a specific activator of INK (95-97). The activation of
JNK relays extracellular cues to transcription factors such as c-Jun (98), ATF2 (99)
and Elkl (100), thereby regulating gene expression, cellular homeostasis,

differentiation, apoptosis and cell death (Figure 1.3).
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Figure 1.2 The mammalian MAPK signaling pathways Mitogen-activated protein
kinases (MAPKSs) are generally activated by a conserved type of signaling pathway
and are involved in many cellular programs such as cell proliferation, cell
differentiation, cell movement and cell death. MAPKs are activated by
phosphorylation on threonine and tyrosine residues by dual specificity MAPK kinases
(MAPKKSs). MAPK signaling cascades are organized hierarchically into three-tiered
modules. MAPKs are phosphorylated and activated by MAPK-kinases (MAPKKs),
which in turn are phosphorylated and activated by MAPKK-kinases (MAPKKKSs).
The MAPKKK is in turn activated by interaction with a family of small GTPases
and/or other protein kinases connecting the MAPK module to the cell surface receptor

or external stimuli (84).
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Figure 1.3 Mammalian JNK MAPK cascade JNKs are activated by a variety of
environmental stresses, inflammatory cytokines, growth factors and G-protein
coupled receptors (GPCR) agonists. Stress signals are delivered to this cascade by
members of small GTPases of the Rho family (Rac, Rho, cdc42). As with the other
MAPKs, the membrane proximal kinase is a MAPKKK, typically MEKK1/4, or a
member of the mixed lineage kinases (MLK) that phosphorylates and activates
MKK4 (SEK) or MKK7, the SAPK/INK kinases. Alternatively, MKK4/7 can be
activated by a member of the germinal center kinase (GCK) family in a GTPase-
independent manner. SAPK/INK translocates to the nucleus where it regulates the

activity of several transcription factors such as c-Jun, ATF-2 and p53 (92,101).
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In mammals, the JNK protein kinases are encoded by three genes, jukl, jnk2
and jnk3. The jnkl and jnk2 genes are ubiquitously expressed. In contrast, the jnk3
gene is selectively expressed in the brain, heart, and testis. These genes are
alternatively spliced to create four JNK1 isoforms, four JNK2 isoforms, and two
JNK3 isoforms which are expressed as 46 kDa and 54 kDa protein kinases due to the
differential processing of the 3’ coding region of the corresponding mRNA (102).
Although, studies in Drosophila indicate there is only one JNK (DJNK) (103),
components of the JNK signaling pathway are conserved in mammals and insects
(96,104-107). MKK7 is a homolog of hemipterous (HEP), which has been defined by
biochemical and genetic analysis as an activator of DJNK in Drosophila
(96,103,105,107). Furthermore, there is conservation of at least one target of the JNK
signaling pathway, the Jun transcription factor which is encoded by the c-Jun and
DJun genes in mammals and insects, respectively. The identification of a JNK
homolog in Drosophila, DINK, has established a useful model for the genetic analysis
of the JNK signal transduction pathway and has been confirmed by several recent
studies including the morphogenetic process of dorsal closure (DC), the insect
immune response, photoreceptor determination and the establishment of tissue

polarity (Figure 1.4) (105,108-110).
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Figure 1.4 The Drosophila JNK pathway controls dorsal closure and planar
polarity. During dorsal closure, the JNK signaling pathway is activated in the leading
edge (LE) by an unknown signal, and one important outcome of this signaling activity
is the induction of dpp (the product of which is a TGF-b homolog) expression in these
cells. This coupling of JNK and dpp signaling pathways is proposed to control
morphogenesis of the more lateral ectodermal cells by the dpp pathway. In addition to
JNK signal transducers, membrane-associated proteins participate in the elaboration
of normal JNK and cytoskeletal activities to realize a concerted movement. In planar
polarity, the coupling of frizzled/disheveled and JNK activities signals the correct
arrangement of cells within the plane in the eye imaginal disc. Arrows indicate
activation and lines ending in a bar represent repressor functions. bsk, basket; Cno,
Canoe; Cor, Coracle; Dlg, Discs large; DSH, dishevelled; Fz, Frizzled; hep,
hemipterous; nrx, neurexin; msn, misshapen; puc, puckered; put, punt; shn, schnurri;

tkv, thickveins (93,111).
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1.2.1 JNK MAPK structure

JNK MAPKSs, are serine/threonine protein kinases containing 11 protein
kinase subdomains (102). These motifs comprise the conserved features of protein
kinases, namely ATP as well as peptide substrate binding regions, and maintain the
conserved protein kinase three-dimensional fold. The protein kinase activation loop is
located between domains VII and VIII between the conserved amino acid motifs DFG
and APE. Within this loop are the threonine and tyrosine that must be phosphorylated
for full kinase activation. The JNK MAPKs are made complex by the alternative
splicing of three JNK genes to produce ten different isoforms. There is one splicing
site, between subdomain IX and X of the JNKI1 and JNK2 gene, and the resulting
splice forms show altered substrate specificity (102). The second alternative splicing
occurs at the C-terminus of the protein, producing proteins which differ in length by
42 or 43 amino acids (i.e. the typical 46 and 55 kDa proteins originally noted, and the
total number of amino acid in each isoform is indicated).

Insight into the function of JNK protein kinases has recently been achieved
through the determination of the atomic structure of JNK3. The structure of the
inactive JNK3 in the presence of non-hydrolyzable ATP analog is shown in Figure
1.5. The overall structure is typical for protein kinases and is similar to other MAPK,
which consists of two domains with an active site cleft. The small N-terminal lobe
(predominantly anti-parallel B-sheets; subdomains I-1V) aids in the orientation and
binding of ATP. The larger C-terminal lobe (predominantly a-helices; subdomains
VIA- XI) acts in peptide substrate recognition as well as anchoring the phosphate of
Mg*+ ATP (112). The defining motif of all ten JNK MAPK isoforms is the amino
acid sequence Thr—Pro—Tyr (T-P-Y) within the activation loop in kinase subdomain
VIII (102). One significant difference between JNK3 and other MAPK is that the
ATP binding site is well-ordered in the inactive structure. The low activity appears to
result from misalignment of active site residues and the location of the T-loop, which
blocks access of substrates to the active site. MAPKK activates JNK by
phosphorylation of the T-loop on Thr and Tyr. The mechanism of JNK activation by
dual phosphorylation is unclear, but it is thought that this phosphorylation may alter
the structure of the T-loop and cause realignment of the NH,- and COOH-terminal

domains to create a functional active site (112).
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Figure 1.5 Structural features of the JNK MAPKSs The crystal structure of JNK3-1
is illustrated. The JNK MAPKSs are typical serine/threonine protein kinase containing
all 11 protein kinase subdomains as indicated (I-XI). The N- and C-terminal lobes as
well as the activation loop are indicated. The arrow shows the position of the bound
Mg*"AMP-PNP, indicating the ATP-binding site. The coordinates of the JNK3
structure have been deposited in the Protein Data Bank with accession code 1JNK
(112).

1.2.2 JNK MAPK function

Mitogen-activated protein kinase signaling pathways relay, amplify and
integrate signals from a diverse range of extracellular stimuli, thereby controlling the
genomic and physiological response of a cell to changes in the environment. In
mammalian systems, these responses include cellular proliferation, differentiation,
development, the inflammatory response and apoptosis. JNK represents one subgroup
of MAP kinases that is activated primarily by cytokines and exposure to
environmental stress. A traditional biochemical approach to understanding JNK
MAPK function has focused on the identification of the JNK MAPK-specific

substrates (102). These substrates are predominantly transcription factors, thus



Rungrutai Udomsinprasert Introduction / 20

suggesting that the effects of INK MAPKs can be mediated by changes in gene
expression. The results of these types of studies taken together illustrate the complex
roles that JNK MAPKs have been shown to play in cell death, cell survival and cell
growth. In addition, the role of JNK in the embryonic morphogenesis as well as

immune response has been reviewed (93).

1.2.2.1 Role of JNK in regulation of gene expression

An example of JNK-regulated gene expression is the phosphorylation
of transcription factors within their activation domains, leading to increased
transcriptional activity (94). Not only are MAP kinases capable of affecting gene
expression via intermediary kinases and by phosphorylating proteins in the cytoplasm,
but MAP kinases also translocate to the nucleus where they are able to phosphorylate
transcription factors to regulate their activities (113). A major target of the JNK
signaling pathway is the activation of the AP-1 (Activator protein-1) transcription
factor that is mediated, in part, by the phosphorylation of c-Jun and related molecules.
c-Jun, acting within the activator-protein-1 (AP-1) complex, has been implicated in
various cellular processes, ranging from cell proliferation and differentiation to
neoplastic transformation (94). The AP-1 family (activating protein-1) of transcription
factors including c-Jun (98), c-Fos (114), and ATF-2 (99) are leucine zipper proteins
that form homodimers and heterodimers when activated to bind to DNA (115).
Activation of JNK causes phosphorylation of c-Jun on residues Ser-63 and Ser-73
within its N-terminal activation domain (94,98), whereas the phosphorylation by
ERK1/2 takes place on the C-terminal inhibitory sites (98). Phosphorylation at the N-
terminal sites results in increased stability of c-Jun and an increase in its
transactivation potential and DNA binding affinity (98); phosphorylation of the C-
terminal sites inhibits DNA binding (101). Although c-Jun is an exclusive JNK
MAPK substrate, JNK MAPKs can also phosphorylate and activate other
transcription factors including activating transcription factor (ATF2) (99). ATF2 is a
JNK MAPK substrate that heterodimerises with c-Jun and stimulates expression of
the c-jun gene. Therefore, through activation of both c-Jun and ATF2, JINK MAPKs
can regulate the abundance and activity of c-Jun. Elk-1 is another direct INK MAPK

target (100), and it is involved in the induction of the c-fos gene, whose product forms
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the AP-1 heterodimer with c-Jun (94). Again this shows that INK MAPK has the
potential to regulate transcriptional activity at multiple levels. However, in the cases
of the transcription factors ATF2 and Elk-1, it should be noted that other protein
kinases can lead to their phosphorylation and activation (92,101). Specifically, ATF2
may also be phosphorylated by p38 MAPKs whereas Elk-1 may also be
phosphorylated by both ERK MAPKSs and p38 MAPKs. Thus, there is the possibility
of cross-talk between the MAPK pathways at the level of their transcription factor
substrates.

Not only is the induction of c-jur and c-fos transcription dependent on JNK,
but Jun and Fos can induce the transcription of xenobiotic-metabolizing enzymes such
as GST (116). Thus, c-Jun is directly involved in GST pi expression in vivo (117).
This suggests a role of JNK in the induction of a cellular defense program against

cytotoxic xenobiotics.

1.2.2.2 Role of JNK in regulation of cell death and survival

A balance between signaling pathways was proposed to dictate the
cellular decisions of death or survival. It has been reported that JNK is activated by
many pro-apoptotic stimuli (94). Since apoptosis can be considered to be a form of
stress, it is possible that JNK activation may occur in response to the stress of
apoptosis. JNK anti-sense oligonucleotides inhibit apoptosis and JNK signaling was
found to activate caspases that are known to mediate cell death (118). A more
perplexing idea is JNK not only contributes to some apoptotic responses; INK MAPK
activation might enhance cell survival under some circumstances for example, JNK
MAPK activation enhances cell survival in response to TNF-a (119), protects HelLa
cells from apoptosis following photodynamic therapy (120), and protects myocytes
from nitric oxide-induced apoptosis (121). This is partly because the JNK-dependent
apoptotic signaling pathway can be blocked by activation of survival signaling
pathways (122).

How can JNK mediate both pro-apoptotic and antiapoptotic signals?
One possibility is that this difference simply reflects the properties of different cell
types; however, INK-dependent and JNK-independent apoptotic pathways have been
defined in the same cell type (119). A second possibility is that different JNK
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isoforms do not mediate the same signal. Evidence in favor of this possibility derives
from the finding that, in small cell lung cancer cells, dominant negative JNK1 inhibits
UV-induced apoptosis, while dominant negative JNK2 is ineffective (123). A third
possibility is that the biological effects of INK depend on the state of activation of
other signaling pathways within the cell, which implies that JNK provides a

permissive rather than an instructive signal.

1.2.2.3 Role of JNK in regulation of Embryonic Morphogenesis

The fruit fly Drosophila melanogaster has its own isoforms of Jun (D-
Jun), INK MAPK (Basket, Bsk) and direct upstream activators of JNK MAPK
(Hemipterous, Hep; Misshapen, Msn) (104). These components possess sequence
similarities to the mammalian homolog MAPK proteins functioning in a concerted
signal transduction pathway to regulate gene expression and cytoskeletal remodeling
during embryogenesis. Drosophila INK MAPKs play roles in mediating immune and
inflammatory responses, as well as developmental processes (124). JINK MAPK
compartments regulate at least two morphogenetic processes of dorsal closure and
thorax closure in the embryo, and is also activated by the insect immune response
regulator, lipopolysaccharide (93). In particular, mutations in JNK pathway
components disrupt a morphogenetic process referred to as dorsal closure. The
sequence and pathway similarities between Drosophila and mammalian JNK MAPK
pathways suggest that studies in Drosophila may provide useful clues regarding JNK

MAPK regulation in mammals.

1.2.3. Mechanism of JNK MAPK regulation

In living cells, a large number of molecules should fulfill their specific
mission in an appropriate time and place, independently of, or coordinated with other
molecules. As all MAPKs phosphorylate very similar motifs conforming to the
minimal consensus sequence Ser/Thr-Pro, and as many MAPK substrates contain this
motif, the question arises as to how the reactions between MAPKs and their
interacting molecules take place correctly. To avoid undesirable outcomes, each
molecule must react with appropriate partners. Such a variety of molecules must

transduce signals with high efficiency and specificity. Then mechanisms would be
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required to arrange and maintain such complicated systems. There are two main
mechanisms regulating the signal transduction in the MAP kinase cascades: the
docking interaction and the scaffolding. The docking interactions achieved through
specific conserved regions on MAPKs and MAPK-interaction molecules. Scaffolding

generally requires a third molecule to tether enzymes and substrates.

1.2.3.1 Docking interaction of JNK MAPK

One mechanism regulates the formation of MAP kinase complexes via
interactions with specific docking sites present in transcription factors, protein
kinases, protein phosphatases, scaffold proteins, and substrates (125). These docking
sites are evolutionarily conserved, and serve to regulate specificity and enhance signal
transduction. Several docking sites on MAP kinases have been identified (CD and ED
domains). The carboxy-terminal common docking (CD) motif is found in all known
MAP kinase family members in a region distinct from the catalytic site (126). This
motif contains acidic and hydrophobic residues that interact directly with targeting
domains in MAP kinase kinases, dual specificity phosphatases and MAP kinase
substrates (126,127). However, the CD domain alone does not determine docking
specificity. A second conserved sequence, termed the ED site, functions together with
the CD domain to regulate docking specificity (128). Like the CD motif, the ED motif
is located on the opposite side of MAP kinases with respect to the active site and these
motifs may form a ‘docking groove’ on their surface. It should be noted, however,
that the CD motif is not essential under some conditions and that additional
determinants of docking specificity exist (127). For example, the amino-terminal
region of MAP kinases (129) and the carboxyl terminal helix within subdomain III
can contribute to docking specificity (130).

In addition to the docking domains related to those found in
transcription factors, other determinants have been identified in substrates that
contribute to MAP kinase specificity (125). The most widely characterized of these is
the D-domain, which is a hydrophobic Leu—Xaa—Leu (LXL) or Leu—Xaa—Leu—Xaa—
Leu (LXLXL) motif separated by 2—6 residues from a cluster of at least two basic
residues (Lys, Arg) (125). Leu can also be replaced by other hydrophobic residues.

Recently, the basic and hydrophobic residues of the D-domain have been shown to be
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important ~ for  recognition, binding, specificity, and  phosphorylation
(126,127,131,132). Similarly, the Phe—Xaa—Phe—Pro (FXFP motif) targeting domain,
which can be critical for phosphorylation by ERK, does not appear to contribute to
docking and phosphorylation by JNK. Furthermore, a recent study has demonstrated
that the location of targeting domains within a substrate directs the phosphorylation of

specific residues in the substrate (133).

1.2.3.2 Scaffold proteins

There are two kinds of scaffolding mechanisms; a third molecule is
required and an enzyme serves as a scaffold for assembling the other enzymes. JNK-
interaction protein (JIP), the mammalian well-known scaffold protein, acts as the third
molecule that organizes specific members of the INK MAPK cascade to facilitate
signaling. The JIP family consists of three members, JIP-1, 2 and 3. JIP-1 associates
with JNK, MKK?7 and members of the mixed-lineage protein kinase (MLK) group
(134). However, over expression of JIP-1 also shows the capacity to inhibit JNK
MAPK signaling either by inhibiting JNK MAPK activity or by altering subcellular
localization (135), which prevents the phosphorylation of transcription factors such as

c-Jun and ATF2 (81).

1.2.4 JNK inhibitors

While JNK is activated by phosphorylation of specific Thr and Tyr residues by
MAP kinase kinases (variously referred to as MAPKKs, MKKs of MEKS5s), it can be
inactivated by dual specificity Ser/Thr/Tyr MAP kinase phosphatases (MKPs) (136).
These MKPs are able to inactivate JNK, although their relative specificities towards
the JNK, p38 and extracellular-signal-regulated kinase (ERK) MAP kinases differ
between MKP isoforms (94,102). This pathway appears to be conserved in
Drosophila, since Drosophila JNK (DJNK) signaling induces the expression of the
MKP homolog puckered (puc) (108). It is likely that there are additional mechanisms
that are able to suppress signaling by JNK protein kinases. For example, the JNK
protein kinases are inhibited by interaction with the cytoplasmic protein JNK
interacting protein 1 (JIP-1) (135). Overexpression of JIP-1 causes cytoplasmic

retention of JNK and inhibition of the JNK signaling pathway (135). GPS2 (G-protein
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pathway suppressor-2) was also recently shown to suppress JNK activation by
association with HTLV-I Tax oncoprotein and suppresses Tax- and tumor necrosis
factor (TNFa)-mediated activation of JNK1. (137). In addition, GSTs has also been
reported to inhibit the INK pathway (85,86).

1.3 GST and JNK interactions

JNK pathway components and GSTs are evolutionally conserved across
mammals and insects. Different mammalian GST classes such as GST pi and GST mu
have been reported to interact with different stress kinase proteins in the JNK
pathway. For example, GST pi is a JNK regulatory protein, and its association with
JNK maintains a low basal level of JNK activity in the non-stressed cell (85). GST
has been linked to the regulation of stress induced cell signaling by inhibition of c-Jun
N-terminal kinase (JNK) through direct protein-protein interaction of the GSTPI
monomer (85,138). Inhibition of INK by GSTP has been demonstrated in vitro using
embryonic fibroblasts from mice with a GSTP-null (GstP1/P2(-/-)) genotype;
moreover fibroblasts from null mice exhibited a higher basal JNK activity compared
with those from wild type mice (85). The lack of GST pi also increased constitutive
JNK activity in vivo and therefore regulated the expression of genes that were specific
downstream targets of the JNK pathway (139). The association between GSTP and
JNK has also been demonstrated from recent studies that utilized apoptosis in cell
lines as a measure of JNK activation. Ishisaki et al.(140) determined that the
protection of dopaminergic neurons against dopamine-induced apoptosis was
mediated by an increase in the expression of GSTP and the subsequent suppression of
JNK activity. Conversely apoptosis was shown to increase in a human leukemia
Jurkat cell line following etoposide treatment, which was attributed to the
dimerization of GSTP1-1 resulting in the release of JNK from the GSTP-JNK
complex and thus increased JNK activity (141). Moreover, GST pi coordinates
ERK/p38/IKK activation as part of the mechanism underlying its ability to elicit
protection against H20O2-induced cell death (142). In addition, GST mu interacts with
Apoptosis Signal-regulating Kinase 1 (ASK1), an upstream activating kinase of JNK
that participates in cell death (86).
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1.4 Background and Objectives

In Anopheles dirus, two genes encoding five GST isoenzymes from Delta
class have been previously acquired and characterized for structural as well as enzyme
activities (32,36,37,39). New Delta class GST isoenzyme from Anopheles dirus
species B which we named adGSTD5-5 (in insect GST nomenclature, “D” refers to
the Delta class and “5-5” refers to the homodimeric isoenzyme (10,20) has been
identified (40). The adGSTDS5-5 was thus characterized. Moreover, we now have six
adGST enzymes to characterize the non-enzymatic role involve the GST regulation of

the JNK pathway.

1.4.1 Enzymatic study of adGSTDS5-5

With the aid of several colleagues, the adGSTDS5-5 was characterized from
gene to protein function. The availability of the An. dirus genome sequence has
enabled a putative promoter prediction. The adGSTD5-5 enzyme was expressed and
studied for structural as well as functional characteristics. Moreover, an adGSTD5-5

crystal structure was also obtained.

1.4.2 GST and JNK interaction study

In mammalian systems, GST regulates JNK signal transduction by interaction
with JNK itself or other proteins upstream in the JNK pathway. This study was
focused on GSTs and their interaction with components of the JNK pathway from
Diptera. The effects of six delta class Anopheles dirus GSTs, adGSTDI1-1, D2-2, D3-
3, D4-4, D5-5 and D6-6 on the activity of full-length recombinant Drosophila HEP
(MAPKK?7) and the Drosophila INK as well as the reciprocal effect of these kinases

on GST activity was evaluated.
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CHAPTER 2
MATERIALS and METHODS

2.1 Preparation of DNA constructs

The six Delta class GSTs isoenzymes from Anopheles dirus GSTs (adGSTs);
adGSTD1-1, D2-2, D3-3, D4-4, D5-5 and D6-6, wild type and mutant forms of D3-3
and D4-4 were cloned into a pET3a vector (32,37,65-67,143) as shown in Figure 2.1.
The recombinant proteins in the Drosophila INK pathway consisting of Drosophila
HEP (HEP; Genbank accession number AAB63449.1), Drosophila JNK (JNK and
also known as basket; Genbank accession number AAB97094.1) and the
transactivation domain of Drosophila Jun (amino acids 1-104; Jun 1- 104; Genbank
accession number P18289) were obtained by RT-PCR from adult Drosophila
melanogaster. The PCR products were then cloned into a pET28b vector (Stratagene)
as shown in Figure 2.2. The HEP recombinant plasmid was also used as the template
for site-directed mutagenesis method to construct a constitutively-active HEP mutant
(HEP3g). The mammalian MKK7-f1 isoform mutant (MKK73;g) has constitutive
kinase activity following the substitutions of Ser””', Thr*” and Ser’’’ to Glu (144), we
therefore altered the three homologous residues (Ser’”®, Thr**? and Ser’™) of
Drosophila HEP to Glu by two step PCR using a Quik Change™ Site-Directed
Mutagenesis kit (Stratagene). All recombinant clones were identified by restriction
digest of the plasmids and confirmed by full-length sequencing in both directions

using a BigDye™ Terminator Cycle Sequencing Kit (Perkin—Elmer).
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Ndel (551)
adgstD4-4

de
pET3a-adgstD4-4 Ndel (1214)

5303 bp

Amp®

Figure 2.1 Construction of the adgstD4-4 sequence in the pET3a vector The
figure illustrates the recombinant plasmid containing the adgstD4-4 gene cloned into
the pET3a vector. The pET3a contains the ampicillin resistant gene for screening and

T7 promoter for expression.

