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Abstract

BACKGROUND—Insecticide resistance in the malaria mosquito, Anopheles gambiae, is well
documented and widespread agricultural use of pyrethroids may exacerbate development of
resistance when pyrethroids are used in vector control. We have developed carbamate
anticholinesterases that possess a high degree of An. gambiae: human selectivity for enzyme
inhibition. The purpose of this study was to assess the spectrum of activity of these carbamates
against other mosquitoes and agricultural pests.

RESULTS—Experimental carbamates were potent inhibitors of mosquito acetylcholinesterases,
with 1Csq values in the nanomolar range. Similar potencies were observed for Musca domestica
and Drosophila melanogaster enzymes. Although meta-substituted carbamates were potent
inhibitors, two ortho-substituted carbamates displayed poor enzyme inhibition (ICsq = 1076 M) in
honey bee (Apis mellifera), Asian citrus psyllid (Diaphorina citri), and lepidopteran agricultural
pests (Plutella xylostella and Ostrinia nubilalis). Enzyme inhibition results were confirmed by
toxicity studies in caterpillars, where the new carbamates were 2- to 3-fold less toxic than
propoxur and up to 10-fold less active than bendiocarb, indicating little utility of these compounds
for crop protection.

CONCLUSION—The experimental carbamates were broadly active against mosquito species but
not agricultural pests, which should mitigate selection for mosquito insecticide resistance by
reducing agricultural uses of these compounds.
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1 INTRODUCTION

Insecticides remain the principal component of the integrated management approach for the
control of vector borne diseases.! If available, residents of malaria endemic countries sleep
under insecticide treated nets (ITNs) to reduce malarial transmission.2 3 Currently,
pyrethroids are the only class of insecticides approved for use in ITNs due to their high
efficacy, excito-repellent properties, and low toxicity to mammals.3: 4 Pyrethroids have been
effective in controlling the malaria vector, Anopheles gambiae (Giles) for a number of years,
but the increased prevalence of pyrethroid resistant mosquitoes, primarily through a sodium
channel mutation (kdr), has reduced the efficacy of ITNs and is forcing researchers to
develop new mosquitocides with a novel modes of action.® Besides malaria, diseases such as
dengue fever/dengue hemorrhagic fever (vector: Aedes aegypti), lymphatic filariasis (vector:
Culex quinquefasciatus), and West Nile virus (vector: Aedes albopictus) are also highly
prevalent and often deadly. Of large concern is the viral infection dengue fever, that is
estimated to hospitalize 500,000 people annually and approximately 2.5 billion people are
deemed at risk for the disease.® It is apparent that the design of novel mosquitocides is
necessary for the reduction of vector-borne disease transmission and minimizing mosquito-
borne deaths.

Acetylcholinesterase (AChE) is a well-validated insecticide target site that has been
exploited for many years through the use of organophosphates and carbamates.” AChE is a
serine hydrolase necessary for regulation of the neurotransmitter acetylcholine in human and
insect central nervous systems, and anticholinesterases react with a serine residue located at
the catalytic site to inactivate the enzyme.” The inactivated enzyme is no longer capable of
hydrolyzing acetylcholine, resulting in the buildup of acetylcholine (Ach) in the nerve
synapse, leading to convulsions and death.” Although highly toxic to insects, toxicity to
humans through concurrent human AChE inhibition® has limited the uses of
anticholinesterases in malaria control programs.

Insecticide resistance in mosquitoes due to agricultural uses has been documented and
specifically affects insecticide design for disease control. For example, widespread
agricultural use of pyrethroids has been implicated in exacerbating development of
resistance to insecticides with the same mode of action, thus reducing the effectiveness of
ITNs.® It has been suggested that irrigated agriculture and crop spraying has subjected
mosquito vectors to selection in the larval stages, especially with pyrethroids.® 10
Development of more selective insecticides with reduced toxicity to agricultural pests could
mitigate resistance selection by reducing or eliminating use on crops.

