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The Organization and Regulation of Class I Glutathione S-Transferase (GST)
Genes in the Thai Malaria Vector Anopheles dirus. TRF BRG/18/2541

Glutathione S-transferases (GSTs; EC 2.5.1.18) are a multigene family of
multifunctional dimeric proteins that play a central role in detoxication. This
detoxication function allows GSTs to contribute to the insecticide resistance problem
occurring in mosquito malaria vectors. The main aim of this project was to identify and
characterize the organization and regulation of GST genes in the Thai malaria vector
Anopheles dirus. This involved obtaining GST genomic sequence and identifying
putative regulatory elements that could control gene expression. Supplementary goals
included heterologous expression of the GST genes obtained and characterization of
those recombinant enzymes. The enzyme characterization included substrate specificity
as well as inhibtitor kinetic studies.

During this Project we obtained genomic sequence for three distinct GST genes.
Two of these genes appear to each code for a single protein. The third gene coded for
four different proteins through an alternative splicing mechanism. These six proteins
from the three genes were heterologously expressed and the recombinant enzymes
characterized. In addition, two of these proteins have now been crystallized and the
respective structures solved. The above work is described in the following five
publications that constitute this report.
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Single amino acid changes outside the active site significantly
affect activity of glutathione S-transferases
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- Abstract

Glutathione S-transferases (GSTs: E.C. 2.5.1.18) are a multigene family of multifunctional dimene proteins that play a central
role in deloxication. Four allelic forms of the mosquito Annpheles dirus GST, adGST1-1. were cloned. expressed and characterized.
The one or two amino acid changes 1n each allehc form was shown lo confer different kinetic propertics. Based on an available

. erystal structure, scveral of the residue changes were not in the putative substrate-binding pocket. Moedeling showed that these
msect Delta class GSTs also possess a hydrophobic surface pocket reported for Alpha. Mu and Pi class GSTs. The alom movement
after replacement and minimization showed an average atom movement of about 0.1 A for the 0 10 25 A distance from the alpha
carbon of the single replaced residuc. This does not appear to be a significant movement 1n a stalic modeled protein structure.
However, 200-500 atoms were involved with movements greater than 0.2 A, Dynamics simulations were performed to study the
cffects this phenomenon would exert on the accessible conformations. The data show that residues affecting nearby responsive
regions of tertiary structure can modulate ensyme specificities. possibly through regulating attainable configurations of the protein.

© 2001 Elsevier Science Lid. All nights reserved.

Keywords: Gluathione transferase; Mosquito: Molecular modeling: Molecular dynamics; Allelhe isoensymes; Structure- function study

1. Introduction

Glutathione S-transferases (GSTs, EC 2.5.1.18) are
ubiquitous enzymes that constitute a major cellubar
detoxication mechanism (for a recent review sce Hayes
and Pulford, 1995). GSTs catalyze the nucleophilic
attack of glutathionc on the electrophilic center of a
range of endogenous or xenobiotic hydrophobic mol-
ecules. The GSTs are a superfamily of currently nine
major classes with >>50% amino acid sequence identity
among the class members. Not only is there polymor-
phism within each class, but the individual GST genes
also occur as multiple alleles (Pemble et al., 1994; Wid-
ersten et al., 199]; Board, 1981). The posscssion of spe-
cific vartants of GST has been shown to correlate with

* Corresponding author. Fax: +66-2-441-9906,
E-mail address. frakt@muce.mahidol.ac.th (Al Ketterman).

tumor ccll resistance to chemotherapy and predisposition
to cancer in humans and insccticide resistance in insects
(Danicl, 1993; Tsuchida and Sato. 1992; Hayes and Pul-
ford, 1995).

Currently there are ninc classifications of cytosolic
GSTs although more groupings are possible as shown by
analysis of the known sequences (Snyder and Maddison,
1997). These include the four familiar mammalian
classes Alpha, Mu, Pi, Theta (Mannervik et al., 1992)
and the new classcs of Kappa (Pemble et al., 1996) and
Zcta (Board et al., 1997). Generally, GSTs within a class
have =50% amino acid sequence identity and between
classes <30% identity (Mannervik et al.,, 1992). The
other classes include the Sigma in cephalopods and
arthropods, the Phi in plants and the Delta class in
insects (Board ct al., 1997). Previously the Delta class
in insects has been referred to as Theta class (Pemble
and Taylor, 1992). In addition, although named Theta
class at the time, crystal structure has been solved for a

0965-1748/01/% - see front matter © 2001 Elsevier Science Lad. All rights rescrved.
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Delta class GST from the Australian sheep blowfly, Luc-
ilia cuprina (Wilce et al., 1995). The availability of the
crystal structure of this GST has allowed us to perform
homology modeling with our GSTs from the mosquito
malaria vector Anopheles dirus. These GSTs arc 66%
identical to the L. cuprina amino acid sequence.
Although primary amino acid sequence varies consider-
ably between the GST classes there are highly conserved
residues (Mannervik et al.,, 1985; Dirr et al., 1994a).
There also appears to be a GST fold for the tertiary struc-
turc that allows comparison between the classes
{Reinemer et al. 1992, 1996; Dirr et al. 1994b, 1991;
Xiao et al., 1998; Ji et al., 1995; Krengel et al., 1998;
Wilce et al.,, 1995; Dirr et al., 1994a). We have isolated
several cDNA sequences that appear to be allelic vari-
ants of the single gene locus for the previously reported
adgst 1-1 (Prapanthadara et al., 1998). Among these
recombinant GSTs the sequence variation is only one or
two amino acids. However, there are significant effects
on the properties of the enzymes. Therefore, some of the
amino acid changes influence enzyme specificity through
structural effects.

2. Materials and methods
2.1. Mosquito strains

The Departinent of Parasitology, Faculty of Medicine,
Chiangmai University, established the Anopheles dirus
(species B) colony that was used in this study. The col-
ony was identified as species B on the basts of its mor-
phological and chromosomal characteristics (Baimai,
1989).

2.2. RNA extraction and PCR amplification

Approximately 200400 mg of 4th instar larvae of
Anopheles dirus (species B) was snap frozen in liquid
nitrogen and homogenized using a mortar and pestle to
a powder. The RNA was extracted by using the RNeasy
Mini Kit (QIAGEN) as described in the manufacturer’s
instructions. The total RNA was eluted in 30-50 | of
DEPC-treated water. The RNA solution was stored at
—70 C for amplification by the RT-PCR technique. The
primers used in these experiments were designed based
on the 5' and 3' sequence of An. dirus, adgst 1-1
(Prapanthadara et al., 1998). Two sets of primers were
used for cloning into the different vectors, pUC18 was

used as the cloning vector and pET3a (Novagen) was
used as the expression vector,

For the first strand ¢cDNA synthesis, Superscript™ II
RNase H™ Reverse Transcriptase (Gibco BRL) was
used. Following the manufacturer’s instructions for a 20

Ireaction, 5 g of total RNA was used. After the cDNA
synthesis, 5 1 of the Superscript 1T reaction mixture was

used as the template for the PCR reaction. For cloning
into the pUC18 vector, the PCR was performed using
[5'-CCGGCGGGATCCATGGATTTTTATT-ACCTA-
CCC-3"] as the 5’ primer and [5'-CCGGCGGTCGACG-
GACATGAATTTCGCCTTGAA-3'] as the 3 primer.
The 50 ul PCR reaction consisted of 50 pmole of each
forward and reverse primer, 1xVent® DNA Polymerase
buffer (20 mM Tris-HCI (pH B.8), 2 mM MgSQO,, 10
mM KCl, 10 mM (NH,),S0,, 0.1% (v/v) Triton X-100),
200 uM each of dATP, dGTP, dCTP and dTTP, 1 unit
of Vent® DNA Polymerase. Amplification, 40 cycles,
was carried out after the initial denaturation step at 94°C
for 5 min. The PCR reaction consisted of the following
steps: the denatuning step performed at 94°C for 30 s,
followed by the annealing step at 45°C for 1 min and
then the extension step at 72°C for 1 min. Each reaction
also had a final extension step at 72°C for 7 min. The
PCR products were purified with a QILAquick Gel
Extraction Kit (Qiagen). After purification, the products
were double digested with BamHI (GIBCO BRL) and
Sall (Promega) and ligated into pUC1 8. The inserts were
sequenced in both directions at least twice using an ABI
Prism 377 DNA Sequencer (Perkin Elmer).

For subcloning into pET3a, PCR was used to obt:in
the Nde | resiniction site on the GST inserts. The 5’
pamer used was [5'-CGCGGGATCCATATGATGGAT
TTTTATTA-CCTA-3'] and the 3’ primer was [5'-CG
CGGGATCCATATGTTAGGACA-TGAATTTCGC-3'].
The PCR was performed in 50 1 reactions consisting
of 50 pmole of each forward and reverse primer,
I cloned Pfit DNA Polymerase buffer (20 mM Tris—HC]
(pH 8.8), 2 mM MgSO,, 10 mM KCI, 10 mM
(NH,).S0,, 0.1% (v/v} Triton X-100, 100 g/ | nucle-
ase-frec BSA), 200 M each of dATP, dGTP, dCTP and
dTTP, 2.5 units of Cloned Pfu DNA Polymerase
(Stratagene). Amplification, 40 cycles, was carried out
after the step of an initial denaturation at 94 C for 5 min.
A cycle contained the following steps: the denaturing
step, performed at 94 C for 30 s; followed by the
annealing step at 65 C for 1 min; and finally, the exten-
sion step at 72 C for | min. Each reaction also had a
final extension step at 72 C for 7 min. The PCR products
were digested and ligated into pET3a vector at the Nde
I site. The inserts were sequenced at least twice in both
directions to confinm that no changes had been intro-
duced by the PCR. The pET3a clones were transformed
into E. coli BL21(DE3)pLysS competent cells for pro-
tein expression. A colony of E. coli BL21(DE3)pLysS
which contained a recombinant plasmid was grown at
37 C until the O.D.go was approximately 0.6. After
induction with 0.1 mM IPTG (final concentration) for 3
h, the cells were placed on ice for 20 min, and collected
by centrifugation at 5000 rpm, 4 C for 10 min. The cell
pellets from 50 ml of culture were suspended by mixing
with 4.8 ml of 50 mM Tris—HCI (pH 7.4), 1 mM EDTA,
200 1 of 100 mgml lysozyme and 3.6 lof 14 M -
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mercaptoethanol. The suspension was incubated on ice
for 20 min, then 50 1of 1 M DTT was added and the
suspension lysed at 900 p.s.i. in a French Pressure cell.
The lysate was then centrifuged at 10,000g, 4 C for 20
min. The supernatant containing the soluble form of the
recombinant protein was separated from the pellet.

2.3. Protein purification method
The soluble target protein was purified at 4 C by using

S-hexylglutathione immobilized on agarose (Sigma).
The soluble target protein was mixed with the S-hexyl-

' glutathione agarose gel and incubated on ice for 5-10

min, The gel was then washed 6 with 50 mM Tris—
HCI (pH 7.4) containing 0.2 M NaCl and 1 mM EDTA.
The GST recombinant protein was eluted from the S-
hexylglutathione agarose gel with 4 gel volumes of 50
mM Tris—HCl (pH 7.4), 0.2 M NaCl, 1 mM EDTA, con-
taining 5 mM S-hexylglutathione and 10 mM DTT. After
a concentration step using Centriprep-10 (Amicon), S-
hexylglutathione that was bound to the recombinant GST
was eliminated by gel filtration using PD-10 columns
(Pharmacia) equilibrated with 50 mM phosphate buffer
pH 6.5. The concentrated supernatant containing the tar-

| get protein was applied to the column and the purified

protein cluted in the same buffer supplemented with 10
mM DTT. This S-hexylglutathione elimination step was
performed twice. All the steps were carried out at 4 C.
Glycerol was then added to a final concentration of 40%
(v/v) and the purified concentrated GSTs stored at
—-20 C.

2.4. Enzyme and protein assays

The GST activity assays were performed as previously
described (Prapanthadara et al., 1996). Protein concen-
tration was determined by the method of (Bradford,
1976) using the Bio Rad protein reagent with bovine
serum albumin as the standard protein.

2.5. Molecular modeling

Coordinates of the dimeric Lucilia cuprina crystal
structure, including a glutathione molecule in each of the
two active sites and 256 water molecules, were used for
homology modeling of the Anopheles dirus protein. The
amino acid sequences of the two proteins, Lucilia cup-
rina GST and Anopheles dirus GST1-1, are 66.7% ident-
ical. Modeling of the tertiary structure was performed
using the Insightll software suite including the Biopo-
lymer and the Discover modules (Biosym/Molecular
Simulations Inc. of San Diego, CA). The model structure
was minimized using the CVFF force field initially for
several thousand iterations followed by nunimization
using the class IT force ficld CFF91. The minimization
algorithm Steepest Gradient was ernployed until the

average absolute derivative was 0.003. Then the Conju-
gate Gradient algorithm was employed unti! convergence
with the average absolute denivative of 1.9e-6; a r.m.s.
of 2.7¢-6 and the maximum absolute derivative of 4.3e-
5. The amino acid at position 188 was replaced and the
model structure was minimized using the CFF91 force
field and the Conjugate Gradient algorithm until conver-
gence with an average absolute derivative of 1.le-6; a
r.m.s. of 1.6e-6 and the maximum absolute derivative of
1.8e-5. Also the amino acid at position 25 was replaced
and the model was minimized as above until conver-
gence with an average absolute derivative of 1.0e-6; a
r.m.s. of 1.5¢-6 and the maximum absolute derivative of
2.7e-5. Dynamics simulation of the three models was
performed for 14 to 15 picoseconds. An integration time-
step of 1 fs, a temperature of 300 K, and the same ran-
dom number seed werc used for all three models. No
constraints were employed.

3. Results

The PCR primers used in this study were for the 5
and 3’ termini of the coding sequence for adgst I-1. The
5’ terminus sequence is highly conserved within the
Delta class, however the 3’ terminus is highly vanable
and will be specific for the individual GST within the
class. Previously we have shown DDT resistant and sus-
ceptible strains of 4n. gambiae to possess GST isoforms
with different enzyme propertics (Prapanthadara et al.,
1993). However the An. dirus colony used in the present
study was not selected for insecticide resistance and
would be a more heterogencous population. Approxi-
mately 70-80 larvae would have been used in the RNA
isolation. We therefore expected to obtain allelic vari-
ations of the adgst 1-1 sequence. We were interested in
observing and studying how small changes in sequence
might affect enzyme charactenstics. All the GST recom-
binant enzymes in the present study originated from
cloning the PCR product from a single RT-PCR. Upon
cloning the PCR product into pUCL8, 85 white colonies
were screened by restriction digest analysis. From this
analysis, 43 clones were obtained that were positive for
a GST insent in the proper ornentation. From these 43
GST clones, 17 were sequenced and 11 clones were
found to code for an identical amino acid sequence,
although there were a total of six base changes in the
nucleic acid sequence of four clones. The remaining six
clones contained one or two amino acid residues that
were changed relative to the sequence of the 11 clones.
The clone for “GST Base” was chosen as the baseline
sequence from among the 11 clones with identical amino
acid sequence. GST Base was used as the standard
amino acid sequence for purposes of comparison, GST
Base, as well as the six clones coding for amino acid
changes were subcloned into the pET3a expression vec-



68 A.J. Ketterman et al. / Insect Biochemistrv and Molecular Biology 31 (2001) 65-74

tor. All of the GST sequences were inserted into the Nde
[ cloning site of the pET3a vector and were expressed
without the pET3a 11 amino acid N-terminal fusion tag
that is present on expressed products cloned into the
BamH1 site,

The nucleic acid and translated amino acid sequence
for GST Base is shown (Tig. 1). We propose this
sequence is an allelic vanant of the previously reported
adgst 1-1 (Prapanthadara et al., 1998). The initial adgst
I-1 clone as well as the clones reported in the present
study have been obtained from the same An. dirus col-
ony. However, there was approximatcly three years
between the RNA isolations and the colony gene pool
has shifted with respect to GSTs. We have also obtained
genomic sequence from the current colony that is ident-
ical to the GST Base sequence and not to the initial adgs?
1-1. GST Base, as well as the other clones, was obtained
using PCR primer sequence that had originally yielded
the adgst 1-1. A comparison between GST Basc
sequence and adgst 1-1 show that there are only 10
nuclectide changes, some of which code for the five

v 20 - 40 -
ATGGATTTTTATTACCTACCCGGATCTGCGCCGTGCCGTGCCGTTCAGATGACGGLS
M D F¥F ¥ ¥ L P G 3 A P C R A YV Q M T A

€0 - 8¢ * 100 -
GCCGCCOTTGGCGTCGAGCTGARCCTGAAGC TCACCAACCTGATGOCGGGCGAGCAC
A AV GV E L NTL K L T K L M A G E H

120 . 140 - 160 *
ATGAAGCCGGAATTCCTGAAGCTTARACCCCCAGCAC TGCATTCCGACGC TGGACGAC
M XK P E F L K L N P O H C I P T L D D

180 - 200 - 220
AACGGTTTCTCGCTGTGOGAGTCGCGUGCCATCCAGATCTATC TEGTCGAGAAGTAC
N ¢ F 8 L W EE S R A I O I Y L VvV E K Y

- 240 * 260 " 280
GGCAAGGACGACARGC TGTACCCGAAGGACCCCCAGARGCGCGCCGTCGTCARCCAG
G KD D XL ¥ P KD P Q KRAUV V N Q

* 300 * 320 * 340
CGGCTGTTCTTCGACATGGGCACGCTGTACCAGCGCTTCGGGGATTACTGATACCCG
R L F FPMOGTULUZY QR ¥ G D ¥ W Y P

- 360 * 380 *
CAGATCTTCGCCAAGCAGCCGECCARACGLGRAGAACGRGARGARGATGRAGGAGGTS
Q I F A K Q P A N A ENZE KK MEKE A

10 - 420 . 440 -
GTCGGCTTCCTGAACACGTTCCTCGAGGGCCAGGAGTACGCGGCCGGCAGTGATCTC
vV 6 F LNTUVFULEU GG QEJY AU BATG G BD L

460 - 480 * 500 *
ACGATCGCCGATCTCAGTCTGGCGGCGTCGATCGCCACCTACGAGGTGGCCGGETTC
T I AP L S L A A B I AT JVYGE V A CGC F

520 * 5490 * 560 -
GRCTTCGCCCCCTACCCGAACGTGGCCGCGTGGCTGGCCCGCTGCAAGGCG&ACGCC
D F A P Y-P N V A A WUILATRTUCIKAN A

580 * 600 - 620
CCCGGCTATGCCCTCAACCAGGCCGCTGCCGATGART TCAAGGCGAARTTCATGTCC
P 6 Y A L N Q A G A DZETFI KAIZ KT FMS

TAR : 630

Fig. i. Nucleic acid and transiated amino acid sequence for Anoph-

eles dirus GST 1-1 base line sequence. This sequence is “GST Base™
in this repor.