Sall(6257)

Nddel (6145)
Ndel (5753)
DINKFL

Kan®

pET28b-DJNK
6439 bp

Figure 2.2 Construction of the Drosophila JNK sequence in the pET28b vector
The figure illustrates the recombinant plasmid containing the Drosophila INK gene
cloned into the pET28b vector. The pET28b contains the kanamycin resistant gene for

screening and T7 promoter for expression.
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2.1.1. Plasmid preparation

All plasmids including pET3a, pET28b, pGL2-Basic and recombinant
plasmids were extracted using a cetylmethylammonium bromide (CTAB) plasmid
mini preparation method. The procedure was performed using a single colony of E.
coli inoculated in 3 ml LB broth containing 100 pg/ml ampicillin and grown at 37 °C
with 200 rpm shaking overnight. The E. coli culture was transferred to a 1.5 ml
microtube and the pellet was collected by centrifugation at 12,000x g for 30 sec,
resuspended in 300 ul of STET buffer (8% (w/v) sucrose, 0.1% (v/v) Triton X-100,
50 mM EDTA, 50 mM Tris-HCI, pH 8.0) and mixed by vortexing. Then 5 ul of
freshly prepared lysozyme solution (100 mg/ml) was added to the suspension and
incubated for 10 minutes at room temperature. The mixture was boiled at 100 °C for
45 seconds and centrifuged at 14,000x g for 15 minutes at room temperature. The cell
pellet (cell debris and chromosomal DNA) was removed by using a sterile toothpick
and 30 pl of 5% (w/v) CTAB was added to the supernatant, mixed by inversion and
incubated for 10 minutes at room temperature. The contents were centrifuged at
12,000x g for 5 minutes at room temperature and the supernatant was discarded. The
cell pellet (plasmid and low molecular weight residual DNA) was dissolved in 300 pl
of 1.2 M NaCl. 10 pul of 10 mg/ml RNase A was added to the solution and incubated
at 37 °C for 30 minutes to remove RNA. An equal volume of chloroform was added,
mixed by inversion and centrifuged at 12,000x g for 15 minutes. The aqueous phase
was transferred to a new 1.5 ml-micro tube and 2 volumes of absolute ethanol was
added. The mixture was incubated at -80 °C for 15 minutes and centrifuged at 12,000x
g for 15 minutes. The pellet of plasmid DNA was washed twice with 70% ethanol.
The DNA was air-dried at room temperature and dissolved in sterile 30 pl distilled

water and stored at -20 °C.

2.1.2 DNA fragment preparation
2.1.2.1 Total RNA isolation
Approximately 200400 mg of adult D. melanogaster was snap frozen
in liquid nitrogen and homogenized to a powder using a mortar and pestle. The RNA

was extracted by using either the GenElute™ Mammalian Total RNA Kit (Sigma) or
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TRIzol™ LS reagent (Gibco BRL). The GenElute™ Mammalian Total RNA Kit was
performed as described in the manufacturer’s instructions.

The total RNA was isolated by The TRIzol™ LS reagent, a mono-
phasic solution of phenol and guanidine isothiocyanate, was obtained by adding
approximately 1 ml TRIzol™ LS reagent/50-100 mg of tissues. The homogenized
sample was incubated at room temperature for 5 minutes to lyse the cells and permit
the complete dissociation of nucleoprotein complexes. Then 0.2 ml of chloroform was
added per 1 ml of TRIzol™ LS reagent. The sample was shaken vigorously for 15
seconds and incubated at room temperature for 2-3 minutes. Then the sample was
centrifuged at 12,000x g for 15 minutes at 4 °C. Following centrifugation, the mixture
was separated into a lower red, phenol-chloroform phase, an interphase, and a
colorless upper aqueous phase. RNA remains exclusively in the aqueous phase. The
aqueous phase was transferred to a fresh tube. RNA was precipitated by adding 0.5 ml
of absolute propanol per 1 ml of TRIzol™ LS reagent and incubating at room
temperature for 10 minutes, followed by centrifugation at 12,000x g for 10 minutes at
4 °C. The supernatant was discarded and the RNA pellet was washed once with 75%
ethanol. The sample was mixed and centrifuged at 7,500x g for 5 minutes at 4 °C. The
supernatant was then removed and the RNA pellet was briefly air dried for 10-20
minutes. The total RNA was dissolved in DEPC-treated water (RNase-free) and keep
at -80 °C until used.

2.1.2.2 Determination RNA concentration and purity

The concentration and purity of RNA can be determined by measuring
the absorbance at the wavelength 260 and 280 nm with a spectrophotometer. The
quantity of RNA could be estimated by the calculation of nucleic acid in the sample
from absorbance at 260 nm using the coefficient of an OD of 1.0 corresponds to
approximately 40 pg/ml of RNA. The purity of RNA was determined from the
0D, /0D, ratio; pure preparation of RNA has OD,/OD,, value of 2.0. If there is

significant contamination with protein or phenol, the OD,  /OD,, value will be less

than 2.0 and the quantitation of the amount of nucleic acid will not be accurate.
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2.1.2.3 First strand cDNA synthesis

The first strand cDNA was synthesized by using SUPERSCRIPT™ [I
RNase H Reverse Transcriptase (GIBCO BRL), according to the manufacturer's
protocols with oligo (dT),  primers (GGCGGTCGACATATGTTTTTTTTTTTTTTT). For

20 pl of reaction, 250 ng of total RNA was mixed with 500 ng of oligo (dT), ; primers,

then DEPC treated water was added to give a 12 pl reaction volume. The mixture was
heated to 70 °C for 10 minutes then quickly chilled on ice. The final concentration of

1X First Strand Buffer (50 mM Tris-HCI pH 8.3, 75 mM KCl and 3 mM MgCl,)), 10

mM DTT and 50 uM of each dATP, dGTP, dCTP and dTTP were added to the
mixture. The mixture was mixed gently by pipetting and incubated at 42 °C for 2
minutes. Then 200 units of SUPERSCRIPT™ II RNase H Reverse Transcriptase was
added, mixed gently and incubated at 42 °C for 50 minutes. The reaction was

inactivated with heating at 70 °C for 50 minutes.

2.1.3 Primer design
All the primers (PROLIGO Primers & Probes, Singapore) were designed

using Vector NTI suite 6 software.

2.1.3.1 Drosophila wild type MAPK proteins primer design

The sets of oligonucleotide primers for Drosophila proteins in the
MAPK pathway were designed according to specific 5° and 3’ sequences of
Drosophila genes obtained from the Genbank database. The Ndel and Sall restriction
sites were used for cloning into the pET28b vector, except for the JNK recombinant
clone obtained from 5’ blunt end ligation. The recognition sites for restriction

endonucleases are underlined.
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Drosophila HEP

HEP-F Ndel

5" CGATCATATGTCCACCATTGAGTTCG 3’
Ndel

HEP-R Sall
5> GAAATGTATGTCGACTTAGGTAACCTC 3’
Sall

Drosophila JNK

JNK-F

5" GAACAATGACGACAGCTCAGCACCAAC ¥

JNK-R Sall

5> GGAAAAAGTGTCGACCTACCGCGTTC 3
Sall

Drosophila Jun (Tran-activation domain)

Jun 1-104-F Ndel

5" GAGCACATATGAAAACCCCCGTTTCCG 3°
Ndel

Jun 1-104-R Sall
5> GCGGGTCGACTTACAGATTGTTGGATAGC 3’
Sall

Materials and Methods / 32
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2.1.3.2 HEP mutagenesis primer design

The three residues of HEP (Ser’*, Thr’** and Ser*>*) were mutated to
Glu by a two step PCR using Quick Change™ Site-Directed Mutagenesis kit from
Stratagene. Two sets of oligonucleotide primers were designed to introduce the
residues. Both changed nucleotides and amino acid residues are shown in bold letters.
The recognition sites for restriction endonucleases are underlined. Deduced amino

acid sequences are shown above the reverse primer sequences.

HEP:S348D-F Sall
G I S G R L vV DD K A N T R S

5" GGGATCAGCGGTCGCCTGGTCGACGAGAAGGCTAACACTCGATCCG 3’
Sall

HEP:S348D-R Sall

5" CGGATCGAGTGTTAGCCTTCTCGTCGACCAGGCGACCGCTGATCCC 3’

Sall

HEP: T352D/S354D-F Bgll
D K A N D R D A G C A A Y M A

5" CGAGAAGGCTAACGAGCGAGAGGCCGGCTGTGCAGCCTATATGGCGC 3’

Bgll
HEP: T352D/S354D-R Bgll

5" GCGCCATATAGGCTGCACAGCCGGCCTCTCGCTCGTTAGCCTTCTCG 3’

Bgll
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2.1.4 Polymerase chain reaction (PCR)

The sample reactions were prepared as indicated in Table 2.1. The PCR
amplification of drosophila MAPK genes were performed using a P-E Thermal
Cycler 2400 (Perkin Elmer Cetus, USA) according to the conditions shown in Table
2.2. The annealing temperature and extension time were varied depending upon
melting temperature (T,,) of the primer and size of the product. The cyclic
parameters for the site-directed mutagenesis of HEP mutant were performed
following conditions in Tables 2.3. All PCR products were analyzed by agarose gel

electrophoresis and were purified before performing a ligation reaction.

Table 2.1 PCR solutions used for the Drosophila genes.

Reagents Amount (pl)
10X reaction buffer (pfu DNA polymerase buffer) 2.5
10 pmol/ul of oligonucleotide primer 1 0.5
10 pmol/ul of oligonucleotide primer 2 0.5
10 mM dNTP mix (2.5 mM each dNTP) 0.5
cDNA template
100-200 ng of dsDNA template X
100 ng of genomics DNA
Native pfu DNA polymerase (2.5 U/pl) 0.5
H,O 20.5-X
Total volume 25
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Table 2.2 Temperature cycling parameters for amplification of Drosophila
MAPK genes.

Temperature Number of
Segments Steps Time
°O) cycles
1 Initial denaturing 95 30 seconds 1
Denaturing 95 30 seconds
2 Annealing 55-60 1 minute 35
Extension 72 0.5-1.5 minutes
3 Final extension 72 7 minutes 1

Table 2.3 Temperature cycling parameters for amplification of HEP3;r mutant

Temperature Number of
Segments Steps Time
°O) cycles
1 Initial denaturing 95 30 seconds 1
Denaturing 95 30 seconds
2 Annealing 55 1 minute 16
Extension 68 14 minutes
3 Final extension 68 7 minutes 1

The PCR products were analyzed by 1% agarose and treated with 1 ul of Dpnl
endonuclease (Promega) which specifically digested the in vivo methylated parental
DNA template at 37 °C for 3 hours. The Dpnl-treated DNA was transformed into
competent E. coli DH5a.



Rungrutai Udomsinprasert Materials and Methods / 36

2.1.5 DNA purification

The PCR product band was separated on 1% agarose gel in 1X Tris-acetate
EDTA (TAE) electrophoresis buffer (40 mM Tris-acetate, | mM EDTA pH 8.0) and
the expected DNA band was excised from the gel and purified with GENECLEAN
II™ kit (Bio 101). The gel sample was mixed with 3 volumes of sodium iodide (Nal)
and incubated at 55 °C for approximately 5 minutes to melt the gel. Then the sample
solution was mixed with Glassmilk suspension (1 pl of Glassmilk will bind 1-2 ug of
DNA), and incubated at room temperature for 30 minutes to allow binding of the
DNA to the silica matrix. The solution was mixed every 2-3 minutes to ensure that the
Glassmilk stayed suspended. After that, the Glassmilk in the solution was centrifuged
approximately five seconds at 12,000x g, and the supernatant was removed. The
Glassmilk was washed with buffer three times, centrifuged and the supernatant
discarded. The pellet was air-dried and the DNA was eluted from the Glassmilk with
sterile distilled water by carefully removing the supernatant containing the eluted

DNA and placing in a new tube.

2.1.6 Agarose gel electrophoresis

One percent agarose was prepared in 1X TBE buffer (0.09 M Tris-borate and
2 mM EDTA, pH 8.0). The agar was melted and poured into a gel tray and allowed to
set 30 minutes. The plasmid DNA was mixed with loading buffer (0.25% (w/v)
bromophenol blue and 30% (v/v) glycerol in water) before being loaded into the
wells. Then the DNA was loaded on the gel along with the marker either A/HindIIl or
MBstEIl DNA. The electrophoresis was performed at 100 volt for 60 minutes then the
gel was stained with 0.5 mg/ml of ethidium bromide solution in water for 10 minutes
and destained with distilled water for 10 minutes. The DNA bands were visualized by

ultraviolet irradiation and photographed.

2.1.7 DNA ligation
The purified Ndel and Sal/l digested PCR products were ligated into Ndel/Sall
digested pET28b vector in the ratio 3:1, 5:1 and 10:1 (insert: vector) in a 20 pl

reaction mixture. The reaction mixture 20 pl contained:
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- 1 unit of T, DNA Ligase (GIBCO BRL)
- 1X DNA Ligase Reaction Buffer [SO mM Tris-HCI pH 7.6, 10 mM MgCl,, 1 mM
ATP, 1 mM DTT and 5% (w/v) polyethylene glycol-8000]

- Sterile distilled water to final volume of 20 pl

The ligation mixtures were incubated at 14 °C overnight and kept at 4 °C until used.

2.1.8 Subcloning insert into the vector

2.1.8.1 Preparation of E.coli competent cells (Calcium Chloride
Method)

A single cell colony of E. coli DH5a was inoculated into 2 ml of LB
medium and grown with 200 rpm shaking overnight (12-16 hours) at 37 °C. The
starter culture was diluted 1:100 in LB media and grown with 200 rpm shaking at 37
°C until the bacterial growth reached the log phase (OD value at 600 nm was
approximately 0.3-0.5). The culture was divided into 2 sterile disposable ice-cold
polypropylene tubes and placed on ice for 10 minutes. The cells were collected by
centrifugation at 4,000x g for 10 minutes at 4 °C. The medium was decanted and
drained by inverting the tubes on a pad of paper towels. The pellets were resuspended
in 10 ml of ice-cold 0.1 M CaCl, solution by gently vortexing. The cells were
recollected by centrifugation at 4,000x g for 10 minutes at 4 °C and the steps of
resuspension by CaCl, solution and recollecting the cells were repeated. The pellets
were resuspended in 10 ml of 0.1 M CaCl, with 15% glycerol. Competent cells were
aliquoted (200 pl) into chilled-microtubes and kept at -80 °C until used.

2.1.8.2 Transformation of competent cells

For the transformation 100 ng of DNA was added to 200 pl of
competent cells and placed on ice for 1 hour. The cells were heat-shocked at 42 °C for
90 seconds and rapidly transferred to ice for 5 minutes. The transformed cells were
added to 1 ml of LB broth and allowed to recover by growing for 1 hour in a 37 °C
shaking incubator. The 200 pl of transformed cells were spread onto agar medium
containing an appropriate antibiotic. The plates were incubated at 37 °C for 12-16

hours.
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2.1.9 Restriction enzyme analysis

Five to ten clones of recombinant plasmids were randomly selected for
restriction analysis. The reaction contained 1 pl of recombinant plasmid DNA, 1X
buffer, 1 unit of restriction enzyme and sterile distilled water to the final volume of 10
pl. The reactions were incubated at an appropriate temperature depending on the
enzyme used for 2-3 hours. The digested plasmids were analyzed in 1% agarose gel.
The positive recombinant clone was selected for DNA sequencing and stored at -20

°C.

2.1.10 DNA sequencing

To verify the correct DNA sequence in both directions with T7 promoter
universal primers, DNA sequencing was conducted using ABI PRISM Bigdye™
Terminator or Cycle Sequencing Ready Reaction Kit (Perkin Elmer), following the
manufacturer’s instructions. The PCR reaction mixture was performed in a thin wall
0.5 ml PCR tube containing 4 pl of 2.5X buffer, 4 ul of Bigdye kit [A-Dye
Terminator labeled with dichloro (R6G), C-dye Terminator labeled with dichloro
(ROX), T-Dye Terminator labeled with dichloro (TAMRAO), G-Dye Terminator
labeled with dichloro (R110), deoxynucleoside triphosphates (dATP, dCTP, dITP,
dUTP), MgCl,, Tris-HCL pH 9.0, Amplitag DNA polymerase], 10-20 pmol of
Universal primer (T7 promoter or T7 terminator) and 200 ng of DNA. The sequencing
reactions were adjusted to 20 pl with sterile distilled water and were amplified using a
Thermocycler (GeneAmp960, Perkin Elmer). The PCR cycling parameters are shown
in Table 2.4.
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Table 2.4 Temperature cycling parameters for DNA sequencing

Temperature Time Number of
Segments Steps
°O) (min:sec) cycles
1 Initial denaturing 96 3 minutes 1
Denaturing 96 10 seconds
2 Annealing 50 5 seconds 28
Extension 60 4 minutes
3 Final extension 60 7 minutes 1

The PCR products from thermal cycling were transferred to a sterile 1.5 ml
microcentrifuge tube with 1/10 volume of 3M sodium acetate and 2.5 volumes of
absolute ethanol. The mixture was incubated at room temperature for 30 minutes and
centrifuged at 14,000x g for 15 minutes. The pellets were washed twice with 70%
ethanol and allowed to dry. The DNA samples were analyzed by the automated DNA
sequencer ABI Prism 377 (Perkin Elmer).

2.2 Recombinant protein preparation

The GST proteins were expressed and purified using either GSTrap or S-hexyl
glutathione affinity chromatography (37,39,67). The five recombinant proteins HEP,
HEP;g, JNK and Jun were expressed as histidine fusion proteins. The JNK and Jun
recombinant proteins were expressed as soluble proteins and purified according to a
standard Ni*’-NTA column protocol (Amersham Pharmacia Biotech). In contrast,
HEP and HEP;p recombinant proteins were expressed mainly in inclusion bodies.
Therefore, these HEP and HEP;z were purified using Ni**-NTA column
chromatography under denaturing conditions and renatured by slow dialysis following

the Roti®-Fold reagent protocol (Carl Roth GmbH+ Co.).
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2.2.1 Protein expression

All recombinant plasmids was transformed into E. coli BL21(DE3)pLysS for
protein expression. The starter was obtained by inoculating a single colony of E. coli
BL21(DE3)pLysS in 3 ml LB broth supplemented with appropriated antibiotics. E.
coli BL21(DE3)pLysS 100 pg/ml containing adGSTs recombinant plasmids were
grown in LB broth supplemented with ampicillin as well as 34 pg/ml
chloramphenical, whereas Drosophila kinase proteins plasmids were grown in LB
broth supplemented with 30 pg/ml kanamycin and 34 pg/ml chloramphenical. The
culture was further grown at 37 °C with 200 rpm shaking overnight. The aliquot of
culture equal to 1% of the final induction culture was transferred to a fresh LB broth
containing antibiotics. The culture was grown with 200 rpm shaking at 37 °C until the
OD at 600 nm reached approximately 0.6. The IPTG induction was performed at a
final concentration of 0.1 mM and incubated at 37 °C or 25 °C for 3 hours for adGSTs
and Drosophila kinase proteins, respectively. The culture was placed on ice for 20
minutes before being centrifuged at 6,000x g, 4 °C for 10 minutes. The LB broth was
decanted. The collected cells were resuspended in 10 ml of LB, transferred to a new
50 ml-centrifuge tube and centrifuged at 7,000x g, 4 °C for 10 minutes. The

supernatant was discarded and the pellet was stored at -20 °C until used.

2.2.2 Protein purification

2.2.2.1 Glutathione affinity chromatography

The pellet from 200 ml induced culture was resuspended with 14.5 ml
of PBS buffer pH 7.3 (140 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM
KH,PO4 pH 7.3), 600 ul of 100 mg/ml lysozyme and 10 pl of 1.4 M B-
mercaptoethanol by gentle vortexing. The cell suspension was placed on ice for 20
minutes and 75 pl of 2 M DTT was added. The crude cell extract was obtained by
breaking the cells twice with a French Press at 11,000 psi. The lysed cells were
centrifuged at 10,000x g at 4 °C for 20 minutes. The supernatant was collected and
placed on ice for enzyme purification.

The soluble GST in the supernatant of total cell lysate was purified
using GSTrap affinity chromatography (5 ml GSTrap™ FF) following the

manufacturer’s instruction and all steps were performed at 4°C. The column was
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equilibrated with 5 column volumes of the binding buffer, PBS pH 7.3. The
supernatant was passed through the column at the rate of 1-5 ml/min. The entire
buffer solution passing through the column at each step was collected and placed on
ice for further characterization. The non-specific binding proteins were washed out
with 8 column volumes of PBS buffer. The bound GST was eluted out with 4 column
volumes of elution buffer (10 mM GSH in 1.5 M Tris-HCI pH 8.0, and 10 mM DTT).
To remove the bound GSH the elution fraction of purified GST was pooled in a
centriprep-10 (Amicon) ultrafiltration unit and centrifuged at 2,900x g 4 °C using
Avanti™ J-25I (Beckman), JA-25.50 rotor until the final volume was less than 1.5 ml.
The concentrated GST was adjusted to 1.5 ml and applied to a HiTrap desalting
column (Amersham Pharmacia Biotech) equilibrated with 5 column volumes of
desalting buffer (50 mM phosphate buffer pH 6.5). The GST was eluted with 2 ml of
desalting buffer containing 10 mM DTT and concentrated to a final volume of less
than 1 ml by using the centriprep-10 as previously described. The purified GST was
stored in 50% glycerol at -20 °C.

2.2.2.2 S-hexyl glutathione affinity chromatography

The cell pellet from 1 litre induced cell culture was resuspended with
28.8 ml of 50 mM Tris-HCI pH 7.4 containing 1 M EDTA, 1.2 ml of 100 mg/ml fresh
lysozyme, 22 ul of 1.4 M B-mercaptoethanol by gentle vortexing. The cell suspension
was placed on ice for 20 minutes and 150 pl of 2 M DTT was added. The crude cell
extract was obtained by breaking the cells twice with a French Press at 11,000 psi.
The lysed cells were centrifuged at 10,000x g at 4 °C for 20 minutes. The supernatant
was collected and placed on ice for enzyme purification.

The S-hexyl glutathione agarose media was pre-packed into 5 ml
columns. Then a column was equilibrated with equilibration buffer (50mM Tris-HCI
pH 7.4, 1 mM EDTA and 0.2 M NaCl). All steps of the purification were performed
at 4 °C and the entire buffer solution passing through the column at each step was
collected and placed on ice for further characterization. The supernatant of soluble
recombinant GST was passed through a sterile filter with 0.45 um cut-off and applied
to the column. The non specific binding proteins were washed out with 5 column

volumes of washing buffer (50 mM Tris-HCI pH 7.4, 1| mM EDTA and 1 M NacCl).
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The recombinant GST was eluted from the column with 5 column volumes of
equilibration buffer containing 5 mM S-hexyl glutathione and 10 mM DTT. To
remove S-hexyl glutathione and salts the eluted fractions of purified GST were pooled
in a centriprep-10 (Amicon) ultrafiltration unit and centrifuged at 2,900x g at 4 °C
using an Avanti™ J-251 (Beckman), JA-25.50 rotor until the final volume was less
than 1.5 ml. The concentrated GST was adjusted to 1.5 ml and applied to a HiTrap
desalting column (Amersham Pharmacia Biotech) equilibrated with 5 column
volumes of desalting buffer (50 mM phosphate buffer pH 6.5). The GST was eluted
with 2 ml of desalting buffer containing 10 mM DTT and concentrated to a final
volume of less than 1 ml by using a centriprep-10 as previously described. The

purified recombinant GST was stored in 50% glycerol at —20 °C.

