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ABSTRACT

Culex mosquitoes, as well as being vectors of filariasis and Japanese encephalitis,
are a world wide biting nuisance. Organophosphorus insecticides (OPs) have been

widely used to control Culex populations. Resistance to OPs has occurred and is

typically mediated by the increase in non-specific esterase activity. The two

esterases involved are classified as ’A’ and 'B’ esterases with respect to their
preference for the substrates - or 8- naphthyl acetate. The commonest phenotype

involves two elevated esterases, A, and B,, which occur in complete linkage

disequilibrium. The over expression of esterase B, is due to gene amplification.

Initially, in order to further study the molecular biology of OP resistance, full

length cDNAs coding for both A, and B, esterases were isolated and sequenced

from an OP resistant Sri Lankan strain of Culex quinquefasciatus, PeIRR.

The B, esterase cDNA was isolated with PCR using primers sharing homology
with the B, esterase cDNA and has 97.4% homology with esterase B, at the
amino acid level. This confirmed that the B esterases belong to an allelic series.

Partial genomic sequences of B, esterase from PelRR and four other OP resistant

Culex strains were identical. This suggests that the initial B, esterase amplification

has occurred only once. However, the cDNA sequence of a B, esterase cDNA

isolated from an OP resistant Cuban strain of Culex quinquefasciatus, MRES, was
different to that of the previously published B, esterase gene sequence. At the
genomic level, the haplotype of the Cuban B, esterase gene, based on EcoRl1
endonuclease analysis, was also different, suggesting that the initial B, esterase

gene amplification event has occurred at least twice. A B esterase cDNA from an
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OP susceptible strain, PelSS, has also been partially sequenced. PelSS was derived
from the same ongins as Pe]lRR but its B esterase cDNA sequence and haplotype

of the gene are different. Thus, the B, esterase gene conferring OP resistance, as

well as being amplified, is only found in the resistant strain, PeIRR.

The A, esterase cDNA was isolated by screening a PelRR cDNA expression

library with an anti-A, antiserum. The cDNA coded for a protein of 540 amino

acids (the same as B, esterase) and shared 47% amino acid homology with B,
esterase. This strongly suggests that the two genes arose from a duplication of an

ancestral counterpart. Furthermore, screening of a PeIRR genomic library with

A, and B, esterase gene probes suggests that the two esterase genes, A, and B,,

are situated in tandem within the genome.

PCR was used to amplify the coding region of the PeIRR A, esterase cDNA and
this was co-transfected into the baculovirus expression system. The recombinant

virus expressed an active A esterase.
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Chapter 1

CHAPTER 1: GENERAL INTRODUCTION

1.1 XENOBIOTIC RESISTANCE

Synthetic chemicals have been increasingly used as insecticides, herbicides and

chemotherapeutic agents. They are used to treat bacterial, viral and parasitic

infections as well as cancers and to control vectors of disease. Their extensive use
has lead to a comparative increase in the tolerance of the target cells or

organisms to the chemical. Since these chemicals are so effective, in time, they

are bound to select for resistance. The consequence of this xenobiotic resistance
is of great economic importance as well as a serious health risk. The
pharmaceutical industry and research scientists alike are under great pressure
therefore to overcome resistance as the range of available chemicals become
increasingly useless in combating infection and controlling the vectors of disease.
A clear understanding of the processes involved in resistance will obviously aid

the production of new chemicals and hence research into the mechanisms of

resistance must be maintained.

Over the past twenty years, research in the drug resistance of bacteria and the

enormous breakthroughs in recombinant DNA techniques have significantly
broadened our understanding of the molecular mechanisms of resistance. Drug
resistance can be broadly classified as intrinsic (natural or de novo resistance) or
acquired. In intrinsic resistance the organism, or cell in question, was resistant at
the time treatment began. In acquired resistance the organism, or cell became

resistant subsequent to the start of treatment. For a recent review see Hayes &

Wolf, 1990.
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Chapter 1
Although an intrinsic resistance to novel chemicals seems at first surprising, it
must be pointed out that all organisms are constantly under attack from a large
number of foreign (xenobiotic) agents. During the course of evolution a basal
resistance to all such challenges will have equipped the organism with defence
against such attacks. Since most drugs have been developed recently, intrinsic
resistance to such drugs 1s likely to have evolved independently. Such resistance
will not necessarily be possessed by all members of a population due to

polymorphic variation but it is likely to be widespread throughout the population.
The mechanisms of intrinsic resistance are not always understood and reports
simply state that a cell or organism does not respond to exposure to a

chemotherapeutic agent. The most studied of intrinsic resistance mechanisms 1s
that of the heat shock proteins (hsp’s). The hsp’s were originally discovered to be

expressed when cells were put under hyperthermic stress and have since been
shown to be expressed when cells are exposed to a range of other stresses. kor

a recent review see Schlesinger, 1994,

Acquired drug resistance describes the emergence of a resistant strain or cell line

from a previously susceptible population. In many cases the resistance acquired
is not solely towards the drug in question but may also be observed to a range of

other chemicals, leading to cross-resistant strains.

1.2 ACQUIRED INSECTICIDE RESISTANCE

Organic synthetic insecticides such as the organochlorine DDT, were introduced

in 1946 to control mosquito populations. In 1947, the first DDT resistant mosquito

strains were seen in Florida. These were the salt marsh mosquitoes Aedes

taeniorhynchus and Aedes solicitans (for a historical review see Brown, 1986).

