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Abstract

Glutathione S-transferase isoenzymes from 4th instar larvae of two DDT-resistant Aedes aegypti strains
were fractionated by anion exchange Q-Sepharose chromatography into GST-2 and a cluster of
isoenzymes previously named GST-1. Sequential column chromatography fractionated the GST-1 into
at least 6 activity peaks, of which 3 were further purified and named according to the process of
purification, GST-1unBPc, GST-1BPa and GST-1BPc. GST-1BPc is confirmed to be one member of the
Epsilon class according to the immunological cross-reactivity toward polyclonal antibody against Aedes
GSTe2. GST-1unBPc possess the major DDTase activity (>98%) and therefore a play major role on
DDT metabolism in the Aedes species. GST-2, which was earlier shown to be over-expressed in DDT-
resistance Aedes mosquito, has no DDTase activity, thus the role in DDT resistance may be through
sequestration. This report demonstrated that an unknown class, GST-1unBPc, plays a major role in
DDT resistance in this species whereas the Epsilon GST-1BPc also contributes to DDT resistance but to
a less extent.
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Introduction

Glutathione S-transferases (GSTs; 5.1.18) belong
to a multigene family of dimeric multifunctional
proteins that play a central role in detoxication
of xenobiotic compounds including drugs,
herbicides and insecticides[1,2,3]. The GSTs are
involved in the metabolism of organophos-
phorus and organochlorine insecticides[4,5,6].
Many reports indicated the increased GST
activity in crude supernatant of several
insecticide-resistant insects, which suggested
the possible role of this enzyme in
resistance[7,8,9]. GST catalyse dehydrochlorina-
tion of DDT to form DDE[10,11]. Biochemical
study in Anopheles gambiae indicated that DDT

resistance is associated with both quantitative
and qualitative changes in multiple GST
enzymes[11,12]. Different GST isoenzymes
possess different levels of DDTase activity[11,12].
In Ae. aegypti, many studies have suggested
the involvement of GST in DDT resistance[8,13,14].
Our previous study showed the significantly
increased DDTase activity in crude supernatant
of the DDT-resistant Ae. aegypti[15].

The complete genome of An. gambiae and
Ae. aegypti allow classification of insect GSTs.
There were at least six classes of GST found in
Ae. aegypti and An. gambiae (Theta, Sigma,
Zeta, Omega, Delta and Epsilon) plus an
unknown class, GST-2[14]. GSTe2 is a member
of Epsilon class that over-expressed in DDT-
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permethrin-resistant strain of Ae. aegypti[16]. In
this study we purified isoenzymes and
compared the DDTase activity in two different
resistant strains of Ae. aegypti.

Materials and methods

Mosquito

Two strains of Ae. aegypti, the RS and RR strains,
were used in this study. Both strains were
selected from the same field-caught population
collected from Mae-Tang district, Chiang Mai,
Thailand. RS strain is resistant to DDT whereas
RR strain is resistant to DDT and permethrin[15].
The insects were reared under selection
pressure by exposure to the WHO
discriminating dose regularly to maintain
resistant level. Bioassay on 4th instar larvae was
performed to demonstrate resistant ratio for
DDT and permethrin.

Enzyme assays

GST activity was measured with 1 mM CDNB
and 10 mM GSH as general substrate. The rate
of reaction was monitored using Shimadzu
spectrophotometer. Specific activity was
calculated using molar extinction coefficient of
9.6 mM-1 cm-1. DDTase activity was measured
as explained earlier[15]. Protein was measured
using Bio Rad protein reagent.

Purification of GST isoenzymes

The method for purification was modified from
previous report by Prapanthadara et al.[17].
Approximately 20 g (wet wt) of 4th instar larvae
were homogenized in 100 ml homogenizing
buffer (20 mM Tris-Cl, pH 7.8). Homogenate
was centrifuged (30 min, 10 000 x g), filtered
(Whatman), and applied to a 60 ml Q-
Sepharose column equilibrated with the same
buffer, flow rate 4 ml/min. After washing with

the loading buffer the enzymes were eluted
with a 0-500 mM NaCl gradient. Active
fractions of GST-1 were pooled and applied to
16 ml S-hexylglutathione agarose column. GST-
1unB was collected from the column by
washing the column with 2 M NaCl in loading
buffer. The bound enzymes (GST-1B) were
eluted out with 4 column volume of 2.5 mM
S-hexylglutathione in 20 mM Tris-Cl. Both GST-
1unB and GST-1B were concentrated, then
transferred to hydroxylapatite loading buffer (10
mM sodium phosphate buffer pH 6.5
containing 0.2 M NaCl). The sample was loaded
into a 15 ml (2.2 x 5 cm) of hydroxylapatite
column. After washing with same buffer for 4
column volume, GST-1BPa was eluted with
10 mM sodium phosphate pH 6.5. GST-1BPb
and GST-1BPc were co-eluted with 10-200
mM sodium phosphate gradient pH 6.5. The
resolution of GST-1unB was similar to GST-1B.
There was no detectable activity of GST-
1unBPa.

