EXPRESSION, CHARACTERIZATION, AND
LOCALIZATION OF ACETYLCHOLINESTERASE-1
FROM THE AFRICAN MALARIA MOSQUITO,

ANOPHELES GAMBIAE

By
SIWEI LIU

Bachelor of Science
Henan Agricultural University
Henan, China,

1983

Master of Science
Oklahoma State University
Stillwater, OK. U.S.A.
2005

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfilments of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY
December, 2008



EXPRESSION, CHARACTERIZATION, AND
LOCALIZATION OF ACETYLCHOLINESTERASE-1
FROM THE AFRICAN MALARIA MOSQUITO,

ANOPHELES GAMBIAE

Dissertation Approved:

Dr. Haobo Jiang

Dissertation Advisor

Dr. Carey N. Pope

Dr. Jack W. Dillwith

Dr. Deborah C. Jaworski

Dr. A. Gordon Emslie

Dean of the Graduate College



ACKNOWLEDGEMENTS

| owe many thanks to many people. Their strong support and encouragement let my

dream come true. It bears in my mind eternally.

| sincerelythank my advisor, Dr. Haobo Jiang, who gave me a wonderful opportunity
enter the insect molecular biology laboratory and provide excellent worlaitiyda. His
invaluable advice and supervision has been throughout my Ph.D. program. | would like to
deeply express my appreciation to my other committee members, Dr. Cdrepd Dr.

Jack W. Dillwith, and Dr. Deborah C. Jaworski, whose guidance, encouragement, and
suggestions are very precious for me. | am very grateful for having aptiexce

doctoral committee.

My special thanks go to my colleagues, Yang Wang, Rayaprolu Subrahmanyaiedr
Zou, Picheng Zhao, Dr. Zhigiang Lu, Rudan Huang, Niranji Sumathipala, Fanfgang
their continuous support and helpful discussion, especially those who helped me in my

experiments.

| extend my special appreciation to my wife Baige Zhao, for her strormyegement
and full support along my doctoral work. | also give my thanks to our daughter Joanna

Liu for her lovely heart to understand and support me in her special way.



| am very grateful for the assistance and generosity thativeeciom Dr. Stephen

Marek, Dr. Steve Hartson, Dr. Junpeng Deng, Mr. Curtis L Andrew, Dr. Gleang/

and Ms. Lisa Coburn at Oklahoma State University; Dr. Xuemei Chen at Utyiadrs
California, Riverside; Dr. Kun Yan Zhu, Dr. Maureen Gorman, and Dr. Yoonseong Park,
at Kansas State University. | appreciate the financial support tegineeided by NIH

and Oklahoma Agricultural Experimental Station through Dr. Jiang.

| would like to thank many other faculty and staff from the Department of Endgyol
and Plant Pathology, and the Graduate College for their teaching, training, and support

during the period of my study.

How can | ever thank them? None of this work would have been possible without the
unselfish support from all of the contributors in so many ways. Their willingoesssist
increased my ability to conduct quality research. Beyond all doubt, lots of help during
this period directly contributed to my career development and will greatlyitoerye

whole life.



DEDICATION

| dedicate this humble piece of work to my wife and our daughter, who strongly support
me to pursue my dreams. | dedicate this humble piece of work in honorable memory of

my father and my mother.



TABLE OF CONTENTS

Chapter
|. GENERAL INTRODUCTION

Background
Objective
References

Il. LITERATURE REVIEW

1. The life cycle and behavior 8hopheles gambiae
2. Basic knowledge and background about acetylcholinesterase
The characteristics of acetylcholinesterase
The mechanism of AChE
The history of AChE research
Insect AChE and insecticide resistance
3. Progress and prospect in insect AChE
Biochemical studies on insect AChE
Molecular studies on insect AChE
Unresolved questions in insect AChE research
4. Research oA. gambiae AChEs
5. Localization of specific protein and nucleic acids
The background of localization
Localization studies on insect AChE
References

[ll. EXPRESSION AND PURIFICATION OF ACETYLCHOLINESTERSE-1

Page
16

17
18
20

22

23
24
24
24
25
26
26
27
28
30
32
34
34
35
36

FROM THE AFRICAN MALARIA MOSQUITO,ANOPHELESGAMBIAE 50

Abstract

Introduction

Materials and methods
Results

Discussion

References

IV. CHARACTERIZATION OF ACETYLCHOLINESTERASE-1 PROPERES

51
52
54
60
63
65

FROM THE AFRICAN MALARIA MOSQUITO,ANOPHELES GAMBIAE 81

Vi



Abstract 82

Introduction 83
Materials and methods 85
Results 90
Discussion 95
References 98

V. CHARACTERIZATION OF SPATIAL AND TEMPORAL EXPRESSION
PATTERNS OFAGACHE1L BY IMMUNOHISTOCHEMISTRY ANDIN

STU HYBRIDIZATION 125
Abstract 126
Introduction 127
Materials and methods 129
Results 136
Discussion 139
References 144

VI. SUMMARY 168

Vii



LIST OF TABLES

Table

Charpter Il

Table 1. Purification of AChE1 frorAnopheles gambiae

Charpter IV

Table 1. Amino acid composition of 8&hopheles gambiae AChE1

Table 2. Kinetic parameters of AChE1 purified frémopheles gambiae in
hydrolyzing four substrates

Table 3. 1@ of inhibitors toward#\nopheles gambiae AChE1

Table 4. Kinetic constant&, k», andk;) for inhibition of AQAChE1

Charpter V

Table 1. The spatial and temporal expression patterns

viii

Page

80

104
116

118
119

152



LIST OF FIGURES

Figure Page
Charpter IlI
Figure 1. A ribbon (A) and space-filling (B) model for AQAChE1 75
Figure 2. Nucleotide sequence/tf. gambiae AChE1 76
Figure 3. Schematic diagram of nucleotide sequencasgaimbiae acel 78
Figure 4. SDS-PAGE analysis AJAChE1 79
Charpter IV
Figure 1. Deduced amino acid sequences. ghmbiae AChE1 105
Figure 2. Schematic diagram of deduced amino acid sequences of

A. gambiae AChE1 107
Figure 3. Antibody epitope prediction from recombinagAChE1 108

Figure 4. The sequence comparison of AChE1l and AChE2Aromgambiae 109
Figure 5. Alignment of the partial amino acid sequences gambiae AChE1

and 2 with other AChEs sequences 110
Figure 6. Effects of pH o0AgAChE1 activity 111
Figure 7. SDS-PAGE analysis AJAChE1 under reducing (A) and
non-reducing (B) conditions 112
Figure 8. Gel filtration analysis #fgAChE1 113
Figure 9. Deglycosylation &AgAChE1 byN-glycosidase 114
Figure 10. Determination of the enzymatic propertieAg”&ChE1 using
different substrates 115
Figure 11. Inhibition oAgAChEL by six inhibitors at various concentrations 117
Figure 12. Inhibition oAgAChE1 activity from high substrate concentration 120
Figure 13. Product inhibition determined from activity recovery and OD
accumulation oAgAChEL1 at different concentrations 121
Figure 14. Inhibitory effect of acetate and cholineAgAChE1 122
Charpter V
Figure 1. The rabbit anfgAChEL polyclonal antibody work efficiency
determination 150
Figure 2. Dot blotting analysis of the rabbit aAjAChE1 antibody absorption 151
Figure 3.AgAChE1 expression detection by IHC 153

Figure 4. TheAgAChEL antibody took effect in other mosquito tissues 155



Figure 5.AgAChE1 expression detection at antennal and gut nerve by IHC 157
Figure 6.Agactin probes for ISH from the nucleotide sequencégattin EST 158
Figure 7.AgAChE1 probes for ISH from the nucleotide sequencegaAChE1

EST 159
Figure 8. Analysis oAgactin probes by gel electrophoresis 160
Figure 9. The efficiency determination &dactin probes by dot blotting 161
Figure 10. Analysis oAgAChEL probes by gel electrophoresis 162
Figure 11. The efficiency determinationAJAChE1 probes by dot blotting 163
Figure 12. Localization oAgactin mRNA transcript in larval tissues by ISH 164
Figure 13. Localization oAgacel mRNA in larval tissues by ISH 165
Figure 14. Localization oAgacel mRNA in adult tissues by ISH 166

Figure 15. Localization oAgacel mRNA in pupal tissues by ISH 167



LIST OF APPENDICES

Appendix Page
Charpter IV
Appendix 1. The structures of substrates used in this study 123

Appendix 2. The structures of inhibitors used in this study 124

Xi



%

>

+

°C

3D

Hg

(i

AA

ACh
AChE
ace
ABMTC
AgAChE1
AgAChE2
Agacel
Agace?
AgActin
AP

ATC

Bac-to-Bac

BCA
BChE
BCIP
bp
BSA
BTC

LIST OF ABBREVIATIONS AND NOMENCLATURE

Percentage

More than

Plus or minus

Temperature degree(s) at Celsius
Three dimensional

Microgram

Microliter
Amino acid

Acetylcholine
Acetylcholinesterase
Acetylcholinesterase gene
Acetyl-@-methyl) thiocholine iodide
Anopheles gambiae AChE1
Anopheles gambiae AChE2
Anopheles gambiae acel
Anopheles gambiae ace2
Anopheles gambiae actin

Alkaline phosphatase
Acetylthiocholine iodide

A bacterial artificial chromosome to baculovirus
Bicinchoninic acid
Butyrylcholinesterase
5-bromo-4-chloro-3-indolyl phosphate
Base pair

Bovine serum albumin

S-butyrylthiocholine iodide

Xii



BW284C51 1,5-bis(4-allyldimethylammoniumphenyl)-pentan-3-onedibromide
CA Carbamate

cDNA Complementary deoxyribonucleic acid
ChE Cholinesterase

cm Centimeter(s)

CNS Central nervous system

ConA Concanavalin A

Da Dalton

ddH,O Deionized distilled water

DEPC Diethylpyrocarbonate

DIG Digoxigenin

DNA Deoxyribonucleic acid

dsDNA Double strand DNA

DS Dextran Sulfate

DTNB 5,5-dithiobis(2-nitrobenzoic acid)

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

Fig. Figure

g Gram(s); Relative centrifuge force: gravity
GLM General Linear Models

h Hour(s)

HPLC High performance Liquid chromatography
[ Inhibitor

ICs0 Half maximal inhibitory concentration
IEDB Immune Epitope Database

IgG Immunoglobulin G

Inc Incorporation

ko Unimolecular bonding rate constant,

phosphorylation or carbamylation constant
Ky Dissociation constant

ki Bimolecular bonding rate constant

Xiii



Kwm
Krpm
LSD

MAW
mg
min
ml
mM
MOl

mol

MR4/ATCC

MRNA
MW

N

NBT
NCBI
ng
Ni-NTA
]

nm

nt

OoP
ORF

PAGE
PBS
PCR
PTC
PTW

Michaelis constant

Kilo rotations per minute

LeastSignificant Difference

Molar solution; mean

Methanol/acetone/water

Milligram

Minutes

Milliliter

Millimole

Multiplicity of Infection

Mole: measures an amount of substance
The Malaria Reference and Research Reagent Resource Cente
/American Type Culture Collection

Messenger ribonucleic acid

Molecular Weight

Sample size (or n); normality

Nitro blue tetrazolium

National Center for Biotechnology Information

Nanogram

Nickel-nitrilotriacetic acid

Nanoliter

nanometer

Nucleotide

Organophosphorus pesticide(s)

Open reading frame

P - value: a probability statement

Polyacrylamide gel electrophoresis

Phosphate buffered saline

Polymerase chain reaction

Propionylthiocholine iodide

0.1% Tween-20 in 1 x PBS

Xiv



RNA

rpm

[S]
SD
SDS

Average correlation coefficient
Ribonucleic acid

Revolution per minute
Second(s) or s

Substrate

Standard deviation

Sodium dodecyl sulfate
Standard error

Soodoptera frugiperda
Serum-free medium

Single strand DNA
Transcription initiation site
3-aminopropyl-triethoxysilane
Translation initiation site
Translation termination site
Enzyme or antibiotic units
Untranslated region

Velocity

Maximal velocity

Times

XV



CHAPTER |

GENERAL INTRODUCTION



Background

Of more than 10 million animal species on the earth, insects are the largesisind m
diverse group with at least one million species. Insects appeared 550 yahiEnago,

250 million years earlier than the ancestors of humans (Dimarcq, 2002; Ware and
Whitacre, 2004). During the evolutionary course, some insects have had a tremendous
impact on mankind. About one thousand insect species became pests (Tvedten, 2007),
which either compete for food with people and domestic animals, or transmit ditease
them. Humans have struggled to control insect pests for centuries (Chaddick land Lee

1972; Benner, 2006).

To manage insect pests, several methods for prevention, suppression, and control have
been used, including cultural, physical, biological, and chemical control. Compalned wit
other control measures today, chemical control is highly effective arig aaglicable.

Since the 1930s, methyl bromide, dichloro-diphenyl-trichloroethane (DDT), and
organophosphorus (OP) insecticides have been developed and used (Thompson et al.,
2005). These insecticides are inexpensive but effective against a broad spegests.of
However, there have been significant problems associated with the applafahese
insecticides. They are hazardous to humans, domestic animals, and natural emt&onme
Another challenge is that lots of insect pests are resistant to theseides¢Tvedten,

2007).

As first recognized by Mercurialis (an Italian physician) in 1577, sonegtigsre vectors



of human diseases (Harwood and James, 1979). They transmit a variety of pathogens
such as viruses, bacteria, fungi, protozoa, and metazoan parasites, which leadrte milli
of human deaths every year. Mosquitoes are the most important insect vebtorsaof
diseases. Over 7Anopheles species transmit the protozBEsmodium that causes

malaria (Lane, 1997). Malaria is one of the most significant and seriousaongec

diseases (Klowden, 1995). It infects 300 to 500 million people and kills 1.5 - 2.7 million
humans annually -- mainly African children (Von Seidlein et al., 199&)pheles

gambiae (Diptera: Culicidae) is a principal vector of malaria in Africa.

In all insect species, acetylcholinesterase (AChE) plays &trake inA. gambiae
cholinergic synaptic transmission. AChE, therefore, is the target sit@ibftion by OP
and carbamate (CA) insecticides (Ware and Whitacre, 2004). Both OP aare @éry
effective in controlling ofA. gambiae. UnfortunatelyA. gambiae has developed high

resistance by gene mutation or expression increase (Djouaka, et al., 2008).

Objectives

The discovery of two different AChE genesdl and ace2) from A. gambiae (Weill et

al., 2002) has raised some fundamentally important questions: First, what are the
differences between two AChE genes in the genome on characterigticires, and

main functions including the OP and CA resistance? Second, how sensitive are these
AChEs to substrates and inhibitors? Third, where and when are AChEs expréssed in
gambiae, and what are their expression patterns in different organs and tissuenieedati

different stages? To contr8l gambiae, basic information is required. In this project, |



studiedA. gambiae AChEL My two objectives were as follows:

1. Characteriz&gAChEL1 by sequencing, compakgAChE1 withAgAChE2 and AChEs
from other insects, expreAgAChEL inSpodoptera frugiperda (Lepidoptera: Noctuidae)
cells &21). Optimize this expression system for high protein production. Develop an
efficient purification method to get highly purified protein. Characteteebiochemical
and molecular properties B§AChEL. Refine information on the kinetics of substrate

hydrolysis and inhibitor specificity.

2. Characterize spatial and temporal expression pattemgafmbiae AChEL by using
immunohistochemistry and situ hybridization to suggesh vivo functions. This

includes both mRNA localization and protein localization on tissue sections.

Studies of molecular structure, heterogeneity, function, and evolution of AChE&from
gambiae will: (1) Generate useful information on the molecular complexity and
heterogeneity for further study of biological functions of multipldh&S. (2) Lead to the
development of more selective anti-cholinesterase agents. Provide a bbeis for
insecticide design and understanding the structure for mutagenic restst@and CA
insecticides. Improve the selectivity of new insecticides for the#&drmalaria mosquito

control while reducing their toxicity toward humans and other vertebrates.
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LITERATURE REVIEW



1. The life cycle and behavior oAnopheles gambiae

There are over 3,000 species of mosquito worldwide (Yuval, 2006), about 380 of which
belong to the genus @hopheles (Gosling, 2005). Among them, 70 species are vectors

of malaria (Lane, 1997), and about 40 are important (Service, 20@fnbiae, as an
important malaria vector transmits the serious pard&igsmodium falciparum. It also

carries and spreads three other malaria paraBitesiax, P. malariae, andP. ovale

(Johnson, 2006). Malaria is a dangerous and sometimes fatal disease (Klowden, 1995).
The parasites grow in red blood cells. At maturation, they destroy the host cells
Symptoms include high fever, chills, and flu-like iliness. Malaria is epidemaialy in

tropical Africa, Central America, the Amazon basin, South and Southeastvedaia

was eradicated or greatly reduced in many countries including the Et8#&dn the

1940s and 1960s (Lengeler et al., 2004).

A. gambiae has four stages in its life cycle: egg, larva, pupa, and adult. The adAlts of
gambiae have a slender body, black and white scales on the wings, and long,
needle-shaped, piercing mouthparts. The palps are as long as the proboscis. Their
abdomens stick up when they rest. The females usually mate once. The frolales

blood from people and, thus, transmit malaria. A blood meal is necessary fag femal
gambiae to lay eggs. They often suck blood indoors and may rest indoors for a few hours
after a blood meal. They lay their eggs singly directly on the watercsunfith floats on

either side, not in rafts. They lay eggs at intervals throughout their life.eDrade

usually lays 50-200 brown boat-shaped eggs per oviposition (Service, 2000). Most eggs



hatch into larvae within 2-3 days. There are four larval instars. Larvae tavet

siphon to take air. So the body is parallel to the surface of the water. They det@lop i

pupae in 4-7 days. A pupa has a comma-shape, and does not feed. But they have to come
to the water surface frequently to breathe. A pupa has a pair of respiratopets on the
cephalothorax. Usually, the pupal period lasts 1-3 days. The larvae and pupakedre c
wigglers and tumblers, respectively. Under good conditions, the whole life oyoie f

eggs to adults takes about 7-13 days (Fradin, 1998; Triplehorn and Johnson, 2005; Chen

et al., 2006; Koutsos et al., 2007).

2. Basic background knowledge about acetylcholinesterase

The characteristics of acetylcholinesterase

Cholinesterases can be divided into two subfamilies based on their catadlytic a

inhibitory specificities: acetylcholinesterase (AChE, EC 3.1.1.7) and
butyrylcholinesterase (BChE, EC 3.1.1.8). AChE is a serine hydrolase, which is found at
the cholinergic nerve terminals. AChE breaks down the neurotransmittelchokhe

(ACh) at the synaptic cleft so that the next nerve impulse can be transmitissl the
synaptic gap. BChE can also hydrolyze acetylcholine. The differencedreAM@hE and
BChE is that the former hydrolyses ACh more quickly than the latter doedaritiay

have different inhibitory specificity (Bon and Greenfield, 2003; Greig.e2@05).

The mechanism of AChE

Signals from nerve cells to muscle cells are carried by neurotrassmittboth



vertebrates and invertebrates. Of course, neurotransmitters must be cleaned up
immediately after the message is passed; otherwise, the next signaddsum. ACh is

an important neurotransmitter. AChE exists in the basement membrane around
cholinergic nerve terminals. It plays an important role by removingosignald ACh

through rapid and efficient hydrolysis into choline and acetate (Schumachet @86l

Pope et al., 2005), and choline will be recycled for generating a new neurattanfor
subsequent signaling. AChE breaks up each molecule of ACh in about 80 microseconds
(Guillebeau, 2005). There are three amino acid residues implicated in tly@icaiad

of the active site of the enzyme: serine, histidine, and glutamate (Te8&ds). AChE is

a key enzyme in the insect nervous system (Fouehar, 1992).

