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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-
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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
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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
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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



