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ABSTRACT 

Glutathione S-transferases (GSTs) play a central role in the detoxification 

of xenobiotic compounds including insecticides. Overexpression of GST 

is an important mechanism of insecticide resistance. The aim of this study 
is to investigate GST-based resistance to DDT in Aedes aegypti from 

Thailand. Putative GST genes were retrieved from the Aedes aegypti 

genome and the gene sequences were confirmed. 

Twenty seven GST genes were identified in Aedes aegypti. There were 

classified into at least 6 classes and their relationship to Anopheles 

gambiae GSTs investigated using phylogenetic analysis. Thirteen GSTs 

were further characterised; two were classified as Delta, two as Epsilon, 

one as Sigma, two as Theta class and three were unclassified. Both GSTdI 

and GSTsI are alternatively spliced. 

The expression of four GST transcripts, GSTe2, GSTe4, GSTu3 and GSTt1 

was quantified. Only GSTe2 was up regulated in the DDT/permethrin 

resistant strain. Recombinant GSTE2-2 showed DDT dehydrochlorinase 

activity toward DDT. The expression of GSTe4, GSTu3 and GSTtI were 

not correlated with insecticide resistance. GSTu3 has been previously 

studied and implicated in DDT/permethrin resistance in Aedes aegypti 
from South America [Grant and Hammock (1992) Mol Gen Genetics 234: 

169-176]. However, this gene was not over expressed in the resistant strain 
from Thailand. Recombinant GSTU3-3 was not able to metabolise DDT. 

Recombinant GSTE2-2 and GSTU3-3 showed an affinity to bind hematin, 

suggesting these enzymes act as binding protein, besides the enzymatic 

properties. The binding of hematin by GST may protect mosquitoes against 
heure toxicity during blood feeding. 

iv 



PUBLICATION IN SUPPORT OF THIS THESIS 

Nongkran Lumjuan., McCarroll, L., Prapanthadara, L., Hemingway, J. and 

Ranson, H. (2005). Elevated activity of an Epsilon class glutathione 

transferase confers DDT resistance in the dengue vector, Aedes aegypti. 

Insect Biochem Mol Biol, 35,861-871. 

V 



CONTENTS 

DECLARATION ........................................................................................ 
II 

DEDICATION ........................................................................................... III 

ABSTRACT ............................................................................................... 
IV 

PUBLICATION IN SUPPORT OF THIS THESIS ............................... V 

CONTENTS ............................................................................................... 
VI 

LIST OF FIGURES .................................................................................... 
X 

LIST OF TABLES ................................................................................... 
XII 

ACKNOWLEDGEMENTS .................................................................. 
XIII 

LIST OF ABBREVIATIONS ............................................................... 
XIV 

CHAPTER 1 .................................................................................................. 
1 

GENERAL INTRODUCTION ................................................................. 
1 

1.1 Aedes aegypti ....................................................................... .. 
1 

1.2 Vector Control 
..................................................................... .. 

2 
1.3 Insecticide Resistance 

.......................................................... .. 
2 

1.3.1 Cuticular Resistance ........................................................ .. 2 
1.3.2 Alteration of Target-Site ................................................. .. 

3 
1.3.2.1 Acetylcholinesterase ................................................ .. 

3 
1.3.2.2 y-Aminobutyric acid (GABA) receptor ................... .. 4 
1.3.2.3 The voltage-gated sodium ion channel .................... .. 4 

1.3.3 Metabolic Resistance Mechanisms ................................. .. 
6 

1.3.3.1 Carboxylesterases ..................................................... .. 
6 

1.3.3.2 Monooxygenases ...................................................... .. 7 
1.3.3.3 Glutathione S-transferases (GSTs) .......................... .. 8 

1.4 Structure of Glutathione S-transferases .............................. .. 9 
1.4.1 Cytosolic GSTs ............................................................... .. 9 
1.4.2 Membrane-Associated Proteins in Eicosanoid and 
Glutathione Metabolism (MAPEG) ............................................ 12 
1.4.3 Mitochondrial GSTs ........................................................ 12 

1.5 Classification of Cytosolic Glutathione S-transferases 
...... 12 

1.6 Insect Cytosolic GSTs ......................................................... 14 
1.7 Glutathione S-transferase-Mediated Insecticide Resistance 

........................ 17 
1.8 GST Expression, Induction and Regulation ....................... 19 

vi 



1.9 Background and Aims of the Study .................................... 21 

CHAPTER 2 ................................................................................................ 23 
SUSCEPTIBILITY ASSAY AND GLUTATHIONE TRANSFERASE 
BASED RESISTANCE INAEDESAEGYPTIFROM THAILAND........... 23 

2.1 INTRODUCTION ............................................................... 23 
2.2 MATERIALS AND METHODS ....................................... 24 

2.2.1 Mosquito strains .............................................................. 24 
2.2.2 Diagnostic susceptibility assay ....................................... 24 
2.2.3 Mosquito crosses ............................................................. 

25 
2.2.4 Determination of GST activity ........................................ 25 
2.2.5 DDT dehydrochlorinase assay ........................................ 26 
2.2.6 Protein concentration determination ............................... 28 

2.3 RESULTS ............................................................................ 
28 

2.3.1 WHO susceptibility assays ............................................. 28 
2.3.2 GST activity ..................................................................... 

31 
2.3.3 DDT dehydrochlorinase activity ..................................... 31 
2.3.4 Genetics of resistance to DDT and permethrin .............. 31 

2.4 CONCLUSIONS ....................................................................... 
32 

CHAPTER 3 ................................................................................................ 
36 

IDENTIFICATION AND CLONING OF AEDES AEGYPTi GSTs........... 36 
3.1 INTRODUCTION ............................................................... 

36 
3.2 MATERIALS AND METHODS ....................................... 

37 
3.2.1 Identification of Ae. aegypti GST Genes Using the EST 
Database ....................................................................................... 

37 
3.2.2 Extraction of Genomic DNA 

.......................................... 
37 

3.2.3 Extraction of Total RNA ................................................. 
37 

3.2.4 Synthesis of is` Strand cDNA ......................................... 
38 

3.2.5 Amplification of GST Genes in Ae. aegypti .................. 38 
3.2.6 Subcloning of PCR Products into pGEM-T Easy Vector 

39 
3.2.6.1 Ligation of PCR products into the pGEM-T easy 
vector ............................................................ 39 
3.2.6.2 Transformation of E. coli XL1-Blue subcloning- 
grade competent cells with plasmid DNA .............................. 40 
3.2.6.3 Identification of positive colonies by PCR screening 

............................................................ 
40 

3.2.6.4 Culture of the selected transformation colonies ...... 
41 

3.2.6.5 Plasmid purification ................................................. 41 
3.2.7 DNA Sequencing ............................................................ 42 
3.2.8 Phylogenetic analysis ...................................................... 42 
3.2.9 Identification of GST Sequences in the Aedes aegypti 
Bacterial Artificial Chromosome (BAC) Library ....................... 42 

3.2.9.1 BAC library construction ......................................... 42 
3.2.9.2 BAC DNA preparation ............................................ 42 

Vll 



3.2.9.3 PCR screening of the BAC library .......................... 44 
3.3 RESULTS ............................................................................ 44 

3.3.1 Identification of Ae. aegypti GST genes ......................... 44 
3.3.2 BAC library screening using PCR ..................................... 52 

3.4 DISCUSSION ..................................................................... 52 

CHAPTER 4 ................................................................................................ 56 
QUANTIFICATION OF GST EXPRESSION ....................................... 56 

4.1 INTRODUCTION ............................................................... 56 
4.2 MATERIALS AND METHODS ....................................... 57 

4.2.1 Mosquito Strains ............................................................. 57 
4.2.2 Sequencing of GST Genes .............................................. 57 
4.2.3 Quantitative PCR on cDNA ............................................ 57 

4.2.3.1 cDNA synthesis ........................................................ 57 
4.2.3.2 Plasmid construction ................................................ 57 
4.2.3.3 Quantitative PCR and standard curve preparation.. 59 
4.2.3.4 Copy number calculation ......................................... 61 

4.3 RESULTS ............................................................................ 61 
4.3.1 Quantitative Analysis of Ae. aegypti GST Expression.. 61 

4.4 CONCLUSIONS ................................................................. 
65 

CHAPTER 5 ................................................................................................ 68 

IN VITRO EXPRESSION OF GSTE2 AND CHARACTERISATION 
OF THE RECOMBINANT PROTEIN ................................................... 68 

5.1 INTRODUCTION ............................................................... 68 
5.2 MATERIALS AND METHODS ....................................... 68 

5.2.1 Mosquito Strains 
............................................................. 68 

5.2.2 Protein Expression 
........................................................... 69 

5.2.2.1 Plasmid construction ................................................ 69 
5.2.2.2 Transformation into E. coif BL21 (DE3) pLysS 
competent cells ........................................................................ 70 
5.2.2.3 Expression of the GSTe2 gene ................................. 70 
5.2.2.4 Protein purification ................................................... 71 
5.2.2.5 SDS-PAGE analysis ................................................. 72 

5.2.3 Western Blot Analysis ..................................................... 72 
5.2.4 Characterisation of GSTE2-2 .......................................... 73 

5.2.4.1 Substrate specificity ................................................. 73 
5.2.4.2 Hematin binding assay ............................................. 74 

5.3 RESULTS ............................................................................ 75 
5.3.1 Cloning of GSTe2 ........................................................... 75 
5.3.2 Protein Expression and Purification 

............................... 75 
5.3.3 Western Blot Analysis ..................................................... 78 
5.3.4 Genetic Control of Elevated GSTE2-2 Expression........ 78 
5.3.5 Biochemistry of GSTE2-2 

.............................................. 80 
5.3.6 Hematin Binding to GSTE2-2 

........................................ 83 
5.4 DISCUSSION ..................................................................... 83 

VII' 



CHAPTER 6 ................................................................................................ 89 
IDENTIFICATION, EXPRESSION AND CHARATERISATION OF 
UNCLASSIFIED GSTS 

................................................................................. 
89 

6.1 INTRODUCTION ............................................................... 89 
6.2 MATERIALS AND METHODS ....................................... 89 

6.2.1 Identification of Unclassified GSTs 
............................... 89 

6.2.2 Expression of Unclassified GSTs 
................................... 90 

6.2.2.1 cDNA cloning and construction of expression vector 
............................................................ 90 

6.2.2.2 In vitro expression of the GST genes ...................... 91 
6.2.3 Protein Purification of Recombinant GSTs .................... 92 

6.2.3.1 SUMO protease treatment and removal .................. 92 
6.2.4 MALDI-TOF Mass Spectrometry Analysis ................. .. 93 
6.2.5 Characterisation of Unclassified GSTs ......................... .. 94 

6.2.5.1 Biochemical studies ............................................... .. 94 
6.2.6 Immunobloting .............................................................. .. 

94 
6.3 RESULTS .......................................................................... .. 

95 
6.3.1 Identification of Unclassified GSTs ............................. .. 

95 
6.3.2 Cloning and Expression of Unclassified GSTs ............ .. 

98 
6.3.3 Purification of Recombinant Unclassified GSTs ......... .. 98 
6.3.4 MALDI-TOF Mass Analysis ........................................ 101 
6.3.5 Characterisation of Recombinant GSTU3-3 ................ 101 
6.3.6 Immunobloting .............................................................. 

103 
6.4 DISCUSSION ................................................................... 107 

CHAPTER 7 .............................................................................................. 110 
IDENTIFICATION OF TRANSCRIPTS PRODUCED BY ALTERNATIVE 
SPLICING OF AEDESAEGYPTI GST GENES ................................................ 

110 

7.1 INTRODUCTION 
............................................................. 

110 
7.2 MATERIALS AND METHODS ..................................... 112 

7.2.1 Identifying Ae. aegytpi Orthologs of GSTd1 and GSTs1 
11 112 

7.2.2 Prediction of Alternative Splice Variants ..................... 112 
7.2.3 Confirmation of Splice Variant of GSTd1 and GSTs1 112 

7.3 RESULTS .......................................................................... 113 
7.3.1 Alternative Splicing in GSTd1 ...................................... 113 
7.3.2 Alternative Splicing in GSTs1 ...................................... 118 

7.4 DISCUSSION ................................................................... 129 

CHAPTER 8 .............................................................................................. 131 

GENERAL DISCUSSION .................................................................... 131 
8.1 The Extent of the Aedes aegypti GST family ................... 131 
8.2 Characterisation of Aedes GST family 

............................. 132 

BIBLIOGRAPHY .................................................................................... 141 

APPENDICES .......................................................................................... 154 
ix 



LIST OF FIGURES 

Number Page 
1.1 The diagram of voltage-gated sodium channel indicating four 

homologous domains (I-IV), each containing six transmembrane 
segments (SI-S6) ..................................................................................... 5 

2.1 DDT metabolism analysis by HPLC .................................................... 27 
2.2 Time-response curves for the New Orleans (NO), PMD and the F1 

progeny from crosses between the PMD-R and NO strains of Ae. 
aegypti to 4%DDT (A) and 0.75% Permethrin (B) ............................. 29 

3.1 Column and row-pools of BAC DNAs for PCR screening ................. 43 
3.2 Phylogenetic relationships of nine GSTs in Ae. aegypti, with all An. 

gambiae GSTs ....................................................................................... 46 
3.3 Phylogenetic relationships of Epsilon and Delta GST classes in 

insects .................................................................................................... 
49 

3.4 The deduced amino acid sequences of Ae. aegypti Epsilon and 
Theta GSTs ............................................................................................ 51 

3.5 BAC library screening for Ae. aegypi GSTs using PCR 
..................... 53 

4.1 Standard curves for quantitative PCR .................................................. 60 
4.2 Standard curve for quantitative PCR .................................................... 60 
4.3 Quantification of GST mRNA expression level in three strains of 

Ae. aegypti ............................................................................................. 63 
4.5 Relationship between total GST activity against CDNB and the 

mRNA copy number of GSTs from Ae. aegypti .................................. 
67 

5.1 Alignment of deduced amino acid sequences of GSTe2 from Ae. 
aegypti (Aa) and An. gambiae (Ag) ..................................................... 76 

5.2 SDS-PAGE profiles of GSTE2-2 expression and purification........... 77 
5.3 Immunological cross reactivity with polyclonal antibody raised 

against recombinant GSTE2-2 from An. gambiae ............................... 79 
5.4 Western blot probed of parental strains and F1 progeny from 

genetic crosses probed with anti-GSTE2-2 serum from An. 
gambiae ................................................................................................. 81 

5.5 Inhibition of GSTE2-2 activity by hematin 
......................................... 84 

5.6 Double reciprocal plot of the intrinsic fluorescence intensity (1/Q) 
of GSTE2-2 against the concentration of free hematin 

....................... 
85 

6.1 Phylogenetic relationship of unclassified GST orthologous 
proteins .................................................................................................. 95 

6.2 Multiple alignment of deduced amino acid sequences of 
unclassified GSTs from Ae. aegypti ..................................................... 

96 

X 



6.3 SDS-PAGE profiles of GSTU1-1 (A) and GSTU2-2 (B) expression 
and purification ..................................................................................... 99 

6.4 SDS-PAGE profile of GSTU3-3 expression and purification........... 100 
6.5 MALDI-TOF mass spectrometry analysis ......................................... 102 
6.6 Inhibition of GSTU3-3 by hematin with CDNB as a model 

substrate ............................................................................................... 104 
6.7 Double reciprocal plot of the intrinsic fluorescence intensity (1/Q) 

of GSTU3-3 against the concentration of free hematin 
..................... 104 

6.8 Immunoblot analysis ........................................................................... 105 

7.1 Splicing signal sequences ................................................................... 110 
7.2 Types of alternative splicing ............................................................... 

111 
7.3 Nucleotide sequence and predicted exon locations in Ae. aegypti 

GSTd I gene ......................................................................................... 
114 

7.4 Alternative splicing in GSTdl ............................................................ 
116 

7.5 Alignment of the three GST proteins from the GSTdJ gene ............. 117 
7.6 Multiple alignment of GSTd1 from Ae. aegypti and An. gambiae.... 119 
7.7 Nucleotide sequence and putative amino acid sequence of Ae. 

aegypti GSTsl gene ............................................................................ 
121 

7.8 Ae. aegypti GSTsJ gene organization and alternative splicing.......... 124 
7.9 Amplification of alternatively spliced GSTs1-1 (A) and GSTs1-2 

(B) ........................................................................................................ 
125 

7.10 Deduced amino acid sequences of spliced GSTs1-1 and GSTsJ-2... 126 
7.11 Multiple alignment of GSTsl from Ae. aegypti, An. gambiae (Ag) 

and D. melanogaster (Dm) ................................................................. 
127 

7.12 Phylogenetic tree highlighting the relationships between GSTd1 
and GSTsJ from An. gambiae and Ae. aegypti .................................. 128 

8.1 Phylogenetic relationship of Ae. aegypti GSTs ................................. 139 
8.2 Phylogenetic relationship of Ae. aegypti GSTs with An. gambiae 

and D. melanogaster GSTs ................................................................. 140 

xi 



LIST OF TABLES 

Number Page 
2.1 LT50 to 4% DDT and 0.75% Permethrin 

.............................................. 30 
2.2 GST activity against CDNB substrate .................................................. 33 
2.3 DDT dehydrochlorinase activity .......................................................... 34 

3.1 Sequences of oligonucleotide primers used to amplify full-length 
Ae. aegypti GSTs .................................................................................. 39 

3.2 The Aedes aegypti GST EST sequences from TIGR database............ 45 
3.3 Percentage identities between mosquito GST protein sequences....... 48 
3.4 Size of cDNA and gDNA in Ae. aegypti GST genes .......................... 50 

4.1 Primer sequences for quantitative PCR ................................................ 58 
4.2 Quantitative PCR results of Ae. aegypti GSTs .................................... 64 

5.1 Substrate specificities and kinetic parameters for recombinant 
GSTE2-2 from Ae. aegypti and An. gambiae ...................................... 82 

6.1 Primers used to produce the full-length Ae. aegypti unclassified 
GSTs ...................................................................................................... 90 

6.2 Sequence identities between Aedes and Anopheles GSTs ................... 97 
6.3 Substrate specificities for recombinant GSTU3-3 from Ae. aegypti. 103 
6.4 Pairwise percentage identities between derived amino acid 

sequences of GSTE2 and GSTU3 from Ae. aegypti and AgGSTD 1- 
6 and AgGSTE2 from An. gambiae ................................................... 106 

7.1 Primers used to amplify Ae. aegypti alternatively spliced GSTs...... 113 
7.2 Percent identity of alternatively spliced GSTdI in Ae. aegypti and 

An. gambiae ......................................................................................... 120 

8.1 Aedes aegypti GST gene members ..................................................... 137 

X11 



ACKNOWLEDGEMENTS 

I would never have been able to finish my thesis without the help, support, 
guidance and efforts of a lot of people. Firstly, I would like to express my 
gratitude to my supervisor, Professor Jenet Hemingway who gives me the 
full-time graduate study in this project, for all her supports and for 
providing me to work with a talented team researcher in insecticide 
resistance group. I also wish to thank my former supervisor Dr. Lynn 
McCarroll for her help and her advice during the first year of my studying. 

I would like to express my deepest gratitude to my supervisor, Dr. Hilary 
Ranson. Her enthusiasm, her knowledge, her logical way of thinking and 
her great efforts to explain things clearly and simply have been major 
driving forces through my successfully graduate. She has been an 
inspiration to me for being a good scientist. I would have been lost without 
her. 

I would like to thank Dr. John Vontas and Dr. Nicola Hawkes for their 
advices, Ms. Amanda Ball for DNA sequencing and BAC DNA 
preparation, Ms. Alison Helm for assistance with the HPLC analysis, Dr. 
Yang Wu for MALDI-TOF analysis and Dr. Giancarlo Biagini for 
luminescence spectrometry technique and so on, I wish to thank the rest of 
the group for their friendly and providing a good environment for me. 

I wish to thank D. W. Severson for providing the Ae. aegypti BAC library. 
The use of EST sequence database from The Institute Genome Research 
(TIGR) (httn: //www. tier. orgj) is gratefully acknowledged. I would like to 
thank the Centre for Disease Control (CDC), Atlanta, USA., Dr. La-aied 
Prapanthadara and Dr. Pradya Somboon from Chiang Mai University, 
Thailand, for providing the mosquito strains. 

I am grateful to both my parents, members of my husband's family, my 
husband and my son. They have lost a lot due to my research aboard. 
Without their patience, encouragement, understanding, and love for me, it 
would have been impossible for me to finish this project. 

Finally, I wish to thank The World Health Organization, the Wellcome 
Trust and the Leverhulme Fund for South East Asia for funding support. I 
am also grateful to my Research Institute for Health Sciences (RIHES) for 
giving me a chance to study abroad. 

X111 



LIST OF ABBREVIATIONS 

Ah Aryl hydrocarbon 

BAC Bacterial Artificial Chromosome 

bp Base pair 

cDNA Complementary Deoxyribonucleic acid 
CDNB 1-choro-2,4-dinitrobenzene 

CHP Cumene Hydroperoxide 

CSPD Disodium 3-(4-methyoxy-spirofl, 2-dioxetane-3,2'-(5- 

chloro) tricyclo [3.3.1.1] decan)4-yl) phenyl phosphate 

DCNB 1,2-dichloro-4-nitrobenzene 

GSH Reduced glutathione 

GST Glutathione S-transferase 

DDE 1,1 -dichloro-2,2-bis(p-chlorophenyl)ethylene 
DDT 1,1,1 -trichloro-2,2-bis(p-chlorophenyl)ethylene 
dNTPs 2'-deoxyribonucleotide 5'-triphosphate 

DTT Dithriethrol 

EDTA Ethylene diamine tetraacetic acid 
EST Expressed sequence 

IPTG Isoproply-ß-D-thiogalactopyranoside 

kdr Knock down resistance 
MALDI-TOF Matrix Assisted Laser Desorption/ Time of Flight 

NADPH Nicotinamide adenine dinucleotide phosphate (reduced 
form) 

PCR Polymerase Chain Reaction 

RNA Ribonucleic acid 

SDS-PAGE Sodium Dodecyl Sulphate -Polyacrylamide Gel 
Electrophoresis 

WGS Whole Genome Shotgun 

X-GAL 5-Bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 

xlv 



Chapter 1 

GENERAL INTRODUCTION 

1.1 Aedes aegypti 

The mosquito Aedes aegypti is the major vector of urban arboviruses 

including yellow fever and dengue fever. Globally there are an estimated 

50 million cases of dengue infection each year with 500,000 cases of 

dengue haemorrhagic fever (DHF) and over 24,000 deaths (WHO, 2002). 

Thailand suffers one of the highest rates of dengue and DHF infection in 

the world. In Thailand, DHF was first reported in 1950 and since then the 

incidence has fluctuated. There are currently approximately 60000 cases/ 

year (ranging from 18000 to over 90000 cases during 1985-2004) 

(httn: //w3. whosea. oriz/EN/Section 10/section332 1100.10m). Epidemics 

of DHF have occurred annually depending on the temperature variation. 

The number of dengue cases increases during the rainy season and drops 

during the dry season (Nimmannitaya et al., 1969). The increase in cases 

of DHF has been observed across different age groups but approximately 

65% of reported cases in 1998 were observed in 5-14 years age group 

(Kantachuvessiri, 2002). The impact of DHF is leading to social and 

economic problems. The illness impacts socially on the patients and their 

families because of the duration of illness, the period of nursing care, the 

life disruption, and the psychological effects. The economic impact is 

caused by the financial cost of treatment, which is related to the economic 

status of the family, such as the absence from work and the increase in 

family expenses (Sornmani et al., 1994). 
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1.2 Vector Control 

There is no vaccine to protect against DHF. Therefore, the control of DHF 

should be directed at the vector, Ae. aegypti by focusing on habitat 

reduction and treatment to eliminate the breeding sites and the use of 
insecticides. Dichlorodiphenyltrichloroethane (DDT) was introduced 

globally in the 1950s as the primary means to control Anopheline vectors 

of malaria. The use of DDT for vector control has been prohibited or 

restricted in many countries because of its toxicity and persistence in the 

environment (Curtis & Lines, 2000). In Thailand, DDT use is still allowed 
for disease vector control only (WHO, 1995). However, the final DDT 

import was in 1993 for use against malaria only. Since 1992, synthetic 

pyrethroids have been employed for vector control in Thailand due to their 

low toxicity to mammals and high potency at low levels that quickly 

control insect populations. However, insecticide resistance to several 

insecticide classes has now been detected in mosquitoes and in Northern 

Thailand, populations of Ae. aegypti are resistant to both DDT and to 

pyrethroid insecticides (Somboon et al., 2003). 

1.3 Insecticide Resistance 

According to WHO (WHO, 1957) resistance is defined as " the developed 

ability in a strain of insects to tolerate doses of toxicant, which would 

prove lethal to the majority of individuals in a normal population of the 

same species". Insecticide resistance can spread through a population very 

rapidly under strong selection pressure from insecticide use. Insects have 

developed three main physiological mechanisms by which they can protect 

themselves from the toxic effect of insecticides. These are cuticular 

resistance, alteration of target-sites and enhanced detoxification. 

1.3.1 Cuticular Resistance 

A change in the chemical composition of the insect cuticle can result in a 

reduction of the penetration of insecticides. This decreases the quantity of 
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insecticide in the insect. This mechanism has been reported in Musca 

domestica which is resistant to DDT and dieldrin (Plapp & Hoyer, 1968a) 

and in organophosphate resistant strains of Culex quinquefasciatus (Stone 

& Brown, 1969). However, this is a minor mechanism and accounts for 

little of the resistance observed in field populations. 

1.3.2 Alteration of Target-Site 

An alteration in the target site of the insecticide, sometimes involving the 

substitution of only a single amino acid, can reduce the rate of insecticide 

binding and lead to resistance. There are three major insecticide target- 

sites, acetylcholinesterase, the y-aminobutyric acid (GABA) receptor and 

the sodium ion channel. 

1.3.2.1 Acetylcholinesterase 

Acetylcholinesterase (AChE) is an enzyme which terminates nerve 

impulses by hydrolysing the neurotransmitter acetylcholine at the nerve 

synapses. Organophosphates (OPs) and carbamates bind to AChE and 

inactivate the enzyme leading to the accumulation of acetylcholine in the 

synapse and a hyper excited central nervous system causing the death of 

insects. Decreased AChE sensitivity is a typical resistance mechanism for 

OPs and carbamates (Fournier & Mutero, 1994). Point mutations have 

been identified in the acetylcholinesterase (ace) gene, which are associated 

with resistance in OP resistant strains of houseflies (Mutero et al., 1994; 

Walsh et al., 2001). Two genes encoding AChE, namely ace] and ace2 are 

found in insects including aphids (Li & Han, 2002b; Nabeshima et al., 

2003) and mosquitoes (N' Guessan et al., 2003; Weill et al., 2003), but 

only one ace gene, ace2 is found in D. melanogaster. The ace2 gene in 

Culex pipiens is linked to the sex locus and not associated with insecticide 

resistance (Malcolm et al., 1998). However, mutations of ace2 genes 

confer a low resistance to insecticides in D. melanogaster (Menozzi et al., 

2004). In contrast, mutations in the ace] gene are responsible for 
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insecticide resistance in some species (Bourguet et al., 1996a; Weill et al., 

2003). The high insensitivity of AChE due to a conserved glycine to serine 

substitution (G119S) in ace] has been reported in resistant strains of Culex 

pipiens and An. gambiae (Weill et al., 2004). In Ae. aegypti, although 

carbamate and OPs has been extensively used, high levels of resistance to 

these chemicals has not been observed. It has been proposed that the silent 

base of glycine, encoded by GGA codon is immutable to serine in Ae. 

aegypti. Generally, the glycine at position 119 is encoded by GGC in other 

species (Weill et al., 2004). 

1.3.2.2 y-Aminobutyric acid (GABA) receptor 

The primary target of cyclodiene insecticides is the y-Aminobutyric acid 

(GABA) receptor. The GABA receptor is the principal inhibitory 

neurotransmitter receptor in the central nervous system. Resistance to 

cyclodiene is conferred by the alteration of a single nucleotide in the 

GABA receptor resulting in the replacement of alanine 302 (located in the 

chloride ion channel pore of the protein) with a serine, or more rarely a 

glycine. This mutation has been observed in a wide range of different 

resistant insects, including Ae. aegypti (ffrench-Constant et al., 2000; 

Thompson et al., 1993). 

1.3.2.3 The voltage gated sodium ion channel 

The voltage-gated sodium channel in the insect nervous system is the 

major target site for DDT and pyrethroids. Control of sodium permeability 

is essential for effective nerve function. The binding of DDT or pyrethroids 

to the sodium channel affects the closing of the channel after each action 

potential, resulting in an overall disruption in nerve transmission leading to 

nerve insensitivity (Narahashi, 1992; Soderlund & Bloomquist, 1989). The 

insect sodium channel consists of four domains (I-IV), and each of these 

domains consists of six transmembrane proteins (Figure 1.1). Mutations in 

the sodium channel gene have been associated with knock down resistance 
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Figure 1.1 The diagram of voltage-gated sodium channel 
indicating four homologous domains (I-IV), each 
containing six transmembrane segments (S1-S6). 
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(kdr). The term "knock down" has been used to indicate the paralysis of 

insects by chemicals, which interrupt the nerve sensitivity. The most 

common mutation in kdr insects is a leucine to phenylalanine substitution 

at amino acid residue 1014 in the S6 hydrophobic segment of domain II. 

This mutation was first reported in a pyrethroid resistant strain of housefly 

and has also been found in An gambiae s. s. (Martinez-Torres et a!., 1998; 

Williamson et a!., 1996). A second resistant phenotype known as superkdr 

is caused by the combination of this mutation with a second, methionine to 

threonine, alteration at residue 918 between the linker S4-5 of domain 11 

(Ingles et a!., 1996; Williamson et a!., 1993). This superkdr mutation has 

not been found in mosquitoes to date. In a pyrethroid resistant population 

of An. gambiae from Kenya an alternative substitution of leucine 1014 to 
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serine in domain II-S6 was identified (Ranson et al., 2000). Several sodium 

channel gene mutations have been associated with resistance to DDT and 

or pyrethroids in resistant strains of Ae. aegypti throughout the world, but 

unlike in most other insect species, none of these are found at the leucine 

residue in domain II-S6. Furthermore, the effect of these mutations on 

sensitivity to insecticides has not been tested (Brengues et al., 2003). A 

single point mutation from valine to glycine was observed in domain II-S6 

in a DDT and pyrethriod resistant strain of Ae. aegypti from Thailand 

(Prapanthadara et al., 2002). 

1.3.3 Metabolic Resistance Mechanisms 

In metabolic resistance, enhanced activity of enzymes in metabolic 

pathways of insects leads to insecticides being detoxified or sequestered 

before they reach the target-site. There are three major groups of enzymes 

involved in metabolic resistance, carboxylesterases, monooxygenases and 

glutathione S-transferases (GSTs). Metabolic resistance can be caused by 

either overproduction of these enzymes or increases in enzyme activity 
(Devonshire et al., 1992). 

1.3.3.1 Carboxylesterases 

Carboxylesterases are enzymes that can hydrolyse ester bonds. OPs, 

carbamate and pyrethroids contain carboxylester and phosphotriester bonds 

that can be targeted by esterase enzymes. These esterases are members of 

the a1ß hydrolase superfamily. Massive overproduction of nonspecific 

esterases, which sequester the insecticide before it reaches the target 

molecule acetylcholinesterase, is a common mechanism of OP resistance in 

insects (Devonshire et al., 1998). In Culex quinquefasciatus, this 

overproduction is due to gene amplification (Vaughan et al., 1995). 

Elevated esterase activity associated with pyrethroid resistance has also 
been reported (Mourya et al., 1993; Vulule et al., 1999). Less frequently, 

changes in the amino acid sequence of a specific esterase can cause 
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resistance to OPs e. g. a single point mutation in the carboxylesterase gene 
is observed in an OP resistance strain of blowfly (Newcomb et al., 1997). 

1.3.3.2 Monooxygenases 

Monooxygenases, mixed function oxidases or cytochrome P450s are a 

complex family of enzymes which are involved in a NADPH-requiring 

oxidation system of a wide variety of xenobiotic compounds and 

endogenous compounds. There are over 100 different cytochrome P450 

enzymes in insects, An. gambiae and D. melanogaster (Ranson et al., 

2002; Tijet et al., 2001). A subset of these enzymes can metabolise 

insecticides, including cyclodiene and organophosphate insecticides, 

leading to detoxification and this process is enhanced in insect strains with 

metabolic resistance to insecticides (Feyereisen, 1999). Insect P450s have 

been assigned to 28 families (http: //p450. antibes. inra. fr). Resistance 

based on cytochrome P450 oxidases has been observed both in the 

structural changes in specific cytochrome P450 genes, and more commonly 

in the overproduction of specific cytochrome P450s (Brandt et al., 2002). 

P450s from families CYP4, CYP6 and CYP12 are overproduced in several 

insecticide resistance strains of insects (Scott, 1999). In An. gambiae, 111 

P450 genes have been identified (Ranson et al., 2002). A large cluster of 

CYP6 genes is localised on chromosome 3R division 30 within the 

boundaries of a major locus responsible for pyrethroid resistance in An. 

gambiae (Ranson et al., 2002). The over expression of an adult-specific 

CYP6Z1 gene in this region has been identified in a pyrethroid resistant 

strain of An. gambiae relative to the susceptible strain (Nikou et al., 2003). 