The history of AChE research

In 1914, Dale observed a phenomenon of ACh inactivated in a cat. He proposed the
existence of an enzyme to remove ACh (Dale, 1914). A dozen years later, Loewi and
Navratil demonstrated a prolonged action of ACh by using inhibition of the proposed
enzyme with physostigmine (Burn and Rand, 1965). Stedman, et al. extractedyiine e
from horses in 1932, which they called choline-esterase (Stedman et al., 1932).
Nachmansonhn purified AChE from electric eels (Silver, 1974). Leuzinger et al.
successfully crystallizethe enzyme from electric eels in 1968. The three dimensional
(3D) structure offorpedo californica AChE was first determined in 1991 by Sussman et
al. Harel et al. (2000) reported the recombinant expression and three-dimensiona
structure determination of AChE and its complexes with inhibitors had been determined

from the fruit fly, Drosophila melanogaster (Diptera: Drosophilidae).

10



Insect AChE and insecticide resistance
Insect AChE can be terminated by insecticides, which leads to insegispaeald death.
However, some insects show obvious resistance, such as mosquitoes and aphids (Zhu and

Zhang, 2005).

In general, there are three mechanisms of resistance to insec{it)destuction in
penetration, (2) increased metabolism by esterases, mixed-functionesxidas
glutathione transferases, and (3) modification of the insecticide targetiey
amplification, over transcription, or point mutations (Mutero, et al. 1994). Up to now,
numerous studies have focused on insect AChEs because they are the targttsdespes
of the organophosphorus (OP) and carbamate (CA) classes. OPs and CAs gressitiel
to control various pests. OP and CA compounds can phosphorylate or carbamylate the
active site serine of AChEs to block the hydrolysis of neurotransmittbr(Efdefrawi,
1985). Once AChE isarbamylated or phosphorylated, it no longer hydrolyzes the
neurotransmitte(Boublik, et al. 2002). That leads to paralysis and death of susceptible
strains. So far, more than 30 agricultural pest species have been reported tolase AC
that are insensitive to OPs or CAs;ludingA. gambiae (Zhu and Gao, 199%'Guessan

et al. 2003; Casimiro et al., 200€)n the other handesistance also provides a model for

studying adaptation of eukaryotes to a toxic environment.

3. Progress and prospect of insect AChE research

11



For years AChE has been one of the well-studied insect enzymes due to mogioai
and toxicological significance. To date, insect AChEs have been studied bioalgmi

and molecular biologically in at least 20 insect species (Zhu and Zhang, 2005

Biochemical studies on insect AChE

The biochemical studies have been carried out in several insect spetiesngc
isolation and characterization of AChE from the fruit fy (nelanogaster) (Gnagey et
al., 1987), distribution and purification of AChE from the horn Hyaématobia irritans)
(Zhu and Zhang, 2005), and purification and characterization of AChE from the lesse
grain borer Rhyzopertha dominica) (Guedes et al., 1998), the Colorado potato beetle
(Leptinotarsa decemlineata) (Zhu and Clark, 1994; 1995), the western corn rootworm
(Diabrotica virgifera virgifera) (Gao et al., 1998), and the western tarnished plant bug
(Lygus hesperus) (Zhu et al., 1991). As summarized by Zhu and his colleagues (1994;

2005), insect AChEs have the following features:

1. Substrate inhibition occurs at high concentrations of ACh in some insedts, Tha
the inhibition of AChE activity by ACh in the reaction catalyzed by AChE.

2. AChEs appear to be highly sensitive to eserine and 1, 5-bis (4-
allyldimethylammoniumphenyl)-pentan-3- onedibromide (BW284Qfki Jess so to
ethopropazine. BW284C51 and ethopropazine are specific inhibitors for AChE and
BChE, respectively.

3. There is relatively low activity from insect AChE as compariga AChE

activity from vertebrates.

12



Molecular biology on insect AChEs

The molecular studies have targeted some insect species. For example,aegsquit
include the malaria mosquité.(stephensi) (Hall and Malcolm, 1991), the yellow fever
mosquito Aedes aegypti) (Liu et al., 1998), the African malaria mosquifo gambiae)
(Welll et al., 2002), and the northern house mosqutdek pipiens) (Weill et al., 2003).
Aphids include cotton aphid\phis gossypii Glover) (Li and Han, 2002; Javed et al.,
2003), the greenbu@thizaphis graminum) (Gao et al., 2002), and the potato peach
aphid, which includes 3 speciddyzus persicae Sulzer (Javed et al., 200Bemisia

tabaci Gennadius, andrialeurodes vaporariorum Westwood (Javed et al., 2003; Zhu
and Zhang, 2005). Flies include the fruit fl. (nelanogaster) (Hall and Spierer, 1986),
the housefly Musca domestica) (Huang et al, 1997), and the Australian sheep blowfly
(Lucilia cuprina) (Chen et al., 2001). Other insects include the western tarnished plant
bug L. Hesperus) (Zhu et al., 1991), the cotton bollwortddicoverpa armigera)
(Hubner) (Ren et al., 2002je Colorado potato beetle. decemlineata) (Zhu and Clark,

1995), and the green rice leafhopéeghotettix cincticeps) (Tomita et al., 2000).

Most molecular studies on insect AChE have focused on understanding the molecular
basis of altered AChE in conferring insecticide resistance. Point m#asiach as serine
to glycine at certain positions of AChE, can cause decreased sensitiiyaizyme to
various insecticides in some insect species. Examples include the friit fly (
melanogaster) (Mutero et al, 1994), the Colorado potato bedtlelécemlineata) (Zhu et

al., 1996; Zhu and Clark, 1997), the houseliliy domestrica) (Huang et al, 1997), the

13



yellow fever mosquitoAedes aegypti) (Vaughan et al., 1997), the northern house
mosquito C. pipiens) (Weill et al., 2003; Weill et al 2004), and the African malaria
mosquito A. gambiae) (Etang et al., 2003; Weill et al 2004). These studies have implied
that the tertiary structure of AChEs is very important for not only nervousnsyst
functioning but also insecticide efficacy. However, studies irgteen rice leafhoppeN(
cincticeps) could not identify any sequence changes in the AChE even though the
sensitivities of AChE to inhibition were decreased when the insects wergrehto be

insecticide-resistant (Nomura et al., 2000).

Vertebrates have AChE and BChE. BChE has not been found in insects (Toutant, 1989).
Drosophila was confirmed to have only one single AChE gare2 (Hall and Spierer,
1986; Myerset al., 2000). In 2000, the AChE gene of the fruit 3. (nelanogaster) was
expressed successfully, and a three dimensional structure of the complexenameet
by X-ray crystallography usinign vitro expressed protein (Harel at el., 2000). Some
insect species have two AChE genes to encode the enzymes with differenattsainst
inhibitor specificity. For instance, the northern house mosq@Gitpipiens) was first to

be identified as having two AChE genes (Bourgaiet., 1996). Todate, others with two
AChE genes include the African malaria mosq#ogambiae) (Weill et al., 2002), the
cotton aphid A. gossypii) (Li & Han, 2002), the greenby&. graminum) (Gaoet al.,

2002), the diamondback mofRlutella xylostella) (Baeket al., 2005), and the German
cockroach Blattella germanica) (Kim et al., 2006). There is some evidence suggesting
that only one of the two gene products acts as the primary AChE to hydrdlyrze A

(Weill et al., 2003; Nabeshimet al., 2004).
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Unresolved questions in insect AChE research
There are many unresolved issues concerning insect AChE even though it ishene of t

most studied insect enzymes.

First of all, what are the differences in AChEs between vertebrates aatsih&Jp to

now, only AChEs are reported in insects and there are no reports about BChE from any
invertebrates. Several studies suggest that there are both AChE and BChE insemts,
such as thgreenbug$ graminum) (Zhu and Gao, 1999) and the western flower thrips
(Frankliniella occidentalis Pergande) (Novozhilov et al., 1989; Liu et al., 1994). This
hypothesis was based on two properties of insect AChE. The AChEs of aphidsgnd thr
lack substrate inhibition at high concentrations and have low levels of substrate
specificity. These two properties are consistent with the charaicten$ia vertebrate

BChE. On the other hand, this enzyme can be inhibited by sulfhydryl reagents Such as
5-dithio-bis (2-nitrobenzoic acid) (DTNB) (Toutant, 1989; Liu et al., 1994). Neither
AChE of vertebrates nor AChE of other insect species has this typical engtacof

BChE (Toutant, 1989).

Secondly, why do some insects have two AChE gelmegértebrates, there are multiple
isoforms of AChE encoded by a single gene (Legay et al., 1993). In indemtsya
AChE genes were identified in the northern house mos¢Qitaipiens) (Bourguetet al.,
1996), at least six insect species are known to have two AChE @enssphila has

only one AChE gene (Myert al., 2000), why do other insects need more than one
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AChE gene? Kim et al. (2006) analyzed 33 animal species and suggested teat two
genes were derived from a duplication event long before insects wererditiged. It is
possible thaacel was lost in some insects, such as the Cyclorrhapha dipterans (Higher
fly), during the course of evolution (Weét al., 2002). While most insects possess two
aces, onlyacel correlates with AChE insensitivity against the OP and CA pesticides
(Weill et al., 2003; Nabeshimet al., 2004; Kim et al., 2006). This indicates the¢l

may play an important role in ACh hydrolysis. The functions of the second AChE in
insects are still not clear. Little is known about the differences leattveo AChE genes

in the genomes on characteristics, structures, or functions. Some studies have
biochemically identified reduced sensitivities of AChEs associated®®P and/or CA
resistance. But their corresponding AChE sequences are not available famfinc
assignment. For instance, the green rice leafhopperr(cticeps) contains a mixture of
sensitive and insensitive AChE loci in a CA-resistant strain. No diffeneasdound in

the amino acid sequences between the resistant and susceptible strainsa(dlcal.,

2000). It is likely that uncloned gene is responsible for the insecticidéareses If it is

true, then the question is which one plays a role in neurotransmission? It might be
hypothesized that if only one AChE is involved in neurotransmission, its protein must be

expressed at cholinergic synapses.

Thirdly, of insect AChEs, substrate inhibition seems to be a common propeutaft,
1989). AChEs from some insects do not exhibit excessive substrate inhibition, such as the
greenbug$ graminum) (Zhu and Gao, 1999), the western flower thripsafkliniella

occidentalis Pergande) (Novozhilov et al., 1989; Liu et al., 1994), and some OP-resistant
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strains of other insects (Zhu and Clark, 1995). What is the molecular mechanism of
substrate inhibition in AChE? Is substrate inhibition caused by the binding of substrate
molecules to peripheral anionic sites leading to an inactive enzyme-sedssipstrate
complex (Radic et al., 1991)? Perhaps these insects have a different AChE that is

sensitive to substrate concentration.

4. Research orA. gambiae AChEs

A. gambiae has two AChE genesagel and ace2 (Weill et al., 2002)Ace2 is homologous
to D. melanogaster AChE, whereascel has no homologue in the fly (Weill et al., 2003).
The geneacel was found in 15 mosquito speciesAlrgambiae, acel is made up of 9
exons encoding polypeptides of 534 amino acids, veled contains 4 - 9 exons
encoding polypeptides of 569 amino acilsgambiae AChE1l AgAChE1) and AChE2
(AgAChEZ2) (respectively encoded bgel andace?) display 53% similarity at the amino
acid level. A major difference between them is a 31-residue insertion in thie2AC

sequence (Weill et al., 2002).

Weill et al (2002) suggested that target AChEs are encoded by differenotyj€kE
genes in various insect groups. In Dipteran, for example,aza/exists in
Drosophilidae and MuscidaAcel andace? exist in the family Culicidaédcel is linked
with insecticide resistance and probably encodes the OP-targeted AChEgistnot
associated with insecticide resistance (Malcolm et al., 1998; Morj €08l1). In the

acel geneof An. gambiae, a mutation of glycine to serine at the T18sidue (GGT to
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AGT in cDNA sequence) leads to high insecticide resistance. The substisuéxactly
located in an oxyanion hole, indicating the pesticide insensitivity ietetatits
interference with the AChE catalytic functions. This resistance or highsitisgy is
displayed in northern house mosquif pipiens) at the same position (G119S) (Weill et
al., 2004). Interestingly, a mutation of glycine to histidine at th& pbaition of human
BChE is known to alter substrate specificity and confer insecticidealesggt.ockridge

et al., 1997). In thédlowfly carboxylesterase@ mutation of glycine to aspartic acid at the
137" residue also alters substrate specificity (Newcenab., 1997). In both cases, OP
hydrolysis is enhanced. There is a high degree of AChE1 insensitiitygambiae
(N'Guessaret al., 2003). Five distinct mutations existln melanogaster resistant

strains, each providing a low resistance ratio (Muésb., 1994). The resistance
mechanism irA. gambiae could be detoxification (Vulule et al., 1999) or other mutations,

such as leucine-to-serine substitution (Etang et al., 2003).

A sequence analysis of AChE shows th&f@nd R*° of A. gambiae AChE are

conserved at the opening of the active site of the model (Pang, 2006). The stathdreve
that these conserved residues are found in four insects and seventeen other itrevertebra
species. Neither residue is found in the active site of mammalian AChE®dqDendly,
insecticides safe to vertebrates can be developed to interact¥fitr &3° and

specifically block AChEs of mosquitoes and agricultural pests, if both resickiatsa

not found in the active site of important invertebrates, such as, pollinators, beneficial

predators, parasitic insects, and nematodes.
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5. Localization of specific protein and nucleic acids

The background of localization

In situ hybridization is a technique that detects where a specific nucleicsdochted by
visualizing a reporter molecule or probe that hybridizes with the targetafdet can be

DNA or RNA in the tissue. The probes can be labeled DNA or RNA moleculescdnt
years, RNA probes have become more popular than DNA probes due to high sensitivity,

even though RNA probes are harder to make and less stable.

In situ hybridization was first performed in the late 1960s (Gall and Pardue, 1969). Now,
it is used successfully in a wide range of experiments (Brown, 1998). Blitlacavely

and non-radioactively labeled probes can be useith Btu hybridization on tissue

sections or whole body mount. Non-radioactive probes result in better morphological
resolution and are less hazardous. If probes derived from different regionsnef deajd

an identical hybridization pattern, the hybridization specificity is \estifi

Immunohistochemistry is used to detect protein targets in tissues by tbespeeific
antibodies. The antigen-antibody complexes are visualized by an enzyoweadent
compound, or a radioactive element linked to the antibody molecules. This technique,
developed in the early 1970s, has been widely used in various biomedical applications
(Shi et al., 2001). The use of different fluorochromes coupled with secondary antibodies
has been optimized for co-localization studies at the cellular level. In the, 1198i@sct

immunohistochemistry has become a universal method, which uses a spebifidyant
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and an antispecies secondary antibody coupled with a fluorochrome, enzyme, or biotin to

detect target proteins.

Localization studies on insect AChE

Localization studies on insect AChEs have been done in a few species gueh as
German cockroactB(attella germanica) (Kim et al., 2006) and the fruit flyD(

melanogaster) (Zador and Budai, 1994; Zador, 1989). The German cockroach has two
AChE genes. Based on the transcription patterns ifinaiu hybridization, bothacel

andace2 encode active AChEs mainly expressed in the central nerve systes). @&chl

is the predominant gene to encode AChE1 for synaptic transmission. The minor AChE2
coexists with AChEL1 in the neuron network. However, the physiological function of
AChE2 remains unknown (Kim et al., 2006). The transcripts of the AChE gé&ne in
melanogaster embryos were detected in CNS and the lateral chordotonal neurons as well
(Zador and Budai, 1994). The expressioioimelanogaster AChE is also found in CNS

of larvae and in the head and thorax of adults (Zador, 1989).
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CHAPTER Il

EXPRESSION AND PURIFICATION OF ACETYLCHOLINESTERASE-1
FROM THE AFRICAN MALARIA MOSQUITO,

ANOPHELES GAMBIAE



Abstract

Insect acetylcholinesterase (AChE, EC 3.1.1.7) plays an important role tadoreak
neurotransmitter acetylcholine at synaptic clefts. Thereforepitesof the most

important target enzymes for insecticides. While two AChE geave% &ndace?) have
been reported fromAnopheles gambiae, little is known about their biochemical properties.
Recombinant expression and characterization of highly purified wild-type atahim
AChEs have served as a reliable platform for studying structure-danetiationships. In
this study, a cDNA fragment atel fromA. gambiae EST was subclonedgAChE1 was
expressed, and the protein purification scheme was optimized. After baculovirus
amplification and expression, the final concentratioAgikChE1 was up to 56g/ml and
purified 2.5 x 16fold. The three-step purification procedure took approximately eight
hours and yield 51% of the protein near homogeneity. This system could be useful for

recombinant AChE purification from other insect species.

Key words: Neurotransmission, Mosquito, Recombinant bacmid DNA, Heterologous

expression, Optimized purification, Chromatography.
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Introduction

Acetylcholinesterase is a serine hydrolase and well known for its impéutection at
cholinergic synapses (Keller et al., 2001). It is one of the most efficieptneszn nature
and one of the best studied insect enzymes (Taylor and Radic 1994). To characterize
protein of interest (such as functional studies, protein-protein interactimngne

kinetics), determine its structure, prepare its antibody, and develop ieagdrdrugs,

both high quality and a large quantity of the protein is needed. Very often, theabrigi
source of the protein is scarce. A recombinant protein is usually &apieapare and

purify than a natural protein, as the protein of interest can be fused withaghpeptides
or partner proteins to improve expression level, solubility, detection, and puoificti

protein (Rosenberg, 2005; Miiller, 2005).

There are two systems for protein expression, prokaryotic (bactrBukaryotic

(usually yeast, insect cell, or mammalian cell). Prokaryotic sygpeovide rapid growth,

high expression, and minimum media, but no glycosylation. Extra steps are often needed
for refolding and endotoxin remov&ukaryotic systems overcome the problems of
prokaryotic ones, but suffer from the slow growth, costly production, and varigide yi

(Lu et al., 2004). The advantages of using the insect cell baculovirus-egpregsiem

include lower cost for cell culturing than in mammalian cells and higher proteaility

than in yeast (Tamas and Shewry, 2006).
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AChEs have been purified to various degrees from at least 20 insect species for
biochemical and toxicological analysis (Gnagey et al., 1987; Gao et al., 1998; Guedes et
al., 1998; Zhu et al., 1991; Zhu and Clark, 1994; 1995; Zhu and Zhang, 2005). Molecular
cloning of AChEs is achieved in more than 30 insect species, including flies, nesquit
wasps, aphids, moths, beetles, and cockroaches (Hall and Spierer, 1986; Hall and
Malcolm, 1991; Anthony et al., 1995; Huang et al, 1997; Liu et al., 1998; Tomita et al.,
2000; Chen et al., 2001; Gao et al., 2002; Li and Han, 2002; Ren & Han, 2002; Vontas et
al., 2002; Weill et al., 2002, 2003; Javed et al., 2003; Ni et al., 2003; Zhu and Zhang, 2005;
Lee et al., 2006). Sequence comparison and phylogenetic analysis indicateghat

insects contain two AChE genex€l andace?) which arose from ancient gene

duplication before the radiation of arthropod species (Kim et al. 2006). It is unclear if

both AChEs function to break down ACh at cholinergic synapses.

Protein expression in insect cells infected with a baculovius vector was del/gldpe

early 1980s (Smith et al., 198B8)rosophila melanogaster (Diptera, Drosophilidae)

AChE has been expressedinosophila Schneider Line 2 cells using Lipofectin reagent
(Life Technology, MD, USA) for X-ray structural determination (Incar@én

Rosenberry, 1996; Harel at el., 2000). Shang et al. (2007) reported that expressmn of t
AChEs fromBombyx mori (Lepidoptera: Bombycidae) in baculovirus infected

Trichoplusia ni (Lepidoptera: Noctuidae) cells. Baculoviruses compose the most diverse
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groups of arthropod viruses. Recent studies have shown that Noctuidae, such as
Autographa californica (Lepidoptera: Noctuidae) arggbodoptera frugiperda

(Lepidoptera: Noctuidae), is the best family of hosts for these viruses @ahg2005;
Tamas and Shewry, 2006). The baculovirus expression system accepts larg@finsert
DNA and produces recombinant protein at a high level (Ikonomou et al., 2003; Philipps

et al., 2005).