We have synthesized a collection of phenyl substituted carbamates that possess novel
structures and increased An. gambiae:human selectivity at the enzyme level 111213 The
objective of the present investigation was to determine the activity of these experimental
carbamates to other mosquito disease vectors and agricultural pests, in an effort to further
explore species selectivity and to evaluate any advantageous properties for resistance
management. The activity of the experimental carbamates was compared to three
commercial materials. The commercial carbamates propoxur and bendiocarb were selected
for this study because they are WHOPES approved for mosquito control (http://
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www.who.int/whopes/Insecticides IRS Malaria_25 Oct 2013.pdf?ua=1), and carbofuran
was used because of its potent and broad spectrum of insecticidal activity.12

2 EXPERIMENTAL METHODS

2.1 Inhibitors, solvents, and assay reagents

Propoxur (99% purity), bendiocarb (99% purity), and carbofuran (99% purity) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Experimental carbamates were
prepared as described in Hartsel et al., 2012.12 All experimental compounds were purified
by column chromatography and/or re-crystallization and are >95% pure by 1H NMR
analysis. Structures of the experimental carbamates referred to in this study are shown in
Figure 1.

Ellman assay* reagents are composed of acetylthiocholine iodide (ATCh; = 99% purity),
5,5’-dithiobis-(2-nitro)benzoic acid (DTNB; 99% purity), and sodium phosphate buffer, all
of which were purchased from Sigma-Aldrich (St. Louis, MO, USA). Molecular sieve UOP
type 3A were purchased from Sigma (St. Louis, MO, USA) and were used to prevent water
absorption within the DMSO stock. Fifty beads were added into a 100 mL stock solution.
These sieves have a diameter of ~2 mm, a pore size of 3A, and a water absorbing capacity of
> 15%. The solvents, dimethyl sulfoxide and absolute ethanol were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2 Insects and enzyme sources

Wild type Anopheles gambiae AChE (An.gAChE; Diptera: Culicidae) was prepared from
mosquitoes provided by the Center for Disease Control (Atlanta, GA) that were reared from
the egg stage at the University of Florida (Department of Entomology and Nematology,
Emerging Pathogens Institute, Gainesville, FL, USA). Anopheles albimanus AChE
(An.aAChE; Diptera: Culicidae), Anopheles quadrimaculatus AChE (An.gAChE; Diptera:
Culicidae), and Aedes aegypti AChE (Ae.aAChE; Diptera: Culicidae) were cultured at the
United States Department of Agriculture, Agricultural Research Service (Gainesville, FL,
USA). Aedes albopictus AChE (Ae.bAChE; Diptera: Culicidae) was extracted from insects
provided by Dr. Phil Kaufman at the University of Florida (Department of Entomology,
Medical and Veterinary Laboratory, Gainesville, FL, USA). Culex quinquefasciatus AChE
(CgAChE) was extracted from susceptible mosquitoes supplied by Dr. Bill Walton at the
University of California, Riverside, cultured for over 40 years. The housefly, Musca
domestica (MdAChE; FS strain; Diptera: Muscidae), was also provided by Dr. Phil
Kaufman at the University of Florida and has been in culture for over 40 years. Drosophila
melanogaster (DMAChE; Orgeon-R wild type strain; Diptera: Drosophilidae) was cultured
at the University of Florida (Department of Entomology and Nematology, Emerging
Pathogens Institute, Gainesville, FL, USA). Asian Citrus Psyllids, Diaphorina citri
(DcAChE; Hemiptera: Psyllidae) were provided by the Department of Entomology and
Nematology, Lake Alfred CREC station, University of Florida (Gainesville, FL, USA). Apis
mellifera (Ap.mAChE; Hymenoptera: Apidae), were provided by Dr. James Ellis of the
University of Florida (Department of Entomology, Bee Unit, Gainesville, FL, USA).
Ostrinia nubilalis (OnAChE; Lepidoptera: Crambidae) were purchased from French
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Agricultural Research (Lamberton, MN). Plutella xylostella (PXAChE; Lepidoptera:
Plutellidae) was provided by Dr. Anthony Shelton of Cornell University (Ithaca, NY, USA).
Neither lepidopteran species as provided are known to possess resistance to any insecticides.
Acetylcholinesterase enzymes were obtained from groups of ten whole non-blood fed adult
female mosquitoes, three housefly or bee heads, six whole bodied fruit flies, twenty whole
bodied psyllids, or twenty lepidopteran heads. Each enzyme preparation was from tissue
homogenized in 1 mL of ice-cold sodium phosphate buffer (0.1 M, pH 7.8) containing 0.3%
Triton x-100, with an electric motor driven glass tissue homogenizer. The homogenate was
centrifuged at 5000 x g at 4 °C for 5 minutes. The supernatant was used as the crude enzyme
source for the Ellman assay without further purification.