Table 1
Amino acid sequence idenuty for Anopheles GSTs

GST Adl-1 Agl-6 Agl-5 Agl-4 Agl-3 Agl-2 Agl-7
Base

GST 100 97 93 77 64 62 50 46
Base

Adi-1 100 91 76 63 60 48 45
Agl-6 100 82 66 63 SO 44
Agl-5 100 64 64 S0 41
Agl-4 100 60 47 4l
Agl-5 100 49 38
Agl-2 100 36
Agl-T 100

* The abbreviations used are: GST Base sequence from present
study (AF 273041); Adl-1 for 4n. dirus 1-1 (U78784); Ag for An.
gambiae, Agl-6 for AgGST 1-6 (2842718); AgGST 1-5 (2842717y;
AgGST 1-4 (3549274); AgGST 1-3 (071163); AgGST 1-2 (1495237)
and AgGST 1-7 (3549272). The numbers shown in parentheses are the
GenBank Accession Numbers.

amino acid changes. These few changes entail a high
percent aminoe acid sequence identity for GST Base and
AdGST 1-1 as well as with AgGST 1-6, the orthologous

© GST in An. gambiae (Table 1). As shown by a compari-

son of AgGST 1-6 with the other reported An. gambiae
GSTs, the high percent identity of GST Base with
AdGST 1-1 supports the allelic varant model. In
addition to the GST Base sequence, which is used as the
bascline sequence in the present study, six other allelic
sequences were obtained from the same PCR reaction as
GST Base. The nucleic acid and amino acid residue
changes for these other GST sequences are shown in
Table 2. It was observed that although clones 7, 36 and
41 expressed the recombinant protein to the same extent
as the other clones no GST 1-chioro-2,4-dinitrobenzene
{CDNB) activity was detectable in the E. cnli lysate.
These clones were not studied further but the remaining

Table 2

Nugcleic acid and amino acid residue changes for the recombinant GSTs
relative to “GST Base” (see Fig. 1)

GST Nucleic Acid Amino Acid
GST ALBST C153T CS51
G562A Al188T
GST GI109W C153T Csl
G325T GI09W
GST E25¢ G73C E25Q
C348T 1116
G459C TI153
Clone 7 Gl52A C51Y
G424C E1420Q
G486C Si62
Clone 36 A457G TL53A
C547A Li183M
Clone 41 G40A Al4T
Cl12T H38Y
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Table 3
Summary of the kinetic constants for the four recombinant allelic GSTs
from An. dirus”

Constant GST Base GST AI88T GST GST E25Q
Gl09W

Ven 129 063 318 1.06 865 0.53 28.5 2.00
K. cons 0.104 0.028 0.104 0.030 0.156 0.054 0.172 0.046
K. asH 0.858 0.179 0.755 0.111 0.877 0.228 0.734 0.103
ke 5.03 12.4 339 1.1

keat/ Ko conn 48.4 119 219 64.6

e Kincsn 5.86 16.4 3.87 15.1

* The units used in the table are: ¥_: mol/min/mg; K, : mM; X,
s7'; ko/K. 87 .mM~'. The data are the mean standard error of at
least three separate experiments.

recombimnant enzymes were punfied and further charac-
tenized. These four clones included the baseline sequence
clone, GST Base; a clone containing a single amino acid
change of A188T, GST A1BRBT; a clone containing a sin-
gle amino acid change of G109W, GST G109W; and a
clone containing a single amino acid change of E25Q,
GST E25Q.

Using the substrates CDNB and GSH to determine
kinetic constants demonstrates that the four different

I recombinant GSTs possess different V,, and X, (Table

3). The V,, and K, for both CDNB and GSH appeared
similar in a pairwise comparison of GST AI88T and
GST E25Q or GST Base and GST G109W. Between the
two pairs the V, was significantly different with GST
A1B8T and GST E25Q possessing a 2—3-fold greater V.
However, considering k../K,, highlights the substrate
specificity differences of all four of the enzymes.

Using DDT as the electrophilic substrate another pat-
tern of specificity was observed (Table 4). The ratio of
CDNB activity to DDTase activity was similar for GST
Al188T and GST E25Q. Recombinant GST Base had the
lowest DDTase activity with an apparent relative prefer-
ence for CDNB substrate. Of particular interest is the
recombinant GST G109W with a relatively high DDTase
activity and a relatively low CDNB activity to DDTase
ratio. This demonstrates that the single residue change
GI109W is important for interaction with DDT.

Testing the intcraction of other insecticides showed

Table 4
DDTase activity for the expressed recombinant GSTs*

GST DDTase activity Units GST/DDTase
nmol/mg

Base 095 3.0

AIl88T 2.77 1.9

Gl1o9w 4.83 0.4

E25Q 1.20 1.6

" Units of GST activity are with | mM CDNB and 10 mM gluta-
thione as substrates.

differences amongst the four recombmmant GSTs (Table
5). GST A188T was only completely inhibited by chlor-
pytifos, whereas GST G109W still retained 26% of its
activity. In general, GST G109W appeared to have the
lowest degree of interaction with the studied insecticides.
This suggests that G109W is important for interaction
with these types of compounds although other amino
acids do have a role in modulating the ¢nzyme interac-
tion as shown by the data for the other recombinant
GSTs. The data suggest that GST Base and GST GI09W
bind DDT to a similar extent thereby inhibiting CDNB
activity. However, GST G109W catalyses dehydrochlor-
ination at a 5-fold greater rate than GST Base. The inter-
actions of the isoenzymes with the insecticides appear
to parallel the pairing sirmilarity shown by V. That is,
GST AI1B8T is similar to GST E25Q and GST Base is
simtlar to GST G109W. In addition, the interactions of
GST Base and GST G109W with the studied compounds
are less than those of GST A188T and GST E25Q.

The ICsq was determined for three GST inhibitors
with the four recombinant allelic GSTs (Table 6).
Although it was difficult to show statistical significance
in all cases, there appeared to be differences in the inter-
action for some of the recombinant enzymes with .-
tested inhibitors. All four recombinant GSTs showed
simple linear inhibition in plots of the data for the three
inhibitors (data not shown). This type of plot can be used
to distinguish between single and multiple sites of inhibi-
tor interaction (Tahir and Mannervik, 1986).

As shown by the tertiary structure model, the positions
of the amino acid residues 25 and 188 are outside of the
putative substrate-binding pocket (Fig. 2). These obser-
vations of the single amino acid changes conferring dif-
ferent kinetic properties to the recombinant GSTs
prompted us to model how these changes affect tertiary
structure. Within the modeled tertiary structure the
amino acids are found in the following secondary struc-
tures: residues 16 in0 | sheet; residues 9-23 in [ | helix;
residues 26-31 in 01 , sheet; residues 4047 in [ , helix;
residues 53-58 in [ ; sheet; residues 64-76 in [ ; helix;
residues 86119 in 0, helix; residues 123-142 in [
helix; residues 153—170 in 0 ¢ helix and residues 176~
190 in [ ; helix. After the residue 188 replacement and
minimization, the dihedral of the alpha carbon backbone
of helix 7 where residue 188 is located, was changed by
1.25 4 Relative to the alpha carbon of residue 188, the
average atom movement in 209 atoms in the helix was
0.10 A but with movement in 23 atoms of 0.2 A to 0.43
A. Residues of helix 7 interact with residues of both
helices 5 and 6 through hydrogen bonding and van der
Waals contact. These changes in helix 7 were reflected
in a dihedral change of the alpha carbon backbone of
0.5541in helix 6 and 0.46 4in helix 5. However, residue
25 1s not within a helix therefore within this model no
dihedral changed more than 0.17 £

Superimposing 1608 atoms in aligned positions of the
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Table 5

Insecticide inhibition of CDNB activity of the four recombinant allelic GSTs from An. dirts®

% Inhibition

Insecticide GST Base GST Al188T GST G109W GST E25Q
DDT 51.4429.4 B6.641.6 66.6413.5 71.048.1
DDE 70.8£11.3 876412 54.6436.0 83.146.5
Lindane 44.7411.2 69.1473 55.749.6 75.045.2
Permethrin 45.6430.3 BR.242.2 5044190 77.749.4
[ cyhalothrin 30.7418.8 T77.3416.7 36.1417.8 60.743.8
Deltamethrin 46.3414.0 78.643.3 263459 76.044.4
Diazinon 47.6£24.1 86.6412.4 43.8414.5 89.349.9
Fenitrothion 74.4£14.9 86.7:4.0 64.4421.3 92.1469
Pinmiphos-methyl 80.9426.9 90.643.7 65.64£15.4 76.7431.6
Chlorpyrifos 81.5416.6 983424 74.148.4 96.241.7
Temephos 56.8412.1 77.5412.4 55.0421.0 4984328
Bendiocarb 55.249.6 80.447.5 36.7415.2 77.449.5

= Final concentrations of all insectcides were 100 [ M except diazinon which was 100 M. The GSH and CDNB concentrations were lO.Q and
1.0 mM, respectively. The data are the mean/standard deviaton of at least three separate experiments, each of which was performed in duplicate.

Table 6

1C,, for the interaction of three GST inhibitors with the four recombinant allelic GSTs from An. dirus®

Compound IC,s (I M)

GST Base GST AILB8T GST G109W GST E25Q
Bromosulphothalein 0.20440.04R8 0.291 £0.045 0.19240.027 0.20540.041
Cibracron Blue 0.416£0.256 0.23740.014 0.107£0.009 0.24240.043
Ethacrynic Acid 0.173/0.075 0.18040.149 0.400-0.151

0.24940.090

* The daw are the mean/standard deviation of at least three separate experiments.

carbon backbone of the polypeptide chain before residue
188 replacement onto the polypcptide chain after residue
188 replacement had a r.m.s. deviation of (0.030. In the
minimized polypeptide chains, atom movement at a dis-
tance of 0 A to 25 A relative to the alpha carbon of
residue 188 was monitored with an average atom move-
ment of 0.108 A. Of the 1955 atoms included within this
distance, 696 atoms moved from 0.1 to 0.2 A and 249
atoras moved from 0.2 to 0.43 A. This does not appear
to be a significant movement in a static modeled pro-
tein structure.

Superimposing the baseline carbon backbone onto the
minimized carbon backbone after E25Q replacement had
a rm.s. deviation of 0.053. Modeling the atom move-
ment after replacement and minimization of E25Q
showed an average atom movement of 0.149 A for the
0 to 25 A distance from the alpha carbon of residue 25.
Of the 1732 atoms included within this distance 500
atoms moved from 0.1 to 0.2 A and 514 atoms moved
from 0.2 to 1.13 A. This does not appear to be a signifi-
cant movement in a static modeled protein structure.

In both models of GST A188T and GST E25Q, 200--
500 atoms were involved with movements greater than
0.2 A. Dynamics simulations were performed to study
the effects this phenomena would exert on the confor-

mational flexibility of the structures. Dynamics provides
insight into the accessible conformational states of the
molecule by modeling the time evolution of the system.
Initial velocities are randomly generated at the beginning
of a dynamics run according to the temperature and ran-
dom number seed. To repeat the exact same dynamics
run, it is important to specify the random number seed
used in the previous run. This guarantees generating the
same set of initial velocities in the current run
(Biosym/Molecular Simulations Inc. of San Dicgo, CA).
In analyzing the dynamics simulation data it became
clear that parts of the GST flex significantly, especially
in helix 4. Several residues of helix 4 are thought to
directly interact with substrates in the active site (Wilce
et al, 1995; Dirr et al,, 1994a).

Animation of the trajectories from the dynamics simu-
lations showed some change in the residues positioned
around the previously proposed active site pocket, This
pocket consists of residues from both subunits (for a
crystal structure review see Dirr et al., 1994a). Plots of
atom to atom distance spanning the active site pocket
from subunit A to subunit B show little difference
between the models (Fig. 3(A)). Additionally, as sug-
gested in the static models, most of the helices dihedrals
remained very similar except for helix 5 (Fig. 3(B)). The
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Fig. 2. Stereo views of GST showing the positions of the residues changed outside the active site. The top view is down the molecular two-fold
axis of the assembled dimer with glutathione (GSH; shown in black) in the active site. The bottom view is down the molecular two-fold - <is
rotated 180 4 from the top view. Residues 25 and 188 are labeled and shown in black. The images were made with Weblab Viewer Pro 3.5
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Fig. 3. Comparison of the trajectory data from the three GST models. Panels (A) and (C)T) show changes in the distances berween the indicated
atoms over the time of the dynamics simulation. Panel (B) shows changes in the dihedral of helix 5 over time.
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dihedral of the alpha carbon backbone for helix 5 of GST
AIlIBST changed significantly compared to both GST
' Base and GST E25Q. Scveral residues of helix 5 contrib-
ute to the hydrophobic core formed between helix 35, 6
| and 7. This core is thought to be involved in stabilizing
| GST tertiary structure as well as modulating specificity
towards effector molecules such as inhibitors (Dirr et

| al., 1994a).
An observation of further interest is the identification
‘ of a second substrate pocket. This pocket has been
recently reported as a hydrophobic surface pocket in Pi
class GSTs (Oakley ct al., 1999). This was shown also
in several other GST classes but was unrecognized in the
. insect static crystal structure because the insect structure
appeared to be In the closed position (Fig. 4). In An.
dirus GST these residues are Leu6, Pro7, GlyB, Alal0,
Proll, Cysl2, Leu30, Leu3d3, Alals, Ile52, MctlOl,
Tyrl05, Phel08, llcl16, Phell?, Alall8, Vall68 and
Alat69. This pocket opens and closcs with atom move-
ments up to 10 A (Fig. 3C-I). This pocket opening varics
I significantly in the modcls as shown in the trajectory
plots (Figs. 3C-1 and 4). The stimulation data shows that
the pocket opening vanes between the models not only
in relative distance but absolute distance (Fig. 3G) as

2%
v
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well as the relative length of time the residues remain
apart or in proximity (Fig. 3D-F).

4. Discussion

We have obtaincd cDNA sequences for GST from
RT-PCR of mosquito larvae total RNA. We propose that
these sequences represent allelic vanations present in
mosquito populations for the single GST gene adgss 1-
1. The translated amino acid sequences for the clones
obtained vary by only one or two amino acids. Hetcrol-
ogous cxpression and enzyme characterization of these
recombinant proteins demonstrated kinetic differences
between the forms. Using an available crystal tertiary
structure, we observed that in two of the enzymes the
changed amino acid residucs were on the extenor surface
of the protein. We then proceeded to model how amino
acid rcsiducs outside the active site could affect
enzyme kinctics.

Several of the recombinant enzymes had no detectable
CDNB activity in £. coli lysates and were not studied
further at this ime. Clone 7 most likely had no detect-
able activity due to the change C51Y. The two residuc

2%
i v

GH- -

Fig. 4. Ster_eo v_icw of the hydrophobic surface pocket in both closed and opened configurations. The top view is the closed confipuration and
the bottom view is d?e opened configuration. The glutathione in the active site is shown in ball and stick representation. the sulfur atom faces out
of the page. The amino acid residues of GST are shown in a stick representation. The images were made with Weblab Viewer Pro 3.5 from the

trajectory data generated by Insight I1.
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l on either side of 51, His50 and 1le52, have been shown
' by crystal structure to dircctly intcract with glutathione
" (Wilce et al., 1995). The loss of activity may be duc to
; steric interference by the much larger tytosine side chain
as well as the concomitant adjustments in the ncighbor-
ing residues. In clone 41, tyrosine replaced His38, which
has been shown to directly interact with glutathione.
Two residuc changes for Clone 36, T153A at the N-
terminus of helix 6 and L.183M in helix 7, arc both out-
side of the active site pocket. These changes involve two
of the helices involved in formation of a hydrophobic
core that is important for stabilizing GST tertiary struc-
ture (Dirr et al., 1994a). Structural changes to this hydro-
phobic core are thought to modulate specificity of GST
substrate/mnhibitor nteractions (Manocharan et al.,
1992b,a; Stenberg ct al., 1991; Kong et al., 1992). The
reason for the apparent loss of CDNB activity for Clonc
36 needs to be further studicd but one may spcculate it
will be for similar reasons as discussed bclow for the
changes for GST AL88T and GST E25Q).

The residue change for GST G109W is in the active
site pocket tn helix 4. This residuc would have a dircct
interaction with the substrates and its effects are reflected
' in changes in specificity (Tables 3 and 4). In comparison
to the GST Base enzyme the GST GlO09W &L /Kooivn
decreased two-fold and the ratio of CDNB activity to
DDT activity also decreased 7.5-fold.

GST AIBST is ncar Argl85 which appears cquivalent
to an invariant arginine found in Alpha, Mu arnd Pt class
GSTs (Dirr et al, 1994a). This arginine forms an

important salt bridge necessary for structure stabilization

in those classes. In an Alpha class GST, four arginines
conserved across the GST classes were studied (Stenberg
et al., 1991). These residues were thought to stabilize
one of thc conformational states for the enzyme. It was
proposed that a shift in the relative distnbution of differ-
ent conformations might affect binding of substrates or
ligands. The GST E25Q residue is located between helix
1 and [ sheet 2 and appcars to affect tertiary structure
around the hydrophobic core in domain !, This hydro-
phobic core appears to be structurally important and
changes affect stability, activity and binding affinitics
(Widersten ct al,, 1992; Stenberg ct al., 1991; Kong ct
al., 1992, 1993; Manoharan et al., 1992a b). Our data
therefore suggests that different conformational states
may also occur due to changing influences from ncighb-
oring _rcsidues of structurally important regions as well
as amino acids.

A comparison of amino acid sequence for the An.
dirus GST to the other GST classes Alpha, Mu and Pi
shows less than 30% identity. However, the inscct Delta
class GST adopts the canonical GST fold (Wilce ct al.,
1995). To achieve this state some residues have been
functionally or completely conserved. From crystal
structure data 26 invariant amino acids were found in
the Alpha, Mu and Pi classes (Dirr ct al., 1994a). Many

of these residucs or conscrvative equivalents were found
in the appropriate secondary structure positions in the
An. dirus model. These residues would thus appear to
fulfill similar functions. In An. dirus, 16 of these residues
arc Tyr3, Argl3 (equivalent to Argll in Pi), Pro53,
[le68, Val73 (Leu76 in Pi), Gly77, Leul04, Leuldl,
Gly149, Aspl56 (next to a conserved Alal55 and threc
residues from a conscrved Leul59), llel63 (replacing
Leul57 in Pi), Phel7l, Vall79 (for Leul74 in Pi) and
ArglB5. Further examination may identify even more
functionally cquivalent residucs. This conservation of
residues to maintain tertiary structure suggests that the
enzymes of the different GST classes function in a stmu-
lar manner, albeit with some class specific modulation.
[n conclusion, we obtained rccombinant GSTs for
which we could determmine differences in kinetic proper-
tics although the changed amino actds were outside of
the active sitc. Atom movements to accommodate the
replaced residues in models showed only small displace-
ments. However, these small displacements occurred for
hundreds of atoms. Dynamics simulation using these
models showed differences existed in the configurations
anained by cach of the differeat models. The data dem-
onstrate that single amino acid changes outside the act. -
site and not directly involved in structural maintenance
can nfluence the accessible conformational states that
affect enzymatic propertics, The conservation of tertiary
structurc as shown by the hydrophobic surface pocket,
the invanant residucs and the GST fold, suggests that
these observations in the Dclta class GST will also be
applicable to the other GST classes. The implications of
these data arc that i1 will be possible to subtly modulate
enzyme specificitics by controlling the accessible con-
formational states of the protein through residues that
affect sensitive regions of the tertiary structure. These
data also demonstratc how single amino acid changes,
cither in or out of the active site, may change the proper-
tics of allelic forms of cnzymes. These single amino acid
changes would then confer insceticide resistance capa-
bilities to individual members of a ficld population.
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| Abstract

The genomic DNA of a GST class | alternative splicing gene has been characterized from Anopheles dirus, a Thai malania vector.

" This gene organization is highly conserved in An. dirus and Anopheles gambiae (aggstla), with >80% nucleotide identity in the

coding region. Their gene organization contains six exons for four mature GST transcripts, which share exon 1 and exon 2 but
vary between four different exon 3 sequences (exon 3A-3D). The deduced amino acid sequence of the GST transcripts from these
two genes also shows very high conservation, with 85-93% identity for each orthologous gene. Two putative promoters and possible
regulatory elements were predicted by a combination of the TSSW and Matinspector programs. The Ad214 promoter is proposed
to be involved in developmental stage regulation, The Ad2112 promoter would appear to respond to intra- or extracellular stimuli.
These two Anopheline species appear to have diverged in the distant past based on gene neighbors and phylogenetic data, yet these

GST genes are still conserved. Therefore it is highly probable that this GST pene organization has one or more important roles.
© 2001 Elsevier Science Ltd. All nghts reserved.
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1. Introduction Pi, Theta and Sigmma) based on their distinct primary

structure (Hayes and Pulford, 1995).

Glutathione S-transferases (GSTs; EC 2.5.1.18) arc a The insect class I GSTs are of interest because of their
supergene family of dimeric multifunctional proteins potential role in insecticide resistance. Although not as
that are essential in xenobiotic metabolism and protec- well characterized as the mammalian GSTs, insect GSTs
tion against peroxidative damage (Mannervik and Dani- have been identified and reported in multiple forms from
clson, 1988; Pickett and Lu, 1989: Tsuchida and Sato, house fly (Clark and Dauterman, 1982; Clark et al.,
1992). GSTs arc ubiquitous and widely distributed in 1984; Motoyama and Dauterman, 1978), grass grub
most forms of life. Most organisms have the genetic (Clark et al., 1985), Drosophila melanogaster (Toung et

cgpacity to encode multiple GST isoforms to fulfill these al. 1990, 1993) and mosquito (Grant and Matsumura,
diverse physiological functions. Mammalian cytosolic 1989; Prapanthadara et al., 1993). Insect GSTs have
GSTs have been divided into five classes (Alpha, Mu, been divided into two classes (Class I and Class 11) based
on their amino acid sequence homology (>40% identity

to other members within the class) and immunological

properties (Fournier et al.,, 1992; Toung et al., 1991).