Anopheles gambiae (Diptera: Culicidae) is a principal vector of malaria parasites which
cause nearly two million human deaths each year (Von Seidlein et al., 1998). The
genomic sequence 8f gambiae has been completely determined (Holt et al., 2082).
gambiae has two AChE genes that are 53% similar (Weill et al., 2002; 2003). However,
none of them is expressed and purified for characterizatiagambiae carrying AChE1
(G119S) exhibits high insecticide resistance, and G119 resides in the oxyanion hole
(Weill et al., 2002) (Figure 1). To prepa®gAChEL enzyme for characterization of its
properties and structure-function relationships, a cDNA clone encAd®hGhE1 was
incorporated into baculovirus, and expressefpwdoptera frugiperda ($21) cells, and

the enzyme was purified for future studies.

Materials and methods
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Chemicals and materials

Wizard Minipreps DNA Purification kit (Promiga Corporation, WI, USA), @&
phosphatase (Sigma Corporation, MO, USA), nitro-blue tetrazolium (NBT) and
bromo-chloro-indoryl phosphate (BCIP) (Bio-Rad Laboratories, MO, USA3p€2ip
Spin Miniprep kit (Qiagen Incorporation, CA, USA), Cellfectin (Invitrogefe L
Technologies, CA, USA), Sf-900 Il SFM (Invitrogen Life Technologies, CAALS
pPpGEM T vector (Promega Corporation, WI, USA), nitrocellulose membramadfiss
Incorporation, Gloucester, MA, USA), Concanavalin A Sepharose (Sigma Ciwpora
MO, USA), and Ni-NTA agarose (Qiagen Incorporation, CA, USA) were puechiasm
the companies. Cell lingpodoptera frugiperda 21 (Invitrogen Life Technologies, CA,
USA) was maintained in our laboratory for six ye&gAChEL EST clone (BM629847)
was kindly provided by MR4/ATCC (the Malaria Reference and Res&wabent

Resource Center /American Type Culture Collection).

Construction of AQAChE1/pMFH6 and AgAChE1 expression

Subcloning of AQAChEL fragment: The EST clone (BM629847) (MR4/ATCC) was
completely sequenced using vector- and gene-specific primers. The assebDibfewas
aligned with its gene to detect sequence variations. After the genhanalyzed, the

region corresponding to the catalytic domain was amplified in a polymerase chai
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reaction using primers j910 (GGAATTCACGACAACGATCCGCTG, nucleotides 702

725) and j911 (ACTCGAGGCTGCTTTCGCACG, reverse complement of nucleotides
2353- 2373). The thermal cycling conditions were 35 cycles of 94 °C for 10 s, 45 °C for 5
s and 60 °C for 4 min. The PCR product (1.67 kb) was subcloned into pGEM T vector
according to the manufacturer's directions. The ligation mixture was traresfontoE.

coli competent cells (DHP. Transformations were grown in liquid media for plasmid
isolation using QIAprep Spin Miniprep kit. Sequencing was performed at the
Recombinant DNA/Protein Resource Facility at Oklahoma State Univénstonfirm

the correct insertion of the cDNA fragment.

Preparation of recombinant bacmid DNA: The 1.67 kb cDNA fragment was
subcloned into pMFH6, a modified pFastBacl plasmid, to genag&t€hE1l/pMFH6 (Ji
et al., 2003; Lu and Jiang, 2007), which allows efficient secreti¢gAChE1
containing a C-terminal hexa histidine tag. The recombinant plasmid ave$armmed
into competent cell& coli DH10Bac), which contains a helper plasmid for
transposition into the bacmid. White colonies, after streaking on the selectieneed
picked for culturing and bacmid isolation using Wizard Plus Minipreps DNAIPafitn

System. Transposition &gAChE1 fragment was verified by PCR analysis.

Transfection of Spodoptera frugiperda (Sf21) cells:The insect cell line was maintained

and propagated i&-900 Il SFM (serum-free medium) with added antibiotics (2 ml of
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S-900 II SFM containing 50 U/ml penicillin and 50 pg/ml streptomycin final
concentration)S21 cells were transfected with recombinant bacmid DNA using
Cellfectin (Invitrogen). The initial viral stock/f) was harvested at 48-72 hours (h)
post-transfection. The virus titer was maximized through serial infeofi Sf21 cells.
The protein level in the medium was examined by immunoblot analysis and enzyme
activity assay (Rivkin et al. 2006). The final viral stock, containing the hidgns of

baculovirus, was stored at -80 °C for further experiments.

Expression ofA. gambiae AChE1: 21 cells (at 2.4 x Ttcells/ml) in 300 ml of

Ultimate insect serum-free medium (Invitrogen) were infected withitiaéstock at a
multiplicity of infection (MOI) ranging from 0.05 to 0.1 and grown at 27 °C for 72 h with
agitation at 100 rpm. After the cells were removed by centrifugation @d §,@or

10 min, the cell culture supernatant was diluted with equal volume of deionize@dlistill

water (ddHO) and the solution pH was adjusted to 6.2.

Immunoblot analysis: After removing the cells by centrifugation at 5,000 g for 5 min,
the cultural supernatant (80 ul) was mixed with 20 ul 5 x sodium dodecyl sulls¢ (S
sample buffer and incubated at 100 °C for 5 min. The cells were mixed with ¢ll lys
buffer and incubated on ice for 30 min. After centrifugation at 10,000 g for 15 minutes
(min) at 4 °C, 80 ul cellular supernatant was transferred to a new tube, andulae cel
pellet was suspended in 80 ul gdH Both 80 ul samples, cellular supernatant and

cellular pellet suspension, were treated with 20 ul 5 x SDS sample buffercabdted
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at 100 °C for 5 min. Following SDS-PAGE separation, the proteins were transfemed ont
a nitrocellulose membrane. Immunodetection was carried out using rabl§ii spitag
antibody and goat anti-rabbit IgG (Immunoglobulin G) conjugated to alkaline

phosphatase. The membrane was developed using NBT and BCIP.

Purification of AGAChE1 from the cell culture supernatant

Preparing protein supernatant: After expression, the insect cell culture was centrifuged
at 5,000 g for 10 min at 4 °C to remove the cells. The supernatant was aliquoted and

stored in -80 °C.

Dextran sulfate (DS) chromatography:The thawed cell culture supernatant (600 ml)

and 600 ml ddkD was mixed and the pH of the mixture was adjusted to 6.2 using 1N
sodium hydroxide. DS coupled to Sepharose CL-6B (Nakamura et al., 1985) (75 ml) was
mixed with the solution for one hour (h) at 4 °C, and loaded onto an empty column (100
ml — column volume). The column was washed with 200 ml buffer A (10 mM potassium
phosphate, 0.01% Tween 20, pH 6.2). The proteins were eluted with 300 ml 1M NaCl in

buffer A.

Concanavalin A (Con A) chromatography: MgCl, was added to the eluted proteins

to a final concentration of 2 mM, and the pH of the solution was adjusted to 7.5 using 1N
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sodium hydroxide. Con A Sepharose (10 ml) was mixed with the protein for one h at 4
°C, and loaded onto an empty column (30 ml). The column was washed with 50 ml buffer
B (20 mM sodium phosphate, 0.5 M NaCl, 0.01% Tween 20, pH 7.5). The proteins were

eluted with 210 ml 0.4 M methyl-D-manno-pyranoside in buffer B.

Nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography: The eluted proteins

(200 ml), after pH adjustment to 8.0 using 1N sodium hydroxide, were mixed with 3 ml
Ni-NTA agarose for one h at 4 °C, and loaded onto an empty column (10 ml). The
column was washed with 15 ml buffer C (20 mM Tris-HCI, 0.3M NaCl, 10 mM
imidazole, 0.01% Tween-20, pH 8.0). The protein was eluted stepwise with 80 mM (6
ml), 100 mM (2 ml), and 250 mM (8.5 ml) imidazole in buffer C, respectively, the

purified enzyme was stored at -80 °C in the presence of 5% glycerol.

Protein concentration measurementProtein concentration was determined by a
modified Bradford method using a commercial kit (Pierce) (Smith et 285) and
bovine serum albumin (BSA) as a standard. The assay was done at room temperature

using a VERSAmax microplate reader at 560 nm.

Determination of AQAChE1 activity: Purified AQAChE1L activity was determined based
on the modified Ellman method (Zhu and Clark, 1994) using ATC and DTNB in a total

volume of 10Qul. The assay was done at room temperature on a 96-well microplate using
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a VERSAmax microplate reader (Molecular Devices). One unit of AChfztstas

defined as the amount of enzyme hydrolyzing one pmol of ATC in one min. Theyactivi
(umol/min/ml = U (enzyme unit) /ml) was calculated as [detection numi@bD{min) x
dilution factor x 1,000 (M to mM or umol/ml) x assay dilution factor] / [13600 (
M™em™) x 0.3 cm (light path) x 1,000 (mOD to OD)]. The specific activity (U/mg

protein) was calculated as activity (U/ml) / protein concentrationrig/

Results

Features ofA. gambiae acel

In order to decide thAgAChE1 cDNA fragment for recombinant DNA construction,

Agacel sequence was analyzed by searching GenBank at National Center for
Biotechnology Information (NCBI). The full-lenghgAChE1 cDNA, 3,574 bp long,
contains an open reading frame (ORF) ranging from nucleotides 276-244% (Ejgur

The 5’ untranslated region (UTR) corresponds to exon 1, exon 2, and 5’ end of exon 3 of
the gene. The sizes of introns 1-3 (954, 3925 and 1938 bp) are significantly longer than
those of introns 4-8 (86, 79, 86, 66, 107 bp). The rest of exon 3 encodes a 24-residue
signal peptide for secretion and, along with exon 4, encodes a Ser/Ala-richipro-reg
Since its counterpart was absent in the purified greerihgzéphis graminum) AChE1

(Gao and Zhu, 2001), it was suspected that proteolytic processing also occurs in the
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maturation ofA. gambiae AChE1. Exons 5-8 encode the entire catalytic domain,
followed by a carboxyl-terminal tail critical for self-associatiod anembrane

anchorage. Exon 9 encodes the tail and 3'UTR (1,118 bp). The AATAAA motif near the
3’ end may act as the signal for polyadenylation. A comparison of the cDNA and gene
sequences revealed eight synonymous substitutions. Based on the dejACBE1

protein sequence, a region of 1, 671 bp fisgacel cDNA (nucleotide 702 to 2372) was
selected for recombinant DNA constrction. This insert covered all pank®oon &, 6, 7,

8, and 54 nucleotides of exon 9 (Figure 2 and 3).

Construction of AQAChE1/pMFH6 and AgAChE1 expression

To express the enzyme for functional analysis, the region coding for thgicatamain
was amplified by PCR and inserted into BRI andXhol sites of pMFH6. The

insertion was confirmed by sequencing. The recombinant bacmid DNA 139 kb, which
contains a bacmid vector, donor segments, amsbacel insert of 1.67 kb, was
constructed. Successful transposition of the insert was verified to the bacR@Roy
analysis. The DNA insert was confirmed using two vector-specific prinmershace

gene-specific primers.

The resulting plasmidAgAChE1/pMFH6) was used to generate a viral stock through
transposition, transfection and serial amplification. A suitable viral staskolstained

for large-scale expression. The protein was examined by SDS-PAGEiariaiyn
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Coomassie blue staining (not shown), silver staining, and Western blot (Figlitesa)
expression was performed after amplification. Under the optimal conditiens, t
recombinant AChE was secreted by the baculovirus-infé&gfddcells at a final

concentration of 3.8 mg/L.

Purification from the cell culture supernatant

A single protein band was detected on SDS-PAGE by Coomassie staining,taiviegs
and immunoblot. The overall purification factor and yield were 2491-fold and 51.8%
(Table 1).AgAChE1 from cell culture supernatant was purified by ion exchange and
affinity chromatography. Following an ion exchange step, the capturedpnas eluted
from the polycationic resin in an enriched form free of medium components thatrterfe
with affinity chromatography. A fifteen-fold increase in specifitivaty was achieved

using Con A-Sepharose. Similar to the ion exchange Atgambiae AChEL strongly
associated with the resin and came off the column in a large volume. The recombinant
protein in the pooled fractions bound to thé'NNTA agarose so tightly that, while

80-100 mM imidazole efficiently removed loosely associated proteins,Angainbiae
AChE1 remained attached to the column, until 250 mM imidazole was applied. The
eluted enzyme was essentially pure and recognized by the monoclonal astdgyzdiest

the hexahistidine tag (Figure 5). The overall purification factor was 2.5.416 pg of
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purified AQAChEL with a specific activity of 523.10 U/mg was obtained from 600 ml of

cell culture supernatant (Table 1).

Discussion

Acetylcholinesterase plays an important role in insect central nervoussydtieough
molecular cloning of AChEs has been studied in at least 30 insect speciesf@nly
insect AChEs have been expressed as recombinant protein. In this studionesila
fragment of AChE1 cDNA fronA. gambiae EST (BM629847), heterologously express
the protein, and purify it by ion exchange and affinity chromatograf@®ChE1 was
cloned into pMFH6 which contains a secretion peptidépod mellifera (Hymenoptera:
Apidae) and a C-terminal hexahistidine tag. The former allows eftisecretion of
AgAChE1, and the latter helps the purificationAgAChE1. A recombinant baculovirus
was constructed to expre8gAChEL catalytic domain in a soluble active form. After
optimizing the expression conditions and purification procedures, a high yield of

recombinant proteins was obtained.

Multiple forms of AChE exist in some insect species (Li & Han, 2002). Howeavénjd
study, only one form was found in AChElAfgambiae by SDS-PAGE analysis.

Furthermore, the procainamide-based affinity ligand had excellenityafior the AChE
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of the greenbugSthizaphis graminum, Hymenoptera: Aphidiidag)Gao & Zhu, 2001),
but it did not bind the AChE1 &. gambiae efficiently (data not shown). This suggests

thatA. gambiae AChE1 is different from the greenbug AChEs.

To increase the yield #&gAChEL, expression and purification procedures were
optimized. In this study, selection of ion exchange and affinity chromatogveguhy

based on the charge, glycosylation, and hexahistidine t&gA@EhEL. A different pH in
each step and the salt or ligand concentration in elution buffers were aldaactibrs.

For instance, the pH was adjusted to 6.2 for DS column, 7.5 for Con A column, and 8.0
for Ni-NTA column. This optimized three-step scheme enhanced the pudtyraiched

the enzyme. To improve yield, fractions containing low levekggfChE1 can be diluted

10 times for a second pass through a nickel affinity column. On the other hand,
shortening the purification time is also important for maintaining theigctf

AgAChEL. In addition, | found that using proper stepwise elution instead of gradient
elution helped to improve the product concentration and purity. The entire procedure took
approximately 8 hours and gave about 51% final yis¢fAChE1 protein has been
expressed and purified, making characterizatiohggdfChE1 properties more practicable.
After the antibody preparation, localization of spatial and temporal expressiempaf
AgAChE1 will be possible. The successAg/AChEL expression and purification also

facilitates theAgAChEL crystallization in future work.
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Figure 1. A ribbon (A) and space-filling (B) model #®gAChEL. The substitution
(G119S) is localized in an oxyanion hole marked by the arrow. The model was built
using SWISS-MODEL (Torsten Schwede's Structural Bioinformaticsisat the
Biozentrum, University of Basel, Switzerland) and presented by PyM@htgxt by
PyMOL Warren Lyford DeLano and commercialized by DeLano Scientifi¢, San