17



Chapter 1
The four major groups of insecticides now being used worldwide are
organophosphates (OPs), organochlorines (of which DDT is the most common),
carbamates and pyrethroids. These groups of insecticides target the nervous
system. The OPs and carbamates target acetylcholinesterase (AChE), which

terminates the neurotransmission signal of acetylcholine by hydrolysis to acetate

and choline. Inhibition of AChE by the insecticide therefore, causes repeated
firing of neurones as the acetylcholine can not be hydrolysed. This leads to the

death of the insect. The pyrethroids and some organochlorines (not the
cyclodienes) target the sodium ion channels of the nervous system and the

cyclodienes target the y-amino butanoic acid (GABA) receptor, with similarly

lethal results.

By 1992, 56 anopheline and 46 culicine mosquito species throughout the world
were resistant to insecticides (WHO, 1992). Furthermore, multiple resistance to
all insecticide groups in the same population has been seen in both anopheline
and culicine species and since 1985, the number of new incidences of resistance
in mosquitoes, whether of a country, species or insecticide has increased by 88

(WHO, 1992). The number of people suffering because of increased resistance is

also on the rise. Today, over 250 million people infected with malaria and other
vector borne diseases such as dengue are also on the increase both geographically

and 1n terms of infected people (WHO, 1992).

The various biochemical mechanisms of insecticide resistance include reduced
insecticide delivery, decreased insecticide influx, increased insecticide efflux,

reduced Insecticide metabolic activation, increased insecticide deactivation,

insecticide sequestration, increased concentration of target sites, structural

18
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alterations in target sites and increased repair of damaged target sites (Hayes &
Wolf, 1990). The following mechanisms are those most commonly found in insects

to confer resistance.

1.3 MECHANISMS OF INSECTICIDE RESISTANCE

1.3.1 Metabolic resistance
Metabolic resistance mechanisms account for most forms of insecticide resistance

discovered to date and are caused by three main enzyme groups. They are the

cytochrome P450 mono-oxygenases (P450s), the glutathione S-transferases (GSTSs)
and the carboxylesterases. These enzymes act by either sequestering or
metabolizing the insecticide. Both actions prevent the insecticide from reaching
its target in a sufficiently lethal dose. The catabolized insecticides are generally
more hydrophilic than their parent compounds and this aids their removal from

the 1nsect.

1.3.1.1 Esterases
The esterase involvement in resistance has received the most attention of the

three enzyme groups and hence the greatest advances have been made in this

field. Generally, esterases are involved in resistance to OPs, carbamates and in
some species, pyrethroids. Changes seen in the esterases can be broadly divided
into quantitative or qualitative and both mechanisms prevent the insecticide from

reaching its target site.

Resistant insects with qualitatively altered esterases show no apparent increase
in the amount of esterase but an increase in the turnover of insecticide by an

altered esterase. To date, malathion carboxylesterase is the only qualitatively

19
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altered esterase known to be involved in insecticide resistance. In the house fly
Musca domestica, the esterase has been shown to hydrolyse the carboxylester
bonds of malathion (Matsumura & Hogendijk, 1964). The only other OP with
carboxylester bonds is phenthoate and a malathion type esterase from a Culex
strain has been shown to be associated with phenthoate resistance (Georghiou,
1969). This mechanism has also been seen in the mosquitoes Anopheles stephensi

from Pakistan (Hemingway, 1982), Anopheles arabiensis from Sudan (Hemingway,
1983), Anopheles culicifacies from India (Malcolm & Boddington, 1989) and Culex

tarsalis (Prabhaker et al, 1987) where the resistance is associated with w, the
white eye mutant (Calman & Georghiou, 1970). This type of malathion resistance

has also been identified in the small brown planthopper Laodelphax striatellus
(Sakata & Miyata, 1994), the two-spotted spider mite Tetranychus urticae
(Matsumura & Voss, 1965) and the sheep blowfly Lucilia cuprina (Parker et al.,
1991). In L. cuprina the esterase E3, located in the microsomal fraction, is coded
for by the OP resistance-related locus Rqp., and maps to chromosome 4 (Hughes
& Raftos, 1985). Native polyacrylamide gel electrophoresis (native PAGE) gels
of homogenates of susceptible and OP resistant individuals showed that the E3

from the resistant strain was unable to catalyse the breakdown of a- or 8-naphthyl

acetate but the E3 from the susceptible strain could (Parker et al., 1991).

The correlation between insecticide resistance and quantitative changes in
esterase activity has been established using esterase substrates such as a- and 8-
naphthyl acetates. The correlation can also be substantiated by synergistic studies
with carboxylesterase inhibitors such as DEF (S,S,S-tributyl phosphorothionate),
IBP (S-benzyl O,0-diisopropyl phosphorothionate) and TPP (triphenyl phosphate)
(Georghiou & Pasteur, 1978; Hemingway, 1982; 1983; Hemingway & Georghiou,
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1984; Magnin et al., 1988; Hemingway et al., 1989b; Bisset et al., 1990; Wirth et
al., 1990). These powerful inhibitors irreversibly bind to the active site of the

esterase.

There are many reports of Culex strains which show that elevated esterase activity
is associated with resistance. These include Culex quinquefasciatus (Georghiou &
Pasteur, 1978; Hemingway & Georghiou, 1984; Raymond et al., 1987; Magnin et
al., 1988; Bisset et al, 1990; 1991; Hemingway et al., 1990; Peiris & Hemingway,
1990b; Wirth et al, 1990), Culex pipiens (Pasteur et al., 1981a; 1981b; Villani et
al., 1983; Maruyama et al., 1984; Fournier et al., 1987; Villani & Hemingway,
1987), Cx tarsalis (Matsumura & Brown, 1961b; Apperson & Georghiou, 1975;
Prabhaker et al., 1987) and Culex tritaeniorhynchus (Takahashi & Yasutomi, 1987).