Daborn et al. (Daborn et al., 2002) demonstrated that the Cyp6g1 gene was 

over expressed in strains of DDT-resistant D. melanogaster in the field 

populations around the world. This Cyp6g1 is also found over expressed in 

DDT-resistant strain of D. simulans (Schlenke & Begun, 2004). However, 

recent microarray experiments show that not only Cyp6g1 but also 

Cyp12d1 are over expressed in laboratory-selected strains of D. 
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melanogaster (Festucci-Buselli et al., 2005). Point mutations in the 

structural gene of Cyp6a2 are responsible for DDT resistance in 

Drosophila. The altered protein found in the resistant strain able to 

metabolise DDT to dicofol, dichlorodiphenyl dichloroethane and 

dichlorodiphenyl acetic acid (Amichot et al., 2004). 

1.3.3.3 Glutathione S-transferases (GSTs) 

Glutathione S-transferases (GSTs; EC 2.5.1.18) are major phase II 

detoxification enzymes found in most organisms. They detoxify a wide 

range of hydrophobic toxic compounds such as drugs, insecticides and 

toxic endogenous substrates by catalysing the conjugation of glutathione to 

the hydrophilic centre of the toxic substances (Hayes & Pulford, 1995). 

Exogenous substrates of GSTs include natural toxic compounds (toxins) 

and man-made chemicals (e. g. carcinogens, drugs and insecticides). 

Endogenous substrates include metabolites produced under oxidative 

stress, e. g. 4-Hydroxynonenal (4-HNE), an endogenous substrate produced 
from lipid peroxidation (Alin et al., 1985) which is toxic at high 

concentrations. High concentration of HNE can induce apoptosis, 
differentiation and other signalling pathways (Awasthi et al., 2004). GSTs 

therefore are involved indirectly in signal transduction by reducing the 

intracellular concentration of HNE. 

Direct signalling by mammalian GSTs has also been shown (Alder et al., 

1999; Cho et al., 2001; Elsby et al., 2003; Yin et al., 2000). Monomeric 

GST Pi acts as a Jun N-terminal kinase (JNK) inhibitor to form a complex 

with JNK and c-Jun under non-stressed conditions. Free GST Pi can be 

released and inactivated by GST Pi dimer formation under condition of 

oxidative stress, leading to the accumulation of active JNK and c-Jun 
followed by the activation of the transcription of specific genes that are 
involved in the JNK pathway (Alder et al., 1999). In Diptera, Anopheles 
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dirus alternatively spliced GSTs has been involved in the JNK pathway 
(Udomsinprasert et al., 2004). 

Some GSTs play an important role in metabolic pathways such as aromatic 

amino acid degradation (Femandaz-Canon & Penalva, 1998), steroid 

hormone (Johansson & Mannervik, 2001) and eicosanoid synthesis 
(Beuckmann et al., 2000; Jowsey et al., 2001; Kanaoka et al., 2000). GSTs 

can also bind hydrophobic compounds that are not their substrates. This 

norisubstrate binding is possibly associated with the sequestration, storage 

and transportation of drugs, hormones and other metabolites, such as 
bilirubin, fatty acids and heure (Hayes & Pulford, 1995). 

1.4 Structure of Glutathione S-transferases 

1.4.1 Cytosolic GSTs 

Most GSTs are cytosolic, comprising two subunits forming homodimers or 

heterodimers, each subunit ranging from 17-28 KD. It has been proposed 

that the GST fold originated from the thioredoxin fold, ßaßaßßa 

(Armstrong, 1997). The cytosolic GST fold consists of the thioredoxin 

fold with an addition of a-helices at the C-terminal as shown in Figure 1.2. 

Each GST subunit contains a specific glutathione (GSH)-binding site (G- 

site) next to a nonspecific hydrophobic ligand- binding site (H-site). The 

G-site is found at the N-terminal of the protein. In general, the G-site 

consists of a highly conserved tyrosine residue, which is an essential 

component of the active site of GSTs. However, in some classes of GSTs, 

the active site tyrosine is replaced with either a serine (Wilce et al., 1995) 

or a cysteine (Board et al., 2000) residue. Moreover, it has been reported 

that the Drosophila GST-3 lacks the 15 amino acid residues including the 

tyrosine residue at the N-terminal but it still has catalytic activity (Sawicki 

et al., 2003). The H-site, which interacts with the hydrophobic substrate, is 

found in the C-terminal. The high level of diversity in this region is 

responsible for the differences in substrate specificities (Mannervik & 
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Danielson, 1988). The tripeptide glutathione (GSH) binds to the G-site 

where it is ionised to the thiolate ion (GS-). Structure of adGSTD5-5 from 

An dirus species B is shown in Figure 1.3 (Udomsinprasert et al., 2005). 

The enzyme then catalyses the conjugation between GS' and the substrate 

by acting as a potent nucleophile acting on electrophilic carbon, nitrogen, 

sulfur, or oxygen atoms contained in the substrate bound to the H-site. The 

consequence of this reaction is to increase the solubility of the compounds, 

thus aid excretion (Hayes & Pulford, 1995). GSTs also catalyse the 

metabolism of insecticides in the absence of the conjugation reaction. For 

example, the dehydrochlorination of DDT, which requires GSH as a 

cofactor without the formation of thio ether intermediates (Clark & 

Shamaan, 1984). 
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Figure 1.2 The differences of GST fold between cytosolic GST 
and mitochondrial GST (Kappa class GST). 

Both GST folds are very similar to thioredoxin fold (ßaßaßßa). The 
cytosolic GST fold contains the thioredoxin fold before the insertion of 
all helical domains at C-terminal, but in mitochondrial, the helical 
domains are located instead of the second a-helix (Hayes et al., 2005). 
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Figure 1.3 Structure of adGSTD5-5 from Anopheles dirus 
(Udomsinprasert et a!, 2005). 

(A) Two ribbon representations of adGSTD5-5 indicate the active site for 
GSH. Glutathione sulphonic acids are shown in ball-and stick (arrow). 
(B) The two three-dimensional structures of adGSTD5-5 show the pockets 
of G-site, which conjugate to GSH (yellow). 



1.4.2 Membrane-Associated Proteins in Eicosanoid and 

Glutathione Metabolism (MAPEG) 

The second group of GSTs are the membrane-bound GSTs which are 

trimeric proteins and very different from cytosolic enzymes (Jakobsson et 

al., 1999). Each subunit comprises four membrane-spanning regions. The 

N-terminus and C-terminus of the enzyme is located on the side of 

endoplasmic reticulum (Figure 1.4) (Holm et al., 2002). These proteins are 

the members of the GST superfamily which are involved in eicosanoid 

synthesis. Members of the MAPEG family include leukotriene C4 synthase 

(LTC4) (Nicholson et al., 1993), 5-lipoxygenase activating protein (FLAP) 

(Dixon et al., 1990), prostaglandin E2 synthase I (PGESI) (Jakobsson et 

al., 1999), and microsomal glutathione transferase (MGST) 1,2 and 3 

(Jakobsson et al., 1997; Jakobsson et aL, 1996; Morgenstern et al., 1982). 

1.4.3 Mitochondrial GSTs 

Mitochondrial GSTs are a third GST family proposed by Robinson et al. 
(Robinson et al., 2004). The class Kappa mammalian GST is a soluble 
dimeric protein. Only a single Kappa GST was isolated from the 

mitochondria of mouse, rat and human (Jowsey et al., 2003; Ladner et al., 
2004; Robinson et al., 2004). In contrast to other cytosolic classes, this 

GST sequences lack the SNAIIJTRAIL motif (Pemble et al., 1996). 

Although this enzyme exhibits properties common to cytosolic GSTs, the 

secondary structure of the Kappa GST suggested that this enzyme is 

distinct from other classes of soluble cytosolic GSTs which also posses a 

thioredoxin fold with an insertion of a-helices at a2 after ßaß motif 

(Figure 1.2) (Robinson et al., 2004). 

1.5 Classification of Cytosolic Clutathione S-transferases 

The major criteria by which GSTs are assigned into classes are sequence 
identity and phylogenetic relationship. In general, GSTs that share 

sequence identity greater than 30 % are assigned to the same class 
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Figure 1.4 The structure of mitochondrial GSTI (M(ST1) 
from rat. 
(A) The model of MGSTI shows four transmembrane regions with the 
N- and C- terminal at the luminal side of the endoplasmic reticulum 
(bottom), whereas the active of MGSTI is expected to be in the 
cytosolic side (Top). (B) The structure of MGSTI, contains 3 subunits 
(left) is viewed from the cytosolic side compared with subunit I of 
cytochrome c oxidase (right) (Holm et al., 2002). 
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(Sheehan et al., 2001). Substrate specificity is unsuitable for assigning 

GSTs to classes because of the broad and overlapping activity of multiple 

GSTs (Ranson et al., 2002). Some GST classes are taxa-specific, but 

others are found in all the kingdoms. The mammalian cytosolic GSTs have 

been divided into seven classes: Alpha, Mu, Pi, Theta, Zeta (Board et al., 

1997), Sigma (Kanaoka et al., 2000), and Omega class (Sheehan et al., 

2001). 

In plant, GSTs are divided into six distinct classes based on their sequence 
identity. The Phi, Tau, Lambda, and glutathione dependent 

dehydroascorbate reductases (DHARs) classes are plant-specific; the two 

remaining classes are Zeta and Theta GSTs (Dixon et al., 2002; Dixon et 

al., 2002). 

1.6 Insect Cytosolic GSTs 

Insect cytosolic GSTs have been assigned to at least six classes: Delta, 

Epsilon, Omega, Sigma, Theta and Zeta (Ranson et at, 2001). Members of 

these six classes have been identified in An. gambiae (Ranson et at, 2002). 

In addition some GSTs in this species are currently still unclassified, 

namely GSTul, GSTu2 and GSTu3 (Ding et at, 2003). The Delta and 

Epsilon classes are both specific to insects whereas the remaining classes 

are also found in other organisms. There are fifteen and eleven Delta GST 

genes in An. gambiae and D. melanogaster, respectively (Ranson et at, 

2002). In D. melanogaster, the coding region of the Delta genes are 

intronless (Sawicki et al., 2003) but in An. gambiae, the majority of the 

Delta genes contain a single intron. One An. gambiae Delta gene is 

alternatively spliced to produce four different transcripts that share the 

same N-terminal region but differ at their 3' ends (Ranson et at, 1998; 

Ranson et at, 1997). The Delta class is tightly clustered in D. 

melanogaster on chromosome 3R (Sawicki et at, 2003), division 87B, 
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whereas two clusters of six Delta GST genes are located on chromosome 
2R divisions 18B and 19B in An. gambiae (Ding et al., 2003). 

There are 10 Epsilon GST genes (DmGSTEI-DmGSTE10) in D. 

melanogaster which are intronless (Sawicki et al., 2003) whereas the eight 

Epsilon class genes in An. gambiae contain one or more introns. These 

GST genes are sequentially organised on chromosome 3R division 33B of 

An. gambiae genome (Ding et al., 2003). Clustering of Epsilon GST genes 

also occurs in the genome of D. melanogaster (Sawicki et al., 2003). The 

phylogenetic tree shows the Delta and Epsilon classes of GSTs evolved 
independently in An. gambiae and D. melanogaster (Figure 1.5). This is 

probably due to the adaptation in these two species in their different 

ecological systems. 

The Sigma class of GSTs contains a single gene in both species. In An. 

gambiae two different transcripts are produced by alternative splicing, 

whereas only one transcript of the Sigma GST was found in D. 

melanogaster (Ding et al., 2003). 

The Omega class of GSTs includes enzymes from mammals, nematodes 

and insects (Board et al., 2000; Ranson et al., 2002). Zeta GSTs have been 

found across kingdoms ranging from mammals (Polekhina et al., 2001) to 

plants (Edwards et al., 2000). Zeta GSTs have a maleylacetoacetate 
isomerase activity and are involving in degradation of tyrosine (Blackburn 

et al., 1998; Dixon et al., 2000; Fernandaz-Canon & Penalva, 1998). In 

An. gambiae, the Omega and Zeta GST class each consists of a single gene 

(Ranson et al., 2002). 

Pemble and Taylor (Pemble & Taylor, 1992) demonstrated that Theta 

GSTs are widely distributed in organisms including mammals, bacteria, 

insects and plants. Two Theta GSTs have been identified in An. gambiae 
(Ranson et al., 2002). 
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Figure 1.5 Phylogenetic relationships of Delta (D) and Epsilon (E) 
GSTs in An. gambiae and D. melanogaster. 

Amino acid sequences were aligned using ClustaiW and a distance 
neighbour joining tree was generated using TREECON. Nodes with 
distance bootstrap values (1000 replicates) of >70% are shown. Ag = An. 
gambiae and Dm = D. melanogaster. 
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1.7 Glutathione S-transferase-Mediated Insecticide Resistance 

Increased GST activity against the model substrate, 1-choro-2,4- 

dinitrobenzene (CDNB) has been found in insecticide resistant strains 

(Prapanthadara & Ketterman, 1993; Vontas et al., 2001). GSTs are 

implicated in resistance to insecticides through direct metabolism of the 

insecticide (Chiang & Sun, 1993), sequestration (Kostaropoulos et al., 

2001) or by protecting against secondary toxic effects, such as increases in 

lipid peroxidation, induced by insecticide exposure (Vontas et al., 2001). 

GST-mediated detoxification has been reported for both OPs (Motoyama 

& Dauterman, 1975) and DDT (Prapanthadara et al., 2002; Ranson et al., 

1997). 

The major role of GSTs in OP resistance is the detoxification of the 

insecticide by a conjugation reaction with GSH. The transformation of OPs 

mediated by GSTs are O-dealkylation (Oppenoorth et al., 1979) and 0- 

dearylation (Chiang & Sun, 1993). The overproduction of GSTs in an OP 

resistant strain of the housefly Musca domestica is associated with an 

increase in insecticide-conjugating activity (Wei et al., 2001). 

GSTs can catalyse the metabolism of DDT to non-toxic DDE. DDT 

dehydrochlorination occurs by the removal of a chlorine atom from DDT 

molecule and a hydrogen atom from the nearby carbon (Figure 1.6) (Clark 

& Shamaan, 1984; Matsumura, 1975). However, not all GSTs exhibit DDT 

dehydrochlorinase activity. Tang and Tu (Tang & Tu, 1994) demonstrated 

that the over expression of GSTD 1 was associated with DDT resistance in 

Drosophila by increasing DDT dehydrochlorinase activity in this protein, 

whereas this activity was not found in recombinant GSTD2 1. Five of eight 

of the Epsilon GSTs genes in An. gambiae are over expressed in a DDT 

resistant strain relative to the susceptible strain (Ding et al., 2003). Three of 

these recombinant proteins, GSTE1-l, GSTE2-2, and GSTE4-4 were 

assayed for DDT dehydrochlorinase activity, however only one of these, 
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GSTe2 encodes an enzyme which shows DDT dehydrochlorinase activity 

(Ortelli et al., 2003; Ranson et al., 2001). 

cl 
C1 Cl Cl Cl 

DDT dehydrochlorinase 

C1' C1 C1 

(v) 

C1 

1,1,1-Trichloro-2,2- HC1 1,1-Dichloro-2,2- 
bis (4'-chlorophenyl)ethane bis(4'-chlorophenyl)ethylene 

(DDT) (DDE) 

Figure 1.6 DDT dehydrochlorination reaction. 

The reaction requires GSH as a cofactor to remove a chlorine and 
hydrogen atom from DDT. 

There is no evidence that GSTs catalyse the detoxification of pyrethroids. 

However, it has been proposed that GSTs may act indirectly by protecting 

tissues from oxidative damage caused by the metabolism of pyrethroid 
insecticides (Vontas et al., 2001). The over-expression of n1GST1-1 in 

pyrethroid resistant strains from the rice brown planthopper, Nilaparvata 

lugens is associated with peroxidase activity and lipid peroxidation (Vontas 

et aL, 2002). Peroxidase activity of GSTs using cumene hydroperoxide as 

a model substrate has been observed in insect GSTs (Prapanthadara & 

Ketterman, 1993; Vontas et al., 2002). GSTs have also been proposed to 

protect against pyrethroid insecticides by sequestering the insecticide and 

reducing the amount of chemical reaching the target site (Kostaropoulos et 

al., 2001). 
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1.8 GST Expression, Induction and Regulation 

Many studies have shown that GST activity varies during the development 

of insects (Grant & Matsamura, 1988; Kostaropoulos & Papadopoulos, 

1998; Prapanthadara & Ketterman, 1993). GST activity in Ae. aegypti was 
found to be age-dependent, maximum in the pupae stage and lower in 

adults (Hazelton & Lang, 1983). In a separate study, a minimum GST 

activity was observed at days 2 and 3 and a maximum at day 5 after 

hatching in Ae. aegypti (Grant & Matsamura, 1988). Tissue specific 

expression has also been demonstrated in some GST isozymes in Ae. 

aegypti, the over expression of GST-2 was found in head, thorax and 

abdomen, but not in ovaries (Grant et al., 1991). In the housefly, Sigma 

class GST is mainly localised on the thin filaments of the indirect flight 

muscle (Franciosa & Berge, 1995), where it interacts with troponin-H and 

presumably plays a role in flight muscle (Clayton et al., 1998). 

Plapp (Plapp, 1984) demonstrated that the induction of detoxifying 

enzymes in response to chemicals is coordinated. This study showed that 

the level of monooxygenase and GST activity increased in response to the 

same stimulus in the housefly. The induction of GST activity has been 

reported in many insects after OP and organochlorine exposure (Clark, 

1989; Hayaoka & Dauterman, 1982; Lagadic et al., 1993), and pyrethroid 

exposure (Punzo, 1993; Yu et al., 1984). Le Goff et al. (Le Goff et al., 

2001) demonstrated that the expression level of GSTD 1 in Drosophila 

increased approximately 3-fold after 72 hours phenobarbital treatment. 

The induction of GSTs in response to environmental stimuli, such as 

xenobiotics is mediated via several different transcriptional mechanisms. 

Extensive studies in GSTAI (GST Ya) gene from the rat indicated that the 

structural gene contained at least 5 cis-acting elements located in the 5'- 

DNA flanking the GST Al gene promoter involved in the transcriptional 

regulation (Rushmore & Pickett, 1993). One of these is the xenobiotic 
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responsive element (XRE), which is recognized by Ah (Aryl hydrocarbon) 

receptor complex. The Ah receptor forms a complex with aromatic 

compounds and binds to XRE sequences leading to transcriptional 

activation. Another cis-acting element is antioxidant-responsive element 

(ARE) (also called electrophile-responsive element). The affinity of trans- 

acting element to cis-acting elements on regulatory region of structural 

gene affects transcription in different ways; some trans-acting element 

increases the transcription, but others repress transcription. 

The regulation of GST by endogenous electrophiles is also mediated 

through the keapl/Nrf2 pathway (Itoh et al., 2004). The nuclear factor- 

erythroid2 p45-related factor 2 (Nrf2) bind to a small Maf protein and this 

complex activates transcription of genes, including GSTA1 and glutamate 

cysteine ligase via the ARE (Hayes & McMahon, 2001; Zhu & Fahl, 

2001). It is hypothesised that the metabolites from oxidative stress such as 

4-HNE, hydroperoxides and H202 can modify the actin-binding protein 

Keapl, generally bound to Nrf2, leading to the accumulation of Nrf2 

following the activation of the transcription (Ishii et al., 2004). 

In GST-mediated insecticide resistance, increased GST activity is not a 

result of induction but rather due to a constitutive over expression of one or 

more GST genes (Ding et al., 2003). In Aedes aegypti, Grant and 

Hammock (Grant & Hammock, 1992) demonstrated that the up-regulation 

of GST-2 is due to a mutation in a trans-acting repressor element. The over 

expression of GST-2 was dominant in an insecticide resistant strain, 

whereas no expression of GST-2 was observed in the Fl progeny from 

crosses between the susceptible and resistant strain. This suggested that the 

expression of GST-2 in F1 hybrids and susceptible strain was suppressed 

by a trans-acting element rather than the influence of regulatory gene (cis- 

acting regulatory gene). A mutation in this trans-acting element was 

proposed to cause the over expression of GST-2 in the resistant strain. 
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In contrast, up-regulation of GSTe2 in a DDT resistant strain of An. 

gambiae is due to mutations in the cis-acting regulatory regions (Ding et 

al., 2003). A two adenosine indel (insertion/ deletion) was observed in the 

promoter region of GSTe2 from the resistant strain. Site-directed 

mutagenesis indicated this 2bp deletion increased the GSTe2 promoter 

activity. 

The expression of genes may also be regulated via RNA stability (Sachs, 

1993). The instability of mRNA suppressed the expression of GSTD21 in 

D. melanogaster (Tang & Tu, 1995). GSTD21 is transcribed at a higher 

rate than GSTD1 but expression of GSTD21 at mRNA and protein level 

was lower than GSTD 1. In the presence of pentobarbital treatment, 

GSTD21 mRNA increased 20-fold, but the induction of GSTD21 only 

resulted in a 2-fold increased in the transcription rate and no elevation 

GSTD21 protein was observed. It is proposed that the increased mRNA 

stability by pentobarbital is regulated via the alternative polyadenylation of 

GSTD21 mRNA (Akgul & Tu, 2004). 

1.9 Background and Aims of the Study 

In Thailand, DDT resistance was first reported in Ae. aegypti in 1966 

(Neely, 1966) and has also been reported in the malaria vectors, An. dirus, 

An. minimus and An. maculatus (Chareonviriyaphap et al., 1999). Ae. 

aegypti collected from Bangkok, Thailand was found to be highly resistant 

to both DDT and pyrethroid insecticides when compared with a laboratory 

susceptible strain (Chadwick et al., 1977). High resistance to DDT was 

also reported in Ae. aegypti from many areas in northern Thailand 

(Somboon et al., 2003). Elevation in DDT dehydrochorinase activity in 

two strains of Ae. aegypti (DDT resistant and DDT/ permethrin cross- 

resistant strains from Chiang Mai, Thailand) relative to the insecticide 

susceptible strains indicated that GSTs play a major role in DDT resistance 
(Prapanthadara et al., 2002). 
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At the beginning of this study, only one molecular study on Ae. aegypti 
GSTs had been reported (Grant et al., 1991; Grant & Hammock, 1992; 

Grant & Matsamura, 1988; Grant & Mutsumura, 1989). Three different 

GST isozymes had been purified and characterised in Ae. aegypti from 

South America, GST-la, GST-lb and GST-2 (Grant & Matsamura, 1988; 

Grant & Mutsumura, 1989). Both GST-la and GST-2 are over expressed 

in the DDT resistant strain approximately three and fifty fold respectively 

compare to the susceptible strain. The GST-2 gene was identified and 

sequenced and shown to be over expressed in the DDT resistant strain. The 

aim of this study is to characterise GST-based DDT resistance in Ae. 

aegypti mosquito from Thailand and to investigate the involvement of 
GST-2 in DDT metabolism. 
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Chapter 2 

SUSCEPTIBILITY ASSAY AND GLUTATHIONE 

TRANSFERASE -BASED RESISTANCE IN Aedes aegypti FROM 

THAILAND 

2.1 INTRODUCTION 

DDT resistance has been reported in many insect vectors. Two main 

mechanisms are involved: alterations in the sodium channel and increased 

production of GSTs. Mutations in the para-sodium channel, the target site 

of DDT and pyrethroids are associated with knockdown resistance (kdr) by 

reducing the sensitivity of this target to insecticides (Martinez-Torres et at, 

1998). A common substitution (L1014F) in the domain II segment 6 in the 

sodium channel gene has been found in many insects (see review in 

(Soderlund & Knipple, 2003)), but not in Ae. aegypti. GSTs confers DDT 

resistance by increasing DDT dehydrochlorinase activity to eliminate 

chloride ion from DDT leading to the production of non-toxic DDE 

(Ortelli et at, 2003; Prapanthadara et at, 2002; Ranson et at, 1997; Tang 

& Tu, 1994). In Thailand, resistance to DDT and pyrethroids has been 

reported in Ae. aegypti populations (Somboon et at, 2003). The aim of this 

chapter is to investigate the role of GST-mediated DDT resistance in Ae. 

aegypti. 

The susceptibility of Ae. aegypti mosquitoes from northern Thailand to 

DDT and pyrethroid insecticides was determined using standard WHO 

susceptibility kits (WHO, 1981). The level of DDT dehydrochlorinase 

activity was measured in resistant and susceptible populations to predict 
the importance of this enzyme family in conferring insecticide resistance. 
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2.2 MATERIALS AND METHODS 

2.2.1 Mosquito strains 

The Pang Mai Dang (PMD) strain of Ae. aegypti was colonised from field 

caught material originating from Ban Pang Mai Dang, Mae Tang district, 

Chiang Mai Province in northern Thailand. A highly resistant line (PMD- 

R) was generated from the parental PMD colony by selection of one-day 

adults from alternate generations with either 4% DDT or 0.75% permethrin 

using standard WHO susceptibility kits (WHO, 1981) by Dr. Pradya 

Somboon from Parasitology department, Medicine faculty, Chiang Mai 

University, Thailand. The resistance ratios of the parental PMD colony and 

the selected line were determined by comparison to a laboratory insecticide 

susceptible strain of Ae. aegypti originally collected from New Orleans, 

USA and kindly provided by Centre for Disease Control (CDC), Atlanta, 

USA. 

The three colonies were reared in separate insectary rooms in the Liverpool 

School of Tropical Medicine, UK. All life stages were reared at a 

controlled environment of a 12/12 light-dark cycle, 25 ± 3°C and 80 ± 10% 

RH. Filter paper containing eggs was laid in the tray with trap water. 
Hatched larvae were reared for 5 days with ground fish food. Pupae were 

transferred into a small cup and kept in a new cage. Emerging adults were 
fed on 10% glucose soaked cotton pads. Female mosquitoes (aged 3-5 

days) were starved for 24h, and then fed on blood using membrane-feeding 

device. Three days after blood feeding, eggs were laid on water-soaked 

filter paper. Dried eggs were then used to produce another generations. 

2.2.2 Diagnostic susceptibility assay 
Adult bioassays were performed by exposure to paper impregnated with 

4% DDT or 0.75% permethrin. Female Ae. aegypti mosquitoes (15-20 per 

tube, three replicates per test) were exposed for different periods of time to 

insecticide impregnated papers. For each exposure time, a control tube was 
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set up in which mosquitoes were exposed to filter paper treated with olive 

oil alone. After exposure, the mosquitoes were transferred to a recovery 

tube for 24 hours and provided with a source of sugar liquid. The mortality 

was recorded and plotted against exposure time to obtain log-probit 

mortality lines using LdP Line software according to Finney (Finney, 

1971). The lethal time at 50% mortality (LT50) was obtained and the 

resistance ratio was calculated. If mortality between 5 and 20% was 

observed in the controls, the % mortality was recalculated using Abbott's 

formula (Abbott, 1925). 

2.2.3 Mosquito crosses 

Genetic crosses between the susceptible New Orleans and PMD-R resistant 

strains were established to determine the level of resistance in the F1 

progeny. Approximately 100 females from PMD-R strain and 100 males 

from New Orleans strain were mass mated. Reciprocal crosses were also 

carried out between male PMD-R and female New Orleans. Female from 

F1 populations were collected for susceptibility assays as described above. 

2.2.4 Determination of GST activity 
Twenty mosquitoes from each strain and life stage were homogenized in 

2O0µ1 0.1 M phosphate buffer pH 6.5 containing 10 mM DTT. The 

supernatants were used for determining protein concentration and GST 

activity. GST activity against 1-choro-2,4-dinitrobenzene (CDNB) was 
determined according to the method of Habig et al. (Habig et al., 1974). 

GSTs catalyse the conjugation between GSH and CDNB to produce the 

yellow intermediate, dinitrophenyl thioether. This reaction can be 

measured spectrophotometricaly at 340 nm. One unit of GST activity is 

defined as the amount of enzyme catalysing the conjugation of 1 gmol of 

CDNB with GSH per minute at 25°C. The substrate mixture contains 1.0 

ml of 10.5 mM GSH, prepared in 0.1 M phosphate buffer pH 6.5 and 50 µl 

of 21 mM CDNB (prepared in absolute ethanol). The reaction was started 
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by addition 200 µl of substrate mixture into 10 µl of sample and the optical 

density was measured kinetically for 2 minutes at 25°C in a VERSAMax 

microplate reader (Molecular Devices). The final concentrations of GSH 

and CDNB were 10 mM and 1 mM, respectively. The extinction 

coefficient of GSH-CDNB conjugation is 9.6 mM"1 cm"' and the light path 

of the solution in the microtitre plate is 0.6 cm. 

2.2.5 DDT dehydrochlorinase assay 
DDT-dehydrochlorinase activity was determined by measuring conversion 

of DDT to DDE as described previously (Prapanthadara et al., 2002). The 

enzyme in 0.1 M phosphate buffer pH 6.5 was incubated with 10 mM GSH 

and 0.1 mM DDT (prepared in ethanol) at 28°C for 2 hours. The reaction 

mixture was then extracted with 3x1.5 ml of chloroform and the 

chloroform extracts was transferred and pooled into a new glass tube. After 

drying at room temperature, the extract was stored at -20°C until used. 

DDT metabolism was detected by HPLC using a Beckman analytical 

ultrasphere ODS column (Beckman). The extract was resuspended in 100 

µl of isopropanol and 100 µl of mobile phase (methanol: acetonitrile: 

water; 72.5: 12.5: 15) was added. Fifty microlitres of the extract was 

injected into the column with a flow rate of 0.8 ml /min. Peaks were 

integrated into peak area at 236 nm by the Chromelon software version 

6.10 (Dionex company). pp'-DDT (Chem Service, 91.1% purity) and p, p'- 

DDE (Chem Service, 99.5% purity) at concentrations ranging from 0.1- 

200 µM were used and standard curves were plotted relating DDT or DDE 

concentration to peak area. The chromatograms of the analysis are shown 

in Figure 2.1. DDT dehydrochlorinase activity was calculated as the 

amount of DDE production relative to the amount of protein. Controls 

were carried out in the absence of GSH or using denatured enzyme in the 

reaction mixture. 
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2.2.6 Protein concentration determination 

Protein concentration was determined using the Bio-Rad Protein Reagent. This 

reagent contains an acidic coomassie blue dye that binds to the primarily basic and 

aromatic amino acid residues of proteins (Bradford, 1976). The absorbance of the 

dye complex was measured at 595 mn. Bovine serum albumin, at concentrations 

ranging from 0.1 to 0.5 mg/ml, was used to produce a standard curve. The working 

dye reagent was prepared by diluting the dye reagent concentrate 1: 4 in deionised, 

distilled water and filtered through Whatman #1 to eliminate the particulates. Ten 

microlitres of standard or sample was incubated with 200 µl of working dye 

reagent for 5 minutes at room temperature. After reading the absorbance at 595 nm 

using VERSAMax microplate reader (Molecular Devices), the standard curve was 

plotted and the linear regression line was calculated to enable the protein 

concentration of the samples to be determined. 

2.3 RESULTS 

2.3.1 WHO susceptibility assays 

The New Orleans susceptible strain and the parental PMD strain from Ae. aegypti 

mosquitoes were exposed to 4% DDT or 0.75% permethrin for different time 

periods. After recovering for 24 hour, the % mortality was recorded and plotted 

against exposure time (Figure 2.2). The LT50 values for DDT were 24.2 min and 

127.8 min in New Orleans susceptible strain and parental PMD strain, respectively 

(resistance ratio (RR) of 5.3) (Table 2.1). The slopes of the regression lines in both 

strains were similar, which is an indication of the genetic homogeneity of the 

strains (Table 2.1). The LT50 values for 0.75% permethrin were 8.1 min and 18.7 

min in susceptible and parental PMD strain, respectively (RR = 2.3). As with 

DDT, the slopes were similar in both strains. It can be concluded that the parental 

PMD strain is slightly resistant to both DDT and permethrin. PMD-R strain has 

been selected from parental PMD for many generations with 4% DDT and 0.75% 

permethrin. After selection, the susceptibility test was repeated. One hundred 
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Probits is an alternative to logistic regression analysis. 
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percent survived exposure to 4% DDT or 0.75% permethrin for 7 hours. Due to 

the extremely high levels of resistance in this strain it was not possible to obtain an 

accurate value for LT5o. 

2.3.2 GST activity 
Four life-stages of Ae. aegypti were used; 4t' instar larvae, pupae, one day old 

adult male and female. GST activity was significantly increased in all life stages in 

PMD-R strain compared with New Orleans strain (p<0.001 in adult male and 

female, p< 0.01 in pupae and p< 0.05 in 4th instar larvae) as shown in Table 2.2. 

GST activity in adult male and female from parental PMD were significantly 
higher than GST activity from susceptible New Orleans (p< 0.001 in both stages). 
In contrast, no significant differences were observed between parental PMD and 

New Orleans in 4th instar larvae and pupae. Significant increases in GST activity 

were also observed in immature stages of the PMD-R relative to parental PMD 

strains. In contrast, in the adults, GST activity was lower in the selected compared 

to the parental PMD strain. 

2.3.3 DDT dehydrochlorinase activity 

Twenty 4th instar larvae from New Orleans susceptible, parental PMD and PMD-R 

strains were used. The DDTase activity results are shown in Table 2.3. 

Significantly increased DDTase activity was observed in DDT/ permethrin 

resistant PMD-R strain relative to the parental PMD (p<0.05). Whereas, in the 

parental PMD strain the DDTase activity was significantly decreased compared to 

the susceptible strain (p<0.05). 