* Corresponding author. Fax: +66-2-441-9906. The insect GST class I cDNAs and the genomic DNA
E-mail address: fraku@mucc.mahidolacth (A.}. Ketterman). fragments have been cloned from several species. The
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| data for class | GST reveals a sequennally arranged clus-
ter for these genes (Toung et al., 1993; Ranson et al.
1998, 1997). In the gs:D cluster, D. melanogaster con-
tains seven gs/ genes that were intronless in the coding
region (Toung et al.,, 1993). The intronless feature also
was reported for aggstl-2 of Anopheles gambiae
(Ranson et al., 1997) and MdGST-3 in adult Musca dom-
estica (Zhou and Syvanen, 1997). In contrast, introns
were identified in a class | GST of 4n. gambiae gene
(aggstia) that contained three exons which coded for a
mature mRNA (Ranson et al., 1998). However an intron
was idemtified in the 5° untranslated region (5'UTR) of
several intronless GST genes from gstD in drosophila
(Lougarre et al., 1999) and from MdGST-3 and MdGST-
4 in house fly (Zhou and Syvanen, 1997). These results
demonstrate that the insect class I GST mRNA may be
transcribed from mere than one exon
Class [ GST enzymes have also been purified from
" Anopheles dirus, a Thai malana vector (Prapanthadara
et al, 1996). However, only one cDNA sequence
(adgsti-1) has been reported from this mosquito
(Prapanthadara et al.. 1998). The present report describes
the gene structure of a class I GST gene from genomic
DNA that contains coding sequence for four class I
GSTs of An. dirus, one of which is adgst/-/. This gen-
omtic region appears to be orthologous. that is, the same
region in a different species, to a sequence obtained from
An. gambige (Ranson et al., 1998). Putative promoters
and the possible regulatory elements of this conserved
anopheline class | GST gene were identified.

2. Methods
2.1. Mosquito strains

The Anopheles dirus (species B) colony that was
established by the Department of Parasitology, Faculty
of Medicine, Chiangmai University was used for the
source of the genomic DNA. The colony was identified
as species B on the basis of its morphological and chro-
mosome charactenistics (Bairmnai, 1989).

2.2. Genomic DNA extraction, library construction
and screening

Genomic DNA was extracted from 4th mstar larvae
of An. dines. The extraction procedure was as described
by (Vaughan et al., 1995) with some meodifications. In
brief, the protcinase K. with a higher optimal tempera-
ture, was used and the incubation time was extended
unti] the homogenate was not viscous. The cenmfugation
steps were climinated for all DNA precipitation. The 50
Hg of genomic DNA was partially digested with Sau3A7
at 0.125 Ufpg DNA for | h. Genomic DNA fragments,
9-23 kb in size were partially filled-in with dGTP and

76 S. Pongjarcenkit et al / Insect Binchemistry and Molecular Biology 31 (2001) 75835

dATP. Then the partally filled-in fragments were Ligated
into partially filled-in Xho! digested arms of Lambda
Fixll for the genomic DNA library construction sys-
temn (Stratagene).

The library (4.9x10° plaque forming units) was
screened with *?P-labeled adgsri-1 (630 bp) which is the
coding region of An. dirus class I GST ¢DNA sequence
(Prapanthadara et al., 1998). The *’P-labeled adgsri-/
probe was prepared by using Random Primers DNA
Labeling system (Gibco BRL). The 50% formamide
hybndization was performed as descnbed in the
Colony/Plaque Screen™ Hybndization Transfer Mem-
branes, Transfer and Detection Protocols (NEN) for
plague hybndization. Positive recombinant bacterio-
phage DNA were extracted according to a standard pro-
tocol (Sambrook et al., 1989).

2.3. Analysis of positive recombinant plague clones

Positive clones were digested with EcoRl Sall, and
Xhol and used for a Southern blotting. Southem
hybridization was performed as descnbed in aqueous
hybridization, Colony/Plaque Screen™ Hybridization
Transfer Membranes, Transfer and Detection Protoce!<
(NEN) using **P-labeled adgsti-/ as the probe at hign
stnngency conditions (65°C for hybndization and wash-
mg temperature). The Digoxigenin (DIG)-labeled 5 pan
of adgstl-1 (the conserved part of insect GSTs: 200 bp)
was used as the probe mn low stnngeney hybnidization
(30°C for hybndization and washing temperature). The
DIG-labeled prebe was prepared by polymerase {PCR)
using Vent® polymerase with a ratio of DIG-dUTP. TTP
of 1:4. The amplificatton (30 cycles of 94°C for | min,
65°C for 30 s and 72°C for 30 s) was performed on a
PE systern 2400 (Perkin-Elmer). The hybridization and
detection procedures were as described in The DIG Sys-
tern User's Guide for Filter hybridization (Boehnnger-
Mannheim).

The restriction enzyme digest pattern of single or dou-
ble digestion was also used to generate a restriction map.
The positive signal fragments were subcloned into
pBluescript Il SK*/KS* (Stratagene) for sequencing.
DNA sequencing reactions were performed using the
BigDye termunator cycle sequencing system (Perkin-
Elmer). Sequencing was performed using an automated
sequencer (ABI PRISM ™ 377, Perkin-Elmer). The con-

tiguous sequence was assembled using GCG FRAG-
MENT ASSEMBLY,

2.4. Total RNA extraction, reverse-transcription and
polymerase chain reaction (RT-PCR)

The 4th instar larvae of An. dirus were ground to pow-
der 1n liquid nitrogen. Total RNA was isolated by using
RNeasy Mini Kit (QIAGEN) or TRIzol Reagent as
descnbed in the manufacturer’s instructions. Then first
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strand ¢cDNA was synthesized by using Superscnpt I
reverse transcriptase (Gibco/BRL) and the oligo-(dT),s-
adaptor primer. Primers designed from  genomic

- sequence were used in the PCR. For each pnmer set,

separate PCRs were performed by using Vent®polymer-
ase to amplify the coding sequence of cach transcript
(adgst1-2, adgdti-3 and adgsti—). The PCR products
were purified and subcloned into pUC19 and sequenced.

2.5 5 rapid amplification of ¢cDNA ends (5'RACE)

Total RNA was cxtracted from 4th instar larvac of An.
dirus. Pnmer oligo 3 (5'-CCGGCGGTCGAC-
GATGGCGCGCGACTCCCACAG-3"), which is to the
conserved region of the four different exon 3 scquences,
was uscd to synthesize first strand c¢cDNA  with
Superscript 11 reverse transcriptase ((ibco/BRL). The
5'RACE was performed according to the 5'RACE Sys-
tem for Rapid Amplification of cDNA Ends, Version 2.0

- instruction manuval (Gibco/BRL). The $'RACE product

was subcloncd into pBluescript Il SK* (Stratagene) and
sequenced as descnbed above.

3. Results

3.1, Isolation and genomic organization of adgst] AS]
gene

Using the “P-labeled adgsi/-1 ¢DNA as a probe.
4.9x10* plaques of an An. dirus genomic DNA library
were screencd and two independent positive clones were
isolated and designated as 5A.1 and 8A.2. Most of the
genomic orgamzation of the adgstiAST gene (Genbank
accession AF 251478) was determined from the phage
clone 8A.2, which is approximately 14 kb in size (Fig.
).

A restriction map of EcoR/. Sali and Xhol was gener-
atcd. From Southern hybridization at high stringency of
the Sall digestion, four positive fragments were detected
which were 1.2, 0.8, 0.2 and 3.0 kb fragments as show
in Fig. 1. These four Sall fragments were completely
sequenced and the overlapping restriction sites were
used to confirm the Saff junction sequence. The continu-
ous sequence was compared with scquences in the datab-
ase to identify putative GST genes by the BLAST pro-
gram. The result showed the greatest identity to An.
gambiae GSTs.

The 4078 bp of these four Sall fragments contains six
exons that arc scquentially arranged and just five exons
for the GST coding region. These GST coding regions
show great identity to aggstia as shown in Fig. |
(Ranson ct al, 1998) that when cxpressed has three
exons which yicld a mature GST transcript. The first
exon encodes a 5'-untransiated region which is shown
by only one 5'RACE product and no other 5'UTR were

obtained from 4th instar tarvae. The 5"UTR is exon | in
both An. dirus and An. gambiae. The sccond exon enco-
des the amino-terminus of insect class [ GSTs which is
45 amino acids in both mosquitoes. The four different
third cxons in both mosquitocs each encode a different
carboxyl-terminus of the full-length GSTs, which are
164-174 amino acids in An. dirtes. Therefore this GST
gene was named adgstiAS! for An. dirus GSTclass |1
Altematively Sphiced gene 1.

The mRNA product of ¢xon 1, exon 2 and exon 3D
has previously been reported as adgst /-1 (Prapanthadara
et al.. 1998) and was used as the genomic library probe
tn this study. The mRNA splicing product of exon 1,2-
3C, 1,2-3B, 1,2-3A arc designated as adgst -2, adgst!-
3 and adgsel-4, respectively. All splice junction
sequences for the donor and the acceptor are in agree-
ment with the GT/AG rule as show in Table 1.

RT-PCR was performed to identify the mRNA splic-
ing products by using primers based on the genomic
sequences. The RT-PCR products for the coding
scquences of adest!-2, adgst!-3 and adgst!-4 were
obtained. These PCR preducts were sequenced to con-
firm that they were the adgsti-2, adgst/-3 and adgsti-4
scquences and to detcrmine whether splicing he
occurred at the predicted sites. These ¢cDNA sequences
reveal all four alternatively spliced transcripts were
expressed in 4th wnstar larvae and spliced at the predicted
sites. These ¢cDNA sequences were compared to each
predicted coding sequence from the genomic clone (data
not shown). Tiie result showed two base differences in
adgst!-2 (2/651) and adgst /-3 (2/627). One base change
occurred in adgst -4 (1/657). But the deduced amino
acid scquence of these cDNAs remained unchanged. The
adgst!-1 that was used as the probe showed 13 base
changes from the predicted coding sequence (13/627) of
the genomic clone and these coded for five amino acid
changes. The initial adgst 1-1 clonc as well as the
scquences reported in the present study have been
obtained from the same An. dirus colony. However,
there was approximately three years between the RNA
isolations and the colony gene pool has shifted with
respect to GSTs. We have also obtained a ¢DNA
sequence from the current colony that is an identical
amino acid sequence to the translated genomic sequence
and not to the initial adgst 1-1. Currently an allelic form
of adgst!-1 has been obtained by RT-PCR that has five
basc changes but does not code for any change in the
predicted amino acid sequence compared to the genomic
clonc of adgst!-{. Therefore these differences are most
likely duc to the presence of allelic forms, which is a
common charactenstic of GST (Board, 1981; Pemble et
al., 1994; Widersten et al., 1991).

3.2. The homology of adgst1AS! and aggstia

Nucleotide sequence comparison was performed to
determine the homology of adgsilAS! and aggstix as
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Fig. 1. (A) The comparison of recombinant phage clone of 4n derus (5A1 and RA 2) and 47 gambige (Ag_Bl) (Ranson et al.. 1998). The

restricton map of clone isalated from an An dirus genomic library, The

enzyme abbreviations are E; EcoRi S, Sall and X; Ahaol Southemn

hybridization posiuve fragments from Sa/f digestion that were sequenced are shown in bold. The adgst/ 457 was (dentified and the arrow indicates
the dirccuon of adgst IAS!. (B) The sizes of the exons and introns of adwwt /457 are shown in bp. The 7.5 kb genomic sequence {Genbank a2ccession
AF 251478) has been analyzed for GST coding sequence and putative regulatory clements

Table 1

The exon composition and splice sites of aliemative tansenpts of adestf451 and the sphice site of the putative S'region of adgst!-5 (aggstif

onhologous gene)

Gene Fxon composition $’sphice site (exon/intron) 3splice site {intron/exon)
Consensus AG/IGTRAGT Y NYAG/MNNN
adgstiAS] exonl . exon? CG/GTGAGT CTCGCAG/AA
exon?. . .exonlA AG/GTAAGT TTTAAAG/CT
exon?. ..exonlB CCCTCAG/AT
exon?.. .cxon3C TCCGCAG/CT
exon?.. .exonlD ATTACAG/CT
adgst]-5 15t coding sequence AG/GTAAGC

" {R=A or G, Y=C or T, N=A,C.G or T).

shown in Fig. 2. The comparison reveals a very high
level of identity in all coding regions; they are, 93.3%
for exon 2, 81% for exon 3A, 85.4% for cxon 3B, 78.5%
for exon 3C and 86.8% for exon 3D. However, there
were differences observed in exon | (41.56%) and in the
intron sizes and scquences of these two genes (Fig. 2).

The comparison revealed adgstlASI and aggstla

have an identical arrangement and exon composition.
The deduced amino acid sequences of these two genes
were also compared as shown in Fig. 3. The comparison
showed a very high identity for the deduced amino acid
sequences of the orthologous proteins that are 93%
identical for AAGST1-1, 85% identical for AdGST!-2,
92% identical for AdGST1-3 and 8$6% identical for
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AAGST1-1 = AQGSTL-6
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N RN RN R R AR R NN R I B R

Troninrprr: iy 1

161 QRLFFDVATLYQRTAEYYYPQIFGYFRY AGDFDRLESNEQALEFLNTFLEGEAFVALCOOPTIADFSILAS TATFDRAGYDLERYEN L HRRYEQTGNIAP 199

201 GADKMVEGAKVEGRYFTOR 219
e vkl g
200 AADKNLAGARI FGLYFROK 218

Fig. 3.

A comparison of deduced amino acid sequences of An. dirus with their orthologous An. gambige GSTs by using Gap in the GCG program

package. The identities of each comparison are 93%. 85%, 92% and 86% for AdGST1-1, AdGST1-2, AAGSTL-3 and AdGST14, respecuvely.

AdGSTI1-4. The AdGSTI-! and AdGSTI1-3 have the
same number of amino acids as their orthologous gene
products (AgGST1-6 and AgGSTIL-5, respectively),
which are 209 amino acids, whereas AdGSTI!-2 and
AdGSTI-4 (217 and 219 amino acids) are one amino
acid longer than AgGST1-4 and AgGST1-3.

3.3. Promoter prediction

In the present report a combination of two programs
were used, TSSW (Smith et al., 1996) (human RNA
polymerase [II recognition using the TRANSFAC
database) and the Matlnspector program (Quandt et al.,
1995} (transcription factor binding sites identified using
TRANSFAC database with user defined parameters).
Two putative promoters were identified within 2353 bp
upstreamn of adgst/AS7 by TSSW and have been named

Fig. 2. A comparison of adgstAS! nucleotide sequence with the
nucleotide sequence of aggst/x (AF 071160) by using Gap in the GCG
program Package. The values in the margins indicate nucleotide base
length. Exon 2 and Exon 3A-3D of both GST genes are boxed. Exon
1. the 5’UTR, is shown in italics and underlined in both genes. Exon

2 cock-s for the N-termious and exon 3A-3D code for different C-ter-
mini.

Ad214 (— 1868 to —2074) and Ad2112 (+32 to —268).
The potential transcription factor binding site of these
two regions are shown in Fig. 4.

Matlnspector resulis show the Ad214 region contains
two hunchback binding sites, two dorsal morphogen (dl)
binding sites, two Broad-Complex 4 (BR-CZ4) binding
sites and three fork head domain protein {Croc, HFH3 and
FREACT) binding sites (Fig. 4). There 1s also on¢ binding
stte for C/EBP. There are two of Homeotic selector (HOM)
gene product binding sites that are Deformed (Dfd) and
GATA. The Ad2112 region cortains two Dfd recognition
sites, three of tissue-specific transcription factor binding
sites, two GATA binding sites and one NF1. There are two
steroid inducible elements (BR-CZ4 and C-Ets). There also
are three regulatory factors that could regulate xenocbiotic
metabolism, one AP-1 and two Amt (Ah receptor nuclear
translocator) recognition sites and three of transcriptional
activator binding sitcs (C-Myb, V-Myb and HB). Nested
5'RACE sequence showed the transcription start site and
the presence of a 122-nucleotide intron in the 5’untranslated
region (Fig. 2). The transcription start site, which is located
near Ad2112 suggests that Ad2112 regulates adgst/AS! at
least in 4th instar larvac. However, this does not preclude
the function of this promoter in other developmental stages.
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-2074 HB-01 (+} HB-01 (+} BR=CZ4 (+)
GAATTCT TTATTAGGCATGAGAGAAAAAATGT TTAAMAANCAGTCATGATGGGAAAATANACGARATTT
DL-02(+] DL-0Z (+)

AAGAAACATTTATTTTAAATT TCGTTGAACTAARATGAARCCATTCAGTGTGAAGCATTACATCTACGTEG

C/EBF (+) DED-C1 (+}
BR-CZ4(+) GATA(-) HEH3 (~})
ACATCGACATCGAAATCGTTCATAAATATAATTTTATC TCAATATAAARARACACACTTGGAGCGTTAC
CROC-01({+) FREACTY (+)
-1868

TTGEGCACCACACCGTACCGCACAGTAPACTTAGT TTAACGCACGTTTATTTGTTCCCCGCTCTAGTTA

by - Ad2112 Exon 2
C s TS T ]
Ad214 o T
-268 DFED-01(+)
TTGCTATCGCGCCTTTAAARAAGGGTGTTATT TTATATTTTATGTATTATCAAATTAAACGATATCARR
GATA{~) GATA (=)
DFD-01(+)
ATGATCCTAATAPAGGAAGGANGGAAACCGAGTAATGAGAATTATTTTTAAATARTTAAAATTCATCCT
BR-CZ4 (-,

CTTCCCTGTGACCARCATCGTTCCCAACGTCCGGTCCGATTGTGCCGTGTGCGOGGEGGCACGCTACCE
AP-1(+} C-Ets (-} RHRARNT (-)

NE-1(-)
CATCTCGTTTGATCGCGTGCGCACAGGGACACACCAATACACCARARAC TCCGCCAACCGGCAGCGCGT
AHRARNT (+) HB-01 (+) C-Myb (-}
+32
CGTCGACC TATOGCGGCCEECACCOGAGOGGATOGC TTACTAT TG TCTCGC TGGTTGAAGATCG

ITACGTGTGTGTATTACGGT GAGTGT TGGGAAGCGAGAATCGAAATTCGCCAGAGAARCTGCAGTTGGT
GCTTGAACCGTGCGT TTTAATTARCCGACGTTAATTGTTATCTTGTTCGCTTCCACTCTCCATCCTCGE

h{
AGAATCATGGATTICTACTACCTTCCOGGATCTG

8t

Fig. 4. Sequence of 5'-flanking region of adgst/ASI. Each putative promoter sequence is shown relative to exon 2 in the schematic. The two

putative promoters (Ad2?14 and Ad2112) were searched for potential transcription factor binding sites by using Matlnspecior program at 0.9 for

matrix similarity and 1 for core similarity. Some abbreviations of binding sites are: HB-01, hunchback; DL-02, dorsal morphogen; BR-CZ4, broad-
complex 4; HFH3, hepatocyte nuclear factor 3; CROC-01, crocodile; FREAC?, fork related activator 7; DLD-01, deformed; AP-1, activator protein
L AHRARNT Ah receptor nuclear translocator. The potential ranscription factor binding sites are underlined or overlined The (+) indicates the
binding site on't.hf: sense strand and (—) indicates the binding site on antisense strand. The italic and bold letters represent the transcript sequences
and the transeription start site is boxed. The arrowhead indicates translation start site of adgstiAS].

3.4. Identification of adgsti-5 an aggstlf orthologous

gene

Two othe!' pos;jtivc fragments (5.6 and 6 kb fragment
from Sqfl dl_gestnon of SA.1 and BA 2, respectively, as
shown in Fig. 1) were detected with low stringency

hybridization of DIG-labeled probe (200 bp). A restric-

tion map and southern hybridization of 5A.1 and 8A.2

recombinant phage clones revealed the location of these
positive fragments to be downstream of adgst/AS1 (Fig.
[). These fragments were subcloned in pBluescript 1T
SK* and digested with several restriction enzymes. A



82 S. Pongjarnenkit et al. / Invect Binchemistiry and Molecular Biology 31 (2001) 75-83

'~ positive signal was detected from Pyl digestion of both
| Sall fragments in pBluescrpt II SK* with the fragments

about 900 bp in size. These Pwull fragments were
sequenced and the amino acid translation of the Pvull
fragment is shown in Fig. 5. Comparison of the An. dirus
sequence with the reported An. gambiae nucleotide
sequence showed a high identity to the aggsfi-7
sequence, 177 from 200 bp or 88.5%. Amino acid com-
parison of these sequences showed 89% identity and
94% similarity. Therefore, this GST coding region was
identified as the 5'sequence of adgst/-5. The predicted
splice site in the genomic sequence 1s shown in Table |
and the difference in the predicted splice sites of adgst!-
5 and aggst1f3 are shown in Fig. 5.