2.2.2.3 Metal chelating chromatography

2.2.2.3.1 Native condition: JNK, Jun

The pellet from 1.5 L induced culture was resuspended with 20 ml of
binding buffer pH 7.4 (0.5 M NaCl, 20 mM Sodium phosphate buffer pH 7.4), 830 ul
of 100 mg/ml lysozyme and 14 ul of 1.4 M B-mercaptoethanol by gentle vortexing.
The cell suspension was placed on ice for 20 minutes. The crude cell extract was
obtained by breaking the cells twice with a French Press at 11,000 psi. The lysed cells
were centrifuged at 10,000x g at 4 °C for 20 minutes. The supernatant was collected
and placed on ice for enzyme purification.

The soluble (His)6—tagged Drosophila kinase proteins in the

supernatant of total cell lysate was purified using Ni*’-NTA column according to the
manufacturer’s instructions and all steps were performed at 4 °C. The entire buffer
solution passing through the column at each step was collected and placed on ice for
further characterization. A Ni**-NTA column was pre-packed to 7.5 ml with
Chelating Sepharose™ media. The column preparation was performed by charging
with 2 column volume of 0.1 M NiCl,. The excess nickel was washed out with 5-10
column volumes of distilled water. After column preparation, the column was
equilibrated with 5-10 column volumes of binding buffer (0.02 M sodium phosphate,
0.5 M NaCl, pH 7.4). The supernatant was applied to the equilibrated column and the

non-specific binding proteins were washed out with 10-15 column volumes of binding
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buffer containing 40 mM imidazole. To increase the purity of eluted recombinant
kinase proteins, a wash with 2 column volumes of binding buffer containing 60 mM
imidazole was performed although kinase proteins were partially eluted with this step.
The bound recombinant proteins were eluted out with 5 column volumes of binding
buffer containing 200 mM imidazole. To remove imidazole, the eluted fractions of
purified proteins were pooled in a centriprep-10 (Amicon) ultrafiltration unit and
centrifuged at 2,900x g at 4 °C using an Avanti™ J-251 (Beckman), JA-25.50 rotor
until the final volume was less than 1.5 ml. The concentrated recombinant proteins
were adjusted to 1.5 ml and applied to a HiTrap desalting column (Amersham
Pharmacia Biotech) equilibrated with 5 column volumes of desalting buffer (50 mM
Tris-Cl buffer pH 8.0). The recombinant proteins were eluted with 2 ml of desalting
buffer containing 10 mM DTT and concentrated to a final volume of less than 1 ml by
using a centriprep-10 as previously described. The purified kinase proteins were

stored in 50% glycerol at -20 °C.

2.2.2.3.2 Denaturing condition: HEPWT, HEP;gMT

Due to insoluble expression, the recovery of active HEP protein from
purified inclusion bodies required the denaturation of the polypeptide and then it’s
refolding to an active form.

The pellet from 3 L of induced culture was resuspended with 20 ml of
binding buffer pH 7.4 (0.5 M NaCl, 20 mM Sodium phosphate buffer pH 7.4), 830 pl
of 100 mg/ml lysozyme and 14 pl of 1.4 M B-mercaptoethanol by gentle vortexing.
The cell suspension was placed on ice for 20 minutes. The crude cell extract was
obtained by breaking the cells twice with a French Press at 11,000 psi. The lysed cells
were centrifuged at 10,000x g at 4 °C for 20 minutes. The HEP proteins were
expressed as an insoluble form, therefore the pellet, the inclusion fraction, was
collected and solubilized by resuspension with 3 ml of binding buffer pH 7.4
containing a denaturant (8 M urea) for protein purification under denaturing
condition.

The solubilized protein was applied to the Ni-NTA column which had
been equilibrated with the binding buffer containing 8 M urea. All purification steps

were performed following the native conditions, except urea in the eluted fractions



Rungrutai Udomsinprasert Materials and Methods / 44

needed to be removed by dialysis before the desalting step. Protein refolding was
performed using Roti®-fold reagent following the manufacturing protocol. The
recombinant proteins were concentrated to a final volume of less than 1 ml by using a

centriprep-10. The purified HEP protein was stored in 50% glycerol at —20 °C.

2.2.3 SDS-polyacrylamide gel electrophoresis

2.2.3.1 Protein Sample Preparation

The ODggp of the bacterial cell culture was measured. Then the cells
corresponding to 0.1 OD were collected by centrifugation at 5,000 rpm for 2 minutes.
The cell pellet was resuspended by vortexing in 60 ul sterile distilled water and 20 pl
of 4X gel sample buffer (4 mM EDTA, 4% SDS, 40% glycerol, 100 mM DTT, 1.45
mM bromophenol blue, 200 mM Tris-HCI, pH 7.5) and heated at 95 °C for 10
minutes in a heating block to denature the proteins and stored in the refrigerator until

the SDS-PAGE had been set up.

2.2.3.2 Separation of Protein Samples

An SDS-PAGE gel was prepared as described in Table 2.5. After the
gel was polymerized for approximately 30 minutes the well comb was removed. The
wells were washed with water to remove unpolymerized acrylamide solution. The
electrophoresis apparatus was assembled. The samples were loaded, approximately
0.05 OD, including 4 pl of a protein standard marker. The separation was started in
descending direction at a constant current of 25 mA until the bromophenol marker
was run to the bottom of the gel. The electrophoresis equipment was disassembled
and the gel was stained in Coomassie staining solution for 2 hours at room
temperature. Then the gel was destained overnight in destaining solution, dried and

made a permanent record by scanning the gel.
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Table 2.5 Preparation of SDS-PAGE (0.75 mm x 2 gels)

Stacking gel | Separating gel
Solutions
(6%) (15%)

Acrylamide solution (ml) 0.6 s
(30% acrylamide + 0.3% (w/v) bis-acrylamide) .

1.5 M Tris-HCI pH 8.8 (ml) - 2.5
0.5 M Tris-HCI pH 6.8 (ml) 0.75 -
Distilled water (ml) 1.6 23
10% SDS (ul) 30 100
10% (w/v) Ammonium persulphate (ul) 20 50
TEMED (ul) 10 10
Total volume (ml) 3 10

2.2.4 Protein assay

The method of Bradford (145), with BSA as a standard, was used for the
determination of protein quantity. The BioRad protein reagent (Bio-Rad) was diluted
1:5 with sterile distilled water and filtered through Whatman No.1 filter paper to
remove the insoluble dye. Three hundred microlitres of the reagent was added to 10 pl
of sample in a microtiter plate. The mixture was incubated at room temperature and
the absorbance at 595 nm was measured after 5 minutes. A protein standard curve was
generated by using five different concentrations of bovine serum albumin; 0.1-0.5
mg/ml. Then the unknown protein concentration was calculated from the standard

curve.
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2.3 Protein characterization

2.3.1 Determination of GST activity

GST activity was measured by monitoring the formation of the conjugate
between 10 mM glutathione (GSH) and 1 mM 1-chloro-2, 4-dinitrobenzene (CDNB)
at 340 nm (Ae = 9.6 mM'ecm™) in 0.1 M phosphate butter, pH 6.5, at 25 °C according
to the method of Habig et al (146). The substrate was prepared by adding 50 pl of 42
mM CDNB in absolute ethanol and 450 pl of 21 mM GSH in 0.1 M phosphate buffer
into 50 ul of 0.1 M phosphate buffer pH 6.5. The reaction was started by adding 100
pl of 0.1 M phosphate buffer with 10 pl of diluted enzyme sample to a well of a
microtiter plate and then quickly adding 100 pl of the prepared substrate. The rate of
conjugation between GSH and CDNB was monitored by measuring the change in

absorbance at 340 nm for 1 minute using a SpectraMax 250.

2.3.2 Determination of substrate specificity

Specific activities toward different substrates were performed. Specific
activity toward different substrates; 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-
dichloro-4-nitrobenzene (DCNB), p-nitrophenethyl bromide (PNPB), p-nitrobenzyl
chloride (PNBC) and ethacrynic acid (EA) were performed as described in Table 2.6
(143). GSH stock solution was prepared in 0.1 M phosphate buffer using the
appropriate pH for each substrate. All the stock hydrophobic substrates were prepared
in absolute ethanol and diluted into the assay buffer. All measurements were
performed at 25-27 °C in 0.1 M phosphate buffer. Specific activities were calculated
based on the molar extinction coefficient for each substrate (146). The specific
activities reported are the mean + standard deviation from at least three independent

experiments.
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Table 2.6 The conditions for the determination of substrate specificities

Substrates Concentration pH A max Absorbanc? coelfﬁcient
(mM) buffer (nm) (mM cm™)
1 (D1-1, D3-3)
CDNB 2 (D2-2) 6.5 340 9.6
3 (D4-4, D5-5, D6-6)
DCNB 1 7.5 345 8.5
EA 0.2 6.5 270 5.0
PNBC 0.1 6.5 310 1.2
PNPB 0.1 6.5 310 1.9

2.3.3 Determination of Kinetic parameters

Kinetic parameters of the adGST enzymes were determined with CDNB as
variable substrate and a GSH concentration at 10 mM. The electrophile concentration
was varied from 0.02-3 mM. The reaction was performed in 0.1 M phosphate buffer,
pH 6.5. Kinetic parameters were also established by varying the GSH at concentration
of 0.008-15 mM with 1 mM CDNB. The maximal velocity (Vnax) and the Michaelis
constant (K,,) were analyzed by nonlinear regression using the software package
GraphPad Prism (GraphPad Software, Inc. San Diego, CA). The catalytic constant
(keat) and the catalytic efficiency (ke / Km) were calculated on an active-site basis
using the subunit molecular mass of each enzyme. The kinetic constants are the mean

+ standard deviation for at least three separate experiments.

2.3.4 Inhibition study

The inhibition studies were performed using the standard GST assay
conditions (10 mM GSH and 1 mM CDNB) in the presence and absence of the
inhibitors. The following compounds were used as inhibitors: 0.01-0.1 mM S-hexyl
glutathione, 1 mM DCNB, 0.001-0.1 mM EA, 0.1 mM PNPB, 1 mM PNBC, 2.5 mM
cumene hydroperoxide, 0.01 mM permethrin, 0.01 mM deltamethrin and 0.01 mM
Acyhalothrin. The inhibitors were prepared in absolute ethanol except S-hexyl GSH
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which was resuspended in phosphate buffer pH 6.5. The inhibition reaction was
measured by following the change in absorbance at 340 nm for 1 minute using a
SpectraMax 250 at room temperature. The percent inhibition was calculated based on

the activity of the enzyme with no inhibitor as 100%.

2.3.5 In vitro Protein Kinase assay

Constitutively active HEPsg was used to activate JNK, then both HEP;g and
Jun were assessed as JNK substrates (103,147). HEP;5, JNK and Jun in 1:2:10 molar
ratio were incubated in 20 mM HEPES, 20 mM MgCl,, 20 mM B-glycerophosphate,
pH 7.6, containing 500 puM dithiothreitol, 100 pM sodium orthovanadate and
supplemented with 20 pM ATP, 3 puCi of [y-**P] ATP. The phosphorylation reactions
were performed for 25 min at room temperature and separated by SDS-PAGE.
Phosphorylated proteins were visualized by autoradiography and quantitated by

Cerenkov counting.

2.4 Study of the GST and JNK interaction

2.4.1 Effects of Kinase Proteins, HEP and JNK, on GST activity

The effects of HEP and JNK on GST activity were examined by incubating
GSTs and kinase proteins in a 1:1 molar ratio at room temperature (27-30) °C for 5
min. The GST activity was measured in the presence and absence of kinase proteins.

The effects on GST activity were evaluated as described below.

2.4.1.1 % inhibition of GST activity
The % inhibition was determined by measuring GST activity in the

presence of HEP or JNK as well as without kinase proteins as the control.

2.4.1.2 Type of inhibition and affinity binding (K;)

GST and kinase protein interactions were performed by varying
concentration of CDNB from 0.05 to 3.0 mM and measuring kinetic parameters for
CDNB and GSH conjugation (148,149). The kinetic parameters and K; were
determined by both linear and non-linear regression analysis using GraphPad Prism

2.01 software.
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2.4.1.3 Change of GST substrate specificity by JNK.

GST and JNK were incubated in a 1:1 molar ratio and the effects of
JNK on GST activity were determined using the hydrophobic substrates for GST, as
mentioned above. A positive or negative change of GST activity towards a substrate,
when compared to activity in the absence of JNK, indicated a substrate selectivity

change of GST.

2.4.1.4 The effect of glutathione (GSH) on GST activity in the
presence of JNK.

A 1:1 molar ratio of GST: JNK was incubated at room temperature for
5 minutes in the presence and absence of 2 mM GSH. The GST activity was

determined towards its hydrophobic substrates as described above.

2.4.2 Effects of GST on Protein Kinase Activity
The recombinant GSTs were incubated with kinase proteins in a 10:1 molar
ratio for 10 min at room temperature. Kinase activity was then measured as described

above.
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CHAPTER 3
RESULTS

3.1 DNA constructs

3.1.1 Drosophila MAPK proteins

The Drosophila MAPK protein coding sequences were obtained by RT-PCR
from Drosophila adult flies. The PCR products of full length JNK (JNK), full-length
HEP (HEP) and Tran-activation domain of Jun 1-104 (Jun) were visualized by
agarose gel electrophoresis with a band size of approximately 1.1, 1.5, and 0.3 kb,
respectively as shown in Figure 3.1. These fragments were successfully cloned into a
pET28b vector. The recombinant clones were screened by restriction enzyme analysis
as shown in Figure 3.2 A-C. Positive clones from each construct were verified by
full-length DNA sequencing in both directions. The correct clones were then
transformed into E. coli BL21(DE3)pLysS for protein expression and enzyme

characterization.
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Figure 3.1 RT-PCR products of kinase proteins on an agarose gel with ethidium
bromide staining. The size of JNK, HEP, and Jun are 1.1, 1.5, and 0.3 kb,

respectively.

Lane M: DNA marker (200 ng)
Lane 1: JNK RT-PCR product
Lane 2: HEP RT-PCR product
Lane 3: Jun RT-PCR product



Rungrutai Udomsinprasert Results / 52

M C2*3*M
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Figure 3.2 Restriction digestion analysis of MAPK protein recombinant plasmid
with Ndel and Sall. Positive clones are asterisked (*). (A) JNK recombinant
plasmids (B) HEP recombinant plasmids (C) Jun recombinant plasmids

Lane M: DNA marker (200 ng)

Lane C: Ndel and Sall digested pET28b vector

Lane 1: Ndel and Sall digested JNK recombinant plasmids

Lane 2-3: Ndel and Sall digested HEP recombinant plasmids

Lane 4-20: Ndel and Sall digested Jun recombinant plasmids
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3.1.2 Drosophila constitutively-active HEP3;x Mutant

As was recently shown that substitution to Glu of the three amino acids Ser’”’,
Thr*” and Ser’”” in mammalian MKK7-B1 kinase domain successfully yielded
constitutive kinase activity (MKK7;g) (144). We therefore constructed a Drosophila
constitutively-active MKK7 mutant (HEP;g) by changing the three Drosophila HEP
homologous residues of Ser’*, Thr*** and Ser’™* to Glu. The two steps PCR-based
site-directed mutagenesis was performed using Drosophila HEP wild type
recombinant plasmid as the template.

The PCR products are shown in Figure 3.3A with a single band of 1.5 kb.
After the PCR product was treated with Dpnl to digest out the wild type strand, the
DNA was then transformed into E.coli DH5a. The recombinant clones were randomly
screened for the desired mutations by restriction enzyme digestion as compared with
the wild type DNA as shown in Figure 3.3B. The full-length DNA sequence was

verified the in both directions. The correct clones were then transformed into E.coli

BL21(DE3)pLysS for further expression and enzyme characterization.
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Figure 3.3 Drosophila constitutively-active HEP3;g mutant construct
(A) The 1.5 kb PCR product of site directed mutagenesis of a constitutively-active
HEP mutant (HEPsg) before digestion with Dpnl on 1% agarose gel.

Lane M: DNA marker (200 ng)

Lane 1: HEPsg (Ser348/Thr352/Ser354) RT-PCR product
(B) Restriction endonuclease analysis of HEPs;g. The figure shows 1% agarose gel
electrophoresis (ethidium bromide stained) of Bg/I digestion patterns of wild-type and
mutated plasmids. Positive clones are asterisked.

Lane M: DNA marker (200 ng)

Lane 1: Bg/l digested HEP wild-type plasmid

Lane 2-3: Bgl/l digested HEP;g (Ser**®/Thr**%/Ser***Glu) recombinant plasmids
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3.2 Recombinant protein preparation

3.2.1 Glutathione transferase (GST) enzymes

The recombinant GST enzymes were expressed as the soluble form at either
25 or 37 °C under T7 promoter expression system. These GST proteins were
expressed at high levels, approximately 4-300 mg from 1 L of E. coli culture. These
enzymes were successfully purified using GSTrap or S-hexyl glutathione affinity
chromatography according to the enzyme properties. GST DI-1 and DS5-5
recombinant proteins were successfully purified by using an S-hexyl glutathione
affinity column. The remaining enzymes of D2-2, D3-3, D4-4 and D6-6 were purified
by a GSTrap column. Although GST D1-1 had the lowest expression level (4-10 mg/1
L of E.coli culture), it had a great affinity for binding to the S-hexyl glutathione
column. The yield was roughly 2-8 mg from 1L of E.coli culture. In contrast,
induction of the E. coli culture gave a high yield of recombinant D5-5 protein
expression (250-300 mg/1 L of E. coli culture). However, D5-5 had a very weak
affinity for GST affinity chromatography media compared with other GST
isoenzymes from Anopheles dirus so the final yield of purified GST was low (10-15
mg/l L of E.coli culture). D6-6 provided high induction of recombinant protein
expression (50-60 mg/l L of E.coli culture), nevertheless, it possessed the weak
affinity binding to the matrix. The yield of purification was therefore derived in the
low level of approximately 10-20 mg from 1L of E.coli culture. D2-2, D3-3 and D4-4
were both highly expressed and tightly bound to the GSTrap column, therefore the
incredibly high yields of approximately 25-100 mg from 1 L of E.coli culture were
obtained. The GST activities and the purification yields are shown in Table 3.1.
These GSTs even though sharing a high homology of the glutathione binding domain,
they displayed significantly different enzymatic properties as observed by the broad
range of differences in specific activity. The purity of the enzyme was determined by
SDS-PAGE, as shown in Figure 3.4. The expected bands of approximately 23-25
kDa corresponding to a GST subunit appears as a single band in the final purified

protein fraction.
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GSTs | Chromatography Total GST Yield Specific activity
(mg/1L E.coli culture) (%) (nmol/min/mg)
Dl1-1 S-hexyl GSH 6.73 £2.46 31.32+12.17 6.54 +0.53
D2-2 GSTrap 23.37+4.54 40.45+3.14 45.10+3.41
D3-3 GSTrap 104.17 +£42.20 91.95+7.23 67.50 £1.97
D4-4 GSTrap 37.56 £10.24 47.44 +£11.28 41.80+1.40
D5-5 S-hexyl GSH 11.68 £4.02 37.30+13.76 13.02 £2.00
D6-6 GSTrap 15.40 + 3.05 23.79+£0.36 0.47+0.17
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Figure 3.4 The SDS-PAGE of purified six isoenzymes of adGSTs. SDS-

polyacrylamide gel demonstrated the purified GST proteins from either S-hexyl GSH

or GSTrap affinity column. The 23-25 kDa bands of purified GSTs are indicated.
Lane M: Broad-range marker

Lanes 1-6: adGSTD1-1, D2-2, D3-3, D4-4, D6-6 and D5-5, respectively
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3.2.2 Drosophila kinase proteins

The five recombinant proteins of HEP, HEP3g, JNK and Jun and were highly
expressed as histidine fusion proteins under the strong T7 promoter. JNK and Jun
recombinant proteins were expressed as soluble proteins and purified using a standard
Ni**-NTA column protocol. Whereas, HEP and HEPs; recombinant proteins were
mainly expressed as insoluble inclusion bodies. These HEP and HEPsg were purified
using Ni**-NTA column chromatography under denaturing conditions and renatured
by slow dialysis. These purified proteins were shown to be homogeneous preparations
that appeared as a single protein band on SDS-PAGE except Jun, where only 30%
purity was obtained. The expected bands of HEP, JNK and Jun corresponding to 55,
45 and 15 kDa, respectively are shown in Figure 3.5 A-C. The western blot analysis
using antiHis antibody was also performed in order to confirm the expression of these

histidine fusion MAPK proteins (Data not shown).
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Figure 3.5 The SDS-PAGE of purified Drosophila kinase proteins. SDS-
polyacrylamide gel demonstrated the purified Drosophila kinase proteins from either
standard Ni**-NTA affinity column. The purified proteins are indicated. The size of
JNK, HEP, and Jun are 55, 45, and 15 kDa, respectively.

Lane M: Broad-range marker

Lane 1: purified HEP

Lane 2: purified INK

Lane 3: purified Jun
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3.3 Enzyme characterization

3.3.1 GST enzymes

The enzymatic studies included 1) steady-state kinetics with respect to both
GSH and CDNB, 2) the inhibition study using different hydrophobic compounds as
an inhibitor in the glutathione-CDNB conjugation reaction, 3) inhibition kinetics to
ethacrynic acid (EA) and 4) the substrate specificities of various hydrophobic
substrates with respect to CDNB.

3.3.1.1 Kinetic constants determination

The characterization of five GSTs, the alternatively spliced products
DI1-1 to D4-4, and D6-6 have previously been described (32,39), therefore D5-5 was
further characterized and compared the enzymatic properties with the known adGSTs.
The kinetic parameters were studied by varying the concentration of both GSH and
CDNB substrates and were determined from non-linear regression analysis following
the Michaelis-Menten reaction. The D5-5 enzyme had an intermediate specific
activity in GSH conjugation with the classical GST substrate CDNB. The K, for GSH
was the lowest observed for all six An. dirus GSTs (Table 3.2) suggesting the highest
affinity binding to GSH. An estimated Vpax of 167 pmol/min/mg and Km of 14.9 mM
are given only for purposes of comparison as the data was collected well below the
K value due to CDNB solubility limits. The fairly high K., for CDNB indicated low
affinity binding for this substrate.
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Table 3.2 Kinetic parameters of Anopheles dirus GSTs

CDNB GSH
Vmax kcat

GSTs 1 Km kcat/Km Km kcat/Km

(xmol/min/mg) (sY)

(mM) (mM's™) (mM) (mM's™)

D5-5 167 £ 48 69 14.9 £4.9 5 0.21 £ 0.01 400
DI-1 129+ 0.6 5.03 0.10+0.03 48.4 0.86 0.2 5.86
D2-2 63.9+3.50 259 0.21 £0.03 121 1.30£0.15 20
D3-3 67.5+1.97 26.9 0.10 £ 0.01 269 0.40 £ 0.05 67
D4-4 40.3 +1.89 16.9 0.52+0.67 32 0.83 £0.08 20
D6-6 22+03 0.9 53+£0.8 0.2 1.8+04 0.5

The data are means =+ standard error for at least three experiments. The data for D1-1,

D2-2, D3-3, D4-4 and D6-6 have previously been reported (37,150,151).

