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The nicotinic acetylcholine receptor (nAChR) is a ligand-gated ion channel composed of 5 protein subunits arranged around
a central cation selective pore. Several classes of natural and synthetic insecticides mediate their effect through interacting at

nAChRs. This review examines the basic pharmacology of the neonicotinoids and related chemistry, with an emphasis on sap-
feeding insects from the order Hemiptera, the principle pest target for such insecticides. Although the receptor subunit stoi-
chiometry for endogenous invertebrate nAChRs is unknown, there is clear evidence for the existence of distinct neonicotinoid
binding sites in native insect preparations, which reflects the predicted wide repertoire of nAChRs and differing pharmacology

within this insecticide class. The spinosyns are principally used to control chewing pests such as Lepidoptera, whilst nereistoxin
analogues are used on pests of rice and vegetables through contact and systemic action, the pharmacology of both these insecti-
cides is unique and different to that of the neonicotinoids. © Pesticide Science Society of Japan
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Introduction

Today’s global market for insecticides is valued at $18,619 mil-
lion. The most important chemical classes are neonicotinoids
(mode of action: modulators of nAChRs; market share: 18.0%
of the total market), pyrethroids (modulators of voltage-gated
sodium channels; 17.0%), organophosphates (inhibition of ace-
tylcholinesterase; 15.3%), carbamates (inhibition of acetylcho-
linesterase; 6.7%), fermentation products (6.7%) and several
other chemical classes having less than 5% market share each
(Fig. 1).V

The insecticides for which the primary target protein is
the nAChR are currently the most commercially successful
class reaching total sales of $4028 million in 2014 with neo-
nicotionoids contributing $3345 million (83.0%), spinosyns
$533 million (13.3%) and neireistoxin analogues $150 million
(3.7%) to the total sale (Fig. 1). In 2014 inhibitors of acetylcho-
linesterase (carbamates and organophosphates) still had a mar-
ket share of 22.0% ($4091 million), slightly above the share of
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nAChR targetting molecules (21.6%; $4028 million). However,
it can be expected that due to the increasing emergence of re-
sistance and the poor intrinsic selectivity of carbamates and or-
ganophosphates for insect acetylcholinesterase over the mam-
malian form, their use will continue to decline whilst that of
nAChR targeting insecticides, particularly neonicotinoids which
display excellent insect to mammalian selectivity, will continue
to rise.

Among the compounds targeting the nAChRs, thiamethox-
am (sales 2014: $1180m) and imidacloprid ($1160m) are the
leading products, followed by clothianidin ($460m), spinosad
($310m), acetamiprid ($270m), spinetoram ($220m), thiaclo-
prid ($150m) and cartap ($140m). All other commercial prod-
ucts primarily acting at this target represent lower market shares
and only reached together sales of $138 million in 2014 (Fig. 2).

The success of the systemically delivered neonicotinoids is
due to their wide range of use in controlling hemipteran sap-
feeding insects (e.g. aphids, whiteflies, hoppers, scales etc.), fo-
liar feeding insects (e.g. Colorado potato beetle, diamond back
moth efc.) and via seed treatment against a range of soil pests
(e.g. corn rootworm, white grubs, wireworms etc.).) Despite a
heavy reliance on this class of insecticide chemistry in many ag-
ricultural systems, the neonicotinoids have proven to be relative-
ly robust to insecticide resistance development, with only a few
significant cases of resistance development documented over the
last 19 years.>¥ In all cases, resistance can be associated with
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Insecticide Market by Chemical Class 2014

® Neonicotinoids (53.345m; 13.0%)

M Spinosyns ($533m; 2.8%)

® Nereistoxins5150m; 0.8%)

B Organophosphates ($2.850m; 15.33)
= Carbamates (51.241m; 6.7%)

W Pyrethroids (53.156m; 17.0%)

= Other insecticides [ 57.344m; 39.45%)

Fig. 1. Insecticide market by chemical class.

the poor implementation of rotation management practices as
recommended by the Insecticide Resistance Action Committee
(IRAC).Z’S’S_IO)

The spinosyns (spinosad and spinoteram) are used principally
to control chewing pests, for example leafminers, but also dis-
play efficacy against certain cell-feeding insects such as thrips.
The nereistoxins are a niche market product used for controlling
certain pests in rice, vegetables and potatoes.

The development of resistance, the mounting global regula-
tory pressure leading to the dwindling of insecticide mode of
action classes combined with the necessary rise in global food
production capacity required to feed the growing global pop-
ulation, are key drivers for continued innovation in crop pro-
tection. Considering the broad pest spectrum, applicability to
various cropping systems and systemicity potential, agribusiness
companies are still searching for new nAChR modulating chem-
istry with favourable characteristics to address issues with the
current commercial neonicotinoids. Indeed, in the last few years
three new nicotinic modulating insecticides have been launched.
Sulfoxaflor, a novel sulfoximine insecticide reached the market

in 2012, flupyradifurone, a novel butenolide pharmacophore
launched in 2014 and most recently, triflumezopyrim, a new
class of mesoioinc insecticide. All compounds display excellent
activity on their target pests including those with metabolism-
based resistance to conventional neonicotinoids.!” Further ex-
amples, especially from Chinese companies for their domestic
market are currently in late development or early market intro-
duction.!” Therefore the nAChR remains an extremely impor-
tant target for invertebrate research.

1. Invertebrate nicotinic acetylcholine receptors

The nAChRs are a member of the “Cys-loop” super-family of
pentameric ligand gated ion channels.” The receptor is a homo-
or a hetero-pentamer of related subunits arranged around a
central cation selective pore. Each subunit has a large extracel-
lular N-terminal domain that contains the acetylcholine (ACh)
binding site, 4 transmembrane domains (TMD) and an enlarged
intracellular loop between TMD3 and 4, containing sites for
channel modification via phosphorylation.!*!>) The vertebrate
nAChRs possess up to five binding sites lying at the interface

Leading nAChRs Modulators 2014

® Thiamethaxam ($1.180m; 29.3%)
mImidscloprid (51.160m; 28.8%)
w Clothianidin [5460m; 11.4%)
B Acetamiprid [S270m; 6.7%)
 Thiacloprid (5150m; 3.75)
= Spinosad ($310m; 7.7%)
m Spinetoram (5220m; 5.5%)
w Cartap (5140m; 3.5%)
Other nAChRs modulators ($138m; 2.4%)

Fig. 2. 2014 Sales of leading nAChR modulators (neonicotinoids, spinosyns and nereistoxin analogues).
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Loop A
Neighbour
subunit Loop D

Fig. 3. The Nicotinic acetylcholine receptor. (A) The nAChR is an inte-
gral membrane protein embedded in the post synaptic membrane. (B) The
« and S subunits are arranged in a homo or hetero-pentameric structure,
with the ACh binding site lying at the interface between subunits, as de-
noted in red. (C) Each subunit has a large N-terminus, 4 transmembrane
domains and a large intracellular loop. The ACh binding site is made up of
3 loops from the principal a-subunit and contact point from the f-subunit
of the M1 domain. The position of the cysteine amino acids that form the
critical disulphide loop are shown. (D) A functional nAChR contains five
subunits with the second transmembrane domain lining the pore of the
channel.