2.3.4 Genetics of resistance to DDT and permethrin 

Since it was not possible to obtain reliable time-response data for the PMD-R 

strain, it is difficult to interpret the genetics of resistance in this strain. Resistance 

in the F1 progeny from crosses between New Orleans and PMD-R populations is 

intermediate between the two parental strains indicating partially dominant 
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resistance. The Fl progeny from crosses between NO? X PMD-R' was more 
tolerant to both DDT and permethrin than the F1 progeny from the reciprocal cross 

and also more tolerant to insecticides than the parental PMD strain. (Figure 2.2A 

and B). 

GST activities are significantly decreased in both Fl crosses relative to the PMD- 

R strain in mature stages shown in Table 2.2. In contrast, there are no differences 

in GST activity in F1 crosses when compared with New Orleans strain. In 

immature stages, however, GST activities are lower in the Fl progeny than in 

either parental strain. 

The PMD-R strain had the highest level of DDT dehydrochlorinase activity and 

resistance to DDT (Table 2.3 and Table 2.1). The F1 progeny from crosses 

between NO? X PMD-Ra' showed higher DDT dehydrochlorinase activity than 

from the reciprocal cross (Table 2.3), resulting in greater resistance in this 

population (Figure 2.2A). Hence these results show a positive correlation between 

DDT resistance and DDT dehydrochlorinase activity, although, since a small 

number of samples were used in this study, it was not possible to obtain an 

accurate R2 of this correlation. However, it should be noted that different life 

stages were used in these assays as DDT dehydrochlorinase assay was done in 

larvae stage, but the bioassay was tested in adult mosquitoes. 

2.4 CONCLUSIONS 

The parental PMD strain from Thailand was resistant to both DDT and permethrin. 

Further selection increased the resistance to both these insecticides to produce a 

highly resistant strain, PMD-R. Elevated GST activity implicated in conferring 

resistance to DDT and pyrethroid insecticides in other insects (Grant & 

Mutsumura, 1989; Prapanthadara & Ketterman, 1993; Vontas et al., 2001), was 

detected in the resistant PMD-R strain in all life-stages relative to the susceptible 

strain. However GST activity was lower in adult from the selected line compared 
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Table 2.3 DDT dehydrochlorinase activity. 

Strains DDT dehydrochlorinase activity 

(nmol DDE formation /g protein) 

New Orleans (NO) 330 ± 113 

PMD 103 ± 48°-No 

PMD-R 619 ± 209c_PMD 

F1PMD-Rq X NOcT 232 ± 132 

F1 NOY X PMD-R' 517 ± 61 a_PMD, c_Fl PMD-RY 

Three different batches were used in the experiment. Each batches contained 20 4th 
instar larvae of each strain. The data are mean ± SD. Statistically significant 
differences were evaluated with ANOVA test (p< 0.001 indicates by e and p< 
0.05 illustrates as °). 

to adults from the parental PMD strain. In contrast, bioassays all conducted on 

adult mosquitoes indicated that the parental and selected lines are resistant to both 

DDT and permethrin. These results suggest that GST activity as measured with 
CDNB is not an accurate measure of DDT resistance. 

DDT dehydrochlorinase activity was higher in the selected line (PMD-R strain) 

compared to the parental PMD. The susceptible New Orleans strain also had 

higher DDTase activity than the parental PMD strain. This may be partially 

explained by the different geographical origins of the two populations. Variations 

in DDT dehydrochlorinase activity from different geographic regions have been 

observed previously and DDT dehydrochlorinase activity was higher in Ae. 

aegypti from America, but lower in the Asiatic strain (Kimura & Brown, 1964). 

The F1 progeny from crosses between the susceptible New Orleans strain and the 

PMD-R strain show different resistant phenotypes depending on the crossing 
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direction. Unfortunately, it was not possible to obtain an accurate probit line from 

the PMD-R strain and therefore the dominance of the trait could not be accurately 

determined. However, it is clear that both Fl progeny showed intermediate 

dominance. In contrast, GST activity was decreased in the 171 progeny in all 

development stages, to below the levels in the susceptible strain. The DDT 

dehydrochlorinase activity showed a stronger correlation with the bioassay data. 

The genetics of the trait is discussed further in Chapter 5. 

Some of the discrepancies observed between GST and DDT dehydrochlorinase 

activity and the bioassay data in this chapter may be due to the presence of 

additional non GST resistance mechanisms in the Thai strain. Increased 

cytochrome P450 has been reported in DDT resistant strain in insects including 

Ae. aegypti (Amichot et al., 2004; Daborn et al., 2002; Prapanthadara et al., 2002). 

In addition, although the classical kdr mutation is not present in the PMD strain, a 

valine to glycine substitution within domain II-S6 of the sodium ion channel has 

been observed in the PMD-R strain (Prapanthadara et al., 2002). Its role, if any in 

conferring resistance to DDT is unknown. 

Cross-resistance to DDT and pyrethroids has been reported in insects (Chadwick 

et al., 1977; Plapp & Hoyer, 1968). These two insecticides share the same target 

site, and mutations in the sodium channel can lead to resistance to both 

insecticides (Martinez-Torres et al., 1998; Ranson et al., 2000). Elevated 

monooxygenase was also found in DDT/pyrethroid cross-resistant strains 

(Brogdon et al., 1999). In addition, microarray study indicates constitutive over 

expression of GST and monooxygenase has been found in DDT and pyrethroid 

resistant strains of An. gambiae (David et al., 2005). Only GST-based resistance 

was investigated in this study. However, other mechanisms involved in 

DDT/permethrin cross-resistance in PMD-R strain need to be investigated further. 
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Chapter 3 

IDENTIFICATION AND CLONING OF Aedes aegypti GSTS 

3.1 INTRODUCTION 

GST activity is elevated in the insecticide-resistant PMD strain relative to 

susceptible strain, suggesting that GSTs may be important in DDT resistance in 

Ae. aegypti. Previously, only one Aedes GST had been sequenced completely. This 

gene is expressed at elevated levels in a DDT resistant strain of Ae. aegypti from 

South America (Grant & Hammock, 1992). However, given that there are 28 

cytosolic GSTs in An. gambiae (Ding et al., 2003), it is expected that many 

additional GST genes are present in Aedes. The aim of this chapter is to begin to 

identify and clone these Ae. aegypti GSTs. This was facilitated by the large scale 

EST sequence database for Ae. aegypti that has been compiled by The Institute of 

Genome Research (TIGR) and the availability of a large insert Ae. aegypti BAC 

library (Jimenez et al., 2004). 

Anopheles gambiae GST sequences and the keyword `GST' were used to search 
for Ae. aegypti GSTs in the TIGR EST database. GST sequences from Ae. aegypti 

were amplified using specific forward and reverse primers and the GST genes 

were characterised in terms of intron/exon sizes, phylogenic relationship and 

amino acid similarity. GST gene organisation was investigated by screening the 

BAC library. 
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3.2 MATERIALS AND METHODS 

3.2.1 Identification of Ae. aegypti GST Genes Using the EST Database 

GST genes from Ae. aegypti mosquitoes were identified by searching the 

sequences in EST database (http: // vww. tit! r. ort) by keyword (GST) or by using 

the BLAST algorithm to search with all An. gambiae GST sequences. 

3.2.2 Extraction of Genomic DNA 

Genomic DNA was extracted from one-day adults of the parental PMD strain of 

Ae. aegypti using the LIVAK buffer extraction method (Collins et al., 1987). 

Individual mosquitoes were homogenized in 100µl LIVAK buffer (0.13 M Tris- 

HC1 containing 80 mM NaCl, 0.16 M sucrose, 0.05 M EDTA, 0.5% v/v SDS, pH 

8.0) and the solution incubated at 60°C for 30 minutes. Potassium acetate (8M) 

was added to a final concentration of 1M and the homogenate was mixed and 

incubated on ice for 10 minutes. The sample was centrifuged at 14,000g, 4°C for 

10 minutes and the supernatant was transferred to a new tube. After precipitating 

DNA with cold absolute ethanol and washing twice with 70% (v/v) ethanol to 

remove the salt, the pellet was resuspended in 100 µl TE buffer (10 mM Tris-HCI, 

1 mM EDTA, pH 8.0) and the genomic DNA stored at 4°C. 

3.2.3 Extraction of Total RNA 

Individual mosquitoes were homogenized in 150 µl TRI reagent (Sigma). Samples 

were centrifuged at 14,000g for 10 minutes at 4°C to remove the mosquito debris 

and the supernatant was transferred to 0.5 ml tube and allowed to stand at room 

temperature for 5 minutes. Thirty microlitres of chloroform were added and the 

tube was shaken vigorously for 15 seconds and allowed to stand at room 

temperature for 10 minutes. The sample was centrifuged at 14,000g for 15 minutes 

at 4°C. The upper layer was transferred to a 1.5 ml fresh tube and RNA was 

precipitated with one volume of isopropanol. The sample was mixed and 

incubated at room temperature for 5 minutes. After centrifugation at 14,000g for 

10 minutes at 4°C, the pellet was washed with two volume of cold 75% (v/v) 
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ethanol. The pellet was resuspended in 20 d of nuclease-free water. Total RNA 

was treated with RQI DNAse (Promega) to degrade any remaining DNA, in the 

presence of RNasein (Promega) (to inhibit any contaminating RNAse activity). 

The total RNA was then re-extracted as above and resuspended in 20 µl nuclease- 

free water and stored at -80°C. 

3.2.4 Synthesis of ft Strand cDNA 
First strand cDNA was synthesised from total RNA using SuperScript ' III Rnase 

If Reverse Transcriptase (Gibco, BRC) and an oligo dT adaptor primer (5'- 

GACTCGAGTCGACATCGA (dT)17-3'). One microgram of RNA was incubated 

with 1 µg of primer at 70°C for 10 minutes to denature the RNA. After chilling the 

mixture on ice for 1 minute, the RNA was pre-warmed to 42°C for 2 minutes with 

4 pl of 5x first Strand Buffer (250 mM Tris-HC1 pH 8.3,375 mM KCI, 15 mM 

MgCl2), 1 µl of 10 mM of each dNTPs and 1 µl of 0.1 M DTT. One microlitre of 

SuperScript ' III Rnase if Reverse Transcriptase was added and the reaction was 

incubated at 42°C for 50 minutes. The reaction was heated to 70°C for 15 minute 

to inactivate the SuperScriptT' III Rnase If Reverse Transcriptase. First strand 

cDNA was collected by brief centrifugation and stored at -20°C. 

3.2.5 Amplification of GST Genes in Ae. aegypti 

Primers were designed based on the EST sequence (Table 3.1). PCR products 

were amplified using genomic DNA (gDNA) and complementary DNA (cDNA) 

as templates in the presence of 1.5 mM MgC12,0.2 mM of each dNTPs, 0.5 µM of 

each primers and 2.5 unit of Taq DNA polymerase in the reaction buffer (Bioline, 

UK). PCRs were performed using a DNA Engine PTC-200 (MJ research), The 

cycling parameters were 95°C for 5 min, followed by 35 cycles of 95°C for 30s, 

55°C for 30s and 72°C for 45s, and a final extension of 72°C for 7 min. The PCR 

products were separated on a 1% (w/v) agarose gel in the presence of ethidium 
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bromide (0.5 µg/m1) and then visualised using the Gene Genius Bio Imaging 

System (SYNGENE). 

Table 3.1 Sequences of oligonucleotide primers used to amplify full-length 
Ae. aegypti GSTs. 

Gene Primer name Primer sequence (5'-3') 

GSTe2 GSTe2F CTGCTCCACAATGACGAAGC 

GSTe2F2 TATGTGCAAAAGGCTTACCAACTG 

GSTe2R TGCCTT FI GAGCATTCTTCTCC 

GSTe4 GSTe4F GTTAATCTTCACCACTAGAAATG 

GSTe4R CGAACAATGCAATTACTTCTT 

GSTtl GSTtIF ATGTCGAAGCTACGGTACTTTTAC 

GSTt1R CAACTTCGGCTTCGGAACG 

GSTt2 GSTt2F ATGGCAAACGGTCGCAAC 

GSTt2R CGTCGCAGTAGGCGCA 

3.2.6 Subcloning of PCR Products into pGEM-T Easy Vector 

3.2.6.1 Ligation of PCR products into the pGEM-T easy vector 
The PCR products were ligated into the pGEM-T easy vector using pGEM-T easy 

vector ligation system (Promega). To obtain a 3: 1 (insert: vector molar ratio), the 

following equation was used to determine the amount of PCR product that was 

required in the ligation reaction. Each reaction contained 25 ng of pGEM-T easy 

vector and 3 units of T4 DNA ligase. The reactions were incubated at room 

temperature for 2 hours and the ligations were stored at 4°C. 
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25 ng of vector x kb size of insert 

kb size of vector 

pGEMTeasy vector = 3.0 kb 

Insert : vector molar ratio = 3: 1 

x insert: vector molar ratio =ng of insert 

3.2.6.2 Transformation of E. coli XLI-Blue subcloning-grade competent cells 

with plasmid DNA 

The XL1-Blue subcloning-grade competent cells (Stratagene) were thawed on ice. 

Fifty microlitres of cells were added into pre-chilled 15 ml Falcon 2059 

polypropylene tube (Becton Dickinson). Two microlitres of the ligation reaction 

were added to the cells and the tube was incubated on ice for 20 minutes. The 

plasmid was introduced into the XL1-Blue subcloning-grade competent cells by 

heat-pulse in a 42°C water bath for 45 seconds. After incubating the tube on ice for 

2 minutes, 0.9 ml of preheated SOC medium at 42°C (2% (w/v) bacto-tryptone, 

0.5% (w/v) yeast, 0.05% (w/v) NaCl and 20 mM Glucose), was added into each 

tube, which was then incubated at 37°C for 30 minutes with shaking at 250 rpm. 
One hundred microlitres of transformed bacteria were plated on agar plates 

containing 100 µl 2% (w/v) X-gal (5-bromo-4-chloro-3-indolyl-beta-D- 

galactopyranoside, Bioline) and 10 pl of 0.1 M IPTG (isopropyl-beta-D- 

thiogalactopyranoside, Sigma). The plates were incubated overnight at 37°C. 

3.2.6.3 Identification of positive colonies by PCR screening 

PCR amplification was used to identify positive colonies. White colonies were 

inoculated, using sterile toothpicks, onto fresh LB-agar plate containing 50 µg/ml 

ampicillin, and then a small proportion was deposited in a sterile PCR tube. The 
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LB-agar plate was incubated overnight at 37°C. PCR reactions each contained 1.5 

mM MgC12,0.2 mM of each dNTPs, 0.5 µM of M13 forward [5'- 

GTAAAACGACGGCCAGT-3'1 and M13 reverse [5'-GGAAACAAGCTATGACCATG-3'] 

primer and 2.5 unit of DNA polymerase in the reaction buffer from Bioline. The 

PCR reaction was carried out at 95°C for 5 min followed by 35 cycles of 95°C for 

30s, 52°C for 30s and 72°C for 1 min, and finally 72°C for 7 min. PCR products 

were separated on a 1% (w/v) agarose gel and sized by comparing with DNA 

ladder standard. 

3.2.6.4 Culture of the selected transformation colonies 

Single colonies containing a PCR insert of the expected size were inoculated using 

a yellow sterile pipette tip into 2 ml of LB-broth-containing 50 µg/ml ampicillin. 

The cultures were incubated overnight at 37°C, 250 rpm in an orbital incubator. 

3.2.6 5 Plasmid purification 
Bacterial culture (1.5 ml) was centrifuged at 14,000g for 5 minutes at room 

temperature. Plasmid DNA was then isolated using the QlAprep miniprep kit 

(Qiagen). The pelleted bacterial cells were resuspended in 250 µl buffer P1 

(Resuspension buffer containing 0.1 mg/ml RNase A). Alkaline lysis was 

performed by adding 250 pl of buffer P2 (Lysis buffer) and mixing gently by 

inverting the tube. Neutralisation buffer, Buffer N3 (350 µl) was added to 

neutralise the alkali and the tube was inverted immediately, but gently 4-6 times. 

The solution was centrifuged for 10 minutes at 14,000g to separate cell debris 

from the plasmid supernatant. The supernatant was transferred to the QlAprep 

column and the plasmid DNA was bound to the column because of the high-salt 

binding condition from buffer N3. The column was centrifuged for 1 minute at 

14,000g and the flow-through discarded. After washing the column with 0.75 ml 

buffer PE (Binding buffer) to get rid of contaminants, plasmid DNA was eluted 

with 30 µl Elution buffer (10 mM Tris-HCI, pH 8.5) and allowed to stand for 1 
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minute. The column was centrifuged at 14,000g for 1 minute to collect the plasmid 
DNA. 

3.2.7 DNA Sequencing 

Plasmid DNA was sequenced in both directions using the vector M13 forward 

primer and M13 reverse primer. DNA sequencing was performed using the dye 

terminator sequencing method and the products were electrophoresed on a 

Beckman Coulter CEQ8000. The sequences were analysed using DNAStar 

software (Lasergene). The DNA sequences were then searched against the 

database of the National Institute of Health, USA 

(httn: //www. nebi. nlm. nih. ov/Blast) using the BLAST program in order to 

confirm their identity with related sequences. 

3.2.8 Phylogenetic analysis 
Deduced amino acid sequences of GSTs were aligned using ClustalW (Thompson 

et al., 1994). The alignment was converted to PHYLIP file using TREECON 

software (Van de Peer & De Wachter, 1993). Phylogenetic trees were generated 

by TREECON using the distance neighbour joining method (Saitou & Nei, 1987). 

3.2.9 Identification of GST Sequences in the Aedes aegypti Bacterial 
Artificial Chromosome (BAC) Library 

3.2.9.1 BAC library construction 

The Aedes aegypti (Liverpool strain) BAC library was kindly provided by 

Severson, D. W. from Department of Biological Sciences, University of Notre 

Dame, Indiana, USA. BAC library construction is described in Jimenez et at 

(Jimenez et al., 2004). The BAC library was plated as individual colonies in 384 

well plates. 

3.2.9.2 BAC DNA preparation 

BAC DNA was prepared as described previously (Hong et al., 2003). Briefly, the 

bacterial cells from all wells of a 384 well plate were transferred to a 2x YT agar 

42 



plate containing 12.5 [ig/ml of chloramphenicol using a 384-pin colony picker. 

Colonies were grown at 37°C overnight and then BAC colonies from the whole 

plate pools were transferred into 10 ml LB medium using a flame-sterilised 

spatula. For row and column pools, BAC colonies were collected by scraping 

blocks of rows or columns from the agar plate into 1.4 ml LB medium as shown in 

Figure 3.1 After centrifugation, the pelleted cells were collected and kept at-80°C 

for DNA extraction. 

The BAC DNA was extracted by a modified plasmid purification method using 

Qiagen purification buffer kit as described in section 3.2.6.5. Plasmid DNA was 

precipitated by adding 0.7 volume of isopropanol and frozen at -80°C for 1 hour. 

After centrifugation, the pellets were washed with 70% (v/v) ethanol. The pellets 

were air dried at room temperature for 5 minutes and then resuspended in 40 pl of 

TE buffer. The plasmid concentration was quantified using a ND-1000 

spectrophotometer (NanoDrop Technologies). 
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Figure 3.1 Column and row-pools of BAC DNAs for PCR screening. 

Figure is from Hong, et al. (Hong et al., 2003). 
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3.2.9.3 PCR screening of the BAC library 

A PCR-based plate pool screening approach, followed by column and row pools 

and individual colony PCR (Hong et al., 2003), was used to isolate BAC clones 

containing GST genes. Fifty nanograms of purified BAC DNA was used as a 

template in PCR reactions using primer pairs to amplify full length or partial 

GSTs. If positive clones were obtained from the whole plate pools, the column 

and row pools were screened to further localise the positive colony. Finally 

individual clones were used as PCR template to obtain a single positive colony. 

3.3 RESULTS 

3.3.1 Identification of Ae. aegypti GST genes 

Nine putative GST sequences were retrieved from the TIGR database and each of 

these was then searched against the non-redundant database at NCBI, using 

BLASTX, to confirm their identity as putative GST genes. Of the nine Ae. aegypti 

GSTs, two were classified as Delta, two as Epsilon, one as Sigma and two as Theta 

class, according to sequence similarities with An. gambiae GSTs (Table 3.2). The 

remaining two genes, which included the previously identified GST-2 (Grant & 

Hammock, 1992), were clear orthologs of `unclassified' GSTs in An. gambiae 

(Ding et al., 2003). The deduced amino acids sequences were of the expected size 

for GST (approximately 200 amino acid), with the exception of GSTd11 (the full- 

length sequence of this gene has not been obtained). Figure 3.2 shows a 

phylogenetic tree of the entire family of An. gambiae cytosolic GSTs together with 

the nine Ae. aegypti GSTs. The assignment of the Aedes GSTs to the Delta, 

Epsilon, Sigma and Theta classes is clearly supported by this phylogeny. There are 

secure orthologs between the Ae. aegypti GSTs and An. gambiae GSTs, supported 

by bootstrap values of >90 %, except for GSTt2 (Figure 3.2). 
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AgGSTD1-5 
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GSTD1 

74 AgGSTD2 

100 AgGSTD11 
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Figure 3.2 Phylogenetic relationships of nine GSTs in Ae. aegrpti, with all An. 
gumbiae GSTs 

Amino acid sequences were aligned using ClustaIW 6ýs and 
a distance neighbour joining tree was generated using TREECON (Van de Peer & 
De Wachter, 1993). Nodes with distance bootstrap values (1000 replicates) of 
>70% are shown. GSTs from Ae. aegypti are highlighted in grey. 
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The phylogenetic relationship between this second Ac. uegypti Theta class GST 

and the An. gambiae Theta GSTs is less clear. Although it clearly clusters with 

AgGSTt2 the support for this Glade is low (61 % of 1000 bootstrap replicates, data 

not shown). The percentage amino acid similarity between these two GSTs is also 

low (51.1% (Table 3.3) but given that, to date, only two Theta class GSTs have 

been identified in Ae. aegypti, this GST has been tentatively named as GST12. Two 

GSTs, clearly orthologs with An. gumbiae unclassified GSTs were named GSTuJ 

and GST O. The latter gene is identical to the previously described GST-2 gene 

(Grant & Hammock, 1992). GSTdI and GSTsI are orthologs of alternatively 

spliced Delta and Sigma GSTs in An. gambiae and the presence of alternative 

splicing in these Aedes genes is investigated in Chapter 7. 

To further investigate the relationship between the insect specific classes, all 

members of the Epsilon and Delta class from Drosophila inelanogaster were 

aligned with the mosquito GSTs and the phylogenetic analysis was repeated. 

(Figure 3.3). The Ae. aegypti Epsilon and Delta GST genes are closely related to 

the equivalent families in An. gambiae but distantly related to those in D. 

melanogasler. 

To confirm the sequence of the ESTs and to determine the structure ofthe genes 

from which they were derived, primers were designed to enable the amplification 

of the full coding region of each gene. Only the two Epsilon and two Theta GST 

genes were amplified in this CHAPTER. However, GSTuI and GSTu3 are 

described later in CHAPTER 6 and GSTdI and GSTsI in CHAPTER 7. GSTdII 

was not studied further as a full length sequence was not available to this gene. 

The percentage similarities of Aedes GSTs and their orthologs in An. gambiae 

range from 51.1 - 71.5 % (Table 3.3). The deduced amino acid sequences of the 

four Ae. ueg pti GSTs are aligned in Figure 3.4. 
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Figure 3.3 Phylogenetic relationships of Epsilon and Delta GST classes in 
insects 

Amino acid sequences were aligned using ClustalW and a distance neighbour-joining tree was 
generated using TREECON. Nodes with distance bootstrap values (1000 replicates) of >70% 
are shown. GSTs highlighted in grey are from Ae. aeg. /pti. Ag = An. gennhiae and Dm = D. 
melanogaster. 
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The coding sequence of all four genes is interrupted by two introns (positions 

marked as vertical lines in Figure 3.4). The Ae. aegypti GST Epsilon class genes, 

GSTe2 and GSTe4, both contain two introns (Table 3.4) at identical positions. 

Introns are located at the equivalent position in AgGSTe2 but the second intron is 

considerably longer in Aedes versus Anopheles (503 bp vs 90 bp) (Table 3.4). The 

location of the first intron is also conserved in AgGSTe4 but the Anopheles gene 

does not contain the second intron found in Aedes. Similarly, the positions of the 

two Theta introns are conserved between GSTtI and AgGSTtJ but GSTt2 from An. 

gambiae contains only a single intron whereas its putative Aedes ortholog contains 

two. 

Each of the four GST genes described in this report were amplified using five 

different biological replicates of cDNA from the PMD, PMD-R and the New 

Orleans strain and then sequenced. Sequence polymorphisms resulting in amino 

acid substitutions were only observed in the Epsilon GSTs. A single glutamic acid 

to lysine (E89K) substitution was observed in GSTe4 (data not shown). Four 

conserved polymorphisms (F115C, V 150I, A178E and E198A) were present in the 

C-terminal domain of GSTe2 from the PMD and PMD-R strain (Figure 3.4). 

Table 3.4 Size of cDNA and gDNA in Ae. aegypti GST genes. 

Gene Product size (bp) Number of introns 

cDNA Genomic (Intron size; bp) 

GSTe2 666 1230 2 (61 and 503) 

GSTe4 672 812 2 (75 and 65) 

GSTtl 687 802 2 (53 and 62) 

GSTt2 681 1150 2 (400 and 
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3.3.2 BAC library screening using PCR 

Screening of the Ae. aegypti BAC library with primers specific to GSTe4 

identified a single positive clone (ND17A9). PCR screening of the BAC DNA 

isolated from this clone with primers designed for partial GSTe2 gave a positive 

signal (Figure 3.5A), whose identity was confirmed by DNA sequencing (data not 

shown). The average insert size of the BAC clones in the NDL library is 122kb 

(Jimenez et al., 2004) and this result indicates that the two Epsilon GSTs are in 

close proximity in the genome. Clusters of Epsilon GST genes are found in D. 

melanogaster and An. gambiae (Ding et al., 2003; Sawicki et al., 2003). An 

attempt to amplify the intergenic region between GSTe2 and GSTe4 to obtain other 

putative member of this GST gene cluster was unsuccessful. This may indicate 

that genes in this region are separated by several kilo base pairs. Screening the 

BAC library with the Theta GST primers for both GSTtl and GSTt2, led to the 

identification of a single positive clone, ND2C20 (Figure 3.5B), again suggesting 

that the Aedes Theta GSTs are close together. However, PCR amplification of the 

intergenic region between GSTtI and GSTt2 in this clone was not attempted. 

3.4 DISCUSSION 

Nine GSTs were identified from the Ae. aegypti EST database. Phylogenetic 

analysis identified clear orthologs for the majority of these genes in An. gambiae. 

This finding suggested that GST gene family in Ae. aegypti and An. gambiae 

diverged prior the split of these species (approximately 100 million years ago) 

(Krzywinski et al., 2001). However when the mosquitoes are compared with the 

fruitfly, it is apparent that the insect-specific GST classes (Epsilon and Delta) have 

evolved separately in these two insect lineages which diverged approximately 250 

million years ago (Severson et al., 2004). 
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The coding sequences and the intron positions of the GSTs are very conserved 

between Ae. aegypti and An. gambiae, but the intron sizes are considerably large in 

Ae aegypti. The genome size of Ae. aegypti is predicted to be approximately 3 

times bigger than Anopheles (Severson et al., 2004)and therefore it is not 

surprising to find larger introns in this species. 

Polymorphisms in the GST sequences between the three strains of Ae. aegypti 

were observed. Although only a small number of clones were sequenced, and 

therefore these results are tentative, four amino acid polymorphisms were 

observed within GSTe2 between the susceptible and resistant strain. It is not 

known if these substitutions affect the catalytic activity of GSTe2. However, since 

three of these four substitutions are conserved between GSTe2 from the insecticide 

resistant An. gambiae and the susceptible Ae. aegypti strain, and the GSTe2 

protein from An. gambiae is known to metabolise DDT (Ortelli et al., 2003), these 

substitutions are thought unlikely to have a dramatic effect on substrate specificity. 

One mutation (alanine at position 178 to glutamic acid) found in the resistant strain 

is unique to the PMD strain and so it could possibly be important in determining 

the insecticide resistance phenotype. 

BAC DNA screening indicated that the Epsilon and Theta class GSTs are 

clustered in the Aedes genome. Eight Epsilon GSTs, are clustered in An. gambiae 

(Ortelli et al., 2003). It is expected that further sequencing of this region will 

identify additional Ae. aegypti Epsilon GSTs. In contrast, the Theta GSTs in An. 

gambiae are not clustered. Both AgGSTtl and AgGSTt2 are located on the X 

chromosome but on polytene band, 4B and IA, respectively (details on An. 

gambiae genome database). The preliminary data from this study suggests that the 

two Aedes Theta GSTs described in this chapter are tandemly arranged. 

The results in this chapter describe the identification and cloning of eight novel 

Aedes GSTs. At the time of this study, sequencing of the Aedes aegypti genome 
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was at a preliminary stage. However during the writing of this thesis, the whole 

genome shotgun sequence was released in an unassembled form. As expected, 

additional sequences with high identity to GSTs were found in this dataset. This is 

discussed further in the final chapter. 
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Chapter 4 

QUANTIFICATION OF GST EXPRESSION 

4.1 INTRODUCTION 

Five of the eight epsilon class GSTs in An. gambiae are expressed at significantly 

higher levels in a DDT resistant strain relative to the susceptible strain (Ding et al., 

2003) and one of these, AgGSTe2, has been shown to confer increased DDT 

metabolism in the resistant strain (Ortelli et al., 2003). In the previous chapter, 

the cloning of the ortholog of this gene from Ae aegypti was described. In this 

chapter, the expression of multiple Ae. aegypti GSTs in strains differing in their 

susceptibility to insecticides was determined using quantitative PCR. Four GST 

genes were used in this study including the two Epsilon GSTs, GSTe2 and GSTe4. 

Unclassified GSTu3 (GST-2) was also included in this study as it has been 

associated with DDT resistance in Ae. aegypti from South America (Grant & 

Hammock, 1992). Finally, a GST from the Theta class (GSTtJ), a class not 

previously correlated with insecticide resistance was included as a control. 

The incorporation of SYBR GREEN I into double stranded PCR products was 

determined by the acquisition of fluorescence, and this was used to quantify the 

copy number of the gene. The ribosomal protein gene, SP7 (accession number 

AY380336) was used as an internal control to normalise for variation in 

concentration of the templates. To compare the expression in different samples, 

the ratio between the copy number of the gene of interest and the copy number of 

the internal gene was calculated. The expression levels of the two Epsilon genes, 

GSTtI and GSTu3 were established for different life stages in three strains of Ae. 

aegypti. 
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4.2 MATERIALS AND METHODS 

4.2.1 Mosquito Strains 

The mosquitoes used in this study were from the susceptible New Orleans, PMD 

and DDT/permethrin resistant PMD-R strains described in Chapter 2. 

4.2.2 Sequencing of GST Genes 

The full-length of GSTe2, GSTe4, GSTu3 and GSTtl were amplified as described 

in section 3.2.5 using cDNA from the susceptible New Orleans, PMD and 
DDT/permethrin resistant PMD-R strains. The PCR products were ligated into the 

pGEM-T easy vector and then transformed into E. coli JM109 competent cells 

(Promega). DNA sequencing was performed to verify the sequence integrity. 

4.2.3 Quantitative PCR on cDNA 
4.2.3.1 cDNA synthesis 
Total RNA was extracted from 3 replicate sets (10 mosquitoes per replicate) of 4th 

instar larvae, pupae, one-day old adult males or females from each of the three 

strains as described in section 3.2.3. Total RNA was reverse transcribed to cDNA 

as described in section 3.2.4. 

4.2.3.2 Plasmid construction 

The GSTe2, GSTe4, GSTu3 and GSTtI standard plasmids were constructed by the 

insertion of the full length cDNA from the PMD-R strain into pGEM-T easy 

vector as described in section 4.2.2. An alternative GSTe2 plasmid was established 

from the New Orleans susceptible strain as the primer binding sites encompassed a 

polymorphic nucleotide. The partial ribosomal S7 gene, used as an internal 

control plasmid, was amplified using primers aaS7F and aaS7R (Table 4.1) and 

ligated into the pGEM-T easy vector. Plasmid concentrations were determined 

using a ND-1000 spectrophotometer (NanoDrop Technologies). 
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4.2.3.3 Quantitative PCR and standard curve preparation 
The GSTe2, GSTe4, GSTu3, GSTtl and S7 standard plasmids were diluted to 

produce a range of concentrations from 1 fg/µl to 1 ng/µl. The specific primer pairs 
for each gene were designed to give products less than 300bp. The primers used in 

quantitative PCR reaction are shown in Table 4.1. Alternative primers were used 
for amplifying GSTe2 from the susceptible strain as the primer binding sites 

encompassed a polymorphic nucleotide. The plasmid and cDNA templates were 

amplified using QuantiTect SYBR Green PCR Kit (Qiagen). Quantitative PCR 

was conducted by amplifying 1 µl of cDNA with 0.5 µM of each primer and 1X 

SYBR Green PCR Master Mix in a total volume of 10 µl. The amplification 

conditions were 95°C for 15 min. followed by 35 cycles of 94°C for 15 s, 60°C for 

30 s and 72°C for 30 s with fluorescence read at 82°C. Plasmid DNA standards 

and negative controls were included in the same plate, for each experiment. Three 

biological replicates from each strain and life stage were used as templates. Each 

sample was analysed in duplicate in each experiment and the results were averaged 
from three independent experiments. The incorporation of SYBR Green I into 

double stranded PCR products was quantified using the DNA Engine Opticon (MJ 

Research). The relationship between fluorescence and the cycle number was 

plotted and the crossing line was produced to obtain the standard concentration 

related to the cycle number as shown in Figure 4.1. To achieve the straight line of 

the standard curve, the cycle number was plotted with the logarithmic value of the 

standard concentrations as demonstrated in Figure 4.2. 
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Figure 4.1 Standard curves for quantitative PCR. 