Carlos, CA, USA).
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GCTGECCGCGECTGAATACGCGECTGGCAAATGT TTGCAAATCCTTAGCAACCAT TGTGCGT CCAGTGTCGTGTCGATATAATCGGATTC 90
TACCGATAGGCTCGTTATCTTGTTACGCGGT GT TGTGOGGOGT ACGT GT GATTGAAAGCGAT CGAGOGGCTGTGOGECATAGT TTGTTGC 180
GAATTCGCTGTAAACATGCT TATGCAATGOGCT CTOCGO0CGT GOCGAT GGAGAT COGAGGGCT GCTGAT GGGTAGACTACGGTTAGGAC 270
GGCGGATGGT TCCGCT GEGT CTGCTCGGECGT GACCGCGCTGCTACTAAT CCTGCCACCCT TCECGCTGGT GCAGGBGECCEECACCACGAGC 360
.24 MVPLGLLGVTALTLLILPPFALVQGRHHE 4
TCAACAAT GGTGOOGCCAT CGGAT CGCAT CAGCT GTCGGCT GCOGCOGGT GTTGGOCT TGOCT COCAGT COGOCCAGT CCGGATCGCTCG 450
LNNGAAI GSHQL SAAAGVGLASQSAQSGSL 34
CATCCGGTGTGATGTCATCCGT TCCTGCTGCCGGAGCGT CATCCTCCTCCTCGTCGTCGCTGCTGI CATCGT CAGCCGAGGACGACGT GG 540
ASGVMSSVPAAGASSSSSSSLLSSSAEDDV 64
CGOGCATTACTCTCAGCAAGGACGCAGACGCAT TTTTTACACCAT ATATAGGT CACGGT GAGTCOGTACGAATTATAGATGOCGAGT TGG 630
ARI TLSKDADAFFTPYI GHGESVRI | DAEL 94
GCACGCTCGAGCAT GT CCACAGT GGAGCAACGCCGCGEECGACGCGECCT GACGAGGCGCGAGT CAAACTCGGACGCGAACGACAACGATC 720
GTLEHVHSGATPRRRGLTRRESNSDANTDNTD 124
CGCTGGTGGT CAACACGGAT AAGGGEOGCAT COGCGGCAT TACGGT CGAT GOGOCCAGCGRCAAGAAGGT GGACGT GTGGCTCGGCATTC - 810
PLVVNTDKGRI RGI TVDAPSGKIEKVYVDVWL GI 154
CCTACGCCCAGCCGCCGEET CEEECCECT ACGGT TCOGT CAT CCGCGECCGEECCGAAAAGT GGACCGGECGT GCTGAACACGACCACACCGEC 900
PYAQPPVGPLRFRHPRPAEKWTGVLNTTTP 184
CCAACAGCT GOGT GCAGAT CGT GGACACCGT GTTCGGROGACT TCOCGEGCGOGACCAT GT GGAACCOGAACACGCCCCTGTCCGAGEACT - 990
PNSCVQI VDTVFGDFPGATMWNPNTPLSED 214
GTCTGTACATTAACGT GGTGECACCGOGACCCOGEOCCAAGAAT GOGGOCGT CATGCT GT GGAT CTTCGGOGECGGCT TCTACTCOGECA 1080
CLYI NVVAPRPRPKNAAVMLWI FGGGTFYSG 244
CCGCCACCCTGGACGT GTACGACCACCGGECECT TGCGT CGGAGGAGAACGT GATCGT GGTGTCGCTGCAGT ACCGCGTGECCAGTCTGG 1170
TATLDVYDHRALASEENVI VVSLQYRVASL 274
GCTTCCTGTTTCTCGGCACCOCGGAAGCGOCGEEGCAAT GOGGGACT GTTCGAT CAGAACCT TGOGCTACGCT GGGT GCGGGACAACATTC 1260
GFLFLGTPEAPGNAGLTFDOQONLALTRMWYRDNI 304
ACCGGT TCGGT GGCGATCCGT CGCGT GT GACACTGT TCGGECGAGAGT GCCGGT GCCGT CTCGGT GTCGCTGCATCTGCTGICCGCCCTTT 1350
HRFGGDPSRVTLFGESAGAVYSVSLHLTLSATL 334
COOGOGAT CTGT TCCAGOGEGCCAT CCT GCAGAGCGGCT CGOCGACGECACOGT GGACAT TGGT ATCGOGOGAGGAAGOCACACTAAGAG 1440
SRDLFQRAI LQSGSPTAPWALVSRETEATTLR 364
CACT GCGGT TGECCGAGGECGGET CGECTGCCCGCACGAACCGAGCAAGCT GAGCGAT GCGGT CGAGT GCCT GCGCGECAAGGACCCGECACG 1530
ALRLAEAVGC PHEPSKLS SDAVETCLZ RGEKTDTPH 39
TGCTGGTCAACAACGAGT GGGGECACGCT CGGCATTTGOGAGT TCOCGT TCGT GOCGGT GGTCGACGGT GOGT TCCT GGACGAGACGO0GE 1620
VLVNNEWGTLGI CEFPFVPVVDGATFLTDETP 424
AGCGT TCGCT CGCCAGCGEECGECT TCAAGAAGACGGAGAT CCT CACCGGECAGCAACACGGAGGAGGEGCTACTACTTCATCATCTACTACC 1710
QRSLASGRFKKTEILTGSNTEEGYVYTF I | Y Y454
TGACOGAGCT GCTGOGCAAGGAGGAGGEOGT GACCGT GACGOGOGAGGAGT TCCT GCAGGOGGT GOGCGAGCTCAACCOGTACGTGAACG 1800
LTELLRKEEGVTVTREEFLOQQAVRELNPYVN 484
GGECEGECCCGECAGCCGATCGT GTTCGAGT ACACCGACT GGACCGAGCCGGACAACCCGAACAGCAACCGGGACGCGECTGGACAAGATGG 1890
GAARQAI VFEYTDWTEPDNPNSNRDALTDTKM 514
TGGGEOGACTATCACTTCACCTGCAACGT GAACGAGT TOGOGCAGOGGT ACGOCGAGGAGGGCAACAACGT CTACATGTATCTGTACACGC 1980
VGDYHFTC NVNEFAQRYAEEGNNVYVYMYTLYT 544
ACCGCAGCAAAGGCAACCCGT GECCECGCTGGACGEECGT GATGCACGECGACGAGAT CAACTACGT GT TCGECGAACCGCTCAACCCCA 2070
HRSKGNPWPRWTGVMHGDEI NYVFGETPLNP 574
COCTOGGCTACACCGAGGACGAGAAAGACT TTAGCOGGAAGAT CATGOGAT ACT GGTCCAACT TTGOCAAAACCGECAAT CCAAATCOCA 2160
TLGYTEDEKDFS SRKI MRYWSNFAKTGNPNP 604
ACACGGCCAGCAGCGAAT TCCCCGAGT GGCCCAAGCACACCGCCCACGGACGGCACTATCTGGAGCTGEECCTCAACACGT CCTTCGTCG 2250
NTASSEFPEWPKHTAHGRHYLELGLN TSFV 634
GTCGGEGECOCACGETTGAGGCAGT GTGOCTTCT GGAAGAAGT ACCT TCOCCAGCT AGT TGCAGCTACCT CGAACCT ACCAGGGCCAGCAC 2340
GRGPRLRQC AFWKKYLPQLVAATS SNLTPGP A 664
CGCCTAGT GAACCGT GCGAAAGCAGCGCATTTTTTTACCGACCTGAT CTGAT CGT GCTGCTGGT GT CGCTGCTTACGGCGACCGTCAGAT 2430
PPSEPCTESSAFFYRPDLIVLLVSLLTATVR 6%
TCATACAATAATTACTACCCCATCCATGGCCTAGITCGTTTAAGCTTTAAGATAGT GAGGAACAAATTTTTCCCAAACAATTTTCCCCCC 2520
Fl Q* 697
TTTAGAGCAGAACCGAGGGAGAGATAGGACT ACATAGCGAAAAGGGAAAACAAGT GGT GGCGGACGAGGAGAGAAGAAGCAAATCGAATA 2610
ATCGAAGCAACAACAACAACAACAAAAAAACT GCAACCGGGTTCACT AAACCCAGGGEGCAGCT CAGTAGCAAACTACTACTTAAATAAC 2700
TACTTTCTTATGGCAAAT TATGECAAGAGCAGT CGTGATGGGT TCGATCAGTATCCAT CTGACCGGAGCAGCTGAACCGT TTCATGGGECA 2790
GTTGCTGCAATACACCACGACCCGTACACACAGTAACACACT TTTTATAGCT T TACACTAACAACCACT CTCOCCACGCTCCTCTTCOCC 2880
TTCCOCTCCACACAGACAGCAGOGCOGT TTGTAGCAGGATCTACT ACOGT GOGGT TTGGT ATGGOGGCCAACAACACTAAACACCACACA. 2970
TCTACTAAAACACACCGGAACAATAAACAAATGTTAAACTTACTATATGAATATACATCTAGACGCATATATACGCATGAACTACTACTT 3060
COCTCGTGTTCTGACAAAACACATTACCT TGTCOCOCCT CCOCCT CCGGT TTGCT TACCACCACTGCACCACCAGTATGAATTTGTTCCA 3150
TAATAACGCT TCGTAACT CGT TACCAGGAGCACAACT GGGT CGT TGGCGGAGT GCTGCGCGT TTCGTGCTGAAGATGTAAACTAGCACCG 3240
CGCACACT TTCGACACGCAACCACAGCT ACACAT CACGAAAGCAACATCCTGGOCCTATCOGT TTTCTCATTCTTAAAACTTCTTTCCTT 3330
AGACCAAAACCAACGCAAACTAGCAAAAGGT ACTTGAGT AACCGGT CCAGTACACACT GT GCTACAAT TGAGCGTAGGGAGGAGGTATAA 3420
TTTCTGCAAAATGTATAAAACAAAACTAAAACAAACTAATTACTTGCAATCCATTCTAAAGCACGAAAACTCCTCAAAATAAAAACGGEGA 3510

AGTAAACAAAAAAAT CAGAACGAACAAAT TTACCTAAAAAAAAGT AAACAAAAAAAAAAAAAAA 3574
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Figure 2. Nucleotide sequencesfofjambiae AChEL. The last nucleotide of each exon is
shaded to indicate the splicing junctions. Single nucleotide differences between the
cDNA and the gene araderlined. The polyadenylation signal (AATAAA) idouble
underlined. Amino acid residues, shown in one-letter abbreviations, are aligned with the
second nucleotide of each codon. The predicted catalytic domairets iFhe start and

stop codons arghaded with yellow. The primer binding sites for recombinant expression

in the baculovirus-insect cell system arelerlined.
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Figure 3. Schematic diagram of nucleotide sequencasgaimbiae acel. Agacel gene,
10,815 bp, contains 9 exons and 8 introns (upper). The full-length cDNA, 3,574 bp long,
contains an open reading frame (ORF) ranging from nucleotides 276-2,441 jmiddle
Exons 5-8 encode the entire catalytic domain, 1,527 bp. A region of 1, 671 bp from
Agacel cDNA (nucleotide 702 to 2372) was selected for recombinant DNA (lower).
TCIS: Transcription initiation site. TLIS: Translation initiationesiTLTS: Translation

termination site.
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Figure 4. SDS-PAGE analysis AJAChE1.AgAChE1 was loaded to each lane of 12 pl
on 10% gels. The gels were run for 35 minutes. M: Marker, lane 1: Cell supernai@ant, la

2: After DS column, lane 3: After Concanavalin A column, lane 4: After Nioddemn.

A: Silver staining. B: Immunoblot.
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Table 1. Purification of AChE1 froAnopheles gambiae

Protein Activity Specific

Volume Yield o Purification
Sample activity
(ml)  (ug/ml) (mg) (U/ml) (V) (%) (fold)
(U/mg)
Medium 600 3820 2292 0.81 4.8x1¢ 100 0.21 1
Dextran sulfate 300 978 293 1.18 35x1G 73.1 1.21 6
ConA 210 81 17.0 1.47 3.1x1G 64.0 18.16 86
Ni-NTA 8.5 56 0.48 2954 25x1¢F 51.8 523.10 2491

U =uM/min
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CHARPTER IV

CHARACTERIZATION OF ACETYLCHOLINESTERASE-1
PROPERTIES FROM THE AFRICAN MALARIA

MOSQUITO,ANOPHELES GAMBIAE



Abstract

Being the target enzymes of organophosphorus and carbamate pesticides,
acetylcholinesterases (AChEs) and their genes have been isolated fceptiblesand
resistant insects to study the molecular basis of target site @éysaitid resistance.
However, due to the existence of other resistance mechanisms, it can be prolbbemat
correlate directly a mutation with resistance phenotype. In this work, lomchleand
molecular properties ddnopheles gambiae AChE1 AgAChEL) were characterized.
AgAChEL sequence deduced from cDNA was predicted and analyzed. The besbrange
AgAChE1 reaction with acetylcholine is pH 7.0-8.5. The enzyme migrated as a single
band at 65 and 130 kDa positions on SDS-polyacrylamide gels under reducing and
nonreducing conditions, respectively. WHlg's of theAGQAChEL for ATC (68uM),

ABMTC (79 uM), PTC (63uM) and BTC (60uM) were comparable, thé,.xS were
substantially different: 209, 122, 84 and 15 pM/min/mg, in the order given. ke IC
showed thaRgAChEL1 was highly sensitive to inhibition by eserine and BW284C51, but
was less so by ethopropazine. The bimolecular association rate céyetanthe
dissociation constarity of six inhibitors forAgQAChE1 were 4.00 x 0~ 2.19 x 16 M™*

min™® and 1.19 x 18~ 9.90 x 1 M. Unimolecular bonding rate constdatanged from
0.06 ~ 53.62 mitl. AJAChEL1 is most sensitive to malaoxon and BW284C51, least so to
carbaryl and ethopropazine. Tafinity of BW284C51 was about 1.21 x“dold

greater than the affinity of carbaryl. gambiae AChEL1 is a physiologically relevant
enzyme for ACh hydrolysis at cholinergic synapses. The data may helipeio be

understand the development of insecticide resistance in the Africananmatzsquito.
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Introduction

Acetylcholinesterases play an essential role in neurotransmissibolatergic synapses

by rapidly hydrolyzing acetylcholine in insects and other animals includingrisima
(Toutant, 1989). Classes of pesticides, such as organophosphates (OP) andesarbamat
(CA), have been developed to inhibit AChEs, which competitively inhibit AChE add lea
to accumulation of the neurotransmitter and continuous stimulation of their nervous
system (Fournier and Mutéro. 1994; Bourguet et al., 1997; Kozaki et al., 2002; Pope et
al., 2005). Because vertebrate AChEs are similar in structure and functionrisetie i
enzymes, application of chemical pesticides such as OPs is strictlgllemhto prevent
accidental exposure of people and livestock to these toxic compounds. On the other hand,
severe resistance has developed in many insect pests (Ware and W20@¢r&yvedten,
2007), rendering the existing insecticides ineffective against insectgmestaiman

disease vectors. This situation calls for the development of a new generation of
compounds that are highly selective against the target enzymes in ilrs€elegsth
understandings of their structure function and molecular properties arqusées for

the potential success of this approach.

Insect AChEs, due to their physiological and toxicological significamemes been
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intensively studied (Zhu and Zhang, 2005). So far, over 70 arthropod AChE cDNA
sequences are available at GenBank. @mbsophila AChE has been expressed in insect
cells for X-ray structural determination (Harel at el., 2000). Many tasEmtain two
AChE genes, which originated from ancient gene duplication (Kim et al., 200&e
higher flies lost one of the two genes later on (Weeidll., 2002). It is not clear why some
insects have two AChEs and what their functions are. Recently, people repartegliha
mutations were responsible for resistance to the OP, for instance, moSgiatop{pens
andAnopheles gambiae), aphid Myzus persicae andAphis gossypii), and moth Plutella
xylostella) (Weill et al., 2002, 2003; Nabeshinehal., 2003; Todat al., 2004; Andrewet
al., 2004; Baelet al., 2005). In fact, most biochemical and molecular studies on insect
AChEs fail to pinpoint the exact cause for insecticide resistance duedristence of

two genes and other resistant mechanisms.

The African malaria mosquiténopheles gambiae (Diptera: Culicidae), is a principal
vector of malaria parasites which cause nearly two million human deathgeza@nd
infects many more in the world (Von Seidlein et al., 1998). The mosquito caraes t
AChE genes but none of them has been characterized biochenTiballiwvo genes are
53% similar in amino acid sequenée gambiae AChE2 contains a 31-residue insert and
is more similar tdrosophila AChE (Weill et al., 2002). Intrigued by the possibility to
develop highly specific and environmentally safe pesticides against thasdisector

(Pang, 2007), the propertiesAafgambiae AChEL were characterized.
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Materials and methods

Chemicals

Acetyl-(3-methyl)thiocholine iodide (BMTC), acetylthiocholine iodide (ATC),
1,5-bis(4-allyldimethylammonium phenyl)-pentan-3-one dibromide (BW284C51),
bicinchoninic acid (BCA)S-butyrylthiocholine iodide (BTC),
5,5-dithio-bis(2-nitrobenzoic acid) (DTNB), eserine, ethopropazine, propiongttbline
iodide (PTC), and carbaryl were purchased from Sigma-Aldrich Inc oraesie
provided by Dr. Kun-yan Zhu at Kansas State University. Paraoxon and malgexon
kindly provided byDr. Carey N. Pope at Oklahoma State University. PNGase and
O-Glycosidase were purchased from New England BioLabs Inc (IpsM#&hlUSA) and

Sigma-Aldrich Inc (St. Louis, MO. USA) to detddtlinked and O-linked glycosylation.

Feature prediction of AQAChEL1

The deduced amino acid sequencé&.afambiae AChE1 was analyzed by using Biology

WorkBench. The sequence was aligned with those of AQAChE2 and AChEs from other

animals using a ClustalW (version 2.0). The molecular weight (MW), isaelecints

(p!), and amino acid composition of recombinAgAChE1 were calculated using

MacVector (version 7.2).

Characterization of AQAChEL properties
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Determination of protein concentration and activity: AQAChE1 concentration was
measured by a modified Bradford method (Smith et al., 1985). The activity was

determined based on the modified Ellman method (Zhu and Clark, 1994) (see chapter

).

Optimal pH: To determine the optimal pH f&gAChE1, 17 ul amphoteric buffer (1:5
diluted polybuffer 96, Amersham Biosciences) at ten different pH from 5.5 to 10.0,
diluted protein sample (3 pl) and substrate solution (80 ul) were mixed fdickine
measurement at 405 nm. In the conthgAChE1 was replaced by buffer C (3 ul, see
chapter IlIl). After activity measurement, pH of each mixture wsraened using a
microelectrode (Sentron pH-System) at room temperature at tloenRe@nt

DNA/Protein Resource Facility at Oklahoma State University.

Association status: Molecular weight (MW) ofAgAChE1 was determined by gel

filtration chromatography on a HPLC columAgAChE1 was eluted in 50 mM sodium
phosphate, pH of 7.5, containing 300 mM NaCl. The HPLC gel filtration column was
calibrated with molecular weight standards (670 kDa thyroglobulin, 158 kDa IgG, 44 kDa
chicken ovalbumin, 17 kDa equine myoglobin, and 1.35 kDa vitamin B12). The activity
in the fractions (fraction / ten sec) was measured and shown along with the alesatbanc

214 nm.

Electrophoretic analysis ofAQAChEL on SDS-polyacrylamide gelsThe samples from
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cell supernatant, DS column, Con A column, and Ni-NTA column were treated with SDS
sample buffer with or withoui-mercaptoethanol and separated by 10% and 7.5% SDS-
polyacrylamide gel electrophoresis (PAGE) followed by Coomassie taurerg), silver
staining, or anti-(His)immunoblotting using monoclonal antibodies (Qiagen

Incorporation, CA).

Native polyacrylamide gel electrophoresisNondenaturing ggl4% stacking, 7.5%
separating, no SDS) was used for 12.5 pl protein sample mixed with 2.5 ul 6 x native

loading dye. Electrophoresis was followed by immunobloting.

N-linked and O-linked deglycosylation:For N-linked glycosylation study, two tubes
were prepared for the tests on a reducing gel and a nonreducing geldlibed sample
contained SDS angtmercaptoethanol, while the non-reduced sample contained SDS
only. Each 12 pul protein sample with 3 pl loading dye (with or witBout
-mercaptoethanol) was denatured in 1 x glycoprotein denaturing bufferaSigm
Incorporation, MO) in each tube at 100 °C for 10 min. Then 2 pl 10 x G7 buffer (0.5 M
sodium phosphate, pH 7.5) and 2 ul 10% NP-40 (Nonidet P-40) were added into each
tube. Finally, 2 ul PNGase F was added, and the reactionsrweat®ated at 37 °C for 1 h.
For O-linked glycosylation study, two tubes were prepared for the tests on a ggdectin
and a nonreducing gel as well. Each 12 pl protein sample with 3 pl loadir{gvidly or
without  -mercaptoethanol) was boiled for 5 min. The samples were incubated of 5

x reaction buffer (Sigma) at 37 °C for 1 h. Then 2 (Daflycosidase was added into each

tube, and the reactions were incubated at 37 °C for 3 h. The reaction samples from both
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N-linked andO-linked glycosylation were separated by 10% or 7.5% SDS-PAGE

followed by Coomassie blue staining, silver staining, or immunoblotting

Kinetics of substrate hydrolysis and inhibitor specificity

Substrate specificity Kinetics of AGQAChE1 was determined using four synthetic
substrates at eleven different concentrations from 10 uM to 1,000 pM. Theasasstr

were acetylthiocholine iodide (ATC), acetyi-nethyl) thiocholine iodide (8 MTC),
propionylthiocholine iodide (PTC), ar®tbutyrylthiocholine iodide (BTC) (Appendix 1).
The reactions were monitored at 405 nm for 2 min at room temperature and a pH of 7.5
using a Microplater reader (Molecular Devices, CA) (Gao and Zhu, 2001). Sebstrat
only were included to correct nonenzymatic hydrolysis of the substratemaxtimum
velocities ¥may and Michaelis constantKy;) for each substrate were calculated by

fitting the substrate-velocity curve using Prism 3.0 (GraphPad SoftmaredA). The

data were analyzed by using General Linear Models (GLM) procedareZ002). Data

are expressed as the mean + SD.

Inhibitor specificity — IC 50 : Inhibition assays oAgAChE1 were performed as described

by Gao and Zhu (2001) using six inhibitors including eserine,
5-bis(4-allyldimethylammonium-phenyl) -pentan-3-onedibromide (BW284C51),
ethopropazine, carbaryl, paraoxon, and malaoxon (Appendix 2). Carbaryl and eserine are
carbamate inhibitors, while paraoxon and malaoxon are organophosphorus inhibitors.

AgAChE1 was pre-incubated with each inhibitor at 6 -12 different concentrations at room
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temperature for 10 min. The residual activityAglAChE1 was determined as described
above after the ATC and DTNB solutions are added to the reaction mixturendhe f
concentrations of ATC and DTNB were 600 uM and 48 uM, separateghfdiCeach
inhibitor was determined by nonlinear regression using Sigmoidal dose respoasere

in Prism 3.0.

Determination of Ky, ky, andk; for inhibition of AGAChE1: AQAChEL1 inhibition
assays of unimolecular bonding rate constlanpfosphorylation or carbamylation rate
constant), dissociation constaKt) and bimolecular association rate consténtere
performed as described by Hart and O'Brien (1973) using the same six irshdstor
above. 10 pl inhibitor at 7 different concentrations was mixed with 80lution of ATC
(600 uM) and DTNB (48 uM) mixture, then mixed with 104gAChEL, and the
reaction was inspected immediately for 5 min. The value was estimatedouom f
replicates with controls. The concentrations falling into about 20-80% résictuaty of

each inhibitor were used for kinetic constatts 4, andk;) calculation:

Ka=Kwm [1] {(Km+[T]) (Vo/Vo-1)}

where S is ATC concentration/Vyis the velocity ratio of a control and inhibition

reactions at the same substrate concentrfprk, values were obtained from

ko=(AInV /A) { ( Ka/[1]) / [1- Kn /( Km +[S])]+1}

ko, was direct calculated by the zero-time methogtalues were evaluated by a formula

ki =ka / Kg
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BeforeKq andk, measuremenky for ATC and |G for each inhibitor was determined
so that the inhibitor concentration range can be chosen arosgfdri@e kinetic

constant studies. Constants for each inhibitor were analized by using30ism

Substrate or product inhibition: The substrate or product inhibition was determined in
two ways. First, at four different concentrations (15, 30, 60, and 120 mM) of substrate
ATC, absorbance change at 405 nm was monitored for 2 min on a 96-well Microplater
reader at room temperature and a pH of 7.5. Controls wikgAChE1 were used to
correct nonenzymatic hydrolysis of the substrate. At 30 min, when the enzywily acti
was near zero, 20 pl reaction mixture solution was removed into a new well from eac
reaction. Then, 200 ul fresh substrate solution at the same caticenar buffer (200 ul)
were added into treatment and control wells. If activity recoverpm former, the
inhibition is partly from product inhibition, because the substrate concentration does not
change. Activity and OD were determined again for 2 min. Secondlyt@cehaline, or
both at 1, 10, 100, and 1,000 mM was mixed with the same amo&gAGhEL to

detect for possible product inhibitions.