Elevated esterase activity has also been associated with resistance in other insects
including the peach-potato aphid Myzus persicae (Needham & Sawicki, 1971;
Devonshire, 1977), the house fly Musca domestica (Kao et al., 1985a; 1985b), the
brown plant-hopper Nilaparvata lugens (Chen & Sun, 1994), the tobacco white fly
Bemsia tabaci (Byrne & Devonshire, 1991; 1993), the cockroach Blattella
| germanica (Prabhakaran & Kamble, 1993; Hemingway et al., 1993a; 1993b), the

two-spotted spider mite Tetranychus urticae (Matsumura & Voss, 1964), the
Egyptian cotton leafworm Spodoptera littoralis (Riskallah, 1983), the greenbug
Schizaphis graminum (Siegfried & Ono, 1993; Siegfried & Zera, 1994), the citrus
thrip Scirtothrips citri (Ferrari et al., 1993), the tufted apple bud moth Platynota

idaeusalis (Bush et al., 1993) and the black fly Simulium damnosum (Hemingway
et al., 1989b).
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1.3.1.2 Cytochrome P450 mono-oxygenases
P450s catalyse the reduction of molecular oxygen with the incorporation of one
oxygen atom into the substrate to give an oxidised product. The P450 O-
dealkylation of an insecticide increases its hydrophilicity and consequent efflux
from the target cell. Insect P450s are found in many insect tissues throughout
development, are present in multiple forms and are involved in the metabolism
of insect hormones, secondary plant chemicals and insecticides (Ronis &

Hodgson, 1989). In the malaria vector Anopheles albimanus, PCR with
degenerative primers based on the insect CYP4 family of P450s revealed 17
different c¢DNAs (Scott et al, 1995), demonstrating their substantial
polymorphism. Involvement of P450s in resistance has been shown in the

cockroach B. germanica (Siegfried et al., 1990), the house fly Musca domestica
(Hammock et al., 1977; Ugaki et al., 1985; Takahashi & Yasutomi, 1987; Scott &
Lee, 1993), the fruit fly Drosophila melanogaster (Waters & Nix, 1988) and the
mosquitoes Anopheles subpictus (Hemingway et al., 1991) and Cx quinquefasciatus
(Hemingway et al., 1990). A full length P450 ¢cDNA has been isolated and

expressed from a resistant strain of Musca domestica (Feyereisen et al., 1989) to

study its role in resistance. The co-expression of a P450 (CYP6A1) from a

resistant strain of house fly with house fly NADPH-cytochrome P450 reductase
in Escherichia coli (E. coli) has been undertaken (Andersen et al., 1994). This has
shown that cyclodiene insecticides are metabolised by the CYP6A1 P450. Work
on the P450-B subset of D. melanogaster has shown an increase in mRNA levels
for the P450 in resistant flies (Waters et al., 1992) and the resistance-associated
locus has been mapped to chromosome 111 tWaters & Nix, 1988). The resistance-
associated P450-B gene was smaller in size than its susceptible counterpart.

Comparisons of the P450 genes from resistant and susceptible flies showed the
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difference in size was caused by the presence of a transposable element in the
gene from the susceptible fly, not present in the resistance-associated gene
(Waters et al., 1992). The transposable element contained AUUUA sequences

and it has been shown that this sequence can lead to mRNA degradation (Shaw

& Kamen, 1986). Thus, the absence of this sequence in the resistant strain was

thought to be involved in the stability of the P450-B mRNA and therefore, the

increased expression of the P450. However, further work on a large number of

resistant and susceptible strains showed that the presence of the transposable

element was not linked to resistance (Delpuech et al., 1993).

Most OPs are used in the field in their phosphorothionate form. This form of the
insecticide has low mammalian toxicity, is stable and due to its hydrophobicity,

easily crosses the insect integument. Once inside the target cell, P450s convert the
thionate to 1ts oxon form, by the substitution of a sulphur atom. for an oxygen
atom. In Musca domestica, antiserum raised against P450 has been shown to
inhibit the conversion of chlorpyrifos into its active oxon analogue, chlorpyrifos-
oxon (Hatano & Scott, 1993), demonstrating the role of P450 in thionate to oxon
- conversion. The oxon analogues are extremely good inhibitors of the AChE target
and these forms of the OPs are either hydrolysed or sequestered by resistant
insects. For instance, the insecticidal effect of the oxon, malaoxon, compared to
its thionate, malathion, on AChE in Cx tarsalis is 2000 times greater (Matsumura

& Brown, 1961b).

1.3.1.3 Glutathione S-transferases (GSTs)
GSTs catalyse reactions in which the sulphur atom of glutathione provides

electrons for nucleophilic attack on a second electrophilic substrate. The GSTs
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cause resistance by the dehydrochlorination of DDT to DDE and the O-
dealkylation of OPs (Hayes & Wolf, 1988). They can also cause the transfer of

glutathione onto the insecticide thereby increasing its solubility and efflux from

the cell.