The X-axis represents the cycle number and the Y-axis indicates the value of the 
fluorescence acquisition. The crossing line was created to extrapolate the standard 
plasmid concentrations in different cycles. A to G indicate the 10 fold dilution of 
standard concentrations ranging 1 ng/µl to 1 fg/µl. 
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Figure 4.2 Standard curve for quantitative PCR. 

Log concentration of standard plasmid plotted against the number of cycles. 
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4.2.3.4 Copy number calculation 

The number of copies of mRNA for each gene of interest was calculated by 

measuring the incorporation of the fluorescent dye into the double stranded PCR 

product and comparing this value to a standard curve produced from the PCR 

amplification of the same gene fragment from plasmids of known concentrations. 

The mRNA copy number of each transcript was calculated as shown in the 

equation as below. To normalise for variation in total cDNA concentration in 

different batches, the copy number of a ribosomal gene, S7 was similarly 
determined. The normalised mRNA copy number was calculated by dividing the 

copy number of target transcript with copy number of S7 transcript. 

4.3 RESULTS 

4.3.1 Quantitative Analysis of Ae. aegypti GST Expression 

Elevated expression of Epsilon GSTs has been implicated in conferring resistance 

to DDT in An. gambiae. To determine whether the Ae. aegypti GSTs are also 

elevated in DDT resistant mosquitoes, the mRNA copy number of the Ae. aegypti 
GST genes in different life stages of the three strains was determined. The relative 

copy number of each gene was calculated by normalising with the ribosomal S7 

gene. Expression of all four genes was detected in all life stages assayed (Figure 

4.3). The expression of GSTe2 was significantly higher in the DDT-resistant 

PMD-R strain in all life stages except adult male (p = 0.19) (p< 0.001 in pupae 

and adult female, and p< 0.05 in larvae) when compared to the susceptible strain, 

and in all life stages (p< 0.001 in pupae and adult female, p< 0.01 in adult males 

and p< 0.05 in larvae) when compared to the parental PMD strain (Table 4.2). In 

contrast no significant differences in GSTe2 expression was detected between the 

parental PMD strain and the New Orleans strain in any life stage (Table 4.2). 
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Table 4.2 Quantitative PCR results of Ae. aegypti GSTs. 

Gene Life RATIO OF COPY NUMBER 

Stages PMD/NO PMD-R/NO PMD-R/PMD 

GSTe2 Larvae 0.8 2.1" 2.4' 

Pupae 0.8 6.5a 7.7a 
Male 0.5 2.0 3.8b 

Female 0.7° 3.9a 5.3a 

GSTe4 Larvae 1.5 0.6: 0.4 

Pupae 1.5' 3.6' 2.3 

Male 1.6' 1.0 0.6' 

Female 1.7` 1.6 1.0 

GSTu3 Larvae 0.8 1.0 1.2 

Pupae 0.7 2.8 3.7 

Male 1.4 1.9 1.3 

Female 1.0 3.2 3.2 

GSTIJ Larvae 1.6 0.8 0.5 

Pupae 0.9 1.2 1.4 

Male 1.3 0.8 0.6 

Female 1.1 1.1 1.0 

The GST transcript copy number was determined by normalising with the 
transcript copy number of ribosomal S7 transcript. The ratio of the average copy 
number was calculated by comparing with the average copy number of New 
Orleans or PMD transcript. Statistically significant differences were evaluated 
with ANOVA test (p< 0.001 indicates by a, p<0.01 illustrates as b and p<0.05 
illustrates as ̀  relative to New Orleans strain (NO) or PMD. 
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For GSTe4, GSTu3 and GSTtl, gene expression was not correlated with insecticide 

resistance status. However, the expression of GSTe4 fluctuated in parental PMD 

and PMD-R strain in different stages relative to the susceptible strain. Expression 

of GSTe4 was significantly higher in pupae and adults of parental PMD strain, but 

not in PMD-R strain (p< 0.05). In PMD-R strain, differences in GSTe4 expression 

were observed in immature stages when compared with the susceptible strain 

(lower expression in larva stage, but higher expression in pupae). 

4.4 CONCLUSIONS 

The expression of four Ae. aegypti genes encoding GSTs, GSTe2, GSTe4, GSTu3 

and GSTtl were measured at mRNA levels. GSTe2 was significantly over- 

expressed in all life-stages, except in adult male mosquitoes in PMD-R compared 

to parental PMD and the susceptible New Orleans strain. The elevated expression 

of GSTe2 in PMD-R, over the parental PMD strain suggests that this is a 

consequence of DDT and permethrin selection. Interestingly, GSTu3 is up- 

regulated in a DDT resistant strain from South America (Grant & Hammock, 

1992; Grant & Mutsumura, 1989) but there is no significant increase in the 

expression of this gene in the Thai DDT resistant strain, and thus the results 

suggest that different GST based resistance mechanisms have evolved in the two 

geographically distant populations of Ae. aegypti. 

GSTe2 expression was slightly lower in parental PMD than the susceptible New 

Orleans strain in all life-stages and hence GSTe2 expression did not, correlate with 

total GST activity level in adult and immature stages as determined in CHAPTER 

2. The correlation between GST activities against CDNB and the mRNA levels are 

shown in Figure 4.4. There is no correlation between GST activity and GSTe2 

mRNA levels (R2 = 0.17) or the sum of the mRNA level from all four GST genes, 

GSTe2, GSTe4, GSTu3 and GSTtJ (R2 =0.41). In adult mosquitoes, CDNB activity 

was approximately 2 fold higher in the parental PMD relative to New Orleans 

susceptible strain (Table 2.2), but selection with DDT did not result in any further 
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increase in total GST activity. However this pattern is not reflected in GSTe2 

expression levels; GSTe2 transcript levels do not differ between New Orleans 

susceptible strain and parental PMD, but selection of the parental PMD strain 

results in an approximately 4 fold increase in GSTe2 expression. Clearly, this is 

only a preliminary study as only subset of GSTs were studied, but this initial 

results suggest that the biochemical assay with CDNB may not be an accurate 

measure of GST expression levels. This subject is investigated further in the 

following chapter. Expression of the remaining genes, GSTe4, GSTu3 and GSTtI, 

was not associated with DDT or permethrin resistance. 

The mechanism responsible for the up regulation of GSTe2 in the PMD-R strain of 

Ae. aegypti is still unknown. Over expression of GSTu3 in Ae. aegypti from South 

America is regulated by an unidentified trans-acting transcriptional factor (Grant 

& Hammock, 1992). The overexpression of Epsilon GSTs in An. gambiae is due 

to increases in transcript copy number rather than gene amplification (Ding et at, 

2003). Specifically, over expression of AgGSTe2 in An. gambiae is at least 

partially caused by the deletion of two adenosines in the GSTe2 promoter of the 

DDT resistant strain (Ding et at, 2005). Further studies are needed in Ae. aegypti 

to determine the factors responsible for the elevated GSTe2 expression in the 

resistant strain. 
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Chapter 5 

IN VITRO EXPRESSION OF GSTE2 AND CHARACTERISATION OF 

THE RECOMBINANT PROTEIN 

5.1 INTRODUCTION 

In the previous chapter, it was shown that GSTe2 is significantly over expressed in 

a DDT resistant strain of Ae. aegypti. The ortholog of this gene in An. gambiae is 

efficient at metabolising DDT (Ortelli et al, 2003). The aim of this chapter was to 

express and characterise the recombinant GSTe2 protein in Ae. aegypti and 

determine its role in insecticide resistance in this species. 

Recombinant Ae. aegypti GSTe2 was expressed using the pET-3a bacterial 

expression vector. The recombinant protein was purified and characterised using a 

range of substrates including DDT. Some GSTs are able to bind heure (Harwaldt 

et at, 2002; van Rossum et at, 2004; Vander Jagt et at, 1985). It has been 

hypothesised that GSTs may play a protective role in the insect midgut by 

reducing heme toxicity after a blood meal. Therefore the affinity of recombinant 

GSTe2 for heure was determined. 

5.2 MATERIALS AND METHODS 

5.2.1 Mosquito Strains 

The Ae. aegypti strain used for the GSTe2 expression was the DDT/permethrin 

resistant PMD-R strain described in CHAPTER 2. 
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5.2.2 Protein Expression 

In vitro GSTe2 expression was performed using the pET bacterial expression 

system (Novagen). The GSTe2-containing plasmid was transformed into E. coli 

expression host cells, BL21 (DE3) pLysS. Expression of the foreign gene is 

induced by T7 RNA polymerase production, in the presence of isopropyl ß-D- 

thiogalactoside (IPTG). 

5.2.2.1 Plasmid construction 

The full coding region of GSTe2 was amplified from cDNA from the PMD-R 

strain of Ae. aegypti using the forward primer aaGSTe2BamF (5'- 

CGGAATTCGGATCCAT-GACGAAGCTCATTTTGTACACG-3') and the 

reverse primer aaGSTe2BamR (5'CGGAATTCGGATCCTTATGCC- 

TTTTGAGCATTCTTCTCC-3'). These primers contain the initiation and stop 

codon, respectively, flanked by BamHl restriction sites (shown underlined). PCR 

amplification was performed using ProofStart DNA Polymerase Kit (Qiagen) in 1 

x PCR buffer (containing Tris-HCI, KCI, (NH4)2SO4,1.5 mM MgSO4i bovine 

serum albumin, Triton X-100; pH 8.7) 0.3 mM dNTPs, 1 µM of each primers and 

2.5 units of ProofStart DNA polymerase in a final volume of 50 µl. Conditions for 

the PCR were 95°C for 5 min. 35 cycles of 95°C for 30s, 55°C for 30s and 72°C 

for 1 min. and finally 72°C for 1 min. The PCR product was digested with BamHI 

and purified using MinElute PCR purification kit (Qiagen). The full-length of 

GSTe2 was ligated into the BamHl site of the pET3a vector (Novagen) at 16°C 

overnight. After transforming into the non-expression host, E. coif JM109, 

colonies were screened by PCR using the T7 promoter primer (5'- 

TAATACGACTCACTATAGGG-3') and aaGSTe2BamR to verify that the 

product had been inserted in the correct orientation. Positive colonies were isolated 

and grown overnight in 2 ml LB-medium containing ampicillin (50 µg/ml) at 37°C 

with shaking at 250 rpm. The plasmids were purified and sequenced with the T7 
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promoter primer and T7 terminator primer (5'-GCTAGTTATTGCTCAGCGG- 

3'), which flank the pET3a multiple cloning site, to verify the sequence integrity. 

5.2.2.2 Transformation into E. coli BL21 (DE3) pLysS competent cells 

The expression host E. coli BL21 (DE3) pLysS was made chemically competent 

according to Sambrook et al. (Sambrook et aL, 1989). The cells were grown on 

LB-agar containing chloramphenicol (34 µg/ml) overnight at 37°C. A single 

colony was used to inoculate 50 ml LB-medium and cultured for 3 hrs at 37°C 

with shaking at 250 rpm. The cell suspension was split into two tubes and 

incubated on ice for 10 min. After centrifugation at 4000g at 4°C for 10 min, the 

pellets were resuspended in 5 ml of pre-chilled 0.1 M calcium chloride (CaC12). 

The centrifugation was repeated and the pellets were resuspended in 1 ml of ice- 

cold CaCl2. The competent cells were stored at 4°C overnight to increase the 

transformation efficiency. 

The GSTe2 plasmid was transformed into the E. coli BL21 (DE3) pLysS 

completent cells as followes; 1 µl of plasmid was added to 200 µl of pre-chilled 

competent cells and then incubated on ice for 20 min. The plasmids were 
introduced into competent cells by heat-pulse in a 42°C water bath for 45 seconds. 

After incubating the tube on ice for 2 minutes, 1.8 ml of pre-heated SOC medium 

was added and the cells were incubated at 37°C for 45 minutes with shaking at 250 

rpm. One hundred microlitres of transformed cells were grown on LB-agar plate 

containing ampicillin (50 pg/ml) and chloramphenicol (34 pg/ml). 

5.2.2.3 Expression of the GSTe2 gene 
A single colony containing the recombinant plasmid was grown in 2 ml of LB- 

medium containing ampicillin (50 µg/ml) and chloramphenicol (34 gg/ml) at 30°C 

overnight. This culture was used to inoculate 100 ml LB-medium and grown for a 

further 3 hours. Expression was induced by addition of 0.4 mM isopropyl ß-D- 

thiogalactoside (IPTG) and after an additional incubation at 30°C for 3 hours; 
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bacterial cells were collected by centrifugation at 5000g, 4°C for 10 min. Pelleted 

cells were resuspended in lysis buffer containing 4.29 mM Na2HPO4,1.47 mM 

KH2PO49 2.7 mM KCI, 0.137 mM NaCl and 0.1% Tween, pH 7.3. After snap 

freezing in liquid nitrogen, the cells were stored at -20°C or used for purification. 

5.2.2.4 Protein purification 

The cell lysate was thawed and incubated with 2 Units/ml of DNase RQI at room 

temperature for 20 minute to digest bacterial genomic DNA. After centrifugation 

to remove the cell debris, the soluble protein was collected for purification. The 

recombinant protein contains a T7"Tag sequence (11 amino acids) at the N- 

terminal and was purified using the T7"Tag Affinity Purification Kit (Novagen) 

according to the manufacturer's protocol. Briefly, the cell lysate was applied to 

T7"Tag antibody agarose column (1 ml bed volume), equilibrated with 1X 

T7"Tag Bind/Wash buffer (4.29 mM Na2HPO4,1.47 mM KH2PO4,2.7 mM KCI, 

0.137 M NaCl, 1% v/v Tween-20, pH7.3). After washing the column with 10 

column volumes (10 ml) of 1X T7"Tag Bind/Wash buffer, the bound proteins 

were eluted with 5 ml 1X T7"Tag Elute buffer (0.1 M citric acid pH 3.5). The 

eluted proteins, 1 ml/fraction were collected in 150 µl of 1X T7"Tag 

Neutralization buffer (2 M Tris base pH 10.4). The enzyme purity and subunit size 

were resolved by SDS-PAGE. Protein concentration was determined using the 

Bio-Rad Protein Reagent (Bio-Rad) with bovine serum albumin for the standard 

protein as described in section 2.2.6. Recombinant protein fractions were pooled 

and loaded onto PD-10 gel filtration columns to change the buffer to 50 mM 

sodium phosphate buffer, pH 6.5. The recombinant protein was then concentrated 

using Microcon YM-30 columns (Amicon) and collected in the presence of 40% 

(v/v) glycerol and 15 mM DTT and stored at -20°C. 
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5.2.2.5 SDS-PAGE analysis 

Polyacrylamide gel electrophoresis was performed using a Mini-Protein II 

electrophoresis unit (Bio-Rad). A 15 % resolving gel and 5% stacking gel were 

prepared according to Laemmli system (Laemmli, 1970). Proteins were solubilised 

in 2X SDS sample buffer (0.125 M Tris-HCI, 4% w/v SDS, 20% v/v glycerol, 0.2 

M DTT, 0.02% w/v bromophenol blue, pH 6.8) and boiled for 3 minutes before 

loading onto the polyacrylamide gel. Electrophoresis was performed in electrode 
buffer containing 0.025 M Tris, 0.192 M glycine, 0.1% w/v SDS, pH 8.3 and 

carried out at 120 constant volts. SDS-PAGE molecular weight low range (Bio- 

Rad) and SeeBlue prestained standard protein (Invitrogen) was applied as standard 

markers. To visualise the proteins, gels were stained with Coomassie Blue staining 

solution (0.025% w/v Coomassie Brilliant Blue R250,40% v/v methanol, 7% v/v 

acetic acid) and then destained with 40% v/v methanol, 7% v/v acetic acid. 

5.2.3 Western Blot Analysis 

Batches of ten 4t' instar larvae were homogenised in 0.1 M phosphate buffer pH 

6.5 containing 10 mM DTT, and their protein content determined as described in 

section 2.2.6. Fifty micrograms of protein from each homogenate were resolved 

on individual lanes of a 4-20% gradient Tris-HC1 Ready Gel (Bio-Rad). Purified 

recombinant GSTE2-2 from Ae. aegypti (10,20,50 and 100 ng per lane) and 10 

µg of homogenates from the DDT-resistant ZAN/U strain of An. gambiae were 

also run as controls. The proteins were transferred to an ECL hybond 

nitrocellulose membrane (Amersham Biosciences) using a Mini-Trans Blot Cell 

Assembly (Bio-Rad) in transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v 

methanol, 0.1% v/v SDS, pH 8.3) with cooling system for 1h at 70 volts. 

Immunoblotting was performed using ECL Advance Western Blotting Detection 

Kit (Amersham Biosciences). The membrane was blocked overnight at 4°C with 

3% (w/v) ECL Advance Blocking Agent in TBS-T (20 mM Tris-HCI, 0.136 M 

NaCl, 0.1% v/v Tween-20, pH 7.6). After washing with TBS-T, the membrane 
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was probed with a 1: 5000 dilution of polyclonal antibody raised against the 

purified recombinant GSTE2-2 protein from An. gambiae (Ortelli et al., 2003) for 

1h on an orbital shaker. The membrane was rinsed briefly with wash buffer (TBS- 

T) and washed for 20 minutes followed by 5x 10 minutes with fresh changes of 

wash buffer at room temperature. The bound antiserum was detected by incubation 

with a 1: 50000 dilution of Peroxidase-labelled Anti-Rabbit Antiserum 

(Amersham) for 1 h. The washing steps were carried out as described above. 

Bound antibody was detected using ECL Advance Blotting Detection Kit 

(Amersham Bioscience). The blot was incubated with the detection solution, 

prepared by mixing equal volume of solution A and B (1 ml/ cm2), for 5 min. 

After draining the detection solution, the membrane was wrapped with SaranWrap 

and exposed to HyperfilmTM ECL (Amersharm Bioscience, UK Ltd. ) for 15 

seconds. The bound proteins were visualised by autoradiography. 

5.2.4 Characterisation of GSTE2-2 

5.2.4.1 Substrate specificity 

GST activity against 1-choro-2,4-dinitrobenzene (CDNB) was determined as 

described previously in section 2.2.3. GST activity toward 1,2-dichloro-4- 

nitrobenzene (DCNB) was measured according to the method of Habig et al. 

(Habig et al., 1974). Briefly, the formation of GSH-DCNB was measured at 340 

nm for 2 min. using VERSAMax microplate reader (Molecular Devices). The 

reaction mixture contains 10 pl of sample in 200 µl of substrate mixture (1mM 

DCNB and 10 mM GSH in 0.1M phosphate buffer pH 6.5). The molar extinction 

coefficient 8.5 mM"1 cm" was used for GST activity calculation. One unit of GST 

activity is defined as 1 µmol of GSH conjugation per minute. DDT- 

dehydrochlorinase activity was determined by measuring conversion of DDT to 

DDE as described previously in section 2.2.5. 
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Glutathione peroxidase activity was determined at 340 nm by coupling the 

reduction of cumene hydroperoxide (CHP) by GSH to the oxidation of NADPH by 

oxidized GSSG with glutathione reductase as described previously (Simmons et 

al., 1989). The 200 µl reaction consisted of 10 µl of enzyme and 190 µl of 

substrate mixture (1mM GSH, 1 mM EDTA, 0.2 mM NADPH and 1 unit/ml of 
GSH reductase in 50 mM potassium phosphate buffer pH 7.0). The mixture was 
incubated at 25°C for 5 min. and then the reaction was initiated by addition of 1.5 

mM of cumene hydroperoxide. The peroxidase activity was monitored by the 

consumption of NADPH at 25°C for 4 min. A molar extinction coefficient of 6.22 

m M-1 cm-1 was used for activity calculation. The reaction was subtracted for non- 

enzymatic oxidation of NADPH by the peroxidase substrate. 

Kinetic studies were performed by varying the concentration of CDNB (0.025-2 

mM) or GSH (0.5-40 mM) at fixed concentrations of 15 mM GSH and 2 mM 

CDNB, respectively. The kinetic parameters (V,,, ax and Km) were analysed by non- 

linear regression analysis using GraphPad Prism 4 software. The turnover number, 
kcat was calculated using the molecular mass of GSTe2 (24737.70 daltons per 

subunit). 

5.2.4.2 Hematin binding assay 

Hematin binding to GST was monitored by measuring the inhibition of GST 

activity. A 1µM hematin solution was prepared by dissolving 0.0633 g hematin in 

1 ml 0.5 M NaOH and then bringing the volume to 50 ml with 50 mM potassium 

phosphate buffer pH 7.0. The inhibition of GST activity by hematin was 

determined by incubating the enzyme with 1 mM GSH and 1 mM CDNB in the 

presence or absence of hematin. The reaction rate was measured at 340 nM for 2 

minutes. The IC50 value was determined by plotting sigmoidal dose response of 
fractional GST activity against log concentration of hematin using GraphPad 

Prism 4 software. 
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The binding of hematin to GST was also determined by following the quenching 

of the intrinsic protein fluorescence in the presence of hematin as described 

previously (Vander Jagt et al., 1985). A1 µM solution of recombinant GST was 

incubated in 0.02 M potassium phosphate buffer containing 0.1 M NaCl, pH 6.5 in 

the presence of varying hematin concentration, at 25°C for 3 minutes. The changes 

of intrinsic fluorescence of tryptophan in the primary structure of GST was 

monitored using Luminescence spectrometer LS50B (Perkin Elmer Life and 

Analytical Sciences) with the excitation and emission wavelengths of 280 and 363 

nm, respectively. The KD value was calculated by double reciprocal plots of the 

intrinsic fluorescence of GST with the concentration of free hematin. 

5.3 RESULTS 

5.3.1 Cloning of GSTe2 

The coding region of Ae. aegypti GSTe2 was amplified using ProofStart DNA 

polymerase. This enzyme contains a proofreading activity (3'-º 5' exonuclease 

activity) to verify and remove any errors from the mis-incorporation of dNTPs. 

The deduced amino acid sequences of GSTe2 from Ae. aegypti was aligned with 

its ortholog in An. gambiae (Figure 5.1). 

5.3.2 Protein Expression and Purification 

As expression of GSTe2 was elevated in the DDT resistant PMD-R strain, the 

ability of the enzyme to catalyse the detoxification of DDT was established. The 

homodimer GSTe2 from the PMD-R strain was expressed in vitro using the pET3a 

E. coli expression system. In initial attempts at expressing the recombinant protein 

the culture was grown at 37°C but this resulted in the majority of the recombinant 

GSTE2-2 being sequestered in insoluble inclusion bodies (Figure 5.2A). Only by 

reducing the incubation temperature to 30°C was sufficient soluble protein 

produced to enable purification (Figure 5.2B). 
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The recombinant GSTE2-2 did not bind to an S-hexylglutathione affinity column 
(data not shown), but was successfully purified by affinity chromatography using 

monoclonal antibodies against the T7 tag that is fused to the N-terminal end of the 

recombinant protein. This was typical of the recombinant GSTE2-2 from An. 

gambiae (Ortelli et al., 2003). The purity of recombinant GSTE2-2 was 
determined by SDS-PAGE as shown in Figure 5.2C. 

5.3.3 Western Blot Analysis 

To determine whether the elevation in GSTe2 expression in the PMD-R strain 

translated into increased amounts of protein, western blots containing 

homogenates from the different strains were probed with antiserum raised 

previously against recombinant An. gambiae GSTE2-2 (Ortelli et al., 2003). A 

single band of approximately 25kDa (predicted size of GSTE2-2 is 24737.70 

Daltons) was present in the PMD-R strain, but not observed in either the New 

Orleans or the parental PMD strain (Figure 5.3). A band of very similar size is 

observed in the lanes containing the recombinant GSTE2-2 from Ae. aegypti and 

in the positive control, which contained crude homogenate from the DDT resistant 

ZAN/U strain of An. gambiae. The intensity of the band in the PMD-R strain of 
Ae. aegypti is fainter than in the ZAN/U strain of An. gambiae despite loading 5 

fold more total Ae. aegypti protein than An. gambiae protein. However, since the 

antibody was raised against the An. gambiae GST, no conclusions about the 

relative amount of GSTE2-2 in the two strains can be drawn from these 

experiments. 

5.3.4 Genetic Control of Elevated GSTE2-2 Expression 

To further investigate the role of GSTE2-2 in conferring DDT resistance, 

homogenates from the F1 progeny from crosses between the New Orleans 

susceptible and PMD-R resistant strains described in Chapter 2 were probed with 

the anti-AgGSTE2-2 antibody. Ten 4th instar larvae from the F1 progeny were 
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homogenised and 50 µg of protein were used for western blot analysis as described 

in section 5.2.3. Expression of GSTE2-2 was elevated in the F1 progeny of both 

reciprocal crosses, over the susceptible strain (Figure 5.4) suggesting that the over 

expression of GSTE2-2 is dominant. More protein was detectable in the in F1 

progeny from the NO? X PMD-Ra' cross than from the PMD-R? X NOa' cross. 

This agrees with the bioassay data that the F1 progeny NO? X PMD-Ra' showed 

greater resistance to DDT and permethrin than progeny from the PMD-RY X 

NOa' cross (Table 2.1 and Figure 2.2). 

5.3.5 Biochemistry of GSTE2-2 

The specific activities of GSTE2-2 with various substrates are shown in Table 5.1. 

The activities with CDNB and DCNB are within the range reported for other 

insect GSTs (Ortelli et al., 2003; Ranson et al., 1997; Sawicki et al., 2003; Vontas 

et al., 2002). CDNB is a better substrate for recombinant An. gambiae GSTE2-2 

than for recombinant GSTE2-2 from Ae. aegypti as evidenced by the higher Vmax 

and kcat values and the lower KmQD of the An. gambiae enzyme. Only the Ae. 

aegypti enzyme displayed glutathione peroxidase activity as measured by the 

GSH-dependent reduction of cumene hydroperoxide. 

DDT dehydrochlorinase activity of the recombinant GSTE2-2 was quantified as 

described previously. Approximately 98% recovery of DDT or DDE after 

extraction and analysis was obtained. The specific activity of DDT 

dehydrochlorinase for GSTE2-2 was 4.16 nmol of DDE formation per . tg 

recombinant protein. This activity was 1.5 fold higher than that for GSTE2-2 from 

An. gambiae (Ortelli et al., 2003) and is the highest DDTase activity reported for 

any insect GST. Control assays with no GSH or denatured recombinant enzyme 

had no detectable DDE production. This verified that the conversion of DDT to 

DDE in the experimental reactions was catalysed by the recombinant GSTE2-2. 
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Table 5.1 Substrate specificities and kinetic parameters for 
recombinant GSTE2-2 from Ae. aegypti and An. gambiae. 

Specific activity of GSTE2-2 

Ae. aegypti An. gambiae 

Substrate specificity 

CDNB (gmol/min/mg) 

DCNB (gmol/min/mg) 

CHP (µmoVmin/mg) 

DDTase activity (nmol DDE/µg) 

6.77 ± 0.54 12.5 ± 0.58 

2.89 ± 0.46 5.87 ± 0.24 

0.11 ±0.01 ND 

4.16 ± 0.28 2.77 

Kinetic parameters 

Vmax (µmol/min/mg) 

Km GSH (Mm) 

KmCI» B (Mm) 

kcat (s-1) 

kcat / KmG (s-1 mM-1) 

kcat / KmCDNB (s-1 . mM-1) 

S-hexyl glutathione agarose 

binding 

5.00 ± 0.44 

7.57± 1.17 

0.18 ± 0.04 

4.12 

0.54 

22.89 

Unbound 

13.10 ± 0.40 

6.72 ± 1.70 

0.07 t 0.01 

10.84 f 0.33 

1.61 

157.1 

Unbound 

Three independent assays were performed. Results show mean ± SD. Kinetic 
studies were determined by varying the concentration of GSH (0.5-60mM) and 
the concentration of CDNB (0.025-2.0 mM) at fixed concentrations of CDNB of 
2mM and GSH of 15mM, respectively. Substrate specificity and kinetic 
parameters of AgGSTE2-2 from An. gambiae are given for comparison (Ortelli et 
al., 2003). ND indicates not detectable. 
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5.3.6 Hematin Binding to GSTE2-2 

The effect of hematin on GSTE2-2 activity was determined by competitive 
inhibition assays. Hematin was dissolved in 10 mM NaOH solution, giving a final 

concentration of NaOH in the inhibition assays of less than 2.5 mM, which did not 

affect the GST activity (data not shown). GST activity with CDNB was 

determined in the presence of varying concentrations of hematin (0.005-50 µM). 
The percentage inhibition was determined by dividing GST activities in the 

presence of hematin with GST activity without hematin and plotted against the 
logarithms of hematin concentration to produce the sigmoidal dose response curve 

shown in Figure 5.5. The hematin concentration giving 50 % inhibition of GSTE2- 

2 activity (IC50) was 3.71 ± 1.40 µM. 

The binding of hematin to recombinant GSTE2-2 was also analysed by monitoring 

the quenching of intrinsic protein fluorescence. The dissociation constant (KD) 

value was determined by the double-reciprocal plot of the changes of intrinsic 

fluorescence and the concentration of hematin. KD is the ratio of the concentration 

of dissociated to bound compound and indicates the affinity of ligand to the 

protein (The lower the KD the higher affinity of the compound). The KD value for 

hematin in binding to GSTE2-2 is 67.9 ± 2.0 pM (Figure 5.6). 

5.4 DISCUSSION 

Western blot analysis confirmed that antibodies raised against recombinant 

AgGSTE2-2 were able to detect Ae. aegypti GSTE2. Immunological cross 

reactivity has been used as a mean of classifying GSTs (Fournier et al., 1992) and 

this result therefore gives further support to the relationship between these two 

enzymes. The Anopheles antiserum was used to confirm that Aedes GSTE2-2 is up 

regulated in the PMD-R strain relative to the susceptible strain at the protein level. 

As was found with its ortholog in Anopheles the recombinant GSTE2-2 from 

Aedes is efficient at metabolising DDT to the non-toxic DDE. 
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Taken together these results suggest that increased expression of GSTe2 in Ae. 

aegypti contributes to the elevated level of DDT resistance seen in the PMD-R 

strain. 

To investigate the genetic factors responsible for the over expression of GSTE2, 

the amount of enzyme in the progeny of the reciprocal F1 crosses was determined. 

Elevated level of GSTE2 were detected in the Fl progeny compared to the New 

Orleans susceptible and the parental PMD strain, regardless of the direction of the 

cross indicating that the over expression is a dominant or semi-dominant trait. 

Slightly more GSTe2 was detectable in the NO? X PMD-Ra' cross than the 

PMD-RY X NOa. The NOY X PMD-R' progeny also showed higher level of 

resistance to DDT than the progeny of the reciprocal cross (Chapter 2) adding 

additional support to the role of GSTe2 in conferring DDT resistance. 

The genes conferring insecticide resistance has been mapped in An. gambiae. 

Several loci responsible for DDT resistance (Ranson et al., 2000) and permethrin 

resistance (Ranson et al., 2004) were identified, but none of these were linked to 

the X chromosome. In addition, the location of GSTe2 gene responsible for DDT 

resistance in An. gambiae is located on chromosome 3R suggesting that the 

resistance in Anopheles is not the influence of the sex chromosome. In Aedes sex 

is not determined by X and Y sex chromosome as in Anopheles, but by sex 

determining locus, which is located in chromosome 1 (Clements, 1992). It is not 

known if the locus conferring GSTe2 expression is linked to this sex determining 

locus. In Aedes aegypti, several genes responsible for DDT resistance are linked to 

Chromosome 2 and 3 (Munstermann & Graig, 1979; Severson et at, 1997). The 

location of GSTe2 gene encoding the enzyme responsible for insecticide resistance 

in PMD-R strain is still unknown. The differences in the level of resistance in the 

F1 progeny from reciprocal crosses in this study need further investigation. Results 

of the genetic resistance and the expression of GSTE2-2 in 171 crosses 
demonstrated that this resistance phenotype is more complex than just the over 
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expression of this gene. Only the up-regulation of GSTe2 has been found in this 

study. However, other unidentified resistance mechanisms may be acting in the 
PMD-R strain. 

GSTE2-2 protein levels in the parental strain and F1 crosses did not correlate with 

total GST activity supporting the suggestion in Chapter 4 that CDNB was not the 

optimal substrate for GSTE2-2. Low GST activity toward CDNB has been 

reported in several recombinant GST enzymes. The average of GST activity 

against CDNB of Epsilon GSTs is generally lower than that for Delta GSTs 

(Jirajaroenrat et al., 2001; Ortelli et al., 2003; Ranson et al., 1997; Ranson et al., 

2001; Sawicki et al., 2003; Tang & Tu, 1994). One Epsilon GST, DmGSTEI-1 

from D. melanogaster, showed the CDNB activity below the sensitivity of the 

assay (Sawicki et al., 2003). 

Aedes GSTE2-2 has peroxidase activity as measured with CHP comparable with 

that of DmGSTS1-1 in D. melanogaster (0.17±0.02 tmol/min/mg), an enzyme 

involved in the conjugation of lipid peroxidation end products (Singh et al., 2001). 

It is possible that the peroxidase activity of GSTE2-2 may be conferring some 

resistance to the secondary effects of insecticide exposure in Ae. aegypti. Exposure 

to pyrethroids causes oxidative stress. GSTs with peroxidase activity can protect 

cells against oxidative stress. This has been shown to be important resistance 

mechanism in pyrethroid resistant strain of planthoppers (Vontas et al., 2002). 

