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a b s t r a c t

In natural populations of mosquitoes, high level of resistance to carbamates (CX) and
organophosphates (OP) is provided by insensitive acetylcholinesterase (AChE1). Different
alleles conferring resistance have been identified at the ace1 locus. They differ from the wild-
type by only one amino-acid substitution. The comparison of the biochemical characteristics
Resistance
Insecticide
Mosquito

of mutated recombinant proteins and AChE1 in resistant mosquito extracts confirmed the
role of each substitution in insensitivity. Selection of these different resistant alleles in field
populations depends likely on the insecticides used locally. Theoretical modelling studies

elop no
are initiated to dev

1. Introduction

Mosquitoes are among the most important vectors of
human disease. The use of insecticide to control them
has led to selection of resistant populations and hence to
control program failures. In many arthropods, selection of
insensitive insecticide target is a common resistance mech-
anism. This is the case of acetylcholinesterase (AChE, EC
3.1.1.7), the target of OP and CX insecticides. In Diptera,
two AChE genes are usually present (ace-1 and ace-2), and
ace1 codes the synaptic enzyme [1]. In a few Diptera, such
as true flies, only the ace-2 gene is present and codes
the synaptic AChE [2]. In mosquitoes, a single amino-
acid change, located near the active site of the synaptic
AChE1, is sufficient to provide a high resistance level. To
date, only three single amino-acid substitutions have been
described: G119S in Culex pipiens, C. vishnui, Anopheles gam-

biae and A. albimanus; F290V in C. pipiens and F331W in
C. tritaeniorhynchus (according to Torpedo californica AChE
nomenclature), suggesting a very high structural constraint
of the AChE1 enzyme [3–5]. These substitutions have been
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shown to provide insensitivity by means of in vitro exper-
iments with mutated recombinant enzymes [3,4,6,7]. Our
aim is to understand how resistance-associated mutations
are selected in natural populations in order to delay its
occurrence and its spread. The present study focuses on
characterization of mutated recombinant AChE1 proteins
and their biochemical properties. Preliminary data are pre-
sented.

2. Materials and methods

2.1. Mosquito samples

Two C. pipiens reference strains were used: the suscep-
tible one SLAB [8] and the resistant homozygous G119S
SR [9]. ACE-R strain homozygous for the F290V mutation
was established from the Mitsero population collected in
Cyprus in 1987 [10]. C. tritaeniorhynchus larvae harboring
the F331W AChE1 were sampled in China in 2003 [6].
2.2. Site-directed mutagenesis

Expression vectors pAc5.1/V5-His (Invitrogen) contain-
ing C. pipiens WT and G119S AChE1 complete coding
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ig. 1. Comparison of residual AChE1 activities of recombinant enzymes (b
ng doses of insecticides. For each mutated AChE1, only one insecticide is
ChE1 are included as control (squares).

equences were already described [3]. Mutations were
ntroduced into the WT vector by means of a PCR-based
trategy [4,6].

.3. Production of wild-type and mutated AChE1 in
rosophila S2 cells

S2 cells (20 × 106) were transfected using Fugene6
Roche), in OptiMEM medium, according to the manufac-
urer protocol. Cells were maintained in serum-free Schnei-
er’s medium to prevent AChE activity from foetal bovine
erum. Four days after transfection, cells were collected
y centrifugation at 250 × g for 3 min and homogenised
n 500 �l phosphate buffer (0.25 M, pH 7.0) containing 1%
riton X-100. The homogenate was centrifuged for 10 min
t 9000 × g and the supernatant was used as source of
nzyme, after dilution in phosphate buffer.

.4. AChE1 inhibition characteristics

The relative AChE1 activity was determined spectropho-
ometrically at room temperature, as described by Ellman
t al. [11], using 100 �l of supernatant containing the
ecombinant AChE1 WT, G119S, F331W or F290V. Inhibi-
ion curves were performed by incubating samples (100 �l)
or 15 min with 10 �l of inhibitor solutions at various con-
entrations. We then added 100 �l of 1.6 mM substrate
nd residual AChE1 activity was estimated by measuring
hanges in optical density at 412 nm for 15 min. We anal-
sed three to five replicates for each assay. Replicates were

erformed with distinct batches of production.