3.3.1.2 Inhibition study

A range of compounds previously shown to be GST substrates as well
as pyrethroid insecticides were employed as an inhibitor in a standard glutathione-
CDNB conjugation assay for all six GSTs. The percent inhibition was determined by
comparing between the presence and absence of these compounds. adGSTDS5-5 did
interact with these substrates as well as pyrethroid insecticides as shown by inhibition
of CDNB activity (Table 3.3). Intriguingly, only adGSTD5-5 was inhibited by
dichloroacetic acid (DCA) which is the specific substrate for Zeta class GST in
dechlorination of DCA to glyoxylic acid (152-156). However, no detectable of
dechlorination activity was observed with adGSTDS5-5.
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3.3.1.3 Inhibition kinetics study of ethacrynic acid (EA)
Since all six GSTs were strongly inhibited by ethacrynic acid (EA)
(Table 3.3), it was thus employed to characterize the mechanism of interaction and

the affinity binding (K.) to these GST enzymes. The GST activities were measured by

varying CDNB concentration (0.05-3.0 mM) at a constant saturating concentration of
GSH in the absence and presence of a constant concentration of EA at 0.001 mM. The
initial rate of reaction was used to construct a double reciprocal plot, 1/V versus 1/§,
and the inhibition constant (Kj) was determined from the values of the appropriate
intercepts on the axes (157).

The six different isoforms of GSTs displayed various mechanisms of
interaction with EA (Table 3.4). A double reciprocal plot, 1/V versus 1/[S] and 1/V
versus [I] indicate that all adGST isoenzymes ,except adGSTD3-3, shared the same
general mechanism of interaction with EA which are mixed and non-competitive
inhibition (Figure 3.6 and 3.7). While adGSTD3-3 selectively displayed a
competitive inhibition type (Figure 3.8)
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Figure 3.6 Inhibition kinetics of D5-5 and D6-6 with EA. The 1/V versus [I] plot
was employed to determined the inhibition type. EA is a mixed inhibitor of GST
activity toward CDNB. The experiments were carried out at least three times but the

plots are shown from one representative experiment.
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Figure 3.7 Non-competitive inhibition kinetics of GST D1-1, D2-2 and D4-4 with
EA. The graph represents Lineweaver-Burk plots of purified D1-1, D2-2 and D4-4 in
the absence and presence of EA. The data demonstrate EA as a non-competitive
inhibitor of GST activity towards CDNB. The inhibition kinetics was performed in at

least three independent experiments.
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Figure 3.8 Competitive inhibition kinetics of GST D3-3 with EA. The 1/V versus

1/S plot was constructed to determine the inhibition type and affinity binding to EA

(K;). Inhibition kinetics was performed in at least three independent experiments. EA

was determined as a competitive inhibitor of GST activity toward CDNB.
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Mixed and Non-competitive inhibition
The mixed and non-competitive inhibition indicated that EA binds outside the

active site of the GSTs (Figure 3.6 and 3.7) reducing enzyme efficiency.

M EA (D)
GSH

Figure 3.9 The mixed and non-competitive inhibition demonstrated EA

principally binds out side the active site.

The distinction can be determined by plotting enzyme activity with and
without the inhibitor present. E and EI bind S with different affinities in mixed
inhibition, whereas the substrate binding affinity of E and EI remains the same in non-

competitive inhibition as described by the following schemes.

Mixed inhibition
K K,
E+S «—> ES ——» E + Product
K
El +—> ESI

EA (I) can interact with both the enzyme-substrate complex and the free
enzyme which affects both V¢ and K, of the reaction. According to the 1/V versus

1/S plot, the inhibitor constant (K) is calculated from the following equation
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Y intercept = 1+ 1/ K"
Vmax

Slope = K (1 +[1)/Ki)
Vmax

K, = Slope X Viax

Non-competitive Inhibition

K;
EtS <«——> ES —— % E-+Product
K I IKI
K;
EI «——  ESI

The EA (I) can interact with both the enzyme-substrate complex and the free
enzyme but it affects only V. of the reaction, while the same K, is acquired.

According to the 1/V versus 1/S plot, the inhibitor constant (K;) is calculated from the

following equation

Y intercept = (4 + [1VK3)
Vmax
Slope = Ky (1 + [1J/K5)

Vm ax



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mol. Genet. Genet. Eng.) / 69

As adGSTD5-5 and adGSTD6-6 possess a high K, toward CDNB (Table
3.1), the kinetic experiments therefore were performed below substrate saturation of
the reaction as a result of the limitation of CDNB solubility, EA kinetics to D5-5 and
D6-6 were obtained by varying EA concentration (0.0-0.2 mM) in large excess of the
GSH (16 mM) concentration as well as fixing the CDNB concentration at 1 and 2
mM, respectively. The initial rate of reaction was determined to initiate a plot of 1/V
versus [I] (EA). The inhibition type was evaluated from the appropriate intercepts on
the axis (157) as shown by Figure 3.6. However, K could not be determined by this

manner.

Competitive inhibition

M EA (D)

Figure 3.10 The competitive inhibition demonstrated EA principally binds to the

active site as shown by the scheme.

ES —> E+P

EI

E+S

)

E+I

As shown in the upper scheme, EA (I) and substrate can bind to the active site
of the free enzyme (Figure 3.10). In the presence of EA, the higher concentration of
the substrates is required in order to achieve the same velocities (Vmax). Therefore, the
higher K, while the same value of V. is obtained from this type of inhibition.
According to the 1/V versus 1/S plot, the inhibitor constant (Kj) is calculated from the

following equation
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Y intercept = 1
Vmax
Slope = K (1 + [1J/K5)
Vmax

Table 3.4 Mechanism of ethacrynic acid and adGSTs interaction

GSTs Inhibition type K; (M)
D5-5 Mixed Not determined
DI1-1 Non-Competitive 0.607 £ 0.09
D2-2 Non-Competitive 0.567 +£0.32
D3-3 Competitive 0.266 £ 0.04
D4-4 Non-competitive 1.690 £ 0.47
D6-6 Mixed Not determined

The data are means + standard deviation from at least three experiments. The affinity
binding (K;) of EA for adGSTDS5-5 and adGSTD6-6 could not be determined, because
the GSH-CDNB conjugating assay could not reach the maximum velocity or Vpyax of

the reaction owing to the limitation of CDNB solubility.

The K; values of the four alternatives splice GST enzymes for EA with respect
to CDNB indicates a very high affinity binding in the micromolar range. Especially,
the spliceforms of adGSTD3-3 and adGSTD4-4 which possess differences in affinity
binding up to 6 fold as well as in the mechanism of interaction to EA. These data
suggest the amino acid contribution at the C-terminus affects the binding site topology

which is directly involved in the binding of EA compounds.
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3.3.1.4 Specific activity using various hydrophobic substrates

The specific activities of each delta GST spliceform adGSTDI-1 to
D4-4 were determined for the substrates CDNB, DCNB, PNBC and PNPB. The
results are presented in Table 3.5. The data illustrate the striking differences in
enzymatic properties among these four GSTs. For example, 10-fold differences in
specific activity are noted for the CDNB substrate. Likewise 8-fold differences for
DCNB, 17-fold differences for PNBC substrate, and greater than 20-fold differences
for PNPB are noted. These differences must arise from the differences in amino acids
at the C-terminus. These C-terminal residues contribute to the H-site and have been
shown to determine substrate specificity for different compounds within each class
and amongst different classes (148,149,158). However, our study of a range of these
compounds revealed that there was no detectable activity of adGSTDS5-5 as well as
adGSTD6-6 with these known GST substrates even at 10-fold the enzyme

concentration used in the CDNB assay.

Table 3.5 Specific activity of GST spliceforms using various hydrophobic

substrates
Specific activity (#mol/min/mg of protein)
GSTs
CDNB DCNB PNBC PNPB

DI1-1 6.54 £ 0.53 0.070 £0.002 | 1.049£0.191 | 0.002 £ 0.002
D2-2 45.14£3.41 0.177+0.006 | 17.07+1.088 | 0.047 +£0.010
D3-3 67.5£1.97 0.312+0.023 | 2.963£0.292 | 0.002 £ 0.007
D4-4 41.84+1.40 0.042 £0.011 | 2.726 £0.105 | 0.023 £ 0.002

The data are means + standard error for at least five separate assays. The
substrate concentrations used were: CDNB 1 mM; DCNB | mM; p-nitrobenzyl
chloride (PNBC) 1.2 mM and p-nitrophenyl bromide (PNPB) 0.1 mM.
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3.3.2 JNK enzyme

The Drosophila JNK pathway commonly contains HEP, INK and Jun (124).
Activation of JNK can be achieved by phosphorylation of HEP, which further
phosphorylated the downstream target, Jun (104). The in vitro kinase assay contained
constitutively active HEP (HEP;g), JNK and Jun. Therefore, the reaction was
prompted by HEP phosphorylation of JNK and activated JNK phosphorylation of Jun,
respectively. The time course of HEP and JNK phosphorylation was performed in
order to optimize the kinase condition at a physiological condition where the substrate
concentration is in large excess of the enzyme concentration, i.e. [S] » [E].
Experiments were therefore performed using HEPsg: JNK: Jun in the molar ratio of 1:
10: 40. Figure 3.11 depicts the curves of product formation as a function of time. At
25 minutes is the optimal time for the HEP and JNK assay as indicated by JNK and
Jun phosphorylation.
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Figure 3.11 Time course of kinase phosphorylation. The experiment was
performed by incubating HEPsg: JNK: Jun in the molar ratio of 1:10:40 with 3 pCi of
[y-**P] ATP and phosphorylation time varied from 0-40 minutes at room temperature.
Proteins were then separated by SDS-PAGE, and kinase activity was visualized by
autoradiography of the **P-labeled substrates. The Jun protein was a substrate for INK
as well as JNK was a substrate for HEP (103). (A) The autoradiograph of JNK and
Jun phosphorylation. (B) The graph shows JNK and Jun phosphorylation at different
time points. The figures shown are representative of at least three independent

experiments.
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3.4 Characterization of the GST and Kinase proteins interaction

3.4.1 JNK and HEP can inhibit the activity of delta GSTs

Previous studies have shown that GSTs of the mammalian pi and mu classes
are capable of modulating the JNK pathway through their inhibition of JNK and
interaction with ASK, respectively (86). This study has evaluated whether GSTs of
the Dipteran delta class can interact with two kinases from Drosophila, either JINK or
its upstream activating kinase HEP, by measuring both the effects of the kinases on
GST activity and the effects of the GSTs on kinase activity. Previously a
comprehensive study of six GST isoforms yielded estimates of total GST
concentrations in eukaryotic cells, depending on tissue type, ranging from 0.1 to 1.4
nmol GST per mg of total soluble protein (24). From our laboratory data, Drosophila
SL2 cells were estimated to contain 66 pg soluble protein/cell. Assuming a tissue
culture cell volume of 1 pL (159), a total GST cell concentration of 7 to 90 uM can be
estimated. A single MAPK protein has been estimated to have cellular concentrations
of 1 to 3 uM (159). In Anopheles gambiae it has been reported that there are a
possible 32 different soluble GST encoding transcripts with 31 being found in the
adult mosquito (34). This is similar to the number of 37 putative GST genes identified
in Drosophila (34). It was also shown that depending on specific tissue/cell type a
single GST isoform could vary between 0.15 to 45 pM (24). However, these
concentration determinations do not address the issue of compartmental localization
known to be important in controlling message propagation in signal transduction
pathways. We therefore chose an intermediate concentration range and used a 1:1
ratio for the GST: JNK experiments. We began with an evaluation of the effects of
JNK and HEP on the activity of six delta GSTs. As shown in Table 3.6, GST
activities as assessed using the standard CDNB assay were decreased in the presence
of a 1:1 molar concentration of HEP. The activities of the GST spliceforms D1-1 and
D2-2 were the greatest affected, but even the inhibition of GST D3-3 and D4-4 were
greater than 20%. A parallel series of experiments in which JNK was incubated with
each delta GST also showed that JNK could inhibit the activity of GST D2-2, D3-3,
D4-4, D5-5 and D6-6 towards CDNB. However, under these assay conditions, no
inhibition of GST D1-1 activity could be observed (Table 3.6). The differences in the



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mol. Genet. Genet. Eng.) / 75

effects of the HEP and JNK on the activities of the GST would appear to be the result
of different interactions with the different amino acids in the C-terminus of each GST
particularly GST spliceforms that contain the same 45 amino acids at the N-terminal

region.

TABLE 3.6 The HEP and JNK proteins effect on the GST activity

GSTs Inhibition of GSTs by HEP Inhibition of GSTs by JNK
(%) (%)

DI1-1 54.64 £3.83 No inhibition detected
D2-2 53.29+7.71 85.35+6.72

D3-3 23.71 £ 1.88 44.64 £ 6.92

D4-4 29.27+£2.99 68.45 £ 4.00

D5-5 22.85+1.26 16.75 £ 1.49

D6-6 21.62 £3.67 19.07 £ 1.81

The recombinant proteins of HEP and JNK were incubated with the different
GST spliceforms in 1:1 molar ratio for 5 min at room temperature. The % inhibition
of GST activity was calculated using reaction that contained no kinase proteins as the
control. No inhibition of GST activity of GST D1-1 by JNK protein was detected. The

data are mean * standard deviation from at least four independent experiments
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3.4.2 The mechanism of GST inhibition by HEP and JNK

A more detailed kinetics study of inhibition was undertaken to yield data on
the affinity of binding (X;) and the mechanism of interaction for the four GST
spliceforms and the kinases HEP and JNK (Table 3.7). With the exception of the JNK
and GST DI1-1 which showed no inhibition of GST activity, the inhibition of the GST
spliceforms by JNK or by HEP was non-competitive with respect to its substrate
CDNB. This indicated the interaction with each kinase did not block the GST active
site despite inhibiting its transferase activity. The inhibition type for the four GSTs
and the kinases HEP and JNK was evaluated from the appropriate intercepts on the
axis (157) as shown by Figure 3.12 and 3.13, respectively. This interaction was also
of high affinity with estimates of K in the range of 20-70 nM for GST D1-1, D2-2 and
D3-3 (Table 3.7). For GST D4-4, the K; values were higher, being in the range of
100-200 nM, however all of these interactions were approximately three to four
orders of magnitude greater affinity than the interactions of GSTs with glutathione
(37). Furthermore, this data shows that HEP interacts with all GST delta spliceforms
tested. JNK also interacts with GST D2-2, D3-3 and D4-4, but it was not possible to

observe an interaction of JNK with GST D1-1 in this experiment.
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TABLE 3.7 Mechanism of GST and Kkinase proteins interaction

K (nM) K (nM)
GSTs Inhibition Type

HEP-GST INK-GST
DI-1 Non-competitive | 49 993:2844 | Not determined
D2-2 Non-competitive | 5 3385180 | 73.918+20.116
D3-3 Non-competitive 43.642£7.188 | 76.777 +15.443
Da-4 Non-competitive | 15504 3 45152 | 218.114 + 86.287

The type of inhibition and affinity binding (Kj) of GST and kinase proteins
interaction were performed by varying concentration of CDNB from 0.05 to 3.0 and
measuring kinetic parameters under the standard assay of each GSTs enzyme The data

are means =+ standard error for at least four independent experiments.
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Figure 3.12 The mechanism of HEP interaction with GST. The V versus S and
Lineweaver-Burk plots of purified four GST spliceforms in the absence and presence
of the kinase HEP protein indicated HEP is a non-competitive inhibitor of GST

activity towards CDNB. The experiments were performed at least three times.
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Figure 3.13 The mechanism of JNK interaction with GST. The V versus S and
Lineweaver-Burk plots of purified four GST spliceforms in the absence and presence
of the kinase JNK protein indicated JNK is a non-competitive inhibitor of GST

activity towards CDNB. The experiments were performed at least three times.
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3.4.3 The JNK affected GST substrate specificity

The study next evaluated whether JNK changed the substrate specificity of the
delta GST spliceforms. The changes in GST substrate specificity upon incubation
with JNK are shown in Figure 3.14. Some striking differences were observed. For
example, GST D1-1 activity toward CDNB was not influenced when incubated in the
presence of JNK, nonetheless it was dramatically increased (approximately 3,000
folds increase of GST activity) towards PNPB. Likewise, incubation with JNK
increased GST D2-2 activity using PNBC and PNPB whereas it was decreased using
other substrates. Both D3-3 and D4-4 displayed an increase in activity towards PNPB,
however the activities were decreased toward other substrates. These data suggest the
JNK interaction provokes a set of different conformational changes in each GST, thus
affecting the active site topologies by changes in hydrophobicity and size through

residue movement (160), in a dissimilar manner.
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Figure 3.14 The JNK changes substrate specificity of GSTs. GST and JNK were
incubated in 1:1 molar ratio for 5 min at room temperature. The GST activity was
measured using various hydrophobic co-substrates. The % activity changes of GSTs
were determined comparing between reactions in the presence and absence of JNK
which is represented in the histogram graph. The zero line represents the reaction
without JNK incubation. The positive and negative data determine the increase and
decrease of GSTs activity in the presence of JNK. The specific activity of GSTs in the
absence of JNK was shown in Table 3.5. There was no % activity change in
adGSTD1-1 using CDNB as the co-substrate due to a lack of JNK affect (Table 3.6).

The data shown are the result of at least four independent experiments.
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3.4.4 Modulation of Protein Kinase Activity in the Presence of GSTs

The next study tested the reciprocal regulation of six delta GSTs on protein
kinase activity by assessing JNK activity towards its physiological substrate Jun. As
shown in Figure 3.15, adGSTDI1-1 inhibited the ability of JNK to phosphorylate Jun
by approximately 50%. In contrast the inclusion of adGSTD2-2, D3-3, or D4-4
increased JNK activity by up to 170%. Thus, despite JNK not inhibiting adGSTD1-1
activity towards CDNB (Table 3.6), adGSTDI1-1 was able to inhibit JNK activity
towards Jun (Figure 3.15). We next repeated these protein kinase assays, but without
the inclusion of the Jun substrate protein. In this way, we could assess the actions of
the GST delta spliceforms on both HEP;g and JNK activity using the ability of HEP3g
to phosphorylate JNK as well as the ability of JNK to phosphorylate HEPsg (104). As
shown in Figure 3.16, the incubation of JNK alone did not result in its significant
autophosphorylation. Similarly prolonged incubation of HEPsg alone did not result in
its significant autophosphorylation (data not shown). The inclusion of HEP;g with
JNK resulted in weak phosphorylation of both HEP3;g and JNK proteins. When the
GST delta spliceforms were also included, the most striking differences were noted
with GST D2-2 and GST D3-3 which increased the phosphorylation of both HEP:g
and JNK proteins up to 6-fold. Furthermore, GST D1-1 and D4-4 appeared to inhibit
the phosphorylation of HEP;; whilst not inhibiting the phosphorylation of JNK. These
results therefore show that GSTs can affect the activities of both JNK towards HEP;g
and HEP;g towards JNK. As a result of the different effects of GSTD4-4 on JNK
activity using different substrates of HEP and Jun as shown by an increased
phosphorylation of Jun (Figure 3.15) and a decreased phosphorylation of HEP
(Figure 3.16), we suggest the GSTs such as D4-4 may contribute to a change of INK
substrate selectivity. They also show that GSTs were not JNK substrates because no
phosphorylated GST protein was observed even upon prolonged exposure of the
autoradiographs. This is consistent with these GST proteins lacking a consensus

phosphorylation site for MAPKSs, namely S/TP or PXS/TP (113).
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Figure 3.15 The GSTs modulated JNK activity. The GSTs modulated JNK
phosphorylation of Jun. The experiment was performed using GST: HEP3g: JNK: Jun
in 10:1:2:10 molar ratio. GST was incubated with constitutively active HEP;g for 10
min at room temperature before adding JNK and Jun with 3 pCi of [y->*P] ATP for 25
min of phosphorylation time at room temperature. Proteins were then separated by
SDS-PAGE (B), and JNK activity was visualized by autoradiography of the 32p.
labeled Jun (A). The autoradiograph represented Jun phosphorylation in the presence
and absence of different GST isoforms. The histogram quantitates in fold activity the
GSTs effect on Jun phosphorylation compared to the reaction without GSTs (C). The

experiment was repeated at least three times with similar results.
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Figure 3.16 The GSTs distinctly modulated kinase activity. The experiment was
performed using GST: HEP;5: JNK in 10:1:2 molar ratio. GST was incubated with
constitutively active HEPsg for 10 min at room temperature before adding JNK with 3
uCi of [y-*P] ATP for 25 min of phosphorylation time at room temperature. Proteins
were then separated by SDS-PAGE (B), and kinase activity was visualized by
autoradiography of the **P-labeled substrates. The JNK protein was a substrate for
HEP as well as HEP was a substrate for JNK (103). The autoradiograph shows HEP
and JNK phosphorylation in the presence and absence of different GST isoforms (A).
The histogram quantitates in fold activity the GSTs effect on HEP and JNK
phosphorylation (C). The figures shown are representative of at least three

independent experiments.
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3.4.5 The JNK interaction affected GST structure

One key mechanism for regulating a protein function is tight control of its
stability. JNK association with its downstream targets (e.g., c-Jun, ATF2, p53) plays
an important role in stabilizing these proteins by protecting them from ubiquitination
and degradation after phosphorylation by JNK (161-163). Therefore, we have
elucidated the effects of JNK-GST interaction on GST stability and activity. It
appeared that adGSTDI1-1 activity, even though, was not inhibited by JNK, it was
stabilized by JNK (Figure 3.17 A) suggesting there was interaction between
adGSTD1-1 and JNK. In contrast, adGSTD2-2 activity was not shown significantly
stabilized by JNK (Figure 3.17 B). These data indicated the interaction with JNK
induced GST conformational changes variously, which have an effect on both GST
structural and catalytic properties. As adGSTD1-1 and D2-2 are alternative splice
products sharing the first 45 amino acids of the N-terminus, the differences in GST-
JNK interaction is therefore modulated through the variation of the C-terminal amino

acid sequences.
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Figure 3.17 The GST stabilized by JNK protein. (A) adGSTD1-1 (B) adGSTD2-2
The JNK stabilization of GST was performed by incubating GST and JNK in 1:1
molar ratio and measuring the % remaining GST activity for the time course of
incubation for 0-9 hrs at room temperature. The reactions in the absence of INK were

utilized as the control. The experiments were performed at least three times.
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3.4.6 GST structure affects on the GST-JNK interaction

To elucidate the importance of GST residues that effect the interaction with
JNK, several amino acid positions from adGSTD3-3 and D4-4 were changed to
alanine. These included G-site residues (Leu-33, His-38, His-50, Ser-65, Arg-66, Met-
101 and Val-107), H-site residues (Tyr-111, Tyr-119 and Phe-123) as well as a non-
active site residue (Leu-103) (Figure 3.18). Leu-33, His-38 and His-50 interact with
glycine while Ser-65, Arg-66 and Met-101 (D3-3), corresponding to Val-107 (D4-4),
interact with the carboxylic group of glutamic acid of GSH in the G-site. In addition,
Met-101 (D3-3) or Val-107 (D4-4) contributes to the hydrophobic substrate binding
in the H-site. Leu-103, although located outside the active site, significantly affects
the GST active site through H-bond and Val der Waal contacts with six residues in the
G-site (65). Previous work illustrated that changing amino acids in adGSTD3-3 as
well as adGSTD4-4 at these residue positions affect both catalytic and structural
properties of GST as demonstrated by altering enzyme kinetic parameters, for
example Vpax, Ky as well as enzyme half-life (T;,,) (65,66,143). These positions were
therefore of interest for further studies to determine whether they are involved in the
interaction with JNK. adGSTD3-3 and D4-4 were employed for these studies, because
their crystal structures are available (36). In addition, their properties of high
enzymatic activities and great purification yields were exceedingly perfect for

performing experiments.