between an a-subunit and either another a-subunit in its homo-
pentameric form or a different « or complementary f-subunit in
its heteropentameric form.!*"'® A similar arrangement for the
agonist binding site in the invertebrate nAChR is also postu-
lated, although the exact subunit composition of functional in-
sect nAChRs remains unknown.!® Unlike verterbrate nAChRs,
heterologous expression of genuine heteropentameric (a and
S subunit combinations) insect nAChRs has not been success-
ful, although heteropentameric receptors composed of mixed
a subunits has been achieved.?? As of yet no laboratory has
successfully expressed an insect § subunit that participates in
a functional ion channel, however insect & subunits will form
heteropentameric channels with mammalian/avian 3 subunits
(Fig. 3).2? The reasons behind this are not well understood but
the correct combination of nAChR subunits with correspond-
ing chaperone proteins in the adequate cellular background may
be required to form the functional receptor. Therefore, to date,
knowledge on insect nAChR pharmacology has been principally
derived from radioligand binding studies on native insect ho-
mogenates combined with direct electrophysiological recordings
from exposed/isolated nervous tissue and heterologous expres-
sion studies with co-expressed mammalian/avian 8 subunits.

Insect genome sequencing projects have allowed the complete
identification of nAChR gene families, for example Drosophila
melanogaster (fruit fly),> Anopheles gambiae (malaria mosqui-
t0),2¥ Apis mellifera (honey bee),” Tribolium castaneum (red
flour beetle)* and Acyrthosiphon pisum (pea aphid).?” The de-
scribed insects have between 10-12 nAChR genes, whilst birds
and mammals have 17 and Caenorhabditis elegans has at least
272529 Insects have a “core-group” of related nAChR genes that
display 60% or greater homology between species, additionally
there are species specific genes which typically display less than
20% sequence identity. Of particular relevance to neonicotinoid
use is the genomic annotation of A. pisum which possesses 11
nAChR genes in total, eight of which fall into the core-group,
although there is no D. melanogaster a5 orthologue. There are
three pea aphid specific genes, namely a9, «10 and f32, of which
a9 and «10 are without the characteristic “Cys-loop” that forms
the disulphide bridge implicated in receptor assembly and func-
tion®*3V (Fig. 3). Instead one of the cysteines is replaced by a
glycine residue, so the disulphide bridge cannot form in these
subunits. Receptors containing this cysteine alteration in a
subunit may form functional channels but will clearly display
unique properties.’? Although insects display a smaller nAChR
gene pool compared to other species, alternative splicing and
RNA editing suggest a plethora of different nAChR receptors
can be expected across the nervous system with clear oppor-
tunities for species specific subunit combinations.*® In recent
years there has been a lot of research and media attention on
the interaction of neonicotinoids with pollinator insects. Given
the challenge of understanding realistic exposure doses for pol-
linators under field conditions of use, alongside the complexities
of interpreting receptor level changes to effects on individuals,
different pollinator species and even different populations, this
is out of scope for the review. Instead the reader is referred to re-

3435) The focus of this review will be to examine the

cent articles.
principal nAChR modulating insecticides and their invertebrate
receptor pharmacology, the evidence of which strongly implies

differential nAChR targeting.

2. nAChR orthosteric modulators

Orthosteric modulators of the nAChRs are the most success-
ful new insecticidal class and commonly referred to as neonic-
otinoids. The term neonicotinoid was originally introduced by
Izuru Yamamoto**” for imidacloprid, the first-in-class mole-
cule discovered by Shinzo Kagabu®® and for related analogues
which followed this breakthrough invention and represent the
IRAC group 4A.*” The term aimed at differentiating these new
insecticides based on their unique structural and pharmacoph-
oric features compared to the nicotinoids (a term also suggested
by Yamamoto back in the 1960s)*” which are likewise nAChR
orthosteric modulators yet containing a key basic nitrogen and
structurally related to nicotine (for instance epibatidine, cyti-
sine, anatoxin).*" Imidacloprid was actually not discovered from
natural alkaloids but from synthetic nitromethylene heterocy-
cles (Fig. 4).*? Electrophysiological studies performed on the
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Fig. 4. Historical development of imidacloprid.

Shell lead nithiazine established its agonistic activation of in-
sect nAChRs*) and subsequent chemical optimization through
synthetic derivatization led to the discovery of imidacloprid in
1985.44-4) The key introduction of the 6-chloro-pyridylmethyl to
a nitroenamine analogue of nithiazine resulted in a dramatic in-
crease of the biological activity and defined the chloronicotinyl
first generation of neonicotinoids.

Indeed the discovery of imidacloprid triggered extensive re-
search programs within several other agrochemical companies
leading to the development of further chloronicotinyl neonicoti-
noids and next generation neonicotinoids (Fig. 5). Nitenpyram
(Takeda now Sumitomo, 1995)*” was the first acyclic neonic-
otinoid bearing a nitroenamine to reach the market followed
by acetamiprid (Nippon Soda, 1996)* featuring a novel cyano-
amidine pharmacophore and thiacloprid (Bayer CropScience,
2000),* incorporating this latter motif in a ring with an addi-
tional sulfur atom. Thiamethoxam (Syngenta, 1998)°” was the
first neonicotinoid introducing a chlorothiazolyl as bioisosteric
replacement of the chloropyridyl aromatic heterocycle. It is at-
tached to a unique oxadiazine six-membered ring embedding a
N-methyl nitroguanidine pharmacophore. Clothianidin (Bayer
CropScience, 2002)°V followed as an acyclic analogue and di-
notefuran (Mitsui 2002)°? retains the acyclic nitroguanidine
pharmacophore but branches an unprecedented tetrahydrofu-
ranyl saturated heterocycle. Sulfoxaflor is the first example of
a sulfoximine nicotinic agonist (Dow Agrosciences 2012),%
flupyradifurone introduces a butenolide pharmacophore (Bayer
CropScience 2014)°% and the latest molecule entering the mar-
ketplace, triflumezopyrim features a mesoionic heterocycle
(DuPont 2015)* as novel sucking pest solutions.

Sulfoximines, butenolides and mesoionics (see chapter 2.7.1)
are all novel chemistry classes modulating insect nAChRs with
representative compounds recently introduced on the market.
This increases the chemical diversity and complexity of insec-
ticides acting at the ACh binding site of nAChRs. Despite their
structural differences which can be subtle to drastic, all current
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Fig. 5. Other commercialized nAChR agonists.

and near-term anticipated commercial orthosteric modulators
share crucial pharmacophoric features which account for their
affinity and insect selectivity. These structural aspects have been
discussed elsewhere and are beyond the scope of this review.’*>”
The purpose of this manuscript is to examine the invertebrate
pharmacology of all commercialized insecticides that medi-
ate their action through modulation of nAChRs. Additionally,
given the increasing chemical diversity of orthosteric modula-
tors we identify updated criteria for defining the neonicotinoids
as originally introduced by Yamamoto,*” specifically in relation
to mode of action.