High levels of GST activity have been detected in resistant insect strains of the

house fly Musca domestica (Motoyama & Dauterman, 1975; 1977, Oppenoorth et

al., 1977, 1979; Ugaki et al., 1985) and the mosquitoes Aedes aegypti (Grant et al.,
1991), An. subpictus and Anopheles gambiae (Hemingway et al, 1991;
Prapanthadara & Ketterman, 1993). GSTs from Musca domestica have been

identified and purified (Fournier et al, 1992b). Two classes of GSTs have been
isolated, GST-1 and GST-2 and antisera prepared against the two classes show
no cross-reactivity between the classes (Fournier et al., 1992b). Each class appears
to contain multiple forms with different pl values. A gene encoding Musca
domestica GST-1 has been cloned and sequenced and shares a high level of
sequence identity and immuno-reactivity with GST-1 from D. melanogaster (Toung
et al, 1990). In Cornell R, a resistant strain of Musca domestica, an increased
level of mMRNA and protein of the GST-1 when compared to the susceptible strain
was seen (Fournier et al., 1992b). This was not accompanied with an increase in
signal at the genomic DNA level, suggesting that the increased GST-1 activity 1s

caused by an increased level of transcription rather than a gene amplification.

A region of the D. melanogaster genome coding for the GST-1 family has been
identified (Toung et al., 1993) and members of this family, including DmGST-1
are expressed in adult flies. There is an amino acid identity between the GST-1

family of 53-75%. This is in contrast with the low level of homology between

24



Chapter 1

DmGST-1 and DmGST-2 genes (Beall et al., 1992). In situ hybridisation studies
have shown that the two GST families are situated at distinct chromosomal loci
(Beall et al., 1992). Little is known of the control of expression of insect GSTs.
However, genetic crossing experiments between a DDT resistant and wild-type
strain of Ae. aegypti have shown that a trans-acting transcriptional repressor
controls GST-2 expression (Grant & Hammock, 1992). The DDT resistant strain
is thought to be homozygous for a non-functional repressor resulting in the

elevated levels of the GST-2 seen in the strain.

1.3.2 Structural alterations in target sites

In many cases of insecticide resistance, the target site for the insecticide has
altered to decrease the effect of the insecticide. In at least two target sites, this
alteration is caused by a single amino acid change in the site’s protein sequence.

Obviously, the alteration in the target site must preserve its natural function.

1.3.2.1 Altered acetylcholinesterase (AChE) (EC 3.1.1.7)

ACHhE is the target site for the OPs and carbamates (Gepner et al., 1978). The
altered AChE enzyme is less susceptible to inhibition by the OPs and carbamates

and hence can continue to turnover acetylcholine. This resistance has been seen
in the house fly Musca domestica (Devonshire, 1975; Moores et al., 1988), the fruit
fly D. melanogaster (Fournier et al., 1993), the aphids M. persicae, Myzus nicotianae

and Aphis gossypii (Moores et al., 1994; Suzuki & Hama, 1994; Silver et al., 1995),

the green rice leafhopper Nephotettix cincticeps (Iwata & Hama, 1972), the cattle
tick Boophilus microplus (Nolan et al, 1972), the Colorado potato beetle
Leptinotarsa decemlineata (Zhu & Clark, 1995), the two-spotted spider mite

Tetranychus urticae (Smissaert, 1964) and several mosquito strains including Cx
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quinquefasciatus (Bisset et al., 1990; 1991; Rodriguez et al, 1993), Cx pipiens
(Villani & Hemingway, 1987; Bonning & Hemingway, 1991; Rivet et al., 1994),
Cx tritaeniorhynchus (Hemingway et al., 1986b; Takahashi & Yasutomi, 1987), An.
albimanus (Hemingway et al., 1984), Anopheles nigerimus (Hemingway et al.,
1986b) and Anopheles sacharovi (Hemingway et al., 1985). The selection of this

mechanism in Culex populations has always occurred in conjunction with and after

the appearance of, the elevated esterase-based mechanism of resistance (Villan
& Hemingway, 1987; Rodriguez et al., 1993). The gene and protein for AChE
have been well characterised in the fruit fly D. melanogaster (Gnagey et al., 1987,
Fournier et al., 1992a). In insecticide resistant populations, the changes in AChE
were seen at the level of translation, leading to increased AChE production to
overcome the insecticide onslaught and also at the molecular level where a single
point mutation altered the inhibition co-efficient (k) of the AChE for the
insecticides (Fournier & Mutero, 1991; Pralavorio & Fournier, 1992; Fournier et
al., 1993). The point mutation led to one amino acid change, phenylalanine®* to
tyrosine. The OPs and carbamates form a covalent bond with the active site serine
of AChE and destroy its ability to hydrolyse acetylcholine. The binding isn't
irreversible but the AChE is phosphorylated or carbamylated (in the case of OPs

or carbamates respectively) and is only slowly regenerated over several hours. The
resistance-associated AChE has a reduced affinity for the OPs/carbamates and
effectively the insecticide no longer competes with the acetylcholine for the
AChE. The mutated amino-acid is thought to be located in the active site of the
AChE and be the cause of the low binding affinity of the insecticide (Mutero &
Fournier, 1992). Other mutations of AChE that give increased OP resistance in
D. melanogaster have also been detected and these include Phe! to Ser, Gly™

to Ala and Ile™™ to Val (Pralavorio & Fournier, 1992).
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1.3.2.2 Altered y-amino butanoic acid receptor (GABA receptor)
The cyclodienes, members of the organochlorine family of insecticides, interact
with the GABA receptor. An alteration in the GABA receptor, leading to
insecticide resistance has been demonstrated in the fruit fly D. melanogaster
(ffrench-Constant et al, 1992; Steichen & ffrench-Constant, 1994; Bloomquist,