2.3 Enzyme inhibition assays

ICsq values (concentration needed to inhibit 50% of control enzyme activity) were
determined using slight modifications of the Ellman et al. protocol** outlined in Jiang et al.
(2013).13 Briefly, 10 L of enzyme solution was added to each well of a 96-well micro assay
plate, along with 20 uL of dissolved compound and 150 L of ice-cold phosphate buffer.
The assay plate was incubated at 25°C for ten minutes. Ellman assay reagents, ATCh (0.4
mM, final conc.) and DTNB (0.3 mM, final conc.), were prepared fresh for each experiment
and 20 pL was added to the enzyme to initiate the reaction. Changes in absorbance were
recorded by a DYNEX Triad spectrophotometer (DYNEX Technologies, Chantilly, VA,
USA) at 405 nm. Six inhibitor concentrations were used in triplicate to construct
concentration-response curves using Graphpad Prism 4 (GraphPad Software, San Diego,
CA, USA). Inhibitors were prepared using DMSO and contained a final concentration of
0.1% DMSO (v/v) for each inhibitor concentration. Enzyme concentrations used were
within the linear range of measured catalytic activity, therefore eliminating the need for
protein quantification. ICsq values for each species were calculated by nonlinear regression
using Prism™ (GraphPad Software, San Diego, CA, USA). All data were fit to a sigmoid
curve with r2 > 0.98 in all experiments and Hill slope values > 0.8. The nonlinear regression
equation used was as follows:

Y=bottom+(Top—Bottom)/(1+10"(LogECs;,—x) * Hill slope)

where x = the logarithm of the concentration and Y = the response.

2.4 Topical toxicity assays

Topical toxicity bioassays were performed based on the method of Pridgeon et al (2008).1°
Briefly, insects were chilled on ice for three minutes (one minute for Anopheline
mosquitoes), during which the appropriate volume (200 nL for mosquitoes, 1 uL for
lepidopteran larvae) of chemical (dissolved in 95% ethanol) was applied onto the abdomen
of the insect using a handheld Hamilton® microapplicator. For each compound, five doses
were applied to ten insects each, and repeated three times. An ethanol-only treatment was
included in each experiment as a negative control. Insects were transferred into holding
containers covered with netting. Mosquitoes had free access to sugar water and the
caterpillars were provided food substrate for the duration of the experiment. Mortality was
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recorded at the 24-hour time point. Mortality data was pooled and analyzed by log-probit
using Poloplus® to determine 24 hour LDgq values. Three LDsq values were obtained and
the mean LDsq value was used for statistical analysis.

2.5 Statistical Analyses

ICsq values were averaged (n = 3 replicates, minimum) and compared by a one-way
ANOVA followed by Tukey’s multiple comparison test using GraphPad InStat™ (GraphPad
Software, San Diego, CA, USA). ICgq values were compared for each inhibitor among
mosquito species and for each species among all inhibitors (Table 1 and Table 2). Mortality
was recorded 24 hours post treatment and an LDsgg was calculated using Poloplus®. Three
LDsq values were obtained and the mean LDsg value was used for statistical analysis. For all
toxicity assays, control mortality was corrected for using Abbot’s formula.16

3 RESULTS

3.1. Mosquito enzyme sensitivity

The 1Cxq results of mosquito enzymes, presented in Table 1, show that carbofuran displayed
more potent inhibition across all mosquito species than all other methylcarbamates. Among
commercial carbamates, the rank order of potency was always carbofuran > bendiocarb >
propoxur (Table 1). Within each mosquito species, carbofuran was found to be
approximately 10-fold more potent than the least potent commercial carbamate, propoxur,
and about 3-fold more active than bendiocarb. Each difference in potency was statistically
significant within a given species. In contrast, no statistical significance of inhibition
potencies was observed across mosquito species for any commercial carbamate (Table 1).