2.1.  Chloronicotinyl compounds
2.1.1. Imidacloprid - Pharmacological nature of binding

Imidacloprid (IMI), containing a nitroguanidine pharmaco-
phore, represents the prototypical neonicotinoid and is the most
extensively investigated neonicotinoid to date. Radiolabel stud-
ies have demonstrated that tritiated IMI ([*H]-IMI) binds with
nanomolar affinity to nAChRs in insect tissue and the structure
activity relationship for displacement by closely related ana-
logues correlates with insecticidal potency, providing a direct
link between receptor affinity and invertebrate toxicity.~** The
commercial chloropyridyl neonicotinoids all displace [*H]-IMI
binding with high potency (low nM K;), implying that chloro-
pyridyl neonicotinoids share common nAChR target(s) site(s).
The non-chloropyridyl neonicotinoids vary in their pharmaco-
logical profile with respect to IMI and are discussed in subse-
quent sections. The early studies on neonicotinoids made use of
radiolabelled a-bungarotoxin (a-BGTX), since it was commer-
cially available, highly specific for nAChRs and used extensively
within mammalian nAChR investigations. However, a common
feature in binding studies investigating the relationship between
a-BGTX and IMI is that the binding sites display different prop-
erties. Indeed, the IC5, comparative correlation for displacement
potency of neonicotinoids between [*H]-IMI and radiolabelled
a-BGTX is only weak.®!~%%) Taken together this body of evidence
has led to the suggestion that IMI and a-BGTX have distinct

0465 Therefore, studies investigating

high affinity binding sites.
neonicotinoid potency using displacement values derived from
radiolabeled a-BGTX studies are of limited value and should be
interpreted with extreme care.

The exact nature of IMI binding to invertebrate nAChRs is
unclear. Both high and low affinity [*H]-IMI binding sites at the
nAChRs are observed in Musca domestica (house fly).®® A de-
tailed comparison of [*H]-IMI binding in different insect spe-
cies was carried out by Lind et al.®? An interesting observation
was that Myzus persicae (peach potato aphid) and Nephotettix
cincticeps (green leaf hopper), both hemipteran sap-feeding in-
sects, displayed two binding sites, a very high affinity binding
site with a sub-nM K}, as well as a further lower affinity binding
site having low nM affinity. The sub-nM Kj affinity site was ab-
sent in the other insect species (non-hemipteran) investigated;
Periplaneta americana (American cockroach), Lucilia sericata
(blow fly), D. melanogaster (fruit fly), Manduca sexta (tobacco
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hornworm), Heliothis virescens (tobacco budworm) and Cteno-
cephalides felis (cat flea). This intriguing observation was sug-
gested to explain why IMI is particularly useful for controlling
sap-feeding insects. A separate detailed study in M. persicae and
Aphis craccivora (cow pea aphid) confirmed this observation.®”
However, in this study, the presence of a very high affinity bind-
ing site in neuronal tissue from Locusta migratoria (migratory
locust) was also found. More recently, the presence of dual affin-
ity binding sites for [?H]-IMI has also been observed in another
hemipteran species, Nilaparvarta lugens (brown plant hopper)
further solidifying the argument that hemipteran pests have two
binding sites.®*¢) Certainly, not all studies on hemipteran pests
have identified dual binding sites and this is likely to be down
to the difficult nature of the experiments to tease out the very
high affinity but low abundance site, as well as differences in in-
terpretation of the data.”’®) However, a general trend appears to
be that when low % Triton X-100 is included in incubations the
duality of binding disappears and only a single binding site (low
nM Kj) is observed in aphid and fly species.®®’V The effects of
including detergent are complex and not easily rationalised but
low uM concentrations of Triton may interfere with [*H]-IMI

6269 It has been suggested that two sites for IMI binding

binding.
maybe the norm, but this certainly requires further evidence for
insects outside of the hemipteran order.*”7%72

Strengthening the idea that hemipteran neonicotinoid-
responsive nAChRs display differences compared to other insect
orders, Casida applied a photoaffinity-based approach using an
azido non-cyclic N-methyl derivative of IMI and demonstrated
that the nAChR subunits isolated differed significantly in mo-
lecular weight between hemipteran and dipteran insects.”>”%
The subunits required to form the two distinct IMI binding sites
in a hemipteran pest have been reported. Adopting an immu-
noprecipitation based approach with subunit specific polyclonal
antibodies on detergent solubilised N. lugens membranes, the
very high affinity binding site is proposed to be composed of
Nla3, Nla8 and NIp1 whilst the lower affinity IMI binding site
is reportedly composed of Nla1, Nla2 and NIB1.”» Furthermore
the use of antibodies targeted at specific subunits revealed that
immunodepletion of either Nla3 or Nla8 resulted in loss of the
very high affinity site whilst immunodepletion of Nlal or Nla2
eliminated the lower affinity IMI binding site. It therefore seems
likely that the presence of two IMI binding sites in hemiptera
might be explained by distinct populations of receptors rather
than differential IMI affinity at sites within the same nAChR.
This study by Li et al. is the first demonstration of native in-
sect nAChR subunit combinations that underlie differential
IMI binding affinities, however the stoichiometry for subunit
arrangement is not yet known. It will be of interest to examine
whether this is a species specific observation, as high and low
affinity binding sites for IMI have not been resolved in all insect

species.®?

Even for highly related subunits between Hemiptera
and Diptera species, pharmacological differences to IMI are ob-
served. The Mpal and Dma2 subunits share 94% amino acid

sequence in the N-terminal (which contains the agonist bind-

ing domain), however whereas Dma2 interacts with IMI, Mpal
does not.”*’”) Therefore, the weight of evidence clearly implies
that hemipteran insects display unique neonicotinoid pharma-
cology when compared to other insect orders.

An enhancement on the understanding of the nature of IMI
interaction with the nAChR in hemipteran pests and its rela-
tionship to toxicity was derived from a resistance-based ap-
proach. Laboratory pressurising of N. lugens with IMI over 35
generations resulted in a 250 fold level of resistance. Subsequent
cloning of nAChR Nla-subunits revealed several polymor-
phisms but only one associated with high level IMI resistance,
the replacement of tyrosine at position 151 to a serine in both
Nlal and Nla3. It is of interest to note that homozygotes with
mutations in both Nla subunits were required for very high level
resistance. Heterozygous N. lugens displayed a lower level of re-
sistance, suggesting that the Y151S mutation is required in two
separate nAChR genes for high level resistance to occur.®® Cor-
relating this observation with the findings in N. Lugens that the
high and low affinity [*H]-IMI binding sites contain Nla3 and
Nlal respectively, this suggests that a mutation in both bind-
ing sites is required to achieve high level resistance (it should
be noted no investigations were performed on these insects to
understand whether any non-target site alterations contributed
to resistance. For example, the susceptible and resistant strains
were not back-crossed to near isogenicity). The presence of the
Y151S mutation did not affect total nAChR receptor expression
levels, either in membranes from N. lugens or when expressed
heterologously in cells (co-expressed with rat f-subunits). How-
ever Y1518 significantly reduces the specific binding of [*H]-
IMI, as well as reducing IMI agonist activity in co-expressing
systems.”®%?) The Y151 amino acid is highly conserved between
insects and mammals, so itself is not thought to be directly in-
volved in IMI binding, rather the presence of the serine may in-
duce a conformational change within the binding site rendering
it less favourable to interaction.*$) The proposed effect of the
Y151S on neonicotinoid binding to insect nAChRs has recently
been modelled using the crystal structures of Lymnaea stagnalis-
ACh binding protein (Ls-AchBP) in complex with IMI.5%)