4. Discussion
4.1. Genomic organization of the GSTs

One complete class 1 GST gene was identified from
an An. dirus genomic library. A companson with GST
sequences from other species shows the highest identity
(>78.5%) to aggstia (class 1 GST from An. gambiae)
and <<30% similanty to insect GST class 1I. Therefore
this gene is a class I GST. The samc arrangement and

CTGTTGTTATCGTTCTCGGTCATTART T TAATCCTCGCATGGTTCGGCTGTCTCGRACTC
CGCTGLCCCTGCCACCTGACTCACGAATCGGGCCCCATGCCCCCCATGAGTTTGTCTTAT
GCCACCGTGGCCAGCACTGOARACGGGAGCCCACTCCGGGGACACGGACTGTAATTAGTT

CARCCGTGLTARTGATTGTTGTGATTCCGCT TTGCAGGCGCGOTCCGATGACGACGGTGE
TV L M I vV V I P L CRRG P M T T V L

TGTACTATCTGCCGGCATCGCCACCGTGCCGATCGGTGCTGC TG TGGCCAAGATGATCG
¥ ¥Y L P A S5 P P € R 5 VvV L L L & K M I G

GCGTGGAGCTGOATC TAAAGGTCCTGAACAT TATGGAGGGCGAACAGC TARAGCOGGACT
V E L b L K ¥ L N I M E G E Q L K P D F

TCGTCGA&ETGAATCCGCRGCACTGCATACCAACGATGGACGATCACGGGCTGGTGCTGT
YV E L N P ¢ H € 1 P T WM 00 D H G L v Lt W

b4
GGGAGAGGTANGCAATGCCACCTATCGATTTTCCCATCCGTCCTTGCCCCTTCCGTGTAC
E R » A M P P

TGTTGTGTGCOAGGGCGECT TCARARGGGCGAGETTARACTTARACC T TGGCCCOGTCCA
AGGGCTGTGCGTGATGTGTTTTICT TATCATCATTTCOATTGCCGTACCGTGCGAAGARG
GTTACGAGTGTGCUTGTGCGTTTCTTITTCCT T TCATTTCGGGETTTCGGATCGTTTCAT
TTTCCAGGCCETGCGTTTATTGGAT TTTCACCTACCCACACGTCTTGT GGTCOGACCGGA
TCGGACCGGTEATCTAT T T TGGGGAGGGGTCGCGCACGTGCTACGAGBACGTARGCGGAT
GTTGCGAGCGTGGGARAGTGECACACCGGGCACCAARTCAATGACACART TTGGGAGACG
CGGCECTEGTTCOGGGAGCACATTTGAGCTCGCGTCGAARGCECCAG

Fig. 5. The nucleotide and translated sequence of the 888 bp Poud/
fragment, which is the wgesrifs orthologous gene. The underlined
sequences are the amino acid sequences with homology to aggsti-7

{deduced amino acid sequence of agestiff). The seven bold letters
show the amino acids different from aggst/-7, The arrow is at the

predicted splice site in aggsiI-7 and the arrowhead is at the predicted
splice site in the 888 bp PvulT fragment.

the high idenfity of each exon and mRNA product sug-
gest that the adgsilAS! 1s the orthologous gene of
aggsila (Figs. 2 and 3) (Ranson et al., 1998). The partial
sequence of adgsti-5 (the orthologous gene of aggstifi)
also was identified (Fig. 5) therefore adgst/-5 is still an
adgst1AS] neighbor as aggstifl and aggstia. Southemn
hybridization and sequence analysis (~4 kb upstream of
adgst1AST) does not show an An. dirus gene orthologous
to aggst!-2, an intronless An. gambiae GST gene. The
intronless GST gene appears to be absent from the region
around the adgst14S51 gene. In addition the intron sizes
of adgstiAST (122, 724, 330, 231, and 114 bp for intron
1 to intron 5, respectively) and aggstia (146, 837, 442,
230, and 130 bp for intron | to intron 5, respectively)
differ as well as possessing a lower identity than the
coding sequence. A comparison of the two genes nucleo-
tide sequence for identity shows 27% for intron 1, 36%
for intron 2, 24% for intron 3, 38% for intron 4, and
30% for intron 5. A reported phylogenic study was per-
formed in Anopheles subgenus Cellia including Anoph-
eles (Cellia) leucosphyrus Dénitz and An. gambiae com-
plex using a cladistic approach based on morphological
charactenstics (Anthony et al., 1999). The A4n dirus
complex belongs to the Anopheles (Cellia) leucosph. s
Dénitz group which is an Onental species and the An.
gambiae complex 15 an Afrotropical species. The data
analysis reveals the Oriental species was established as
a monophyletic group whereas the Afrottopical species
as a paraphyletic group. These phylogenic results sug-
gest the Oricutal and Afrotropical groups have been
diverged for a iong time, possibly for more than several
million years. However the high conservation of adg-
st1AS! and aggsi!fa in all coding sequences, splice sites
and the gene organization suggest that these two GST
genes in the two distantly related anopheline species
have important physiological roles that have been main-
tained.

The splicing products of adgstIAS! use the same
5'exon (exon 2) which is spliced to one of four alterna-
tive 3' exons (exon 3A-3D) to produce the mature tran-
scripts (adgst1-1, adgst!-2, adgstl-3 and adgstl-4) simi-
lar to aggst!a. The adgsti-! product (the splicing
product of exon 1, 2 and exon 3D) has been charac-
terized previously as a recombinant enzyme
(Prapanthadara et al., 1998). The remaining splicing
forms from adgst1ASI will be cloned and the recombi-
nant proteins enzymatically charactenzed. The different
C-termini of these GSTs may be involved in the determi-
nation of substrate spectficity and these enzymes need
to be investigated to elucidate their roles in insecticide
resistance.

Genomic organizations of msect class I GST have
been rcportcd previously such as the eight intronless
genes in D. melanogaster (Toung et al., 1993} or the
fusion forms in M. domestica (Zhou and Syvanen, 1997).
Currently, alternative splicing of pre-mRNA has been
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shown in An. gambiae (Ranson et al., 1998) and also in
this work for An. dirus. Alternative splicing generates
functionally diverse isoforms for virtually every type of
protein involved in metazoan development, cell function
and physiology. Modular organization in the genome is
a powerful and versatile regulatory mechanism, which
can effect quantitative control of gene exprcssion and
functional diversification of protcins (Lopez, 1998). This

‘| concept also supports the idea that this GST gene must

have an important physiological function.
4.2, Promoter prediction

The vanous genome projects have gencrated large
amounts of sequence data, which is continually increas-
ing. This immense amount of data has led to the develop-
ment of computer programs to analyze and charactenize
these data. A major outcome is the appearance of eukar-
yotic polymerase II promoter prediction programs that
identify transcription factor binding sites.

The Ad214 promoter contains several binding sites for

' fork bead protein (Croc, HFH3 and FREAC7), HOM, dl

and one of C/EBP (Fig. 4). The fork head proteins werc
suggested to have a central role in embryonic develop-
ment (Hacker et al., 1995). Dfd is pant of the develop-
ment regulatory system of multicellular organisms
through transcriptional modulation of specific scts of
downstream genes (McGinnis and Krumlau, 1992;
Rorth, 1994}, The dl 1s the nuclear protcin that deter-
mines the size and the fate of regions along the dorsal-
ventral axis of the Drosophila embryo by setting the
expression limits of key zygotic regulatory genes (Thisse
etal,, 1992). The C/EBP have been isolated from Droso-
phila and shown to play a role during development (late
embrogenesis) (Rorth, 1994). Therefore putative Ad214
would appear to be active in the developmental stage
(Hécker et al, 1995; Thisse ct al., 1992; Rorth, 1994).
As GSTs are multifunctional proteins then one question
that is raised is: is the adgst /A4S regulated by the devel-
opmental transcription factor binding sites of the Ad214
promoter for an oxidative stress response activity? Since
in the developmental stage of Drosophila, many oxidat-
Ive stress response proteins are expressed such as Jun,
Fos, INK, JAK (www.Virtual Library — Developmental
Biology). Recently a Pi class GST has been shown to
interact with Jun N-terminal kinase and provide
additional regulation of this important kinase (Adler ct
al., 1999). This observation suggests that there may be
more physiological roles that GSTs perform remaining
to be clucidated.

The aggstla alternative splicing was proposcd to be
regulated in a tissue-dependent manner (Ranson et al.,
1998). Therefore its orthologous gene (adgstIAS])
would be regulated in the same manner. There are sev-
eral well-known tissue-specific elements in both of the
putative promoters, Ad214 and Ad2112, including three

GATA binding sites, one C/EBP binding site and one
NF-1 binding site. It has been reported that NF-1 can
activate the human elastin promoter in the Drosophila
Schneider cell via its binding site and the elastin tran-
scriptional level in different cell types may be regulated
by cell specific cxpression of different NF-1 family
members (Degterev and Foster, 1999). These data sug-
gest that adgst{AS! may be regulated iIn a tissue-
specific/cell-specific manner via these putative elements.

However, the expression of GSTs has been reported
to be influenced by both intracellular and extracellular
compounds. Endogenous compounds such as steroid
hormones can regulate GST gene expression in rat, ham-
ster and manne fish (Fan et al., 1992; Pulford and Hayes,
1996; Leaver et al., 1997). Several steroid inducible
clements (BR-CZ4 and Ets) are identified in the putative
promoter Ad2112. BR-C family and Ets rclated tran-
scrption factor (E74 in Drosophila) directly mediates a
temporal and tissue-specific response to ecdysone as lar-
vac become committed to metamorphosis (Bayer et al.,
1996; Kalm et al., 1994). The vertcbratc myb proto-
oncogene product was reported to play an important role
in cell cycle as well as activating transcription (Nishina
et al., 1989). The myb gene identified from Drosophi’ .
also was shown to have a role in the cell division cycle
like in vertebrates (Katzen et al., 1998). Therefore the
myh product may act as a transcription activator similar
to the vertebrate myb. The hunchback protein was shown
to be a concentration-dependent activator of transcrip-
tion in the cuiiured Drosophila cell (Zuo et al., 1991).
Then the induction of adgstIAST may be by C-Myb, V-
Myb and HB. Moreover, the expression of many GST
genes are induced with several xenobiotic compounds.
For example, P-naphthoflavone induces GST Ya via
ARE (2 AP-1 binding sites) and XRE (Rushmore ct al.,
1990} or a GST from marne fish via ARE (Leaver et
al., 1997). The aflatoxin B-8,9-cpoxide induced rat GST
Yc, expression via ARE and barbic box (Pulford and
Hayes, 1996). The AP-1 and the Ah receptor nuclear
translocator (Amt) have been reported capable of
inducing the GST Ya expression (Rushmore et al., 1990}
and these two elements also exist in the Ad2112 pro-
moter. All the above data suggests that the regulation of
adgst]1AS] by Ad2112 occurs for intra- or extracellular
compounds such as steroids through BR-C and Ets or
xenobiotic compounds through AP-1 and Amt. The
5'RACE shows that the Ad2112 probably controls adg-
st14S1 expression at least in the 4th instar larvac stage.
However, Ad214 may be a distal promoter that will
function in other stages such as the developmental stage,
or be an enhancer since it is located 1599 bp upstream
of Ad2112. One may speculate that the putative elements
and the gene organization suggests that adgstiAS! is
involved in oxidative stress response and expressed as a
housckecping gene. However, during development the
increased oxidative stress in the cell requires an
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increased GST  expression. The increased GST
expression may be regulated by the putative clements in
promoter Ad214 that would be active during develop-
ment.

In conclusion, a highly conserved alternatively spliced
gene now found in two anopheles species was identified
from An. dirus, a Thai malana vector. The high conser-
vation and type of gene organization suggests this gene
is very important and has not changed during the course
of evolution.
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. l Abstract

' Three ¢DNA sequences of glutathione S-transferase (GST), adgst]-2, adgstI-3 and edgsil—4, which are altematively spliced
products of the adgst!AS] gene, were obtained from fourth instar larvae of Anopheles dirus mosquito by reverse transcriptase PCR
reactions. The nucleotide sequences of these three cDNAs share >67% identity and the translated amino acid sequences share 61-
64% identity. A comparison of the An. dirus to the An. gambiae enzymes shows that adGST1-2 versus agGST1—4, adGST1
versus agGST1--5 and adGST1-4 versus agGST1-3 have 85, 92 and 85% amino acid sequence identity, respectively, which confirms
that orthologous isoenzymes occur across anopheline species. These three proteins were expressed at high levels, approximately
. 15-20 mg from 200 m! of £. coli culture. The recombinant enzymes were purified by affinity chromatography on an S-hexylgluta-
thione agarose column. The subunit sizes of adGST1-2, adGST1-3 and adGST1—4 are 24.3, 23.9 and 25.1 kDa. The recombinant
enzymes have high activities with 1-chloro-2 4-dinitrobenzene (CDNB), detectable activity with 1,2-dichloro-4-nitrobenzene but
markedly low activity with ethacrynic acid and p-nitrophenethy! bromide. adGST1-3 was shown to be the most active enzyme
from the kinetic studies. Permethrin inhibition of CDNB activity, at varying concentratons of CDNB, was significantly different,
. ! being uncompetitive for adGST1-2, noncompetitive for adGST1-3 and competitive for adGST1-4. In contrast, permethnin inhibition
with varying glutathione concentrations was noncompetitive for all three GSTs. Despite the enzymes being splicing products of
the same gene and sharing identical sequence in the N-terminal 45 amino acids, these GSTs show distinct substrate specificities,

 kinetic properties and inhibition properties modulated by the differences in the C-terminus. © 2001 Elsevier Science Ltd. Al
rights reserved.

Keywords: Glutathione S-transferase; Anopheles dirus; Mosquito; Isoenzymes; Altemnatively spliced proteins

1. Introduction Taylor, 1992). However, the multiple forms of GST in
Drosophila can be classified into two groups belonging
Glutathione S-transferases (GSTs; EC 2.5.1.18) are a to distinct gene clusters. Sequence data for insect GSTs
multiple gene family of multifunctional dimeric are limited, but there 1s evidence for at least two classes
enzymes, which catalyze a broad range of substrates and of insect GSTs; Class I and Class II {Beall et al., 1992;

| play an important role in detoxication of xenobiotic com- Fourmnier et al., 1992).
! pounds (Hayes and Pulford, 1995). GSTs catalyze the The sequences of two insect Class If or Sigma class
| nucleophilic attack of glutathione on the electrophilic GST genes have been published, aggsr2-/ from Anoph-
center of a range of endogenous hydrophobic molecules. eles gambiae (Reiss and James, 1993) and DmGST?
On_the bz:lsis of N-terminal amino acid sequence com- from Drosophila melanogaster (Beall et al., 1992). Both
pansons, insect GSTs were classified as belonging to the aggst2-1 and DmGST2 are single copy genes with no
class Theta family (Hiratsuka et al., 1990; Pemble and closely related sequences present in the genome of either

species. The other insect Class II GSTs are MJdGST?
from Musca domestica (Franciosa and Berge, 1995)and

* Comesponding author. Fax: +66-2-441-9906. MsGST2 from Manduca sexta (Snyder et al., 1965).
E-mail address: fra\i@muce.mahidol.ac.th (A.]. Kettermnan). The nsect Class I or Delta class GSTs, in contrast,

0963-1748/01/3 - scc front matter © 2001 Elsevier Science Ltd All rights reserved.
PO:S0965-1748(01)00032-7
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are encoded by members of a large gene family. In D.
melanogaster, eight divergent intronless genes are found
within a 14-kb DNA segment (Toung et al., 1993), at
least five different Class I GST genes are present in M.
domestica (Zhou and Syvanen, 1997). Furthermore, sev-
eral Class I GST genes are reported within a 15.3-kb
DNA segment from An. gambiae including an intronless

.| gene, aggst/-2, and exons coding for aggst/-3, aggst/—

4, aggsti-5, agegst{—6 and aggsti-7 (Ranson et al,
1998). The aggsti-3, aggsti—d, aggsti-5 and aggsti—6
genes are alternatively spliced products from a single
gene and share the same N-terminus.

Recently, 7.5 kb of the adgst/AS! gene (Fig. 1) was
identified from an An.  dirus genomic library
(Pongjaroenkit et al.,, 2001). This gene had >78.5%
nucleotide sequence identity to aggst/a from 4n. gam-
bjae {Ranson et al., 1998). The arrangement and the
nucleotide sequence identity of each exon between these

" two genes are similar. The alternatively spliced products

of the adgst/AS] gene were predicted to produce four
mature transcripts as in the aggst/o gene. One of the
splicing products, adgstf-/, which is the splicing pro-
duct of exons 1, 2 and 3D, has been characterized pre-

| viously (Prapanthadara et al., 1998). We now report the

cloning, heterologous expression and characterization of
the other three splicing products of the adgsf/AS/! gene
from An. dirus. The relationship of the isoenzymes to
Class I insect GSTs and other GSTs is also discussed.

2. Materials and methods
2.1. Mosguito strain

The Anopheles dirus B colony established at the
Department of Parasitology, Faculty of Medicine, Chi-
ang Mai University, was used in this study. The colony
was identified on the basis of its morphological and
chromosomal characteristics. This strain was reviewed
by Baimai (1989).

2.2. RNA extraction and PCR amplification

The total RNA was extracted from fourth instar An.
dirus larvae using TRIzol™ Reagent and cleaned up
using RNeasy® Mini Kits (QLAGEN) as described in the
manufacturer’s instructions. The primers used in these

experiments were designed based on the adgstiAS]
gene. Two sets of primers were used for cloning into
different vectors, pUC19 was used as the cloning vector
and pET3a (Novagen) was used as the expression vector.
The first-strand c¢DNA was synthesized using
SUPERSCRIPT™ 1II RNase H'Reverse Transcriptase
{(GIBCO BRL) in the presence of oligo(dT),s primer and
then cleaned using a QlAquick PCR Purification Kit
(QLAGEN) as described in the manufacturer’s instruc-
tions.

For cloning into the pUCI19 vector, the PCR reactions
were  performed using 5'-CCGGCGGGATCC-
ATGGATTTTITATTACCTACCC-3' as the 5’ primer
which contains a BamHI site and 5'-TCAATGCTT-
AATCCGATCGAAAAACG-3", 5'-CGCCGTCGACA-
TATGTTACTICTCAAAGTACTT-3' and 5'-TC-
ATTTTTGTGTGAAGCGCCCGA-3' as the 3 primers
of adgsti-2, adgst]-3 and adgst]—4, respectively. For
each reaction, 50 pl consisted of 500 ng of first-strand
¢DNA, 30 pmol of each forward and reverse primer, 1X
ThermoPol Reaction Buffer (10 mM KCl, 10 mM
(NH,),SQ,, 20 mM Trs-HCI pH 8.8 at 25°C, 2 mM
Mg,SO,; and 0.1% Toton X-100), 200 pM each of
dATP, dGTP, dCTP and dTTP, and 0.5 units of Vent. *
DNA Polymerase (New England BioLabs). The PCR
amplification was performed using a P-E Thermal Cycler
2400. After the initial denaturing step at 94°C for 5 min,
35 cycles were performed. Each cycle consisted of a
denaturing step at 94°C for 30 s, an annealing step spe-
cific for adgst!-2, adgstl-3 and adgstl—4 at 60°C, 64°C
or 62°C, respectively, for 30 s and an extension step at
72°C for 1 min. A final extension step was performed
at 72°C for 7 min. PCR products were purified from an
agarose gel with a GENECLEAN I® Kit (Bio 101),
The products were digested with BamHI (New England
BiolLabs) and ligated into pUC19 vectors that had been
double digested with Bamt and Hincli (New England
BioLabs). The inserts were sequenced in both directions
at least twice using an ABI Prism 377 DNA Sequencer
(Perkin Elmer). A multiple alignment of the nucleotide
sequences and the translated amino acid sequences to
other insect GSTs was analyzed using the ClustalX pro-
gram.