Figure 3.19 demonstrated that the Arg-66-Ala mutant was not inhibited by
JNK whereas Ser-65-Ala and Met-101-Ala mutants had nearly the same % JNK
inhibition of GST activity as the adGSTD3-3 wild type. All adGSTD4-4 mutants,
except Leu-103-Ala, were inhibited by JNK differently compared to the wild type
enzyme. Interestingly, the Leu-103-Ala mutant was not inhibited by JNK. This data
suggests many GST residues, in particular Arg-66 and Leu-103, impacted on the
interaction with JNK. The differences of the enzyme half-life (T;/,) between Arg-66-
Ala (145.7 £ 10.5 min) and adGSTD3-3 (2.33 £ 0.12 min) (66) as well as Leu-103-
Ala (0.25 £ 0.01) and adGSTD4-4 (12.9 £ 1.5 min) (65) was 60-70 fold compared to
the respective wild type enzyme. This data revealed that a GST structural alteration

occurred. These data suggest a structural change in GST induced by an amino acid
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replacement at position 66 (D3-3) or position 103 (D4-4) impacts on the interaction
with JNK.

To confirm whether GST residues can have a structural effect on GST and
JNK interaction, several mutants of Arg-66-Ala, Leu-103-Ala, Met-101-Ala (D3-3);
Val-107-Ala (D4-4) were reciprocally employed to study the effect of GST mutants
on JNK activity. The result showed substitution at residue Leu-103 significantly
decreased JNK activity to 50% whereas the remaining GST mutants of Arg-66-Ala
and Met-101-Ala (D3-3); Val-107-Ala (D4-4) had nearly no effect compared to the
GST wild type (Figure 3.20). This data suggests structural changes induced by amino
acid substitution at Leu-103 position disturbed the GST and JNK interaction.
Moreover, similar effects between the equivalent residues of Met-101-Ala (D3-3) and
Val-107-Ala (D4-4) in reciprocal studies of GST-JNK interaction (Figure 3.19 and

3.20) demonstrated a close relationship between these two GST spliceforms.
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Figure 3.18 The GST residues surrounding Glutathione. (A) Stereco view and (B)
the front view of the adGSTD3-3 and D4-4 mutant positions. All mutated residues are
shown in stick form. The green color represents adGSTD3-3 and the gray color

represents adGSTD4-4. The red CPK module represents the glutathione molecule.



Rungrutai Udomsinprasert Results / 90

% Inhibtion

200 DLLLTLLILLLLCILCLL
OO T FMOINOVOONNT—TOM
ORzZsOIN2I2S2ET

= - > > > L

Figure 3.19 Study of the GST structure impacts on JNK interaction as shown by
JNK affects on GST activity. Alanine mutants of active site residues were utilized to
study the GST activity affected by JNK. The experiments was performed using GST
and JNK in 1:1 molar ratio incubated for 5 min at room temperature and measure the
% JNK inhibition of GST compared to adGSTD3-3 and D4-4 wild type. The % JNK

inhibition of GST was represented by histogram with experiments repeated at least

three times.
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Figure 3.20 Study of the GST structure impacting on JNK interaction as shown
by GST affects on JNK activity. The experiments were performed using GST
mutant: HEP3g: INK: Jun in 10:1:2:10 molar ratio with 3 pCi of [y-“P] ATP for 25
min of phosphorylation time at room temperature. (A) The autoradiograph shows JNK
phosphorylation in the presence and absence of GST enzymes including GST wild
type and mutants. (B) The SDS-PAGE represents the equal amount of JNK protein in
each lane. (C) The histogram quantitated in fold activity the effect of GSTs on JNK
phosphorylation compared to the reaction without GSTs. Each experiment was

repeated at least three times with similar results.
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3.4.7 The effect of glutathione on GST and JNK interaction

Under normal cellular conditions, intracellular GSH concentrations are
thought to be in the range 1-10 mM. At these concentrations, GSH would usually be
bound in the GST active site (46), and therefore we evaluated whether the presence of
GSH would alter the effects of GSTs on JNK activities. In the presence of 2 mM
GSH, JNK had different effects on the Delta GST spliceforms, adGSTDI-1 and
adGSTD2-2, for the GST substrates, CDNB, DCNB, PNBC and PNPB (Figure 3.21).
Specifically, when activities of the adGSTD1-1 and adGSTD2-2 spliceforms were
assessed following preincubation in the absence (Figure 3.21 A) and presence
(Figure 3.21 B) of glutathione, the most striking differences were noted for activities
towards the CDNB substrate. adGSTD1-1 was now activated by JNK and adGSTD2-
2 was also activated rather than inhibited (Figure 3.21 B). Furthermore, GSH also
affected JNK activity by inducing a 3.5-fold increase in JNK autophosphorylation
(Figure 3.22) whilst attenuating Jun phosphorylation (Figure 3.23). These data
suggests the GSH binding in the active site of GST allow GST induce-fit

conformational changes that directly effect on GST-JNK interaction.
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Figure 3.21 The impact of GSH on JNK affects on GST activity. The % activity

change of GST affected by JNK was determined compared between reactions in the

presence and absence of GSH. (A) The upper panel represents the specific activity of

GSTDI1-1 and D2-2 affected by JNK and was employed for comparison with the

reaction containing GSH, shown in (B) the lower panel. GST and JNK were incubated

in 1:1 molar ratio in the presence and absence of 2 mM GSH for 5 min at room

temperature. The GST activity was measured using various hydrophobic co-

substrates.
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Figure 3.22 The effect of GSH on GST affected JNK activity by determining
JNK phosphorylation. The experiments were performed using GST: HEP3g: JNK:
Jun in 10:1:2:10 molar ratio in the presence and absence of 10 mM GSH with 3 pCi
of [y-"*P] ATP for 25 min of phosphorylation time at room temperature. (A) The
autoradiograph shows JNK phosphorylation in the presence and absence of GSH. (B)
The SDS-PAGE illustrates the same loading amount of protein in each lane. (C) The
histogram quantitates in fold activity the GSTs effect on JNK phosphorylation. The

figures shown are representative of at least three independent experiments.
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Figure 3.23 The effect of GSH on GST affected JNK activity by determining Jun
phosphorylation. (A) The autoradiograph shows Jun phosphorylation in the presence
and absence of GSH. (B) The SDS-PAGE illustrates the same loading amount of
protein in each lane. (C) The histogram quantitates in fold activity the GSTs effect on
Jun phosphorylation. The figures shown are representative of at least three

independent experiments.
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CHAPTER 4
DISCUSSION

The six Delta GSTs isoenzymes from Thai malaria vector, Anopheles dirus,
consisting of the alternative spliceforms of adGSTD1-1, D2-2, D3-3 and D4-4 (32), as
well as the two elucidated isoenzymes of adGSTDS5-5 (40) and adGSTD6-6 (39) were

characterized for enzymatic and non-enzymatic properties.

4.1 Enzymatic study of GST

We have revealed an overview of an evolutionary conserved adGSTDS5-5

enzyme from gene to protein function.

4.1.1 Genome organization and putative promoter analysis

A BLAST analysis of the 15,694 bp complete sequence of phage clone 8A.2
contained a new GST gene, adgstD5, from the malaria vector Anopheles dirus. This
gene was named adgstD5 for Anopheles dirus GST class Delta protein coding
sequence 5. The adgstD5 gene is located upstream and in reverse orientation to the
adgst1AS1 gene (Figure 4.1). Previously we had a partial sequence for the phage
insert, which suggested the second gene was downstream, as well as possibly of the
same Delta class GST as adgst/ASI and therefore was called gst/-5 for insect GST
class one enzyme five (32). The BLAST analysis yielded the highest identity to
aggstl-7 (now referred to as gstD7), the product of the aggst! S gene of An. gambiae
(164). The percent amino acid identity for these two enzymes is 95% and the percent
similarity is 98%. The two mosquito malaria vectors Anopheles dirus and An.
gambiae have been diverged for several million years, the first in Southeast Asia and
the second in Africa. The high degree of sequence conservation between the two
Anopheles species suggests that this GST isoenzyme has a role in the metabolism of a

compound that is a common metabolic product or a significant component in the
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environment in many living cells. A comparison with the available 4An. gambiae
genome data shows the adGSTDS5-5 protein has 29%-45% amino acid identity with
other Delta GSTs and 9%-36% with GSTs from the remaining classes. The percent
amino acid similarity to the Delta GSTs is 49%-66%. Therefore this GST is most like
the Delta class GSTs; however, this gene encodes a singular GST protein with
marginal amino acid identity to other Delta class GSTs.

Analysis also revealed two putative promoters, Ad5-923 and Ad5-3429, which
may be defined as regulatory promoters of adgstD5 and are required to fulfill the core
promoter activity in specific physiological circumstances (Figure 4.2). Ad5-923
contains several putative binding sites for developmentally regulated transcription
factors such as hunchback, Dfd, AP-1 and GATA-1 (Figure 4.2). Also of interest are
several potential binding sites of estrogen receptor and estrogen-dependent protein
(ER and vitillogenin binding protein) and maternal effect protein in Ad5-923 (40). It
has been reported that there is an estrogen-like compound in another arthropod, the
ovary of shrimp (Parapenaeus fissurus) (165). Searching the Drosophila genome
database for an estrogen receptor sequence yielded one sequence (CG 7404 gene
product) on chromosome 3 that was distinct from the ecdysone receptor (EcR) gene
which is located on chromosome 2. BLAST analysis of the CG 7404 gene product
provided the highest score to an estrogen-related receptor B (41% identity and 53%
similarity). These data imply that estrogen-like compounds in insects may function in
a similar way to the vertebrate estrogen. It is possible that the type of transcription
factor binding sites detected in Ad5-923 may have contributed to the specific
expression of Adgst5 mRNA in adult female mosquitoes. Oocyte development in
female mosquitoes involves lipid synthesis at extra-ovarian sites, such as the fat body,
transfer and then incorporation into oocytes (166,167). In Aedes aegypti the dry
weight of oocytes consists of 35% lipids, 80% of which has been transported from fat
body (166,167). The accumulation and transport of the lipid reserves in adult female
mosquitoes would create an oxidative stress burden that could be alleviated by
increased GST expression. The presence of an estrogen response element upstream of
the GSTA gene was proposed to have a possible role in sexually maturing female
plaice oocyte development (168). The authors suggested that the enormous

mobilization of lipids during lipovitellin synthesis in females presents a specific
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requirement of a GST-mediated detoxication mechanism to deal with lipid
peroxidation, since up to 50% of total fish egg lipid is composed of polyunsaturated
fatty acids originating from the mother (168). Ad5-923 contained both the estrogen
response element and a vitellogenin binding protein element, which suggests that
adgstD5 might be involved in oogenesis as was proposed for the fish GST. Currently
the number of genes known to be regulated by elements outside the 5° flanking region
is constantly increasing. These intronic regulators often direct cell type- specific or
developmentally regulated gene expression (169). The Ad5-3429 is located within the
intron and contains several binding sites that are reported to be involved in embryo or
tissue development; that is, bicoid, HFH8, Elf, oct, dfd and AP-1 (Figure 4.2). This

putative promoter therefore may be involved in developmental stage regulation.
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Figure 4.1 The adgstiAS1 and gstD5 gene organization of 8A.2 clone. The gstD5
gene is located 4620 bp upstream with the opposite orientation of adgst/ASI. The
15,694 bp genomic sequence has GenBank accession number AF251478.
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Figure 4.2 Sequence of two putative promoters of gstD5 (Ad5-923 and Ad5-
3429). Potential transcription binding sites were mapped on the region of these two
putative promoters by the Matlnspector program. Some abbreviations of binding sites
are BCD- bicoid; SRY- sex-determining region Y; VBP- vitellogenin binding protein;
ER- estrogen receptor; ELF- grainyhead protein of Drosophila and HFH8- fork head
domain protein. The binding site of each potential transcription factor is underlined or
overlined. The (+) indicates the binding site on the sense strand while (-) indicates the

binding site on the antisense strand.
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4.1.2 Enzymatic characterization

The characterization of the recombinant adGSTDS5-5 was intrinsically
problematic as the enzyme possessed low detectable activities (Table 3.2), suggesting
this enzyme owned very different substrate specificities compared to the other An.
dirus GSTs. Despite low GSH conjugating activity, adGSTD5-5 possessed the
greatest DDT dehydrochlorination activity of the six recombinant GSTs we have
currently obtained (40). The DDTase activity was 11- to 62-fold different among the
five An. dirus GSTs and adGSTDI1-1 had no detectable activity. DDTase/CDNB
activity showed that the adGSTD5-5 enzyme possessed a 4- to 100-fold greater DDT
substrate preference compared to the other GSTs. Altogether, these data illustrate the
adGSTDS5-5 displays distinct catalytic properties from the previously defined insect
GST isoenzymes. Two additional classes of soluble GSTs, Omega and Zeta, were also
described with unusual enzymatic activities recently in a variety of organisms,
including mammals (12,13,170). These data suggest that gene rearrangement in
combination with structural evolution presumably constitutes an evolutionary function
of the GST enzymes operating in nature (51). The mechanism of catalysis and the
residues involved are yet to be investigated for adGSTDS5-5. Various mammalian GST
isoforms have been shown to be highly active in conjugating toxic lipid alkenals and
purine and pyrimidine alkenals, all of which are believed to arise in cells as a
consequence of oxidative processes (171,172). Interestingly, adGSTD5-5 contained
the putative regulatory elements involved in detoxication of lipid peroxidation.
Therefore, we investigated the role of heterologously expressed adGSTDS5-5 involved
in detoxication of potentially deleterious fatty acid metabolites by assaying the effect
of polyunsaturated fatty acids on GSH conjugation with CDNB. Our data
demonstrated adGSTDS-5 interaction with several fatty acids (40). An interesting
observation was that although several fatty acids appeared to have little effect on
CDNB activity the remaining tested either inhibited activity 72%-94% or enhanced
activity by 104%-219%. This fatty acid interaction yielding varying effects on
adGSTDS5-5 implies adGSTDS5-5 may have a physiological role in protection against
oxidative stress as previously reported for GST Alpha class isoenzymes that appear to

be involved in the signaling mechanisms of apoptosis (173).
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4.1.3 Structural determination

The adGSTD5-5 structure obtained for this study is shown in Figure 4.3
(Protein Data Bank accession number 1R5A). The tertiary structure obtained from
crystallographic analysis showed the adGSTDS5-5 protein to possess the canonical
GST structure (Figure 4.4). The physiologically relevant state of the protein is a
dimer, which is present in the crystal due to a two-fold symmetry operation. The
overall structure is broadly similar to that of previously determined delta-class GST
structures (36). The G-site is formed mostly by residues from the N-terminal
thioredoxin domain. Like other delta class GSTs, a serine residue (Serl1) appears to
be responsible for activating the GSH sulthydryl residue in catalysis. However, in the
absence of direct evidence such as site-directed mutagenesis, it is possible that a
nearby Ser, Cys or Tyr residue may be the major catalytic residue. adGSTDS5-5
possessed an r.m.s. of 1.42 A and 1.25 A for the a-carbon alignment with adGSTD3-3
and adGSTD4-4, respectively. There are significant differences between the packing
of helix a8 of adGSTDS5-5 with the rest of the protein. As a result this helix is closer
to the C-terminal domain compared with other insect GST isoenzymes (Figure 4.4).
This can be attributed to the substitution of packing residues in adGSTD5-5 to smaller
amino acids. As such the overall shape of the H-site is different in adGSTDS5-5
compared with the adGSTD3-3 and adGSTD4-4 isoenzymes. A comparison of
adGSTDS5-5 and adGSTD3-3 showed 47% identity in the 43 amino acids that make
up the active site pocket with an average r.m.s. of 0.616 A for the identical amino acid
residues. However, the shape of the two active site pockets seems to be quite distinct
with the adGSTDS5-5 pocket appearing to be elongated (Figure 4.5). In comparison,
the adGSTDS5-5 pocket also appears to be more polar with an increase in both positive
and negative charges that contributes to distinct orientations of GSH and substrate
binding. These structurally unique features of adGSTDS5-5 especially in the vicinity of
the active site and the C terminus may define the substrate repertoire for this
particular GST whereby it displays an unusual enzymatic property. These results
suggest that there is considerable structural plasticity in the active site of delta-class
GSTs and that their catalytic activities may not be restricted to hydrophobic

cosubstrates.
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Figure 4.3 Stereo view of adGSTD5-5. The view is looking down on the two fold
axis into the active site with the glutathione-sulfonic acid shown as a ball-and-stick
figure. The coordinates for the tertiary structure have been deposited in the Protein

Data Bank with the accession number 1R5A.

A E

Figure 4.4 Cartoon representation of adGSTDS-5. Cylinders represent helices,
arrows represent strands, lines represent random coil. (A) adGSTDS5-5 with secondary
structure elements labeled. (B) Aligned Anopheles GSTs. adGSTD3-3; blue,
adGSTD4; red and adGSTDS5-5; yellow.
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Figure 4.5 Stereo views of the electrostatic potential surface of the active site
pockets of adGSTD5-5 and adGSTD3-3. The two tertiary structures were aligned to
illustrate the same view of the active site. The top panel shows adGSTDS5-5 and the
bottom panel shows adGSTD3-3. A yellow ball and stick representation shows the
GSH in the pocket.
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4.2 Non-Enzymatic study of GST and Kinase proteins interaction

In the present study, we characterized the non-enzymatic function of GST in
the regulation of stress-activated kinase proteins of the JNK pathway as well as the
reciprocal regulation of GST by proteins of the JNK pathway. In insects, HEP or
hemipterous is a homolog to mammalian MAPKK?7 (MKK?7) whereas the single
Drosophila INK or basket protein corresponds to the ten human JNK isoforms with a
61-75% amino acid identity (104). Furthermore, GSTs in insects currently fall into 6
classes, with the delta class being the best studied (34,174,175). The amino acid
identities between the two delta class GSTs from Anopheles dirus and Drosophila are
in range of 51-63%. Here we have concentrated on the study of six delta class GSTs
from An. dirus including 4 spliceforms of a single delta class GST, GSTs D1-1, D2-2,
D3-3 and D4-4 as well as the other two single encoded GST D5-5 and D6-6.
Interestingly, the splicing of these GSTs generates products that share the same N-
terminal 45 amino acids of the conserved glutathione binding region (37). The amino
acid comparison among these spliceforms, D5-5 and D6-6 also indicated the high
sequence similarity at the N-terminus. Any differences in the actions in these
spliceforms and in the other two GSTs of D5-5 and D6-6 must therefore arise from
the C-terminal regions of these proteins and we have previously shown that their
substrate specificities, steady-state kinetics with respect to both GSH and CDNB, and
inhibition kinetics to the pyrethroid insecticide permethrin are very different

(37,39,40).

4.2.1 GSTs as a JNK regulator

Results of the present study have extended our previous studies by
demonstrating an interaction between the Dipteran GSTs D1-1, D2-2, D3-3, D4-4,
D5-5, D6-6 and the JNK pathway components, JNK and HEP. Our inhibition study
showed different interactions of these kinases with the GST splice products,
particularly as seen with the inhibition of several of the GST spliceforms by JNK
(Table 3.5). We observed, using the standard CDNB assay, that GSTD1-1 showed no
inhibition whereas the remaining GSTs were inhibited by their preincubation with
JNK protein. We suggest that the interaction with the kinase could change the GST

conformation and result in different GST enzymatic activity.
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This is also the first report of the activation of JNK activity by their
preincubation with GST. Previously, GSTs have been reported to serve as negative
regulators in the JNK pathway, acting either on JNK or ASK1 (85,86). Here we report
that although some alternatively spliced GSTs inhibit JNK activity, other spliceforms
also may function as JNK activator proteins. This data again highlights the functional
diversity of the GST spliceforms in addition to their catalytic properties in kinetic
studies, substrate specificity as well as inhibition studies (37). Moreover, our study
shows the GSTs can associate with the immediate JNK upstream activator kinase in
Drosophila, HEP. Hence, GST may play additional roles in regulation of kinase
proteins in the JNK pathway through an, as yet, unknown mechanism.

As a consequence of the different effects of GSTD4-4 on JNK activity as
shown by an increased phosphorylation of Jun (Figure 3.15) and a decreased
phosphorylation of HEP (Figure 3.16), we suggest the GSTs such as D4-4 may
contribute to a change of JNK substrate selectivity. Intriguingly, GST could be a
pivotal molecule to switch the JNK downstream cascade direction by changing
activation of transcriptional machinery components and thereby gene expression.
Similar to GSTs, JIPs (JNK-interaction proteins) occur in multiple forms including
spliced isoforms as well as function in the same manner by regulating the JNK
pathway (176). JIP appears to serve as both a positive (134,177) and negative
(81,135) regulator of JNK activity. These data suggest the JIP-JNK interaction
induced structural alterations and that these conformational changes are crucial for
arrangement of the substrate binding site in JNK, which results in a change of JNK
substrate specificity. One critical determinant of MAP kinase specificity and efficacy
is the docking motif on the kinase surface which interacts with the substrate target
site. A structural change of JNK upon interaction with GST may impact on this region
critical for specificity determination (125,128). Nonetheless, JNK has many functions
in controlling cell stress responses, and it is possible that the GST-JNK interaction
changes substrate specificities of JNK for other JNK substrates such as ATF2 (99),
Elk-1 (100) or p53 (178). The GST and JNK interaction would therefore function as
switches or modulators for the various JNK processes upon stimulation by cellular
stresses (Figure 4.6). Due to the nature of the signaling process, there must be other

molecules participating in regulation of the GST-JNK interaction. Since there are
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various classes and isoforms of GSTs (1,2) and JNKSs (91) that are widely distributed
in different tissues, the signaling specificity of GST and JNK interactions may be also
controlled by the specific classes and isoforms present in any particular cell type.
Previously it was shown that distinct classes of GSTs played particular roles by
interacting with different kinase proteins (85,86). Here we report that different
isoforms of the same class of GST interact with JNK and modulate JNK activity in
different ways. The variety of GST isoforms may be one of the keys determining
signal specificity and controlling a particular cell’s biological response.