2.1.2.  Field-evolved imidacloprid target-site resistance
Of more relevance to commercial use of neonicotinoids are field
evolved mutations in the nAChR associated with high level re-
sistance which have been identified in two distinct aphid spe-
cies. The first reported case was a strain of M. persicae, clone
FRC, isolated from peach orchards in South France which has
a single point mutation in the loop D region of the nAChR 1
subunit, causing an arginine to threonine substitution (R81T).”
An analogous R81T mutation has also been observed in the
Kushima clone of Aphis gossypii from Japan.’? The same mu-
tation had been identified in Chinese strain of A. gossypii, al-
though this was isolated through IMI-selection pressure for 60
generations in the laboratory environment.®>* In addition the
insensitivity of ticks to neonicotinoids is now known to be due
to the presence of glutamine rather than arginine at position
81.%9 The R81T mutation confers a vertebrate-like character to
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Table 1. Invertebrate [*H]-IMI radioligand summary [K,; (nM), Hill value and B,,,, (fmol/mg)].

Pest Species K4 (nM) B, (fmol/mg) nH? Reference
Hemipteran Mpyzus persicae 0.14 284 0.61 51
12.58 486
0.85 65 0.75 60
7 260
0.6 250 0.85 56
7.2 716
0.083 100 0.78 11
1.7 298
2.3 220 1 60
Mpyzus persicae FRC 4.14 2016 1 11
Aphis craccivora 0.8 226 0.77 56
21 911
0.4-1.6 45-97 0.65-0.75 60
7-15 96-156
2.2 86 0.97 60
Nephotettix cincticeps 0.0043 33 0.67 51
1.23 179
Nilaparvata lugens 0.0035 4.1 not reported. 64
1.5 18.3
Non-hemipteran Periplaneta americana 3.14 2140 1.019 51
Lucilia sericata 1.75 539 1.029 51
Drosophila melanogaster 1.42 126 1.04 51
2.2 1344 1.029 60
2.5 1621 I 60
24 560 0.99% 4 62
Musca domestica 0.7 305 0.849 55
9 475
5.4 428 989 60
3.2 400 10169 60
1.2 853 0.99% 9 49
Manduca sexta 1.3 150 0.999 51
Heliothis virescens 1.51 134 0.92) 51
Ctenocephalides felis 4.82 369 0.95 51
Locusta migratoria 0.2 153 0.639 56
8.9 336

% Whole body unless noted. ¥ Performed in the presence of Triton X-100. © Head dissection, ) head enrichment, ¢ enriched brain, ” adult isolated

head region and, @ head and thorax ganglia.

the al subunit rendering it less favourable to interact with the
electronegative domain of neonicotinoids.>***) Indeed, the FRC
M. persicae strain has high level resistance to all commercialised
neonicotinoids.” Interestingly, the dual nature of [*H]-IMI bind-
ing observed in wildtype aphids (as described above) is dramati-
cally altered in FRC. The highest affinity site is completely absent
in FRC and instead only a single [?’H]-IMI binding site is pres-
ent. This single site has a reduced affinity to [*H]-IMI compared
to the second lower affinity site in wildtype aphids (Table 1).

Given the above observations in N. lugens that the S1 subunit
is an essential component in the separate nAChR populations
deriving both the high and lower affinity [*H]-IMI binding sites,
it is perhaps not surprising that the nature of [*H]-IMI binding
in FRC is completely different to susceptible strains. The nAChR
subunit stoichiometry of the single [*H]-IMI binding site in FRC
is unknown, even whether it contains the mutated 1 or if this
has been replaced, for example by the 32 subunit. Much remains
to be explained and investigated with this clone of aphid, which
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will of no doubt be an extremely useful tool in aiding under-
standing of nAChR pharmacology in hemipteran insects.
2.1.3. Imidacloprid-Functional activity at the nicotinic acetyl-
choline receptor
IMI is essentially a partial agonist of insect nAChRs but its ef-
ficacy can vary depending on the nerve preparation in ques-

tion.8687)

The diversity of neuronal responses is likely to be due
to the actions of IMI on nAChRs of differing quaternary struc-
ture, which vary in their kinetic properties and their allosteric
response to IMI binding. IMI was found to be only a partial
agonist of nAChRs in cockroach neurones,®® honeybee Ken-
yon cells,*” and in cultured D. melanogaster neurones.®** In
heterologous receptors derived from co-expression of N. lugens
a-subunits with rat 52 subunit, IMI is converted to an antagonist
by a Y151M point mutation in the Nla1 subunit, indicating that
single amino-acid changes can impart significant changes in the
channel response to IMI.>Y Recent electrophysiology results on
avian homopentamer a7 mutated with key insect-specific amino
acids S58K and Q79R showed an enhanced efficacy in terms
of maximum current (I,,,) compared to wild-type as well as a
higher pEC;, pointing out the importance of the insect specific
basic residues impacting not only the affinity but also potentially
the functional activity of IMI at insect nAChRs.??

The selectivity of IMI for different populations of nAChRs
is evident from electrophysiological recordings of isolated P
americana thoracic ganglia neurons. These neurones possess
two pharmacologically distinct components to the nAChR cur-
rent initiated by ACh application: an initial rapidly desensitis-
ing current (nAChD) that peaks within a few hundred millisec-
onds which is completely blocked by nanomolar application of
IMI and a prolonged non-desensitising current (nAChN) which
is selectively blocked at sub-nanomolar concentrations by the
nAChR antagonist methyllycaconitine (MLA) but activated by
micromolar concentrations of IML.5% Therefore, the concentra-
tion of IMI at the receptor will have a strong influence on the
overall neuronal effect, with low nanomolar concentrations ap-
pearing to antagonise nAChRs (likely to be more physiologically
relevant), whilst rising concentrations cause receptor activation
through the stimulation of the a-BGTX sensitive non-desensi-
tising population of nAChRs.®>*%

The exact mechanism by which IMI exerts its effects on in-
sects is clearly a complex issue but is subject to differences in
the binding sites presented by different nAChR subtypes and the
way that occupancy favours particular conformational states of
nAChRs. These parameters combined with bioavailability, con-
centration, distribution and biotransformation (production of
active/inactive metabolites) determine delivery of the ultimate
pathophysiological effects - anti-feedency and neurotoxicity.”*>

2.1.4. Acetamiprid and thiacloprid
Acetamiprid and thiacloprid possess a cyanoamidine pharma-
cophore. There is little evidence to suggest that the cyano group
within acetamiprid or thiacloprid alters the nAChR pharmacol-
ogy with respect to IMI in pest species. Indeed, both the cya-
noamidines are potent at displacing [*H]-IMI and are currently

believed to share similar target site(s).”® However, the acyclic
vs. cyclic configuration may alter the response of the nAChR.
Thiacloprid is only a partial agonist of the nAChR receptor in
cockroach neurones, whilst acetamiprid is a much more effica-
cious agonist.”” The fact that the cyano-amidines are well suited
for lepidopteran control is thought to be due to physico-chem-
ical differences rather than any species specific receptor phar-
macology. Acetamiprid has a higher Log P than nitroguanidine
equivalents and replacing the 3 position in the imidazoline ring
with sulphur also increases hydrophobicity (thiacloprid), this is
predicted to enhance cuticle penetration and hence lepidopteran
contact activity.”®
2.1.5. Nitenpyram