2.3, Preparation of expression constructs

For subcloning, PCR was performed using the 5’
primer containing the Ndel restriction site 5'-CCGA-

adgstlAS!
Introni Intron2 Intron3 Intron4 Intron$
122 724 330 211 114 Intron size (bp)
147 149 515 4gs 509 485 Eaon size (bp)
Exon i Exon 2 Exon 3A Exon3B Exon3C  Exon 3D
Fig. 1. A schematic of the adgstfA5! gene isolated from an An. dirus genomic library. The genomic sequence Genbank accession number

is AF251478.
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junction with the previous 3" primers specific to adgst/—

2, adgsti—3 and adgst1-4. The PCR conditions were per-

formed as described above. The PCR products were

digested and ligated into the pET3a vectors at the Ndel

(site. The inserts were again sequenced twice in both

directions to confirm that no changes had been intro-
| |duced by the PCR. Then E. coli BL21(DE3)pLysS was
[ lused as an expression host.

iGAGCATATGGA’ITTCTACTACCTTCCC-3’ in con-
!

2.4. Recombinant protein expression and purification
method

A colony of E. coli BL2I(DE3)pLysS which con-
ltained a recombinant plasmid was grown at 37°C until
{the OD,, was approximately 0.6. After induction with
10.1 mM IPTG (final concentration) for 3 h, the cells were
placed on ice for 20 min, and collected by centrifugation

at 5000 rpm, 4°C for 10 min. The cell pellets from 50
i ml of culture were suspended by mixing with 4.8 ml of
50 mM Tris—HCI (pH 7.4), | mM EDTA, 200 pl of 100

" mg/ml lysozyme and 3.6 p! of 1.4 M B-mercaptoethanol.
. The suspension was incubated on ice for 20 min, then
50 pl of 1 M DTT was added and the suspension lysed
at 900 psi in a French Pressure cell. The lysate was then
centrifuged at 10,000g at 4°C for 20 min. The super-
natant containing the soluble form of the recombinant
protein was separated from the pellet.

The soluble target protein was purified at 4°C by using

t  S-hexylglutathione immobilized on agarose (Sigma).
The soluble target protein was mixed with the S-hexyl-

' glutathione agarose gel and incubated on ice for 5-10
' min. The gel was then washed 6x with 50 mM Tris—
| HCI (pH 7.4) containing 0.2 M NaCl and 1 mM EDTA.
| The GST recombinant protein was eluted from the §-
L hexylglutathione agarose gel with 4 gel volumes of 50
' mM Trs-HCI (pH 7.4), 0.2 M NaCl, 1 mM EDTA, con-
taining 5 mM S-hexylglutathione and 10 mM DTT. After

| a concentration step using Centriprep-10 (Amicon), S-
hexylglutathione that was bound to the recombinant GST
was eliminated by gel filtration using PD-10 columns
(Pharmacia) equilibrated with 50 mM phosphate buffer,
pH 6.5. The concentrated supernatant containing the tar-
get protein was applied to the column and the purified
protein eluted in the same buffer supplemented with 10
mM DTT. This S-hexylglutathione elimination step was
performed twice. All the steps were carried out at 4°C.
Glycerol was then added to a final concentration of 40%

(v;vg and the purified concentrated GSTs stored at
~20°C.

( 2.5. Characterization of the expressed enzymes
The purity and subunit size of the enzZyme prep-

| arations were determined by SDS—PAGE using Bio-Rad
| broad range standards as molecular weight markers.

Various substrate specificities and steady-state kinetic
studiecs were performed as described previously
(Prapanthadara et al., 1996; Ranson et al., 1997). GST
activity with 1,2-dichloro-4-nitrobenzene (DCNB) was
measured at 345 nm with 1| mM DCNB and 10 mM
glutathione in 100 mM potassium phosphate buffer, pH
7.5, DDT-dehydrochlorinase activity was determined by
the following method. A 1-ml reaction mixture contained
an appropriate amount of enzyme in 0.1 M phosphate
buffer pH 6.5, with a final concentration of 0.05 mM
p.p’ -DDT. Glutathione, to give a final concentration of
10 mM, was added to initiate the enzymatic reaction.
The reaction mixtures were incubated at 28°C for 2 h,
then 5 nmol dicofol were added before the samples were
extracted three times each with 1.5 ml of chloroform.
The dicofol was used as an internal control to determine
the efficiency of extraction. The chloroform extracts (4.5
ml) were pooled and left to air-dry overnight, then stored
at —20°C until used. The extracts were taken up in 100
Wl of isopropanol and 100 pl of mobile phase before
analysis. The HPLC was performed with a Waters
Model 510 HPLC pump, Waters 490 Programmable
Multi Wavelength detector and Waters Data Module 745
integrator. The reverse phase chromatographic analysic
of DDT metabolites was performed by injecting 20 ul
of the extracts into Waters Radial-PAK cartridge column
type 8NVCI8 (4 pm) with a Guard-PAK pre-column
using a Rheodyne model 7215 manual injector with a
20-p1 loop. The isocratic mobile phase contained meth-
anol:acetonitnic:water (72.5:12.5:15, v/v) and the flow
rate was 0.8 ml/min. The detector sensitivity was set at
0.5 absorbance units full scale (AUFS) at a wavelength
of 236 nm. Peaks were integrated on the Data Module
745 integrator using the internal standard control. The
amount of DDE produced (nmol/mg protein) was calcu-
lated by comparison with integrated values for reference
standards of known concentrations of p,p'-DDT injected
onto the HPLC column. The recovery of dicofol was also
calculated from the peak area of a known concentration
injected onto the HPLC column. The recovery factor
generated from dicofol was then used to correct the DDE
concentration. The lower limit of sensitivity for DDE
was 0.025 nmol per injection.

K., and V,,, for 1-chloro-2,4-dinitrobenzene (CDNB)
and glutathione (GSH) were determined by non-linear
regression analysis using GraphPad Prism 2.01
Software. Protein concentration was determined using
the Bio-Rad protein reagent with bovine serum albumin
as the standard protein (Bradford, 1976).

Insecticide inhibition studies were performed using
permethrin {(Chem Service), a pyrethroid insecticide. The
GST assay was performed at 0.025-2.0 mM CDNB con-
centrations with GSH beld constant at a saturating con-
centration and at 0.25-10 mM GSH concentrations with
CDNB held constant at a saturating concentration. The
inhibition assay was determined in the absence and pres-
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ence of various concentrations of permethrin from 0.01
0 0.1 mM. The initial rate of reaction was used to con-
struct a double reciprocal plot, 1/¥ versus 1/8, and the
inhibition constant (K,) was determined from the values
of the appropriate intercepts on the axes (Dixon and
Webb, 1979).

Mass spectrometry was used to determine if GST con-
jugation or metabolism of permethnn occurred. Electros-
pray ionization was performed using an API-365
LC/MSMS  trniple quadrupole mass spectrometer
equipped with an atmospheric pressure ionization source
(PE SCIEX, USA). The liquid samples were loaded in
a 100-ul glass syringe and transferred directly to the ion
spray ncedle by a motor driven plunger at flow rate of
5 pl/min. The ionization potential was set at 4800-5200
V. Q1 of the mass spectrometer was scanned from 150
to 2000 of an mv/z unit The onfice potential was varied
from 20 to 120 eV and the electron multiplier detector
was set at 2200 eV,

3. Results

3.1, Cloning of three alternatively spliced products of
the adgst1AS] gene

Using primers based on the adest/AS! gene, three
c¢cDNA sequences were amplified by PCR and named
adgsti-1, adgst{-3 and adgst/—4. Nucleotide sequences
of these three ¢DNAs share >67% 1denuty. The ¢DNAs
encode enrymes of 217, 209 and 219 amino acids,
respectively. The translated amino acid sequences share
>61% identity and residues 1-45 in the N-termini are
coded for by exon 2 and are identical (Fig. 2). adGST1 -
2, adGSTI-3 and adGST1—4 show >350% identity to
members of the Delta class GST family which has been
identified previously as insect Class 1 GSTs, and <12%
identity to the Sigma class GSTs sometimes called the
insect Class II GST family. The 4n. dirus GSTs shows
the highest identity to the An. gambiae GSTs. being 85%
for adGST1-2 and agGSTI1-4, 92% for adGSTI 3 and

agGSTI1-5, and 85% for adGSTI-4 and agGST!-3
(Table 1).

3.2. Expression of recombinant GSTs in E. coli

The expression of adGST1-2, adGSTIi-3 and
adGST1-4 after 3 h of IPTG induction yielded approxi-
mately 15-20 mg from 200 ml of E. coli cultures. After
the final step of purification on S-hexylglutathione aga-
rose, the enzyme yields were approximately 40-70% of
the total activity observed in the E. coli lysate. The pur-
ified enzymes were shown to be homogencous prep-
arations that appeared as single protein bands on SDS-
PAGE. The expected bands are about 23-25 kDa, which

comresponds to the calculated molecular weight of the
GST subunits.

3.3. Substrate specificities

Measurements of DDT-dehydrochlorination perfor-
med by the alternatively spliced GSTs showed similar
activities, that is 1.17, 2.80 and 3.72 nmol DDE
formation/mg protein for adGSTI1-2, adGSTI-3 and
ad(GST!-4, respectively. The specific activities meas-
ured for the recombinant An. dirus GSTs with vanous
substrates are shown in Table 2. adGST1-2, adGST1-3
and adGST1—4 have high specific activity with CDNB
and detectable specific activity with DCNB. However,
all threc enzymes have very low specific activity with
the mammalian Pi class substrate, ethacrynic acid, and
the mammalian Theta class substrate, p-nitrophenethyl
bromide. The use of these four substrates demonstrates
the differences in specificity of these three enzymes.

3.4. Kinetic properties

The steady-state kinetics were studied with various
concentrations of GSH and CDNB. The reactions -
lowed Michaclis—Menten kinetics and the kinetic para-
meters were determined by non-linear regression analy-
sis and compared among the four altemnatively spliced
products of the adgst/ 481 gene (Table 3). The K, values
with respect 1o CDNB and GSH for adGST1-3 indicate
that this enzyme has the greatest affinities for these sub-
stratcs. To detcrmine the catalytic propertics, the tumn-
over number for CDNB, &_,,, and the catalytic efficicncy,
koo Ko, with respect to CDNB and GSH were calculated.
Among the alternatively spliced products of the adg-
st1AS! gene, adGSTI-3 is the most reactive in catalyz-
ing CDNB conjugation.

3.5. Insecticide inhibition

The percent inhibition by 0.1 mM permethrin of
adGSTI1-2, adGST1-3 and adGST1-4 on CDNB conju-
gating activity ranged from 40 to 80% (Table 4). In
addition, insecticide inhibition kinetics were determined
with various permethrin concentrations in the presence
of various CDNB or GSH concentrations. Double
reciprocal plots of permethrin inhibition with varying
CDNB concentrations showed uncompetitive inhibition
of adGST -2, non-competitive inhibition of adGST1-3
and competitive inhibition of adGST1-4 (Fig. 3). When
varying GSH, permethrin behaved as a non-competitive
inhibitor of all three adGSTs. The K| values of the three
enzymes for permethrin with respect to either CDNB or
GSH are similar which indicates that these three
enzymes have similar affinities to permethrin, although
the different inhibition kinetics demonstrate a different
mechanism of interaction,
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adG5Ti-1 55
adGST1 -2 5 55
adGST1-3 @ | . 5%
adG5T1 -4 : RN 55
adGS5T1-1 : . 104
adGSTI~2 - 107
adGS5TI-2 . 104
adGSTL 4 - . 110
adGsT1-1 . 155
adC8T1-2 . 160
adGsT1-) 155
adGsTL -4 164
adGET1-1 . 209
adGST1 2 . 215
- adGsT1-3 . 209
BAGSTI-4 ¢ .. 219
ad33T1-1 : .
adG5T1l-2 : nAd 7
adGsT1-3 . -- . -
adGET1-4 . -~ -

Fig. 2. Amino acid alignment of the adgst /45! splicing products. Gaps inmtroduced to maximize sequence similarity are shown by a horizonts.
dash. Black shadings represent 100% sequence homology and gray shadings represent 8% sequence homology. A vertical armow indicates the
junction between ¢xon 2 and exon 3 in adgsr[-/, adyst! -2, adgst!-3 and adgst/— (Genbank accession numbers AF273041, AF273038, AF273039
and AF273040, respectively).

Table 1
Amino acid dentity of Anopheles class | GSTs

Adl-2  AdI-3 Adl-4 AdI-1 Agl-1l Agli-3  Agl-4  Agl-5 Agl-6  Agl-7
Adl-2 100 &4 61 61 47 57 8% 62 62 41
Adl-3 100 63 77 50 60 63 92 80 44
Ad!-4 100 63 52 8s 59 64 65 19
Adi-| 100 4B S8 63 76 9% 45
Agl-1 100 48 47 50 50 36
Agl-3 100 59 62 61 37
Agl—4 100 64 66 41
Agl-5 100 82 41
Agl—b 100 44
Agl-7 100

The amino acid scquences were obtained from the GenBank dalabase. The abbreviations are Ad for Aropheles dirus GST, Adi-1 (AF273041),
Ad1-2 (AF273038), AdI-3 (AF273039), Ad1-4 (AF273040), Ag for Anopheles gambiae GST; Agl-1 (2842739), Agl-3 (3549276), Agl—4
{3549274), Agl-5 (2842717), Agl-6 (2842718) and Agl-7 (1549271).

The mass spectrometry data indicated that these GSTs 4. Discussion
bound but did not further interact with permethrin. Mul-
tiple m/z peaks were detected for GST comresponding to The GST gene adgst!AS! was identified from a gen-

the deduced mass. GSH and GSSG peaks were identified omic library of An. dirus. The exon arrangement of the
at m/z=308 and 615 with Na and K adducts (330, 346 adgst]AS! gene was found to be similar with the An.
and 638, 653). A single peak at m/z=413 was detected gambiae aggstla gene and showed >78.5% nucleotide
for Permethrin+Na containing neighbor isotropic peaks sequence identity (Pongjaroenkit et al., 2001). This gene
of intensity ratio 9:6:1 for two chlorine atoms. contains six exons, which was predicted to produce four
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Table 2
Substrate specificities of the recombinant Anopheles dirus GSTs

Substrate Specific activity (pmol/min/mg of protein)

adGSTI1-2 adGSTi-3 adGSTi-4
CDNB 433+2.79 59.7%1.83 29.1+2.10
DCNB 0.08020.005 0.1634+0.012 0.0274+0.004
Ethacrynic acid <0.001 0.027£0.003 0.026:0.010
p-Nirophenethyl bromide 0.05010.006 0.00810.002 0.02810.002

The data are meanststandard error for at least five separate assays. The substrate concentrations used were: CDNB 1 mM; DCNB | mM;

ethacrynic acid 0.2 mM; and p-nitropheny] bromide 0.1 mM.

Table 3
Kinetic parameters of Anopheles dirus GSTs

Kinetic parameters adGST1-1° adGST1-2 adGSTI-3 adGSTI1+4
Veax 12.9+0.63 63.9+3.50 67.5+£1.97 40.3+1 .89
Ko corm 0.104+0.028 021440.025 0.100+0.012 0.523+0.067
Ko asi 0.858+0.179 1.3040.151 0.404140.054 0.833+0.084
- 5.03 259 269 16.9

kof Ko, conn 48 121 269 32

kot Ko st 6 20 67 20

The units are: V.., pmol/min/mg; K, mM; ka., 57" ken/K, mM ™' 57!

The data are the meantstandard error of at least three separate experiments.

*Ketterman et al., 2001.

Table 4

Permethrin inhibition kinetics of Anopheles dirus GSTs

Parameter AdGSTI1-2 AdGSTi-3 AdGSTI 4

% inhibition 81 70 40

K, CDNB (uM) 8.9+5.3 52.5¥324 33.8+149

K; GSH (v 8.7¢1.1 11.024.6 34.119.7

Inhibition to CDNB Uncompetitive Non-competitive Competitive

Inhibition to GSH Non-competitive

Non-competitive Non-competitive

The % inhibition of permethrin was performed in duplicate using the standard assay of CDNB conjugating activity. Final concentrations of

GSH, CDNB and permethrin are 10.0, 1.0 and 0.1 mM, respectively.
The K; are the meantstandard error of three separate experiments.

alternatively spliced products. One splicing product of
this gene, adgsti—1I, has been isolated and characterized
previously (Prapanthadara et al., 1998).

Three novel cDNA species, adgsti-2, adgst]-3 and
adgst1—4, which encode full-length glutathione S-trans-
ferases, have been isolated from the mosquito An. dirus,
using primers designed from the adgsr/AS/ gene. Their
nucleotide sequences are different from the genomic
sequence at several residues but the translated amino
acid sequences were not changed. The nucleotide
sequences from position 1-135 of adgst!-1, adgsti-2,
adgsti-3 and adgsti-4 are identical to exon 2 of the
adgst]1AS] gene while the remaining sequences are
nearly identical to each of excns 3D, 3C, 3B and 3A,
respectively. This indicates that these four adGSTs share

a common 5’ exon, which is spliced to one of four alter-
pative exons to yield mature transcripts produced from
the adgst/ASI gene. The alternatively spliced products
also shared a very high amino acid sequence identity
between products from an An. gambiae alternatively
spliced gene (Ranson et al., 1998). The amino acid
sequence identity between the An. dirus and the An.
gambiae proteins were 85% between adGSTI-2 and
agGSTI1-4, 92% between adGST1-3 and agGST1-5 and
85% between adGST14 and agGST1-3. This high
identity confirms that the orthologous GSTs have
occurred across the anopheline species, although the
species are malaria vectors in geographically distant epi-
demic areas, i.e. Southeast Asta and Africa. The high
conservation of the amino acid sequence of the spliced
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Fig. 3. Double reciprocal plots of permethrin inhibition kinetics on (1) adGST1-2, {(2) adGSTI1 -3 and (3) adGST1-4. (A) The imitial rate of the
enzymatic reaction was measured at 0.025-2.0 mM CDNB concentrations with GSH held coastant at a saturating concentration. (B) The initial
rate of the enrymatic reaction was measured at 0.25-10 mM GSH concentrations with CDNB lteld constant at a saturating concentration.

products of the adgstiAS! gene and the aggstia gene,
as well as conservation of the genomic splicing pattern,
suggests that these two GST genes have important
physiological roles that must have been maintained
across millions of years of evolution.

To determine the role of these GSTs in insecticide
resistance, the enzymes were expressed in E. coli under
the strong T, promotor system without a 13-residue
leader sequence tag attached to the W-termini. They
could not be compared to the previous data of other
GSTs because those enzymes contain that leader tag
sequence. From the comparison of the specific activities
of adGST1-2, adGST1-3 and adGST1—4 with the vari-
ous GST substrates, all of them have high activity with
the general substrate CDNB, and detectable activity with
other substrates. adGST1-3 has the highest activities
with the two general GST substrates CDNB and DCNB.
Several studies have suggested that elevated DCNB
activity correlates positively with resistance (Clark et al.,
1986; Grant and Matsumura, 1989 Hemingway et al,
1985; Motoyama and Dauterman, 1975). The activity
with CDNB and DCNB exhibited by adGSTI1-2,
adGST1-3 and adGSTI1—4 suggests that these enzymes
may be involved in insecticide resistance.

A comparison of these three translated amino acids
among all classes of GSTs showed that they are mem-
bers of the Class I or Delta class GSTs because they
share 50-92% identity with the previously charactenized
insect Class I GSTs. They are only distantly related to
the insect Class Il or Sigma class GSTs and the mam-
malian classes (Theta, Pi, Alpha, Mu, Kappa and Zeta
GSTs) because they share <<23% identity. Furthermore,
these three adGSTs have very low activities against
ethacrynic acid and p-nitrophenethyl bromide, which are
known substrates of mammalian Pi class GSTs (Phillips
and Mantle 1991, 1993) and mammalian Theta class
GSTs (Meyer et al., 1991). Hence the difference in the
amino acid sequences and the substrate specificities con-
firms that insect Class I or Delta class GSTs are distinct
from all other classes of GSTs.

Among the alternatively spliced products of the adg-
st1AS1 gene, their steady-state kinetic properties were
compared. adGSTI-3 has the highest affinity for both
GSH (K =0.404£0.054 mM) and CDNB
(K.=0.100£0.012 mM). adGST1-3 is also the most
reactive enzyme in catalyzing CDNB conjugation
(k.2=26.9 s7"). All adGST enzymes have higher affinity
for CDNB than GSH, which suggests that these enzymes
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may normally operate close to a state of saturation with
respect to electrophilic compounds.