The inhibitory potencies of experimental carbamates for the six mosquito species were
usually in the range of either bendiocarb or propoxur, but in some cases approached that of
carbofuran (Table 1). For An.gAChE, compounds matched the activity of bendiocarb (1, 2,
4) or propoxur (3, 5). Compounds 1 and 4 were similar in activity to carbofuran against
An.aAChE, as they were significantly more potent than propoxur and bendiocarb, whereas 2
was similar to bendiocarb and 3 and 5 were similar to propoxur (Table 1). For An.gAChE, 2
was intermediate in potency between propoxur and bendiocarb, 1 and 4 were similar to
bendiocarb, and 3 and 5 were similar to propoxur. Compound 4 on Ae.aAChE was
intermediate in potency between propoxur and bendiocarb, while 5 was less active than
propoxur. The other compounds matched either bendiocarb (1) or propoxur (2, 3) in
potency. Compound 1 on Ae.bAChE approached the level of activity of carbofuran, 4 was
equal to bendiocarb, 2 and 3 equaled propoxur, and 5 was less active than propoxur. For
CgAChE, 5 matched the potency of propoxur, while the others were equal to carbofuran (1
and 2) or fell between bendiocarb and propoxur (3 and 4), with 4 being the more potent of
the two.

Among the Anopheles spp. studied, experimental compounds 1 and 4 were the most active
and essentially equipotent (ICgg ca. 100 nM), but 4 had less activity against the other
mosquito species (Table 1). Compounds 1 and 2 were experimental inhibitors containing a
meta-substituted side chain (Fig. 1). Of these two, compound 1 was the more potent
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carbamate, typically by about 2-3 fold, or up to 4-fold for Ae.aAChE, against all mosquito
species, except CQAChE. Compound 2 was only more potent than 1 against CQAChE (about
2-fold). Compound 4 was found to be the most potent experimental inhibitor containing an
ortho-substituted side chain (Fig. 1) in all mosquito species studied; however, 4 was
approximately two-fold less potent when compared to 1 in both Aedes and Culex mosquitoes
(Table 1). Potency differences for ortho-substituted experimental carbamates (least potent
ICsp/most potent 1Cgg), when compared within a mosquito species, ranged from 3.2-fold
(Ae.bAChE; compounds 3 and 4) to 6.1-fold (An.gAChE; compound 4 and 5). Across all
compounds and all mosquito species, SR ratios were < 2, indicating little difference (Table
1).

3.2 Agricultural pest enzyme sensitivity

Five pest species and one economically important pollinator were studied to determine the
activity of carbamate AChE inhibitors to agriculturally relevant insects (Table 2). For the
commercial insecticides bendiocarb and propoxur, the former was uniformly more potent
against all species tested (Table 2). Bendiocarb was found to be 3- and 461-fold more potent
against PXAChE and 8- to 243-fold more potent against ONAChE when compared to the
most (1) and least potent (5, using a 100 uM value) experimental inhibitors. Within a given
lepidopteran species, all experimental inhibitors were significantly less active (P < 0.05)
when compared to bendiocarb, whereas 1 and 2 were found to be greater than, and equally
potent to propoxur, respectively. Of the commercial carbamates, propoxur was significantly
more potent against PXxAChE when compared to OnAChE, while no significant differences
in inhibition potencies was observed between the two lepidopteran species with bendiocarb.
The inhibition potency of 1, the most potent experimental inhibitor, was significantly less
than bendiocarb and significantly more active than propoxur, for both lepidopteran insects.
When assessing the range of activity of experimental carbamates against lepidoptera,
inhibitor 1 was shown to be > 150-fold and 27-fold more potent than 5, the least potent
inhibitor, against PXAChE and OnAChE, respectively (Table 2).