Nitenpyram is the only commercial neonicotinoid possessing
a nitroenamine pharmacophore. Generally, radiolabeled nitro-
methylene imidazolidine displacement studies have demonstrat-
ed that nitroenamines have higher affinity at the nAChRs than
their nitroguanidine counterparts.®® An electrophysiological
study on verterbrate/invertebrate nAChR subunits co-expressed
in Xenopus oocytes has also highlighted that nitroenamines gen-
erally shift the concentration-response curve to lower concen-
trations, again suggesting that the olefin bond improves potency
over the imine bond.”” However, the improved photostability of
nitroimino compounds makes them more suited for agrochemi-
cal use’® and the higher hydrophilicity of nitroimino com-
pounds has been suggested to increase transport to the target

site, overcoming their slightly lower intrinsic potency.***®

2.2. 'Thianicotinoyl compounds
2.2.1. Clothianidin

Clothianidin possesses a nitroguanidine pharmacophore as
found in IML It is a potent displacer of [*H]-IMI (K; low nM),
implying that the nAChR subunit interface does not readily dis-
tinguish between chlorothiazolyl/pyridyl chemistry, although
the optimal heterocycle for receptor potency depends on the
1671 Additionally, in terms of
agonist effects at the nAChR, clothianidin does appear to have

rest of the neonicotinoid structure.

different properties to IMI. Clothianidin induces a greater maxi-
mum response at nAChRs compared to the full agonist ACh and
is referred to as a super-agonist, in contrast to imidacloprid and
nicotine which are partial agonists.*!% It is believed that IMI
and ACh bind to a nAChR conformation that favours a lower
conductance state whilst clothianidin stabilizes nAChRs in a
large conductance state, hence explaining the super-agonism
effect in comparison to IMI. The structure-functional activ-
ity relationship is though not easily rationalized, for instance a
chloropyridyl analogue of clothianidin also displays super ago-
nistic activity whereas other acyclic neonicotinoids such as ni-
tenpyram or dinotefuran do not exert this effect.?**>1%0 It has
been claimed that the super-agonist effect of clothianidin is re-
sponsible for its higher insecticidal activity over IMI, however
the effects of super agonism and its relationship to toxicity re-
quire further study.
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2.2.2. Thiamethoxam
Thiamethoxam (TMX) occupies the current number one posi-
tion in terms of overall global sales with >37% market share of
the conventional neonicotinoid market. Despite this, the inter-
action of TMX with nAChR receptors is arguably less under-
stood than that for the other neonicotinoids. TMX is very weak
at displacing [*H]-IMI with a K; in the M range, clearly imply-
ing a different physiological mechanism of nAChR interaction
to IMI-like neonicotinoids. Indeed, it has been suggested that in
insects, cleavage of the oxadiazine residue generates clothiani-
din and that TMX is a pro-drug of clothianidin.!**%? Howev-
er, the rate and degree of clothianidin production in vivo from
TMX treated insects does not correlate with its rapid toxicologi-
cal symptoms, suggesting that TMX must be neuroactive in its
own right.”21%) Tritium labelled-TMX ([?’H]-TMX) binds to a
high affinity site (K4 ca. 10nM) in both M. persicae and A. crac-
civora. Binding of [*H]-TMX requires the preparation of fresh
membranes, as freezing destroys the binding site. Additionally,
binding capacity is temperature dependent, and highly revers-
ible, with maximum binding observed at 2°C and almost a 50%
loss at 30°C.1%*1%) Although in more recent studies this tem-
perature dependency was far less apparent.!’” The biochemical
mechanism and physiological meaning behind this temperature-
dependency versus the aphid membrane procedures is presently
unknown.

Nicotine displacement of both [P’H]-TMX or [*H]-IMI has
comparable ICs, values, demonstrating that the high affinity
TMX binding site lies at a nAChR.®"1%9 Interestingly, the asso-
ciation of [*H]-TMX in M. persicae is biphasic in manner and
Scatchard analysis of saturation plots are non-linear, hinting that
as with imidacloprid, more than one nAChR binding site may
exist for TMX.®21%9 Close analogues of TMX are potent displac-
ers of [PH]-IMI e.g., N-desmethyl TMX,”"1041%5) demonstrating
that the oxadiazine residue itself does not select for different
nAChR forms. Additionally, N-methyl IMI — a very close ana-
logue of IMI (but with an N-methyl additional substituent as in
TMX) is very weak at displacing [*H]-IMI with a K; almost iden-
tical to TMX.!0¢1%7) Therefore, in terms of the nAChR and the
relationship between TMX and IMI, differential pharmacology
via N-methyl substitution combined with cyclic or acyclic con-
figurations, appears to possibly underlie the selectivity between
distinct neonicotinoid binding sites.!0310107)

As with IMI and clothianidin, TMX has similar rapid neu-
ronal blocking effects on the exposed P. americana nerve cord,
an effect which is inconsistent with the procide hypothesis,!*®
although this effect is not always replicated between studies.””
However, an analogue of dinotefuran (an N-methyl neonicoti-
noid, see below) containing the oxadiazine sub-structure is also
potently neuroactive on the isolated cockroach nerve cord.!%)
Taken together with the above [*H]-IMI displacement studies,
this clearly demonstrates that the oxadiazine residue does not
impede direct interaction with or modulation of native insect
nAChRs. The differences between studies using oxadiazine-
containing neonicotinoids on isolated/exposed P. americana

nerves is most likely to be due to preparational differences and
physico-chemical factors for achieving effective compound ex-
posure at the required cercal afferent/giant interneuron syn-
apse.!®

A very clear demonstration that TMX is an outright nAChR
agonist came in two separate studies from Neil Millar’s labora-
tory. TMX stimulated a cationic current in Xenopus oocytes ex-
pressing either Nlal with ratf2 or Nla3/Nla8 with rat$2, with
similar potency to the other commercial neonicotinoids.**!1
This could not be the result of metabolism, as TMX is stable in
solution and receptor responsiveness was equivalent to that of
the other commercial neonicotinoids.!® The fact that Nlal,
Nla2 and Nla8 in combination with a rat$2 subunit did not ap-
parently discriminate the commercial neonicotinoids argues that
in native insects the 3-subunit has an important role in discern-
ing target site selectivity.!!?

In summary there is now convincing evidence from whole
insect binding studies and electrophysiological experiments that
TMX interacts directly with the nAChR, and modulates the re-
ceptor in a manner comparable to that of the other commer-
cial insecticides. However, the high affinity binding sites of TMX
and IMI are different in nature and this is expected to be derived
from differential subunit interface combinations.