Phenyl Sepharose column (1.4 x 5 cm) was
pre-equilibrated in 0.3 M sodium phosphate
buffer pH 6.5 containing 0.3 M NaCl. The
pooled enzymes, both GST-1unBPbc and GST-
1BPbc, were adjusted to the volume by mixing
with 2 volume of loading buffer before loading.
Unbound proteins were washed out with 4
column volume of loading before step elution
was started. The series of buffer and condition
of elution are 4 column volumes each of:
(1) 300 mM sodium phosphate buffer,
(2) 10 mM sodium phosphate buffer, (3) 20 mM
TrisCl pH 7.8, and (4) 30% ethylene glycol in
TrisCl. Only one GST active peak was obtained
at the last step of elution.

Electrophoresis

SDS-electrophoresis was performed according
to Laemmli[18] using 4.5% stacking and 15%
resolving gels. Molecular weight standards
were from Amersham Biosciences (UK.).



GST and the DDTase Activity in Aedes aegypti

Dengue Bulletin � Vol 29, 2005 185

Immunoblot characterization
of the isolated GSTs

The purified GST-1unBPa, GST-1unBPc and
GST-1BPc were resolved on 15% SDS-PAGE and
transferred blot on to a Nitrocellulose
membrane using Hoefer Semi-Dry Transfer Unit
(Amersham). The membrane was probed with
1:2000 dilution of polyclonal antibody raised
against the recombinant GSTe2[16]. The bound
anti-serum was detected by incubation with a
1:5000 dilution of peroxidase-labelled anti-
rabbit antiserum follow by visualization using
3,3�-diaminobenzidine (DAB) substrate
solution (Sigma).

Results

Resistant levels

Log dosage-probit analysis of the bioassay for
fourth instar is given in Table 1. The ratio of
LD50 for DDT in RR strain at larvae stage was
>360-fold greater than RS strain whereas
permethrin resistance was 11.67-fold. The non-
significant Chi square value (χ2) for both strains
suggests that the insect population has been
selected to homogeneity with regard to either
DDT resistance or permethrin resistance. This
study is different from the previous study as
DDT resistance is now homogeneous, which
means that the insect population has been well
selected.

Purification of GST isoenzymes
from Ae. aegypti

The scheme of sequential column
chromatography for purification of GST
isoenzymes from Ae. aegypti is presented in
Figure 1. The purification profile and table are
shown in Figure 2 and Table 2 respectively.
Crude supernatant of 4th instar was separated
on Q-Sepharose column into two activity peaks
and named GST-1 and GST-2. The majority of
GST activity was in GST-1. GST-1 was separated
into unbound (GST-1unB) and bound activity
(GST-1B) on S-hexylglutathione agarose column.
Further purification of both GST-1unB and GST-
1B on hydroxylapatite column resolve GST into
three activity peaks for each sample (Figure
2). Only the active peak c (GST-unBPc) was
significantly obtained from further purification
of both GST-1B and GST-1unB on Phenyl
Sepharose column, whereas very little yield or
none was obtained from GST-1unBPa and GST-
1BPa. Electrophoresis of the purified enzymes
on SDS-PAGE resulted in a typical GST band at
around 23 kD (Figure 3).

Distribution of DDTase activity
among the GST isoenzymes

DDTase activity was determined along the
purification procedures (Table 3). Most of the
DDTase activity was fractionated into GST-1.
More than 98% of these DDTase activities were
in the enzymes that failed to retain in S-
hexylglutathione agarose column, GST-1unB.
Yet all of the DDTase activities from GST-1unB

Table 1. Log dosage-probit analysis of the bioassay for fourth instar of two different insecticide
selected lines of Ae. aegypti. Lethal doses (mg/ml) that give 50% and 90% were shown

ND: not determined; NS: non-significant
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Crude extract

Q-Sepharose

GST-2

GST-1B

Hydroxylapatite

GST-1BPa

GST-1

S-hexylglutathione
agarose

GST-1unB

Hydroxylapatite

GST-1unBPbc

Phenyl Sepharose

GST-1unBPc

GST-1BPbc

Phenyl Sepharose

GST-1BPc

Figure 1. Scheme for the purification of glutathione S-transferase from Ae. aegypti

were found in GST-unBPc. However, after
further purification of GST-1unB on
hydroxylapatite, only about 16% of GST activity
and 34% of DDTase activity was recovered.
This result suggests a very much labile property
of the enzyme.