Results

Feature prediction and analysis 0AgAChE1

To study the properties @gAChE1, cDNA and protein sequence were analyzed. The
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open reading frame encodes 557 amino acid (AA) residues: 241 non-polar, 186 polar, 64
acidic, and 66 basic AAs (Table 1). There are three predi&tatked glycosylation sites

(N*® N°"® and N*%. The enzyme contains the catalytic triad comprisitfg §“° and

H°®° as well as the ten hydrophobic residues (F, W, and Y) lining the active sige gorg
(Figure 1). Six absolutely conserved cysteine residues may form teréfde bonds.
While C*%is located at the entry point of the active site in insect AChET8ptthe
adjacent subunits may form an interchain disulfide linkage (Figures 1 and ibpdynt

epitope prediction showed that deduégChE1 has 11 bindingites (antigenic

determinants) (Figure 3).

The deduced protein sequences from cDNAA.gfambiae AChE1 and AChE2 are 39%
identitical. The Expect (E) value is 4e-107 with a score of 392 bits. Figure 4 dt®ws t
conservative regions, conservative substitutions, and deletions. The less abnserve

regions are needed to design specific probesfatu hybridization.

The primary structure of AChE1 was compared with those from other animalsspecie
Seventeen invertebrate sequentegambiae AChEL and 2C. pipiensAChE1 and 2A.
aegypti AChE, andA. stephensi AChE, A. gossypii AChE1 and 2P. xylostella AChE1

and 2,B. germanica AChE1 and 2D. melanogaster AChE, Rhipicephalus microplus
AChEL1 and 2, an@aenorhabditis elegans AChE1 and 4. Two vertebrate sequences are
Homo sapiens andMus musculus AChEs. A multiple sequence analysis of AChEs

revealed that i\. gambiae AChE1 from residues 415 ~ 457,Y, W, G, H, E, F, and G are
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conserved (Figure 5). Deletions and insertions are also observed (not sh&tny*®

and N> are conserved in AChEs arthropod species but not the vertebrates.

The properties of AQAChEL1

Reaction PH: Enzyme activity o0AgAChEL1 increased rapidly from pH 5.5 to 7.0, and
then increased slowly from pH 7.0 to 8.5. The activity reached its peak at pH 8.5. The
activity decreased quickly from pH 8.5 (Figure 6). The study indicateZ &5 of pH

is the best range f&&gAChEL reaction with acetylcholine.

Molecular weight and specific activity ofAGAChEL: The calculated MW and pl are
62.92 kDa and 5.95, respectively. The calculated MW is consistent with the mobility
the reducing SDS-PAGE gel (Figure 7A). The gel filtration expeninshowed that
AgAChEL had an apparent molecular mass of 60.41 kDa, suggesting the enzyme
interacted with the column matrix (Figure 8). The specific activithg&ChE1 is 523.10

U/mg.
Association ofAGAChEL subunits: Under nonreducing conditioAgAChE1 migrated
to a position of 126 kDa (Figure 7B). This suggests that each moledMAGhEL may

consist of two identical subunits connected with an interchain disulfide bond

Deglycosylation:In order to examine whether or MAChEL is glycosylated,

AgAChEL was incubated witN- andO-glycosidases and subjected to SDS-PAGE
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analysis (Figure 9). The results indicated thgAChEL is glycosylated at Asn position(s),

but not modified byD-linked glycosylation (data not shown).

Kinetics of substrate hydrolysis and inhibitor specificity

Substrate specificity AgAChE1 was determined by kinetic studies using ATEMAC,
PTC, and BTC (Figure 10). The concentrations of substratégALhELl were from 8
UM to 96 uUM. The/max/Km were from 3.10 to 1.33 for ATC,pMTC, and PTC. The
efficiency of AGAChEL in hydrolyzing ATC, MTC, and PTC were statistically
significant higher than BTC (0.25) as indicated by theyy /Ky ratio (Table 2). In
contrast, th&/a.x of AQAChEL for ATC, ABMTC, and PTC were significantly higher than
that for BTC as indicated by théf,.x values, 12.4, 6.2, and 5.3-fold, separately. These
results demonstrate that ATC is a better substrate for this enzymeastsI C is a poor

substrate for it.

Sensitivities 0/ AGAChEL to six inhibitors, eserine, BW284C51, ethopropazine, carbaryl,
paraoxon, and malaoxon were studied (FigureAdJAChE1 was more strongly inhibited

by eserine, followed by BW284C51, and least inhibited by ethopropazine. The half
inhibition concentration (1§) showed thaAgAChE1 was 5 x 1%and 1.2 x 16fold less
sensitive to inhibition by ethopropazine than by BW284C51 and by eserine, respectively
(Table 3). Based on g, the order from the most potent CA and OP inhibitors to the least
ones was malaoxon >carbaryl > paraoxon >eserine. Eserine was 40.17, 4.and 04

x 107-fold less sensitive to inhibition by paraoxon, carbaryl, and malaoxon, respectively
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(Table 3).

Kinetic constant¥g, ko, andk; for inhibition of AQAChEL suggested thAgAChEL is

more sensitive to malaoxon and BW284C51, and less sensitive to ethopropazine and
carbaryl. The bimolecular rate const&nshowed thaAgAChE1 sensitivity to malaoxon

is 2.64 x 16 and 5.46 x 1D-fold higher than that to ethopropazine and carbaryl,
respectively. The order from the most potent OP and CA inhibitors to the leastames
malaoxon > eserine > paraoxon > carbaryl. Carbaryl was 5.48 £3,cand 14fold less

sensitive to inhibition by paraoxon, eserine, and malaoxon, in the order given4Yable

A comparison between the compoumdth lowest and highed{, indicates that the
affinity of BW284C51 was about 1.21 x“4imes greater than that of carbaryl.

The order from higher affinity oAgAChE1 by OP and CA inhibitors to lower ones was
malaoxon > paraoxon > eserine > carbaryl. For instance, the binding affinity
AgAChE1 by malaoxon was 6.16 x?told greater than by carbaryl. In unimolecular
bonding rate constaks, thebonding rate of eserine was about 8.38 %-fifhes greater

than that of ethopropazine

Clearly, inhibition exists at high concentrations®]giAChE1 substrates (Figure 12). The
inhibition determination study indicated that the inhibition was partly from product
inhibition. The evidence is from both activity and OD numbers (Figure h@)attivities
recovered a lot after the substrate solution was added (Figure 13A).dir¢hesons, the

substrate concentration almost did not change, but the products concentration reduced
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eleven-fold. OD numbers confirmed this conclusion (Figure 13 B). At the sarme t

acetate and choline as products showed product inhibition as well (Figure 14).

Discussion

AChEs are serine hydrolases commonly found in vertebrates and invertebrages. Thi
study aimed at characterizationAgAChEL properties. First of alBgAChEL sequence
was predicted and analyzed. In doing so, a lot of information was obtaifeghQinE1
properties. Especially, some predictions, such as conserved cysteines;gsidaieve
N-linked glycosylation sites, catalytic triad, and the hydrophobic residugag line

active site gorge, helped the determinatioAgAChEL1 status. In the future
characterization of spatial and temporal expression patteAgAGhEL, the antibody

can be either produced froAgAChEL or synthesized based on the antibody epitope
prediction (Lindskog et al., 2005), by which the probe design can avoid the conserved
region showed in the sequence alignmemgAChE1 andAgAChE2. The primary

structure of AChE comparison would be useful for the design of selectiationes.

In this studyA. gambiae AChEL1 catalytic domain was determined and examined. It has a
molecular mass of 63 kDa and forms a dimer. The optimal reaction pH is 7.0-8.0.
AgAChE1 hydrolyzes acetylthiocholine iodide much faster than butyryhbioe iodide,
and is more sensitive to eserine than to ethopropazine/ Jheatio of BTC and ATC

was 0.07, lower than that Birosophila (0.6) (Gnagey et al., 1987) or western corn
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rootworm Qiabrotica virgifera, 0.1) (Gao at el., 1998) but higher than thabaehi zaphis
graminum (0.05) (Gao and Zhu, 2001) and lesser grain bBfgzopertha dominica
(0.03)(Guedes et al., 1998). AChEs from different insect species differ irstisirate

specificity.

While Via/Km measures AChE catalytic efficiend$y andVmax are related to the affinity

of a substrate to AChE and catalytic activity, respectivgly/Ku of A. gambiae AChE1

in hydrolyzing ATC was 3.1, which was lower than that from Colorado potato beetle,
Leptinotarsa decemlineata (11.9) (Zhu and Clark, 1994), or western corn rootworm,
Diabrotica virgifera (9.4) (Gao at el., 1998). But it was higher than that from lesser grain
borer,Rhyzopertha dominica (0.8 for OP susceptible and 1.3 for OP resistant strain)
(Guedes et al., 1998). These results indicated that the AChE cag#iigiency is

different among various insect species.

Some inhibitors suppress acetylcholinesterase activity by covalently dpitedanserine
residue in the active site in the base of the gorge of acetylcholirsest&hee inhibitory

power is usually expressed in two ways: the 50% inhibition of an inhibitor concentration
(ICs0) under defined conditions, and the bimolecular rate condaifi(the reaction
(Forsberg and Puu, 1984). To determkpewo parameters are needed to be characterized.
The dissociation constaKt representing the affinity of enzyme-inhibitor binding and the
unimolecular bonding rate const&a(i.e. the rate constant for the carbamylation or
phosphorylation)The ratiok,/ Kq gives an overall rate of inhibition, that is the

bimolecular reaction constakt(Main, 1964; Fukuto, 1990).
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In general, BW284C51 and ethopropazine are powerful inhibitors of ChE. Eserine is a
general inhibitor of ChE, BW284C51 is a specific inhibitor of AChE, and ethopropazine
is a specific inhibitor of BChEA. gambiae AChEL1 is a true AChE to fulfill the
physiological function of ACh hydrolysis at cholinergic synapsess ¢binclusion is

based on two pieces of evidence. Firsgpl€sults showed th#(gAChE1 was highly
sensitive to inhibition by eserine and BW284C51, but was less so by ethopropazine.
Secondly, the constants lgindKy demonstrated that the sensitivities of six inhibitors

for AJAChE1 have a 5.41 x 16fold difference AQAChE1 sensitivity to BW284C51 is
1.36 x 16 -fold higher than that to ethopropazine. Hiffinity of BW284C51 was about

78.13 times greater than that of ethopropzine.

It should be noted that the rate constant for phosphorylation and carbamydgtion (
sensitivity k), and affinity Kq) are influenced by many factors, such as

three-dimensional structure and size of an inhibitor (Forsberg and Puu, 1984). Some OP
inhibitors suppressed AChEs do not interaction always by the same mechanigm. The

sometimes even act in noncholinergic processes (Pope, 1999; Sultatos, 2007).

So far, a decrease in AChE activity at a high concentration of substrdtedmafund in

some insect AChEs (Zhu & Zhang, 2005). The findings of this study provided exidenc

that theAgAChEL1 activity reduction is partly from product inhibition.

82



References

Andrew, M. C., Callaghan, A., Field, L. M., Williamson, M. S., and Moores, G. D. 2004.
Identification of mutations conferring insecticide-insensitive AChE in the

cotton-melon aphidiphis gossypii. Insect Molecular Biology, 13, 555-561.

Baek, J. H., Kima, J. I., Leea, D. -W., Chungb, B. K., Miyatac, T., and Lee, S. H. 2005.
Identification and characterization of acel-type acetylcholinesstdilely associated
with organophosphate resistancé’latella xylostella. Pesticide Biochemistry and

Physiology, 81: 164-175.

Bourguet, D., Roig, A., Toutant, J. —P., and Arpagaus, M. 1997. Analysis of Molecular

Forms and Pharmacological Properties of Acetylcholinesterase iraBB\eEquito

Species. Neurochemistry International, 31 (1): 65-72.

Der, G. 2002. Handbook of Statistical Analyses Using SAS. Boca Raton, FI: Chapman

and Hall/CRC.

Forsberg, A., and Puu, G. 1984. Kinetics for the inhibition of acetylcholinesteoase fr

the electric eel by some organophosphates and carbamates. European Journal of

Biochemistry, 140: 53-156.

Fournier, D., and Mutéro, A. 1994. Modification of acetylcholinesterase as amsoha

83



of resistance to insecticides., Comparative Biochemistry & Bloggi, 108C: 19-31.

Fukuto, T. R. 1990. Mechanism of Action of Organophosphorus and Carbamate

Insecticides. Environmental Health Perspectives, 87: 245-254

Gao, J. R., Rao, V. J., Wilde, E. G., and Zhu, K. Y. 1998. Purification and Kinetic
Analysis of acetyl cholinesterase from western corn rootwDriabrotica virgifera
virgifera (coleoptera:Chrysomelidae). Archives of Insect Biochemistry and

Physiology, 39:118-125.

Gao, J. R., and Zhu, K. Y. 2001. An acetylcholinesterase purified from the greenbug
(Schizaphis graminum) with some unique enzymological and pharmacological

characteristics. Insect Biochemistry and Molecular Biology, 31: 109811

Gnagey, A. L., Forte, M., and Rosenberry, T. L. 1987. Isolation and characteria&ti

acetylcholinesterase from Drosophila. Journal of Biological ChemZi@;

13290-13298.

Guedes, R. N. C., Zhu, K. Y., Kambhampti, S., and Dover, B. A., 1998. Characterization

of acetylcholinesterase purified from the lesser grain behgropertha dominica.

Comparative Biochemistry and Physiology, 119C: 205-210.

Harel, M., Kryger, G., Rosenberry, T. L., Mallender, W. D., Lewis, T., Fletcher, R. J.,

84



Guss, J. M., Silman, 1., and Sussman, J. L. 2000. 3D StructDmesdphila
melanogaster acetylcholinesterase and of its complex with putative insecticides.

Protein Science, 9: 1063-1072.

Hart, G. J., and O’'Brien, R. D. 1973. Recording Spectrophotometric Method for
Determination of dissociation and phosphorylation constants for the inhibition of
acetylcholinesterase by organophosphates in the presence of substramiiyg,

12(15): 2940-2945.

Kim, J. l.,Jung, S. C., Koh, H. Y., and Lee, H. S. 2006. Molecular, biochemical and
histochemical characterization of two acetylcholinesterase chDidAsthe German

cockroaclBlattella germanica. Insect Molecular Biology, 15 (4): 513-522.

Kozaki, T., Tomita, T., Taniai, K., Yamakawa, M., and Kono, Y. 2002. Expression of two
acetylcholinesterase genes from organophosphate sensitive- and
insensitive-housefliedusca domestica L. (Diptera: Muscidae), using a baculovirus

insect cell system. Applied Entomology and Zoology, 37 (1): 213-218.

Lindskog, M., Rockberg, J., Uhlén, M., and Sterky, F. 2005. Selection of protein epitopes

for antibody production. BioTechniques, 38 (5): 723-727.

Main, A. R. 1964. Affinity and phosphorylation constants for the in- hibition of

esterases by organophosphates. Science, (Wash. DC), 144: 992-993.

85



Nabeshima, T., Kozaki, T., Tomita, T., and Kono, Y. 2003. An amino acid substitution on
the second acetylcholinesterase in the pirimicarb-resistant straimesméach potato
aphid,Myzus persicae. Biochemical and Biophysical Research Communications, 307,

15-22.

Pang, Y. P. 2006. Novel Acetylcholinesterase Target Site for Malaria MosquitmCont

PLoS ONE, 1 (1): 58.

Pope, C. N. 1999. Organophosphorus pesticides: do they all have the same mechanism of
toxicity? Journal of Toxicology and Environmental Health: Part B, Critical Reviews,

2 (2): 161-81.

Pope, C. N., Karanth, S., and Liu, J. 2005. Pharmacology and toxicology of
cholinesterase inhibitors: uses and misuses of a common mechanism of action.

Environmental toxicology and pharmacology, 19: 433-446.

Ramsey, P. H. 1993. Multiple Comparisons of Independent Means. In Edwards, L. K.

(ed.) Applied Analysis of Variance in Behavioral Science. p40 - 41. Neky Xof,

US: Marcel Dekker.

Von Seidlein, L., Bojang, K., Jones, P., Jaffar, S., Pinder, M., Obaro S., Doherty ,T.,

Haywood, M., Snounou, G., Gemperli, B., Gathmann, I., Royce ,C., McAdam, K.,

86



and Greenwood, B. 1998. A randomized controlled trial of artemether/benflumetol, a
new antimalarial and pyrimethamine/sulfadoxine in the treatment of unaaiguli
falciparum malaria in African children. American Journal of Tropicatiidiee and

Hygiene, 58 (5): 638-644.
Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, FPkKbyenzano, M.
D., Fujimoto, E. K., Goeke, N. M., Oleson, B. J., Klenk, D. C. 1985. Measent of

protein using bicinchoninic acid. Analitic Biochemistry, 150: 76-85.

Sultatos, L. G. 2007. Concentration-Dependent Binding of Chlorpyrifos Oxon to

Acetylcholinesterase. Toxicological Sciences, 100(1): 128-135.

Toda, S., Komazaki, S., Tomita, T., and Kono, Y. 2004. Two amino acid substitutions in
acetylcholinesterase associated with pirimicarb and organophosphorous 509
insecticide resistance in the cotton apipohis gossypii Glover (Homoptera,

Aphididae). Insect Molecular Biology, 13, 549-553.

Toutant, J. -P. 1989. Insect acetylcholinesterase: catalytic propesses, distribution

and molecular forms, Progress in Neurobiology. 32, 423—-446.

Tvedten, S. L. 2007. The Best Control Il. An Intelligent Pest Management Manual. p8.

Ware, G. W., and Whitacre, D. M. 2004. The Pesticide BdBleds p219-222. Meister

87



Media Worldwide.Willoughby, Ohio.

Welll, M., Fort, P., Berthomieu, A., Dubois, M. P., Pasteur, N., and Raymond, M. 2002.
A novel acetylcholinesterase gene in mosquitoes codes for the insectigeteatat
is non-homologous to the ace gene in Drosophila. Proceeding of the Royal Society

B: Biological Sciences, 269: 2007-2016.

Weill, M., Lutfalla, G., Mogensen, K., Chandre, F., Berthomieu, A., Berticat, C., Pasteur
N., Philips, A., Fort, P. and Raymond, M. 2003. Comparative genomics: Insecticide

resistance in mosquito vectors. Nature, 423: 136-137.

Zhu, K. Y., and Clark, M. J. 1994. Purification and characterization of
acetylcholinesterase from the Colorado potato béefienotarsa decemlineata

(Say). Insect Biochemistry and Molecular Biology, 24: 453-461.

Zhu, K. Y., and Zhang, Z. J. 2005. Insect acetylcholinesterase and its roles iicichsect

resistance. In Liu, T.X., Le, G. (Eds.), Entomological research: psgres

prospect. p226-234. Being, China: Science Press.