1994), the mosquito Ae. aegypti (Thompson et al., 1993), the house fly Musca
domestica (Anthony et al., 1991), the cockroach B. germanica (Kadous et al., 1983)

and the red flour beetle Tribolium castaneum (Lin et al., 1993). As for AChE, it

has been shown that a single amino-acid change in the GABA receptor is
responsible for cyclodiene resistance. It was demonstrated that the GABA,

receptor-chloride ionophore complex antagonists competed with the cyclodienes
in vertebrate systems (ffrench-Constant et al., 1991) and thus it was assumed that
the cyclodienes interacted with a GABA, type receptor in insect systems. This
was shown in house fly brain (Deng et al., 1991). Cyclodiene resistance 1n D.
melanogaster was shown to be associated with a temperature sensitive phenotype,
Rdl (dieldrin resistance) (ffrench-Constant et al., 1993b) and chromosome walking
at the Rdl locus lead to the isolation of the gene associated with cyclodiene
resistance (ffrench-Constant et al, 1991). The gene product showed high
homology to the vertebrate GABA, receptor and was the first 1solated
invertebrate GABA receptor. Sequencing of the GABA receptor gene from
resistant and susceptible D. melanogaster populations showed that a single
nucleotide mutation caused a single amino-acid change, Ala®” to Ser, within the
second membrane spanning region of the GABA receptor channel
(tffrench-Constant et al., 1993c). The Ala to Ser mutation was unequivocally shown
to be the cause of the cyclodiene resistance using mutation studies in Xenopus

oocytes (ffrench-Constant et al, 1993a). Oocytes were injected with GABA
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receptor mRNA from the susceptible insect and the receptor was functionally
expressed and sensitive to the cyclodiene, dieldrin. However, when site directed
mutagenesis was used to mutate the single nucleotide in the mRNA which gave
rise to the Ala®? to Ser mutation, this mRNA produced a functionally active

GABA receptor in the oocyte that was insensitive to dieldrin (ffrench-Constant
et al., 1993a). The GABA receptor has also been cloned from resistant and

susceptible Ae. aegypti populations and a similar nucleotide mutation leads to the

same Ala to Ser amino-acid substitution in the resistant insect (Thompson et al.,
1993). The Ala to Ser mutation involved in cyclodiene associated resistance had
also been shown in a further three insect orders; Musca domestica (Diptera),

Tribolium castaneum (Coleoptera) and Periplenta americana (Dictyoptera)

(ffrench-Constant, 1994), demonstrating a parallel evolution of the cyclodiene

resistance mechanism.

1.3.2.3 Altered sodium ion (Na*) channel
The target site for the pyrethroids and the organochlorine DDT is the sodium 1on
channel. The resistance mechanism is known as *kdr’ (knock down resistance) or

'super kdr’ (a level of resistance greater than that seen in ’kdr’) and in the house

fly Musca domestica is caused by a reduced affinity of the target site for the
insecticide (Ahn et al., 1986a; Grubs et al., 1988; Pauron et al., 1989; Amichot et
al., 1992). Na* channel insensitivity to insecticides has also been shown in the
cockroach B. germanica (Dong & Scott, 1994) and the mosquitoes Cx
quinquefasciatus and Ae. aegypti (Amin & Hemingway, 1989; Hemingway et al.,
1989a). In the house fly, nerve insensitivity to the pyrethroid, permethrin was
shown to be recessive and crossing experiments suggested that the gene(s)

responsible for resistance was (were) on chromosome III (Ahn et al., 1986b). The
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kdr mechanism was mapped to the Na* channel gene in the house fly and a
partial cDNA was 1solated (Williamson et al,, 1993). This cDNA had a 99%
homology with the para Na® channel gene of D. melanogaster (Salkoff et al.,
1987). Using the house fly Na* channel ¢cDNA as a probe for RFLP analysis,
different RFLP patterns were seen in house flies which were pyrethroid
susceptible, those with the kdr mechanism and those with the super kdr mechanism
(the super kdr mechanism was associated with two unique RFLP patterns). The

RFLP patterns are evidence for different Na* channel gene alleles. A second D.
melanogaster Na* channel gene, DSCI, has been cloned and sequenced from
pyrethroid resistant and susceptible insects (Amichot et al, 1992). A single

nucleotide difference between the two leads to a single amino acid change. As in
the case of the altered GABA receptor (MECHANISMS OF INSECTICIDE

RESISTANCE 1.3.2.2), this change is likely to confer resistance.

1.3.3 Reduced insecticide delivery
Reduced insecticide delivery has been seen in Ae. aegypti (Matsumura & Brown,
1961a) and Culex pipiens fatigans (Stone & Brown, 1969). In these mosquitoes, a

thickening of the cuticle greatly reduces the delivery of the insecticide to the

target site. Cuticular thickening has also been shown in insecticide resistant Musca
domestica house flies (Golenda & Forgash, 1989). Further reports have
demonstrated that OP resistance in the Colorado potato beetle Leptinotarsa

decemlineata is partly due to a reduced penetration of the insecticide (Argentine

et al., 1994). Cuticular thickening leading to reduced DDT delivery has been most
studied in the house fly Musca domestica, where the penetration delaying factor

(pen) was localised to chromosome III (Sawicki & Lord, 1970).
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1.3.4 Behavioural changes
In Thailand, DDT is used for malaria control by house spraying. The mosquito
Anopheles minimus has changed its preferred resting habitat from indoors to
outdoors and this behavioural change reduces its contact with the insecticide
(Bang, 1985). However, this is a contentious issue, since the An. minimus species
is actually a complex and it is possible that the more endophilic species was wiped

out by the DDT spraying.