Table 3 shows DDTase activities for
comparison between the RS and RR strains.
The numbers represent total activity as

calculated per g wet larvae. It indicated the
~10-fold greater DDTase activity in the RR
strain than RS.

Immunoblot characterization of the
isolated GSTs

The purified GST-1unBPa, GST-1unBPc and
GST-1BPc were resolved on 15% SDS-PAGE and
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Table 2. Purification of GST isoenzymes from Ae. aegypti, RR strain

Note: Enzyme activity was followed by the standard assay using CDNB as the substrate. DDTase activity was expressed
as nmole DDE formation. See also legend to Figure 1 to follow the steps of purification.

transferred blot on to a nitrocellulose
membrane. Immuno detection with polyclonal
antibody raised against the recombinant GSTe2
demonstrated the cross-reactivity with GST-
1BPc. It is suggested that the GST-BPc is one
of the insect Epsilon class.

Discussion

Ae. aegypti vectors in Thailand are mostly
resistant to DDT due to the long-term use of
this insecticide, both for mosquito vector and
agricultural pest control. Cross-resistance had
therefore been detected[19]. DDT resistance in
many insect species was correlated to the
increased DDTase activity of GST isoenzymes.
However, if it is a DDT-pyrethroid cross-
resistance, the other common mechanism
found is the insensitive sodium channel (or

knockdown resistance, kdr)[20]. We selected two
resistant strains of Ae. aegypti. RS strain is
resistant to DDT while RR is resistant to both
DDT and permethrin. It was aimed to compare
the DDTase-based resistance mechanism
between these two different strains. Both
DDTase and kdr are co-operated in RR strain
whereas increased DDTase activity was found
to play a major role in RS strain[21]. The
resistance ratio for DDT in RR strain was >360-
fold greater than RS strain whereas 9-fold
greater DDTase activity was observed from
crude enzyme extract.

In order to identify the GST isoenzymes
that are responsible for DDT resistance, it is
necessary to determine DDTase activity of each
isoenzyme. First of all, GST isoenzymes have
to be identified. We have recently reported
the six classes of GST and one unknown class
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Figure 2. Elution profile for protein and glutathione S-transferase activity, using the standard
assay with CDNB, of the Ae. aegypti RS strain

(A) Q-Sepharose chromatography, hydroxylapatite chromatography of unbound and (B and
C) bound fraction of GST-1 from S-hexyglutathione agarose affinity chromatography
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in Ae. aegypti[16], GST-2, which was earlier
biochemically isolated[14]. Immunoblot study
and Northern blot analysis indicated the
increased expression level of GST-2. It was
therefore concluded that GST-2 was involved
with DDT resistance. Our earlier result also
showed the greater peak of GST-2 recovered
from anion exchange column chromatography
when we compared RS and RR strain with the
susceptible ROCK strain (result not shown).

However, we did not detect any DDTase
activity in the GST-2.

The six classes of Aedes GSTs were
analysed from database expressed sequence
tags (ESTs). An isoenzyme from Epsilon class,
GSTe2, was found over expressed in the RR
strain[16]. This enzyme also appeared to possess
the DDTase activity. In this study we
demonstrated that antibody against GSTe2
specifically cross-reacted with our
biochemically purified GST-1BPc. Thus the
GST-1BPc may be one member of Epsilon class.
However, the yield of isolation of this
isoenzyme and the percentage of total DDTase
activity was very low. Therefore, this isoenzyme
although plays some role in DDT metabolism
and has an increased level in RR strain, it is
not the most important isoenzyme responsible
for DDT resistance.

GST-1unBPc possessed up to 98% of total
DDTase activity in Aedes species (Table 2). The
yield of purification in this study was 32-fold
greater in RR strain compared with the RS strain
(Table 3). This isoenzyme did not show any
cross-reactivity to anti-serum against GSTe2;
thus its classification is not yet known.

In conclusion, this study brought out that
DDT resistance in Ae. aegypti involved mainly
the increased DDTase activity of GST-1unBPc.
This GST is still an unknown class and needs to
be characterized further, maybe by testing the
immuno-cross-reactivity with the available
known classes from genomic sequence. On
the other hand, the cloning and expression of
all those known sequences will meet the same
character as this GST.
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Table 3. Fractionation of DDTase activity in
the GST isoenzymes isolated from the DDT

and permethrin-resistant Ae. aegypti

Crude extract from 4th instar larvae was applied to
fractionated on Q-sepharose column as explained in
Materials and methods. GST-1 was faster separated in
S-hexylglutathione agarose column

ND = not determined

MW 1 2 3 4 5 6 7

66.0

45.0
36.0

29.0
24.0

20.1

14.2

Figure 3. SDS-PAGE of Ae. aegypti GSTs
Samples are (1) MW markers,

(2) and (3) GST-1BPa, (4) and (5) GST-1BPc,
(6) and (7) GST-1unBPc
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