Several data suggest that GSTs have an important role
in the acquisition of resistance to insecticide (Brown,

. 1986). Many resistant insects have been shown to con-

tain elevated levels of GST activity. For example, the
overexpression of a GST is thought to be responsible
for resistance to organophosphates in a strain of Musca
domestica (Wang et al., 1991) and elevated levels of
GST activity have also been found in DDT-resistant

| strains of dedes aegypti (Grant et al.,, 1991). DDT-dehy-

drochlorinase activity catalyzed by GST is the major
mechanism responsible for DDT resistance (Brown,
1986) and glutathione conjugation catalyzed by GST is
also a secondary mechanism in some organophosphate
wesistance (Hemingway et al., 1991). For the recombi-
nant insect GSTs, DDT-dehydrochlorinase activity has
been reported in GSTDI and GSTD21 of Drosophila
(Tang and Tu, 1994) and adGSTI1-1 of Anopheles dirus
.i'rapanthadara et al, 1998). The three alternatively
spliced GSTs in the present report also possess DDT-
dehydrochlorinase activity and approximately to the
same extent. A similar affinity was also shown by the
three enzymes for permethrin interaction, with Ks
between 9 and 53 uM. In contrast to the similar affinites
of permethrin interaction, the enzymes displayed quite
different types of inhibition of CDNB activity (Fig. 3).
These data suggest that the enzymes bind the permethrin
in different ways and/or in different sites, with the bind-
ing differences being mediated by the approximately 36—
39% differences in the amino acid sequences in the
enzymes. Although these enzymes bound permethrin, no
metabolism could be detected by mass spectrometry.
However, binding and sequestration of insecticides is a
well-known mechanism of resistance (Brown, 1986).

The translation products of these adGST transcripts
are identical at the N-termini (residues 1-45) but highly
variable at the C-termini. From crystal structures of
mammalian and nsect GSTs, it was found that the N-
terminal domain, which has been identified as the gluta-
thione-binding site, is very conserved within a GST
class, while the C-terminal domain, which has been
identified as the hydrophobic binding site, is variable
even for enzymes within the same class (Dirr et al.,
1994b; Wilce et al., 1995). Alternative splicing 1s known
to be a mechanism which generates functionally diverse
isoforms for almost every type of protein involved in
metazoan development, cell function and physiology
(Lopez, 1998). Our results indicate that the adgstfAS]
gene possesses an alternative splicing mechanism that
can produce four different mature products. This
Increases the diversity of GSTs and expands their sub-
strate range with a minimal length of gene.

Crystal structures of mammalian and insect GSTs
show that the majority of active site residues involved
in the binding and activation of GSH are found within

the N-terminus and this region of protein is highly con-
served within a class of GSTs. The divergence in the C-
terminus confers the vanation in substrate specificities
of different GST isoenzymes (Wilce et al., 1995; Sten-
berg et al,, 1991). We have shown that a one or two
amino acid change in the adGSTI1-1 allelic forms can
affect the activity and kinetic properties of the enzyme
(Ketterman et al., 2001). adGSTI1-2, adGST1-3 and
adGST1-4 have only 61-64% amino acid identity as
well as having differences in translated amino acid
lengths of 217, 209 and 219 residues, respectively. These
differences occur in the C-terminus of the enzymes,
which contains the hydrophobic binding site residues.
While folding of the GST polypeptide is well conserved,
variations in the sequences due to substitutions,
deletions, or insertions have led to some overall readjust-
ments of amino acid residues such as the rotation of
structural domains (Dirr et al., 1994a). The sequence dif-
ferences of these alternatively spliced enzymes may lead
to overall conformational changes and subsequently to
changes in both substrate and inhibitor interactions.

In conclusion, although these adGSTs are the splicing
products of the same gene and share N-terminus
sequence, their substrate specificities, steady-state kin-
etics with respect to both GSH and CDNB, and inhi-
bition kinetics to the pyrethroid insecticide permethrin
are very different. Hence, we postulate that the C-ter-
minal changes resulting from the differential mRNA
splicing in these GSTs produce enzymes with very dif-
fercnt potentials for enzyme specificities.

Acknowledgements

This work was funded by the Thailand Research Fund
{TRF). $.P. was funded by a Royal Golden Jubilee
scholarship.

References

Baimai, V.. 1989. Speciation and species complexes of the anopheles
malaria vectors in Thailand. In: The Third Conference on Malaria
Research, Thailand, pp. 146 -152.

Beall, C., Fyrberg, C., Song, S., Fyrberg, E., 1992, isolation of a Dro-
sophila genc encoding glutathione S-transferase. Biochem. Genet.
30, 517- 527,

Bradford, M.M., 1976. A rapid and sensitive method for the quantit-
ation of microgram quantitics of protein utilizing the principle of
protein—dye binding. Anal. Biochem. 72, 248-254.

Brown, A.W.A., [986. [nsecticide resistance in mosquitoes: a prag-
matic review. J. Am. Mosq. Control Assoc. 2, 123-140.

Ciark, A.G., Shamaan, N.A., Sinclair, M.D., Dauterman, W.C., 1986.
Insecticide metabolism by multiple glutathione S-transferases in
two strains of the housc fly, Musca domestica (L). Pestic. Biochem.
Physiol. 25, 169 -175.

Dirr, H., Recinemer, P., Huber, R., 1994a. X-ray crystal structures of
cytosolic glutathione S-transferases. Implications for protein archi-



tecture, substrate recognition and catalytic function. Eur. .
Biochem. 220, 645-661.

Dirr, H.. Reinemer, P., Huber, R., 1994b. Refined crystal smucture of
porcine class pi glutathione S-transferase (pGSTP1-1) at 2.1 A res-
olution. J. Mol. Biol. 243, 72-92.

Dixon, M., Webb, E.C., 1979. Enzyme inhibition and activation. [n:
Enzymes. Academic Press Inc, New York, pp. 332-467.

Fournier, D., Bride, J.-M., Poiri¢, M., Berge, J.-B., Plapp, F.W_, 1992
Insect glutathione S-transferases. Biochemical charactenistics of the
major forms from houseflies susceptible and resistant to insect-
cides, J. Biol. Chem. 267, |840-1845.

Franciosa, H., Berge, J.B., 1995, Glutathione S-transferases in housefly
(Musca domestica): location of GST-! and GST-2 families. Insect
Biochem. Mol. Biol. 25, 311-317.

Grant, D.F,, Dieze, E.C., Hammock, B.D., 1991. Glutathione S-trans-
ferase isozymes in Aedes aegypii: purification, characterization, and
isozyme-specific regulation. Insect Biochem. 2], 421-433.

Grant, DF., Matsumura, F., 1989. Glutathione S-transferase | and 2
in susceptible and insecticide resistant Aedes gegypti. Pestic.
Biochem. Physiol. 33, 132-143.

Hayes, J.D., Pulford, [1J.,, 1995. The glutathione S-transferase super-
gene family: regutation of GST and the contribution of the isocn-
Zymes to cancer chemoprotection and drug resistance. CRC Crit,
Rev. Biochem. Mol. Biol. 30, 445-600.

Hemingway, J., Malcolm, C.A., Kissoon, K. E., Boddington, R.G.,
Curtis, C.F., Hill, N_, }985. The biochemistry of insecticide resist-
ance in Anopheles sacharovi: comparative studies with a range of
insecticide susceptible and resistant Anopheles and Culex specics.
Pestic. Biochem. Physiol. 24, 68-76,

Hemingway, I., Miyamoto, J., Herath, P.RJ., 1991. A possible novel
link between organophosphorus and DDT insecticide resistance
genes in Anopheles: supporting evidence from fenitrothion metab-
olism studies. Pestic. Biochem. Physiol. 39, 49-56.

Hiratsuka, A_, Sebata, N., Kawashima, K., Okuda, H., Ogura, K., Wat-
abe, T.. Satah, K., Hatayama, 1., Tsuchida, S., Ishikawa, T., Sato,
K., 1990. A new class of rat glutathione S-transferase Yrs—Yrs inac-
tivating reactive sulfate esters as metabolites of carcinogenic aryl-
methanols. J. Biol. Chem. 265, 1197311981,

Ketterman, A.J., Prommeenate, P., Boonchauy, C., Chanama, U., Lcet-
achewa, S., Promtet, N, Prapanthadara, L., 200! . Single amino acid
changes outside the active site significanily affect activity of gluta-
thione S-transferases. Insect Biochem. Mol. Biol. 31, 65-74.

Lopez, A.J., 1998, Alicmnative splicing of pre-mRNA: devclopmental
consequences and mechanisms of regulation. Annu. Rev. Genet.
32, 279-305.

Meyer, DJ., Coles, B., Pemble, S.E., Gilmore. K.S., Fraser. G.M.,

" Ketterer, B, 1991. Thetz, a new class of glutathione transferases
purified from rat and mapn. Biochem. J. 274, 409-414.

Motoyama, N., Dauterman, W.C., 1975. Interstrain comparison of glut-
athione-dependent reactions in susceptible and resistant houseflies.
Pestic. Biochem. Physiol. 5, 489495,

Pemble, 5.E., Taylor, 1.B., 1992. An evolutionary perspective on gluta-

K. Jirajaroenrat et al. / Insect Biochemistry and Molecular Biology 31 (2001) 867875 875

thione transferases inferred from class-Theta glutathione transfer-
ase cDNA sequences. Biochem. J. 287, 957-963.

Phillips, M_.F., Mantle, T.J., 1991, The initial-rate kinetics of mouse
glutathione S-transferase YIYf Evidence for an ailosteric site for
ethacrynic acid. Biochem. J. 275, 703-709.

Phillips, M.F., Mantle, TJ., 1993. Inactivation of mouse liver gluta-
thione S-uransferase Y{YT (Pi class) by ethacrynic acid and 5,5'-
dithiobis«{2-nitrobenzoic acid). Biochem. J. 294, 57-62.

Pongjaroenkit, S., Jirajaroenrat, K., Boonchauy, C., Chanama, U, Lee-
tachewa, S., Prapanthadara, L., Ketterman, AJ., 2001. Genomic
organization and putative promotors of highly conserved gluta-
thione S-transferases originating by alternative splicing tn Anoph-
eles dirus. Insect Biochem. Mol. Biol. 31, 75-85.

Prapanthadara, L., Koottathep, S., Promtet, N., Hemingway, J.. Ketter-
man, A.J.. 1996. Purification and chamacterization of & major gluta-
thione S-transferase from the mosquito Anopheles dirus (species
B). Insect Biochemn. Mol. Biol. 26, 277-285.

Prapanthadara, .., Ranson, H., Somboon, P., Hemingway. J., 1998,
Cloning, expression and characterization of an insect class 1 gluta-
thione S-transferase from dAnopheles dirus species B. Insect
Biochem. Mol. Biol. 28, 321-329.

Ranson, H., Prapanthadara, L., Hemingway, J., 1997. Cloning and
characterization of two glutathione S-transferases from a DDT-
resistant strain of Anopheles gambiae. Biochem. J. 324, 97-102.

Ranson, H., Collins, F., Hemingway, J.. 1998. The role of alternative
mRNA splicing in generating heterogeneity within the Anopheles
gambiae class I glutathione S-transferase family. Proc. Natl. Acad.
Sci. USA 95, 14284-14289.

Reiss, R.A, James, A A., 1993, A glutathione S-transferase gene of thiv
veclor mosquito, Anopheles gambiae. Insect Mol. Biol. 2, 25-32.

Snyder, MJ., Walding, J.K., Feyereisen, R., 1995. Glutathione S-trans-
ferases from larval Manduca sexia midgut: sequence of two cDNAs
and enzyme induction. Insect Biochem. Mol. Biol. 25, 455-465.

Stenberg, G.. Board, P.G., Carlberg, 1., Mannervik, B.. 1991. Effects
of directed mutagencsis on conserved arginine residues in a human
class alpha glurathione transferase. Biochem. J. 274, 549-555.

Tang, A.H., Tu, C.-P.D., 1994. Biochemical characterization of Drose-
phila gluathione $-transferase D1 and D2). ). Biol. Chem. 269,
27876-27884.

Toung, Y.P.S., Hsieh, T, Tu, C.P.D., 1993. The glutathione s-transfer-
ase D genes. A divergenuy organized, intronless gene family in
Drosophila melanogaster. J. Biol. Chem. 268, 9737-9746.

Wang, I, McCommas, S., Syvanen, M., 1991. Molecular cloning of
a glutathione S-transferase overproduced in an insecticide-resistant
strain of the housefly (Musca domestica). Mol. Gen. Genet. 227,
260-266.

Wilce, M.C.J., Board, P.G., Feil, S.C., Parker, M.W_, 1995 Crystal
strtucture of a thetaclass glutathione transferase. EMBO J. 14,
2133-2143.

Zhou, Z., Syvancn, M., 1997. A complex glutathione transferase gene
family in the housefly Musca domestica. Mol. Gen. Genet. 256,
187-194.



crystallization papers

Arta Crystallographica Section D
'Biological
‘Crystallography

155N 0907-4449

Aaron ). Oakley,” Kanya
]iraiaroenr.'it,b Thasaneeya

. b
Harnnoi,® Albert ). Ketterman
and Matthew C. ). Wilce**
*Department of Pharmacalogy/Crystatlography
Centre, University of Western Australia and the
Western Australian Institute for Medical
Research, Nedlands WA 6907, Austalia, and
'ﬂnslirut_g of Molecutar Biology and Genetics,
Mahidol University, Salaya Campus, Nakom

| Pathom 73170, Thailand
\

‘ Correspondence e-mail:
mwilce@receptor. phamm.uwa.edu.au

& 2001 International Union of Crystallography
Printed i Denmark — all nights reserved

Crystallization of two glutathione S-transferases
from an unusual gene family
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Anopheles dirus (AdGST1-3 and AJGST1-4) from an alternately
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mosquito

spliced gene family have been expressed, purified and crystallized.
The isozymes share an N-terminal domain derived from a single exon
and C-terminal domains from unique exons Despite the high level of
sequence identity (64% overall), the two isozymes crystallize in
different space groups, the 1-3 isozyme in P3,21 or P3,21 (unit-cell
parameters a = 49.9, ¢ = 271.8 A at 100 K) and the 14 isozyme in P4,

or P4; (unit<ell parameters a = 878, ¢

166.1 at 100 K).

Determination of these structures will advance our understanding
of how these cnzymes inactivate pesticides and the structural

consequences of alternate splicing.

1. Introduction

Glutathione  S-transferases (GSTs: E.C
25.1.18) are widely distributed in nature.
Found in many bacteria and eukarya (Wilce &
Parker, 1994), they play an important role in
cellular detoxification. The most important
reaction catalysed by GS8Ts is the nucleophilic
addition of the thiol group of glutathione
(y-Glu-Cys-Gly; GSH) to compounds with
electrophilic centres (Mannervik & Danielson,
1988). Glutathione conjugates are more water-
soluble and act as a molecular marker, being
selectively removed from the cells by specific
pumps in the cell membrane (Hayes &
McLelian, 1999).

Traditionally, GSTs have been divided into
pi, alpha, mu and theta classes (Mannervik er
al., 1992). However, it has become apparent
that this enzyme family is far more structurally
and functionally diverse than previously
thought. Recently, a number of extra classes
has been proposed, including beta (Rossjohn er
al., 1998), delta (Toung er af., 1993; Ketterman
et al., 2001), zeta (Board er af,, 1997), phi (e.z.
Jepson er al, 1994), sigma (Ji et al, 1995),
kappa (Pemble et al., 1996) and Omega (Board
er al, 2000).

While mammalian GSTs have been well
characterized structurally and biochemically,
insect G5Ts have not been comprehensively
studied. Insect GSTs have been identified and
reported in multiple forms from the house fly
{Clark & Daulerman, 1982; Clark ef al., 1984;
Motoyama & Dauterman, 1978). Drosephila
melanogaster (Toung er al, 1990, 1993), grass
grub (Clark er al, 1985) and mosquito (Graat
& Matsumura, 1989; Prapanthadara er al,
1993). Elevated GST levels have been detected
in pesticide-resistant strains of insects and
insect GSTs have been shown to break down

pesticides (Prapanthadara er al, 2000). Thus,
the understanding of the structure and func-
tion of these enzymes is of considerable
importance. Only one insect GST structure has
been determined to date (Wilce er al., 1995) .
the absence of any pesticide or xenobiotic.
AdGST1-3 and AdGST14 have 71 and 60%
sequence identity with Lucilia GST, repec-
tively (Fig. 1). The recombinant enzymes have
high activities with 1-chloro-2.4-dinitro-
benzene (CDNB) and detectable activity with
1,2-dichloro-4-npitrobenzene, but markedly low
activity with ethacrynic acid and p-nitro-
phenethyl bromide (Jirajaroenrat er al, 2001).
DDT-dehydrochlorination performed by the
alternatively spliced GSTs showed 2.80 and
3.72 nmol DDE formation per milligram of
protein  for AdGSTI1-3 and AdGSTIi-4,
respectively (Jirajaroenrat er af., 2001). We
hope to utilize biochemical and structural
information to understand how these GST
attack such pesticides Our interest also lies in
understanding the effects of the unusual gene
arrangement on structure and the mechanism
of pesticide detoxification by these G5Ts.

2. Materials and methods
2.1. Recombinant protein expression and
purification

The recombinant proteins of AdGST1-3 and
AdGSTI1-4 were cloned, overexpressed and
purified as previously described (Jirajaroenrat
er al., 2001).

2.2. Crystallization

Using the hanging-drop vapour-diffusion
method, initial screens of crystallization
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Table 1

X-ray dala<collection stausstios for GST1-3.
Resolunon  No. of Complete-

shell reflections  ness (%) Ria ol
15.00-3.75 10024 Mo 0042 264
175299 &330 601 0062 201
1.69-261 EERY) sl 0.06% 16.2
261-237 HOTR 5 0078 103
237-2.20 G924 7.0 0120 5.1
220-207 10757 5.8 013 44
207197 14652 R4 7 0.154 43
1.97 188 10397 R2Y 0.192 AR
1.88-1.81 10555 LERY G208 LR
181-1.75 10613 K5.t 0301 2
Overall W71 0 0.073 94

conditions were camed out employwng a
sparse-matnx kit (Hampton Research, CA.
USA).

Crystals of GST1-3 were observed in
about 50% of the Crystal Screen [ drops
The largest crystals grew in condition 10
(02 M ammonium acetate, 0.1 M sodium
acetate pH 4.6, 30% PEG 4000 at room
temperature). The optumized conditions
consisted of 0.2 M ammonium acetate, 0.1 A
sodium acetate pH 4.4, 2540% PEG 4000
The final drops were made up of 2l
GST!1-3 at 12 mg mi ' {preincubated for 2 h
on ice with an cqual volume of 10 mM GSH
and 10 mM DDT) and 2 ul well solution. Al
crystals were grown at room temperature.
The largest measured 0.5 x 0.1 x 0.1 mm,
appearing as a thick rod. Thesc crystals
could be flash-frozen without the need for
an additional cryoprotectant.

Crystals of GST14 were obtained using
condition 28 of Crystal Screen | (G2 M

crystallization papers

temperuture). Optimum  conditions  for
crystal growth were subsequently found with
a solution containing 10-20% PEG 8000,
0.1 M sodium cacodylate pH 6.2 and 1%
glycerol. The crystals were also improved
when reduced glutathione was added to the
drop. The final drops were made up of 2 ul
GST1dat 14 mgmi™', 2 pul 10 mM GSH and
2 pl well solution: crystals were grown at
room temperature. The presence of PEG
80AN) in the crystallization buffer allowed the
crystals to be cryofrozen without the need
for any addwional reagents Crystals
appeated after 4d. The largest was 0.2 x
0.05 x 0.05 mm and appeared as fine rods

2.3. Collection of crystallographic
diffraction data

Diffraction data from crystals of GST1-3
and GST1-4 were collected at 100 K using a
MAR Rescarch image-plate detector and
Cu Ka radiation from a Rigaku rotating-
anode generalor operaung at 40KV and
100 mA equipped wiath focusing mirrors. The
crystals were couled using an Oxford crvo-
cooler. 1.257 oscillations were used.

The Xeray dota were processed with the
HEK L package (Otwinowski & Minor, 1997},
Space-group  wdentihicatsion  utilized  the
programs XDISPLAYF and SCALEFACK.
Daty  were reduced and muerged  wsing
DENZO and SCALEPACK. The quality of
the data are shown an Tables T and 2.