The acetylcholinesterases of the pestiferous flies, Drosophila melanogaster and Musca
domestica, were significantly more sensitive to inhibition by all standard and experimental
carbamates when compared to PXAChE, OnAChE, or DCAChE (Table 2). The most potent
commercial inhibitor, bendiocarb, was significantly more active against DmAChE but not
against MAAChE when compared to Ap.mAChE or DCAChE. Against the fly species,
bendiocarb was shown to be 2.6-fold (MdAChE) to 3.9-fold (DmAChE) more potent than
propoxur. Experimental inhibitor 4 was not significantly different from the potencies of
bendiocarb for both fly species, and was the most potent experimental inhibitor with 1Cgq
values 21- to 13-fold more active than 5 (the least active compound) against DmAChE and
MdAChE, respectively (Table 2).

Inhibition potencies with the serious citrus pest DCAChE showed 1Csgq values for
commercial carbamates that were intermediate between those of lepidopteran and dipteran
species (Table 2). For the experimental insecticides, 1 was the most potent inhibitor
(matching bendiocarb) and was 1.6-fold more potent than 2, the other meta-substituted
experimental methylcarbamate (Fig. 1). The experimental carbamates possessing an ortho-

Pest Manag Sci. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swale et al.

Page 7

substituted side chain were 8- to 48-fold less active against D. citri when compared to 1
(Table 2). Within DcAChE, all inhibition potencies of experimental carbamates were
statistically significantly different from that of bendiocarb, except for 1, which was more
potent than all the other experimental inhibitors tested.

The economically important pollinator, Apis mellifera, displayed a wide range of enzyme
inhibition potencies that appeared to be based upon the position of the substituted side chain.
Similar to D. citri, all ortho-substituted inhibitors were substantially less potent when
compared to meta-substituted compounds (Table 2). A 19-fold difference in 1Cgq value was
observed between propoxur and bendiocarb, whereas a 170-fold difference in inhibition
potency was observed between 1 and 5, the most and least potent of the experimental
carbamates. For the experimental carbamates, a 2.4-fold difference was observed among
meta-substituted compounds, and up to a 14-fold difference was observed among the ortho
substituted compounds. The experimental inhibitors 1 and 2 were not significantly different
in potency when compared to bendiocarb, but were significantly more potent than all other
inhibitors on Ap.mAChE. The ICgq value of 4 was not significantly different from the ICsg
value of propoxur against Ap.mAChE, but was significantly different when compared to the
potency values of 4 against all other species (Table 2).

3.3 Selectivity of carbamates on enzymes from mosquitoes and agricultural pests

Selectivity ratios (SR) were calculated from An. gambiae ICgq values, since the
experimental carbamates were designed to control this particular species of mosquito (Table
2). When compared to An.gAChE, O. nubilalis displayed up to a 194-fold increase
(compound 4) in ICsq value, whereas the commercial carbamate bendiocarb had ICgq values
for these species that differed by only 2-fold. This pattern of decreased inhibition potencies
was also observed with Plutella xylostella AChE, as experimental inhibitors displayed a
statistically significant decrease (e.g., 492-fold; compound 4) in inhibition, whereas
bendiocarb showed no significant difference in SR between An.gAChE and PxAChE.
Interestingly, the commercial carbamate propoxur displayed a 7-fold decrease in potency
between PXAChE and An.gAChE, a substantially smaller decrease when compared to
bendiocarb. Propoxur was 15-fold selective for An.gAChE compared to O. nubilalis, but
was 13-fold less selective than 4 (194-fold overall) when considering this same species
comparison (Table 2). Similarly, compound 4 was found to be 97-fold more selective than
bendiocarb for An.gAChE compared to OnAChE. The overall range of the selectivity ratios
of An. gambiae and P. xylostella were generally similar to those observed with O. nubilalis.
Propoxur and bendiocarb showed little selectivity (<7-fold) between An.gAChE and that of
P. xylostella, whereas the experimental carbamates ranged from 5- to 490-fold selective.