The irreversible inhibition reaction is pseudo-first order
nd the residual activity follows the equation [E]/[E0] =
−kit[I0], when inhibitors are in excess compared to enzyme.
i is the bimolecular rate constant, t represents time of

able 1
imolecular velocity constant (ki) and resistance ratio to organophosphates and c

esticide class Insecticide ki (1/mol/s)

WT G119S

arbamates Aldicarb 167 50
Propoxur 2895.4 0.029
Eserine 48135.2 948.5

rganophosphorous Dichlorvos 1711.5 373.9
Malaoxon 3209.01 43.03
Paraoxon-ethyl 4557.2 37.9
Paraoxon-methyl 6261.5 26.5
Fenitroxon 17114.7 252.5
Chlorpyrifos-oxon 54236.9 89.9
bols) and mosquito head extracts (empty symbols) in presence of increas-
nted. Residual activity of susceptible head extract and WT recombinant

incubation and [I0] is the initial inhibitor concentration.
Insensitivity ratios were calculated by dividing the ki of
wild-type (WT) recombinant AChE1 by the ki of mutated
recombinant AChE1.

2.5. Three-dimensional modelling

Three-dimensional structures of AChE1 were created by
automated homology modelling using T. californica and D.
melanogaster AChE as previously described [12]. RMS devi-
ation is 1.1 Å on 528 carbon atoms.

3. Results and discussion

Different insensitive AChE1 were characterized on indi-
vidual mosquitoes from different field samples using the
biochemical TPP test [13]. The cDNA of ace1 were then
sequenced from homozygous resistant individuals and
compared with susceptible ones. Once identified, the muta-
tions were introduced into an expression vector containing
the wild-type ace1 cDNA to produce the mutated recom-
binant enzymes in Drosophila S2 cells. Then, sensitivity to
10 insecticides was investigated to compare the recom-
binant AChE1s with the enzyme extracted from resistant
mosquito heads (Fig. 1). The superimposition of inhi-
bition patterns of recombinant and mosquito extracted
enzymes for all insecticides (data not shown) confirmed
the role of each AChE1 mutation in resistance. The different
mutated AChE1 displayed a strong insensitivity to specific
insecticides (Table 1), and there was a good relationship

between the highest insensitivities (resistance ratios) and
the insecticide(s) used locally in control programs. Thus,
F290V allele was observed in resistant C. pipiens sam-
pled in Cyprus Island where the main insecticide used is
dichlorvos. F331W is the resistant allele found in C. tritae-

arbamate insecticides observed in wild-type (WT) and mutated AChE1

Resistance ratio (WT/mutant)

F290V F331W G119S F290V F331W

7 N/A 3 25 –
58 49.4 99624 50 59
8852 1006.7 51 5 48

25 11.2 5 68 153
372 60.6 75 9 53
917 381.3 120 5 12
N/A 217.6 237 – 29
181 16.2 68 95 1053
14531 3500.7 604 4 15
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Fig. 2. 3D view point of the entrance of the catalytic gorge of AChE1. The b
(a) The catalytic triad is represented as black sticks. G119, F290, F331 are
represented in dark grey: (b) the G119S, (c) the F290V and (d) the F331W.

niorhynchus from China where the species is controlled by
the use of fenitrothion and dichlorvos. G119S resistant allele
was found in C. pipiens from France, where chlorpyrifos has
been the only insecticide used to control this species until
the late 1990s.

Using a structural model of C. pipiens AChE1 created by
automated homology, the mutated positions were located.
The 119 position is close to the catalytic Serine (S200)
and the G-to-S substitution would reduce accessibility to
inhibitors and substrate by steric hindrance (Fig. 2b). F331
is implicated in substrate guidance, as a component of
the choline binding site (Fig. 2c). Substitution affecting
this position would alter stabilization of intermediates.
Also due to its bigger size, tryptophane residue might
reduce accessibility for other ligands [14]. The F290 (Fig. 2d)
belongs to the acyl binding pocket and is involved in sub-
strate specificity. Although this substitution involved a
residue smaller than the WT, it might hamper the gorge
entrance because of a loss of stabilization process [15].
These residues are important features of cholinesterases,
particularly of acetylcholinesterase which has been natu-
rally selected for its high catalytic activity. Therefore, these
mutations in AChE may affect normal cholinergic function
leading to a selective disadvantage as demonstrated for the
G119S AChE1 in C. pipiens [16]. Further work includes the
determination of specific activity and enzymatic stability
to estimate relative selective value, and crystallization for
structural studies.
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