88



Table 1. Amino acid composition of 8&hopheles gambiae AChE1

Property Number Percentage AA number and number

Non-pokr 241 4327 A(41) V(42) L(51) I(17)
P@45) M(6) F(26) W(13)

Polar 186 33.39 G(45) S(32) T(35) C(8)
Y(21) N(33) Q(12)

Acidic 64 11.49 D(26) E(38)

Basic 66 11.85 K(18) R(35) H(13)
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24 MVPLGLLGVTALLLI

LPPFALVOG RHHE 4

LNNGAAIGSHQLSAAAG
ASGVMSSVPAAGASSSS
ARITLSKDADAFFTPYI
GTLEHVHSGATPRRRGL

PL VVNTDKGRIRGITVDAP
PYAQPPVGPLRFRHPRP

PNSC &VQIVDTVFGDFPGATMW
CLYINVVAPRPRPKNAAV
TATLDVY
GFLFLGTPEAPGNAGLF
HRFGGDPSRVTLFGESA
SRDLFQRAILQSGSPTA
ALRLAEAVGC

+DHRALASEENVIVVSLQ

$PHEPSKLSDAVEC

VGLASQSAQSGSL 34
SSSLLSSSAEDDV 64
GHGESVRIIDAEL 94
TRRESNSDANDND 124
SGKKVDVWLGI 154
AEKWTGVLN xTTTP 184
+NPNTPLSED 214
MLW +IFGGGFY +SG 244
YRVASL 274
DQNLALRWVRDNI 304
GAVSVSLHLLSAL 334
PW+ALVSREEATLR 364

$LRGKDPH 394

VLVNNEWGTLGI CEF +PF +VPVVDGAFLDETP 424

QRSLASGRFKKTEILTG
LTELLRKEEGVTVTREE
GAARQAIVFEYTDWTEP
VGDYHFTC
HRSKGNPW
TLGYTEDEKDFSRKIMR
NTASSEFPEWPKHTAHG

eNVNEFAQRYAEEGNNVY
+PRWTGVMHGDEINYVFG

SNTEEGYYF +11Y +Y 454
FLQAVRELNPYVN 484
DNPNSNRDALDKM 514

MYLYT 544
EPLN xpP 574
YWSNFAKTGNPNP 604

RHYLELGLN xTSFV 634

GRGPRLRQC e AFWKKYLPQLVAATSNL PGPA 664
PPSEPC #ESSAF FYRPDLIVLLVSLLTAT VR 694
FIQ* 697

Figure 1. Deduced amino acid sequences. gambiae AChEL. Amino acid residues are

shown in one-letter abbreviations. The predicted signal peptide (-24 ~deliple

underlined, putativeN-linked glycosylation sites are marked “x”, and the stop codon is

indicated by “*”. Positions of the cysteine residues conserved in all AChEsaakedn

‘& — &, $—$, ande

—e” to show disulfide bond connectivity. The unique Cys residue

present in insect AChE1sdsuble underlined, whereas the one possibly involved in

interchain disulfide linkage is labeled “#'he catalytic triad (Ser, His and Glu) iskbold
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andshaded, and the hydrophobic residues (F, W, and Y) lining the active site gorge are
labeled with “+”. The primer binding sites for recombinant expression in the

baculovirus-insect cell system anaderlined.
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L 1.67 kb J

Disulfide bond connectivity -- Cys
unique interchain

N-linked glyc. -- Asn

Catalytic--Ser, His, & Glu.

Hydrophobic resi. --Phe, Trp, & Tyr

Figure 2. Schematic diagram of deduced amino acid sequenieganfbiae AChEL.
AgAChE1 catalytic domain — coding region (1, 671 bp) was selected for recombinant
expression (upper). The disulfide bond connectivity, unique Cys residue, interchain
disulfide linkage, and putativg-linked glycosylation (N) are shown in the middle
diagram. The catalytic triad and the hydrophobic residues lining the aité\gosye are

labeled in the lower diagram.
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Nunmber Start AA End AA Pept i de Lengt h of Pepti de

1 3 8 NPNTPL 6
2 20 25 PRPRPK 6
3 219 224 ETPORS 6
4 239 244 SNTEEG 6
5 255 260 LLRKEE 6
6 292 307 YTDW EPDNPNSNRDA 16
7 324 333 FAQRYAEEGN 10
8 340 351 YTHRSKGNPWPR 12
9 375 383 YTEDEKDFS 9
10 396 404 TGNPNPNTA 9
11 407 418 EFPEVWPKHTAHG 12

Figure 3. Antibody epitope prediction from recombinAaghAChE1.AGAChE1 was
analyzed, and 11 peptides were predicted by using Emini Surface Adagd3rediction

method from IEDB Analysis Resource program.
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Score = 392 bits (1008), Expect = 4e-107
ldentities = 232/591 (39%, Positives = 333/591 (56%, Gaps = 55/591 (9%

AChE- 1 6 DPLVWNTDKGRI RA@ TVDAPSGKKVDWLGE PYAQPPVGPLRFRHPRPAEKWIGVLNTTT 65
DLW T GIRG + Gt+V V+ G+P+A+PPV LRF+ P PAE WGVL+ T
AChE-2 34 DRLWQTSSGPI RGRSTMW- QGREVHVFNGVPFAKPPVDSL RFKKPVPAEPWHGVLDATR 92

AChE-1 66 PPNSCVQ VDTVFGDFPGATMANPNTPLSEDCLY! NVWWAP- RPRPKNA- - - - - - - - - - - - 112
P SC+Q F F G MWPNT +SEDCLY+N+ P + R ++
AChE-2 93 LPPSCI QGERYEYFPGFAGEEMANPNTNVSEDCLYLNI W/PTKTRL RHGRGLNFGSNDYFQ 152

AChE-1 113 --------------- AVMLW FGGGFYSGTATLDVYDHRALASEENVI WSLQYRVASLG 157
A+++W +CGCGF SGT+TLD+Y+ LA+ NVIV S+QYRV + G
AChE-2 153 DDDDFQRQHQSKGGELAMLVW YGGGFMSGTSTLDI YNAEI LAAVGNVI VASMQYRVGAFG 212

AChE-1 158 FLFLGT------ PEAPGNAGL FDONLAL RW/RDNI HRFGGDPSRVTLFGESAGAVSVSLH 211
FL+L +APGN G++DQ LA+RW-++N FGGDP +TLFGESAG SVSLH
AChE-2 213 FLYLAPYI NGYEEDAPGNMGMADQALAI RW.KENAKAFGCEDPDLI TLFGESAGGSSVSLH 272

AChE-1 212 LLSALSRDLFQRAI LQSGSPTAPWALVSREEATLRALRLAEAVGCPHEPSKLSDA- - VEC 269
LLS ++R L +R I LQSG+ APW ++ E+A A L+ C KS+ ++C
AChE-2 273 LLSPVTRG.SKRG LQSGTLNAPWSHMTAEKALQ AEGLI DDCNCNL TMLKESPSTVMQC 332

AChE-1 270 LRGKDPHVLVNNEWGTL- G CEFPFVPVVDGAFLDETPQRSLASCRFKKTEI LTGSNTEE 328
+tR D + +W+ G FP P +DG F+ P L + +lIL GSN +E
AChE-2 333 MRNVDAKTI SVQQWNSYSA LGFPSAPTI DGVFMIADPMIMLREANLEG DI LVGSNRDE 392

AChE-1 329 GYYFI | YYLTELLRKEEGVTVTREEFLQAVRELNPYVNGAARQAI VFEYTDWI EPDNPNS 388
G YF++Y + K+ ++ RH+FL+ + + + R+Al +F+YT W ++
AChE-2 393 GIYFLLYDFI DYFEKDAATSLPRDKFLEI MNTI FNKASEPEREAI | FQYTGNESGNDGYQ 452

AChE-1 389 NRDALDKMVGDYHFTCNVNEFAQRYAEEGNNVYMYLYTHRSKGNPWPRWI GVVHGDEI NY 448
N+ + + VGD+ F C NEFA E G+V+ Y +THR+ + W W GV+HGDE+ Y
AChE-2 453 NQHQVGRAVGDHFFI CPTNEFALGLTERGASVHYYYFTHRTSTSLWCEWVGVL HCDEVEY 512

AChE-1 449 VFGEPLNPTLGYTEDEKDFSRKI MRYWSNFAKTGNPNPNTASSEFPEWPKHT AHGRHYL - 507
+FG+P+N +L Y + E+D SR+++ S FA+TGN\P + E W +T Y
AChE-2 513 | FGQPMNASLQYRQRERDL SRRWLSVSEFARTGNP- - - - - ALEGEHWPLYTRENPI YFI 567
AChE-1 508 ----- EL GLNTSFVCGRGPRL RQCAFVKKYL PQLVAAT SNL PGPAPPSEPCE 553
E L GRGP CAFW +LP+L A + P +PC+
AChE-2 568 FNAEGEDDLRCGEKYCRGPVATSCAFWADFLPRLRAWS- - - - - - VPLKDPCK 612

Figure 4. The sequence comparison of AChE1l and AChE2Aromgambiae. The
AgAChE1 andAgAChE?2 protein sequences deduced from cDNAs show the conservative

regions. Conservative substitutions are marked “+”, and gaps are shown as “-”
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1423 1437 1444 1450 455
A. ganbi ael EEGNNVYMYLYTHRSKGNPWPRWT GVIVH

A. ganbi ae2 ERGASVHYYYFTHRT STSLWEEWVGVLH S
C. pi pi ensl EEGNNVFMYLYTHRSKGNPWPRWT GVIVH A
C. pi pi ens2 EQGASVHYYYFTHRT STSLWEEWVGVLH T
A aegypti EEGNNVYMYL Y THRSKGNPWPRWI GVIVH D
A. st ephensi ERGASVHYYYFTHRTSTSLWGEWMGVL S
A. gossypiil SRGARVYYYFFTHRT DSHLWEDWMGVL VB
A. gossypii 2 L TGNNVYMYYFKHRSL NNPWPKWI GV PN
P. xyl ostel | al ETANNVYTYYYKHRSKNNPWPSWT GV PG
P. xyl ostel | a2 ETGNNVYTYYYKHRSKNNPWPSWT GV PG
B. ger mani cal ETGNNVYMYYFKHRSVGNPWPSWIT GV PA
B. ger mani ca2 EHGTKVYYYYFTQRTSLNLWEQAMGV VS
D. nel anogast er ERGASVHYYYFTHRT STSLWCEEWMGVL NS
R m croplusl RAGQ PVYQYVFARRSSONPWPQM GVI HGEEVPFVFGEPLNDT
R i cropl us2 QSGKDVHF YEL NYVSACVKKQPWEGMTHGBEL PLVFGRVFDRQ
C. el egansl KHGGDTYYYYFTHRASQQTMWPEWMGVLHGYE! NFI FGEPL|Q<
C. el egans4 RKPGKVFVYHFTQSSSANPWPKW GAVHGYEI EIVFGl PLSYS
H. sapi ensAChE AQGARVYAYVFEHRASTL SWPLWMGVPHGYEI EFI FA PLDPS
M muscul usAChE AQGARVYAY! FEHRASTLTWPLWMGVPHGYEI EFI FGLPLDPS

Figure 5. Alignment of the partial amino acid sequences gambiae AChE1 and 2
with other AChEs sequences. A total of nineteen amino acid sequencesragée asmng
ClustalW of MEGA 4. Seventeen belong to invertebrates, including mosquitoes (
gambiae AChE1 and 2C. pipiens AChE1 and 2A. aegypti AChE, A. stephensi AChE),
aphid @. gossypii AChE1 and 2), mothR xylostella AChE1 and 2), cockroaclB(
germanica AChE1 and 2), flyD. melanogaster AChE), tick Rhipicephalus microplus
AChE1 and 2), and nematodeagenorhabditis elegans AChE1 and 4). Two AChEs
belong to vertebrates, including hum&too sapiens AChE) and mouseVus musculus
AChE). Conserved AAs in AChEs from the vertebrate and invertebrate speeies
shaded in yellow. Conserved AAs in AChEs from the invertebrate species blo¢ not t

vertebrates are shaded in red.
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Figure 6. Effects of pH 0AgAChE1 activity. Activity was calculated based on the mean

of three replications (n=3). Final activity is equal to tesivag minus control (blank)

activity. Vertical bars indicate standard deviations (SD) of the mean.
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Figure 7. SDS-PAGE analysis AJAChE1 under reducing (A) and non-reducing (B)
conditions. M: Marker, +DTT: with dithiothreitol, -DTT: without dithiothreitol.

Arrow indicates the protein band.
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Figure 8. Gel filtration analysis &gAChE1. A: absorbance at 214 nm<). B: enzyme

activity in different fractions{—o).
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Figure 9. Deglycosylation &AgAChE1 byN-glycosidase. The purified enzyme was
treated with a buffer (lane “C”) or PNGase F (lanes 1 and 2), separal®@ddb¢A) or
7.5% (B) SDS-PAGE under reducing condition, and visualized by Coomassie Blue
staining (A) and monoclonal antibodies against the hexahistidine tag (B). Sizes and
positions of the molecular weight markers are indicated onight Arrows indicate the

protein and immunoreactive bands.
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Figure 10. Determination of the enzymatic propertieAg&fChE1 using different
substrates. Hydrolysis of ATC+{—uo), ABMTC (e- -e), PTC \——A), and BTC &- -m)
by the purified enzyme was measured as described in Materials and Methcupoint
on the double reciprocal plot represents mean £ SD (nkKgdandVnax values for each

substrate were derived from the nonlinear regression analysis onéahgus [S] plot.
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Table 2. Kinetic parameters of AChE1 purified frémophel es gambiae

in hydrolyzing four substrates*

Substrate Kum (UM) Vimax (L mol/min/ Vimax/Kum
mg protein)

ATC 67.51+12.68 a 209.20£20.49 a 310 a

ABMTC 7856+6.51 a 122.10+561 b 155 b

PTC 63.26 £ 15.53 a 84.12+1049 c 133 b

BTC 59.78 £ 14.34 a 15.04 £1.79 d 025 ¢

* Results are presented as the mean + SE (n=4). Same letters indicatedbenot

significantly different (LSD test. P>0.05) (Ramsey, 1993).
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Figure 11. Inhibition oAgGAChEL by six inhibitors at various concentrations. After

incubation with its inhibitors for 10 min at 25 °C, the purified enzyme was reacted with

ATC-DTNB and monitored by a microplate reader at 405 nm. The inhibition @ftgcti

shown as mean = SD (n = 3), is plotted against the inhibitor concentrations. [{ajytar

(¢—¢), eserine(—uo), BW284C51 A—A), and ethopropazine{—o). (B)

malaoxon ¥ —V¥),and paraoxon——9).
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Table 3. 1@ of inhibitors toward#\nopheles gambiae AChE1*

Inhibitor 1Cs0 (LM) Z
Carbaryl 0.02 £0.001 1.00
Eserine 2.41 +1.78 0.99
BW284C51 57.8 £0.09 0.94
Ethopropazine (2.9+1.5)x16 0.99
Paraoxon 0.06 +0.007 0.99
Malaoxon 0.01 +0.002 0.98

* Results are presented as the mean + SD (m%3)verage correlation coefficient.
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Table 4. Kinetic constant&, k», andk;) for inhibition of AQAChE1

Inhibitor Kg (x10°M) ko (min™) ki (x10° M min™)
Carbaryl 1194.009+46.200 0.694+0.112 0.004+0.0003
Eserine 890.390+2.500 53.619+2.243 0.060+0.005
BW284C51 0.099+0.788 0.111+0.026 1.130+0.656
Ethopropazine 7.735+0.400 0.064+0.012 0.008+0.003
Paraoxon 3.799+2.164 0.215+0.061 0.056+0.004
Malaoxon 1.938+0.100 4.237+0.230 2.186+0.033

* Results are presented as the mean = SD (n=4).
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Figure 12. Inhibition oAgAChE1 activity from high substrate concentratioarti¢al

bars indicate standard deviation (SD) of the mea3).
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Figure 13. Product inhibition determined from aityivecovery and OD accumulation of
AgAChE1 at different concentrations. The reaction masitored at 25 °C and a pH 7.5
for 2 min on a 96-well Microplater reader at 405 wwmtivity and OD were determined
again for 2 min. A: Activity, B: OD. Solid line: &éreaction with dilutedgAChE1, Dot

line: WithoutAgAChEL (instead buffer). Con: control. Sub: subst{&TC). BF: buffer.
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Figure 14. Inhibitory effect of acetate and cholamAgAChEL. Acetate, choline, or both
(10 ul at different concentrations) was incubatétth W0 pl dilutedAgAChE1 and 80 pl
substrate mixture (1% of 6 mM DTNB, 1% of 75 mM ATahd 1% of acetone in 0.1 M
phosphate buffer, pH 7.5). The reaction was moait@t room temperature for 2 min
using a microplater reader at 405 nm. Con, confrod, acetate; Cho, choline; Ace +

Cho, acetate and choline.
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Appendix 1. The structures of substrates usedisnstindy
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Appendix 2. The structures of inhibitors used iis gtudy
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CHAPTER V

CHARACTERIZATION OF SPATIAL AND TEMPORAL EXPRESSIOIRATTERNS

OF AGACHE1 BYIN STU HYBRIDIZATION AND

IMMUNOHISTOCHEMISTRY



Abstract

In situ hybridization (ISH) and immunohistochemistry (IH&e commonly used to
characterize spatial and temporal expression pattEfra gene and to detect its protein
product, respectively. In this study, acetylchdditeease-1 (AChEL) and its mMRNA were
localized in the African malaria mosquitnopheles gambiae. IHC showed that
AgAChEL protein exists mainly in the central nerveystem (CNS) (brain and ganglia)
of A. gambiae larvae, pupae, and adults. The protein is alsodon the peripheral
nervous system (PNS), such as the base of antandahid-gut nerves &. gambiae
adults. ISH indicated th&gacel mRNA is predominantly in the CNS. These results
suggested that the main functionAg/AChEL is in cholinergic synapses of the CNS to
hydrolyze acetylcholine. The hybridization signaisre clearly detected on the neuropile
or three brain lobes and the cell bodies of the @BiSg the antisense probe. Signals
were much weaker when sense probe was used. Tee aed antisense DNA probes

were prepared by asymmetric PCR.

Key words: Neurotransmission, Mosquito, Immunolabtmistry, Single strand DNA

probes, Asymmetric PCRy situ hybridization.
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Introduction

Acetylcholinesterases are commonly found in ved®ds and invertebrates, which exists
at cholinergic nerve terminals (Vigny et al., 1988sect AChE is one of the most
studied insect enzymes due to its physiologicaltaritological significance (Zhu and
Zhang, 2005). Immunohistochemistry (IHC) andfositu hybridization (ISH) are used

to characterize spatial and temporal expressicenatof a protein and/or a gene.

To detect protein expression, there are some mgtlsodh as staining and measurement
of protein activity, western blotting, and immunstioichemistry.  Staining and
measurement of extracted protein activity is commgestern blotting can be used to
estimate the protein quantity, while protein exiatand antibody preparation are
practical. They are labor consuming and neitherdegiact protein expression patterns in

tissues. IHC detects the protémsitu (Zador and Maroy, 1987; Zador, 1989).

There are several ways to analyze gene expressioh,as northern blotting, polymerase
chain reaction (PCR), and ISH. Northern blottingasures the quantity of mRNA and
the level of mMRNA is critical (Miyazaki et al., 1994#CR, a powerful tool of DNA
amplification, detect mRNA at low abundance (Eiseins 1990). Both northern blotting
and PCR detect gene expression in vitro. ISH, hewean detect mRNA transcripts in
tissues. Methods of non-radioactive ISH are moraufaspbecause such probes promise
safely, stability, high resolution, and short deyghent times as compared with

radioactive probes (Miyazaki et al., 1994). In résears, antisense RNA probes have
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been used to increase detection sensitivity. Owtiher hand, they have some
disadvantages, such as RNA degradation and corafionnSingle stranded DNA
(ssDNA) probes circumvent the problems of RNA psolddoreover, sSSDNA probes
promise brighter signals and higher reliabilityrttdiouble stranded DNA (dsDNA)
probes (Sanchez et al., 2004). Nevertheless, asinoRER requires the optimization of
conditions (Gyllensten and Allen, 1993; McCabe, 19&ldar, 2000). Once the
disadvantages are overcome, using ssDNA probdSkbcan reliably detect mRNA

transcript in tissue at a low level.

Spatial and temporal expression patterns of gendsteeir protein products have been
characterized in a few insect species. The exmessgiDrosophila melanogaster AChE

is found mainly in the central nervous system (ChfSarvae and in the head and thorax
of adults by using protein extraction and measurgn{gador, 1989). The mRNA
transcript ofD. melanogaster embryos was localized in the CNS and lateral abtorhl
neurons as well. Before the first neuroblast ddfgiation, the AChE gene and protein
expression were presented. ISH was performed HyNAcprobe in the embryo tissues
(Zador and Budai, 1994). Twaxe genes of the German cockroa&haftella germanica)
encoding two AChEs exist mainly in the CN&el is the predominant gene to encode
AChEL1 of B. germanica associated with synaptic transmission. The st uissected
whole mount of adult males due to their larger .skkecDNA probe was used in the

localization ofB. germanica as well (Kim et al., 2006).