1.4 ESTERASE CLASSIFICATION

Esterase is the collective term for biocatalysts that have a hydrolytic action on
carboxylic acid esters and thus covers a wide range of enzymes. A classification

introduced by Aldridge (1953a; 1953b) is still used today to distinguish these

enzymes. Certain esterases are inhibited by paraoxon, while others are not.
Esterases inhibited by 0.1 uM paraoxon are termed B esterases whilst those
unaffected are termed A esterases. Studies have shown that the B esterases have
an active site serine residue and thus are also termed serine esterases (and also
| serine hydrolases). The A esterases are thought to have an active site cysteine

residue (Aldridge, 1993) and those which hydrolyse OPs are now more typically

known as the "phosphoric triester hydrolases’ (EC 3.1.8). The B esterases are now
known as the ’carboxylesterases’ (EC 3.1.1.1) (Reiner, 1993; Walker, 1993). The
exact physiological function of most carboxylesterases is not known and they are
often referred to as ’non-specific esterases’. However they are known to be

involved 1n the detoxication of xenobiotics and in fatty acid metabolism.
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1.5 CARBOXYLESTERASES (EC 3.1.1.1)

1.5.1 Classification

In mammals the majority of research has been conducted on the carboxylesterases

from rat, mouse, rabbit and human. Early research classified enzymes with
esterase activity according to their substrate specificity. This method of
classification was abandoned when it became apparent that the isolated proteins

were of a non-specific nature, being able to hydrolyse a large number of

carboxylic acid esters. Further work demonstrated that such proteins were

carboxylesterases. - These included porcine liver proline-8-naphthylamidase
(Matsushima et al., 1991), porcine pancreatic cholesterol esterase (DiPersio et al.,
1990), rat adipose tissue fatty acid ethyl ester synthase (Tsuujita & Okuda, 1992),
mouse egasyn (Medda et al., 1986), rat liver monoacylglycerol lipase (also named
palmitoyl-CoA hydrolase and aspirin-metabolizing carboxylesterase) (Mentlein ef
al., 1985a), rat liver acyl-CoA thioesterase (Alexson et al, 1993) and human
monocyte-specific esterase (Scott et al., 1992). Carboxylesterases from rat liver
cells were separated by chromatofocusing and classified according to their iso-
electric point (pI) (Gaustad et al., 1992). The isolated esterases were named 6.4,

6.2, 6.0, 5.2 and 5.0. Esterases 6.4 and 6.2 were only found in Kupffer and

endothelial cells whilst all the esterases were found in the parenchymal cells. The
mammalian esterases are now classified according to their electrophoretic
mobility in native PAGE. The slowest moving esterase is named ES-1 and the

next as ES-2 and so on (Peters, 1982; Simon et al., 1985).

In insects, most research has been carried on the carboxylesterases of D.

melanogaster. Twenty-two soluble esterases have been identified by combining the

31



Chapter 1
techniques of native PAGE and isoelectric focusing (Healy et al., 1991). As for
the mammalian system, they were named Estl througthstZZ. The house fly
Musca domestica carboxylesterases have been classified by both pI (4.8, 5.1, 5.3

and 5.6) (Kao et al., 1985a) and electrophoretic mobility (EI through EVI) (Ugaki

et al., 1983), although no attempt has been made to equate the two systems. In

the sheep blowfly L. cuprina 8 esterases have been identified using native PAGE

(E1-4, E7-9 and E13) (Parker et al., 1991). These were classified partly on the

basis of previous work which identified 16 esterases, although not all from the
same strain (Hughes & Raftos, 1985). E1 and E2 were classified as

acetylcholinesterase and E3, 4, 9 and 13 as carboxylesterases.

In Culex mosquitoes, the carboxylesterases involved in insecticide resistance have
been classified. Their classification is characterised both by their electrophoretic
mobility in sodium dodecyl sulphate polyacrylamide gel electrOphoresi§ (SDS
PAGE) and their preferential hydrolysis of a- and 8-naphthyl acetate (Georghiou
& Pasteur, 1978; Raymond et al., 1987). Esterases that preferentially hydrolyse a-
naphthyl acetate are termed A esterases while those that hydrolyse 8-naphthyl
acetate are termed B esterases. Obviously this can lead to confusion with the
Aldridge (1953a; 1953b) classification. However all these Culex esterases are B
esterases (carboxylesterases) by the Aldridge (1953a; 1953b) classification. The
subscripts 1,2 etc. denote the mobility of the esterases in native PAGE, the
slowest having the lowest numbered subscript. This system has largely broken
down, since esterases with identical electrophoretic mobility have been given
different names (Poirie ef al., 1992). Three major esterase phenotypes have been
observed in resistant populations of the Cx pipiens complex. These are A; In

Southern France and Italy (Pasteur et al., 1981a; Severini et al., 1993); B, mainly
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in the Americas (Georghiou & Pasteur, 1978; Bisset et al., 1990) and A,/B,, which
is the most common. The A,/B, esterases are always co-elevated and found

around the world (Villani et al., 1983; Raymond et al., 1987; Hemingway et al.,
1990; Wirth et al., 1990; Peiris & Hemingway, 1993; Rivet et al., 1994). However,

studies on the haplotypes of the B, esterase genes from resistant populations have
revealed that there are different B, esterase alleles for electrophoretically

identical B, esterases (Poirie et al., 1992). The peach-potato M. persicae also has

elevated esterases and they are the only other insecticide resistance-associated
elevated esterases that have been extensively studied. They are termed E4 and
FE4 (E stands for esterase and F for fast, as FE4 migrates more rapidly than E4

on native PAGE) (Devonshire et al., 1986b).