3. Results and discussion

Two closely related GSTs from AL drrus

sodium acetate, 0% PEG R0, 0.1 M have been successfully crystallized under
sodium cacodylate pH 65 a1 reom diffcrent conditions utihmng PEG as the
1-3 VDFYYLRGEARPCRAVONTAAAY GVELNL KL TNLMAGEHMEPEFLE I NPQHC IPTLVDN - G
1-4 MDFYTYLPGSAPCRAVONTAAAY GVELNLEL TRLMASERMEPEF LELNPQRCIPTLVDEDG
lucilia MDFYYTLPGEAPCRAVLNTAKALGIELNKXLLELOAGEELKPEVLE IKPQETIPTLVDG-D
Lo 10........ 20, ... ... 3oL 40. ... L. SO... . ... 60
1-3 FALWESRAIC TYLAEKYGKDDK - - - — - LYPKDRPOKRAVVNQRLYFDMGTLYORFADYYYP
1-4 YULWESRAIC T YLAEKYGAHDADLAERLYPSDPRRRAVVHQRLFFDVAVLYORFARYYYP
luciiia PALWESRAIMVYLAEKYGKNDS - - - - - LFPKCPKXRAVINQRLYFDMCTLYN SFADYYYP
........ 0. L. B0, ... 9000, 1000110, . .. 120
1-3 QIFAKQP- - ANAENEK KNKDAVDPLETFLDOHKYVAG - DSLTIADLTVLATVSTYDVAGF
1-4 ) QIPGOKVPVGDPGRLRSMEQAL EFLNTFLEGEQYVAGGDDPTIADLS ILATIAT YEVAGY
lucilia QIFAKAP- -ADPELYKKNEAAF DFLETYLEGHQYVAG -DSLTVADLALLASVSTE EVAGE
....... 130.......140. .. ... .150.......160....,..170.......180
1-3 ELAKYPEVAAWYERTRKEAPGAAINEAGI EENRKYFEK -
1-4 o DLRR!ENVQRWERTSAIV?GADKNVEGAKWGRY?‘TOK
Iucilia DF SKYANVAKWY ANAKTVAPQFDENWEGCLEFKKFPN - -
....... 190, ......200.......210...... ...
Figure 1

BLAST comparison of GSTi-3 and GST1-4 from
residucs are shaded.
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A. dirus with GST from . cuprina. Regions wath dcntical

Table 2
X-ray data-collection statistics [or GST1-4.

Resolution Nao. of Complete-

shell reflcctions ness (%) Riyen Holl)
20.0-525 1640 973 0.034 295
525418 1542 984 0049 264
4.58-3 65 1522 590 0063 213
3.65-132 1466 982 0.085 149
332-3.08 {448 972 0.119 103
108-2.90 1415 950 0.178 6.6
2.90-2.76 1366 v23 0.230 4.5
276361 1362 90.4 0337 3.2
2.64-2.54 1261 85.7 0.410 24
2.45-2 45 1215 837 0.434 22
Orverall 14237 939 0077 131

main preaipitant (PEG 4000 and 8000). The
different space groups indicate that the
crystal packing is different for the two
enzZymes.

For AdGST1-3, diffraction spots were
observed to 2.4 A. Processing in DENZO
revealed the Bravis lattice to be hexagonal,
with unit-cell paramelers ¢ = b = 499 A.
c=2T1RA. Atltempts to reduce the data
i SCALEPACK revealed the overall
Patterson symmetry to be P3ml. sing
observations of systematic absences, the
range of possible space groups was reduced
o P3,21 or its enantiomorph P3;21. The
resolution dependence and overall strength
and completencess of the data are shown in
Table 1.

For AdGST14. diffraction spots were
observed o 1.6 A Processing with DENZO
showed that the Brawvis lattice was tetra-
gonal. with unitcell parameters ¢ = 87.8,
¢ = 1661 A at 100K. SCALEPACK was
used 1o demonstrate that the Patterson
symmetry was P4/m. Analysis of systematic
absences revealed the space group Lo be P4,
or its enantiomorph 4, The resolution
dependence and  overaill strength  and
complcteness of the data are shownm in
Table 2.

It is anticipated that these GSTs will be
solvable using the Lueilia GST structure
(Wilce er al, 1995) as a molecutar-
replacement model. These crystals will be
used in soaking experiments with DDT and
other pesticides. Together with enzymatic
data, it is hoped that an understanding of
how these important enzymes confer resis-
tance to pestcides upon insccts such as the
mosquilo A. dirus.

The structures of the GST isozymes will
reveal information on how alternate gene
splicing affects structure. The first 45 amino-
acid residues, which comprise most of the
glutathione-binding domain, are identical
between the two isozymes, with all of the
differences occurming at the C-terminus
(Fig. 1). The structures of these enzymes will
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crystallization papers

| also aid in the identification of catalytic
residues involved in pesticide degradation
. and the explanaton of differences in cata-
lytic activitics of the isozymes

This research is supported by a grant from
the Thailand Research Fund (AJK)} and a
UWA/ARC Small Research Grant (AJO).

| AJO is a recipient of a UWA postdoctoral

rescarch fedowship. MCIW is supported by
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Abstract

A new Arnopheles dirus glutathione S-transferase (GST) has been obtained and named adGST4-1. Both genomic DNA and cDNA
for heterologous expression were acquired. The genomic sequence was 3188 bp and consisted of the GST gene as well as flanking
sequence. The flanking sequence was analyzed for possibie regulatory elements that would contrel gene expression. lo Drosophila
several of these elements have been shown to be involved in development and cell differentiation. The deduced amino acid sequence
has low identity compared with the four altematively spliced enzymes, adGST1!-1 to 1-4, from another An. dirus GST gene adg-
stlAS!. The percent identities are 30—40% and 11-12% companng adGS5T4-1 to insect GSTs from Delta and Sigma classes.
respectively. Enzyme characterization of adGST4-1 shows it to be distinct from the other An. dirus GSTs because of low enzy:- -
acuvity for customary GST substrates including 1-chlore-2, 4-dinitrobenzene (CDNB). However, this enzyme has a greater affinity

of interaction with pyrethroids compared to the other An. dires GSTs. ‘© 2001 Published by Elsevier Science Ltd.

Keywords: Glutathione transferase; Anopheles dirus; Gene regulation; Promoter

1. Introduction

The glutathione S-wransferases (GST) are a super-fam-
ily of dimeric enzymes which currently has at least 25
possible families of GST-like proteins {Snyder and Mad-
dison, 1997). Based on their sequences, the mammalian
GSTs can be divided into seven distinct classes termed
Alpha, Mu, Pi, Sigma, Theta, Zeta and Omega (Hayes
and Pulford, 1995; Board et al., 1997, 2000). The insect
GSTs can be grouped into two distinct classes termed
Class I or Delia class and Class II or Sigma class (Toung
et al., 1990 Foumier et al., 1992). Generally amino acid
sequence identity within a class is 50% or greater, while
inter-class identity is less than 30% (Mannervik et al.,
1992). Therefore, the GST classes span multiple species
with enzymes from the same class but from different
species being more similar to each other than enzymes
from different classes from within a single species. Cur-
rently Delta class has only been reported in insects

* Corre'sponding author, Fax: +66-2-441-9906.
E-mail address: frakt@mahidol.ac.th (AJ. Ketterman).

0965-1748/01/% -
PIl: S0965-1748(01)00119-9
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sece fromt matter © 2001 Published by Elsevier Science Ltd.

although Sigma class GSTs have also been reported from
cephalopods (N1 et al., 1995; Board et al., 1997).

Previously we¢ have reported adgst1A4S/ which is an
Anopheles  dirus  alternatively spliced GST gene
{Pongjaroenkit et al., 2001). This gene encoded four
Delta class GST enzymes, adGSTI1-1, 1-2, 1-3, and 14,
that we had heterologously expressed and characterized
(Jirgjaroenrat ¢t al.,, 2001 Ketterman et al., 2001).
Although splice products from the same gene, the four
enzymes possessed distinct enzyme kinetic properties for
substrates and inhibitors including insecticides. Several
allelic vanants for one of the spliced products, adGST1-
1, each had single amino acid changes outside the active
site that significantly affected kinetic properties of the
enzymes (Ketterman et al., 2001). Molecular modeling
showed that the single residue change appeared to modu-
late the conformations attainable by the different van-
ants.

In this report, we describe a novel An. dirus GST gene
including putative regulatory elements. The gene enco-
des a protein from a new class of insect GST that we
heterologously expressed and characternized. This
enzyme appears to possess little activity for customary
GST substrates and may be regulated by several
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¢clements that have been shown in Drosophila to be
involved in development and cell differentiation.

2. Materials and methods
2.1. An dirus genomic DNA sequencing

The recombinant bacteriophage, derived from an An.
dines genomic library (Pongjaroenkit et al., 2001) was
partially digested with Safl and Xhol. The DNA
hybridization was performed by using the Digoxigenin
(DIG)-labeled 5° part of adgsi /-1, the first 200 bp of the
coding sequence, as the probe. The probe preparation
and hybridization procedure were described previously
(Boehringer Mannheim). Positive signal DNA were sub-
cloned into pBluescript II SK(+). The contiguous
sequence of 3188bp was obtained by automated
sequencer (ABI PRISM™ 377, Perkin-Elmer) and
assembled using BioEdit software.

2.2. RT-PCR and c¢DNA sequencing

Total RNA of fourth instar larvac of An. dirus was
extracted by TRIzol™ Reagent. This RNA was uscd as
the template to synthesize first strand cDNA. PCR was
performed by wusing primers 5'CCGAGAGCAT-
ATGGATTACTACTACAGCCTC3' and S'CCGA-
GAGCATATGTCACTITC-GGCTCGCGACS’ and
300-50{ ng of cDNA as template. Optimal PCR con-
ditions (40 cycles of 94°C for 30's, 62°C for 30's, 72°C
for 1 min) were carried out in a Perkin—Elmer thermo-
cycler to gencrate the coding sequence of adGST4-1. A
single product of 630 bp was obtained and subcloned
into pET3a (Novagen) by the Ndel restriction site con-
tained in the primers, underlined above. The DNA
sequencing was performed in both directions several
times. The expression of the recombinant proteins was
performed in E. coli BL21(DE3)pLysS.

2.3. Preparation of recombinant protein

Th;: protein expression was performed as previously
described (Ketterman et al., 2001). The soluble target
protein was purified by HiTrap affinity columns
(glutathione ligand coupled via a 10-carbon linker arm)
as described in the user’s instructions (Amersham Phar-
macia Biotech). The bound proteins were eluted with
10 mM reduced-glutathione. The fractions containing
active enZymes were concentrated using centriprep-10
ultrafiltration units (Amicon) by centrifugation a1 2500g
for 3 h, at 4°C and passed through Hitrap desalting col-
umns (Amersham Pharmacia Biotech) to remove the glu-
tathione. The enzymes were stored in 50 mM phosphate
bUffir (pH 6.5), 10mM DTT, 40% (v/v) glycerol at
—20°C. Protein was assayed by the method of Bradford

18: InsecT Botremmmmy & Mowcuan Biovoay - ELSEVIER

using the Bio-Rad protein reagent with BSA as the stan-
dard protein (Bradford. 1976). The purity and subunit
size of the enzyme preparations were confirmed by SDS-
PAGE with Bio-Rad broad-range standards as molecular
mass markers.

2.4. Characterization of expressed enzyme

The method for determination of GST activity with 1-
chloro-2, 4-dinitrobenzene (CDNB) was described pre-
viously (Habig et al, 1974). The activity with 3 mM
CDNB and 16 mM glutathione was monitored at 340 nm
using a SpectraMax 250 (Molecular Devices) in 0.1 M
phosphate buffer pH 6.5. This is the standard assay used
for the adGST4-1 enzyme.

The kinetic studies were performed by varying the
concentration of CDNB from 0.1 to 3.2 mM and gluta-
thione from 0.25 to 20mM. The V.. and K, were
determined by non-linear regression analysis using
GraphPad Pnsm 2.01 software.

The inhibition studies were performed with the stan-
dard assay in the presence of various compounds as
inhibitors, Determinations of 1Cs, were performed with
cthacrynic acid and S-hexylglutathione by varying the
inhibitor concentrations as previously descrit +d
(Prapanthadara et al., 1996).

3. Results
3.1, Isolation and cloning of adgst 4-1

Several positive signal fragments were detected after
the recombinant bacteriophage was double digested with
restriction enzymes, Sall and Xhol. These fragments
were subcloned into pBluescriptll SK* and sequenced
The program BLAST was used to analyze the 3188 bp
contiguous sequence. The full-length gene contained two
coding exons and one 59 bp intron (Fig. 1}. The 794 bp
down stream sequence was also analyzed for other GST
coding sequences. The BLAST program was used to deter-
mine whether there were more coding exons that might
yield multiple alternatively spliced products as pre-
viously observed (Pongjaroenkit et al., 2001). To deter-
mine the GST classification, the translated amino acid
sequence was compared to other insect GSTs in the Gen-
bank database by using BLAST search programs (Fig. 2).
The amino acid sequence alignment was also performed
to generate percent identities and similarities (Table 1).
The percent identities are 33-43% and 11-12% for
adGST4-1 and insect GSTs Delta class (Class I) and
Sigma class {Class II), respectively. However, the per-
cent similaritics with GST Delta class were about 50—
60%. Sequence alignment with other An. dirus, adGST1-
1, 1-2, 1-3, and 1-4, showed adGST4-1 to have sequence

06-08-01 15:17:04 Aev 16.02x IBSSSS0096F
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Fig. 1. A schematic of the adgst4-1 gene isolated from an An dirus
genomuc library. The genomic sequence for adgst4-/ of 3188 bp is
available in Genbank accession number AY014405. The two putative
promoters, distal and proximal, are shown as black boxes with the
protein coding exons shown as hatched boxes. Identified regulatory
elements are underlined and labeled. The TATA box is shown in bold.
The start site for translation is shown in bold italics.

variation even in the N-terminus which is highly con-
served within a class (Fig. 2).

3.2. Promoter prediction

The 1702 bp upstream sequence of adgst4-1 was ana-
lyzed and characterized by using a combination of two
programs, TSSW (human RNA polymerase Il recog-
nhition using the TRANSFAC database;
http://dot.imgen.bmc.tmc.edu:933 1/gene-finder/gf html)
and the Matlnspector program (www.gsf.de2cgi-
bin/matsearch.pl). The promoter regions were predicted
by the TSSW program and the putative elements were
predicted by the Matinspector program. Two putative
promoters located at positions 227 and 1605 were ana-
lyzed and named Ad227 and Ad1605, respectively (Fig.
1). A TATA binding site was determined at position
1605 upstream of the coding gene. The proximal pro-
moter Ad1605 was identified as the adgst4-] promoter.
This putative promoter contained nine different regulat-
ory protein binding sites (Fig. 1). These binding sites or
regulatory elements may control expression of the GST
gene in a tissue or stage specific manner. Additionally,

the distal Ad227 promoter contained multiple Hunch-
back and Dfd recognition sites.

1B: insECT BiocHEmsTaY & MawtcuLan BioLoay - ELSEVIER

3.3. Expression and purification of adGST4-1

A 630 bp product from mRNA was obtained by PCR
using two primers specific to the 5’ and 3’ end of the
genomic sequence. The PCR product contained only
coding sequence. This cDNA was subcloned into pET3a
expression vector to produce a GST with a subunit size
of 24,237 Da. The yield obtained after purification by
glutathione ligand affinity chromatography was about
35% of the total E. coli lysate activity or approximately
20mg 1! of culture. During the purification of the
recombinant enzyme it was observed that this GST pos-
sessed a lower affinity of interaction with the affinity
column compared to other An. dirus GSTs in our labora-
tory. However, a high degree of purification, >99%,
could be obtained as shown by SDS-PAGE (Fig. 3).

3.4. Characterization of adGST4-1 recombinant
protein

The kinetic parameters of adGST4-1 for GSH and
CDNB were determined (Table 2). Comparison of
adGST4-1 with other 4An. dirus GSTs (adGSTI1-1, 1-2,
1-3, and 1-4) showed the adGST4-1 K, for glutathione
and CDNB was relatively high indicating low binding
affinities for these substrates (Table 2). The ¥, and A,
data for adGST4-1 could only be estimated because of
the limitation of CDNB solubility. This also makes the
k., an estimate and it is shown only for purposes of
comparison. Although these kinetic parameters are esti-
mates due 1o physical limntations, the values obtained
were reproducible as shown in Table 2. The plots of V
versus S also show the data obtained were approaching
saturation thereby contributing to the reproducibility
(Fig. 4). The parameters obtained, k., KW/ Kngsp and
koK conm, are relatively low compared to the other An.
dirus GSTs indicating a very slow rate of tumover for
CDNB and GSH. Several other substrates were used to
determine  activity including 1,2-dichloro-4-nitroben-
zene, p-nitrophenethyl bromide and ethacrynic acid.
However, adGST4-1 had no detectable activity for
these substrates.

3.5. Inhibition study of adGST4-1

The inhibition of several compounds on CDNB conju-
gating activity of adGST4-1 is shown in Table 3. All
compounds inhibited CDNB conjugating activity of the
different An. dirus GSTs although to different extents.
The extent of each insecticide inhibition appears to be
very similar for each enzyme except the inhibibon by
permethrin and A-cyhalothrin of adGST4-1 shows a sig-
nificant difference from the other three adGSTs
enzymes. For adGST4-1, ethacrynic acid was a good
inhibitor of CDNR conjugating activity.