Interestingly, the Anopheles ortholog lacks peroxidase activity. This may explain 

the lack of cross-resistance to DDT and pyrethroids in the ZAN/U strain (Ortelli et 

al., 2003). 

Hematin has an affinity for GSTE2-2, indicated by both the inhibition of GST 

activity by hematin (IC5o = 3.71 ± 1.40 µM) and the interruption of intrinsic 

fluorescence of GSTE2-2 by hematin (KD = 67.9± 2.0 µM). Although, the affinity 

of GSTE2-2 to hematin is an order of magnitude less than that of blood sucking 
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parasites (van Rossurn et al., 2004), the binding of heure may still be an important 

property of GSTE2-2. Haematophagous insects encounter an oxidative stress after 
blood meal due to heure released by the degradation of haemoglobin in the midgut. 
Free heure triggers the production of reactive oxygen species (ROS), which can 

damage the host cells (Sadrzadeh et al., 1984; Tappel, 1955). Heme detoxification 

can be accomplished by multiple mechanisms; for instance, the polymerization of 
heure to hemozoin (an insoluble dark blown pigment) (Oliveira et al., 2000), the 
binding of heure with peritrophic matrix (PM) (Pascoa et al., 2002) or the binding 

of heure to proteins leading to the nontoxic form (dans Petretski et al., 1995). The 

role of GSTs in heure binding in mosquito was not further investigated but it is 

interesting to note that in An. gambfae several GSTs, including GSTe2 are up- 

regulated 3h after blood feeding (Marinotti et al., 2005). 
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Chapter 6 

IDENTIFICATION, EXPRESSION AND CHARATERISATION OF 
UNCLASSIFIED GSTS 

6.1 INTRODUCTION 

The name of `unclassified' was utilised by Ding et al. (Ding et al., 2003) for An. 

gambiae GSTs for which phylogenetic analysis indicates that they do not belong to 

any of the six classes and for which function is unknown. There are three 

unclassified GSTs in An. gambiae, designated GSTuJ, GSTu2 and GSTu3. 

Orthologs of unclassified GST are not found in Drosophila. Therefore, it has been 

speculated that these GSTs may have some specific role in mosquitoes, perhaps 

related to blood feeding. GSTu3 has been previously studied in Ae. agypti and 

named GST-2 (Grant & Hammock, 1992). Up-regulation of this gene was related 

to DDT resistance in a strain of Ae. aegypti from South America at both the 

mRNA and protein level by using Northern and Western blot analysis. In contrast, 

expression of GSTu3 is not correlated with DDT resistance in the Thai PMD-R 

strain (Chapter 4). In this chapter, GSTu3 was expressed and characterised and the 

ability of this enzyme to catalyse the detoxification of DDT was determined. 

6.2 MATERIALS AND METHODS 

6.2.1 Identification of Unclassified GSTs 

Putative orthologs of the An. gambiae unclassified GST genes were identified in 

Ae. aegypti by searching the TIGR EST database (httn: /hvww. tigr. ora) as 
described previously (section 3.2.1). 
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6.2.2 Expression of Unclassified GSTs 

6.2.2.1 cDNA cloning and construction of expression vector 

Total RNA was extracted from one-day old adults from the PMD-R strain and 

cDNA synthesis was performed as described in section 3.2.3. The full-length 

cDNA of the three unclassified GSTs were amplified using PCR primer pairs 

specific for GSTuJ, GSTu2 and GSTu3 genes (Table 6.1). The upstream primers 

were designed to start with the initiation codon (ATG) and downstream primers 

spanned the stop codon. PCR amplification was performed using ProofStart PCR 

Kit as described in section 5.2.2.1. After purification, PCR products were A-tailed 

in the presence of 0.2 mM dATP and 5 units of Taq DNA Polymerase at 70°C for 

30 minutes. A-tailed PCR products were ligated into pGEM-T easy vector and 

transformed into JM 109 competent cells as described in section 3.2.6.2. After PCR 

screening, the plasmids were purified and used as template for PCR amplification 

using Taq DNA Polymerase. These PCR products were then cloned into the pET 

SUMO vector (Invitrogen). The ligation reaction was carried out in the presence of 

1X Ligation Buffer, 50 ng of pET SUMO vector and 4 Weiss units of T4 DNA 

Ligase and incubated overnight at 15°C. 

Table 6.1 Primers used to produce the full-length Ae. aegypti unclassified 
GSTs. 

Forward primers were designed to start with ATG for the initiation codon. 
Reverse primers contained a stop codon (underlined). 

Gene Primer Primer sequences (5'- 3') 
name 

GSTu1 GSTu1F ATGAAAATCTATGCCGTATCG 
GSTu1Ri TCATTTCTTAAC1TVITTGATGGGATG 

GSTu2 GSTu2F ATGCCCATGAGTTTGTATTACAG 

GSTu2R TACATTCCCTCGGTCACG 
GSTu3 GSTu3F ATGGCTCCAATTGTGCTGTATC 

GSTu3R1 TTAGAAAGGTTCCTCCAGCTTG 
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The ligation products were transformed into E. coli JM109 competent cells as 

described in section 5.2.2.1. After growing overnight on LB-agar plates containing 

50µg/ml kanamycin, the colonies were screened by PCR using specific forward 

primers (as shown in Table 6.1) and T7 terminator primer (5'- 

GCTAGTTATTGCTCAGCGG-3') to determine the correct orientation. Positive 

colonies were isolated and grown overnight in 2 ml LB-medium containing 50 

µg/ml kanamycin at 37°C with shaking at 250 rpm. The plasmids were purified 

and sequenced with SUMO forward primer (5'- 

AGATTCTTGTACGACGGTATTAG-3') and T7 reverse primer (5'- 

TAGTTATTGCTCAGCGGTGG-3'), which flank the cloning site of the pET 

SUMO vector. 

6.2.2.2 In vitro expression of the GST genes 

The BL21 (DE3) pLysS competent cells were prepared and the positive plasmids 

from section 6.2.2.1 were transformed into BL21 (DE3) pLysS competent cells as 
described in section 5.2.2.2. One hundred microlitres of transformed cells were 

grown on an LB-agar plate containing kanamycin (50 µg/ml) and chloramphenicol 

(34 µg/ml). A single colony was grown overnight in 2 ml LB-medium with 

antibiotics as above and then stored in 8% (v/v) of glycerol at -80°C until used. 

The glycerol stock was used to inoculate 2 ml of LB-medium containing 

kanamycin (50 µg/ml) and chloramphenicol (34 µg/ml) and incubated at 37°C 

overnight. This culture was used to inoculate 100 ml LB-medium and grown for a 
further 3 hours. Expression was induced by addition of 1 mM IPTG and after an 

additional incubation at 37°C for 3 h, bacterial cells were harvested by 

centrifugation at 5000g, 4°C for 10 min. Pelleted cells were resuspended in 5 ml 

of 1X Binding Buffer containing 0.5 M NaCl, 20 mM Tris-HCI, 20 mM 

imidazole, pH 7.9. After snap freezing in liquid nitrogen, the cells were stored at - 
80°C or used for purification. 
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6.2.3 Protein Purification of Recombinant GSTs 

The cell lysate was thawed at 37°C and incubated with 2 Units/ml of DNase RQI 

at room temperature for 20 minutes to digest bacterial genomic DNA. After 

centrifugation to remove the cell debris, the soluble protein was collected for 

purification. The recombinant protein contained a 6X His tag and SUMO fusion 

protein (13 kDa) at the N-terminal and this enabled purification using the 

His. Bind resin (Novagen). The cell lysate was applied to Nickle (Ni2+)-charged 

His"Bind resin column (I ml bed volume), pre-equilibrated with 5 column volumes 

of IX Binding buffer. After washing with 10 column volumes of IX Binding 

buffer, the column was washed with 10 column volumes of 1X Wash buffer (0.5 

M NaCl, 20 mM Tris-HCI, 60 mM imidazole, pH 7.9) followed by 10 column 

volumes of Wash buffer containing 80 mM imidazole. The bound proteins were 

eluted with 6 column volumes of 1X Elute buffer containing 0.5 M NaCl, 20 mM 

Tris-HCI, 1M imidazole, pH 7.9. The eluted proteins were collected in 1.5 

ml/fractions and monitored for protein purity by SDS-PAGE. The fractions 

containing recombinant protein were pooled and loaded onto PD-10 column to 

desalt and remove imidazole. Recombinant protein was eluted with 50 mM Tris- 

HCL pH 8.0 and then concentrated using Microcon YM-30 columns. Concentrated 

protein was collected for SUMO protease treatment. 

6.2.3.1 SUMO protease treatment and removal 
The recombinant fusion protein was cleaved by SUMO protease to generate the 

native protein. Ten units of SUMO protease (Invitrogen) were added to 20 µg of 

fusion protein in 1X SUMO protease buffer (50 mM Tris-HCI, pH 8.0,2% Igepal 

(NP), 10 mM DTT) and incubated overnight at 4°C. The proteins were resolved by 

SDS-PAGE to verify the efficacy of the cleavage reaction. 
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The SUMO protein and SUMO protease were purified from the recombinant GST 

using Nie+-charged His"Bind resin column. Both the SUMO protein and SUMO 

protease contain polyhistidines tag at the N-terminal and will therefore bind to the 

column. The cleavage reaction was diluted to 10 times in 1X Bind buffer to reduce 

the DTT concentration and applied to the column. The flow-through fractions were 

collected and loaded onto PD-10 column to desalt and remove imidazole. The 

proteins were eluted with 50 mM phosphate buffer pH 6.5 and then concentrated 

using Microcon YM-30 columns. Recombinant proteins were collected in the 

presence of 40% (v/v) glycerol and 15 mM DTT and stored at -20°C. 

6.2.4 MALDI-TOF Mass Spectrometry Analysis 
Matrix Assisted Laser Desorption/Time of Flight (MALDI-TOF) mass 

spectrometry analysis was performed. Briefly, tryptic digestion of purified 

recombinant protein was carried out using sequencing grade trypsin (Promega). 

The single band of recombinant GSTU3-3 from SDS-PAGE was cut into small 

pieces and then washed 2 x15 minutes with 200 µl of dH2O. The gel slice was 
dehydrated with 100 µl of 50 % (v/v) acetonitrile for 10 minutes. After removing 

the acetonitrile, the gel was incubated with 100 µl of 50 mM ammonium 
bicarbonate for 10 minutes and then replaced with 100 µl 50% (v/v) acetonitrile. 
After removing all acetonitrile, digestion was carried out by adding 20 µl of 10 

ng/µl of trypsin and incubated overnight at 37°C. All supernatant was transferred 

to a fresh tube and keep for mass spectrometric analysis, which performed by Dr 

Yang Wu. One microlitre of trypsin-digested sample was mixed with 1 pl of 

matrix (a-cyano-4-hydroxycinnamic acid in 50% v/v acetonitrile, 0.1% v/v 

trifluoroacetic acid) on the metal MALDI-TOF target plate. After drying, the 

sample was then subjected to MALDI-TOF mass spectrometry analysis using 
Kratos Analytical mass spectrometer (Shimadzu Group Company). Internal mass 
calibration was performed using trypsin autodigestion products. A peptide mass 
map was generated by Kratos PC Axima CFRplus V2.4.1 software (Shimadzu 
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Group Company). Database searching was performed using monoisotopic peptide 

masses obtained from MALDI-TOF mass spectrophotometry. Mascot search 

program (http: /hvi-t-iv. matrixseience. com) was used to identify the peptide 

sequences in the NCBI database. 

6.2.5 Characterisation of Unclassified GSTs 

6.2.5.1 Biochemical studies 

Substrate specificity for CDNB and DCNB were determined as explained in 

section 2.2.3 and 5.2.4.1. Se-independent peroxidase and DDT dehydrochlorinase 

assay were carried out as described in section 5.2.4.1. 

Hematin binding assays were performed to investigate the interference of hematin 

against GST activity. The inhibition study was carried out using the CDNB assay 

as described in section 5.2.4.2 in the presence of various concentration of hematin. 

The affinity binding of hematin to GST was measured by following the quenching 

of the intrinsic protein fluorescence in the presence of hematin as described in 

section 5.2.4.2. 

6.2.6 Immunobloting 

Recombinant GSTU3-3 and GSTE2-2 from Ae. aegypti were diluted in 0.1 M 

phosphate buffer pH 6.5 to obtain protein concentrations ranging from 250 ng to 3 

ng/. tl The proteins were manually spotted onto an ECL hybond nitrocellulose 

membrane.. The membrane was blocked overnight at 4°C with 3% (w/v) ECL 

Advance Blocking Agent in TBS-T (20 mM Tris-HCI, 0.136 M NaCl, 0.1% v/v 

Tween-20, pH7.6). After washing with TBS-T, the membrane was probed with a 

1: 5000 dilution of polyclonal antibody raised against the purified recombinant 

GSTE2-2 protein from An. gambiae (Ortelli et al., 2003) or 1: 2500 dilution 

polyclonal antibody raised against the recombinant GSTD 1-6 protein from An. 

gambiae (Ranson et al., 1997) for Ih on an orbital shaker. The membrane was 
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washed and then the bound proteins were probed with a 1: 50000 dilution of 
Peroxidase-labelled Anti-Rabbit Antiserum as described in section 5.2.3. 

6.3 RESULTS 

6.3.1 Identification of Unclassified GSTs 

Three unclassified GSTs were identified, which are clear orthologs of GSTuI, 

GSTu2 and GSTu3 from An. gambiae (Figure 6.1). The deduced amino acids of 

all three genes are aligned in Figure 6.2. GSTu2 and GSTu3 consist of 218 amino 

acids, whereas GSTul contains 231 amino acids. The percentage similarities 

between the Aedes and Anopheles orthologs range from 58 to 75.9 at amino acid 

level (Table 6.2). 

1001 AgGSTu2 

cool I GSTu2 

ý104ý AnGSTu3 
100 GSTu3 

1081 AgGSTu1 

GSTul 

AgGSTzl 

Figure 6.1 Phylogenetic relationship of unclassified GST 
orthologous proteins. 

The distance neighbour joining method was performed as described in 
section 3.2.3. 
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6.3.2 Cloning and Expression of Unclassified GSTs 

The unclassified GST genes, GSTuJ, GSTu2 and GSTu3 from PMD-R strain were 

cloned into the pET SUMO vector. The coding regions of the GSTs were 

amplified from PMD-R cDNA using a high fidelity DNA polymerase. In the first 

attempt, the PCR products, after A-tailing, were ligated directly into the SUMO 

vector but no positive colonies were obtained. Therefore an intermediate cloning 

step into the pGEM-T easy vector was performed. These plasmids were used as 
the template for the amplification of GST genes to obtain the A-overhang PCR 

products, and then ligated into the SUMO vector (Map of pET SUMO as shown in 

appendices). Positive colonies, containing the GST constructs were isolated and 

the recombinant proteins were expressed under IPTG induction. The majority of 

the expressed proteins were retained in insoluble inclusion bodies (Figure 6.3A, B 

and Figure 6.4) but purification of the small amount of soluble recombinant GSTs 

from the cell lysate was attempted. 

6.3.3 Purification of Recombinant Unclassified GSTs 

Cell lysates from the recombinant GST proteins were purified using His-Bind 

resin. The purification was carried out under native condition; cell lysate 

containing 5 mM imidazole was applied to the column and after washing, the 

bound protein was eluted with buffer containing 1M imidazole, which contains 

structure similar to histidine and competes with histidine to bind with Ni2+ ions in 

the resin. The recombinant GSTU1 and GSTU2 proteins did not bind to the 

column (Figure 6.3A and B). GST activity levels were performed to confirm the 

presence of GSTU 1 and GSTU2 in the cell lysate; 4.67 and 3.31 mOD/min/10µ1, 

respectively, which indicated that the expression level of these proteins were very 
low. Only 6x histidine-tagged recombinant GSTU3-3 bound to the column and 

was successfully purified from the majority of the E. coli proteins. However, under 

these elution conditions a number of impurities co-eluted with the recombinant 
GSTU3-3 (data not shown). To reduce the non-specific binding, binding buffer 
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containing 20 mM imidazole was used and higher stringency washing buffer, 

containing 80 mM imidazole was used. 

A 
IF CL FT Wi W2 El E2 E3 Mr 

'w'ry - lii 

B 
IF CL FT W1 W2 El E2 E3 Mr 

PNc.. ýYy. 5 Amtý. odoww 
_... - ný im 

.. 

-f 
arm< 

mw -ULI 

Figure 6.3 SDS-PAGE profiles of GSTUI-1 (A) and GSTU2-2 (13) 
expression and purification. 
Cell lysate was loaded onto His Bind resin. After flow-through collection, the resin 
was washed with 1X Bind buffer containing 5 mM imidazole and the followed by 
IX Wash buffer containing 60 mM imidazole. The bound proteins were eluted 
with IM imidazole in 1X Elution buffer. Proteins were subjected to 15% 
separating polyacrylamide gel. Protein bands were visualized by staining with 
Coomassie Blue. Lanes contained Molecular mass standard proteins (Mr). IF: 
insoluble fraction; CL: cell lysate; FT: flow-through; W1: 5 mM imidazole wash; 
W2: 60 mM imidazole wash; El-E3: eluate fraction number 1-3 (1 ml/traction). 
Arrow indicates to the expected size of the fusion target protein (approximately 
31 kDa). 
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The purification profile is shown in Figure 6.4. A protein of approximately 31 kDa 

formed the vast majority of the protein in the eluted fraction. The purified SUMO- 

fused recombinant GSTU3-3 was cleaved to remove SUMO protein and obtain the 

native recombinant GSTU3-3 using SUMO protease. Two separate bands were 

found, which consisted of SUMO protein (13 kDa) and recombinant GSTU3-3 

(approximately 25 kDa) as shown in Figure 6.4B. Recombinant GSTU3-3 was 

separated from the SUMO protein and protease using a His. Bind column (Figure 

6.4B). 

A 

97.4 
.. a ..,. ... 

""'ý- 66.2 
45.0 

"""" "` ýrrrº - 31.0 

=ý. ý. w .. _ 21.5 
7T. I-L4 

aa 
B 

Cis 4 ý. 

r. w. r. _. r.. Owosso 

iMýri 

Figure 6.4 SDS-PAGE profile of GSTU3-3 expression and purification. 

Proteins were subjected to 15% separating polyacrylamide gel. Protein bands were 
visualized by staining with Coomassie Blue. Lanes contained Molecular mass 
standard proteins are labeled Mr. (A) Purification profile of SUMO-fused 

recombinant GSTU3-3 using a His"Bind column. Wash 1,2 and 3 contained 20, 
60 and 80 mM imidazole, respectively. Protein was eluted in buffer contained 1M 
imidazole. (B) SUMO protease-cleaved GSTU3-3 and purified GSTU3-3 in the 
flow-though after the second step purification using His"Bind column. 
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6.3.4 MALDI-TOF Mass Analysis 

MALDI-TOF mass spectrometry analysis can be used to identify peptides and 

proteins. The sample is first co-crystallised with matrix compound (a-cyano-4- 

hydroxycinnamic acid). The application of laser radiation to this mixture, leads to 

the vaporisation of the matrix-carried sample and subsequently the ionisation of 

both positive and negative ions in the sample. The ions contain a different mass, 

and the mass/charge ratio determines the arrival time at the time-of-flight mass 

(TOF) analyser detector. The mass spectrum of trypsin-digested recombinant 

GSTU3-3 is shown in Figure 6.5A. All masses are reported as monoisotopic mass 

values. Peptides were identified with the Mascot search program against the NCBI 

database. The identified peptides covered 47% (shown in bold) of the GSTu3 

amino acid sequence, 103 out of 218 total amino acids as shown in Figure 6.5B. 

Nine tryptic peptides derived from GSTu3 were identified in the mass spectrum 

(Figure 6.5C). Mascot search result confirmed that these tryptic peptides matched 

to glutathione S-transferase (GST-2) from Ae. aegypti with a score of 99%. 

6.3.5 Characterisation of Recombinant GSTU3-3 

The substrate specificities of recombinant GSTU3-3 are shown in Table 6.3. 

GSTU3-3 has high activity with CDNB (295.47 ± 41.08 pmol/min/mg) and 

DCNB (5.83 ± 0.72 p. mol/min/mg), indicating that both CDNB and DCNB are 

good substrates for GSTU3-3. In addition, GST activity against cumene 

hydroperoxide is detectable, but at a very low level. The DDTase activity of 

recombinant GSTU3-3 was measured as the conversion of DDT to DDE. 

However, the activity of GSTU3-3 toward DDT is undetectable. 
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A 

B1 MAPIVLYHFP MSPPSRSALL VARNLGLDVE VKILNI24AGE FMQEEFVKIN 

51 PQHTVPTVVD DDYVLWESKA IATYLVEQHQ PDSTLYPADP KQRGIINQRL 

101 YFDSTVLFAR AYAAVAPLMR QGATSIPQDK KDAILEALGT LNGYLDGQDW 

151 VAGENTTVAD LCLLATVSSL EKLGVDLSDL PNITAWLERC KSLPGFEENE 

201 EGASMFGNGL KSKLEEPF 

C 
Residue number In GSTu3 Mass GSTu3 peptide sequence 

17 - 23 729.37 SALLVAR 

24 - 32 986.49 NLGLDVEVK 

33 -48 1888.52 ILNLMAGEHMQEEFVK 

94 - 99 700.44 GIINQR 

100-110 1331.66 LYFDSTVLFAR 

111 -120 1062.61 AYAAVAPLMR 

173 -189 1911.64 LGVDLSDLPNITAWLER 

192-211 2113.31 SLPGFEENEEGASMFGNGLK 

212 - 218 849.42 SKLEEPF 

Figure 6.5 MALDI-TOF mass spectrometry analysis. 

(A) MALDI-TOF mass spectrum of tryptic peptides of purified GSTU3-3. The x 
axis indicates the mass charge ratio and the y axis represents to the percent 
intensity for each peptide. (B) The putative amino acid sequence of recombinant 
GSTU3-3, Matched tryptic peptides are shown in bold. (C) The peptide residues 
identified in enzymatic digestions of the recombinant GSTU3-3 by MALDI-TOF 
mass spectrometry, which corresponds to the mass charge ratio indicates in 
number as shown in each peak in panel A, the peptide sequences. 
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Table 6.3 Substrate specificities for recombinant GSTU3-3 from Ae. aegypti. 

Three independent assays were performed. Results show mean ± SD. ND indicates 
not detectable. 

Substrate Specific activity of GSTU3-3 

CDNB (µmol/min/mg) 295.47 ± 41.08 
DCNB (µmol/min/mg) 5.83 ± 0.72 
CHP (µmol/min/mg) 0.093 t 0.054 
DDTase activity (nmol DDE/µg) ND 

The inhibition of recombinant GSTU3-3 activity by hematin was determined by 

varying the concentration of hematin in the fixed concentration of GSH and 

CDNB at 1 mM. The IC50 value of 37.5 ± 0.1 pM for GSTU3-3 (Figure 6.6) is 

approximately 10 fold higher than that for GSTE2-2 (as shown in Figure 5.6). The 

dissociation constant (KD) for hematin is 2.58 ± 0.46 µM (Figure 6.7), indicating 

the binding of GSTU3-3 to hematin is higher than GSTE2-2 (KD = 67.9 ± 2.0 µM). 

Although, the inhibition type of heme on recombinant GSTE2-2 and GSTU3-3 

was not determined further. Studied in mammalian GSTs indicated that heure 

inhibit GST activity by non competitive manner, suggesting the heme-binding site 

on GST is separated from active site (Vander Jagt et al., 1985). 

6.3.6 Immunobloting 

Polyclonal antiserum raised against the An. gambiae Delta and Epsilon GSTs, 

GSTD1-6 and GSTE2-2, were used to investigate their cross-reactivity with 

recombinant GSTE2-2 and GSTU3-3. Polyclonal antibody against AgGSTE2-2 

bound to Aedes GSTE2-2 but not GSTU3-3 (Figure 6.8A). The results with the 

polyclonal antibody against AgGSTDI-6 show the cross-reactivity with 

recombinant GSTE2-2 and GSTU3-3 as clear differences in intensity of spots 
between different concentrations (Figure 6.8B). 
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Figure 6.6 Inhibition of GSTU3-3 by hematin with CDNB as a model 
substrate. 

Data represents the mean ± SD of three replicate experiments. IC50 is the 
concentration of hematin giving 50% inhibition of enzyme activity. The IC50 
value is 37.5 ± 0.1 µM. 

AA 

C 

1/[Hf] 

Figure 6.7 Double reciprocal plot of the intrinsic fluorescence intensity 
(1/Q) of GSTU3-3 against the concentration of free hematin (1/H1). KD = 
2.58 ± 0.46 µM. 
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Aedes aegypti and An. gambiae GSTE2 share more than 70% of identical residues, 
In contrast approximately 35% identities were observed in GSTE2 and GSTU3 

relative to AgGSTD 1-6 (Table 6.4). 

6.4 DISCUSSION 

The purification of GSTU 1 and GSTU2 was not successful due to either the lower 

expression of these proteins or the lack of the affinity binding to Ni2+ ions in the 

His Bind resin. These might be due to the inaccessibility or the degradation of 
6xHis tag or indicate that the binding conditions were incorrect. An attempt to 

purify these proteins under denaturing conditions to expose the tag was made, but 

the same result was found. pET SUMO vector has been used to increase the 

expression and the solubility of the recombinant proteins (Invitrogen), but this 

system was not success for GSTU1 and GSTU2. However the purification 

conditions were not optimised further for these proteins. Only unclassified 
GSTU3-3 was successfully purified and its identity confirmed by MALDI-TOF 

mass analysis. 

In a previous study, three different GST isozymes were purified and characterized 

in Ae. aegypti, one of these isozymes, GST-2 (GSTU3) was over expressed at 

mRNA and protein level in a DDT resistant strain (Grant & Hammock, 1992; 

Grant & Matsamura, 1988; Grant & Mutsumura, 1989). However, this gene is not 

over expressed in PMD-R, Thai mosquito strain (Chapter 4). DDTase activity was 

not detected in the recombinant GSTU3-3 enzyme. Collectively, the results of this 

study suggest GSTU3 is not responsible for DDT resistance in PMD-R strain from 

Thailand. One explanation for this result is that alternative DDT resistance 

mechanisms have involved in different strain. However, in the study by Grant et 

al. (Grant & Hammock, 1992) the mRNA expression of GSTu3 was measured by 
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Northern blot analysis using a 123 bp N-terminal cDNA probe from a highly 

conserved region in GSTs. This probe may have cross hybridised with other GST 

genes, which were responsible for DDT resistance. Another reason is that GST-2 

may represent more than one GST isoenzyme. Grant et al. (Grant & Hammock, 

1992) demonstrated that GST-2 protein also up regulated in resistant strain. This 

protein was measured using the primary antibody raised against GST-2 isozyme, 

which may cross react with other GST proteins involved GST-2. 

Recombinant GSTU3-3 showed higher GST activity toward the model substrate, 
CDNB than recombinant GSTE2-2. Both recombinant enzymes also bind to 

hematin. GSTU3-3 was higher affinity for heure than GSTE2-2, but bound heure 

less efficiently than that for GSTE2-2. This may indicate that the binding site of 
heure is not the same as the active site of GSTE2-2, but causes interference in the 

activity of this protein. These results suggest that in addition to the enzymatic 
function these GSTs bind with non substrate compounds such as hernatin. The 

binding of hematin by GST has been proposed to be the adaptation of the 

nematode Haemonchus contours to blood feeding (van Rossum et al., 2004). 

AgGSTE2-2 antiserum is able to bind to recombinant AaGSTE2-2, but this 

antibody does not cross-react with AaGSTU3-3 under the conditions of this assay 

suggesting that GSTu3 does not belong to Epsilon class. In contrast, AgGSTDI-6 

antiserum bound to recombinant AaGSTE2-2 and AaGSTU3-3. This result may 

suggest that these two recombinant proteins have a common epitope that is 

recognised by the antibody raised against AgGSTD1-6. Previously, insect GSTs 

were classified into 2 board classes based on the sequence identity and the 

immunological cross-reactivity (Sheehan et al., 2001). The sequences that share 

more than 40% identity were assigned to the same classes. Class I GSTs known as 
Delta class has been found mainly in insects (Ranson et al., 1998; Tang & Tu, 

1994), whereas Omega, Zeta, Sigma and Theta classes were identified 

subsequently to be a member of class II GSTs (Chelvanayagam et al., 2001). 
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Although, AgGSTDI-6 shows approximately 35% identity to AaGSTE2-2 and 
AaGSTU3-3 while, immunological cross-reactivity was observed in both 

recombinant proteins suggested that these GSTs might be previously included in 

Delta class (class I GSTs). 
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Chapter 7 

IDENTIFICATION OF TRANSCRIPTS PRODUCED BY 
ALTERNATIVE SPLICING OF Aedes aegypti GST GENES 

7.1 INTRODUCTION 

Alternative splicing is the process of intron splicing from pre-mRNAs by joining 

together different combinations of exons to produce different mature mRNA 

transcripts. The different transcripts lead to the synthesis of variant proteins, which 

may have different properties or functions (Stamm, S. et al., 2005, Graveley, B., 

2001 and Black, D. 2000). In general, splice sites start with 5'- GU and end with 

the sequence AG-3' (Figure 7.1), however this GU/AG rule is not always followed 

(Wu & Krainer, 1999). Alternative splicing can be divided into five splicing types: 

exon skipping/ inclusion, alternative 5' splice sites, alternative 3' splice sites, 

mutually exclusive cassette exons and retained intron (Figure 7.2) (Graveley, 

2001). 

sequences required for intron removal 

53 
GURAGU CTRAYY VYVYVYVVNCAG ' r+ Portion of a 

+ý 
. primary transcript 

ji 

axon 1 intron exon 2 

INTRON REMOVED 

53 
--ý-- portion of Avlv - mRNA 

exon 1 exon 2 

Figure 7.1 Splicing signal sequences Figure from molecular biology of the 
cell (Alberts et aL, 2002). 
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Exon skipping/inclusion 

Alternative 3' splice sites 

Alternative 5' splice sites 

Mutually exclusive exons 

Intron retention 

Constitutive exon 00 Alternatively spliced exon 

Figure 7.2 Types of alternative splicing. 
The angle lines between the boxes represent the possible alternative splicing 
pattern. Constitutive exons are shown as white boxes. Alternatively spliced 
exons are represented as boxes with different shading. Figure is from 
httlp: %niud.. t: ºuford. du s, _, tc, rescarch%aItcrnatk c st)Iiciw-'. h(in1. 

Alternative splicing of GST genes has been reported in Anopheles mosquitoes 

(Ding et al., 2003; Jirajaroenrat et al., 2001; Ranson et al., 1998). An. gambiae 

GSTd1 encodes four alternative spliced isoforms. All of them contain the common 

N-terminal but variable C-termini (Ranson et al., 1998; Ranson et al., 1997). In 

addition, the single Sigma GST gene is alternatively spliced in An. gambiae to 

produce two mature transcripts (Ding et al., 2003). 

The aim of this study was to investigate whether multiple transcripts were 

produced from the Ae. aegypti orthologs of the An. gambiae GSTdI and GSTs] 

genes. EST sequences derived from these genes were identified in the Ae. aegypti 

TIGR database. These EST sequences were searched again against the Whole 
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Genome Shotgun (WGS) sequence of Ae. aegypti. Gene organization and putative 

alternative splice sites were annotated manually by aligning the transcript 

sequence with the genomic sequence and then confirmed by RT-PCR. The 

conservation of alternative splicing within Ae. aegypti and An. gambiae and the 

contrast with D. melanogaster are discussed in this chapter. 

7.2 MATERIALS AND METHODS 

7.2.1 Identifying Ae. aegytpi Orthologs of GSTd1 and GSTsl 

The AgGSTdJ-2 and AgGSTsl-1 sequences were used to search the TIGR Ae. 

aegypti EST database using the BLASTN program. ESTs putatively encoding the 

orthologs of the An. gambiae genes were used to identify the Ae. aegypti genes by 

searching against the Whole Genome Shotgun database. 

7.2.2 Prediction of Alternative Splice Variants 

The putative structure of the Ae. aegypti GSTsI and GSTdI genes was determined 

by searching the nr database at GenBank to identify genomic regions with high 

identity to GST sequences. The protein coding regions were manually annotated 

on matched WGS sequences using the MapDraw programme (DNAstar software). 

Deduced amino acid sequences and exon/intron boundaries were identified and 

verified by comparison with EST sequences, where available. Three putative 

splice variants were identified for GSTdJ (GSTdl-1, GST dl-2 and GSTdl-3) and 

two for GSTsI (GSTsJ-1 and GSTsl-2) 

7.2.3 Confirmation of Splice Variant of GSTd1 and GSTs1 

Primers were designed to amplify each of the putative alternative transcripts from 

GSTd1 and GSTsl (Table 7.1). PCR reactions were performed as described in 

section 3.2.5. The PCR products were cloned into pGEM-T easy vector (section 

3.2.6). DNA sequencing was performed as explained in section 3.2.7. 
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Table 7.1 Primers used to amplify Ae. aegypti alternatively spliced GSTs. 

Gene Primer name Primer sequence (5'-3') 

GSTdl GSTdIF ATGGATTTCTACTACCTGCCAG 

GSTd1-1R TCAC17CTCGAAGTACTTG 

GSTd1-2R CTACTGCGCAGGGGCTTTAAC 

GSTd1-3R TTACATTCCGGACAGGAAC 

GSTsl GSTs1F ATGCCGGATTACAAGGTCTAC 

GSTs I exon4R TTAGATCTCAGTTTGTGGTCG 

GSTslexon5R ACTCAGACGGAAATCGTTAATC 

7.3 RESULTS 

7.3.1 Alternative Splicing in GSTdl 

Two transcripts putatively from Ae. aegypti GSTdI were retrieved from the EST 

database and were used to identify genomic fragments encoding the GSTdI gene. 