1.5.2 Physical properties

Nearly all carboxylesterases isolated to date have a monomeric molecular weight
of about 60 kDa (Heymann, 1980) and some associate into oligomeric forms.
However, the gene encoding a 23 kDa serine esterase from the cyanobacterium
Spirulina platensis, has been characterised (Salvi et al, 1994). Mammalian

carboxylesterases are stable at neutral pH, have pl values ranging from 4.7-6.5

and are often glycosylated. ES-1 from mouse is a 65 kDa glycoprotein (Kadner
et al., 1992) and ES-29 is a 130 kDa dimer (Deimling & Gaa, 1992). Human
monocyte-specific esterase is a trimer consisting of 63.4 kDa glycoprotein
monomers with a pI range of 5.5-6.1 and a human carboxylesterase from alveolar
macrophages is a trimer made up of 60 kDa monomers (Munger et al., 1991). All

the microsomal rat liver carboxylesterases are glycosylated (Robbi & Beautay,

1986; 1988) and a carboxylesterase purified from rat lung was a trimer of 60 kDa

monomeric subunits (Gaustad et al., 1991).
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The molecular weights of the purified mosquito esterases A, and B, from Cx
quinquefasciatus are 67 and 60 kDa respectively (Ketterman et al, 1992;
Jayawardena, 1992). Fournier et al., (1987), reported a B, esterase of molecular
weight 67 kDa and a dimeric A, esterase of 118-134 kDa. Typically the pl of

carboxylesterases is between pH 4.7 and 6.5 (Heymann, 1980). In mosquitoes the
Pl of A, (Ketterman et al., 1992), B, (Jayawardena, 1992), A, and B, (Fournier

et al., 1987) were 5.2, 5.1 and between S and 6 respectively. In M. persicae, the

molecular weights of the two esterases E4 and FE4 were 65 kDa and 66 kDa

respectively (Devonshire et al., 1986b). pl values of purified house fly esterases
range from 4.8 to 5.6 (Kao et al., 1985a) and D. melanogaster juvenile hormone

esterase has a pl of 5.4 (Campbell et al., 1992). Two carboxylesterases purified
from the termite Odentotermes horni have pls of 5.4 and 5.6 and are dimers of 149

kDa (Sreerama & Veerabhadrappa, 1991).

The vertebrate carboxylesterase AChE exists as polymers of catalytic subunits.
There are globular forms (G1, G2 and G4 which contain 1, 2 and 4 subunits,
respectively) and asymmetric forms (ranging from 1 to 3 tetramers of subunits

attached by disulphide bonds to a collagen-like tail) (Chatonnet & Lockridge,

1989). AChE from the Colorado potato beetle Leptinotarsa decemlineata 1s a 130
kDa dimer with a pI of 7.3 and AChE from the greater wax moth Galleria
mellonella is a tetramer of 280 kDa (Habibulla & Newburgh, 1973). D.
melanogaster AChE is a dimeric 165 kDa glycoprotein and the two active
monomers are made up of two polypeptides of 18 and 55 kDa, resulting from the
proteolysis of a 75 kDa precursor (Gnagey et al,, 1987). Studies on the D.
melanogaster AChE show that the intersubunit disulphide bond which causes

dimerisation of the two AChE monomers is cysteine 615 (Mutero & Fournier,

34



Chapter 1
1992). Cysteine 615 has been mutated to an arginine residue and this single amino
acid change prevented the formation of the AChE dimer. Similarly in the human
AChE, a mutation of cysteine 580 to an alanine resulted in only monomeric
AChE being secreted from recombinant cells (Velan et al., 1991). This mutation
did not affect the rate of catalysis or the affinity of AChE for its substrate
acetylcholine. D. melanogaster AChE has four sites of asparagine linked
glycosylation (Mutero & Fournier, 1992). This was determined by mutating

asparagine residues 126, 174, 331 and 531. Comparisons of the mutant AChEs
with the native enzyme on SDS PAGE showed that each mutation caused an

apparent decrease in the molecular weight of the AChE when compared to the

native AChE. This loss was due to the loss of the glycosylation site.

1.5.3 Chemical properties

In insecticide detoxification processes the carboxylesterases are able to catalyse
carboxylester, carboxyamide ester and carboxythioester hydrolysis (Ahamad &
Forgash, 1976). The carboxylesterases can also hydrolyse certain phosphoric acid

esters. The accepted mechanism of esterase hydrolysis is given as:

k+1 k+2 L
EH+ AB - EHAB - EA + BH - EH + AOH
K (alcohol) H,O (acid)

or in the case of an esterase inhibitor:

K; Ky
EH+1 - E + P, - EH + P,
H,0
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EH is the enzyme, AB the substrate (or I the inhibitor), EHAB (the Michaelis
complex, EA (or El) the acylated enzyme, BH (or P,) the alcohol product and
AOH (or P,) the acid product.