The GST and JNK interaction may occur through the C-terminus of JNK
which has been reported as being important for providing direct protein-protein
interaction with GSTP1-1 (138). JNK has also been shown to interact electrostatically
with other signaling molecules via a conserved docking motif called the CD (common
docking) domain (126). The conserved polar residues within the CD domain may
serve as energetic hot spots which increase the specific protein-protein interaction
(179,180). In addition, hydrogen bonding and molecular surface shape
complementarity are vital criteria as a basis for protein docking (181). Thus the
variation in surface residues of a GST interacting with a particular JNK may induce
distinct conformational changes yielding functional changes in both proteins. A shift
in substrate specificity arising from this association of GST and JNK, in addition to
the presence of different GST isoforms generated in the course of natural molecular
evolution (182), would be a useful feature for a detoxication mechanism already well

known for recognizing diverse substrate compounds.
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Figure 4.6 A proposed mechanism of GST regulation of stress kinase proteins
through a dissociation/association process. The different isoforms of GSTs possess
different JNK effector properties. GSTI refers to a JNK inhibitor and GSTA
represents a JNK activator. The JNK regulation occurs on stress. Left panel: under
normal conditions, GSTI inhibits JNK and maintains JNK at basal level activity (85).
Right panel: once stress occurs, a mechanism to dissociate GSTI from JNK comes
into effect. GSTA may now associate with JNK or an upstream activating kinase and

increase or modulate the kinase cascade response.
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4.2.2 Structural effect on GST and JNK interaction

Although adGSTD1-1 and adGSTD2-2 share 61% of amino acid identity, the
experiment of JNK stabilization of GST demonstrated that JNK has ability to stabilize
adGSTD1-1, but not D2-2 (Figure 3.17). Moreover, these two GSTs were modulated
by JNK differently. D1-1 was inhibited, whereas D2-2 was activated by JNK (Figure
3.15 and 3.16). These data suggest the difference in amino acid composition between
these two GSTs at the C-terminus confers differences in both structural and
physiological functions. Many factors are involved in these GST-JNK interactions, for
example interface size, the number and the type of amino acids involved in the
interface, structural motif and secondary structure at an interface, hydrogen bonding
and electrostatic interaction, packing, cavities, shape complementarities, as well as
backbone and side-chain rearrangements (183). In addition, the induction of protein
backbone flexibility can occur through high affinity protein-protein interaction, and
may induce a disordering of the protein structure (184). The JNK stabilized GSTD1-1
may occur because the dynamics of the INK-GST complex changes the flexing of
GST and generates an induced-fit mechanism similar to that observed upon
glutathione binding (36,185,186).

The single point mutations of the active site residues, G and H site, from
adGSTD3-3 and adGSTD4-4 illustrated that the 103 position (D4-4) is important for
interaction with JNK (Figure 3.19 and 3.20). Substitution of Leu to Ala at this
position affected the GST interaction with JNK as well as the reciprocal JNK effect
on GST. This data suggests structural changes as a result of the amino acid
replacement at Leu-103 position critically disturbed the GST and JNK interaction.
The enzymatic studies demonstrated these residues governed both the catalytic
function and the structural integrity of the GST enzymes as shown by changes in K,
Vmax and half-life (Table 3.7). These amino acid replacements induce differing
conformations that shift amino acid orientations involved in binding or catalysis and
thereby affect kinetic properties (187,188). Furthermore, the subtle cumulative
changes in residue interactions may influence the enzyme structure by affecting the
subunit interaction (189,190), the characteristic hydrogen bonding network (68) and
thus influence the packaging of the hydrophobic core (61,62) which contributes

toward to protein stability. It is possible that changes in intra-molecular interactions
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and side-chain conformations at the protein-protein interface may affect the JNK
binding reaction (191). The GST structure shows Leu-103 directly interacts with His-
100 which is located beneath the putative JNK docking residue Arg-96 (Figure 4.7).
The accumulated changes of a number of atom-atom interactions in the surrounding
amino acids most likely exert a domino effect that effectively disturbs the GST and
JNK docking region.

To elucidate the effect of surrounding residues, the equivalent residues of Met-
101-Ala from D3-3 and Val-107-Ala from D4-4 were applied for this study. Despite
being designated as equivalent residues, Met-101 (D3-3) and Val-107 (D4-4)
provided a significant difference in stability effect (66). The adGSTD4-4 mutant, Val-
107-Ala half-life (254.43 + 9.85 min) demonstrated a striking effect with an increase
of approximately 17-fold in the half-life when compared to the wild type (14.01 £
1.70 min) while the adGSTD3-3 mutant, Met-101-Ala half-life (4.13 + 0.41 min)
showed only a slight effect compared to the wild type half-life (2.71 £ 0.35 min). This
data demonstrates the milieu of these amino acids contribute to different intra-
molecular interactions in which are isoform specific (192). We further show the
correspondence of these equivalent residues conferred a distinct response in GST
affecting JINK activity (Figure 3.18) as demonstrated by Met-101-Ala increased while
Val-107-Ala decreased JNK phosphorylation. This data suggests the importance of

neighboring residues involved in determining functional diversity.
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Figure 4.7 A proposed pathway of GST structural effect on JNK interaction. The
surface interaction of GST and JNK is located on the opposite side of the active site of
both molecules. adGSTD4-4 and JNK protein represented in gray and magenta,
respectively. The pink and blue CPK modules represent the negative and positive
charge-charge interaction taking place on the surface of the molecules. The red and
grey CPK modules represent glutathione and Arg-67, respectively in the active site of
GST. Leu-103 (yellow) directly interacts with His-100 which is located beneath the
putative JNK docking residue Arg-96.
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4.2.3 The effect of glutathione on GST and JNK interaction

Our data demonstrated that GSH changes the effect of JNK on adGSTD1-1
and D2-2 activity by altering the GST conformation (Figure 3.21A and 3.21B). We
suggest the known changes of GSH binding that result in GST induced-fit
conformational changes (36) could contribute to the changes noted in the GST-JNK
interaction. These changes will be observed differently depending on the GST specific
isoforms and substrate employed. We further investigated the presence of GSH
resulting in an increase of JNK autophosphorylation (Figure 3.22), while attenuating
Jun phosphorylation (Figure 3.23). This study suggests glutathione may serve as a
critical molecule that is directly involved in JNK regulation by controlling JNK
substrate selectivity and specificity of interaction. Changes in glutathione levels have
also been associated with the activation of a stress response (193) and GSTs can
protect against electrophiles and oxidative stress by altering cellular glutathione levels
(1). Direct interaction of GSH and kinases has been reported previously for several
isoforms of PKC that were shown to be inhibited by GSH (194). High GSH
concentrations have been shown to inhibit the sphingomyelin/ceramide cycle where
generation of ceramide leads to cell cycle arrest and apoptosis (195). In addition, the
depletion of GSH in the cell during oxidative stress exerted negative regulation over
protein kinase C (PKC) isozymes (194) as well as JNK/p38 pathway (193). GSH has
been shown to be a potent inhibitor of JNK activation suggesting the existence of
specific cellular components involved in JNK activation in response to different forms

of cellular stress (193). We suggest GSTs may be one of these components.
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CHAPTER 5
CONCLUSIONS

In this thesis project, we have identified a new Delta class GST, which we
named adGSTDS5-5. This isoenzyme was only detectably expressed in Anopheles
dirus adult female. A high degree of sequence conservation of this gene across several
million years of divergent evolution between two Anopheline malaria vector species
suggests that this GST isoenzyme performs an important function. A putative
promoter analysis suggests this GST has an involvement in oogenesis and in
developmental stage regulation. The enzyme displayed little activity for classical GST
substrates although it possessed the greatest activity for DDT, 10-fold, observed for
Delta GSTs. A tertiary structure comparison revealed differences in active site
composition with an elongated and more polar active site topology.

In addition, all six adGST isoenzymes, adGSTD1-1 to D6-6, were available to
study as a kinase regulator protein in the JNK pathway. The data show that distinct
isoforms of GSTs specifically interact with JNK with different effects. Intriguingly,
even though several of the studied GST isoforms are alternatively spliced products
sharing greater than 60% amino acid identity, these GST proteins displayed contrary
roles in regulation of JNK. It suggests the specific isoforms of GSTs present may be
important in controlling the final cellular response. The present study provides new
insight into the mechanism of GSTs in regulating and conferring specificity of stress

kinase proteins in the JNK pathway.
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In mammalian systems, detoxification enzymes of the GST (gluta-
thione S-transferase) family regulate JNK (c-Jun N-terminal
kinase) signal transduction by interaction with JNK itself or
other proteins upstream in the JNK pathway. In the present study,
we have studied GSTs and their interaction with components of
the JNK pathway from Diptera. We have evaluated the effects
of four Delta class Anopheles dirus GSTs, GSTD1-1, GSTD2-2,
GSTD3-3 and GSTD4-4, on the activity of full-length recombi-
nant Drosophila HEP (mitogen-activated protein kinase kinase 7;
where HEP stands for hemipterous) and the Drosophila JNK, as
well as the reciprocal effect of these kinases on GST activity. Inter-
estingly, even though these four GSTs are alternatively spliced
products of the same gene and share > 60 % identity, they exerted
different effects on JNK activity. GSTDI1-1 inhibited JNK ac-
tivity, whereas the other three GST isoforms activated JNK.
GSTD2-2, GSTD3-3 and GSTD4-4 were inhibited 50-80 % by

HEP or JNK but GSTD1-1 was not inhibited by JNK. However,
there were some similarities in the actions of HEP and JNK on
these GSTs. For example, binding constants for HEP or JNK in-
hibiting a GST were similar (2070 nM). Furthermore, after
incubation of the GSTs with JNK, both JNK and the GSTs
changed catalytic properties. The substrate specificities of both
GSTs and JNK were also altered after their co-incubation. In
addition, glutathione modulated the effects of JNK on GST
activity. These results emphasize that different GST spliceforms
possess different properties, both in their catalytic function and in
their regulation of signalling through the JNK pathway.

Key words: c-Jun N-terminal kinase (JNK), Drosophila, gluta-
thione S-transferase, hemipterous (HEP; MKK7), JNK activity
regulation, mosquito.

INTRODUCTION

GSTs (glutathione S-transferases; EC 2.5.1.18) are a superfamily
of multifunctional enzymes involved in normal cellular meta-
bolism as well as in the detoxification of various hydrophobic en-
dogenous and xenobiotic compounds [1]. The central importance
of GSTs in detoxification lies in their unique capacity to con-
jugate glutathione with a wide variety of compounds [2]. This
detoxification reaction is of critical importance in cell survival. As
a consequence, GSTs have been found in virtually all organisms
and are currently grouped into at least ten classes based on their
primary sequence similarity, substrate specificity, immunological
properties, and tertiary and quaternary structures [3]. Changes in
glutathione levels have also been associated with the activation of
a stress response [4] and GSTs can protect against electrophiles
and oxidative stress by altering cellular glutathione levels [1].
GSTs also have glutathione peroxidase activity under conditions
of oxidative stress and they have been further implicated in a
range of physiological roles such as signal transduction, cell pro-
liferation, differentiation and apoptosis [5].

Various classes of GSTs have been shown to be involved in
these broader physiological roles. For example, GST Omega
protected cells from apoptosis induced by Ca?" mobilization from
intracellular stores through its ability to regulate the Ca’* channel
activity of the ryanodine receptor [6]. Since the Bcl-2 family
member Bax regulates programmed cell death by promoting apop-
tosis [7], a role for GST Theta in regulation of apoptotic cell
death has also been suggested following its identification as a
Bax-interacting protein [8].

Other interactions of GSTs to alter intracellular signal-
transduction events have been reported. Most often these implicate
GST in the regulation of the JNK (c-Jun N-terminal kinase) signal-
transduction pathway. JNK is a member of the MAPK (mitogen-
activated protein kinase) family, which is conserved across all
eukaryotes ranging from yeast and insects to mammals [9]. JNK
has been implicated in a variety of biological functions in response
to stress, and the transmission of signals through the JNK pathway
is achieved by sequential phosphorylation and activation of the
pathway kinase components, the MKKKs (MAP kinase kinase
kinase), the MKKSs and the MAPKSs. The activation of JNK relays
extracellular cues to transcription factors such as c-Jun [10], activ-
ating transcription factor 2 [11] and Elk1 [12], thereby regulating
gene expression, cellular homoeostasis, differentiation, apoptosis
and cell death. Not only is the induction of c-jun and c-fos trans-
cription dependent on JNK, but Jun and Fos can also induce the
transcription of xenobiotic-metabolizing enzymes such as GST
[13]. Thus c-Jun is directly involved in GST Pi expression in vivo
[14]. This suggests a role of JNK in the induction of a cellular
defence programme against cytotoxic xenobiotics.

JNK pathway components and GSTs are evolutionally con-
served across mammals and insects. Different mammalian GST
classes such as GST Pi and GST Mu have been reported to interact
with different stress kinase proteins in the JNK pathway. For
example, GST Pi is a JNK regulatory protein, and its association
with JNK maintains a low basal level of JNK activity in the non-
stressed cell [15]. The lack of GST Pi increased constitutive JNK
activity in vivo and, therefore, regulated the expression of genes
that were specific downstream targets of the JNK pathway [16].

Abbreviations used: ASK1, apoptosis signal-regulating kinase 1; CDNB, 1-chloro-2,4-dinitrobenzene; DCNB, 1,2-dichloro-4-nitrobenzene; GST, glu-
tathione S-transferase; HEP, hemipterous; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MKK, MAP kinase kinase; PNBC,

p-nitrobenzyl chloride; PNPB, p-nitrophenyl bromide.
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Moreover, GST Pi co-ordinates ERK/p38/IKK activation as part
of the mechanism underlying its ability to elicit protection against
H,0,-induced cell death [17]. In contrast, GST Mu interacts with
ASK1 (apoptosis signal-regulating kinase 1), an upstream activ-
ating kinase of JNK that participates in cell death [18].

In the present study, we evaluate the interaction of GST and
kinase proteins in a Dipteran system using four different splice-
forms of Anopheles dirus Delta class GSTs and two different
Drosophila kinase proteins, Drosophila HEP7 (where HEP stands
for hemipterous) and Drosophila JNK (JNK). The Drosophila
JNK pathway, viewed as a linear cascade [19], comprises the
Hemipterous (HEP or DMKK7) [20], basket (JNK) [21] and
D-Jun [22], which are homologous proteins with mammalian
MKK?7, JNK and c-Jun respectively. The four Anopheles GSTs
used in the present study are alternatively spliced products from
a single gene [23]. To elucidate the mechanism by which GSTs
modulate the JNK signalling pathway, we assessed both GST and
kinase activities to provide evidence for direct protein—protein
interactions and to measure the binding affinity. Our results show
that the GSTs interact with protein kinases, the different GST
isoforms appear to possess different regulatory mechanisms in
the JNK pathway and JNK interaction also affects GST activities.
This is the first report of the reciprocal regulation of GST and
JNK pathway activities.

EXPERIMENTAL
Preparation of DNA constructs

The alternatively spliced products, GSTD1-1, GSTD2-2, GSTD3-
3 and GSTD4-4, were cloned into a pET3a vector [24]. The
recombinant proteins in the Drosophila JNK pathway consist-
ing of Drosophila HEP7 (HEP; GenBank® accession number
AABG63449.1), Drosophila JNK (JNK and also known as basket;
GenBank® accession number AAB97094.1) and the transactiv-
ation domain of Drosophila Jun (amino acids 1-104; Jun 1-104;
GenBank® accession number P18289) were obtained by reverse
transcriptase—-PCR from adult Drosophila melanogaster. The
PCR products were then cloned into a pET28b vector (Stratagene).
The HEP recombinant plasmid was also used as the template for
a site-directed mutagenesis method to construct a constitutively
active HEP mutant (HEP;g). The mammalian MKK7-81 isoform
mutant (MKK7;z) has constitutive kinase activity after the sub-
stitutions of Ser?!, Thr*”> and Ser?”” to Glu [25]; we therefore
altered the three homologous residues (Ser**®, Thr**? and Ser***) of
Drosophila HEP7 to Glu by two-step PCR using a Quik Change™
site-directed mutagenesis kit (Stratagene). All recombinant clones
were identified by restriction-digest of the plasmids and confirmed
by full-length sequencing in both directions using a BigDye™
Terminator Cycle Sequencing kit (PerkinElmer).

Preparation of recombinant proteins

GST proteins were expressed and purified using either GSTrap
or S-hexyl-glutathione affinity chromatography [24]. The four re-
combinant proteins, HEP, HEP;;, JNK and Jun 1-104, were ex-
pressed as histidine fusion proteins. The JNK and Jun 1-104
recombinant proteins were expressed as soluble proteins and
purified using a standard Ni**-nitrilotriacetate column method
(Amersham Biosciences). In contrast, HEP and HEP;; recom-
binant proteins were expressed mainly in inclusion bodies. There-
fore these HEP and HEPs; were purified using Ni*"-nitrilotriace-
tate column chromatography under denaturing conditions and
renatured by slow dialysis using the Roti®-Fold reagent (Carl
Roth GmbH+, Karlsruhe, Germany). Protein concentrations were

© 2004 Biochemical Society

determined using the BioRad protein reagent with BSA as the
standard [26].

GST activity assays

GST activity was measured by the conjugation of GSH with
the hydrophobic substrates CDNB (1-chloro-2,4-dinitrobenzene;
Aldrich), DCNB (1,2-dichloro-4-nitrobenzene; Fluka, Buchs,
Switzerland), PNBC (p-nitrobenzyl chloride; Aldrich) and PNPB
(p-nitrophenyl bromide; Aldrich) [24]. We used the CDNB con-
jugation as our standard assay because GST-specific activity for
this substrate was highest [24].

Effects of protein kinases HEP and JNK on GST activity

The effects of HEP and JNK on GST activity were examined by
incubating GSTs and kinase proteins in a 1:1 molar ratio at room
temperature (27-30 °C) for 5 min. GST activity was measured in
the presence and absence of kinase proteins. The effects on GST
activity were evaluated by the following methods.

(1) The percentage inhibition of GST activity. The percentage
inhibition was determined by measuring GST activity in the pre-
sence of HEP or JNK as well as without kinase proteins as the
control.

(ii) The type of inhibition and affinity binding (K;). GST and
kinase protein interactions were performed by varying the con-
centration of CDNB from 0.05 to 3.0 mM and measuring the
kinetic parameters for CDNB and GSH conjugation [24]. The ki-
netic parameters and K; were determined by both linear and non-
linear regression analysis using GraphPad Prism 2.01 software.

(iii) The change of GST substrate specificity by JNK. GST and
JNK were incubated in a 1:1 molar ratio and the effects of JNK on
GST activity were determined using the hydrophobic substrates
for GST, as mentioned above. A positive or negative change of
GST activity towards a substrate, when compared with activity in
the absence of JNK, indicated a substrate selectivity change of
GST.

(iv) The effect of GSH on GST activity in the presence of JNK.
A 1:1 molar ratio of GST/JNK was incubated at room temperature
for 5 min in the presence and absence of 2 mM GSH. The GST
activity was determined towards its hydrophobic substrates as
described above.

In vitro protein kinase assays

Constitutively active HEP;z was used to activate JNK and then
both HEP;; and Jun 1-104 were assessed as JNK substrates
[21,22]. HEPs:/INK/Jun 1-104 in 1:2:10 molar ratio were incub-
ated in 20 mM Hepes, 20 mM MgCl,, 20 mM pB-glycero-
phosphate (pH 7.6), containing 500 uM dithiothreitol, 100 uM
sodium orthovanadate, supplemented with 20 ©M ATP and 3 nCi
of [y-*P]ATP. The phosphorylation reactions were performed
for 25 min at room temperature and separated by SDS/PAGE.
Phosphorylated proteins were visualized by autoradiography and
quantified by Cerenkov counting.

Effects of GST on protein kinase activity

The recombinant GSTs were incubated with kinase proteins in a
10:1 molar ratio for 10 min at room temperature. Kinase activity
was then measured as described above.

RESULTS
JNK and HEP can inhibit the activity of Delta GST spliceforms

Previous studies have shown that GSTs of the mammalian Pi and
Mu classes are capable of modulating the JNK pathway through
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Table 1 Effect of HEP and JNK proteins on GST activity

The recombinant proteins of HEP and JNK were incubated with the different GST splice forms
in1:1 molar ratio for 5 min at room temperature. The percentage inhibition of GST activity was
calculated using a reaction that contained no kinase proteins as control. No inhibition of GST
activity of GSTD1-1 by JNK protein was detected. Results are means + S.D. for at least four
independent experiments.

GST  Inhibition of GSTs by HEP (%) Inhibition of GSTs by JNK (%)

D1-1 54.64+3.83 No inhibition detected

D2-2  5329+7.7 85.35+6.72
D3-3 23714188 44.64+6.92
D4-4 2927 +2.99 68.45 +4.00

their inhibition of JNK and interaction with ASK respectively
[18]. In the present study, we have evaluated whether GSTs of
the Dipteran Delta class could interact with two kinases from
Drosophila, either JNK or its upstream kinase HEP, by measuring
both the effects of the kinases on GST activity and the effects of
the GSTs on kinase activity.

Previously, a comprehensive study of six GST isoforms yielded
estimates of total GST concentrations in eukaryotic cells, depend-
ing on tissue type, ranging from 0.1 to 1.4 nmol of GST/mg of
total soluble protein [27]. From our laboratory data, we estimate
Drosophila SL2 cells to contain 66 pg of soluble protein/cell.
Assuming a tissue culture cell volume of 1 pl [28], a total GST
cell concentration of 7-90 M can be estimated. A single MAPK
protein has been estimated to have cellular concentrations of
1-3 uM [28]. In Anopheles gambiae, it has been reported that,
probably, there are 32 different soluble GST encoding transcripts
with 31 being found in the adult mosquito [29]. This is similar to
the 37 putative GST genes identified in Drosophila [29]. It was
also shown that, depending on the specific tissue/cell type, a single
GST isoform can vary between 0.15 and 45 uM [27]. However,
these concentration determinations do not address the issue of
compartmental localization known to be important in controlling
message propagation down signal-transduction pathways. We
therefore chose an intermediate concentration range and used the
ratio 1:1 for the GST/INK experiments.

We began with an evaluation of the effects of JNK and HEP on
the activity of four Delta GST spliceforms. Alternative splicing
is a major mechanism of generating protein diversity in higher
eukaryotes [30]. These four GSTs possess 61-77 % amino acid
identity and are products of the Adgst/ASI gene [23,24]. They
share an untranslated exon 1 and a translated exon 2 that code for
45 amino acids at the N-terminus. These two exons are spliced to
one of four alternative exons 3, namely 3A, 3B, 3C or 3D. This
generates four different mature transcripts coding for proteins
containing 209-219 amino acids that have been called D4-4,
D3-3, D2-2 and D1-1 respectively. These spliceforms therefore
differ in their C-terminal amino acids only.

As shown in Table 1, GST activities, as assessed using the
standard CDNB assay, were decreased in the presence of a 1:1
molar concentration of HEP. The activities of the GST spliceforms
GSTD1-1 and GSTD2-2 were the greatest affected, but even the
inhibition of GSTD3-3 and GSTD4-4 was >20%. A parallel
series of experiments in which JNK was incubated with each Delta
GST spliceform also showed that JINK could inhibit the activity
of GSTD2-2, GSTD3-3 and GSTD4-4 towards CDNB. However,
under these assay conditions, no inhibition of GSTD1-1 activity
could be observed (Table 1). The differences in the effects of the
HEP and JNK on the activities of the GST spliceforms would
appear to be the result of different interactions with the different
amino acids in the C-terminus of each GST spliceform.

Table 2 Mechanism of GST and kinase protein interaction

The type of inhibition and affinity binding (K;) of GST and kinase protein interaction were studied
by varying the concentration of CDNB from 0.05 to 3.0 and measuring kinetic parameters under
the standard conditions for each GST enzyme. Results are means + S.E.M. for at least four
independent experiments.