Two WGS scaffolds (AAGE01035830 and AAGE01064758), were retrieved and 

aligned to determine the structure of the GSTd) gene. The positions of the four 

exons, designated exon 1 to 4, and three introns are shown in Figure 7.3 and 7.4A. 

Exon 1 encodes the N-terminal of a GST gene, whereas exons 2,3 and 4 are 3'- 

alternatively spliced exons encoding the C termini of three distinct GSTs, GSTdI- 

1, GSTd1-2 and GSTdI -3 (Figure 7.4B). All exon/intron boundaries show splice 

signals consistent with the GT-AG rule as presented in Figure 7.4C. To confirm 

that this predicted organization of the GSTdI gene was correct and that, all three 

transcripts are expressed, the putative transcripts were amplified from adult eDNA 

and sequenced. The deduced amino acid sequences are shown in Figure 7.5. The 

45 amino acids from coding exon 1 are identical in all transcripts at the N-terminal 

end, while the remaining sequences were variable matching either exon 2,3 or 4. 

The deduced amino acid sequence of GSTdJ-1, GSTdI-2 and GSTd! -3 consisted 

of 209,211 and 219 amino acids, respectively. 
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Figure 7.3 Nucleotide sequence and predicted exon locations in Ae. ac'ý; ipti 
GSTdI gene. 
The primer sequences used to confirm the putative splicing pattern are marked. 

;. I ý. iý G. 1IGA000CGGCCGCCGITG; CGILoVocILA\ öýý 

GSTd1F 

-i_ i" MTAAAVGVELN 
Exon 1 

TCTTAAGCTCACCAACCTGATGGCCGGTGAACACATGAAGCCCGAGFTCCTCAAGGTACGrTCAACTCCýCGAAAIG 
LKLTNLMAGEHMKP=FLK 

Exon1 - 

ATGTGAAATTGAAAATGTTCTGTGCITGTCGTGACTCAGTGTGCTGTGCCAAAATCAAAGAAAAAAAICFCAI'ýCA-- 1",.: 

CAACCGAAATTCGGTCCCAGTAGGCCACGCTGGCAAACGCCATCTTCTCCAACTTCCCATCAACACTTTTCCATTGTETC 320 

TT ATTTCTATTGAGAGCCGACGACGAATCATTTATCTCCTCCAGGCAATTGTTGCAAGTCATGTTCCATGGTGGAAGAAT 400 

AATGAGGGGCCTACTAAAACGAAACCTCCCAATCATGGTGCGGAGGTTGATCCGGCTCAGTGCGCCCGTCCCACCCTTGG 480 

AAATGTGAAAGTGTCCCCGTCGCCTCACCGGTTGGCTGCTTCTGGGTCGGTTTATCATCTGTTTCAAACCAATTTGAAAA 560 

GTTGGAGCACAAGTTCAGCCGTTTTGGCAGTGCATTGCAAGAGGGGGCTTGGGCATTCCAATCGGCATGGAGTGAAATCA 640 

CGACAGAGCGGGGGACAGCAGTCAAAAGCCGTGCGTTGGTTGGTGATCTCTCATGTAAAAATGTGGATTGGTGTGGGTCG 720 

TCGTGGGGGCAAATGCATTTCATCTACCTTCTCACTCATCTGTACTCGTCCACGTCCATGTTCTATGTGTTCATCGCCTC 800 

TTCGATCAAACCAAACTAACCCCTCCCCTCTCTTTCCACGGAACCACCCCCGCGACCCTCCGATATCCAGCTGAACCCCC 880 

INP 
Exon 2 

AGCACTGCATCCCCACCCTGGTGGACAATGGCTTCTCCCTGTGGGAGTCCCGCGCCATCATCGCCTATCTGGFCCAAAAG 960 
0HCIPTLVDNGFSLWESRAIIAYLVEK 

Exon2 
- 

TACGGCAAGGACGACAAACTGTACCCGAAGGATCCCCACAAGCGTGCCGTCGTGAACCAGCGGCTGTACTTCGACCAGGG 1040 
YGKDDKLYPKDPGKRAVVN0RLYFD0G 

Exon 2 

CAC TCTGTACCAGCGCTTCGCCGACTACTTCTACCCGCAGGTCTTCGCCAAGCAGGCCCCCGTTCCGGACAACGAGAAGA 1120 
TLY0RFADYFYP0VFAK0APVPDNEK 

Exon 2 

AGATGCTCGATGCGCTCGACTTCCTGAACACCTTCCTCAAGGACTCGAAGrACGTGGCCGCCGAFOVLC'Cr, ýCA; I.,,;: 
_: 

KMLDALDFLNIFKD_, KYVACUE!., 
Exon 2 

CA TCTGAGCATCCTGGCGACGGTTTCCACCT TCGATGTGGCCAAGGTCGACCTGA000001^. CL 1c-'o 

DLSILATVSTFDVAKVDL_, KYA 
Fxon 2 

GTACGACCGACTGCGCAAGGAGGCTCCGGGTGCGGACATCAACGAAGCCGGCTGCAAGGAGTTCCCCAA(; TACTIý';:. GA 

YLpIPKFAPADINF.. k .. 
Exon 2 

GSTdt-1R 

Exon 

GSTd 
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AATAGCGCATGGTTTTTTGATTTGTTTGCGACTGAAGGAAGGTGATGGTTTGAACTGAGGTTTTGTGTTTGTTTCTCAAG 1520 

1Gý"; GrIDACGGCSACTTTTCGTTGTGGGAGTCTCGAGCGATCATGATCTACCT 1600 

%CGDFSLWESRAIMIYL 
Exon 3 

Tý]_ CAAACTGTACCCCAAAGATCCGCAGAAACGAGCAGTGGTCAATCAGC 1680 
VDRYAKGEVGEKPKDP0KRAVVN0 

Exon 3- 

GGTTGTACTTCGATATGGGAACACTGTATCAACGDNTCGGCCATTACTACTATCCGCAGATATTCGAAGGTGCTGCTGCA 1760 
RLYFDMGTLY0RFDYYYP01FEGAAA 

Exon 3 

AATCCGGAAAACTACCGGAAGATCGGAGAAGCGFiD AG"TTTIAGAAGTATTTTTGCACGATCAACAGTTCGTGGCTGG 1840 
NPENYRKIGEALF EE LEVFLH000FVAG 

Exon 3 

AGGGAACTGCFTAAFCCTAGCGGATTTCA; TGTACTGGCAACACTTACAACGTT-GAAGTGGCGGGATATGACTT'TCGG 1920 

.L D_ 3VLA T_ IFEVAGYDFF 
Exon 3 

3 A331 1; ýAACCDI ATGGAAD: DA` iCACAAGGTGGC FCCGGGTGC'CGACATCAATCGACAGTG( ; CA']AA 2H30 
RI0KVAPGADINRFWAF 

Exon 3 

_; a4aADDI TAAAGCCCCTGCGCADFAGACTTTGAGTTACGGCGGTCTTGIATTGACGCCCAC 2_'t3U 

% A 
Exon 3 

GSTd1-2R 

" ICS' ýý. FFF:. i= AAA"TVDFAFFDATAAIAAAILTAALDICAii. C! AIIICCVFACI iCAAIAD] ; GITTAICII 21E; U 

CCCTTTTCGTACAGCTGAGTCACGACAATCAACCGCTCAAGATTTCATGTCTGTCAACAATTACCCATGTGGGTAAAGTC 2240 

AATTAACGTCCCAAAGTTTA7CTCTTACAGCTGAACCCGCAGCACACCATCCCAACCCTDCTCGACAATGGCTTCTCCCT 23251 
LNP0HTIPTLVDNGF5 1_ 

Exon 4 

Dl cDCAC" LFLCFLF 1 rAEC: ICC 1C GnaaVVCTACGGCAAGGATGACAAAFFATACCCOAVGI ATIC Cl-Arn 2111, 

N ._-.. 
I P1 LAKKYGKDDPK.. P 

Exon 4 

AGCGTGCCCT[, G'CAL CA GCGCC TGTACTTCGACATGG CAGTGTTCTACCA GC GFrTCGGAGACTA CIGGTACC CGCAG 248i_1 

KRALVN0RLYFDMCVF10RFGDYWYP0 
-- -- Exon 4 

ATCTTCGCAAAGCAACCCGCCAACCCCGACAACTILAAGAAGATGCA, GAGGCCGTCGGTTTCCTGAACACCTTCCTGGA 2560 

IFAK0PANPDNFKKMEEAVGFLNTFLE 

- Exon 4 

GGGCCACCAGTACGCTGCTGGCGATGAGCTGACC: TIGCCGATiTGAGCTTGGCCGCCTCCGCTGCCACCTACGAAGTCG 2640 
GH0YAAGDE L- IADLSLAASAATYEV 

- Exon 4 

CCGGATTCGACTTCTCCAAGTACCCCAATGTGCAAGCTTGGCTCGAACGGTGCAAGAAGAACGCCCCCGGCTACCACCTG 2720 

.. F3, h, TV-FWCRKNAF LI Y2I 
Exon 4 

N0ACADEFK 
Exon 4 

GSTd 1-3R 
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T35 155 225 bp 
A EiuQn 1 17-- ExömZý=_<' Exon ý" : EXO 4 

135 495 525 501 bp 

B Exon l..,, 
-'.: 

Exon2 GSTd1-1 

GSTd1.2 

GSTd13 

5' Splice site 3' Splice site 
C! Exön -E ". Exon" üs": J 

®GTGACGT......... ATATCCAG TGAACC GSTd1-1 

TTCTCAAG CTGAACC GSTd1-2 

TCTTACAG CTG AAC C GSTd l -3 

Concensus AG/ GTGACG............ AG/ CTGAACC 

Figure 7.4 Alternative splicing in GSTdI. 

(A) Gene organization showing location of exon and introns of Ae. aegypti GSTdI. 
The gray rectangles indicate exons and the black lines represent introns. The upper 
and lower numbers indicate intron and exon sizes (bp), respectively. (B) 
Schematic representation the three alternatively spliced products (C) Nucleotide 

sequences at the exon/intron boundary in the GSTdJ gene. 
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ýýt 

Amino acid sequence alignment of alternatively spliced GSTdl isoforms in Ae. 

aegypti and An. gambiae indicated that the N-terminal exons are highly conserved 

(Figure 7.6). Aedes aegypti GSTdl demonstrates a similar pattern of alternative 

splicing to that, which has been previously reported in Anopheles GSTdl 

(Pongjaroenkit et al., 2001; Ranson et al., 1998). However, four transcripts are 

produced in Anopheles whereas only three are found in Ae. aegypti. The percent 
identity of spliced GSTdl in Ae. aegypti and An. gambiae range from 55-85% at 
the amino acid level (Table 7.2). The alternatively spliced GSTdJ from Aedes and 
Anopheles are probable orthologs and the duplication of the C-terminal exons 

presumably occurred before the divergence of these two lineages (Figure 7.12). 

7.3.2 Alternative Splicing in GSTsl 

Two putative Sigma GSTs were identified in the EST database and used to retrieve 

the corresponding genomic locus/loci. Both were contained within four WGS 

scaffolds without overlapping (AAGE01051524, AAGE01631930, 

AAGE01044281 and AAGEO1133014). The gene structure was determined using 

DNAStar software and BLASTX. The Aedes aegypti Sigma GST gene spans 7678 

bp and contains six exons (Figure 7.7). Two alternative transcripts are produced by 

alternative splicing of this gene, GSTsI-1 and GSTsI-2. The intron and exon 

structure of these transcripts is shown in Figure 7.8A. GSTsI -1 is composed of 

four exons (exonl-4), while only three exons (exonl, exon 5 and 6) comprise 

GSTsI -2 (Figure 7.8B). GSTsI -1 and GSTsI -2 were amplified using GSTs 1F 

forward primer and GSTs l exon4R and GSTs l exon5R primers (Table 7.1) 

indicating that both cDNAs are expressed in adult mosquitoes (Figure 7.9). The 

amplified cDNAs correspond with the full-length of GSTsI-1 and the partial 

GSTsI-2 (612 and 303 bp) as demonstrated in Figure 7.8. 

118 



0 U) zzzzwN It x L. >' 

>>>>DD C) C) QQzQw 
aaa 4 aaa uu:. QQaQ 

w 
C4 

E. FHE. EWwwmaa 
Lý. F( W 0.. W RP. Pi ß: aa 

>> ü v- ü0000000 
yxxxaawä0a 
00000000 E H>E--HE~ 
aaaasas ý7 cý uuO 
zzzzzzzz ££ Qýkl £ a> 
aasas oQQQQQQ 
xx1cäcxxac wwwwwcu w 
aaaaaaaw wwwwwww aaaa as 
wwwwwww ixocaa az 
aaaaa Al a0aolaOtaa 

a4 xxa4xP4 a4 zzz74"x 
: xxzxxx > >>>>> 

Wwwwwww qw qw 
(D U CD (D CD 0 (D 
axQ xax xxC 

C). SEE IEEE aocy 0aacx 
aaaaaawaaaaaa 

zQczQQ C) Q C) Q In 
HH FFFFH t, ^xol04U 
aaaaaaawaaaäa 
ýaýxxýxaý NýNrNrN 
aaaaaaaaaaaaaa 
2zzzzZZi: > >: xx ti a: 

aaaaaa öQQQQ w 
Q www wwý, ] ýýZ 

I0 >>>>>>>zIIa 
C7 (9 Uý C7 C9 U' U' IIIýýQ 
> >>>> >>IIIIa 
QWQa [1+ awUIII1Q 
rý 0 QU 

0 
ti 

(ý (9 (9 aIIIx 

rC 
< 

a4 xxxxQ 
F4F0DIýF0Q U' 00 (7 uu 

Ea£aaEa 44 ýNa x 4Nva x Of !Z 01 P: (Y. aa Cti 
wWW 41 > >I I> I cl wwwwww 

ýäýäzýa4 äääääää 
QUUUUUU >iýr>NN 
u 

fL 1. (L C', WWUF 
U> I >> I> £xOUd 

WIWI P+ HHHNHHH 

QQaQUU) ý9aa ýýý to 
0 
V) co 

0 
U1 

0 
U7 U) 

aoaaaaawwwwwww 
aaaaaaas333a33 
NNNrNNraaaaaaa 
NNrrrNr QýaQ > 
L. wwwwwwwwwwww 
££ EE E£ E11111io 

In ý0 Vrý ýn io cM 

I1II 
ro 1bIE, 

EIbIEI El 1Ib 
EHE . -r FHFH . -+ E. 

ro to 'd U) U) 'O U) ro to m cn U) 
H0F U' C7 H Cý H C7 0 U' 

u 
bl bý b+ to bý v] U, v1 bl bN bl 

cý 40 aQCD a cý) a0 QacD Q 

rrrrrrr 

QQQ C7 QQS 

WWWWQQQ 

H E. 
Q 
E- F. E. El 

Q VE. ) Cl) S 
aaQH H> H 

Eý H' HF E- H äaýýaaa 
>. 

aaatiH) U1 r1 4] 41 V) N fA 

aaaaaw 
00 00000 
-caQaHQa 
E-. H) E- E- H a i- a .aaaa w C) U) WQ 
ZZ ZWQI C) QQ 

N 

of aa 
0 wx o x 
Q c9 c9 c9 c7 00 0 
xww wQ xw 
wwwwww 

zzz WQz22Z2Z 
as Naa r7 wwE. wwwww 
ä>>> 

aQaaaa 
wwwQQQ0 
CD Uwxxaw 

xxxxxx 
x0 V4 aQx >. w wwwwa 

zzzzZza 
wQww wQCl 
mwwaaaa 
IzIII IQ 

Z2ZZ Z> U' 
QQQQQwQ 
4aaa> 

a 
QQaoC. c 
0 U' xxxx 
ww< QRQ3 wry wwwww 
0Cd 0c*Oaa aaaaaaw 

<V r-1 f1 HI HI ri HI 

F HI HF HI EI 
'O NH0 

C7 F, 
U1 V7 

F0F Cý U' 
to '71 U1 'S of c, Ol 

ou 
Z3 

äo H' 

c( Qcr. ý 
OO( Ol ii 

NNNNNNN 
i) 

iiiiii a 

xmcnxx0 
Qaawwa r. 41 DW r-4 r-ý ýw D4 

äääxxv 
aaxxxa 
waawwwwr, 

U 
w wQQ wxxO 

(N yL. 

r 

33 (a_7 QD Cý7 O 
V) 

a) ä äääwä 
-. 

zzzzzzz 
Zs = 

I-I F, aaH IN x cV 

QQQaQn 
ý' 

V1 ä (N0 
oaä 

aaaw aaa 
a1a9IQ( 
>azz ww w C! 
xwxaxxzpn aaU. xaaH 

ämää zää 13) 
cýxwa 1( ýj . 
a33S3, 

ý 
33 

7>>>> 
IN 

Cý 
U 

ý. 

22x2G. Y 

Cý a 
0 

Ä4 äa 
aý, ' 

ä 

_U U) 
[N 

U) 
I [ate. 

ä-" 

3-r 
AQoQono ý 

"ý C 
OL 

ro U) U) U) v)L CIO u 
V) F C7 FO0F. 0 

aaaRQ 
sý 

011 



"_y^ 

i.. l 

WN 

rl 

U 

N" 

e ü 

a C) 
Qa Q 

i"r a) 

CAS C) Qi 

aw y 
"rr Cý 

ei 
8 

ä 

JD G) 

F 

Z. .r r. + 
i+r 

b 
ICI 
r. + 
it 

C! 
L 

a 

ID 

10 

10 

oA 

bD 

00 

M O Qý M 

"-i; rq v1 oÖ . -- L= "O r- tr 

110 \0 W'l 

dN *1 
cV vý 00 

"'ý N IO ^O 
E- ýo 'IT I 

N 
1- 
býý 

"0 

u 

i 

I 

I 

f? 1? : 
- 

-n N M . i - - 
P-4 

10 lu 10 

i F H F- A Z r ý ä V ý 
G7 G7 G7 o o on aýo d d d d 

0 N 



Figure 7.7 Nucleotide sequence and putative amino acid sequence of Ae. aegypli 
GSTs1 gene. 

Primers used to confirm the expression of the two cDNAs are indicated. 

Gsr5 
E)On1 

GATATCAGAACt. �GAGTCACGTCGGGAACACGTTTTTACACGTTTTTAGCTGTGCCTA 180 

DIRA_KaS 
E)on1 

ACCCTGCCCGATA AC GAA ACG 1T I Ci T1GAGTT! 0 G7 AGCC ATT AC ATCATCAGCCATTTCTT GT AAGAATTTATCAAA AAC GCC 270 

TAAT TACT TGTTCAAAGTCAGAT TAGGATAATGA TATT TTCATAAAGGTTAAATT TGCATAGGTCCTTTGGGGTCTCAT GCACAAATTAC 360 

GTCACGCT CCAAGGGGGAGGGGGGGGGGGGGGTGATCGAGCCAAGTGTCACAAGCCTTACAAAA TTTTCGGAGCACTCA TACAAAAAGTG 450 

TGACAAAGAGCGGGGAGGGGGTCGAAAAAGTTGAAATTTAGCGTGACATAATTTGTGTACCATCCCTTT TGGAAAATTT TACAATAAATT 540 

CAT TATCTCTCTGCATGATTACCACTTA TCAAGTACAG TCAAT TCTTTA TAGCTAGATATTACGTATTTATTGTCATAAAACCATAGTAA 630 

ACGGTGGTT TTCATCGCT ACCTTGAACA AC AGTT GC AC TCATTTT GTGTGCT AT A ACT AG AT A ATTCCT TC A AT ATCC AGTC GT AGAGAG 720 

TTG ACT GT A GTT AGAC AT TT GT AG ACCT AA T AT TT AG AT AAGGTTTTCTATTTTCGTCCATGTGTTACTCA AT AC AT TC GG TT TG ATTTG 810 

AA T TCTC AT GGTTTGC GG TAA AC A AC TC ACTCA AT TTCAATTTTCCG ATGAT A AC ACTT GTCCCCTATT GAC A AT GATTTTCTGTTCTTT 900 

AGC AT GCTTATCGCG AT AATCTCAGCCATCTCG ACTCT A AT AC TA AATCT ACT AGCTAATTATAACTCA AG A GC AAAGCGTGCC AT GCTT 990 

GTTGGGATTGATTGTCTTGTACCTAATCATCTGTTGAGATGACATAGAGGCCTACTAGATGATATCACATTGTTTACCGCTTTGAAACTA 1080 

AAAGTGGACGCAGCAAGGAAAACTATTATCTTATGACTTAAATTTTAATATTCGCTGGATTTTACAAAAAAACCAACCCCCICACGACAT 1170 

TC ACC GAC TC ATCT AC ACCCC AC AT TC AC A GT GTAAA AC A AA ATG GC AGCTTTCTCATCGCTTCATCATCCTGGTTT GC ATCA TC AC AT A 1260 

GGT TTTACTAGCT TGTAACATGT TTGGTGGCAGCTTTCGGGGGAGGCACTGGTGTTATCGACGACGAAACCCCTCCTACGAACCAACCCA 1350 

AACCA AACGATTTGCTTT TCTTTTCTCTCTTTTTCCCTCTTTTTTCGCGT TT T AC AGCG AT GCCC AT GGGAC AG ATGCC GG TGCTGTCGG 1440 

MPMG0MPVLS 
6on2 -- 

TGGACGGCAACAAGGTCCACCAA TCGGTGGCCATGTCCCGCTA TCTGGCCAAGCAGGTCGGCCT GGCCGGTGCC GACGA TTGGGAAAAT C 1530 

VDGKKVH0SVAMSRYLAKDVGLACADDWEN 
ETai2 

TCA TGATCGACACCCTCGTCGACACCATCAACGATTTCCGTCTGAGTAAGGATCCATGAATTTGGATGAGTTCAGGGAAAACGAACACGA 1620 

LMIDTVVDIINDFRLS 
E)on2 i 

GC GTTGCC ATT GC TT T ATAAG TT TT AA ACGAC T TC AAA AA GGT TTTA TG T GAC ATT TT TA TCAAGGA T AAACC TTATTT ACAGGTCTAGC 1710 

TTTAACAG ACTTC TTTTG AAACCCTT TG TTTGGCGGTG TC ATC ATAG T AGC CTT GAT TT TT TT AGTATG GAC CA A IGC AC GAGT TCT TT T 1800 

TCA TGAATGCTTT CAAGAAAAATTT TCAGT TAT TT TTCAATAT TTTTACCATGATTTCTTGTAGAAATGTATAA TAATTAATTGGAAAT T 1890 

ATGCTTTTCAAGAGCTCTCCGTTTTGAAAAAAAATGCTTATCGCATGTAAAATTGGTTCATAATGATCACAGTTCCCAGGGAGATTCATG 1980 

AATTCTTCCTAATCTTATTGGCGTIACCTCTCAACTGGGAAGCCTGCTTTTCAGCTTAGTGTTCTTTTGAACACTAACGAATTTAGGAAA 2070 

TCTCGATAATTTGAGGTAAATTCATTAGATCTGATCTAATTGTGACTTTCACGTGTTTAGTTTTGTTTGAAAAAGACACGGTAAAAATTT 2160 

GT ATTC AAGAC AA GAAAAAG TTT AAGT TAGAAT GTTTTTT TTTTCCTTTAAAGTGCCC ATCTCGT GATGTATGG AC GG TT GGT AGT AAAC 2250 

AT AATT ACCT A TC TT GAG ACAAA AIT TC ATTCA AAT ATTTTG TTTT AAA T TGACTT TAA GC TTTGAAAAIC TTTTTTTT TTCAGC GTAGC 2340 

C CAC AC ATTAAGT TT TTTCAG TACCGTAATCCG GGG TA AC ATT GATCAGC GGGGT AAC ATTGG TCGGT AT GA TCC TGC TC GT AA AAACT T 2430 

CGAATCAT CAT TT AT TGATGAAA TATTTTCAAAGCATGAATGG TGCCTCTCTT TCTTACATTCATAATC TAATGGAAAT TGAGGTTT T TG 2520 

TGA AAA TAGCATT AAGTT CAT GC GT AAA TTTGTCAACATTTTGAATCAATGATT TT TAT TTT T ATGGAT TACAC TACCGAAGAA A'GGTA 2610 

TCGCCGAAAACGATTCCGTTGTC AAA TCTTTCATAATTT TAT T TAAT TAAGCAA CATT AACGAACTAAT AT TAA GAATTCAGAAAATCCT 2700 

TAG GGAATTGCATACC TTTAGGC GTATT GCACGGTTCAAAGTG AT TT TATTTTT TAAATAACTC AAA TAGT AAA TGACT TGTAALAGT TT 2790 

GGT CTT CA TAT 1C GGCATCAGGGGCCAT GATT TAAGT AAGCAACGACAT TTT CA A TATT TCCGAACGT TGTTTA CAT GGGTGATCAATGT 2880 

TACCCCAT ATCAGCT AAA TCAAAAAAAATCACTTAAAACAT T TAT TTAAACAT ACTTAA ATCTT TTGAAAAC CA AAA IGCAGTG TAT GGT 2970 

CACGAGCGGTGGATCC CA GTACT TGTTTAAAAA A TAT AAAACT TGCGAC AT TTG CAT TCTCT CAT GAAAAATTTAACAA ATA TCCCAAAA 3060 
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ACT GATCAATGTTACCCTGTTACGGTACAACAATTTTT TAGGAGTGTAT ATACG AT TAT ATCATTTTGAAAAAAAATCTGGTAAAAAAGT 315C 

TCAGCCTTTTCGAATGATAGTCCAGATACATTTTGCAAAAACT AAGTATGCAAAATGGCT TACT TAGTC TATGTCTACACATCTATAAAG 3240 

TTTCATTGAAATC TGAGAGGGTTCTGCCAACATCTATTCGAGATGGCGCGAAATGCGCC TAAAGATTCT TCATGAAAGTAATTCTACGT A 333C 

TTGTCTAGAGATTGAAGGGATTTTTCAAGAATTCTATAAGAATTACTCAATTAAATTGTACATGAATTACTACAAGGCAGGGATTTATGT 342C 

ATAGTAAATT TAT AGGTT TAT TT ATTGGAAAGTCAATGCACATTAATTT AT TTT TAAATGAAATGTTGGAAAATCCACT GAGAAATGAAA 351C 

TT AT GT GA AT AAAC AT GTAAT ATT GC GTTCTTTTCAAT GCT CC AAAT ATGTGC ATTG AT TTT AACCC AA TTTTC AAAGAAAGTT TAG TT T 3600 

CCATTTATTTAAT TTTACAAACTTTTCGATTTACATGTCGTTTAATTTTCAATATTTTTTGCTGTGTACGCTATGAAAGTGAAAAAC TAT 3690 

ATT CTTC ACGAT AGC T AAAAACC TTTT TCGAACAAAC ACCACA AC AT AAGGC AAC GC TCGT AAACTTTC CC GGA A AATGTAACGC AA TGC 3780 

TAAGCTTCCGCTCCCTTGTAGAAATCGC_GT'G"GTCC TACGAGCCCGATGATGACGTGAAGGAGAAGAAGCTGGTCACCCTGAACAGTG 387C 
EP0DDVKEKKLVTLNS 

Exon3 

AGGTCATTCCA-'AC_'L. A:.: 1;; _ I S4' AACAACG GCC AC ATG GC AA ATG GC AAA GT A AA T GC CAA GA CAA 39¬ 

EVIPFLER-CRDNNOHMANGK 
Exon3 

TCGAGGAA 
., -. AIAT GI AC TTTG TCG 1,1. r(S AC TACT I 

n 
.. 

F, A 
Exon4 

AAC TACAT G AC CACýý_" _. .., .,, ,-". - ": A4... 00000AGTG GTC GACAATGTCVCG AGCATCGATTCGATCAALC ýý'4,: 

NYMTKS0VANHNLCRVVDNVTS1DSIKA 
Exon4 - 

cc4 F -, A naAAS: aAC-araAC T ACC aACT 4, 'A AC AT TCA 4C 42X 

ExOn4 

GSsrz 4R 

GAGACTTTTAC: A _A; " .. -- :, 'TA:, G- , T'00GAA., G'77T'AAAAA, 
- A I-AGT GCCATTT AAAG CATTG AGAR TC 4320 

AATCACAT TAACATGC ALAGAAACGCA'TCACC AAAT AAGACCAG TGAA T AT GC ATT AC ACAACTTT GTTATAAGAAAC GAT AA TAAAA C 441C 

TTTAAAAA AAT AT GATCCAATAA AT ATC CCCTAC AC CT TTT AT CTGGCAT AT CA TCAGCAGAAATAAAA GACAT GTTTT CC TTG CT GCA A 4500 

ACCCTGTCTGAAACCGTGGCCCTCGATTGGTTT TCGTATTTCGCTGAGATAACATCTCAGAGCATCTCC TGTCGCTAAAAGCTTGTTTGT 4590 

TTAATAAGTATAAT TTAT TTTTTGATAT GAT TG TCTGCCGCTGATAACAGCAGCGCCTTCCCGAAAATAACGTAAGTCTACCCGTTTCAC 46 PC 

CC ATGA AT A GCC AT A AGA A AGC TGC TT ATCATCATCA AT A AC TGTTTT AC ACTTTTCC AAAC AC TTCTTCTTCA ACG AA AC ATGCTGAAT 477C 

TTTGACC A ATCGCC AATCC AGCTT AT ATT AA AGTTT AAC AA AC ATTTCTCTGCT TTCTC TCTCTCGCTTTCTTTCTTCCTCTGTCCCCCA 486C 

TCCTCTCGTTT AC AGCAATGCCC AT GGG AC AC AT G CCGG TGCTGG AGGTCGACGGC AAGCG AGTCC ACC AATCGCTGGCC ATGTGCCGC T 4950 

M= u0FVLEVDGKRVH0SLAMCR 
Exon5 

:,:, T'YVAK01_ 

Exon5 

GS is lex on SR 

A , cT c: ccaa. AA ATL: Af 51:: 

Exon 

GSTs 
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CGT CAT TATATTTCTTAATGGGCCCAGGTAGCCGTAGCCCTAAACGCGCAGCTATTC CCCAACACCAAG ATAAAGGTTCCGATC CCTTT T 522C 

CATAGAGGAAAGT TTCTT GATT TCTCTGGGCATAGAGT AT CC TCGTGCTTGCCACACGA TAT ACACATGCAAAA ATGGTAAATAGGCAA A 531C 

TAAAGCTT TCAGT TT AAA TTTGT GGAAGTGCTC AT TAG AACAATAAGCTGAGAAGCAAGCTACGTCCCAGTTGGAACGTAACATCAGAA A 5400 

GAAGAAGAAATTCTTTAATACAGTCAACCCTTCATAACTCCATATTACGTATCTCGATACCGAGGTATAGAATCATACTATAACATGGTT 5490 

TTCCTGGCTTCTTAGAGGGTCTTTTGAATCATCGTAGTGGCACTCATTTTGTGTATCGGTGTATCCCTAATTCAATGGTCCCTTCATTGA 558C 

ATCATAAAACGTTGGCTAGTTAATGGGCTGGAACATTAACTGCCACTTCAACTTAGTGACTTATAGACGTATTATAGITATAGCTGC'CT 567C 

ATTGTTCTTGAGCCGTTTGATTCGTTCATCATCCGCCTTCATCGGTACTAGCTATGCCCTCAACCATCTCGGTTTTATCGTAGTGCTACT 576C 

TTCACCTTTCTATCATGATACCTCCATCCTTATCCAGACACTATGGTCACTAGCTGGTGGTGACCAATCGATTAAGTTTTCAGCTCAAAC 585C 

GGATGTTTGGTTCTCCAGATTTGTGTTACAATTACTAT TATGGGGTTGGTCTTTGTTTAAAAATCATTACTCTGTAATGAGTTGCTATTG 594C 

CTTGCTCGAATG GT ATTTCAGGC AT AA ACT TTTAAATTCTTTCCAGTTA ACC AG GGTGAAAA GT TTTAAAACT AT GCTTGAAA AC AA AT G 603C 

GT AC GAAATTTTT AG GAGA AT TTCTTTTAAAAATT GT ATTTC ACC AAAATTT AC A AA TT TT GTTTGAA AC ATCTAGT AG AT ACT GC AAAT 612C 

TTGTTCTTAGCCATATGAACTGTATATTTCTTCGTATT TTTTATATGCATCTTTCTGATG'TATTCAAATGTACGCAGACAAAATTCATT 621C 

AAA AATAATAGAATACACATTTT ACT TGC TGGAGTTAT GTCAATAAT AT AATGTGTTCTGATCTCAAGAAAATAATATAAC TT TTTGT GA 6300 

C AC ATTTG AC GATTTTC AT AA AA AATCTCGT AC AA A AC GC TC A AA ATATT TC AA A AAT AATT TT TGCTAAGCTTTGA TT AAGGGGCGCTG 6390 

AAATGGAGCTACGCCAAGGGCGCCATGAAGCCACGCTACGGCTCTGTGCATAGGTCCATGGACCGATGCACGAGTTCACTAATTTGACGT 648C 

TTAAGCGGTGCCGAATTCACTCGTTGCCATGGCCACATAAATAACACGGCACCGCTCAAAAGTCAAATAATAAACTCGTGTATCGGTCCA 657C 

TAGTGCATATTACCCTAGGAACCCCTATATCAAGTGTCGGAAAAACGAAAGTGAAATTTGGATCGAAAACAAGGATAGAAAGAGATCAGG 666C 

GCAAAATGAAAACTTTCGTGAAATTTAGTGAAAGCAATTITATTAATTAGTGTCAATCGTTCTGATACATGAAAGGGCTCCCTCTCAATC 675C 

ACACTAGCAAGAAAAAAAACTTCTCTAGGTTCGTTACTTTGCTCAAAATCTCGATTCTTCCACACCCTTGGGTGTTATATCCAAATTAGG 684C 

AT ATAACAAT TTAAAACT GAGAAAAACT TAAAATCATT GCAATGGACAAT TGAAGCAATATATT TAGTT TT TAT CGTCAAGCAA TT CAT A 693C 

TGCAATAC AGATT GCATGAT TGT GCGAT AT T TGCCAGAAAACC ATTCGC CAGAAAACCATCCGCCAGAATGT AC CAT T TACCAGAAAAC C 702C 

ATTTGCCAGAATGTACCATTCGCCAGAAAGTACCATTTTTGCAGGAAGAATTTTAGTAGGAATAGGTATTGAAAAGATGTTCTAGACCCT 71IC 

AGATGACCAAATGCAGAAATT GG TAGATGGATGATAGAAGCTTCAAACCCATTATGAAAAAAAT ACTACCTGAAGGATC TAT TGAACGG T 720C 

CTCGATGGAT TAT GAGGATCCTT TAGAATTTTCCAATAGGATC TACTGCGAGCAGCATAAAAAAAAATGACATT TGTGTCTATT TTGCT T 7290 

AAAAAGAGACT T TAGATACTT TCT T TGCAATTGAGATG TCATACAATACACCAC TAAACAATCCAAT TT TAT TAT TCAT TCCACACAGAT 738C 

TGCCAT'G"TGCC'ACSAGCCCGACGACAT, G'AAAGGAGAAGAAGATGATCACCCTGACGAACGAAGTGATTCCCTTCTACCTGACCAA 747C 

AKKTLTNEVIPFYLTK 
Exon6 

GCTGAACGTGATCG:: SAA; ýA;. na; AA'�3,; A- IGG'GCIGýGCAAACCGACCTGGGCCGACGTGTACTITGCCGGCATCCTGGACTA 756C 

LNVIAI ^+ ICrLVIKFTWADVYFAGILDY 
Exon6 

TCTGAACTATCTGACCAAGACAGATCTGCTGACCAACTTC: CC:. AAýTý-AGGAGGTCGTGACCAAGGTGCTCGAGAACGAAAAC¬ICAA 765L 

LNYLTKTDLLTNPL0EVVTKVLENENVK 
Exon6 

GGCGTACA TCGAG AAGAGACC GG TGACTGAAGTCTAA 'CP 

AYIEKRPVTEV 

-- -- Exon6 
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--- AgGSTD1-6 
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AgGSTD2 

77 -- AgGSTD11 
AgGSTD8 

- AgGSTD7 
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70 83 AgGSTD10 

99 AgGSTD5 
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AgGSTE8 
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AgGSTE3 
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AgGSTE1 

85 -- 
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AgGSTT1 

- AgGSTT2 

Figure 7.12 Phylogenctic tree highlighting the relationships between 
GSTdI and GSTsI from An. gambiae and Ae. aegypti. 