The African malaria mosquit@nopheles gambiae (Diptera: Culicidae), is an important
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vector of malaria (Von Seidlein et al., 1998; Aremger et al., 2005)A. gambiae
possesses two AChE gendgdcel and Agace2) (Weill et al., 2002). But, where and
when the genes transcribe and the proteins expresstill unknown. In this study, the
spatial and temporal expression pattern8gAChEL gene and protein were investigated
by IHC andISH from sections of paraffin-embeddAdgambiae adult, pupal, and larval

specimens. We provide evidence AgAChE1 gene functionsh vivo.

Materials and Methods

Chemicals and materials

Clear-Rite 3 (Richard-Allan Scientific, MI, USA)apmformaldehyde (Sigma, MO. USA),
proteinase K (Sigma, MO, USA), formamide (J. T. 8&akNJ, USA), hybridization
solution (Roche, IN, USA), bovine serum albumin @ $Fisher Scientific, IL, USA),
alkaline phosphatase (Sigma, MO, USA), nitro-bkteaizolium (NBT) and
bromo-chloro-indoryl phosphate (BCIP) (Bio-Rad, M@%A), GeneScreen Plus
Hybridization Transfer Membrane (GeneCreen, MA. USARbeOn Plus Microscope
Slides (Fisher Scientific, PA, USA) were directiyrphased from the companies as
guoted.A. gambiae cDNA pool was a generous gift from Dr. Susan Pagizeat
University of Wisconsin-MadisorA. gambia AChE1 EST plasmid (BM629847) was

kindly provided by MR4/ATCC.

Mosquito specimen
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The mosquito specimen 8f gambiae was kindly provided by Dr. Maureen Gorman at
Kansas State University. The specimens includeddiisa(five day old males and

females), 20 pupae, and 20 last instar larvaepFaiminary study, the fresh specimens

of the Asian tiger mosquit@edes albopictus, were used. The adults, pupae, and larvae of

A. albopictus were collected in Stillwater, Oklahoma.

Antibody preparation

500 pg purifiedAgAChEL was prepared for polyclonal antibody produttiRabbit
polyclonal antibody was produced by Cocalico Biatagj(Reamtown, PA). The antibody
titer was determined by immunoblotting analysise Entibody specificity was
determined using recombinadAChE2, provided by Picheng Zhao in the laboratory
BecauseAgAChE1 antibody cross-reacted wAgAChEZ2, the cross-reacting antibodies
were absorbed using recombinAgAChE2. In brief, 20 pPAGAChE2 (38 pg/ml)
solution was added to 500 ul 1:50 dilutsgAChE1 antiserum at 4 °C overnight. The
mixture was centrifuged at 10,0@0or 5 min to remové&AgAChE2-Ab complexes.
Immunoprecipitation was repeated several times AgAChE2 signal disappeared. A
proper dilution of the absorbe&d)AChE1 antiserum was determined for

immunolocalization.

Single stranded DNA probe preparation
The 189 bp (nucleotides 131 ~ 319) probeA.a@fambia actin Agactin, for use as a
positive control) were prepared basedAgactinsequence (BX063031) (Figure 6).

AgAChEL probe is a 307 bp cDNA (nucleotides -1 ~ 3f¥3igned based @ gambia
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AChEL EST sequence (BM629847) (Figure 7). The psmare synthesized by
Integrated DNA Technologies (Coralville, IA, USA)he forward primer oAgactin was
5' GATGAGGCCCAGTCCAAGCGTGGTATC, nucleotides 131571 The reverse
primer ofAgactin was 5' CTTCTCGCGGTTAGCCTTCGGGTTCAG, reverse
complement of nucleotides 293 ~ 319. The forwanther of AQAChE1 was 5'
GATGGAGATCCGAGGGCTG, nucleotides -1~ 18. The reegssmer ofAGAChE1

was 5' GTCCTCGGCTGACGATGACAG, reverse complememufleotides 285 ~ 306.

To confirmAgactin sequence, TA cloning and sequencing werédaout.

The first step was amplification of the cDNA pool & 189 bp actin segment and of the
EST plasmid (BM629847) for 307 bp segmenAgAChE1L. The thermal cycling
conditions forAgActin were 40 cycles of 94 °C for 30s, 61.5 °C30rs and 72 °C for 10
s. The thermal cycling conditions fBGAChE1 were 40 cycles of 94 °C for 30s, 55 °C
for 30 s and 72 °C for 20 s. After gel electropktea gel slice containing the product

(189 or 307 bp) was purified using the QIAquick Getraction kit (Qiagen, MD).

The second step was the sense and antisense pretgesynthesis using PCR DIG
(digoxigenin) Probe Synthesis Kit (Roche, IN). Meare, unlabeled sense and
antisense strand DNAs were synthesizedfpkctin andAgAChEL probe controls. PCR
DIG Probe Synthesis Mix contains a mixture of nutitess including DIG-dUTP. The
thermal cycling conditions for labeled and unlabdedense strand DNAs aJActin were
32 cycles of 94 °C for 30s, 61.5 °C for 30 s andC#or 10 s. The thermal cycling

conditions for labeled and unlabeled antisensedttaNAs of AgActin were 32 cycles of
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94 °C for 30s, 60.5 °C for 30 s and 72 °C for Ilh& thermal cycling conditions for
labeled and unlabeled sense strand DNA&g#ChEL were 32 cycles of 94 °C for 30s,
54 °C for 30 s and 72 °C for 20 s. The thermaliogatonditions for labeled and
unlabeled antisense strand DNASAgAChEL were 32 cycles of 94 °C for 30s, 55 °C for

30 s and 72 °C for 20 s.

The labeled and unlabeled single stranded DNAs weriéied using the Wizard PCR
Preps DNA Purification kit (Promega, WAEcording to the standard protocol from
Promega. Finally, the probe specificity was examibg dot blotting on GeneScreen Plus
Hybridization Transfer Membrane (GeneCreen, MA) ®eas labeling efficacy. The

probes was dissolved in elution buffer and stote@@°C.

Preparation of sectioned tissue slides

Fixation of mosquitoes:The wings and legs of adult mosquitoes were reholago

gaps were made in the cuticle of each adult wittreep, one from the thorax, and
another one from the abdomen, to allow the fixatiovget in. A hole was torn in the
abdomen of each pupa and larva. The specimen wasesged in the fixation solution
including 0.25% Trition-100, 4% paraformaldehydeg #.1 M sodium phosphate (pH of
7.2). It was fixed at room temperature for 3.5 keffixation may cause high
background and low staining efficiency, whereasamitkation decreases RNA
hybridization signals. For the localization of @iot by IHC, the use of a fixation with

methanol/acetone/water (MAW) was an alternative.

117



Embedding and sectioningThe specimen was treated with 70% ethanol ovetnigh
stored at 4C, and placed in melted paraffin in metal moldsemolds were moved to a
cold surface. The specimen then was pressed veithiadl weight until block comes out
easily. Three stages Af gambiae, larva, pupa, and adult, were embeddedH&@ and

ISH. Slides were treated by 2% TESPA (3-aminoproyhoxysilane, Sigma) carefully,
or ProbeOn Plus Microscope Slides (Fisher Sciehtigs used. Six pm sections were
made and completely dried at room temperature. Tieslides were warmed at 40 °C
overnight. Embedding and sectioning were done ilakkna Animal Diseases and

Diagnosis Laboratory (OADDL) at Oklahoma State émsity.

Immunohistochemistry

Dewaxing and rehydration: The slides were washed 5 min twice in Clear-Rite 3

(Richard-Allan Scientific, MI) to remove the paiatfRehydration of the section was
through ethanol series as follows: 30 s twice i@%Q@thanol, 30 s once each in 95%,
90%, 70%, and 50% ethanol, respectively. Thenltdeswere washed 5 min twice in

PBS (phosphate buffered saline)/0.1% Tween-20 (RTW)

Immunodetection: The sections were treated with 200 ul of bloclsotution - PTW /
3% bovine serum albumin (BSA) (Fisher Scientifinflancubated at room temperature
for 1 h., that is, 200 ul blocking solution was eddo each slide, added coverslips, and

placed in humid chamber at room temperature. Toekilg solution was removed, and
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excess solution was wiped off carefully.

The primary antibody (rabbit arigAChE1L) solution (200 pl, 1: 500 antibody in the
blocking solution) was added to each section amg@doverslip. Negative controls for
the immunohistochemical procedures used pre-immangn (200 ul, 1: 500 diluted in
the blocking solution). The slides were incubateam temperature for 2 h. Coverslips
were removed. The section was washed 10 min thmastin PTW at room temperature
with gentle shaking. The secondary antibody (go&trabbit, 200 ul, 1: 1000 in the
blocking solution) was added to each section, Badlides were incubated at room
temperature for 2 h. The section was washed agamia three times in PTW at room

temperature with gentle shaking.

Finally, the slides were ready to develop. The sdaoy antibody was conjugated to
alkaline phosphatase (AP). The section was stamB@BT/BCIP (Bio-Rad Laboratories)
solution according to the standard proto&ides were examined using a Zeiss Axiophot
or an Olympus microscope BX51, and photographetpusidigital camera on Olympus

DP71 (Olympus America Inc., Melville, NY).

In situ hybridization

Pretreatment: The pretreatment included dewaxing, rehydratibtion,

deproteinization (proteinase K treatment), and dedityon. The slides were washed in

Histo-Clear to remove the paraffin and rehydrabbthe section was through ethanol
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series as described above. The section was wastleB®TWV and fixed with 4%
paraformaldehyde in PBS for 20 min, washed with P8 treated with 10 pg/mL
proteinase K (Sigma, MO) in PTW for 20 min. It wassed and fixed again. Then
washed with PTW, the section was through methagres as follows: 30 s once each in

30%, 50%, 70%, 90%, 95% methanol, and 30 s twid®0%6 methanol, then air-dry.

Hybridization: In situ hybridization was performed on serially sectionsdtte slides.
Before adding the probes, the sections were prgbated in DIG Easy Hyb solution
(Roche) for 1 h. at 42 °C. The digoxigenin-labededse and antisense probe from
Agactin andAgacel and unlabeled sense and antisense strand DNAres&rspended in
hybridization solution, respectively, applied tetens, and incubated overnight. That is,
10 pl of the probe was diluted in 1 ml hybridizatsolution. A 30 pl hybridization
solution was placed on each section with a coyeosiitop without air bubbles. Slides
were placed in a humidity chamber made with Kimwdaenpened with 5 ml 50%

formamide /5 x SSC in a Petri dish. HybridizatioasAeld at 48 °C overnight.

After slides were transferred to another Petri disby were washed in 50% formamide
and 2 x SSC at 48 °C for 15 min and 30 min, respelgt Then they were washed twice
in 25% formamide, 1 x SSC, and 0.5 x PBS at 48@® min and washed in PBS at
room temperature for 5 min. The final step was imodetection and development. The
procedure was the same as immunodetection in IW@ealT he primary antibody was

mouse anti-DIG, and the secondary antibody was gaamouse.
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All the methods for IHC and ISH were improved frarhat was described by Ingham
and Jowett (1997), Franco et al. (2001), and Kiml.e2006) to amplify signal and to
reduce background noise. All controls were perfarmieder the same conditions of the

treatments without the primary antibody or A&gAChE1 antisense probe.

Results

Immunohistochemistry

Antibody: The antibody titer was determined by immunoblot&mglysis. Strong
signals are obtained from 200 to 800 timg&ChE1 antibody dilution (Figure 1).
Therefore, 500 timeAgAChEL antibody dilution was determined for

immunolocalization.

Absorption:  SinceAgAChE1 antibody cross-reacts wilgAChEZ2, it is necessary to
absorb the cross-reacting antibodies. Absorpti@misfficient method (Figure 2).

AgAChE?2 signal disappears in the immunoblotting adfesorption seven times.

AgAChEL is predominantly in the CNS:The temporal and spatial distribution of
AgAChEL was determined frod gambiae tissuesThe presence AAgAChEL antigen
was found in the brain @f.gambiae larvae and pupae, the thoracic ganglion of

A.gambiae adults, the brain and thoracic ganglion of theaAdiger mosquitoAedes
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albopictus) adults, and the abdominal ganglionfofalbopictus larva (Table 1, Figure 3,

4). IHC demonstrated thAQAChE1 antigen is mainly localized in the CNS.

Although AgAChEL protein is present mainly in the CNS, itlsodound in the

peripheral nervous system (PNS), for example, #s lof antennal and midgut nerves of
A. gambiae adults (Figure 5)The signal from the base of the antenna is intense.
Unfortunately, it is difficult to separate the sajjiof AQAChE1L protein expression from

the nerves of compound eyes, because of the pigmaekground.

Color precipitation showed thAQAChEL is expressed in the center of three braiadob
— protocerebrum (forebrain), duetocerebrum (midaf)raand tritocerebrum (hindbrain).
AgAChE1 antigen was in the neuropile of ganglia al§, Wwat not in the cell bodies
(Figure 3, 4). It is reasonable, because intermeuconnect sensory neurons and motor
neurons in the neuropile of ganglia as an inteimebridge to form lots of synapses
(Romoser and Stoffolano, 1994). These results stgde¢hat the main function of

AgAChEL1 is in the cholinergic synapse of the CNS.

In situ hybridization

Probes efficiency and the positive controlBecause the template of tAgactin

sequence was ak gambia cDNA pool, the confirmation of thAgactin sequence is

essential. TA cloning and sequencing analysiidgaictin showed 99% identities between

the PCR product and the EST sequence. The E-vaa®er54. After optimizing the
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conditions, the DIG labeled sense and antisendeeprofAgactin andAgacel were
successfully generated by asymmetric PCR (Figul®,The sense and antisense
probes ofAgactin can recognize 43 gactin dsDNA PCR products clearly with a 21.8
ng sense probe and a 22.5 ng antisense probe éMEyuwvhile the 20.2 ng sense and 26.8
ng antisense probes Afjacel can generate signals from at least 26.Agapel dsDNA
(Figure 11). Signals dkgactin geneavere obviously higher from DIG-labeled antisense
probe compared to those from DIG-labeled senseegpablarval cuticle and brain (Figure

12).

Agacel mRNA transcript is mainly in the CNS: In situ detection ofAgacel gene
expression demonstrated that signals were muclehfgbm a DIG-labeled antisense
probe compared to those from a DIG-labeled serdgepiFigure 13, 14, 15). These
results showed that the antisense probe producmthstolor precipitation in the target
tissues while the color from the sense probe wagweak, and the sections treated by
unlabeled sense or antisense probe were totalitivegThe strong signals from an
antisense probe were predominantly observed frensibset of neurons, or the
neuropile of ganglia (Figure 14D) and three braimels — protocerebrum (forebrain),
duetocerebrum (midbrain), and tritocerebrum (hiaddr(Figure 14B, 15B), while
Agacel signals from cell bodies of the brain were obsefvenh both sense and antisense
probes (Figure 13A and B, 15A and B). Althouliacel expresses predominantly in the
CNS, it is also found in the PNS. For instance |éineal abdominal nerve obviously
showed signals from antisense probe hybridizaftogufe 13D) compared with the

signals from sense probe hybridization (Figure 13@g results of ISH are consistant
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with IHC results. The findings indicated th&dacel encode#®gAChE1 and
predominantly in the CN3n situ hybridization confirmed that main function of

AgAChE1 may be in the cholinergic synapse of the @GN %ell.

Discussion

Localization of protein and gene expression offergortant information. In this study,
the spatial and temporal expression patterigdiChE1 andAgacel were localized

from the sections of paraffin-embedd&dyambiae adult, pupal, and larval specimens by
IHC and ISH. The study yielded the main findings ak%$. AQAChEL expression
mainly localizes in the CNS including the brairg thoracic ganglion, and the abdominal
ganglion.AgAChE1 is functional to hydrolyze ACh in the CNS. g&me time, minor
expression appears in the PNS, such as base ohard@d midgut. Furthermore, ISH
confirmed thargacel encode®gAChEL that is functional in the cholinergic synap$e
the CNS. The signal sensitivity of ISH is lowernhH&C, but ISH can provide mRNA
transcript information. Utilizing both IHC and IS localize protein and gene

expression can provide information of temporal gpatial expression patterns.

IHC technique has been used successfully in AChéiest (Girard et al., 2004).
AChEL inC. pipiens, B.germanica and some other insects also plays a fundamengl rol
for the hydrolysis of ACh at synapses (Bourgsieti., 1996; Kim et al., 2006). This

study concluded tha8gAChEL is a true functional AChE. EncodedAwnacel, the
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protein was expressed mainly in the CNS such a&e tlobes of brain, the neuropile of
thoracic and abdominal gangl®gAChE1L plays an essential role in synaptic
transmission of. gambiae, and probably involves in the organophosphorus and
carbamate insecticide resistance. Nonethelesfinttiags showed thadgAChEL1 exists

the peripheral nervous system (PNS) as well (Figlre

The Asian tiger mosquitdédes albopictus) is maninly a vector for dengue fever and
other diseases (Novak992).A. albopictus were first found in North America in 1985
(Sprenger and Wuithiranyagool, 1986). Its AChE imatsbeen studied. Interestingly, the
AChE antigen ofA. albopictus was recognized from the sections of paraffin-endieed@.
albopictus adult, pupal, and larval specimens by usdgdChE1 antibody. The signals
were investigated in the brain and thoracic gamgtibtheA. albopictus adults and the
abdominal ganglion oA. albopictus larva by IHC. The AChE antigen should be AChE1
of A. albopictus. This indicated that the sequenceAgAChEL shares high similarity

with the AChE ofA. albopictus.

When an antibody localizes the protein expressidissues, the specificity of the
antibody is critically important (Burry, 2000). Tkeecificity of antibody binds to
appropriate epitopes of the protein. Therefore sfexificity must be determined.
Immunoblotting analysis is the best way to evaldlagespecificity of an antibody (Burry,
2000). The study showed that absorption is aniefftanethod to absorb the cross
reacting antibodies. Alternatively, the specifitibody can be synthesized from the

specific epitopes. For exampgAChEL has 11 epitopes (see chapter IV Figure 2).
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After AQAChEL aligns with some related proteins, the egisofpom less similar regions

can be used to synthesize specific antibodies.

Agacel mRNA transcripts mainly localize in the neuropitedacell bodies. The findings
suggested thatgacel encodes activAgAChEL and the gene expression mainly
associated with synaptic transmission at cholimesgnapses. Spatial expression patterns
of Agacel in the CNS were almost the same as many othertispecies, such aB,
germanica, P. xylostella, in where moreace genes are transcribed (Bagtlal., 2005;

Kim et al., 2006). Moreover, based on the obsemataf IHC and ISH in this study, it
was clear that the brain is an ideal tissue andmi@mmhlocation for determining the

Agacel andAgAChE1 expression patterns.

Sense and antisense probes are becoming incrgagomllar within situ hybridization.
Antisense provides excellent specificity and highsstivity (Wang et al, 1998). It
promises to detect low abundance mRNAs in tissagose while sense probe is a good
negative control. Most researchers have achieveellertresults with RNA probes,
which need to avoid RNA contamination and degradatin contrast, single-stranded
DNA as a probe has many advantages without abal#gmns. The hybridization
procedure is easy to operate by using sense arsese strand DNA probes. Even so,
few published papers used this method in insectA{&H due to the difficult
optimization of asymmetric PCR conditions to ina@#he yield and efficiency. Once
some critical techniques are grasped, then ibioad way to manage ISH. This study

shows the successful experience that researcheis @mploy single strand DNA probes
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to look into mRNA transcript locations.