Commercial carbamates were found to be poorly selective (0.3- to 2-fold) over the
AN.gAChE enzyme for DCAChE and Ap.mAChE (Table 2). Experimental carbamates 1-3
had values similar to propoxur and bendiocarb, but 4 and 5 were more selective. Selectivity
of experimental carbamates ranged from 0.9-fold (compound 2) to 30-fold (compound 4),
the latter of which is 15-fold more selective than either commercial carbamate studied
(Table 2). Similarly, propoxur was only 2-fold selective for An.gAChE over Ap.mAChE,
while bendiocarb was about 3-fold more active on Ap.mAChE enzyme compared to
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An.gAChE. Experimental carbamates 1, 2, and 3 were negatively selective for Ap.mAChE
compared to An.gAChE (SR < 1); however, 4 and 5 were 11- and 12-fold more active,
respectively on An.gAChE than Ap. mAChE (Table 2).

The flies, DMmAChE and MdAChE, were found to be highly sensitive to all carbamates, with
ICsq values greater than or equal to those found for An.gAChE, and which often yielded SR
ratios < 1 (Table 2). Greatest negative selectivity for the flies (5-fold) was observed with
propoxur and bendiocarb against DmAChE, and was similar to that observed with MAAChE
(3-fold). Similar levels of selectivity for fly enzymes was observed for compounds 3 and 4.
Compound 2 was the most selective inhibitor studied for both DmAChE and MdAChE with
SR values of 1.3 and 2-fold, respectively (Table 2).

3.4 Toxicity of methylcarbamates to mosquitoes and European corn borer

Toxicity of carbamates was assessed through topical bioassays to determine LDsg values
(Table 3). For mosquitoes, sensitivity to all carbamates was An. gambiae = Ae. aegypti > Cu.
quinquefasciatus (all significantly greater LDsq values in Culex except 5). Within a species,
experimental carbamates were found to differ in toxicity by approximately 20-fold to An.
gambiae and Ae. aegypti and 6-fold to Cx. quinquefasciatus. Compounds 1 and 5 were the
most and least toxic to An. gambiae and Ae. aegypti, respectively, whereas 1 and 2 were
most and least toxic to Cx. quinquefasciatus. These data also support the in vitro data, as 1
and 5 were the most and least potent enzyme inhibitors against their respective enzyme
sources (Table 1). It is interesting to note, 1 and 4 are equipotent inhibitors of An.gAChE
and Ae.aAChE yet 4 is 2.5-fold less toxic to the adult mosquitoes. The two commercial
carbamates had toxicities to An. gambiae and Ae. aegypti adults that were essentially
matched by compound 1 (Table 3). The other experimental carbamates were less toxic, with
2 having significant activity, but less for compound 5. Toxicity of all carbamates but 5 to
Cx. quinquefasciatus was 2- to 6-fold less when compared to An. gambiae (Table 3).

Interestingly, both commercial and experimental carbamates possessed significantly reduced
toxicity to Ostrinia nubilalis of between 2- to 30-fold (Table 3). When compared within this
species, bendiocarb was found to have an LDgq of 4 ng/mg, 24-fold more toxic than the
most toxic experimental carbamate (1). Otherwise, experimental carbamates and propoxur
were all toxic at low microgram doses to Ostrinia. Propoxur was shown to possess relatively
high selective toxicity for An. gambiae over O. nubilalis. However, the most selective
experimental carbamate (1) was shown to be 1.7-fold less toxic than propoxur. The least
selective experimental carbamate (5) was shown to be as selective as bendiocarb in the
toxicity studies (Table 3). The relatively low toxicity of the experimental carbamates to O.
nubilalis are consistent with the poor potency against lepidopteran AChE that was observed
in the in vitro enzyme experiments.