2.3.  Furanicotinyl compounds

2.3.1. Dinotefuran
Like TMX, dinotefuran (DNF) is relatively weak at displacing
[*H]-IMI, with a typical ICs, of ca. 100nM (although this value
varies between insect species), implying potential differences
between IMI and DNF binding sites.”>!'? Tritiated-dinotefuran
([*H]-DNF) has a high affinity binding site in cockroach with
a Ky value of 13nM, although the B,,, is relatively low when
compared to [*H]a-BGTX and [*H]-epibatidine binding stud-
ies, implying that DNF binds to a specific subpopulation of
nAChRs.!® Tt will be of interest to study in detail the kinetics
and saturation isotherms for [*H]-DNF in homopteran insects
to understand whether like IMI, more than one binding site ex-
ists.

The displacement characteristics of [’H]-DNF have been in-
vestigated in Homalodisca coagulate (glassy winged sharpshoot-
er), a hemipteran pest. Interestingly, ACh is at least 2 orders of
magnitude more potent at displacing [*H]-DNF than displacing
either [*H]-IMI or [*H]-acetamiprid.’”*!'¥) The displacement
profiles of commercial neonicotinoids against [*H]-DNF in H.
coagulate is quite different to that observed in D. melanogaster.
This implies that DNF does indeed have a specific pharmacol-
ogy in hemipteran insects and the nature of its binding site is
distinct to that of IML.%

Probably the most powerful evidence that DNF interacts with
nAChRs in a unique manner to the other commercial neonicoti-
noids, has come from studies on the Y151S target site resistant
N. Lugens a-subunits when expressed in Xenopus oocytes. Sub-
units composed of Nlal with the Y151S mutation in combina-
tion with rat 32 demonstrated that the I, exerted by DNF was
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81% that of the wildtype control. In contrast, the mutation se-
verely affected all other neonicotinoids, displaying I,,, currents
between 13-22% of the wildtype control. This clearly implies a
different mode of binding and/or channel modulation for DNF
in comparison to the other neonicotinoids.?"*”> As demonstrated
in Xenopus oocytes with wildtype Nlal, DNF clearly has the po-
tential to interact at the same nAChRs as the other neonicoti-
noids, although (as observed with TMX) the influence of native
insect 8 receptors is unknown. This data strongly suggests that
the specific amino acids of the nAChR that are involved in DNF
recognition and/or channel modulation have differences to that
of the other neonicotinoids.

2.4. Sulfoximines
2.4.1. Sulfoxaflor

Sulfoxaflor (SFX), discovered by Dow Agrosciences, is a novel
insecticide for the control of sucking pest insects first com-
mercialized in 2012.5!19) As with the conventional neonicoti-
noids, the inspiration behind SFX was again not nicotine but the
unique sulfoximine moiety.!'®’ An attractive feature of SFX is its
activity on whitefly that display metabolic-based resistance to
the earlier commercialized neonicotinoids, possibly by virtue of
the fact that SFX does not contain an amine nitrogen present in
all previously commercialized neonicotinoids. Aliphatic carbons
attached to amine nitrogen groups are susceptible to monoxy-
genases degradation and it is suggested that this structural dif-
ference underlies SFX’s enhanced metabolic robustness.!'” Ad-
ditionally, SFX contains a methyl group at the bridge between
the heterocycle and sulphoximine, the equivalent of which,
in all neonicotinoids to date, markedly reduces potency.!?%!%%
Such structural differences have been proposed to differentiate
SEX from the other neonicotinoids in the manner with which
it interacts at the nAChRs.”""'®) Indeed, SFX is relatively weak
at displacing [*H]-IMI but has a greater I, on heterologously
expressed D. melanogaster a2/chicken 2 receptors as compared
to IMI. Additionally, there is a poor relationship for sulfoxi-
mine variants between their potency to displace [*H]-IMI and
aphicidal activity, suggestive of a differential interaction with
nAChRs.!"® Adopting an unbiased approach, using a tritiated
methyl analogue of SFX ([*H]-methyl-SFX) Cutler et al. have
shown a clear interaction between IMI and SFX binding sites.!!”
In contrast to the dual affinity nature of [*H]-IMI binding to
M. persicae membranes, [*H]-methyl-SFX binds to a single satu-
rable site with a Ky of 2.7nM and a B, of 78fmol/mg. A clear
correlation between insecticidal toxicity and K; displacement
potency for a range of sulfoxalfor analogues demonstrated the
biological relevance of this binding site. Pharmacological char-
acterization identified the binding site as the nAChR. Interest-
ingly, [*H]-methyl-SFX was displaced by IMI with exquisite po-
tency (K; 35pM). Therefore, it was suggested that SFX interacts
at the high affinity (sub-nM K;) IMI binding site but the affin-
ity of SFX at this site in aphids is considerably higher. This ob-
servation aligns with electrophysiological studies from isolated
stick insect (Carausius morosus) thoracic nerves, where both

IMI and SFX target desensitizing nAChRs. In this study too, IMI
(pM) was considerably more potent at desensitising the identi-
cal ACh-induced currents, as compared to SFX (nM). There-
fore, two independent studies have now identified an intimate
relationship between IMI and SFX binding sites with related po-
tency observations. Thus SFX and [*H]-methyl-SFX are useful
new experimental tools to probe the pharmacology of the high
affinity sub-nM IMI binding site, which to date has been very
tricky to tease out. The fact that SFX only interacts at the high
affinity IMI binding site and has much reduced ability to interact
at the second lower affinity IMI binding site, explains the relative
weakness of SFX to displace [*H]-IMI under standard assay con-
ditions.!!®!*) Indeed in the FRC M. persicae clone, in which the
high affinity [*H]-IMI binding site is absent, there is no detect-
able high affinity binding of [*H]-methyl-SFX and as observed
with all the commercial neonicotinoids, this aphid strain has a
high level of resistance to SFX.*!') At very high concentrations
SEX must interact with the lower affinity IMI binding site given
that it can fully displace [*H]-IMI and (as do all the other neo-
nicotinoids) will control FRC M. persicae. However, the tricky
nature of working with [*H]-methyl-SFX at such high concen-
trations has precluded accurate affinity measurements at such a
secondary lower affinity site. It is of interest to note that SFX’s
spectrum is narrow compared to IMI, effectively controlling
only sucking pest insects and not for example beetles such as
Diabrotica balteata. As earlier noted, Lind et al. have claimed
that the high affinity IMI binding site is only present in sucking
pest insects, as Cutler et al. have shown this is also the binding
site for SFX, this coincidence may explain the spectrum of SEX.
Therefore, although the initial rationale behind the discovery of
SEX was synthetic chemistry driven, there is clear evidence to
suggest that convergent chemical optimization has resulted in
SEX and IMI sharing a highly related binding site.