GST  Typeofinhibition  Ki HEP-GST (nM) K JNK-GST (nM)

D1-1 Non-competitive 50.0+2.84 Not determined
D2-2  Non-competitive 213+5.18 73.9+20.1
D3-3  Non-competitive 436+7.19 768+154
D4-4  Non-competitive 125.0+45.2 218+86.3

Mechanism of GST inhibition by HEP and JNK

A more detailed kinetic study of inhibition was undertaken to
yield data on the affinity of binding (K;) and the mechanism of
interaction for these four GST spliceforms and the kinases HEP
and JNK (Table 2). With the exception of the JNK and GSTD1-1,
which showed no inhibition of GST activity, the inhibition of the
GST spliceforms by JNK or by HEP was non-competitive with
respect to its substrate CDNB. This indicated that the interaction
with each kinase did not block the GST active site despite in-
hibiting its transferase activity. This interaction was also of high
affinity, with estimates of K; in the range of 20—70 nM for GSTD1-
1, GSTD2-2 and GSTD3-3 (Table 2). For GSTD4-4, K; values
were higher, being in the range of 100-200 nM; however, all
of these interactions exhibited approx. 3—4 orders of magnitude
greater affinity than the interactions of GSTs with glutathione
[24]. Furthermore, these results show that HEP interacts with all
the GST Delta spliceforms tested. JNK also interacts with
GSTD2-2, GSTD3-3 and GSTD4-4, but it was not possible to
observe an interaction of JNK with GSTDI1-1 in this experiment.

Modulation of protein kinase activity in the presence
of GST Delta spliceforms

We next tested the reciprocal regulation of GST Delta spliceforms
on protein kinase activity. We began by assessing JNK activity
towards its physiological substrate Jun. As shown in Figure 1(A),
GSTD1-1 inhibited the ability of JNK to phosphorylate Jun by
approx. 50 %. In contrast, the inclusion of GSTD2-2, GSTD3-3
or GSTD4-4 increased JNK activity by up to 170 %. Thus despite
JNK not inhibiting GSTD1-1 activity towards CDNB (Table 1),
GSTDI1-1 was capable of inhibiting JNK activity towards Jun
(Figure 1A).

We next repeated these protein kinase assays, but without the in-
clusion of the Jun substrate protein. Thus we could assess the
actions of the GST Delta spliceforms on both HEPg; and JNK
activity using the ability of HEPg; to phosphorylate JNK as well
as the ability of JNK to phosphorylate HEP; [21]. As shown in
Figure 1(B), the incubation of JNK alone did not result in its signi-
ficant autophosphorylation. Similarly, prolonged incubation of
HEPy;; alone did not result in its significant autophosphorylation
(results not shown). The inclusion of HEPg; with JNK resulted
in weak phosphorylation of both HEPg; and JNK proteins. When
the GST Delta spliceforms were also included, the most striking
differences were noted with GSTD2-2 and GSTD3-3, which
increased the phosphorylation of both HEP; and JNK proteins up
to 6-fold. Furthermore, GSTD1-1 and GSTD4-4 seemed to inhibit
the phosphorylation of HEPgg, without inhibiting the phosphoryl-
ation of JNK. These results therefore show that GSTs can affect
the activities of both JNK towards HEPg; and HEPgg towards JNK.
They also show that GSTs were not JNK substrates because no
phosphorylated GST protein was observed even after prolonged

© 2004 Biochemical Society
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activity

(R) The experiment was performed using GST/HEP3¢/UNK/Jun 1-104 in 10:1:2:10 molar ratio.
(ST was incubated with constitutively active HEPs¢ for 10 min at room temperature before adding
JNKand Jun with 3 .Ci of [y-2P]ATP for 25 min of phosphorylation time at room temperature.
Proteins were then separated by SDS/PAGE, and JNK activity was visualized by autoradiography
ofthe %2P-labelled Jun. The upper panel is an autoradiograph showing Jun phosphorylation in the
presence and absence of different GST isoforms. The lower panel depicts SDS/polyacrylamide
gel showing the sample loading for Jun. The histogram quantifies the effects of GSTs on Jun
phosphorylation when compared with the reaction in the absence of these GSTs. Figures shown
are representative of at least three independent experiments. (B) The experiment was performed
using GST/HEP4¢/INK in 10:1:2 molar ratio. GST was incubated with constitutively active HEPs¢
for 10 min at room temperature before adding JNK with 3 .Ci of [y -*2PJATP for 25 min of
phosphorylation time at room temperature. Proteins were then separated by SDS/PAGE, and
kinase activity was visualized by autoradiography of the %P-labelled substrates. The JNK protein
was a substrate for HEP as well as HEP being a substrate for JNK [21]. The autoradiograph in the
upper panel shows HEP and JNK phosphorylation in the presence and absence of different GST
isoforms. The lower panel is an SDS/polyacrylamide gel showing the sample loading for HEP
and JNK. The histogram quantifies the effects of the GSTs on HEP and JNK phosphorylation.
Figures shown are representative of at least three independent experiments.

GST spliceforms are both positive and negative regulators of JNK
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Table 3 Specific activity of GST splice forms using various hydrophobic
substrates

Results are means + S.E.M. for at least five separate assays. The substrate concentrations used
were: CDNB, 1 mM; DCNB, 1 mM; PNBC, 1.2 mM and PNPB, 0.1 mM.

Specific activity [zzmol - min=" - (mg of protein)~']

GST CDNB DCNB PNBC PNPB
D1-1 6.54+0.53 0.070 4 0.002 1.054+0.191 0.002 4+ 0.002
D2-2 451+3.41 0.17740.006 17.1+1.09 0.04740.010
D3-3 675+1.97 0.312+0.023 2.96+0.292 0.002 +0.007
D4-4 41.8+1.40 0.04240.011 2.73+0.105 0.023+0.002
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Figure 2 JNK changes the substrate specificity of GST spliceforms

GST and JNK were incubated in 1:1 molar ratio for 5 min at room temperature. GST activity was
measured using various hydrophobic co-substrates. The percentage change in GST activity
(y-axis) was determined by comparing the reactions in the presence and absence of JNK. The
specific activity of each GST for the substrates in the absence of JNK is shown in Table 3. There
was no activity change in GSTD1-1 activity using CDNB as the co-substrate due to the lack of a
JINK effect (Table 1). Results shown are representative of at least four independent experiments
with similar results.

exposure of the autoradiographs. This is consistent with these GST
proteins lacking a consensus phosphorylation site for MAPKs,
namely S/TP or PXS/TP [31].

JNK affected GST substrate specificity

We next evaluated whether JNK changed the substrate specificity
of the Delta GST spliceforms. First, the specific activity of
each Delta GST spliceform was determined for the substrates
CDNB, DCNB, PNBC and PNPB in the absence of any JNK
protein. The results are presented in Table 3. The results illustrate
the striking differences in the enzymic properties of these four
GSTs. For example, a 10-fold difference in specific activity was
noted for the CDNB substrate. Similarly, 8-fold differences for
DCNB, 17-fold differences for PNBC substrate and > 20-fold
differences for PNPB are noted. These differences must arise from
the differences in amino acids at the C-terminus. These C-ter-
minal residues contribute to the H-site and have been shown to
determine substrate specificity for different compounds within
each class and amongst different classes [32-34].

The changes in GST substrate specificity after incubation with
JNK are shown in Figure 2. Some striking differences were
observed. For example, GSTD1-1 activity towards CDNB was not
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Figure 3 Presence of glutathione changed the JNK effects on GST activity

Effects of JNK on GST were determined in the absence and presence of GSH. GST and JNK
were incubated in 1:1 molar ratio in the presence and absence of 2 mM GSH for 5 min at
room temperature. GST activity was measured using various hydrophabic co-substrates. The
percentage change in GST activity was then calculated: (A) specific activity of GSTD1-1 and
GSTD2-2 affected by JNK, and it was employed for comparison with the reaction containing
GSH, as shown in (B).

influenced when incubated in the presence of JNK; nonetheless,
it was significantly increased (approx. 2500-fold) towards PNPB.
Similarly, incubation with JNK increased GSTD2-2 activity using
PNBC and PNPB, whereas it was decreased on using other sub-
strates. Both D3-3 and D4-4 displayed an increase in activity
towards PNPB; however, the activities were decreased towards
other substrates. These results suggest that the JNK interaction
provokes a set of different conformational changes in each GST,
thus affecting the active-site topologies, for instance, changes in
hydrophobicity and size through residue movement [35], in a
dissimilar manner.

Effect of glutathione on GST-JNK interaction

Under normal cellular conditions, intracellular GSH concentra-
tions are supposed to be in the range 1-10 mM. At these concen-
trations, GSH would usually be bound to the GST active site [36]
and, therefore, we evaluated whether the presence of GSH would
alter the effects of GSTs on JNK activities. In the presence of
2 mM GSH, JNK had different effects on the Delta GST splice-
forms for the GST substrates, CDNB, DCNB, PNBC and PNPB
(Figure 3). Specifically, when activities of the GSTDI1-1 and
GSTD2-2 spliceforms were assessed after preincubation in the ab-
sence (Figure 3A) and presence (Figure 3B) of glutathione, the
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Figure 4 Presence of glutathione changed the GST effects on JNK activity

GST/HEP/INK/Jun 1-104in 10:1:2:10 molar ratio were incubated in the presence and absence of
10 mM GSH with 3 14Ci of [y -32PJATP for 25 min of phosphorylation time at room temperature.
(A) The autoradiograph in the upper panel shows JNK phosphorylation in the presence and
absence of GSH. The lower panel depicts an SDS/polyacrylamide gel showing the sample loading
for JNK. The histogram quantifies in fold activity the GST's effect on JNK phosphorylation. (B) The
autoradiograph in the upper panel shows Jun phosphorylation in the presence and absence
of GSH. The lower panel depicts an SDS/polyacrylamide gel showing the sample loading for
Jun. The histogram quantifies the GST’s effects on Jun phosphorylation. Figures shown are
representative of at least three independent experiments.

most striking differences were noted for activities towards
the CDNB substrate. GSTD1-1 was now activated by JNK after
preincubation in the presence of GSH, and GSTD2-2 was also
activated rather than inhibited. We suggest that the known changes
of GSH binding that result in GST-induced-fit conformational
changes [37] could contribute to the changes noted in the
GST-JNK interaction. These changes will be observed differently
depending on the GST-specific isoforms and substrate employed.

GSH also affected JNK activity by inducing JNK autophos-
phorylation (Figure 4A), but attenuated Jun phosphorylation
(Figure 4B). As shown in the presence of Jun, the autophosphoryl-
ation of JNK was decreased; however, the GST and GSH-in-
duced-fit conformational change induced a 3.5-fold increase in
JNK autophosphorylation. The results also identify glutathione
as a critical molecule directly involved in JNK regulation by

© 2004 Biochemical Society
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controlling JNK substrate selectivity and specificity of interaction.
Direct interaction of GSH and kinases has been reported previ-
ously for several isoforms of protein kinase C that were shown
to be inhibited by GSH [38]. High GSH concentrations have
been shown to inhibit the sphingomyelin/ceramide cycle where
generation of ceramide leads to cell-cycle arrest and apoptosis
[39]. In addition, the depletion of GSH in the cell during oxi-
dative stress exerted negative regulation over protein kinase C
isoenzymes [38] as well as the INK/p38 pathway [4]. GSH has
been shown to be a potent inhibitor of JNK activation, suggesting
the existence of specific cellular components involved in JNK
activation in response to different forms of cellular stress [4]. We
suggest GSTs may be one of these components.

DISCUSSION

In the present study, we characterized the non-enzymic function
of GST in the regulation of stress-activated kinase proteins of
the JNK pathway as well as the reciprocal regulation of GST by
proteins of the JNK pathway. In insects, HEP is a homologue of
mammalian MKK7, whereas the single Drosophila JNK or basket
protein corresponds to the ten human JNK isoforms with a
61-75 % amino acid identity [21]. Furthermore, GSTs in insects
currently fall into six classes, with the Delta class being the best
studied [29,40,41]. Here, we have concentrated on the study
of four spliceforms of a single Delta class GST, GSTDI1-1,
GSTD2-2, GSTD3-3 and GSTD4-4. Interestingly, the splicing
of these GSTs generates products that share the same N-terminal
45 amino acids of the conserved glutathione-binding region [24].
Any differences in the actions of these spliceforms must therefore
arise from the C-terminal regions of these proteins and we have
previously shown that their substrate specificities, steady-state
kinetics with respect to both GSH and CDNB and inhibition ki-
netics to the pyrethroid insecticide permethrin are very different
[24].

Results of the present study have extended our previous studies
by demonstrating an interaction between the Dipteran GSTDI1-1,
GSTD2-2, GSTD3-3 and GSTD4-4 and the JNK pathway com-
ponents, JNK and HEP. Our inhibition study showed different
interactions of these kinases with the GST splice products, parti-
cularly as seen with the inhibition of several of the GST splice-
forms by JNK (Table 1). We observed, using the standard CDNB
assay, that GSTD1-1 showed no inhibition, whereas the remaining
GSTs were inhibited by their preincubation with JNK protein. We
suggest that the interaction with the kinase could change the GST
conformation and this results in different GST enzymic activity.

This is also the first report of the activation of JNK activity
by their preincubation with GST. Previously, GSTs have been
reported to serve as negative regulators in the JNK pathway, acting
either on JNK or ASK1 [15,18]. In the present study, we report that
although some alternatively spliced GSTs inhibit JNK activity,
other spliceforms may also function as JNK activator proteins.
These results again highlight the functional diversity of the GST
spliceforms. Moreover, our study shows that the GSTs can
associate with the immediate JNK upstream activator kinase in
Drosophila, HEP. Hence, GST may play additional roles in the
regulation of kinase proteins in the JNK pathway through an, as
yet, unknown mechanism.

As a consequence of the different effects of GSTD4-4 on
JNK activity, as shown by an increased phosphorylation of c-Jun
(Figure 1A) and a decreased phosphorylation of HEP (Figure 1B),
we suggest that the GSTs such as GSTD4-4 may contribute to
achange in JNK substrate selectivity. Intriguingly, GST could be a
pivotal molecule to switch the JNK downstream cascade direction

© 2004 Biochemical Society

Normal condition Stress condition

GST,
GST, P
HEP P D ATP
P .
1111 PD.-\'I'I’ INK P ) ATP
PN pad
GST, | JINK :: Jun
- P
GST,
pa—

Figure5 Aproposed mechanism of GST regulation of stress kinase proteins
through a dissociation/association process

The different isoforms of GSTs possess different JNK effector properties. GST, refers to a JNK
inhibitor and GST, represents a JNK activator. The JNK regulation occurs on stress. Left panel:
under normal conditions, GST,; inhibits JNK and maintains JNK at basal level activity [15]. Right
panel: once stress occurs, a mechanism to dissociate GST, from JNK comes into effect. GSTa
may now associate with JNK or an upstream activating kinase and increase or modulate the
kinase cascade response.

by changing activation of transcriptional machinery components
and thereby gene expression. One critical determinant of MAPK
specificity and efficacy is the docking motif on the kinase surface,
which interacts with the substrate target site. A structural change
of JNK after interaction with GST may impact on this region
critical for specificity determination [42,43]. Nonetheless, JNK
has many functions in controlling cell stress responses, and it is
possible that the GST-JNK interaction changes substrate speci-
ficities of JNK for other JNK substrates such as activating trans-
cription factor 2 [11], Elk-1 [12] or p53 [44]. The GST-JNK
interaction would therefore function as a switch or modulator
for the various JNK processes on stimulation by cellular stresses
(Figure 5). Owing to the nature of the signalling process, there
must be other molecules participating in the regulation of the
GST-JNK interaction. Since there are various classes and iso-
forms of GSTs [1,2] and JNKs [9] that are widely distributed
in different tissues, the signalling specificity of GST-JNK inter-
actions may also be controlled by the specific classes and isoforms
present in any particular cell type. Previously, it was shown that
distinct classes of GSTs played particular roles by interacting with
different kinase proteins [15,18]. In the present study, we report
that different isoforms of the same class of GST interact with JNK
and modulate JNK activity in different ways. The variety of GST
isoforms may be one of the keys determining signal specificity
and controlling a particular cells biological response.

The GST-JNK interaction may occur through the C-terminus of
JNK, which has been reported as being important for providing
direct protein—protein interaction with GSTP1-1 [45]. INK has
also been shown to interact electrostatically with other signalling
molecules through a conserved docking motif called the common
docking domain [46]. The conserved polar residues within the
common docking domain may serve as energetic hot spots,
which increase the specific protein—protein interaction [47,48].
In addition, hydrogen bonding and molecular surface shape com-
plementarity are vital criteria that determine protein docking [49].
Thus the variation in surface residues of a GST interacting with
a particular JNK may induce distinct conformational changes,
yielding functional changes in both proteins. A shift in substrate
specificity arising from the association of GST and JNK, in
addition to the presence of different GST isoforms generated in the
course of natural molecular evolution [50], would be a useful
feature for a detoxification mechanism already well known for
recognizing diverse substrate compounds.
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In summary, the results show that distinct isoforms of GSTs
specifically interact with JNK with different effects. Intriguingly,
even though the studied GST isoforms are alternatively spliced
products sharing >60 % amino acid identity, the GST proteins
displayed contrary roles in the regulation of JNK. It suggests
that the specific isoforms of GSTs present may be important in
controlling the final cellular response. The present study provides
new insight into the mechanism of GSTs in regulating and con-
ferring specificity of stress kinase proteins in the JNK pathway.
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The insect GST (glutathione transferase) supergene family en-
codes a varied group of proteins belonging to at least six individual
classes. Interest in insect GSTs has focused on their role in confer-
ring insecticide resistance. Previously from the mosquito malaria
vector Anopheles dirus, two genes encoding five Delta class GSTs
have been characterized for structural as well as enzyme activities.
We have obtained a new Delta class GST gene and isoenzyme
from A. dirus, which we name adGSTDS5-5. The adGSTDS5-5
isoenzyme was identified and was only detectably expressed in
A. dirus adult females. A putative promoter analysis suggests that
this GST has an involvement in oogenesis. The enzyme dis-
played little activity for classical GST substrates, although it pos-

sessed the greatest activity for DDT [1,1,1-trichloro-2,2-bis-(p-
chlorophenyl)ethane] observed for Delta GSTs. However, GST
activity was inhibited or enhanced in the presence of various fatty
acids, suggesting that the enzyme may be modulated by
fatty acids. We obtained a crystal structure for adGSTDS5-5 and
compared it with other Delta GSTs, which showed that adGSTDS5-
5 possesses an elongated and more polar active-site topology.

Key words: Anopheles dirus, crystal structure, Delta class gluta-
thione transferase, enzyme characterization, glutathione trans-
ferase gene, regulatory element.

INTRODUCTION

The insect GST (glutathione transferase) (EC 2.5.1.18) supergene
family encodes a diverse set of proteins belonging to at least six
individual classes (Delta, Epsilon, Sigma, Theta, Zeta, Omega
and several unclassified genes) [1]. Interest in insect GSTs has
focused on their role in conferring insecticide resistance [2] and
in protecting against cellular damage by oxidative stress [3].
Many resistant insects are associated with elevated levels of GST
activity [4]. In Anopheles dirus, two genes encoding five GSTs
isoenzymes from the Delta class have been acquired previously
and characterized for structural as well as enzyme activities [5—8].
To this end, we have identified a new Delta class GST isoenzyme
from Anopheles dirus species B, which we named adGSTD5-5
(in insect GST nomenclature, ‘D’ refers to the Delta class and
‘5-5” refers to the homodimeric isoenzyme [9,10]). The avail-
ability of the A. dirus genome sequence has also enabled a putative
promoter prediction, which suggests that this GST is involved
in developmental-stage regulation. Moreover, the adGSTDS5-5
enzyme was expressed and studied for structural as well as func-
tional characteristics. The crystal structure of adGSTD5-5 was
also obtained. Our data therefore reveal an overview of an evol-
utionarily conserved enzyme from gene to protein function.

MATERIALS AND METHODS
Genomic isolation of gstD5

A. dirus genomic library construction and screening was per-
formed as described previously [7]. Using lower stringency hy-
bridization, the presence of another GST gene was revealed on the

phage clone of adgstIAS1. The recombinant phage clone 8A.2 was
sequenced further until the complete sequence of 15694 bp for the
insert was obtained (GenBank® accession number AF251478).

adGSTD5-5 expression construct

The mRNAs were isolated from the fourth instar larvae, pupae,
male and female adults by using TRIzol® reagent (Invitrogen) as
described in the manufacturer’s instructions. First-strand cDNA
was synthesized by using Superscript II reverse transcriptase
(Gibco BRL) and the oligo(dT),s primer [5'-GGCGGTCGACA-
TATG(dT),5-3'] (Proligo Singapore Pty), as described in the in-
struction manual. The N-terminus primer (5-CACGCCGCA-
TATGACGACGGTGCTGTACTATC-3') and C-terminus primer
(5'-CGCCGTCGACATATGCTACTGCTTCAACTTCGA-3")
were designed from the N-terminus and C-terminus of the amino
acid coding region. The initial codon (ATG) and stop codon (TAG)
are underlined, and the Ndel recognition site also incorporated in
both primers is shown in bold. The PCR amplification (35 cycles
of 94°C for 1 min, 60°C for 30 s and 72 °C for 1 min, and then a
final extension step at 72 °C for 7 min) was performed on a PE sys-
tem 2400 (PerkinElmer). The PCR product was purified from gel
by GENECLEAN® I kit (BIO 101, La Jolla, CA, U.S.A.) follow-
ing the manufacturer’s instructions. The purified PCR product
was digested with Ndel, and ligated into pET3a (Novagen) at the
Ndel site. The ligated reaction was transformed into Escherichia
coli DH5« cells. Then the recombinant clones were sequenced
in both directions. Finally, the recombinant clones were trans-
formed into E. coli BL21(DE3)pLysS competent cells for protein
expression. The expression and purification of the recombinant
enzyme was performed as described previously [11].

Abbreviations used: CDNB, 1-chloro-2,4-dinitrobenzene; DDT, 1,1, 1-trichloro-2,2-bis-(p-chlorophenyl)ethane; GST, glutathione transferases; RMSD, root

mean square deviation.
T These authors contributed equally to this work.

2 To whom correspondence should be addressed (email frakt@mahidol.ac.th).
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Figure 1 adgst1AS1and gstD5 gene organization of 8A.2 clone

The gstD5 gene is located 4620 bp upstream, with the opposite orientation to adgst1AST. The
15694 bp genomic sequence has GenBank® accession number AF251478.

Characterization of the recombinant adGSTD5-5 enzyme
GST assay

Steady-state kinetics were studied for adGSTDS5-5 at varying
concentrations of CDNB (1-chloro-2,4-dinitrobenzene) and GSH
in 0.1 M phosphate buffer, pH 6.5. The reaction was monitored at
340 nm, £ =9600 M! ~!. Apparent kinetic parameters, k.,
K. and k. /K, were determined by fitting the collected data to
a Michaelis—Menten equation by non-linear regression analysis
using GraphPad Prism (GraphPad software, San Diego, CA,
U.S.A)) [8,12]. The cumene hydroperoxide assay was performed
by the method of Wendel [13]. The inhibition studies were per-
formed using the GST assay conditions of 3 mM CDNB and
10 mM GSH (except for adGSTD2-2 and adGSTD6-6, where
15 mM GSH was used) in the absence and presence of various
concentrations of inhibitors. Inhibitor solutions were diluted ap-
propriately to maintain a constant concentration of organic
solvent, if used, when the inhibitor concentration was varied. Pro-
tein quantification was determined by the method of Bradford
[14] using the Bio-Rad reagent with BSA as the standard protein.