4 DISCUSSION

All the mosquito species studied were sensitive to the experimental carbamates (Table 1),
and experimental carbamates 1 — 4 were found to be toxic at low nanogram doses (Table 3),
which suggests they could be useful for controlling a variety of mosquito borne diseases.
Past literature reports that alkyl substituents at the meta position of the phenyl ring are
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generally more potent inhibitors than substitutions at the ortho position.1”- 18 Although this
structure-activity relationship was true for the compounds and insects tested at that time, this
trend was not observed for potency against mosquitoes, as 1 and 4 were nearly equipotent in
all five mosquito species studied. Among the ortho-substituted carbamates, propoxur and 5
both possess an alkoxy linkage to the phenyl ring while 3 and 4 are thioethers (Figure 1).
The structural similarities between 5 and propoxur likely explain the similar inhibition
potencies observed across all mosquito species; however, propoxur was more toxic than 5
(Table 3). It is interesting to note that although both 3 and 4 are thioethers substituted in the
ortho- position, 4 is approximately four-fold more potent than 3 across all mosquito species.
This loss of potency could be due to reduced structural flexibility or hydrophobicity of 3
compared to 4. The high activity observed with 4 was reduced four- to five-fold by replacing
the sulfur with an oxygen (5), confirming a previous observation that oxygen in this position
reduces activity.12 Similarly, meta substitution of a silicon group in the side chain of 2
caused a reduction in AChE inhibition potency when compared to the tert-butyl group of 1,
suggesting the longer silicon atom bond length reduces binding within the catalytic site in all
mosquito enzymes except CqAChE, where 2 had the highest observed potency of any
experimental carbamate (Table 1). Unfortunately, the high enzyme inhibition potency of 2
did not translate into a low LDsgq for Cu. quinquefasciatus, suggesting that pharmacokinetics
factors are responsible. Although we did not perform toxicity studies on D. melanogaster or
M. domestica, the high enzyme inhibition potency of the experimental carbamates suggests
that they would be potent lethal agents on these species.

Although the experimental carbamates were found to possess high activity against mosquito
species and low activity against human (0.23 uM-113 pM) and avian enzymes (1 pM—250
uM)13.19 it s also critical to understand the activity of the chemicals to agricultural pests.
Broad-spectrum insecticides were once favored for commercialization due to the ability to
target numerous pests with the same chemical. However, insecticide resistance of
mosquitoes due to agricultural uses has been documented, and specifically affects
insecticide design for disease control. Widespread agricultural use of pyrethroids has been
implicated in exacerbating development of resistance to insecticides with the same mode of
action when used in ITNs.® Currently, lepidopteran insect pests are considered to be the
most important insect pest of maize in Africa, and are the cause of substantial food loss
throughout the continent.20 Specifically, Chilo partellus (Swinhoe; Lepidoptera: Crambidae)
is a lepidopteran stem borer known to cause large amounts of economic damage in Eastern
Africa.20 The European corn borer, Ostrinia nubilalis (Lepidoptera: Crambidae), was
studied due to its relatedness to Chilo partellus in an effort to determine the activity of novel
carbamates to lepidopteran pests. The present results show high selectivity for An.gAChE
over lepidopteran AChE enzyme with experimental carbamates (Table 2). In toxicity studies
(Table 3), lethal activity against Ostrinia caterpillars was up to 4-fold less than propoxur and
38-fold less than bendiocarb, suggesting advantageous properties for mitigation of resistance
selection of An. gambiae populations through reducing the ancillary uses of the chemicals in
crop pest control.

Low potency of mosquitocides against the honey bee, Apis mellifera, is equally as important
as the low activity against agricultural pests as honey bees represent a economically critical
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insect pollinator. Additionally, pesticides are postulated to serve a principal role in the
phenomenon termed Colony Collapse Disorder?!: 22. 23, suggesting insecticides with
minimal activity against A. mellifera are of obvious interest. The novel carbamates with
meta-positioned side chains showed at best no increase in selectivity for A. melliferaand D.
citri, whereas the ortho-substituted carbamates were up to 12- and 30-fold selective for
mosquitoes, respectively (Table 2). These data suggest ortho-substituted, branched
carbamates comprise a promising approach to more selective carbamates against An.
gambiae and Ae. aegypti based upon the high mosquito activity, poor agricultural insect
activity, and poor activity against Ap.mAChE.

CONCLUSION

The potent inhibition of mosquito AChE, previously documented levels of low human and
mouse enzyme activity3 and low mouse oral toxicity!®, when coupled with the low activity
to agricultural insects, suggest these carbamates could be useful for mosquito control
programs. The general lack of activity against agricultural pests suggests avoidance of cross
resistance development in non-target species from incidental insecticide exposure from
agricultural uses.
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Figure 1.
Structures of experimental methylcarbamates used in this study
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