Amino acid sequences were aligned using ClustalW 
(%s ww ws. chi. ac. uk/cIustalNN) and a distance neighbor joining tree was generated 
using TREECON. Nodes with distance bootstrap values (1000 replicates) of 
>70% are shown. GSTs from Ae. aegypti are highlighted in grey. Ag = An. 
gambiae and Dm = D. melanogaster. 

AgGSTU1 
AgGSTU3 

AgGSTU2 
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Deduced amino acid sequences of GSTs1-1 and GSTsI -2 are shown in Figure 

7.10. Both genes share common 5' coding exon, encoding the 45 amino acids at 

the N-terminal end, but differ in sequence at the 3' end. However, both 

alternatively spliced variants of GSTsI contain the same number of 203 amino 

acids. 

The alternative splicing pattern of the GST sigma gene is highly conserved 
between An. gambiae (Ding et al., 2003) and Ae. aegypti. Aedes aegypti sigma 

class GSTs are shown aligned against An. gambiae and D. melanogaster sigma 

GSTs shown in Figure 7.11. 

Only a single DmGSTsI is found in D. melanogaster in contrast to the two spliced 

GSTsl isoforms (GSTsI -1 and GSTsI -2) found in An. gambiae and Ae. aegypti. 

An additional 46 amino acids are found at the N-terminal of D. melanogaster 

GSTsl, which contain a repeated hydrophobic and acidic motif (Beall et al., 1992). 

The N-terminal extension is not found in Anopheles or Aedes. The position of the 

first intron in the coding region is conserved in all three species. Phylogenetic 

analysis suggests that the structure of the GSTsJ gene was determined prior to the 

split between Anopheles and Aedes but after the divergence of fruitfly and 

mosquito (Figure 7.12). 

7.4 DISCUSSION 

Alternative splicing is a common process by which one gene produces multiple 

proteins. Three alternatively spliced transcripts of Ae. aegypti GSTdl share a 

common 5' exon and have alternative 3' exons, leading to an increase in the 

diversity of the GST variants. A similar pattern is also found in the GSTsJ gene. 

Amino acid variations located at the C-terminal can alter the binding capacity to 

different hydrophobic substrates (Mannervik & Danielson, 1988). As the 3' end of 

the gene encodes the majority of the residues in the substrate binding site this is a 

manner of increasing the substrate range of the GSTs. 
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Although, the alternatively spliced Aedes GST isoforms have not been 

biochemically characterized, in An. gambiae AgGSTdI -S and AgGSTdI -6 showed 

differences in GST activity against CDNB, DCNB and peroxidase activity toward 

cumene hydroperoxide (Ranson et al., 1997). 

Sigma class GSTs has been widely studied in many organisms including 

cephalopods (Ji et al., 1995), nematode Onchocerca volvulus (Kampkotter et al., 

2003), chicken (Thomson et al., 1998), mouse (Kanaoka et al., 2000), human and 

rat (Jowsey et al., 2001). In Drosophila, DmGSTsJ has been proposed to have a 

structural function rather than enzymatic function. DmGSTsJ interacts with 

troponin-H through its N-terminal extension which contained the repeated 

hydrophobic/ acidic motif in the direct flight muscle (Beall et al., 1992; Clayton et 

al., 1998). However, recent studies have been demonstrated its protective role in 

oxidative stress (Singh et al., 2001) by showing that it has activity against lipid 

peroxidation products (Agianian et al., 2003). At present, several Sigma GSTs 

lack the N-terminal extension including in An. gambiae. In addition, mammalian 

Sigma GST exhibits prostaglandin D2 synthase to catalyse the isomerisation of 

prostaglandin (Jowsey et al., 2001; Thomson et al., 1998). 

The consistent use of a common 5'-exon and 3'alternatively splicing in Aedes and 
Anopheles suggested that alternative splicing of the gene evolved before the 

divergence of Aedes and Anopheles. Four GSTdI variants were detected in 

Anopheles, but only three GSTdI isoforms were identified in Aedes, indicating that 

one variant was lost or gained during its evolution. 
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Chapter 8 

GENERAL DISCUSSION 

8.1 The Extent of the Aedes aegypti GST family 

Thirteen novel Ae. aegypti GSTs have been described in the preceding chapters. 
During the writing of this thesis sequencing of the Ae. aegypti genome progressed 

at a rapid rate and large numbers of WGS and EST sequences were released. 
These have now been searched to identify further putative GSTs. 

Aedes GST genes were categorised into classes dependent on amino acid sequence 

identity and the phylogenetic relationship to An. gambiae GST genes (Ding et al., 
2003). In addition to the thirteen GST genes previously described, fourteen novel 
GST genes were identified from the sequence databases, twelve genes were from 

the EST database and another two putative GST sequences from the WGS 

database. Collectively, we have now identified twenty seven Ae. aegypti GST 

genes (Figure 8.1). One of these genes, GSTe6 was translated from the genome 

sequence but contains a stop codon at position 67bp suggesting that this gene is 

probably a pseudogene. Excluding this stop codon, GSTe6 would encode a protein 

with 219 amino acids. The expression of these 14 novel GST genes was not 

verified further in this study. 

The tree in Figure 8.2 shows the relationship of Ae. aegypti GSTs to other insect 

GSTs. Six GST classes were found in Aedes as in Anopheles. The largest classes 

are the insect-specific classes, Delta and Epsilon classes with nine and seven 

members respectively. Clear orthologs of each of the three unclassified GSTs were 

also found in Aedes. No orthologs of unclassified GSTs were found in D. 

melanogaster, suggesting that these GSTs may be specific to mosquitoes. In 
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addition single orthologs of the Anopheles Zeta and Omega GSTs were identified. 

Two additional members of the Theta class, GSTt3 and GSTt4 were identified, 

representing an expansion of Theta class in Aedes genes (4) relative to Anopheles 

genes (2). An ortholog of GSTt4 is not found in Anopheles. GSTt3 and GSTt2 are 

paralogs and related to AgGSTt2, suggesting duplication of theta genes in the 

Aedes genome (65% bootstrap value). Four Theta GSTs are also found in D. 

melanogaster, only one of these has a clear ortholog in Aedes (GSTt4 by bootstrap 

value 93%). Twenty seven Aedes GST genes were identified to date and this is 

very similar to the number identified in An. gambiae (28). However the number of 

cytosolic GST genes in Ae. aegypti may still be an underestimation as the full 

genome sequence of this species is not yet determined. 

8.2 Characterisation of Aedes GST family 

In the present study, the amount of transcript for four of the Ae. aegypti genes was 

quantified and one of these, GSTe2, was significantly over expressed in the 

insecticide resistant PMD-R strain, but was not over expressed in the parental line, 

indicating that insecticide selection increased GSTe2 expression. In contrast, the 

transcription level of GSTe4, GSTu3 and GSTt2 are not associated with DDT and 

permethrin resistance. Furthermore, GSTE2 is also over expressed in the resistant 

strain of Ae. aegypti at the protein level. Characterisation of recombinant GSTE2-2 

confirmed the role of this enzyme in DDT metabolism. Unlike its Anopheles 

ortholog, AeGSTE2-2 also exhibited glutathione peroxidase activity and thus, in 

addition to metabolising insecticides, AaGSTe2 may also confer insecticide 

resistance by protecting the insect from reactive oxygen species that are induced 

by insecticide exposure. Overexpression of GSTe2 is the only resistance 

mechanism that has been identified in this study. However, other unknown 

resistance mechanisms may be involved in resistance in the PMD-R strain. 

Further investigation is needed to determine the mechanism of enhanced GSTe2 

expression in the DDT/permethrin resistant PMD-R strain. Ding et al. (Ding et al., 
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2003) suggested that the up regulation of Epsilon GST genes in An. gambiae is not 
due to gene amplification. Protein stability has not been reported to be involved in 

the up regulation of GST activity. Two possible mechanisms that have been 

associated with the over expression of GSTs in the insect species are discussed 

below. These are mutations in cis or trans-regulatory elements and post- 

transcriptional mechanisms, leading to enhanced stability of the transcript. 

The cis-regulatory sequences upstream of structural genes play an important role 
in the transcription process. In An. gambiae the over expression of GSTe2 is partly 
due to the deletion of the two adenosines in the promoter of the GSTe2 gene in the 

DDT resistant strain (Ding et al., 2005). Further investigation is needed to 

determine whether this mechanism is contributing to the over expression of GSTe2 

in Aedes. The promoter region of GSTe2 will be sequenced and compared in both 

susceptible and resistant strain. If any differences are identified, site-directed 

mutagenesis will be performed and the promoter activity in different promoter 

sequences will be tested. 

Trans-regulatory elements also regulate the expression of GST genes. In Ae. 

aegypti, it has been proposed that the regulation of GST is controlled by a trans- 

regulatory element, which generally suppressed the expression of this gene. The 

alteration of this element increased the expression of GST-2 in a DDT resistant 

strain (Grant & Hammock, 1992). 

Posttranscriptional processing is also involved in the regulation of GSTs via 

mRNA stability and /or gene modification. Enhanced mRNA stability increases 

in the expression of human GST Pi class (Jhaveri et al., 1997; Moffat et al., 1997). 

In insects, the increase in DmGSTD2J in D. melanogaster is influenced by the 

stabilisation of GSTD21 mRNA (Tang & Tu, 1994). Modified regulatory genes 

might also affect the GST expression. The methylation of CpG islands in the 

regulatory sequences decreases the expression of human GST Pi associated with 
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prostate cancer (Lee et al., 1994; Millar et al., 1999). This mechanism has not been 

reported in insects. 

Prior to this study, it was not assumed that the same GST would be involved in 

DDT resistance in different subfamilies of Culicidae, Anophelinae and Culicinae. 

In an analogous situation to the present study, two species of Drosophila have both 

developed the same mechanism of resistance to DDT. In this case, the up- 

regulation of a particular cytochrome P450 gene, Cyp6g1 has been detected in 

multiple strains of D. melanogaster and D. simulans (Le Goff et al., 2003). In both 

species of Drosophila, the increase in expression of Cyp6g1 is caused by the 

insertion of a transposable element in the 5' regulatory region. Daborn et al. 

(Dabom et al., 2002) investigated all Drosophila P450 genes and found that only a 

single Cyp6g1 gene is over transcribed in DDT resistance strain through the world. 

In contrast, recently work by Pedra et al. (Pedra et al., 2004) suggested that not only 

Cyp6g1, but several CYP450 genes are associated with DDT resistance in field 

populations and laboratory strains including Cyp12d1, Cyp6a2 and Cyp6w. 

Elevated GST activity has previously been associated with DDT resistance in 

DDT and permethrin resistant strain of Ae. aegypti from South America (Grant & 

Mutsumura, 1989). Phylogenetic analysis indicates that this gene is the ortholog of 

AgGSTu3, a unclassified GST in An. gambiae (Ding et al., 2003). Enhanced 

expression of GSTu3 caused by a mutation in a trans-acting factor was previously 

associated with resistance (Grant & Hammock, 1992). However, this GST is not 

over expressed in the PMD-R strain from Thailand. Furthermore DDT metabolism 

is also not associated with the recombinant GSTU3-3. These two results suggest 

that GSTu3 is not associated with DDT and permethrin resistance in Ae. aegypti 

mosquitoes from Thailand. The variation of the expression of this gene in 

different geographic regions, therefore, perhaps suggests differing routes of GST- 

based resistance in different strains of Ae. aegypti. 
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However, an alternative explanation is that Grant et al. (Grant & Hammock, 1992) 

were not studying a pure enzyme preparation. In this study, GSTu3 was 
investigated at the genetic level and by analysis of recombinant protein, which has 

been already sequenced and verified. In contrast, in the study by Grant et al. GST- 

2 was obtained by protein purification. As mentioned previously three GST 

isozymes were purified in Ae. aegypti. One of these, GST-2 was over expressed in 

the resistant strain (Grant et al., 1991; Grant & Mutsumura, 1989). GSTu3 gene 

was retrieved from the GST-2 fraction by the N-terminal amino acid sequencing. 
Grant et al. (Grant & Hammock, 1992) suggested that GST-2 was over expressed 

at mRNA level by using a 123bp probe at N-terminal of GSTu3, which might 

cross hybridise which other GSTs. Elevated GST-2 was also observed at protein 
level by using the primary antibodies raised against this isozyme. But again, if the 

enzyme preparation contained multiple GSTs, this result does not implicate 

GSTU3 directly. At least 27 GSTs are present in Ae. aegypti database as 
described in this discussion, but only three isozymes were purified from Ae. 

aegypti. Therefore, the hypothesis that more than one GST was present in the 
GST-2 fraction should be studied further. 

In summary, we identified 27 cytosolic GSTs in Aedes aegypti. In this report, the 

expression of four transcripts was quantified and only one of these, GSTe2 is 

associated with the DDT/Permethrin resistance in Ae. aegypti. This GST was over 

expressed at mRNA and protein level in PMD-R strain and it has the ability to 

metabolise DDT. Further study is still necessary to identify whether other GSTs 

are involved in GST-based resistance mechanism. In addition, other mechanisms, 
if any involved in DDT/permethrin resistance should be identified such as 

monooxygenases and kdr. However, the result in this study suggests the important 

role of GSTe2 in DDT resistance which has been reported previously in 
Anopheles. Further molecular studies would confirm its role in resistance, for 

example by using RNA interference technology to silence the over expression of 
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this gene. New inhibitors could be designed to down regulate GSTe2 expression. 
In the shorter term this gene can be used as a genetic marker for monitoring 

insecticide resistance in field populations. However, simplified assay needs to be 

developed. 
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Figure 8.1 Phylogenetic relationship of Ae. aegypti GSTs. 

Amino acid sequences were aligned using ClustalW (www. ebi. ac. uk/cIustalW) 
and a distance neighbour joining tree was generated using TREECON. Nodes with 
distance bootstrap values (1000 replicates) of >20% are shown. 
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Figure 8.2 Phylogenetic relationship of Ae. aegypti GSTs with An. gambiae and D. 
nrelanogaster GSTs. 

Amino acid sequences were aligned using ClustalW and a 
distance neighbor joining tree was generated using TREECON. Nodes with distance 
bootstrap values (1000 replicates) of >70% are shown. CG/Dm = D. inelanogaster. 
Ag = An. gambiae. 
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Abstract 

Glutathione transferases (GSTs) play a central role in the detoxification of xenobiotics such as insecticides and elevated GST 
expression is an important mechanism of insecticide resistance. In the mosquito, Anopheles gambiae, increased expression of an 
Epsilon class GST, GSTE2, confers resistance to DDT. We have identified eight GST genes in the dengue vector, Aedes aegypti. 
Four of these belong to the insect specific GST classes Delta and Epsilon and three are from the more ubiquitously distributed Theta 
and Sigma classes. The expression levels of the two Epsilon genes, a Theta GST and a previously identified Ae. aegypti GST [Grant 
and Hammock, 1992. Molecular and General Genetics 234,169-176] were established for an insecticide susceptible and a resistant 
strain. We show that the putative ortholog of GSTe2 in Ae. aegypti (AaGSTe2) is over expressed in mosquitoes that are resistant to 
the insecticides DDT and permethrin. Characterisation of recombinant AaGSTE2-2 confirmed the role of this enzyme in DDT 
metabolism. In addition, unlike its Anopheles ortholog, AaGSTE2-2 also exhibited glutathione peroxidase activity. 
© 2005 Elsevier Ltd. All rights reserved. 

Keywords: Glutathione transferase; Insecticide resistance; Aedes aegypsi; Anopheles gambiae; DDT dehydrochlorinase; Pyrethroids 

1. Introduction 

The mosquito Aedes aegypti is the major vector 
of yellow fever, dengue and dengue haemorrhagic 
fever (DHF). Globally there are an estimated 50 million 

Abbreviations: GST, glutathione transferase; GSH, glutathione; 
CDNB, 1-chloro-2,4-dinitrobenzene; DCNB, 1,2-dichloro-4-nitro- 
benzene; CHP, cumene hydroperoxide; EST, expressed sequence tag, 
IpTG, isopropyl ß-D-thiogalactoside; DDT, 1,1,1-trichloro-2,2-bis- 
(p-chlorophenyl)ethane; DDE, 1,1-dichloro-2,2-bis--(p-chlorophe- 

nyl)ethane; HPLC, high-performance liquid chromatography; 
DDTase, DDT dehydrochlorinase; NADPH, nicotinamide adenine 
dinucleotide phosphate (reduced form); DTT, Dithiothreitol 
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AY819710, AY819711 and AY819712. 
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cases of dengue infection each year with 500,000 
cases of DHF and over 24,000 deaths (WHO, 2002). 
Thailand suffers one of the highest rates of dengue 
and DHF infection in the world. In addition to the 
public health impact, DHF is leading to social and 
economic problems (Gubler, 1998). Effective vector 
control is essential to reduce the transmission of 
DHF, but this is hindered by the development 
of insecticide resistance in Ae. aegypti. In northern 
Thailand, populations of Ae. aegypti resistant to 
the organochlorine insecticide DDT and to pyrethroid 
insecticides have been isolated (Somboon et al., 2003). 
A colony of Ae. aegypti was established and a 
resistant line PMD-R selected. The molecular basis 
of insecticide resistance in this strain has now been 
investigated, with the goal of improving monitoring 
and management of insecticide resistance in this 
disease vector. 

0965-1748/S -see front matter Q 2005 Elsevier Ltd. All rights reserved. 
doi: 10.1016/j. ibmb. 2005.03.008 
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DDT and pyrethroid insecticides share the same 
target site, the neuronal voltage-gated sodium channel 
(Soderlund and Knipple, 2003). Amino acid substitu- 
tions in the insecticide-binding domain of this protein 
can lead to resistance to both of these insecticide classes. 
One amino acid substitution occurs in subunit 6 of 
domain II of the sodium channel protein in Ae. aegypti 
populations from Thailand (Brengues et al., 2003; 
Prapanthadara et al., 2002) but the correlation between 
this allele and the resistance phenotype is, as yet, 
unknown. A second, highly prevalent, mechanism of 
insecticide resistance is an increase in the rate of 
insecticide metabolism. There are three major groups 
of enzymes involved in insecticide detoxification, car- 
boxylesterases, cytochrome P450s and glutathione 
transferases (GSTs) (Hemingway et al., 2004). Elevated 

activity of these enzymes has been associated with 
resistance to DDT and/or pyrethroids in different 

mosquito species (Hemingway et al., 2004; Kasai et 
al., 2000; Prapanthadara et al., 2002; Vaughan and 
Hemingway, 1995). Preliminary biochemical character- 
isation of the DDT/pyrethroid resistant PMD-R strain 
from Thailand, found 10-fold higher levels of DDT 

metabolism compared to the susceptible strains, asso- 
ciated with elevated levels of total GST activity 
(Prapanthadara et al., 2002). 

Multiple GSTs are found in all insect species. A subset 
of these enzymes is able to catalyse the glutathione 
dependent dehydrochlorination of DDT to the non- 
insecticidal product, DDE (Clark and Shamaan, 1984; 
Prapanthadara et al., 1995; Tang and Tu, 1994). GSTs 

are also implicated in resistance to other insecticide 

classes, through metabolism of the insecticide or its 

metabolites (Chiang and Sun, 1993), sequestration 
(Kostaropoulos et al., 2001) or by protecting against 
secondary toxic effects, such as increases in lipid 

peroxidation, induced by insecticide exposure (Vontas 

et al., 2001). Elevated GST activity has previously been 

associated with DDT resistance in the GG strain of Ae. 

aegypti (Grant et al., 1991) and expression of the GST 

subunit, GST-2, was correlated with the resistance 
phenotype (Grant and Hammock, 1992). 

The majority of GSTs are cytosolic, dimeric enzymes 
with subunit sizes ranging from 17 to 28 kDa. There are 
at least six classes of cytosolic GSTs in insects: Delta, 
Epsilon, Omega, Sigma, Theta and Zeta (Ranson et al., 
2002). Additional GSTs exist in insects that cannot be 

readily assigned to any of these classes (Ding et al., 
2003). GST-2, previously isolated from Ae. aegypti, 
belongs to this `unclassified' group of insect GSTs. The 
two largest insect GST classes, Delta and Epsilon, are 
both insect specific whereas the remaining classes are 
also found in other organisms. Elevated expression of 
Epsilon GSTs occurs in DDT resistant populations of 
the malaria vector, Anopheles gambiae. There are eight 
Epsilon GSTs arranged sequentially on chromosome 3R 

of An. gambiae in close association with the DDT 
resistance locus rtdl (Ding et at., 2003; Ranson et at., 
2000). One of these, AgGSTe2, encodes an enzyme that 
possesses high DDT dehydrochlorinase activity (Ranson 
et al., 2001). We have identified several GST genes in Ae. 
aegypti by using a combination of homology based PCR 
and data mining of the incipient Ae. aegypti genome 
database (Severson et al., 2004). The expression of these 
newly identified genes and that of GST-2 in insecticide 
susceptible and resistant Ae. aegypti were compared and 
those with elevated expression were characterised 
further. 

2. Materials and methods 

2.1. Mosquito strains 

The PMD strain of Ae. aegypti was colonized from 
field caught material originating from Ban Pang Mai 
Dang, Mae Tang district, Chiang Mai Province in 
northern Thailand. A highly resistant line (PMD-R) was 
generated from the parental PMD colony by selection of 
one-day adults with either 4% DDT or 0.75% 
permethrin using standard WHO susceptibility kits 
(WHO, 1981). The resistance ratios of the parental 
PMD colony and the selected line, PMD-R were 
determined by comparison to New Orleans strain, a 
laboratory insecticide susceptible strain of Ae. aegypti 
originally collected from New Orleans, USA and kindly 
provided by the Centre for Disease Control (CDC), 
Atlanta, USA. The parental PMD strain had a 
resistance ratio of approx 2.5 to both DDT and 
permethrin. The LT50 value of the parental line was 
124 and 19 min in DDT and permethrin, respectively. 
After selection, the resistance levels of this colony 
increased dramatically to a level at which 100% survival 
was observed after 7h on both 4% DDT and 0.75% 
permethrin papers. 

2.2. PCR amplification of Ae. aegypti GSTs 

Genomic DNA was extracted using the LIVAK 
buffer extraction method as described previously (Col- 
lins et al., 1987). Total RNA was isolated using the TRI 
reagent (Sigma). After treatment with DNase RQI 
(Promega) to eliminate any contaminating genomic 
DNA, total RNA was re-extracted with TRI reagent. 
RNA was reverse transcribed to cDNA using an oligo 
(dT)15 primer (Promega) and Superscript III reverse 
transcriptase (Gibco BRL). PCR primers were designed 
to amplify four putative Ae. aegypti GST genes whose 
sequence was retrieved from the TIGR database. Both 
genomic DNA and cDNA were used as templates in 
PCR reactions containing L5 MM MgC12,0.2mM 
dNTPs, 0.5 µM of forward and reverse primer and 2.5 
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Table I 
Sequences of oligonucleotide primers used to amplify full-length Ae. aegypti GSTs 

863 

Gene Primer name Primer sequence (5'-3') Product size (bp) Number of introns (Intron size; bp) 

cDNA Genomic 

GSTe2 GSTe2F CTGCTCCACAATGACGAAGC 666 1230 2 (61 and 503) 
GSTe2R TGCCTTTTGAGCATTCTTCTCC 

GSTe4 GSTe4F GTTAATCTTCACCACTAGAAATG 672 812 2 (75 and 65) 
GSTe4R CGAACAATGCAATTACTTCTT 

GSTtl GSTtIF ATGTCGAAGCTACGGTACTT 7AC 687 802 2 (53 and 62) 
GSTt1R CAACTTCGGCTTCGGAACG 

GSTt2 GSTt2F ATGGCAAACGGTCGCAAC 681 1150 2 (400 and 69) 
GSTt2R CGTCGCAGTAGGCGCA 

Underlines indicate start or stop codons. 

units of Taq DNA polymerase (Bioline, UK). The 
sequences of the primers used are shown in Table 1. The 
PCR products were ligated into a pGem T easy Vector 
(Promega), transformed into Escherichia coli JM 109 
competent cells (Promega) and positive colonies identi- 
fied by blue/white colony selection. Plasmids were 
purified using the QlAprep miniprep kit (Qiagen) and 
sequenced using a Beckman CEQ 8000 automated 
sequencer. The DNA sequence was determined for all 
three strains of Ae. aegypti used in the study. 

2.3. PCR screening of an Ae. aegypti bacterial artificial 
chromosome (BAC) library 

for each gene were designed to amplify products size less 
than 300 bp at the C-terminal end. The primers used in 
quantitative PCR reaction are shown in Table 2. An 
alternative primer was used for amplifying GSTe2 from 
the susceptible strain as the primer binding sites 
encompassed a polymorphic nucleotide. The PCR 
consisted of 35 cycles of 94 °C for 15s, 60 °C for 30s 
and 72 °C for 30 s with fluorescence read at 82'C. To 
normalize for variation in total cDNA concentration, 
the copy number of a ribosomal gene, S7 (accession 
AY380336) was similarly determined. 

2.5. Western blot analysis 

The Ae. aegypti NDL BAC library, was kindly 
provided by Dr. D. W. Severson (University of Notre 
Dame, USA) (Jimenez et al., 2004). A PCR-based plate 
pool screening approach, followed by column and row 
pools and individual colony PCR as previously de- 
scribed (Hong et al., 2003), was used to isolate BAC 
clones containing GST genes. DNA was extracted from 
the BAC clones using the plasmid purification kit 
(Qiagen) and 50 ng purified DNA used as a template 
in PCR reactions using the conditions outlined above. 

2.4. Quantitative PCR 

RNA was extracted from 3 replicate sets (10 
mosquitoes per replicate) of 4th instar larvae, pupae, 
one-day old adult males or females from each of the 
three strains. The RNA was reverse transcribed to 
cDNA as described above. The number of copies of 
mRNA for each gene of interest was calculated by 
measuring the incorporation of the fluorescent dye 
SYBR Green I (Qiagen) into the double stranded PCR 

product and comparing this value to a standard curve 
produced from the PCR amplification of the same gene 
fragment from plasmids of known concentrations 
(ranging from 1 ng/µl to 1 fg/µl). The specific primers 

Batches of ten 4th instar larvae were homogenized in 
0.1 M phosphate buffer pH 6.5 containing 10 mM DTT, 
and their protein content determined by the method of 
Bradford (Bradford, 1976). Fifty micrograms of protein 
from each homogenate were resolved on individual lanes 
of a 4-20% gradient Tris-HC1 Ready Gel (Bio-Rad). 
Purified recombinant GSTE2-2 from Ae. aegypti and 
homogenates from the DDT-resistant ZAN/U strain of 
An. gambiae were also run as controls. The proteins 
were transferred to ECL hybond nitrocellulose mem- 
brane (Amersham Bioscience) using a Mini-Trans Blot 
Cell Assembly (Bio-Rad). The membrane was probed 
with a 1: 5000 dilution of polyclonal antibody raised 
against the purified recombinant GSTE2-2 protein from 
An. gambiae (Ortelli et al., 2003). The bound antiserum 
was detected by incubation with a 1: 50000 dilution of 
Peroxidase-labelled Anti-Rabbit Antiserum (Amer- 
sham) followed by visualisation using ECL Advance 
Blotting Detection Kit (Amersham Bioscience). 

2.6. Expression of GSTE2-2 in vitro and protein 
purification 

The full coding region of GSTe2 was amplified from 
cDNA from the PMD-R strain of Ae. aegypti using the 
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Table 2 
Primer sequences for quantification of mRNA expression 

Gene Primer name Primer sequences (5'-3') cDNA size (bp) Annealing/Detection Temp (°C) 

GSTe2 GSTe2F2 TATGTGCAAAAGGCTTACCAACTG 270 60/84 
GSTe2SusF2 TATGTGCAAAAGGCATACCAACTG 
GSTe2R TGCCTTTTGAGCATTCTTCTCC 

GSTe4 GSTe4F2 CAAGATTGACTACGCGTGCAAG 283 60/84 
GSTe4R CGAACAATGCAATTACTTCTT 

GST-2 GST-2F2 ATCCTGGAAGCCCTAGGAAC 258 60/83 
GST-2R TTAGAAAGGTTCCTCCAGCTTG 

GSTII GSTtIF2 GAGATTTCCGTTGCGGATCTG 195 60/84 
GSTtIR CAACTTCGGCTTCGGAACG 

S7 aaS7F GCAAGCACGTCGTGTTCATCGGC 296 60/87 
aaS7R GAACGTAACGTCACGTCCGGTCAG 

GSTe2SusF2 is the forward primer for amplifying GSTe2 from the New Orleans strain. 

forward primer aaGSTe2BamF (5'-CGGAATTCG- 
GATCCATGACGAAGCTCATTTTGTACACG-3') 

and the reverse primer aaGSTe2BamR 
(5'CGGAATTC-GGATCCTTATGCCTTT7GAG- 
CATTCTTCTCC-3'). These primers contain the initia- 
tion and stop codon, respectively, flanked by BamHI 
restriction sites (shown underlined). PCR amplification 
was performed using ProofStart DNA Polymerase 
(Qiagen). The PCR product was digested with BamHI 
restriction enzyme and ligated into the BamHI site of the 
pET3a vector (Novagen). After transforming into a 
non-expression host, E. coli JM 109, the plasmid was 
purified and sequenced to verify the sequence integrity. 
The plasmids were then transformed into the expression 
host E. coli BL21 (DE3) pLysS (Novagen). A single 
colony containing recombinant plasmid was grown in 
2 ml of LB-medium containing ampicillin (50 gg/ml) and 
chloramphenicol (50µg/ml) at 30 °C overnight. This 
culture was used to inoculate 100 ml LB-medium and 
grown for a further 3 h. Expression was induced by 
adding of 0.4 mM isopropyl ß-D-thiogalactoside (IPTG) 
and after an additional incubation at 30 °C for 3 h, 
bacterial cells were collected by centrifugation at 5000 g, 
4'C for 10 min. Pelleted cells were resuspended in lysis 
buffer containing 4.29mM Na2HPO4,1.47mM 
KH2PO4,2.7mM KCI, 0.137mM NaCl and 0.1% 
Tween, pH 7.3. After snap freezing in liquid nitrogen, 
the cell lysate was thawed and incubated with 2 Units/ml 
of DNase RQI at room temperature for 20 min. to digest 
bacterial genomic DNA. After centrifugation to remove 
the cell debris, the soluble protein was collected for 
purification. The recombinant protein was purified using 
the T7. Tag Affinity Purification Kit (Novagen) accord- 
ing to the manufacturer's protocol. The enzyme purity 
and subunit size were resolved by SDS-PAGE. Protein 

concentration was determined using the Bio-Rad 

Protein Reagent (Bio-Rad) with bovine serum albumin 
for the standard protein (Bradford, 1976). The recom- 
binant protein was concentrated using Microcon YM-30 
columns (Amicon) collected in the presence of 40% (v/v) 
glycerol and 15 mM DTT and stored at -20 °C. 