2.5. Butenolides
2.5.1.  Flupyradifurone

Flupyradifurone represents a novel chemical class of nAChR
agonists, the butenolide insecticides, with first market introduc-
tion by Bayer CropScience in Central America in April 2014.59
This novel systemic insecticide for sucking pest control was
identified by stepwise chemical evolution of the enaminocar-
bonyl pharmacophore inspired by existing nAChR ligands!2°-122)
and also recognized as a recurrent motif of natural prod-
ucts such as stemofoline, another botanical insecticide.!?*129
Flupyradifurone modulates insect nAChRs at the orthosteric
binding site potently displacing [*H]-IMI bound to M. domestica
crude membranes with low nM affinity (IC5,=2.381.93nM).
Electrophysiology experiments on the Spodoptera frugiperda
central nervous system suggest that it acts as a partial agonist
with an efficacy of 56% compared to I mM ACh in the same
preparation.’ As with SFX, the main added value of this new
nAChR competitive agonist lies in its lack of cross-resistance
to whiteflies with acquired P450 metabolic resistance to IMI.
Flupyradifurone is not affected by CYP6CM1 oxidative detoxi-
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fication when recombinantly expressed in insect cell lines and
this was supported by molecular docking studies in the binding
site model of this P450 enzyme in the whitefly Bemisia tabaci.
However, as with all the neonicotinoids and SEX, FRC M. persi-
cae with the R81T target-site mutation in the 1 nAChR subunit
display significant resistance to flupyradifurone.?

2.6. Mesoionics
2.6.1. Triflumezopyrim and dicloromezotiaz

Triflumezopyrim (TFMP) (Fig. 6) is the first example of a new
class of mesoionic insecticides, optimized for the control of rice
hoppers including species with non-target site based resistance
to existing neonicotinoids.® It has been developed at DuPont
with first registration in 2016. This novel chemotype was dis-
covered from a weakly insecticidal by-product originating
from a fungicide optimization project. Pharmacological stud-
ies demonstrated that TFMP interacts competitively at the ACh
orthosteric site of insect nAChRs, potently displacing [*H]-IMI

125 However func-

with IC;,=43nM in M. persicae membranes.
tional activity at the nAChR is reported to differ from existing
orthosteric modulating insecticides. Voltage clamp studies on
cockroach thoracic neuron showed very weak agonism reaching
less than 5% of ACh maximum response at the highest soluble
concentration of 200 yM. This is in sharp contrast to IMI and
DNF which activate nAChRs below 100nM in this preparation.
Rather, TFMP was observed to be a potent inhibitor with an
ICs, value of 0.6nM when co-applied with ACh. Additionally
electrophysiology experiments with chimeric Dma2/chickp2
nAChRs in Xenopus oocytes showed no production of an in-
ward current by TEMP at 200 uM compared to IMI which be-
haved as a partial agonist in these experiments with ECs, value
of 1uM. Such results imply that in the physiological environ-
ment of the whole insect, TFMP is likely a receptor antagonist,
despite earlier findings stating the lack of insecticidal efficacy
of nAChR competitive antagonists.!>® Lethargic poisoning ob-
served after injection in the American cockroach and the lack of
neuro-excitatory symptoms further support this hypothesis. Al-
though the intended spectrum does not include aphids, as with
all the conventional neonicotinoids, SFX and flupyradifurone,
FRC M. persicae with the R8IT target-site mutation in the f1
nAChR subunit display significant resistance to TEMP (internal
Syngenta data). A second chemically-related compound from
the mesoionic class termed dicloromezotiaz is also believed to
be in development at DuPont. In comparison to TFMP, this
compound has a much lower water solubility and higher log P
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Fig. 7. cis-Neonicotinoids commercialized in China.

and has been optimized for the control of lepidopteran pests

rather than hemipteran.!?”

On brief exposure, dicloromezotiaz
does not activate a nAChR response on whole-cell voltage clamp
studies conducted with dissociated thoracic neurons from H. vi-
rescens, although on longer exposure a slight inward current is
observed.!?®

2.6.2. Chinese neonicotinoids
The successful introduction of neonicotinoids to the Chinese
market has triggered significantly research efforts seeking to
deliver new generation neonicotinoids. This research was pro-
moted and funded by the Chinese government and resulted in
the identification of a series of novel neonicotinoids, some of
them specifically targeting the Chinese market.!?*!*9 With the
discovery of the cis-neonicotinoids by the East China Univer-
sity of Science and Technology an interesting novel type of neo-
nicotionoid was found, which possesses excellent activity against
a wide range of insect pests.!*" The cis-neonicotinoids are a dis-
tinct type of neonicotinoid as the nitro group is fixed in the cis-
configuration relative to the heteroaromatic moiety. So far, two
cis-neonicotinoids, paichongding and cycloxaprid, have been
developed and registered in China. (Fig. 7)

Detailed studies on N. lugens membranes have demonstrat-
ed that paichongding (IPPA152004) displaces [*H]-IMI at high
concentration (0.42 M) and the high affinity IMI binding site
disappears when 0.01 yM IPPA152002 was added. The appar-
ent preference for interaction at the high affinity site is compa-
rable to that of SFX and it has been suggested that cis-neonic-
otinoids are useful compounds to discriminate between the two
IMI binding sites.!*” However these compounds are the Mi-
chael adducts of crotonaldehydes with nitromethyleneimidazole
(NMI),!?3-135) a compound known since the early 1990’s°6:136.137)
and the authors have not ruled out the possible release of NMI
in the aqueous experimental conditions. Indeed, unlike IMI,
saturation studies using [*H]-NMI detected only the presence
of a single binding site. In terms of functional activity, where-
as SFX is a high efficacy agonist, paichongding appears to have
only minimal efficacy at nAChRs. In voltage-clamp electrophysi-
ological studies on Nlal/ratf2 hybrid nAChRs expressed in
Xenopus oocytes, paichongding had a max inward current only
21.9% that of the current evoked by the partial agonist IMI. Such
weak efficacy may imply in the physiological environment of the
hemipteran insect nervous system that paichongding exerts its
effects at the high affinity IMI binding site through partial re-
lease of NMI, although further detailed studies are required.'*"
Cycloxaprid!®® is also a proinsecticide, acting as photostabi-
lized slow-release reservoir for NMI. As appears to be a general
observation with nitromethylenes such as nitenpyram, NMI is
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highly potent in [*H]-IMI displacement assays, more so than
IMI.%) Given the fact that NMI clearly interacts at the same site
as IMI, it’s not surprising that FRC M. persicae display cross-
resistance to cycloxaprid (Syngenta internal data).