Crystallization

Culture trays (Flow Laboratories, McLean, VA, U.S.A.) sealed
with petroleum jelly and siliconized coverslips (Hampton Re-
search, Laguna Niguel, CA, U.S.A.) were used to grow crystals
by the hanging-drop vapour-diffusion method. The well contained
a 1 ml solution containing 1.6-2 M Li,SO,, 1 mM CuCl, and
100 mM sodium phosphate buffer, pH 6.5-7.5. A 1 ul aliquot of
protein (13.1 mg/ml), 1 ul of 10 mM glutathione sulphonic acid
and 1 ul of well solution were applied to the bipyramidal crystals
(0.1-0.2 mm) that appeared within 24 h of setting up the tray.

Data collection

Crystals were transferred to artificial mother liquor containing
20 % (v/v) glycerol before snap-freezing at 100 K using an Oxford
Cryo-Cooler. Data were collected using a Mar345 Image Plate
system (marresearch GmbH, Norderstedt, Germany) with Cu-Ko
X-rays from a Rigaku Ru-200 rotating anode generator equipped
with Ni-focusing mirrors.

Structure solution and refinement

The adGST1-6 (adGSTD6-6) monomer solved at 2.15 A (1 A =
0.1 nm) resolution (Protein Date Bank code 1V2A) was used as
a search model for molecular replacement using Molrep [15]. All
structure refinement was performed using CNS [16] and model
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Figure2 The gstD5 gene organization is composed of three coding regions
that code for one GST protein

The coding sequence is shown in bold, with the translated amino acid sequence below. The last
codon of exon 1 is split, with the last base of the codon in exon 2.

building in O [17]. A random selection of 5 % of reflections was
chosen as a Free-R set to test the validity of various refinement
steps. Alignment of adGSTD5-5 with adGSTD3-3 and adGSTD4-
4 was performed using Deep View Swiss-PdbViewer version 3.7
(http://www.expasy.org/spdbv/) to obtain the RMSD (root mean
square deviation) of the «-carbon backbone [18]. The Figures
were created with Accelrys DS ViewerPro 5.0.
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B
agambD7 adgstDl adgstD2 adgstD3 adgstD4 adgstDé
adgstD5 95% 45% 40% 43% 40% 35%
98% 64% 60% 63% 56% 57%
agambD7 45% 40% 44% 40% 36%
63% 59% 62% 56% 57%
adgstDl 61% 77% 63% 40%
74% 87% 73% 56%
adgstD2 63% 62% 33%
78% 74% 53%
adgstD3 64% 39%
78% 56%
adgstD4 34%
52%

Figure3 Amino acid sequence comparison of A. dirus adGSTD5-5 and the orthologous enzyme of AgadGSTD7 from A. gambiae (agambD7) and five previously

obtained A. dirus Delta GSTs using GeneDoc version 2.6

The sequences are adGSTD1-1, adGSTD2-2, adGSTD3-3, adGSTD4-4 and adGSTD6-6 (GenBank® accession numbers AF273041, AF273038, AF273039, AF273040 and AY014406 respectively
[6,8]). (A) The dashes indicate gaps in the sequence. Black shading indicates 100 % conserved residues for the seven sequences, dark grey indicates 80 % conserved, and light grey indicates 60 %
conserved. (B) Matrix table of percentage amino acid identities (top value) and percentage amino acid similarities (bottom value) for the sequences aligned in (A).

RESULTS AND DISCUSSION
Genomic organization and isolation cDNA of adgstD5

A BLAST analysis of the 15694 bp complete sequence of phage
clone 8A.2 revealed a new GST gene, adgstDS5, from the malaria
vector A. dirus. This gene was named adgstD5 for A. dirus GST
class Delta protein coding sequence 5. The adgstD5 gene is
located upstream and is in reverse orientation to the adgst/ASI
gene (Figure 1). Previously, we had a partial sequence for the
phage insert, which suggested that the second gene was down-
stream, as well as possibly of the same Delta class GST as
adgstlASI and therefore was called gst/-5 for insect GST class
one enzyme five [7]. The derived amino acid sequence of the
three coding exons is shown in Figure 2. The BLAST analysis
yielded the highest identity to aggst1-7 (now referred to as gstD7),
the product of the aggstl f gene of Anopheles gambiae [19]. The
percentage amino acid identity for these two enzymes is 95 % and
the percentage similarity is 98 % (Figure 3). The two mosquito
malaria vectors A. dirus and A. gambiae have been diverged for
several million years, the first in Southeast Asia and the second

in Africa. The high degree of sequence conservation between the
two Anopheles species suggests that this GST isoenzyme has a
role in the metabolism of a compound that is a common metabolic
product or a significant component in the environment in many
living cells. A comparison with the available A. gambiae genome
data shows that the adGSTDS5 protein has 29-45 % amino acid
identity with other Delta GSTs and 9-36 % with GSTs from the re-
maining classes. The percentage amino acid similarity to the
Delta GSTs is 49-66 % . Therefore this GST is most like the Delta
class GSTs; however, this gene encodes a singular GST protein
with marginal amino acid identity with other Delta class
GSTs.

Putative promoters of adgstD5

Previously, intronless GST genes have been reported in Droso-
phila; however, later introns were identified, as well as a 5’ un-
translated region exon [20]. Our data of the exon composition of
adgstD5 define only the coding region. An additional possible 5’
and 3’ splice site were identified by BCM Gene Finder [21]. This

© 2005 Biochemical Society
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Figure 4 Sequence of two putative promoters of gstD5 (Ad5-923 and Ad5-
3429)

Potential transcription-factor-binding sites were mapped on the region of these two putative
promoters by the MatInspector program. BCD, bicoid; ELF, grainyhead protein of Drosophila;
ER, oestrogen receptor; HFH8, forkhead domain protein; SRY, sex-determining region Y; VBP,
vitellogenin-binding protein. The binding site of each potential transcription factor is underlined
or overlined. The (+) indicates the binding site on the sense strand, while (—) indicates the
binding site on the antisense strand.

suggests a possible 5 splice site (TG/GTGGTT) and 3’ splice site
(TTGCAG/GC) (bold indicates the usually conserved splice
site codon cleavage points) 771 bp and 11 bp upstream of exon 1
respectively. This implies that there is an exon that may be a 5" un-
translated region. Analysis also revealed two putative promoters,
Ad5-923 and Ad5-3429, which may be defined as regulatory
promoters of adgstDS5, and are required to fulfil the core promoter
activity in specific physiological circumstances (Figure 4).
Ad5-923 contains several binding sites for developmentally
regulated transcription factors, such as hunchback, Dfd, AP-1 and
GATA-1 (Figure 4). Also of interest are several binding sites of
oestrogen receptor and oestrogen-dependent protein (oestrogen-
receptor- and vitillogenin-binding protein) and maternal-effect
protein in Ad5-923. It has been reported that there is an oestrogen-
like compound in another arthropod, the ovary of shrimp
(Parapenaeus fissurus) [22]. Searching the Drosophila genome
database for an oestrogen receptor sequence yielded one sequence

© 2005 Biochemical Society

(CG 7404 gene product) on chromosome 3 that was distinct from
the ecdysone receptor gene which is located on chromosome 2.
BLAST analysis of the CG 7404 gene product provided the
highest score to an oestrogen-related receptor S (41 % identity
and 53 % similarity). These data imply that oestrogen-like com-
pounds in insects may function in a similar way to vertebrate
oestrogen. It is possible that the type of transcription factor
binding sites detected in Ad5-293 may have contributed to the
specific expression of AdgstS mRNA in adult female mosquitoes.

Oocyte development in female mosquitoes involves lipid syn-
thesis at extra-ovarian sites, such as the fat body, transfer and
then incorporation into oocytes [23,24]. In Aedes aegypti, the
dry weight of oocytes consists of 35 % lipids, 80 % of which
has been transported from fat body [23,24]. The accumulation
and transport of the lipid reserves in adult female mosquitoes
would create an oxidative stress burden that could be alleviated
by increased GST expression. The presence of an oestrogen-
response element upstream of the GSTA gene was proposed to
have a possible role in sexually maturing female plaice oocyte
development [25]. The authors suggested that the enormous
mobilization of lipids during lipovitellin synthesis in females
presents a specific requirement of a GST-mediated detoxification
mechanism to deal with lipid peroxidation, since up to 50 % of
total fish egg lipid is composed of polyunsaturated fatty acids
originating from the mother [25]. Ad5-923 contained both the
oestrogen-response element and a vitellogenin-binding-protein
element, which suggests that adgstD5 might be involved in
oogenesis, as was proposed for the fish GST.

Currently, the number of genes known to be regulated by
elements outside the 5’ flanking region is constantly increasing.
These intronic regulators often direct cell-type-specific or deve-
lopmentally regulated gene expression [26]. Ad5-3429 is located
within the intron, and contains several binding sites for factors
that are reported to be involved in embryo or tissue development;
that is, bicoid, HFHS, Elf, oct, dfd and AP-1 (activator protein 1)
(Figure 4). This putative promoter therefore may be involved in
developmental-stage regulation.

Expression and characterization of the recombinant
adGSTD5-5 enzyme

Induction of the E. coli culture gave a high yield of recombinant
adGSTDS5-5 protein expression (250-300 mg/1 of E. coli culture).
However, adGSTD5-5 had a very weak affinity for GST-affinity
chromatography medium compared with other GST isoenzymes
from A. dirus, so the final yield of purified GST was low (1-3 mg/1
of E. coli culture).

The characterization of the recombinant adGSTDS-5 was in-
trinsically problematic, as the enzyme possessed low detectable
activities, suggesting the enzyme possessed very different sub-
strate specificities compared with the other A. dirus GSTs. The
adGSTDS5-5 enzyme had an intermediate specific activity in GSH
conjugation with the classical GST substrate CDNB. The K, for
GSH was the lowest observed for all six A. dirus GSTs (Table 1),
suggesting the highest affinity binding to GSH. An estimated
V max Of 167 pmol/min per mg and K, of 14.9 mM are given only
for purposes of comparison, as the data was collected well below
the K, value owing to CDNB solubility limits. The fairly high
K, for CDNB indicated low-affinity binding for this substrate.
Cumene hydroperoxide activity was measured for adGSTDS5-5
and also, for comparison, adGSTD4-4. The adGSTD5-5 activity
of 0.293 +£0.004 umol/min per mg of protein (mean =+ S.D.)
was 6-fold greater than the 0.050 £ 0.009 umol/min per mg of
protein determined for adGSTD4-4. Our study of a range of com-
pounds shown previously to be substrates for cytosolic GSTs
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Table 1 Kinetic parameters of A. dirus GSTs
The data for adGSTD1-1, adGSTD2-2, adGSTD3-3, adGSTD4-4 and adGSTD6-6 have been reported previously [6,8,11].

CDNB GSH
Isoenzyme Viax (wmol/minpermg) ke (S71) Ky (MM) Kea/Km (MM=1. 571 Ky, (mM) Keat/Kn (MM=T-571)
adGSTD5-5 167 +48 69 149449 5 0.21+0.01 400
adGSTD1-1 129406 5.03 0.104+0.03 484 0.86+0.2 5.86
adGSTD2-2 63.9+3.50 25.9 0.2140.03 121 1.304+0.15 20
adGSTD3-3 67.5+197 26.9 0.1040.01 269 0.40+0.05 67
adGSTD4-4 40.3+1.89 16.9 0.5240.67 32 0.83+0.08 20
adGSTD6-6 22403 0.9 53408 0.2 18+04 05

Table 2 Inhibition study of CDNB activity

The CDNB activity was measured in the absence and presence of the respective compound at the concentration given. The data presented represent the means + S.D. for at least three independent
experiments. ND, not detected.

Inhibition (%)
Compound Concentration (mM) ~ adGSTD5-5 adGSTD1-1 adGSTD2-2 adGSTD3-3 adGSTD4-4 adGSTD6-6
Dichloroacetic acid 05 16.84 +3.22 ND ND ND ND ND
Cumene hydroperoxide 2.5 3717+119  30.36+9.53 6044+215  2894+482  2953+377  2827+256
p-Nitrobenzy! chloride 1.0 3340+6.07  4338+5.17 3760+367 5536+1.84 49.77+135 9.52+1.98
p-Nitrophenyl bromide 0.1 35724150 2430+1452 17.28+088  3339+378 3133+310  317+385
Ethacrynic acid 0.1 84.67+0.71 10040 99.57+059  98.31+0.10 100+0 86.36 +1.65
0.01 55.22+066  99.46+1.54 9488+132 8161+076  8549+158  57.73+3.09
0.001 4028+316  81.88+4.14 6416 +3.74  37.95+199 46454339  37.5561+1.40
S-Hexylglutathione 0.1 71.98+1.76  94.93+0.65 97.08+092 6784+110 76914+026  6414+3.58
0.01 2487+393  63.18+3.21 75444061 3207+158  2009+1.24  35.03+246
Permethrin 0.01 3556+168  20.37+190 27.36+545  3587+187 47.73+308 11.70+187
Deltamethrin 0.01 40154217 11.01£751 3072+353  3528+305 49304+237  1587+5.29
ACyhalothrin 0.01 39.96+1.19  2188+1066 2911+283 2638+173  4050+140  23.26+558
Table 3 DDTase activity of the recombinant GST isoenzymes from A. dirus 250
The DDTase activity is expressed as nmol of DDE (dichlorodiphenyldichloroethylene) & o
formation/mg of enzyme protein. The CONB specific activity is in xmol/min per mg of protein. 2 fgu
2
Isoenzyme DDTase activity CDNB activity DDTase/CDNB C 150
_E.__," 125
= 100
adGSTD5-5  78.77+13.19 19.2 411 b
adGSTD1-1 <1.0 122 - < 7
adGSTD2-2 1.874+0.82 39.7 0.05 5 50
adGSTD3-3 2.66+0.29 64.6 0.04 o 2
adGSTD4-4 7.50+1.68 38.3 0.20 o0
adGSTD6-6 1.28+0.22 1.37 0.93 § 2
& -50
-7
-100
o = U NN NMmM o T O e
from the classes described previously, including 1,2-dichloro- T 58 cs8sggaAF
4-nitrobenzene, p-nitrophenethyl bromide and ethacrynic acid, T3 3 T
revealed that there was no detectable activity with these known B &8 e e @ 8 8 8 8 8 R
GST substrates, even at 10-fold increased enzyme concentration % £§° 3 C A LR EEE-
compared with that used in the CDNB assay. Nevertheless, = g 2soe22%5 8 £ 5 3
adGSTD5-5 did interact with these substrates as well as pyre- SESSsT5552 2
throid insecticides, as shown by inhibition of CDNB activity e TOg g
(Table 2). Intriguingly, only adGSTD5-5 was inhibited by di- i 5
chloroacetic acid, which is the specific substrate for Zeta class = .
GSTs in dechlorination of dichloroacetic acid to glyoxylic acid Fatty Acid

[27-31]. However, this dechlorination activity was undetect-

able for adGSTDS-5. Despite low GSH-conjugating activity,
adGSTDS5-5 possessed the greatest DDT [1,1,1-trichloro-2,2-bis-
(p-chlorophenyl)ethane] dehydrochlorination activity of the six
recombinant GSTs that we have currently obtained (Table 3).
The DDTase activity was 11-62-fold different among the five

Figure 5 Fatty acid effects on adGSTD5-5 CDNB activity

The final concentration of fatty acids tested was 50 n«M in the standard CDNB assay. Data show the
changed enzyme activity for CDNB in the presence of the respective fatty acid, where negative
values show inhibition and positive values show activation relative to the absence of any fatty
acid.

© 2005 Biochemical Society
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Table 4 X-ray data reduction statistics
Values in parentheses refer to the highest resolution bin (2.59-2.50 A).

Parameter Value
R-factor (%) 7.8(39.6)
lfo| 12.9(2.6)
Number of observations 37582 (3682)
Number of unique observations 9605 (963)
Multiplicity 39(3.8)
Completeness (%) 95.6 (97.9)

Table 5 Model statistics
Values in parentheses refer to the highest resolution bin (2.66-2.50 A).

Parameter Value
R-factor 0.233 (0.351)
R-free 0.265 (0.407)
Non-hydrogen atoms in model:
Protein 1732
Glutathione sulphonic acid 23
Water 44
Cu®* ions 3
Mean B-factor 45.5
B-factor from Wilson plot 418
RMSD from ideal values )
Bond lengths 0.007 A
Bond angles 14°
Dihedral angles 20.8°
Improper angles 0.82°

A. dirus GSTs, and adGSTDI1-1 had no detectable activity
(Table 3). A ratio of DDTase/CDNB activity showed that the
adGSTD5-5 enzyme possessed a 4—100-fold greater DDT sub-
strate preference compared with the other GSTs. Altogether,
these data illustrate that adGSTDS5-5 displays catalytic properties
distinct from the insect GST isoenzymes defined previously. Two
additional classes of soluble GSTs, Omega and Zeta, were also
described recently with unusual enzymatic activities in a variety of
organisms, including mammals [32-34]. This suggests that gene
rearrangement in combination with structural evolution presum-
ably constitutes an evolutionary function of the GST enzymes
operating in Nature [35]. The mechanism of catalysis and the
residues involved are yet to be investigated for adGSTDS5-5.

Figure 6 Stereo view of adGSTD5-5

Various mammalian GST isoforms have been shown to be
highly active in conjugating toxic lipid alkenals and purine and
pyrimidine alkenals, all of which are believed to arise in cells
as a consequence of oxidative processes [36,37]. Interestingly,
adGSTDS5-5 contained the putative regulatory elements involved
in detoxification of lipid peroxidation. Therefore we investigated
the role of heterologously expressed adGSTDS5-5 involved in
detoxification of potentially deleterious fatty acid metabolites
by assaying the effect of polyunsaturated fatty acids on GSH
conjugation with CDNB. Our data demonstrated adGSTDS5-5
interaction with several fatty acids (Figure 5). An interesting
observation was that, although several fatty acids appeared to
have little effect on CDNB activity, the remaining tested either
inhibited activity by 72-94 % or enhanced activity by 104-219 %.
This fatty acid interaction yielding varying effects on adGSTDS5-
5 implies that adGSTD5-5 may have a physiological role in
protection against oxidative stress as reported previously for GST
Alpha class isoenzymes that appear to be involved in the signalling
mechanisms of apoptosis [38].

Structural determination of adGSTD5-5 enzyme

Molecular replacement was successful with the solution cor-
responding to the highest peak in the rotation function (5.970)
and translation function (13.820) as shown in Table 4. The initial
model (R-factor =0.526, R-free =0.515) was subjected to rigid
body, positional and temperature-factor refinement, reducing the
R-factor to 0.466 (R-free =0.485). Sigma-A weighted 2F,-F,
and F,-F. electron density maps calculated from this model re-
vealed a molecule in the G-site not present in the model. This
was clearly a glutathione sulphonic acid molecule. Six cycles
of positional refinement, B-factor refinement and model building
were performed in which the amino acid sequence of the model
was changed from that of adGSTD6-6 to adGSTDS-5. The
final model includes amino acid residues 2-215, one glutathione
sulphonic acid molecule and 44 water molecules. Statistics for this
model are given in Table 5. The adGSTDS5-5 structure obtained
for this study is shown in Figure 6 (Protein Data Bank accession
number 1R5A).

The tertiary structure obtained from crystallographic analysis
showed the adGSTDS5-5 protein to possess the canonical GST
structure (Figure 7). The physiologically relevant state of the pro-
tein is a dimer, which is present in the crystal owing to a 2-fold
symmetry operation. The overall structure is broadly similar to
that of previously determined Delta class GST structures [5].

The view is looking down on the 2-fold axis into the active site, with the glutathione sulphonic acid shown as a ball-and-stick figure. The co-ordinates for the tertiary structure have been deposited

in the Protein Data Bank under the accession code 1R5A.

© 2005 Biochemical Society
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COLOUR
Figure 7 Cartoon representation of adGSTD5-5
Cylinders represent helices, arrows represent strands, and lines represent random coil. (A) adGSTD5-5, with secondary structure elements labelled. (B) Aligned Anopheles GSTs. adGSTD3-3 is in
blue, adGSTD4 is in red, and adGSTD5-5 is in yellow.

COLOUR

Figure 8 Stereo views of the electrostatic potential surface of the active-site pockets of adGSTD5-5 and adGSTD3-3
The two tertiary structures were aligned to illustrate the same view of the active site. The top panel shows adGSTD5-5, and the bottom panel shows adGSTD3-3. A yellow ball-and-stick representation
shows the GSH in the pocket.

The G-site is formed mostly by residues from the N-terminal residue in catalysis. However, in the absence of direct evidence
thioredoxin domain. Like other Delta class GSTs, a serine residue such as site-directed mutagenesis, it is possible that a nearby se-
(Ser'!) appears to be responsible for activating the GSH thiol rine, cysteine or tyrosine residue may be the major catalytic

© 2005 Biochemical Society
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residue. The presence of a histidine residue (His!!?) was unexpec-
ted: GST H-sites normally being lined with hydrophobic residues.
A water molecule sits in the H-site and is hydrogen-bonded to
His'"”Ne2.An alignment of the adGSTD35-5 tertiary structure with
these two A. dirus GSTs, adGSTD3-3 and adGSTD4-4 (Protein
Data Bank accession numbers 1JLV and 1JLW respectively),
illustrates the conserved nature of GST tertiary structure.
adGSTDS5-5 possessed a RMSD of 1.42 A and 1.25 A for the a-
carbon alignment with adGSTD3-3 and adGSTD4-4 respectively.
There are significant differences between the packing of helix o8
of adGSTDS5-5 with the rest of the protein. As a result, this helix is
closer to the C-terminal domain compared with other insect GST
isoenzymes (Figure 7). This can be attributed to the substitution
of packing residues in adGSTD5-5 to smaller amino acids. As
such, the overall shape of the H-site is different in adGSTDS5-5
compared with the adGSTD3-3 and adGSTD4-4 isoenzymes.
A comparison of adGSTD5-5 and adGSTD3-3 showed 47 %
identity in the 43 amino acids that make up the active-site pocket
with an average RMSD of 0.616 A for the identical amino acid
residues. However, the shape of the two active-site pockets seems
to be quite distinct, with the adGSTDS5-5 pocket appearing to be
elongated (Figure 8). In comparison, the adGSTDS5-5 pocket also
appears to be more polar, with an increase in both positive and
negative charges that contributes to distinct orientations of GSH
and substrate binding. These structurally unique features of
adGSTDS5-5, especially in the vicinity of the active site and the
C-terminus, may define the substrate repertoire for this particular
GST, whereby it displays an unusual enzymatic property. These
results suggest that there is considerable structural plasticity
in the active site of Delta class GSTs, and that their catalytic
activities may not be restricted to hydrophobic co-substrates.

Conclusion

The adGSTDS5-5 isoenzyme was identified and only detectably
expressed in A. dirus adult females. A high degree of sequence
conservation of this gene across several million years of divergent
evolution between two Anopheline malaria vector species sug-
gests that this GST isoenzyme performs an important function.
A putative promoter analysis suggests that this GST has an
involvement in oogenesis and in developmental-stage regulation.
The enzyme displayed little activity for classical GST substrates,
although it possessed the greatest activity for DDT, 10-fold,
observed for Delta GSTs. However enzyme activity was increased
or decreased by fatty acid interaction, suggesting that the GST
activity may be modulated by fatty acids. A tertiary structure
comparison revealed differences in active-site composition, with
an elongated and more polar active-site topology.

This work was supported by the Thailand Research Fund, and R.U. was supported by a
Royal Golden Jubilee Scholarship.
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