2.7. Recombinant GSTE2-2 characterisation 

GST activity against 1-choro-2,4-dinitrobenzene 
(CDNB) and 1,2-dichloro-4-nitrobenzene (DCNB) was 
measured according to the method of Habig et al. 
(Habig et at., 1974). Glutathione peroxidase activity was 
determined at 340 nm by coupling the reduction of 
cumene hydroperoxide (CHP) by GSH to the oxidation 
of NADPH by oxidised GSSG with glutathione 
reductase as described previously (Simmons et at., 
1989). DDT-dehydrochlorinase activity was determined 
by conversion of DDT to DDE detected by HPLC as 
described previously (Prapanthadara et al., 2000). 
Kinetic studies were performed by varying the concen- 
tration of CDNB (0.025-2 mM) and GSH (0.5-40 mM) 
at fixed concentrations of 15mM GSH and 2mM 
CDNB, respectively. The results were analysed by non- 
linear regression analysis using GraphPad Prism 4 
software. 

3. Results 

3.1. Identification of genes encoding GSTs in Ae. Aegypti 

The database of expressed sequence tags (ESTs) 
maintained by The Institute for Genomic Research 
(TIGR) (www. tigr. org) was searched firstly using the 
keyword `GST' and secondly by local BLAST searches 
using An. gambiae GSTs as the query sequences. Nine 



N. Lumjuan et al. / Insect Biochemistry and Molecular Biology 35 (2005) 861-871 

putative GST sequences were retrieved and each of these 
was then searched against the non-redundant database 
at NCBI, using BLASTX, to confirm their identity as 
putative GST genes. Of the nine Ae. aegypti GSTs, two 
were classified as Delta, two as Epsilon, one as Sigma 
and two as Theta class, according to sequence simila- 
rities with other insect GSTs. The remaining two genes, 
which included the previously identified GST-2, were 
clear orthologs of `unclassified' GSTs in An. gambiae 
(Ding et al., 2003). In the present study, we focused on 
the Epsilon and Theta class GSTs. Fig. 1 shows a 
phylogenetic tree of the entire family of An. gambiae 
cytosolic GSTs together with the nine Ae. aegypti GSTs. 
The assignment of the Aedes GSTs to the Delta, 
Epsilon, Sigma and Theta classes is clearly supported 
by this phylogeny. There are secure orthologs between 
the Ae. aegypti GSTs and An. gambiae GSTs. supported 
by bootstrap values of > 85% (Fig. 1) for three of the 
four Epsilon and Theta genes and we therefore named 

10.1 

865 

these three Aedes GSTs AaGSTe2, AaGSTe4 and 
AaGSTtl. The identity between the deduced amino acid 
sequences of these Aedes GSTs and their orthologs in 
An. gambiae range from 66.8 to 71.5% (Table 3). The 
phylogenetic relationship between the second Ae. 
aegypti Theta class GST and the An. gambiae Theta 
GSTs is less clear. Although it clearly clusters with 
AgGSTt2 in Fig. I the support for this Glade is low (61 % 
of 1000 bootstrap replicates). The percentage amino 
acid similarity between these two GSTs is also low 
(51.1% (Table 3)) but given that, to date, only two 
Theta class GSTs have been identified in Ae. aegypti, we 
have tentatively named this GST as AeGSTt2. To 
further investigate the relationship between insect GSTs, 
we included all members of the Epsilon and Theta class 
from Drosophila melanogaster (Ranson et al., 2002; 
Sawicki et al., 2003) in the alignment and repeated the 
phylogenetic analysis using these classes. No clear 
orthologs were identified between Ae. aegypti and D. 
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Fig. I. Phylogenetic relationship of Epsilon and Theta GST class in Ae. aegypti, with all An. gambiae GSTs. Amino acid sequences were aligned 
using ClustalW (www. ebi. ac. uk/clustalW) and a distance neighbor joining tree was generated using TREECON (Van de Peer and De Wachter, 
1993). Nodes with distance bootstrap values (1000 replicates) of >70% are shown. GSTs from Ae. aegypti are highlighted in gray. Asterisk indicates 
GST-2 from Ae. aegypti identified previously (Grant and Hammock, 1992). Ag = An. gambiae. 
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Table 3 
Percentage identities between mosquito GST protein sequences 

Percent identity 

GSTe2 GSTe4 AgGSTe2 AgGSTe4 GSTt1 GSTt2 AgGSTtI AgGSTt2 

GSTe2 - 54.5 71.5 55.4 21.2 15.3 20.7 17.1 
GSTe4 - 52.9 71.0 22.3 18.8 19.2 18.8 
AgGSTe2 - 53.4 21.7 17.6 23.1 20.4 
AgGSTe4 - 18.7 16.0 20.9 20.0 
GSTt1 

- 52.4 66.8 46.7 
GSTt2 

- 54.2 51.1 
AgGSTII 

- 50.9 
AgGSTt2 

- 

Percentage similarity was determined using the DNASTAR software. The italic numerals indicate the percentage similarity between putative Ae 
aegypti and An. gambiae (Ag) orthologs. 

GSTe2 
------------------------------------------------------------ 
MT---KLILYTLHVSPPCRAVELCAKALGLELEQKTVNLLTKEHLTPEFMKjMWPQHTVP 56 

GSTe4 MG---INQLYTAKLSPPGRAVELTAKAIGLDLDVHPINLIAGDHLKPEFVK. IMNPQHTIP 56 
GSTt1 MS --- KLRYFYDLMSQPSRMLYIFLESTKIPYERCLVNLGK HLT-DKFKAINRFQKVP * 56 
GSTt2 MANGRNIRFYYDLISQPCRALYIFLEQNKIHYQKCPIALRKk STTPEYLQNVNRFGKVP 60 

GSTe2 
------------------------------------------------------------ 
-VLDDNGTIVCESHAIMIYLVSKYGKDDSLYSKELVKQAKLNAALHFESG---- VLFARS 111 

GSTe4 LIVDEDGTIVYDSHAIIIYLVSKYAKDDSLYPEDIATRAKINAALHFDSG---- VLFARL 112 
GSTtl CIVDKNDLHLABSVAIVRYLAREYPFSDHWYPKDSQKRARIDEYLEWQQHNTRAVCATYF 116 
GSTt2 AIVDGKNFKLAESIAILRYLAREFTVPDHWYPRDSRRRARVDEYLEWQHSNTRLHCAGYV 120 

---C---------------------------------------- I--------------- 
GSTe2 
GST 4 

RFV PILFAGG--- SEI PADRAEYVQKAYQLLEDTLVD---DYVVGNSLTIADFSCVSS 
RFY P 

165 
e ILYYGS---PDTPQDKIDYACKAYQLLNDTLVD--- EYIVGNRMTLADLSCIAS 166 

GSTtl QYVWLRPKLMGTKVNPERAEEYKQKMEDCLDFIESDYLGGGNPFLVGNEISVADLFAACE 176 
GSTt2 RYVWRGP-LRGETMDPRVAKRLKAEMVGCLDFIETNVLQRDVHFIAGDEISIADLVAACE 179 

------------ E------------------- A------------------------- 
GSTe2 VSSIMGVIPMDKAKFPKIYGWLDRLKALPYYEEANGSGAEQVAQFVLSQKEKN-AQKA 222 
GSTe4 IASYHAIFPIDAAKYPKLAAWVQRLEKLPYYKGTNQEGAEELAAVYRDRLAQNRAGKK 224 
GSTt1 IEQIMAGFDPCVGRPKMTAWMARVREAT--NPHYDEAHKLVYRIAPDSVPKPKL--- 229 
GSTt2 IEQ1KLAGYDARVGRPKLTAWMQRVKETT--QPDYDEAHKVLNKFAPTAT-------- 227 

Fig. 2. The deduced amino acid sequence of Ae. aegypti GST Epsilon class and GST Theta class genes. Sequences shown are from the New Orleans 
strain. Four amino acid substitutions found in GSTE2 from PMD and PMD-R strain are shown in line I of the alignment. The amino acid sequences 
were aligned using ClustalW. Letters in bold indicate 100% conservation between the 4 sequences. Dashes are used to denote gaps introduced for 
maximum alignment. Vertical lines with asterisks indicate the intron positions. GenBank accession numbers for AaGSTe2, AaGSTe4, AaGSTtI and 
AaGSTt2 are AY819710, AY819709, AY819711 and AY819712, respectively. 

melanogaster but the topology of the tree supported the 
relationship between the An. gambiae and Ae. aegypti 
GSTs described above (Data not shown). 

To confirm the sequence of the ESTs and to determine 
the structure of the genes from which they were derived, 
primers were designed to enable the amplification of the 
full coding region of each gene. The deduced amino acid 
sequences of the four Ae. aegypti GSTs are aligned in 
Fig. 2. The coding sequence of all four genes is 
interrupted by two introns (positions marked as vertical 
lines in Fig. 3). The Ae. aegypti Epsilon class GST genes, 
GSTe2 and GSTe4, both contain two introns (Table 1) 

at identical positions. Introns are located at the 
equivalent position in AgGSTe2 but the second intron 
is considerably longer in Aedes versus Anopheles (503 vs 
90 bp) (Table 1). The location of the first intron is also 
conserved in AgGSTe4 but the Anopheles gene does not 
contain the second intron found in Aedes. Similarly, the 
positions of the two Theta introns are conserved 
between AaGSTtI and AgGSTtl but GSTt2 from An. 
gambiae contains only a single intron whereas its 
putative Aedes ortholog contains two. 

Screening of the Ae. aegypti BAC library with primers 
specific to GSTe4 identified a single positive clone 
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Fig. 3. Quantification of GST mRNA expression level in three strains of Ae. aegypti. Complementary DNA from three different biological replicates 
(ten mosquitoes each) was used as templates. Four life-stages were analysed; larvae (L), pupae (P), adult male (M), and adult female (F). Each sample 
was analysed in duplicate in each experiment and the results were averaged from three independent experiments. The mRNA copy numbers were 
determined by comparison with known concentrations of standard plasmids and normalised against the copy number of the ribosomal S7 transcript. 
Error bars indicate standard error of the mean. Statistically significant differences were evaluated with ANOVA test followed by pair-wise r-test 
(p<0.001 indicated by *** andp<0.05 as * relative to New Orleans strain. 

(ND 17A9). PCR screening of the BAC DNA isolated 
from this clone with primers designed for GSTe2 gave a 
positive signal, whose identity was confirmed by DNA 

sequencing. The average insert size of the BAC clones in 
the NDL library is 122 kb (Jimenez et al., 2004) and this 
result indicates that the two Epsilon GSTs are in close 
proximity in the genome. Screening the BAC library 

with the Theta GST primers for both GSTtI and GSTt2, 
led to the identification of a single positive clone, 
ND2C20, again suggesting that the Aedes Theta GSTs 

are close together. 
Each of the four GST genes described in this report 

were amplified and sequenced from the PMD, PMD-R 

and the New Orleans strain. Sequence polymorphisms 
resulting in amino acid substitutions were only observed 
in the Epsilon GSTs. A single glutamic acid to lysine 
(E89K) substitution was observed in GSTE4. Four 
conserved polymorphisms (Fl15C, V1501, A178E and 
E198A) were present in the C-terminal domain of 
GSTE2 from PMD and PMD-R strain (Fig. 2). 

3.2. Quantitative analysis of Ae. aegypti GST expression 

Elevated expression of Epsilon GSTs has been 
implicated in conferring resistance to DDT in An. 

gambiae. To determine whether the Ae. aegypti GSTs 

are also elevated in DDT resistant mosquitoes, the 

mRNA copy number of the Ae. aegypti Epsilon GST 

genes in different life stages of the three strains was 

determined. GST-2 was also included in this analysis, 
since over expression of this gene had previously been 
associated with resistance to DDT in a strain of Ae. 
aegypti from Isla Verde, Puerto Rico (Grant and 
Mutsumura, 1989). Finally, a fourth gene, from the 
Theta class, not previously associated with insecticide 
resistance, was included as a control. The relative copy 
number of each gene was calculated by normalising with 
the ribosomal S7 gene. Expression of all four genes was 
detected in all life stages assayed (see Fig. 3, data for 
immature stages omitted). For GSTe4, GST-2 and 
GSTtI, gene expression was not correlated with 
insecticide resistance status. However, expression of 
GSTe2 was significantly highly in the DDT-resistant 
strain PMD-R in all life stages except adult male 
(p = 0.19 in adult males, p <0.001 in pupae and adult 
female, and p<0.05 in larvae) when compared to the 
susceptible strain, and in all life stages (p<0.001 in 
pupae and adult female, p<0.01 in adult males and 
p<0.05 in larvae) when compared to the parental PMD 
strain (Table 4). In contrast no significant differences in 
GSTe2 expression was detected between the parental 
PMD strain and the New Orleans strain in any life stage 
(Table 4). 

3.3. Western blot analysis 

To determine whether the elevation in GSTe2 expres- 
sion in the PMD-R strain translated into increased 
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amounts of protein, western blots containing homo- 

genates from the different strains were probed with 
antiserum raised previously against recombinant An. 

gambiae GSTE2-2 (Ortelli et at., 2003). A single band of 
approximately 25 kDa (predicted size of GSTE2 is 
24.74 kDa) was present in the PMD-R strain, but not 
observed in either the New Orleans or the parental PMD 

strain (Fig. 4). A band of very similar size is observed in 
the lanes containing the recombinant GSTE2-2 from Ae. 
aegypti and in the positive control, which contained 
crude homogenate from the DDT resistant ZAN/U 

strain of An. gambiae. The intensity of the band in the 
PMD-R strain of Ae. aegypti is fainter than in the ZAN/ 
U strain of An. gambiae despite loading 5-fold more 
total Ae. aegypti protein than An. gambiae protein. 
However, since the antibody was raised against the An. 
gambiae GST, no conclusions about the relative amount 
of GSTe2 in the two strains can be drawn from these 
experiments. 

3.4. Expression of GSTE2-2 in vitro and protein 
purification 

Table 4 
Quantitative PCR results of Ae. aegypti GSTs 

Gene Life stages Ratio of copy number 

PMD/NO PMD-R/NO PMD-R/PMD 

GSTe2 Larvae 0.8 2.1` 2.4` 
Pupae 0.8 6.5a 7.7' 
Male 0.5 2.0 3.8b 
Female 0.7` 3.9" 5.3' 

GSTe4 Male 1.6 1.0 0.6c 
Female 1.7` 1.6 1.0 

GST-2 Male 1.4 1.9 1.3 
Female 1.0 3.2 3.2 

GSTtI Male 1.3 0.8 0.6 
Female 1.1 1.1 1.0 

The GST transcript copy number was determined by normalizing with 
the transcript copy number of ribosomal S7 transcript. The ratio of the 
average copy number was calculated by comparing with the average 
copy number of New Orleans or PMD transcript. Statistically 

significant differences were evaluated with ANOVA test followed with 
pair-wise t-test (p<0.001 indicates by ° p<0.01 illustrates as b and 
p<0.05 illustrates as ` relative to New Orleans strain (NO) or PMD. 

As expression of GSTe2 was elevated in the DDT 
resistant PMD-R strain the ability of the enzyme to 
catalyse the detoxification of DDT was established. The 
homodimer GSTE2-2 from the PMD-R strain was 
expressed in vitro using the pET3a E. coli expression 
system (Novagen). In initial attempts at expressing the 
recombinant protein the culture was grown at 37 °C but 
this resulted in the majority of the recombinant GSTE2- 
2 being sequestered in insoluble inclusion bodies. Only 
by reducing the incubation temperature to 30 °C was 
sufficient soluble protein produced to enable purifica- 
tion (data not shown). The recombinant GSTE2-2 did 
not bind to an S-hexylglutathione affinity column, but 
was successfully purified by affinity chromatography 
using monoclonal antibodies against the T7 tag that is 
fused to the N-terminal end of the protein. This was 
typical in the recombinant GSTE2-2 from An. gambiae. 

3.5. Substrate specificities and kinetic properties of 
recombinant GSTE2-2 

The specific activities of GSTE2-2 with various 
substrates are shown in Table 5. The activities with 

Purified GSTE2-2(ng) 

M, NO PMD PMD-R IU 2) 50 100 ZAN/U M, kDa 

-36 

GSTE2-2 -pr` 
-30 

-16 

Fig. 4. Immunological cross reactivity with polyclonal antibody raised against recombinant GSTE2-2 from An. gambiae. Protein (50 Ng) from 4th 
instar larvae from New Orleans (NO), PMD and PMD-R strains and purified recombinant GSTE2-2 (10,20,50 and I00 ng) were resolved on 4-20% 
Tris-HCI Ready Gel (Bio-Rad). Protein (I O pg) from An. gambiae (ZAN/U) was used as positive control. Proteins were transferred to a nitrocellulose 
membrane and probed with GSTE2-2 antibody, 1: 5000 (Ortelli et al., 2003) for I h. Peroxidase labeled anti-rabbit antibody (1.50000; Amersham 
Pharmacia Biotech) was used as a second antibody. Proteins were visualised by enhancing the chemiluminescence using ECL Advance Blotting 

Detection Kit (Amersham Biosciences). Lane M1 indicates the molecular masses of standard protein. An arrow represents the expected size 
(24.7 kDa) of recombinant AeGST2-2. 
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Table 5 
Substrate specificities and kinetic parameters for recombinant GSTe2-2 
from Ae. aegypti and An gambiae 

Specific activity of GSTe2-2 

Ae. aegypti An. gambiae 

Substrate specificity 
CDNB (µmol/min/mg) 6.77±0.54 12.5±0.58 
DCNB (µmol/min/mg) 2.89±0.46 5.87±0.24 
CHP (smol/mm/mg) 0.11 ±0.01 ND 
DDTase activity (nmol DDE/µg) 4.16±0.28 2.77 

Kinetic parameters 
V., (µmol/min/mg) 5.00±0.44 13.10±0.40 
KOSH (mM) 7.57± 1.17 6.72± 1.70 
KCDNB (mM) 0.18±0.04 0.07±0.01 

k. t (s-1) 4.12 10.84±0.33 
kit/IC SH (s ' MM- 1) 0.54 1.61 
k,., /KDN5 (s-I mM-1) 22.89 157.1 

S-hexyl glutathione agarose binding Unbound Unbound 

Three independent assays were performed. Results show mean ± SD. 
Kinetic studies were determined by varying the concentration of GSH 
(0.5-60mM) and the concentration of CDNB (0.025-2.0 mM) at fixed 
concentrations of CDNB of 2 mM and GSH of 15 mM, respectively. 
Substrate specificity and kinetic parameters of AgGSTe2-2 from An. 
gambiae are given for comparison (Ortelli et al., 2003). ND indicates 
not detectable. 

CDNB and DCNB are within the range reported for 
other insect GSTs (Ortelli et al., 2003; Ranson et al., 
1997; Sawicki et al., 2003; Vontas et al., 2002). CDNB is 
a better substrate for recombinant An. gambiae GSTE2- 
2 than for recombinant GSTE2-2 from Ae. aegypti as 
evidenced by the higher i'max and kam, values and the 
lower KmDxe of the An. gambiae enzyme. Only the Ae. 
aegypti enzyme displayed glutathione peroxidase activ- 
ity as measured by the GSH-dependent reduction of 
cumene hydroperoxide. 

DDT dehydrochlorinase activity of the recombinant 
GSTE2-2 was quantified as described previously (Pra- 

panthadara et al., 2000). Approximately 98% recovery 
of DDT or DDE after extraction and analysis was 
obtained. The specific activity of DDT dehydrochlor- 
inase for GSTe2-2 was 4.16 nmol of DDE formation per 
microgram recombinant protein. This activity was 1.5- 
fold higher than that for GSTE2-2 from An. gambiae 
(Ortelli et al., 2003) and is the highest DDTase activity 
reported for any insect GST. Control assays with no 
GSH or denatured recombinant enzyme had no 
detectable DDE production. This verified that the 
conversion of DDT to DDE in the experimental 
reactions was catalysed by the recombinant GSTE2-2. 

4. Discussion 

We have identified eight GST genes from the 
mosquito Ae. aegypti and conducted a preliminary 
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phylogenetic analysis to establish their relationship with 
other insect GSTs. A complete examination will only be 
possible once the Ae. aegypti genome sequence is 
determined and the full extent of the GST gene family 
in this species is known. Nevertheless, several interesting 
points arise from this initial analysis. The topology of 
the tree in Fig. 1 suggests that the insect GST family had 
diverged prior to the split between Aedes and Anopheles 
mosquitoes, which occurred approximately 95 million 
years ago (Krzywinski et al., 2001), as secure orthologs 
for seven of the nine known Ae. aegypti GSTs can be 
readily identified (Note that both GSTdI and GSTsI are 
alternatively spliced in An. gambiae and all transcripts 
are included in Fig. 1). There have been at least two 
cases of intron loss or gain since the lineages diverged as 
both GSTe4 and GSTt2 in Ae. aegypti contain two 
introns in contrast to the single intron found in these 
genes in An. gambiae. Within the Epsilon and Theta 
classes, there are no clear orthologs between the 
mosquitoes and the fruit fly, D. melanogaster, support- 
ing the earlier suggestion that these GST classes have 
radiated independently in the two families (Ranson 
et al., 2002). 

The two Epsilon GST genes are present in a single 
BAC clone, indicating some degree of physical cluster- 
ing in the genome as observed with the Epsilon GSTs in 
An. garnbiae (Ortelli et al., 2003). In Ae. aegypti, the two 
Theta GSTs are also located within the same genomic 
region, in contrast to with An. gambiae where the two 
Theta GSTs are located at different ends of the X 
chromosome (Ding et al., 2003). 

Transcription levels for four of the Ae. aegypti genes 
were quantified. GSTe2 was significantly over expressed 
in the insecticide resistant PMD-R strain, but was not 
over expressed in the parental line, indicating that 
insecticide selection increased the GSTe2 expression. 
While in adult PMD, GSTe4 was over expressed 
compared to the susceptible strain but the selection 
strain did not increase this further. In An. gambiae, five 
of the eight Epsilon GSTs are over expressed in a DDT 
resistant strain but only one of these, GSTe2, encodes a 
protein capable of metabolizing DDT (Ding et al., 
2003). When the recombinant GSTE2-2 protein from 
Ae. aegypti was incubated with DDT and glutathione, it 
efficiently catalyzed the dehydrochlorination of the 
insecticide to DDE in an enzyme dependent reaction. 
Collectively, these experiments strongly support a role 
for GSTe2 in conferring resistance to DDT in the PMD- 
R strain of Ae. aegypti. 

Although we note that true assignment of orthology 
cannot be confirmed until the full complement of the 
GST gene family is determined in Ae. aegypti, these 
results strongly suggest that the same GST is responsible 
for DDT resistance in both An. gambiae and Ae. aegypti. 
This is perhaps surprising given the extensive gene 
duplication and diversification that has occurred within 
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the GST family. Large enzyme families have a degree of 
redundancy or overlap and thus it may be expected that 
metabolic mechanisms of insecticide resistance would 
differ between different populations of the same species. 
Indeed, a previous report on the genetic mechanism of 
DDT resistance in Ae. aegypti associated elevated 
expression of GST-2, caused by a mutation in a trans- 
acting factor, with resistance (Grant and Hammock, 
1992). This GST is not over expressed in the PMD-R 
strain from Thailand perhaps suggestive of differing 
routes of GST catalyzed DDT metabolism in different 
strains of Ae. aegypti. However, until the ability of GST- 
2 to metabolise DDT has been determined, its role in 
insecticide resistance via metabolism cannot be con- 
firmed. 

In an analogous situation to the present study, two 
species of Drosophila have both developed the same 
mechanism of resistance to DDT. In this case, the 
cytochrome P450 gene; Cyp6gl was up-regulated in 

multiple strains of D. melanogaster and D. simulans (Le 
Goff et al., 2003; Schlenke and Begun, 2004). In both 
species of Drosophila, the increase in expression of 
Cyp6gl was caused by the insertion of a transposable 
element in the 5' regulatory region. Up-regulation of 
GSTe2 in DDT resistant strains of An. gambiae is due, at 
least in part, to mutations in the cis-acting regulatory 
regions (Ding et al., 2003). The genetic basis of GSTe2 
overexpression in Ae. aegypti is currently unknown. 
Furthermore, the significance, if any, of the four amino 
acid substitutions found between the susceptible New 
Orleans strain, PMD and PMD-R strains from Thailand 
have not been investigated. However, an alignment 
between the two Ae. aegypti GSTE2 peptides and the 
GSTE2 subunit An. gambiae showed that the amino acid 
residue at three of these polymorphic sites was 
conserved between the susceptible strain of Ae. aegypti 
and the resistant strain An. gambiae GSTE2. Given that 
An. gambiae GSTE2-2 from resistant strain is able to 
metabolise DDT, these substitutions are presumably not 
essential for DDTase activity. Only the alanine to 
glutamic acid substitution at position 178 was found 
uniquely in the PMD strain of Ae. aegypti. A serine is 
present at this position in An. gambiae. 

In addition to DDT resistance, the PMD-R strain has 
high levels of resistance to permethrin. This may be due 
to a mutation in the sodium channel protein, which is 
the target site for both DDT and pyrethroid insecticides 
producing a kdr phenotype. An alternative explanation 
is that the elevated levels of GSTE2 confer resistance to 
both permethrin and DDT. Interestingly, unlike its 
Anopheles counterpart, the recombinant GSTE2-2 

enzyme from Ae. aegypti exhibits levels of glutathione 
peroxidase activity comparable with other insect GSTs 
that are involved in the conjugation of lipid peroxida- 
tion end products (Singh et al., 2001; Vontas et al., 
2001). Therefore, in addition to its role in insecticide 

detoxification, GSTE2-2 may provide an important 
defense mechanism against oxidative stress and may 
thereby provide a second line of defense against the 
toxic effects of insecticides. 
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pET-3a-d Vectors 
Cat. No. The pET-3a-d vectors carry an N-terminal T7"Tagi® sequence and BamH I cloning site. These 

pET-3a DNA 69418-3 vectors are the precursors to many pET family vectors; the pET-23a-d(+) series corresponds to 
pET-3b DNA 69419-3 pET-3a-d but incorporates several additional features. Unique sites are shown on the circle map. 
pET-3c DNA 69420-3 Note that the sequence is numbered by the pBR322 convention, so the T7 expression region is 

pET-3d DNA 69421-3 reversed on the circular map. The cloning/expression region of the coding strand transcribed by 
T7 RNA polymerase is shown below. 

pET-3a sequence landmarks 
T7 promoter 615-631 
T7 transcription start 614 
T7 -Tag coding sequence 519-551 
T7 terminator 404-450 

pBR322 origin 2814 
b/a coding sequence 3575-4432 

The maps for pET-3b, pET-3c and pET-3d 
are the same as pET-3a (shown) with the 
following exceptions: pET-3b is a 4639bp 

plasmid: subtract lbp from each site beyond 

BarnH I at 510. pET-3c is a 4638bp plasmid: 

subtract 2bp from each site beyond BamH I 

at 510. pET-3d is a 4637bp plasmid; the 

BamH I site is in the same reading frame as 
in pET-3c. An Nco I site is substituted for 

the Nde I site with a net lbp deletion at 

position 550 of pET-3c. As a result, Nco I 

cuts pET-3d at 546. For the rest of the sites, 

subtract 3bp from each site beyond position 

551 in pET-3a. Nde I does not cut pET-3d. 

pET-3a (4640bp) 

0/. 
8 

BspLU 11 1(2752) 
Afl 111(2752) 

Sap ((2636) 
Bstl 107 1(2523) 

BsaA 1(2504) 
Tth 111 1(2497) 

BsmB 1(2393) 
PVU 11(2343) 

Sph 1(843) 

EcoN 1(903) 

Sal 1(928) 

PshA 1(993) 

Eag 1(1216) 

Nru ((1 251) 

ApaB 1(1329) 
BspM 1(1331) 

Bsm ((1 636) 
Ava 1(1702) 

Msc 1(1723) 
\BpulO 1(1858) 
BscG 1(1912) 

T7 promoter primer #69348-3 

Ti promoter Bgl II 10 Xba I rbs 
AGATCTCGATCCCGCGAAATTAATACGACTCACý ATAGGGAGACCACAACG, TfT000T CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA 

Ndel TT-Tag pLT-3o BamH1 Bpull02I 
TATACATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGA TCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACC CTGAGCAATAACTAGCATAA 

MetAIo5erMetThrGlyGlyGInGInMetGlyArgGlySerGlyCysEnd 
T7 terminator primer #69337-3 

pET-3d 
pET-3b GGTCGGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAA 

Ncol GlyArgAspProAlaAlaASnLysAloArgLysGIuAIaGluLeuAlaAlaAloThrAloGluGInEnd 

TACCATGGCTAGC pET-3c d GGTCGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAA 
MetAlaSer GI Ar IIeAr LeuleuThrL sProGluAr sLeuSerTr LeuLeuProProLeuSerAsnAsnEnd 

T7 terminator 

CCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG 

EcoR 1(4636) 

SCa 1(4125) 

Pvu 1(4015) \ 

Apo 1(4638) 
Cla 1(24) 

Aat 11(4567) I 

/Hind 
111(29) 

SSp 1(4449) 
1 

Bpu 1102 1(458) 
BamH 1(510) 

Nde 1(550) 
Xba 1(588) 
Bgl 11(646) 

- SgrA 1(687) PSt 1(3890) 

Eam1105 

HgiE 11(3338) 

AIwN ((3168) 

pET-3a-d cloninglexpression region 
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121 ATAGGCGCCA GCAACCGCAC CTGTGGCGCC GGTGATGCCG GCCACGATGC GTCCGGCGTA GAGGATCGAG ATCTCGATCC 

T7 promoter tae operator 
201 CGCGAAATTA ATACGACTCA CTATAGGGGA ATTGTGAGCG GATAACAATT CCCCTCTAGA AATAATTTTG TTTAACTTTA 

HisG epitope 
REIS Polyhistidine region 

r----I 
281 AGAAGGAGAT ATACAT ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC GGC AGC GGC CTG GTG CCG CGC GGC AGC 

Met Gly Ser Ser His His His His His His Gly Ser Gly Leu Val Pro Arg Gly Ser 

SUMO fusion protein 

354 GCT AGC ATG TCG GAC TCA GAA GTC AAT CAA GAA GCT AAG CCA GAG GTC AAG CCA GAA GTC AAG CCT GAG ACT 
Ala Ser Met Ser Asp Ser Glu Val Asn Gln Glu Ala Lys Pro Glu Val Lys Pro Glu Val Lys Pro Glu Thr 

426 CAC ATC AAT TTA AAG GTG TCC GAT GGA TCT TCA GAG ATC TTC TTC AAG ATC AAA AAG ACC ACT CCT TTA AGA 
His Ile Asn Leu Lys Val Ser Asp Gly Ser Ser Glu Ile Phe Phe Lys Ile Lys Lys Thr Thr Pro Leu Arg 

SUMO forward priming site 

498 AGG CTG ATG GAA GCG TTC GCT AAA AGA CAG GGT AAG GAA ATG GAC TCC TTA AGA TTC TTG TAC GAC GGT ATT 
Arg Leu Met Glu Ala Phe Ala Lys Arg Gln Gly Lys Glu Met Asp Ser Leu Arg Phe Leu Tyr Asp Gly Ile 

570 AGA ATT CAA GCT GAT CAG ACC CCT GAA GAT TTG GAC ATG GAG GAT AAC GAT ATT ATT GAG GCT CAC AGA GAA 
Arg Ile Gln Ala Asp Gln Thr Pro Glu Asp Leu Asp Met Glu Asp Asn Asp Ile Ile Glu Ala His Arg Glu 

642 CAG ATT GGT GGT GACAAG CTTAGGTATT TATTCGGCGC AAAGTGCGTC GGGTGATGCT 
GTC TAA CCA CC TCTGTTC GAATCCATAA 
Gln Ile Gly Gly. 

SUMO cleavage site 

701 GCCAACTTAG TCGAGCACCA CCACCACCAC CACTGAGATC CGGCTGCTAA CAAAGCCCGA AAGGAAGCTG AGTTGGCTGC 

T7 reverse priming site 

781 TGCCACCGCT GAGCAATAAC TAGCATAACC 



HisG TG sumo; RBS A epitope E>ml um 

pET SUMO 
5643 bp 

Comments for pET SUMO 
5643 nucleotides 

T7 promoter: bases 209-225 
lac operator (lacO): bases 228-252 
Ribosome binding site (RBS): bases 282-288 
Initiation ATG: bases 297-299 
HisG epitope: bases 309-329 
SUMO ORF: bases 360-653 
SUMO forward priming site: bases 549-571 
TA Cloning site: bases 653-654 
T7 reverse priming site: bases 783-802 (C) 
T7 terminator. bases 744-872 
Kanamycin resistance gene: bases 1431-2246 (C) 
pBR322 origin: bases 2342-3015 
ROP ORF: bases 3383-3574 
lacl ORF: bases 4383-5474 (C) 

(C) = complementary strand 

410 
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