In eukaryotes, there are endogenous antisense RiNA&) regulate gene expression
(Knee and Murphy, 1997; Rgsok and Sioud, 2003). iSpaty, they compete with sense
transcripts or affect splicing, RNA interferencéRtransport, mRNA stability, even
translation (Li and Murphy, 2000; Vanhee-Brossotet ¥aquero, 2000). Antisense
RNAs disturb the hybridization. It is why some satgiappear from sense probes. In
some cases, the levels of MRNA are even lowerttiatevels of antisense transcripts
(Murphy and Knee, 1994). Therefore, the most imprsérategies of ISH are the

inclusion of several controls as described below.

ISH is a long procedure with complex conditions déal with potential problems, there
are some controls to include. For example: (1) ilyhing the actin mRNA is an ideal
positive control, because it is a housekeeping gbnadantly expressed in most living
cells. If there is no signal detected using actobps, problems may be from
hybridization procedure, mRNA degradation fromues or techniques of tissue
preparation. (2) Unlabeled sense and antisense [@bl#es as controls check the
background noise. (3) In all process of ISH, alledbsense probe for use as a negative
control. (4) The slides treated by RNase befordiegtpon of the labeled sense and

antisense probes. This is also a good negativieatda test the background.

The research showed that DIG-labeled sense argkasé strand probes were

successfully used for ISH. To increase ssDNA prfhieiency, some methods have been
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tried in this study. (1) Optimizing PCR conditiom® strongly needed. Asymmetric PCR
requires extensive optimization from primer deggthe amount of template, activity
conditions, and number of amplification cyclesIsattone can generate reasonable
amounts of products. (2) It is important to identtie proper primer ratios. It allows
mainly production of the sense or antisense stEAd4 at certain starting materials and
conditions. From this experiment, a 1000:1 mol&oraf the two primers changed to
2000:1 molar ratio of primers, resulting in muckdelsDNA but increased efficiency. (3)
Optimizing probe denature temperature is a keywtadadsDNA denaturation but allow
ssDNA to denature. (4) Adding 1% unlabeled sensismse strand DNA into labeled
antisense/sense probes help reduce background (®igased on my experience, in
order to increase hybridization efficiency and eéase the background noise, it is
necessary to purify the probes to remove DIG-dUidP@her non-probe materials. (6)
Using higher probe concentration or longer hybatan time compensates the low

probe concentration or efficiency.

In summaryAgacel appears to encode actidgAChEL mainly in the CNSAgGAChEL
associates with synaptic transmission. The sergamiisense strand DNA probes
successfully localizAdgacel mRNA transcripts. The techniques could be empuloge
other insect ISH studies. The information gainexdfAgacel andAgAChEL expression

patterns provides direct evidence for its functiomgvo.
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Figure 1. The rabbit anfgAChE1 polyclonal antibody work efficiency determiios.
Dil.: dilution. M: marker. 1: 1st boost. 2: 2nd &0 C: Pre-immunization. 100 ng

AgAChE1 per lane. Development time 3.5 min.
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Figure 2. Dot blotting analysis of the rabbit aAAChE1 antibody absorption. The
antibody was absorbed BWAChE2. 38 ngAgAChEL orAgAChE2 per dot.

Development time 5 min.
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Table 1. The spatial and temporal expression pegtter

A. gambiae Brain Ganglion PNS
Adult # +# +
Larva +# #
Pupa +#

+: The signals were showed from IHE.The signals were showed from ISH.
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Figure 3.AgAChE1 expression detection by IHBgAChE1 antigen was stained in blue
or brownish-black in the tissues. The sectionigi6from the paraffin-embedded
mosquito specimens. A: Thoracic ganglia of adetintrol. B: Thoracic ganglia of adult -

treatment. C: Brain of pupa — control. D: Brairpopa — treatment. E: Brain of larva —
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control. F: Brain of larva — treatment. Arrows icalie the signals.

139



Figure 4. TheAgAChEL antibody took effect in other mosquito tissuéiC was
performed on the Asian tiger mosquifa élbopictus) in paraffin-embedded mosquitoes

(6 um) by usindAgAChE1 antibody. A: Brain and thoracic ganglia otithd- control. B:
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Brain and thoracic ganglia of adult - treatmentT@oracic ganglia of adult - control. D:
Thoracic ganglia of adult - treatment. E: abdomgeaiglia of larva — control. F:
abdominal ganglia of larva — treatment. Color g#ation is in the neuropile of ganglia,
but not in the cell bodies. The antigen was stainddue or brownish-black. Arrows

indicate the signals.
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Figure 5. AGAChEL expression detection at antennal and guengyMHC.AgAChEL1
antigen was stained in blue on the tissues. Th#&ses 6 um from the
paraffin-embedded mosquitoes. A: Base of antefiadwt — control. B: Base of
antenna of adult — treatment. C: Signal in the stogastric nervous system. Arrows

indicate the signals.
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TGTTGGCTACTGGGT GCAGGGOGGAT TCGOOGGT GATGACGOCCCACGT GOOGT CTTCCOGTCCATTGT TG
GCCGTOOCCGT CACCAGGGT GTARRBGT CGGT AT GGGCAACAAGGACT CGTACGT CGGT GAT GAGGCCCAG
TCCAAGOGT GGTATCCTCACCCT GAAGT ACCCGAT CGAGCACGGT ATCATCACCAACT GGGATGATATGGA
GAAGATCTGGCACCACACCT TCTACAAT GAGCT GOGOGT CBOCCOGGAGGAGCACCCAGT CCTGCTGACCG
AGGCCCCGCT GAACCCGAAGGCT AACCGCGAGAAGAT GACT CAGAT CATGT TTGAGACCT TCAACTCGCCG
GOCATGTACGT CGOCAT CCAGGCOGT GCTGTOGCTGTACGCT TCOGGT CGTACCACCGGTATTGTGCTGGA
CTCOGGEOGAT GGTGTCTCOCACACCOGT COCAAT CTATGAAGGT TATGCTCTGOOGCACGOCATCCTCOGTC
TGGATCTGGCTGGTCGOGAT CTGACCGACTACCT GATGAAGAT CCTGACCGAGOGOGGCTACTCGTTCACC
ACCACGGCT GAGCGT GAAAT TGT CCGT GACAT CAAGGAGAAGCT GT GCTACGT CGCTCTGGACT TCGAGCA
GGAAAT GBOCACCGOOGCT GOCT CGACCT COCT GGAGAAGT CGT ACGAGCT TCCOGACGGT CAGGTCATCA
CCATTGGCAACGAGOGT TTCOGCT GOCOGGAGGCT CTGT TCCAGCCGT OGT TCCTGEGTATGGAATCGTCG
GGCATCCACGAGACCGT CTACAACT CGAT CAT GAAGT GOGACGT CGACAT COGT AAGATCTGTACGCCAAC
ACTGTCCTGTCCGGT GGTACACCATGTACCCGGGT AT TGCCGAT CGTATGCAGAAGGAAATCACTGCCCTT
GOCCOGT CCACCAT CAAGAT CAAGAT CATCGCT COCCCAGAGCGIBGT ACT COGT CTGGATOGGTGGATC
CATCCTGGEOCTOGCTGTCCACCT TCCAGGOCAT GTGGATCTCCATTTTAGGAGTACGACGA

Figure 6.Agactin probes for ISH from the nucleotide sequenédgactin EST
(BX063031). The full-length cDNA cloned from gambiae adult (Gomez et al., 2005).
The open reading frame (ORF) is from nucleotidéd®Bucleotide 967. The start codon
and stop codon are shaded in pink. The probes8@ucleotides long in red. The
forward primer is from nucleotide 131 to 157 in tedlerlined. The reverse primer is from

nucleotide 293 to 319 in red underlined.
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-32
ATGCTTATGCAATECGCT CTCCGCCCGT GCCHMBBGAGAT CCGAGGGCT GCTGATGGGTAGACTACGGTTA
GGACGGCGGATGGT TCCGCT GEGT CTGCT CGGOGT GACCGCGCT GCTACT AAT CCTGOCACCCT TCGOGCT
GGT GCAGGGOCGGECACCACGAGCT CAACAAT GGT GOOGCCAT CGGAT CGCAT CAGCT GTCGGCT GCCGOCG
GTGTTGGOCT TGOCT CCCAGT COGOCCAGT COGGAT OGCT CGCAT COGGT GTGATGT CATCOGT TCCTGCT
GOCGGAGCGT CATCCT CCTCCTOGT OGT CGCT GCT GT CAT CGT CAGCCGAGGACGACGT GGOGOGCATTAC
TCTCAGCAAGGACGCAGACGCATTTTTTACACCATATATAGGT CACGGT GAGT COGTACGAATTATAGATG
CCGAGT TGGGCACGCT CGAGCAT GTCCACAGT GGAGCAACGCCGOGGOGACGCGGOCT GACGAGGCGOGAG
TCAAACT CGGACGOGAACGACAACGAT COGCT GGT GGT CAACACGGAT AAGGGGCGCATCOGOGGCATTAC
GGT CGAT GOGOCCAGCGGCAAGAAGGT GGACGT GTGGCT CGGCAT TCCCTACGCCCAGOCGOOGGT CGGGE
OGCTACGGT TCOGT CAT CCGOGGOOGECCGAAAAGT GGACCGGCGT GCTGAACACGACCACACCGCCCAAC
AGCTGOGT GCAGAT CGT GGACACCGT GT TOGGCGACT TCCCGEECGCGACCAT GTGGAACCOGAACACGCC
CCTGT CCGAGGACT GT CTGTACAT TAACGT GGT GGCACCGCGACCOOGGOCCAAGAAT GOGGOCGT CATGC
TGTGGATCT TCGEOGGEOGACT TCTACT COGGCACCGOCACCCT GGACGT GTACGACCACCGGGOGCT TGCG
TCGGAGGAGAACGT GAT CGT GGT GTCGCT GCAGT ACCGOGT GGCCAGT CTGGGCT TCCTGT TTCTCGGCAC
COCGGAAGOGOCGGGCAAT GOGGGACT GT TCGAT CAGAACCT TGOGCT ACGCT GGGT GOGGGACAACATTC
ACCGGT TCGGT GGOGAT COGT CGCGT GTGACACT GT TCGGOGAGAGT GCCGGT GOOGT CTCGGTGTCGCTG
CATCTGCTGTCOGOCCT TTCOOGOGAT CTGT TCCAGOGGEGCCAT CCT GCAGAGCGGCT CGOOGACGGCACC
GTGGGCAT TGGTATCGCGCGAGGAAGCCACACT AAGAGCACT GCGGT TGEOCGAGGOGGT CGECT GCCOGL
ACGAACCGAGCAAGCT GAGCGAT GOGGT CGAGT GCCT GOGOGGECAAGGACCCGCACGT GCTGGTCAACAAC
GAGT GGGGCACGCTOGGCAT TTGOGAGT TCCCGT TOGT GOCGGT GGT CGACGGT GCGT TCCTGGACGAGAC
GOCGCAGOGT TOGCT CGCCAGOGGGOGCT TCAAGAAGACGGAGAT CCTCACCGGCAGCAACACGGAGGAGG
GCTACTACTTCATCATCTACTACCT GACCGAGCT GCTGOGCAAGGAGGAGGGCGT GACCGT GACGCGOGAG
GAGTTCCT GCAGGOGGT GCGOGAGCT CAACCCGT ACGT GAACGGGGEOGEOCCGGCAGGOGATCGT GTTCGA
GT ACACCGACT GGACCGAGCOGGACAACCCGAACAGCAACCGGGACGOGCT GGACAAGAT GGT GEGOGACT
ATCACTTCACCT GCAACGT GAACGAGT TCGOGCAGCGGT ACGOOGAGGAGGGCAACAACGT CTACATGTAT
CTGT ACACGCACCGCAGCAAAGGCAACCCGT GGOCGOGCT GGACGGEGOGT GAT GCACGGOGACGAGAT CAA
CTACGT GT TCGGOGAACCGCT CAACCCCACCCT CGGCTACACCGAGGACGAGAAAGACT TTAGCCGGAAGA
TCATGCGATACTGGTCCAACT TTGOCAAAACCGGCAAT CCAAAT COCAACACGGCCAGCAGOGAAT TCCCC
GAGT GGCCCAAGCACACCGOOCACGGACGGCACT ATCT GGAGCT GGGOCT CAACACGT CCTTCGTCGGTCG
GGGCCCACGGT TGAGGCAGT GTGOCT TCT GGAAGAAGT ACCT TCCOCAGCTAGT TGCAGCTACCT CGAACC
TACCAGGGCCAGCACCGCCT AGT GAACCGT GCGAAAGCAGCGCAT TTTTTTACCGACCTGATCTGATCGTG
CTGCTGGTGTOGCT GCT TACGEOGACCGT CAGATTCATACAATRBTTA 2217

Figure 7.AgAChE1 probes for ISH from the nucleotide sequedegAChELl EST

The EST (BM629847) has 4,106 bp (nucleotide -2328(04). The forward primer is
from nucleotide -1 to 18 in red under lined. Theerse primer is from nucleotide 285 to
360 in red under lined. The antisense and sensep@re 307 oligonucleotides in red
color in 3% exon, which is between the two single shaded otides at nucleotide 215
and 572 in green. The start codon and stop codosladed in pink. The probe segment
is chosen from the beginning of the ORF. This redjas less identical nucleotides

betweemnPAgAChE1 andAgAChE2.
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Figure 8. Analysis oAgactin probes by gel electrophoresis. 1: Beforeliabe- dsDNA.
2-5: ssDNA. 2: DIG-Labeled sense probe. 3: DIG-laett@ntisense probe. 4: Unlabeled

sense strand DNA. 5: Unlabeled antisense strand.DNA

145



Figure 9. The efficiency determinationAdactin probes by dot blotting.
A: DIG-labeled sense probe, 21.8 ng. B: DIG-labealetisense probe, 22.5 ng.

(1) 430 ng, (2) 43 ng, (3) 4.3 ng, (4) 0.43 ng dsCACR products.
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Figure 10. Analysis oAgAChEL probes by gel electrophoresis. 1: Beforeliage-
dsDNA. 2-5: ssDNA. 2: DIG-Labeled sense probe. &-Dabeled antisense probe. 4:

Unlabeled sense strand DNA. 5: Unlabeled antisstnaad DNA.
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Figure 11. The efficiency determinationAJAChE1 probes by dot blotting. A:
DIG-labeled sense probe, 20.2 ng. B: DIG-labeldtanse probe, 26.8 ng. (1) 261 ng,

(2) 26.1 ng, (3) 2.61 ng dsDNA PCR products.
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Figure 12. Localization of\gactin mRNA transcript in larval tissues by ISH. Teztions
were hybridized with DIG-labeled sense and antisgmebes. A: Larval cuticle treated
with sense probe as a negative control. B: Lanvatle hybridized with antisense probe.
C: Larval brain treated with sense probe as a nagebntrol. D: Larval brain hybridized
with antisense probégactin antigen stains dark-blue on the tissues.wWsrimdicate the

signals.
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Figure 13. Localization o\gacel mRNA in larval tissues by ISH. The sections were
hybridized with digoxigenin-labeled sense and @mis® probes. A: Larval brain treated
with sense probe as a negative control. B: Larahthybridized with antisense probe.
Color precipitation is on the neuropile and the betlies of the brain from antisense
probe hybridization. The signal from sense hybaton only showed on the cell bodies.
C: Larval abdominal nerve treated with sense pasba negative control. D: Larval
abdominal nerve hybridized with antisense probéA@lgE1 antigen stains dark-brown

on the tissues. Arrows indicate the signals.
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Figure 14. Localization ofgacel mRNA in adult tissues by ISH. ISH using a
DIG-labeledAgacel sense or antisense probe on an adult sectigkdut brain treated
with sense probe as a negative control. B: Ad@irbhybridized with antisense probe.
Color precipitation is from three brain lobes —tpaerebrum (forebrain), duetocerebrum
(midbrain), and tritocerebrum (hindbrain). C: Adtiibracic ganglia treated with sense
probe as a negative control. D: Adult thoracic diantgybridized with antisense probe.

AChEL1 antigen stains brown on the neuropile ofgaeglia. Arrows indicate the signals.
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Figure 15. Localization o\gacel mRNA in pupal tissudsy ISH. ISH using a
DIG-labeledAgacel sense or antisense probe on an adult sectigpupel brain treated
with the sense probe as a negative control. B:lgupan hybridized with the antisense
probe. Color precipitation is strongly on the d¢mtdies and three lobes of the brain from
antisense probe hybridization. The signals fronsegmobe hybridization showed on the
cell bodies and three lobes of the brain as wallyweaker compared with the signal from

antisense probe hybridization. Arrows indicatedigmals.
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CHAPTER VI

SUMMARY



Vertebrate and invertebrate acetylcholinesteraS€s, EC 3.1.1.7) terminate
acetylcholine action at cholinergic synapses. Béwegtarget enzymes of
organophosphorus and carbamate pesticides, AChEthain genes have been isolated
from susceptible and resistant insects to studyrblecular basis of target site
insensitivity. Recombinant expression and charaaon of highly purified wild-type
and mutant AChEs serve as a reliable platformtigaysng structure-function

relationship.

The African malaria mosquité\nopheles gambiae (Diptera: Culicidae), possesses two
AChE genesdcel andace?). The molecular and biochemical propertieajambiae
AChEs remain unknown. The existence of complextasce mechanisms makes it
difficult to correlate directly a mutation with tipenotype. These issues negatively
impact the development of highly selective insedés against this principal vector of

malaria.

In this study, a cDNA fragment of AChE1 was subeldfrom amA. gambiae EST and
expressed iigpodoptera frugiperda (§21) cells. The purification scheme was optimized.
After baculovirus amplification and expression, timal concentration aAgAChE1
reached 5ug/ml and was purified 2.5x$6olds in a three-step purification procedure
including ion-exchange and affinity chromatograpfis process took approximately
eight hours and yielded 51% of the protein neardgeneity. From 600 ml culture

supernatant, 476 g of the protein was obtaineld avgpecific activity of 523.1 U/mg.
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AgAChE1 biochemical properties were characterizeshalyzed théAgAChE1 sequence
and derived useful information about its propertidse best range fexgAChE1L reaction
with acetylcholine is pH 7.0-8.5. The enzyme migdaas a single band at 65 and 130
kDa positions on SDS-polyacrylamide gels under cedpand nonreducing conditions,
respectively. Whil&y’'s of AQAChEL for ATC, ABMTC, PTC, and BTC were
comparable, th¥n.S were substantially different: 209, 122, 84 abduM/min/mg, in
the order givenAgAChE1 hydrolyzes ATC much faster than BTC, suggestinat the
enzyme is a true AChE. This is consistent withultsfrom the inhibition assays. The
ICs0s showed thaAgAChE1 was highly sensitive to inhibition by eserared
BW284C51, but was less sensitive to it by ethopzopa Thek; and theKy of six
inhibitors forAgAChE1 were 4.00 x £0~ 2.19 x 1M min* and 1.19 x 18~ 9.90 x
10® M. Thek; ranges from 0.06 ~ 53.62 minAgAChE1 is most sensitive to malaoxon
and BW284C51, least so to carbaryl and ethopropaZine affinity of BW284C51 was
about 1.21 x 1D-fold greater than the affinity of carbaryl. Thatal may help to better

understand the development of insecticide resistanthe African malaria mosquito.

To characterize spatial and temporal expressidenpstof a gene and to detect its protein
product, immunohistochemistry (IHC) amdsitu hybridization (ISH) are commonly

used, respectively. In this work, IHC showed thgAChEL protein predominantly exists
in the central nervous system (CNS) (brain and ig@nof A. gambiae larvae, pupae, and
adults. The protein is found in the peripheral nes/system (PNS) as well, such as the
base of antennal and mid-gut nerveé&ofambiae adults. We prepared the sense and

antisense DNA probes by asymmetric PCR under opgichconditions. ISH indicated
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thatAgacel transcripts exist primarily in the CNS. Thesaulesssuggested that the main
function of AQAChEL is in cholinergic synapses of the CNS to biydre acetylcholine.
The hybridization signals were clearly detectedlenneuropile or three brain lobes and
cell bodies of the CNS using the antisense proigma®% were much weaker when sense
probe was appliedrgAChEL is a physiologically relevant enzyme for Aigfdrolysis at
cholinergic synapses. These findings further suppatAgAChEL should be considered
as a target enzyme for selective anticholinesteagsat design to suppress the African

malaria mosquito.
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