The rate of formation of the Michaelis complex (k,,) is thought to be diffusion
controlled and thus impossible to measure (Aldridge & Reiner, 1972). The
inhibition co-efficient, k,, is a measure of the affinity of the inhibitor (insecticide)

for the enzyme (esterase). The biological substrate of an esterase typically gives
rise to high k,, and k,, rates leading to rapid hydrolysis. The majority of

carboxylesterases involved in OP and carbamate insecticide resistance have a very
high affinity for the esterase and operate by sequestering the insecticide and thus
the inhibition coefficient (k;) is very small and the k,; rate is very low.
Sequestration has been shown for esterases B, B, and A, in Cx quinquefasciatus
and esterase E4 in M. persicae (Devonshire, 1977; Devonshire & Moores, 1982;
Ketterman et al., 1992; Cuany et al, 1993; Jayawardena et al, 1994). The
inhibition co-efficient, k;, of four insecticides for purified A, esterase paralleled
the cross-resistance spectrum of the Cx quinquefasciatus strains carrying this

elevated esterase (Ketterman et al, 1992). Cross-resistance is also seen in M.

persicae where the E4 (and FE4) esterase is able to sequester not only OPs but
also carbamates and rapidly hydrolyse the trans-isomer of the pyrethroid,

permethrin (Sawicki et al., 1978; Devonshire & Moores, 1982).

The exact physiological function of most non-specific carboxylesterases, as their

name suggests, is still not clear. Their localisation in mammalian liver and lung

implies a xenobiotic function. The microsomal carboxylesterases of the rat liver

have been shown to catalyse the hydrolysis of a large number of physiological and
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xenobiotic substrates (Mentlein et al, 1980; 1984; 1985a; 1985b). Rat
carboxylesterases are able to hydrolyse OPs (Maxwell, 1992) and the hydrolysis
of the insecticides malathion, trans-permethrin and cis-permethrin has been
demonstrated in rat and mouse microsomes (Soderlund et al, 1982). In the
mosquito Cx quinquefasciatus, preliminary studies have shown that esterases A,
and B, have acylglycerol lipase activity, indicating a possible role in lipid-fatty acid
metabolism as well as the defined role in detoxication of OPs (Ketterman et al.,

1992; Jayawardena, 1992).

The kinetics of AChE are the best defined of the carboxylesterases. AChE's

catalytic mechanism is one of the most efficient known, substrate turnover has
been shown to be 25000 molecules of acetylcholine per second and diffusion rate
limited (Bazelyansky et al, 1986). Catalysis was thought to involve electron
transfer witﬁin a catalytic triad. The determination of the three-dimensional
structure of Torpedo californica AChE (Sussman et al, 1991) showed that a
negatively charged glutamate residue was able to draw a hydrogen atom from an
adjacent histidine, which in turn could draw a hydrogen atom from the active site

serine. This enables nucleophilic attack on the substrate acetylcholine, resulting

in the acylated enzyme. When this covalent bond is hydrolysed, acetate is
released. The OPs and carbamates create a phosphorylated or carbamylated
enzyme respectively, by a similar mechanism, which is hydrolysed at a very slow
rate (Soreq et al, 1990). In AChE, the catalytic'triad is contained within the
‘esteratic’ site while the choline is held by what was known as the 'anionic’ site.
However, crystallographic data has shown that in the electric fish T. californica,
the anionic site is in fact hydrophobic in nature (Sussman et al., 1991). Mutation

studies of human AChE have shown that Trp%, in the hydrophobic site, 1s vital

37



Chapter 1

for the binding of the quaternary ammonium ion of the substrate acetylcholine

(Shaffman et al., 1992; Ordentlich et al., 1993).

1.5.4 Localisation and expression

In mammals the highest concentration of non-specific esterase activity towards

aliphatic and aromatic substrates has been found in the liver, kidney and brain,
where almost all the esterolytic activity at neutral or alkaline pH can be attributed

to carboxylesterases (Kao et al., 1985b). The carboxylesterases are predominantly
found in the microsomal fraction of these tissues and the majority are associated
with the rough endoplasmic reticulum. These include the five rat carboxylesterases

previously discussed (Classification 1.5.1; Gaustad et al., 1992), as well as ES-1
(Takagi et él., 1988), ES-10A (Robbi & Beaufay, 1988) and ES-18 (Kluge et al.,
1990). In the rat, carboxylesterases are also located in the serum (Alexson et al.,
1994), adipose tissue (Tsuujita & Okuda, 1992), pancreas (DiPersio & Hui, 1993)
and the lung (Gaustad et al., 1991). In the mouse, carboxylesterases ES-8 is found
only in the red blood cells, ES-16 only in the kidney and ES-5 only in the serum
whilst ES-1, -2 and -5 are found in the plasma but not in red blood cells and ES-

3, -7, -10 and -14 are found in the red blood cells but not in plasma (Peters,

1982).

Proteins that leave the cell have N-terminal amino acid signal sequences which
direct the protein through the endoplasmic reticulum (ER) and from the cell. As

mentioned above, most of the liver carboxylesterases are expressed within the ER

and appear not to be exported, even though they possess signal sequences. A

retention signal for soluble proteins of the ER was recently discovered which kept

proteins with signal sequences in the lumen of the ER (Pelham, 1990). In the
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majority of cases, the amino acid sequence KDEL at the carboxyl terminus of the

protein ensured its retention, although further retention signals within the
carboxylesterase family have also been determined and these include HVEL,

HNEL, HTEL (Medda & Proia, 1992) and a carboxylesterase located in the ER

of human alveolar macrophages which has the carboxyl terminal sequence HIEL
(Munger et al., 1991). This suggests that in the carboxylesterase family, HXEL
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