The IC;, for ethacrynic acid and S-hexylglutathione,
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Ada-1 [RiSLIBPRQSAILLAKKLE TLHLEKTHVH - DPVERDAL 59
Adl-1 ol v‘u:nﬂ"H OVELNLEKL TNLMAG 60
Ad1l-2 B AVOMT I ARVEVELHLEL TNLMAGEN 60
Adl-3 VQﬁAVGVELNLKLTNwAGEH 60
Ad1-4 AVOMTAAVGVELKLKL TNLMAGER| 61
Adl-5 ) (L PASPHER SVLLLIKMIGVELDLEVLNIHEGEQ 62
Agl-3 \{o! VGVELNLKL TOLMKGRH 61
Agl-4 VO VAVELNLEL TOLM K 60
Agl-5 vo:g::qumummmm 60
Agl-6 AVQ vamvmmnmmmsu 60
Ag1-8 RSYMLVEHALKLSLNLQF VDEMKDEQL 60
Agi-10 i3 PELO PYVFLERHLALRFNHIVTSIY -DPADFEVL. 59
Ag3-1 VELTAKALGLBLERKLU'NLLAGENL ey 63
Agi-2 20 VEL.'r?aKnLGLxLRQKTINLLTGDHL | 63
Lcl SVL. KALGI ELNKKL LNLORAGHEHY 60
Md1 svt.m'ﬂmm ELNHKL LNLQAGRHLELEFLEL 60
Dm1 : - 5 £z SUIHT!K.AVGVKLNKKLLHLQAGBH 61
Dm2 : MADER-QAPEAEG-AP- - PAEGERPPPREGAEGAVEGGERAP PAEPAEPTKH. FYENVKALPSPCATCSD -GMQEY EDVAHFPR - 103
Md2 : MADEAPAAPPAEGEAPAAPAEGEAPPPAEG----- E-~--pAP-- -PAEPVINTY FYFNVKALAEFLRYLFAYGGIEYEDVRVTRDE 97
[0 R R MAP- - -c - mmmn s SPKLTYCGVYKALGEP I RFLLSYGEKDFEDYR FQBG DUy 60
L= R L R MPKVVFHY FGAKGWARPTMLLAY -GGQEFEDHRVEYEQ 58
160 - 180 . 200 - 220
hd4 -1 EDIGTLYKRIIDVIHLVMKKEQP- - - SDRQMERLXGALDLLEQFVTER- AY -OH ICLLG 159
Adil-1 FDMTLY QAPGDY LY PQIFAKQP - - AMABNEKKMKEAVGFLNTFLEGQ - EYALlE - SD SLAA 161
Adl-2 GTLYQRPGDYYYPQIPEGAA- - ASEANYARIGEALTPLDTFLEGDAKFV.Y¢CDS FS ISVYA 166
Xdi-3 IDMGTLYQRFADYYYPQIFAKQP - - ANARNEXFMFDAVDF LNTFLDGH - * - DS TVLA 161
Adl-4 |3DVAVLYQRFAEYYYPQIPGOKVEVGDPGRLRSMEQALEFLNT FLEGE - Q GO0 SILA 170
Adl-5 DLGTLYQRVYDYYFETIHLGAH - - LDOTKKARLAEALGWFEAMLKOY - QW. - NHF I T ALCY 161
Agql-3 VAlLYORPAEYYYFQLFGKKVAAGDFDRLRSMEQALEPLNTFLEGE—R“VﬁGDD RFSILA 169
Agl-4 GTLYQRFGDYYYPQIPEGAP- - ANEANFAXIGEALAPLDTFLEGE - RFVISGNGYS ISLYA 165
Agl-5 GTLYQRFADYYYPQIPAKQP- - ANPENEQIMEKDAVGPLNSFLDGH- = DS SILA 161
Agl-6 HDHOTLYQRFADYHY PQIFAKQP - - ANPBNEKEMEDAVCFLNTFLEGQ - EYALNe - ND! LSLAR 161
Agl-a 3DHGTLGTRLEDYYYPLYFEGAT - - PFGGEKLEKLEEALAVLNGYLINN - PYARE- PNI SLVS 162
Ag1-10 DSG-MFONTTLGAVLSHLRNNP - - ITDRHLAKVEKRGVEI VEMYLTDS - P &-0 FSTFV 159
Aga-1 EALINFESGVLFARLRFITELVFPARKP - EI PEDRIEYVRTAYRLLEDSLOSD - - -8R, 5CIS 167
Agl3-2 SGVLFARMRFNFERILFFGKS - DI PEDRVEYVQKSYELLEDTLVDD - - FVie - PT) 5CIS : 164
Lel GTLYKSFADYYYPUIPAKAP - - ADPBLYKFMEAAFDFLNTFLEGQH - QYVLYE - IS B AL LA 161
Mal GTLYKSFPADYYYPQOIPAKAP- - ADPELPKKIETAFDFLNTFLKGH - EYRE- DS AL LA lel
Dl JDMGTLYOSFANYYYPOVFAKAP - - ADPRAFKK] EARFEFLNTFLEGQ- DYALTE- DS LALVA 162
om2 RLKIAVVSYEPENEIKEKKLVT- - LNABVIPFYLAKLEQTVKDND@H- - LALE - - K. YFAG 202
¥d2 : KIAVVSYEPEDEIKEKKLVT- - LNNEVIPFYLEKLEQTVKDND@H- - LALN- - FAG 1986
Bg2 : HSRE < LSGKDOWENLE IDMIGDTISDGRAA LANTYH TDADENSKOKKWDP - —LK}(ETIFYYTKKFDEWKANGG‘{--LA&A -K. FYFVA 153
Ms2 : JLirisr BGREY ---—-wncsmrcaﬁ;zromgopwm RASAASVEYEQDAANKEVKNEEN - -MKNKYPFOLNKLSEL I TKNNGF - - LALE - - RLyyWElIF VEVG 1597
. 240 . Z60 . 280
Ad4-1 TVYTALN - WLKH- 3LED - FBHI LERVRAEMPD- - YEEFSKOVADDTLAYVASRE - ;o210
Ad1-1 : SNPTYE.VAGF-FAP-fiPNV LARCKANARG- - - YALNQAGADEFKAKFMS -+ - - -« .- oo - ;209
Adi-2 TL'T’I'FE-VAGH-EFSA- NULRLYRSMAGTTRG - - - ADMNRSWABAARPFFORTKE - - - -~ - === - - : 217
Adl-3 TVSTYD-VAGF—ELAK—HPHV [YERTRKEAPG- - - ARINEAGIEEFRKYFEK-- -~ -« - - - - - - ;209
Adl-4 TIATYE-VAGY -ELRR-ENVORLYERTSATVRG- - - ADKNVEGAKVEFGRYFT- QK- v = - =aommm- - . 219
Adl-5 : TVSQIE-AFQF-RLHP-pPRV LLKCKDELEGHGYKE INETGABTLAGLFRSKLKQ - - -~ - - -~ - - : 218
Agl-3 -q“\TFT’-ANW-i RR- FNT::zYFOTGNTAPA---AnKHy,AGAKT‘FNALFQ_W‘! ........... - 219
Agl-a TLTTFE-VAGY -[KFSA-MVNVLRUYKSMPELIPA- - - SOTNESWAEAARPFFDKVIH - — = - = = == - - - 216
Agl-5 TISTTD-VAGF-:LAK-HQHV YENIRKEAPG- - - RAINQAGIEEFKKYFEK-~~-=-----===~- ;209
Agl-6 T1ATYE-VAGF -lBFAP- ENVAN FARCKANAPG- - - YALNQAQADEFKAXFLS -~ -----n-=---- - . 209
Agl -8 TYTSLE -VVQH -3 SK-EPAI::aY EGCXATMA- -DFQEINESGMQQYR~ LTSSLVPHLQLLHMPFAE : 224
Agl-10 S*‘CSL-D‘MHKY»E;-TA- PNVOR( FAKMGTHIPD - - LEPTRKTIEEELRALLQSMNK- « - == « - - = = = L 211
Ag3-1 SVYASMVGFIPM- ERSE - FPRVHGL TERMKQLPYY- - - BEE I NGAAATELAE FI VDMLAKNAKL - - - - - - 1 224
Ag3 -2 TLSSIMGVVPL- EQSK-HPRI YJ\EIDHLKQLPYY- - - EEANGGGGTDLGKFVLAKKEENAKA - - - - - - : 221
Lecl : SVSTFE-VAGF-ZFSK- AKQYANAKTVAPG: - - FOENWBGCLEFKKFFN- - - <o oo o coooo o - . 208
Mdl : SVSTPE-VASP-EFSK‘ YANLKTVAPG- - - WEENWAGCLEFKKY PG «~ne e mmemmmnm . z08
Deml : TVSTFE-VAKF-EISK- YENAKKVTPG: - - WEENWAGCLEFKKYFE- - s--- - 209
Pm2 : ITDYMNYMVKR- SLLEPRPAVRGVVDAVNALEP - - - - - - TKAWTEKRPYTEV - - « -« c oo oo v e . 247
md2 : TLDYMNYMVKR- 2T LEQGPALRGVVDSVNALER- - - - - - TKAWT EKRPOTEV - == mmm e e mmmmm e . a4t
Bg2 : ILUYLNH:MAKB'! VANQPNLXALREKVLGLPA -~ -- - - TKAWYAKREPTDL - - <~ = s = n v v men = = . 204
MBe2 + MEDYLKKMLRMP S LEEQRPIFUKPIETVLSNPR- -« - - LKAYLDSAPKKEF -~ - === == - m—mam = . 203

Fig. 2. The deduced amino acid sequence alignment of muliiple adGSTs gene. Shading indicates degree of conservation of residue where black
is 100% conserved and dark grey is >80% conserved and light grey is 60-80% conserved. The figure was produced by GeneDoc version 2.5

23.21.3:9 WM and 126+30 uM, respectively, were
detf:r_mmed by interpolation from the plots of fractional
activity {y) versus log inhibition concentration (log [1D.

4. Discussion

4.1. Promotor prediction

This value is 100- and 13-fold greater than what was
observed for adGST1-1 (Prapanthadara et al., 1996).
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Previously we have reported an 4n. dirus GST gene
that was alternatively spliced to generate four different
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Table |
Companison of the amino acd sequence of adGsT4-1 wath otlier wisect GSTs

’l*‘”' Adl- :’?"“‘ j“”' j:“j" ;“g" A :‘f'“ :5""’ :g‘ ‘f‘(’f" ';\g]‘ ;‘L Lel  Mdl Dml Dm2 M Bp2  Ms2

139 130 470 35 370 3100 0. 40% 420 370, 41% 209, 300 38% 40% 3970 149 150 17%  13%
AR e 530, a0t S50 S87. S30. 8TV, 50T 619, Sete 66%¢ 0% S2Ue  SB%  SKU. 509 270, 208, 0% et
BT, TG B3Ta %a a0 a2y Te% Y1% 4% 38% 38% 36%e  67%  68%  G5% 13% 12%,  16%.  15%.

Adl- Tav, KTU, TR0 0d%, T8y TN Kpba AR, 307, Sd4% 530, S4%: T8%  TE%, T7a D6Ye 26% 290, 270,
e e e ol RSV B39. 610 S0% 3% 327 339 S8%  S6%h Sete  10% 9%, 142, 140,

TAO. TAVn SW, TI0 HEts T90. Sa  STYs A3%, AQ%. AQMe 3%, T2V T2V 220, 23%: 29ty 28%

3

% 42" 60% 62%. 92 BO"n A0%n AT% 36Y. 360 TO% 0% T0%e 13% 12% 14" 140
';\L“’ T 62 Tete  TEYe Q7% Q0% 825, S5Y, 0 537, Sefa ¥2% R1%™e RI1% 23% 26%. 30% 26",
h]

9" B4%s sl%a 03% 65"« 37"a 330 3d4%y 34Un 0 RT7% 830, ST, 12% 0% 15% 149

56%: G0% T4%, 76T TSa 550 S0 5290 S840 T3%, TA%. Tdv, 227 23% 29%, 235,

3 2 22 25
388, 407, 41% A3, dTe 3200 32%0 3470 0% 41% J1%% 9% 9%, 12% 127
?dli S?“’D D:r u b}n(\ (-‘5“(' SR““ _;n“" 5‘30 0 5(‘”{" S(JOL‘ Sqn o Sqﬂ,“ :(]0\" 230 o :50 4] :“‘U [
ol 62%  &2"e 3dn"a 33V, 33, 33y A4v RI2R BaR, Ji% 10" 16°%: 14%
?El- 4. Te%e TG S5% S)1% Sl% 33% T2% T1% 727 21% 22%: 9%, 249,
03T A%y 42Y 0 340, 339 347 A9°, ATYn SE%a Ti%e T0%n 1Yo 1A%
Agl- . " "
| k RO TeTs SKC. 856", S2%a S1f. Td%g  T3% Tdte  22% 239, B0, 26%,
K2% 407, 379 349 A5% 6G8%. ORYe 6XYa 13% 12%, 16%% 140
Al
s & 91 02% 539 3V S0% HI2%L 0 X1t RIMe 24U 26 297, Jo".
1% 387 A6%, 3oVe aTe 6X%. 67% 13%0 129 6% 5"
Apl-
o BI% 85T, S3%a 53T, NOU, B1C. WM, DFY. 13S0, 2y, 27,
LA P LR U PR & (RS So U 1 (LIPS VPN o LONRS F GO JC LN
Agel-
5 S2Va ANO, SDUL A0 ant. al®, 230, 4%, 2R, 289,
:
0%, 30T, R2v AIYe 329, 120 120, 1R 147
Agl.
t 49, SN SENL SSTe 5400 25N Dt 320 270
hAYL 3RV. ARt 3SVL 0% 0%, 140, 149,
M.
1 - KA, s4v. S50, Spta Q2% 24%, 0% 27v,
R T T A gvy J3% 127
AT
- Sety o Sats Aets 23%, 24°0 R00. 27
L T L S T E- A Je LW
Lol Qe WIvn 3%, 240, 2, 26l
4% 0% 97 5% 4%
Md] 920 23 28N, 300, 2R
107, 109, 157 1372,
Dl Mg 26% 30, 2Re.
Slve 3XC. 30v.
bl
Dm2 840, 530, e
BB 120,
.
M2 Y PR TS 1o
. RTYEY
Bp2 4,

_-—

The top number in cach cell represents the percent amine acid sequence identitics and (he bottom number represents the percent similanty . The
annme aqu sequences were obtained from the GenBank database. The sequences are Ad4-1 (AYOT4060, AdL-1T (AF273041), Adl-2 .
(z'}F??}HSHl. AdL-3 {AF273039) AdL< (AF273040). AdL-3 (AF2S147R), AgT-3 (AACTIOYT L Agl -1 {AACTIZUR), Agl-5{Q@3112), Agl-b
LI Agl-8 (AF31A637) Api-10 AF3 16638, Apd-l LAF3T0635), Ag3-2 (AF3 66361, Lol (F:42860), Md1 11’2%’3_{?\’). Dmi (PI04320,
M2 (PAe4373 Dm2 (PA1042). B2 (O1RS98). Ma2 (P46329) The abbreviations are Ad for dsophiies dinus, Ag or Anopheles pumbiae, Lo
tor Lucifia cupring, Md for Musca deomestica, Do Yor Drosapdfinla metanogaster, Bg for Blariofla sermanica, Ms for Manduca ‘\t\'Uu’
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Fig. 3. Purification of recombinant protein adGST4-1. Lane M is

molecular weight markers as shown in dD. Lane 1 is 3 gg and Lane
2 is 6 ug of the puriSed recombinant adGST 4-1.

protein products (Pongjaroenkit et al., 2001). We have
now obtained a novel GST gene that codes for a single
expressed protein product which we name adGST4-1.
The 3188 bp genomic sequence contained two coding
exons and 1702 bp 5° flanking sequence that was ana-
lyzed for promoters and regulatory elements which may
control expression of this gene. Response elements are
short conserved sequences that regulate expression of a
gene. Several of these elements were identified in two
possible promoters (Fig. 1). Most putative elements con-
tained in the Ad227 and Ad1605 promoters have been
shown in other species to be functionally involved in
developmental stage regulation as well as responding to
xenobiotic modulation.

Although, GSTs are involved in protecting an organ-
ism from toxic and mutagenic xenobiotics, it has been
reported that the over-expression of the Pi class GST has
been associated with tumor development and carcino-
genesis (Batist et al,, 1986). Therefore, understanding the
transcriptional regulatory mechanism of these genes is
of interest. Several regulating elements of GSTs have
been identified. In mammals, the GSTPl promoter

Table 2
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included a putative AP-1 response element as well as
a negative regulatory element in a multidrug resistant
derivative of a human mammary carcinoma cell line
(Moffat et al., 1994). Spl binding sites, the GC box
motif, have also been shown to play a role in regulating
basal levels of GSTPI wranscription (MofTat et al., 1996).
The rat GST-P gene is regulated by two enhancers and
a silencer (Sakai et al., 1988). The protein bound to the
silencer sequence belongs to the CCAATT/enhancer-
binding protein (C/EBP) family (Osada et al., 1995), A
rat Alpha class GST has been shown to be negatively
regulated by C/EBP protein interaction with an
antioxidant/electrophile response element (ARE/EpRE)
in vascular smooth muscle cells to function as oxidative
stress protection for blood vessels (Chen and Ramos,
2000).

TCF11 is a widely expressed transcription factor that
binds to a subclass of AP-1 sites. The complexes of
TCF1I/LCR-F1/Nrfl form heterodimers with a small
Maf protein to increase stringency of specific binding to
the NF-E2 site, the antioxidant response element and the
heme-responsive element, and contribute to negative
regulation of this specific target site (Johnsen et al,
1998). In human Pi-class GST, disruption of a putative
AP-1 response element (Xia et al.,, 1991) within i
GSTPI promoter abrogated GSTP/ transcription while
increased levels of GSTP1 transcription can play a major
role in regulating overexpression of GSTP1-1 in multid-
rug-resistant cell line (Moffat et al., 1994).

Many of the putative elements comained in both
adgst4-1 promoters are DNA-binding regions for tran-
scription factors expressed during a developmental or
cell differentiation stape {Martinez-Arias and Lawrence,
1985; Siegfried and Perkins, 1990; Blair, 1994; Stauber
ct al., 2000). The data suggest that adGST4-1, a phase
IT detoxication enzyme, is expressed and regulated by
these putative elements. The distal Ad227 promoter
located upstream of the Ad1605 promoter may act as an
enhancer/repressor to regulate the expression of
adGST4-1 as has been reported for a P1 class rat GST
(Sakai ct al., 1988).

Kinetic pararneters of Aagpheles dirus GSTs (the dars are the mearntstandard errar of ai least three separale experiments)

Kinetic parameters

Ad4-1 Adl-1 Adi-2 Adl-3 Adl1-4
Ve (mol™' min~' mg) 2.240.3 12.940.6 63.943.50 67.5£1.97 403+1.89
Kocsn (mM) 1.8+0.4 0.8640.2 13040.15 0.4010.05 0.83+0.08
fmc?:: }(mM) 5.3+0.3 0.10+0.03 0.21+0.03 0.1020.01 0.5210.67
at 0.9 5.03 259 26.9 16.9
kK ocsn (mM~' 57) 0.5 5.86 20 67 20
ko K onn (MM 571y 0.2 48 4 121 269 32
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Fig. 4. Plot of velocity versus substrate concentration for kinetic con-
stant determination of adGST4-1. (A) The glutathione concentration
was fixed at 16 mM and tbe CDNB concentration was varied from 0.1
ta 3.2 mM. (B) The CDNB concentration was fixed at 3 mM and the
glutathione concentration was varied from 0.25 1o 20 mM. The kinctic
constants were caiculated by non-linear regression. The data shown
are meanstSEM error bars from four independent experunents.

4.2. Protein characterization

_As suggested by amino acid sequence identities and
stmilarities compared with other insect GSTs Class | and
Class I (Table 1), adGST4-1 is very distinctive. The
percent similarity of 50-60% shows that adGST4-1 is
more similar to insect GST Class 1 or Delta class. Com-
panson of amino acid scquence with other An. dirus
GSTs, 1-1 to 14 (Fig. 2), shows adGST4-1 has a high

1B INSECT BioCrmmm ey & Mowscuran Bioroay - ELSEVIER

variation in the N-terminal, contributing to the low
affinity binding with the GSH ligand during purification.

Studies of the enzymalic properties indicate that
adGST4-1 is very different from the other known
adGSTs (Table 2). The model substrate, CDNB, could
be turned over only at a slow rate as descnibed by the
very low k., and k,/Kncons- This enzyme has behavior
similar to several mammalian GSTs which lack activity
toward CDNB such as GST Theta class (Meyer et al,,
1991), GST Zeta class (Board et al., 1997) and the new
GST Omega class (Board et al., 2000). While the other
An. dirus GSTs are more similar to mammalian GSTs
in class Alpha (Schramm et al., 1984; Stenberg et al.,
1991), Mu (Schramm et al., 1984; Vorachek et al., 1591)
and P1 (Widersten et al., 1992). The inhibition studies
(Table 3) shows that the CDNB activity of adGST4-1
can be mnhibited by several compounds. Although there
was no detectable enzyme activity the inhibition indi-
cates that there is some interaction between adGST4-1
and these compounds especially for ethacrynic acid
which has been shown to bind to an effector site in GST
Pi class as well (Phillips and Mantle, 1993). The inhi-
bitton of CDNB conjugation by pyrethroid compounds,
permethrin and A-cyhalothrin, was also obviously differ-
ent for adGST4-1 compared to other adGSTs indicating
a greater aflimty of interaction. The greater 1C,, valuc
for ethacrynic acid and S-hexylglutathione for adGST4-
! compared to the previous data for adGSTI-1
(Prapanthadara ¢t al., 1995) indicate a lower interaction
with these compounds and show the inhibition character-
istics of a homodimer or single aflinity site for interac-
uon (Tahir and Mannervik, 1986). Despite low CDNB
conjugating activity, adGST4-1 may possess some
activity for a compound that is significant m a metab-
oltsm pathway as shown by other GST classes. For
example, recombinant human omega class GST
(GSTOI-1) cxhibited a glutathione-dependent thiol
transferasce activity and catalyzed glutathione-dependent
reduction of dehydroascorbate (Board ct al., 2000) or the
novel function of human Theta GSTT2-2 with 1-men-
aphthylsulphatc demonstrating 1t to be a glutathione-
dependent sulphatase (Tan et al,, 1996). In conclusion,
the recent reports on diverse roles of GSTs in regulation
of Jun N-terminal kinase (Adler ¢t al., 1999) or in tyro-
sine catabolism (Dixon et al,, 2000) indicate that there
may be GST proteins with little traditional GST activity
but having other physiological functions still to be eluci-
dated.
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Table 3

Inhibition of Anopheles dirus recombinant G5Ts CDNB activity by various compounds (the GSH and CDNB concentrations were 16 and 3 mM,
respectively. The data are the meamtstandard deviation of at least three separate experiments, each of which was performed in duplicate)

Compounds Concentration % Inhibitton
(mM) Ad4-1 Ad)-2 Adl-3 Adl-4
DCNB 0.1 29.8H0.2 21.1+12.0 93+2.5 28.346.6
p-Nitrophenyl bromide 0.1 225422 7.1%123 25.544.2 31.016.4
Cumene hydroperoxide 2.5 43.635.7 51.949.1 17.8+7.3 301451
p-Nitrobenzyl chloride 1.0 16.543.7 29.1+10.5 46.1+£2.5 49 846.7
Ethacrynic acid 0.001 8.642.1 74.7+£3.0 30.9+4.5 34 5553
0.01 39.545.0 97.940.4 79.242.3 77.6+£3.0
0.1 BB.5+1.5 10020.0 100+0.0 100400
Permethrin 0.01 11.843.4 474485 17.444.7 66314 4
0.1 28.0+3.6 £9.0+0.8 100+0.0 10020.0
A-cyhalothrin 0.01 152451 40.1+11.3 25.0+118 91.5+7.6
0.1 . 25.6+1.0 86.3+3.9 10040.0 1001+0.0
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