2.7. Summary on orthosteric modulators: Defining the neonicoti-
noid mode of action
The chemical scope of nAChR orthosteric-modulating in-
secticides is reflected in the complex and distinct invertebrate
nAChR pharmacology, with differences appearing to occur be-
tween Hemiptera, which are the principal pest target, and other
insect species, such as Diptera. This may be expected given that
unique nAChR subunits have been identified in the pea aphid
genome, together with the fact that differences in the pharma-

cology occurs even for highly species conserved nAChR sub-
units.”®’”) Therefore, care should be exercised when compar-
ing neonicotinoid profiles across insect orders. Although the
nAChR subunit pentamer combination that forms a neonicoti-
noid insecticidal-relevant binding site in Hemiptera (or any in-
vertebrate) has not yet been resolved, the fact that FRC M. persi-
cae displays significant levels of resistance to all commercialized
neonicotinoids implies that the Mpf1 subunit is an essential
component. The nAChR continues to be an attractive target for
innovation in crop protection with new market introductions
such as flupyradifurone providing desirable features, for exam-
ple low acute honey bee toxicity. Owing to the increasing chemi-
cal diversity of compounds delivering their insecticidal effect
through interaction at the orthosteric site of the nAChR, we be-
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Fig. 8. Complexities of the nicotinic acetylcholine receptor and neonicotinoid pharmacology in Hemipteran insects. (A) There are 11 nAChR genes in
the Acyrthosiphon pisum genome, 3 of which are unique without close homologs in Drosophila melanogaster (# no Dros a5 equivalent). The diversity of ex-
pected differential nAChRs is reflected in the complex pharmacology of nicotinoids. (B) MLA effectively labels all hemipteran nAChR subtypes with equal
affinity whilst a-BGTX/cyanotropanes and the neonicotinoids identify distinct binding sites. Within the neonicotinoid subclass there appears to be distinct
binding sites for imidacloprid, dinotefuran and thiamethoxam. Imidacloprid labels two distinct binding sites, one of sub-nM (sulfoxaflor binding site) and
the other of nM affinity. The effects of neonicotinoids on hemipteran nAChRs are not well understood. For illustrative purposes (*data from other insects/
heterologous expression studies) it is likely that nAChR modulators which share the same binding site can elicit distinct receptor effects.
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Table 2. Summary of IRAC Group 4 nAChR competitive modulators and target-site interaction.

Evidence for a

. Altered efficacy on unique highest- Activity on
Insecticide Synthetic chemical class m:rllzzte d Hzéb(i ;;3;% 4 R81T FRCy afﬁni?y bindging site  Y151S le/ ratf32
Myzus persicae different to that of heteromers
MI
Imidacloprid Chloropyridyl 1991 A Yes — No
Clothianidin Chlorothiazolyl 2001 A Yes No No
Thiamethoxam Chlorothiazolyl 1998 A Yes Yes No
Dinotefuran Furanicotinyl 2002 A Yes Yes Yes
Acetamiprid Cyanoamidine chloropyridyl 1995 A Yes No No
Thiacloprid Cyanoamidine chloropyridyl 2000 A Yes No No
Nitenpyram Nitroenamine chloropyridyl 1995 A Yes No No
Sulfoxaflor Sulfoximine 2013 C Yes No ?
Flupyradifurone  Butenolide 2014 D Yes No ?
Triflumezopyrim  Mesoionic 2016 E Yes No ?

9 Mode of action classification in IRAC takes into account not only the biochemical target-site interaction (which defines the Group) but also chemical
class and activity on pest insects with non-target site based resistance to existing commercialised compounds within the particular MoA Group at the time

of classification request.

lieve this necessitates defining what the commonly used generic
term “neonicotinoid mode of action” refers to. Although broad
structure activity relationships differ for the chemical classes
acting at the nAChR agonist modulatory site, what is of most
relevance for understanding the mode of action is the pharma-
cological profile of the commercialised individual compound
itself. The following basic hemipteran receptor-pharmacology
criteria driven by IMI, are proposed to define the “neonicotinoid
mode of action™

1) Highest affinity (and insecticidal relevant) binding site (low
nM Kj) is characterized to be the nAChR orthosteric site.

2) Weak displacement (low yM to mM ICy) of radiolabelled
a-BGTX (i.e., distinct binding site/nAChR population to
a-BGTX, see Fig. 6)

3) Loss of high affinity binding site (and lower insecticidal ac-
tivity) in FRC M. persicae due to R81T mutation.

In addition a useful further parameter is:

4) Potent displacement under standard assay conditions (low
nM ICs,) of [*H]-IMI, (note DNE SFX and TMX are outli-
ers here)

Compounds with such a “neonicotinoid mode of action” act
at a highly-related target site yet span the full efficacy range at
nAChRs from antagonism through to super agonism (Fig. 8).
The parameters outlined above are relatively broad, but en-
capsulate all commercial synthetic nAChR agonist modulat-
ing insecticides discussed in this review as classified by IRAC
within Group 4 (Table 2). Such chemistry (including new mar-
ket entries SFX, flupyradifurone and TFMP) is within the same
IRAC Group since they all share a common target-site. As for
any IRAC numbered mode of action group, insecticides with
a neonicotinoid mode of action should not be rotated in the
field (unless there is no other viable control method) in order to
minimize selection pressure and the further spread of target-site
resistance (see table).! All major agrochemical companies are

members of IRAC and committed to recommending rotation
practices for delaying resistance development. The insecticide
mode of action forms the basis for developing appropriate in-
sect resistance management (IRM) recommendations. Hence,
understanding the pharmacological relationship to existing in-
secticides for new nAChR-modulating insecticides is absolutely
necessary to ensure implementation of sound IRM strategies
and maintain effectiveness of the available insecticidal tool kit.

3. nAChR allosteric modulators

3.1. Spinosyns

The spinosyns are a group of macrocylic lactones derived from
the soil actinomycete Saccharopolyspora spinosa. The natural
product spinosad and the semi-synthetic derivative spinoter-
am are marketed by Dow Agrosciences for the control of lepi-
dopteran and dipteran pests. The spinosyns act to modulate the
nAChR channel but at a site distinct to that of the ACh binding

domain,14°’141

) clearly implying differences to the neonicotinoids,
hence their classification within a distinct IRAC Grouping. The
mechanism by which spinosyns interact with the nAChR was
not straightforward to elucidate. In radioligand displacement
studies, spinosyns do not interfere with [*H]-a-BGTX, [*H]-
IMI, [*H]-MLA or [*H]-epibatidine binding to invertebrate
nAChRs.'*? Attempts to develop a robust binding assay with a
spinosyn radiolabel have proved challenging since [*H]-spino-
syn itself does not bind with high level specificity to native in-
sect membranes. However, inclusion of nAChR agonists such as
nicotine allows a high affinity binding site for [*H]-spinosyn to
be unmasked.!*¥ This key finding clearly demonstrates, that the
principle site of interaction for spinosyns is the nAChR. Other
channel modulators were without affect, ruling out the GABA

t.19%14) Demonstrating that spi-

rdl receptor as a principle targe
nosyns act on a population of nAChRs that are not targeted

by neonicotinoids, IMI only weakly stimulates the binding of
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Spinosad (natural product)
main components spinosyn A (R = H)
and spinosyn D (R = Me)

Spinetoram (semisynthetic product)

main components spinosyn J (R = H, C5-C6 single bond)

and spinosyn L (R = Me, C5-C6 double bond)

Fig. 9. Structure of spinosyns and spinetoram.

[*H]-spinosyn. These observations are in line with electrophysi-
ological recordings on isolated P. americana nerves, where in the
presence of ACh, nM concentrations of spinosyn stimulate the
a-BGTX-sensitive nAChD current, but are without effect at the
IMI sensitive nAChN.%® Thus, spinosyns are not direct agonists,
rather they act at an allosteric site to synergistically enhance ag-
onist-mediated nAChR channel activation.

A direct link between the nAChR and the insecticidal activity
of spinosyn has been provided by nAChR receptor mutations
that provide high level insect resistance. The generation of spin-
sosyn resistance in D. melanogaster has been achieved via two
distinct approaches. Watson and colleagues opted for an unbi-
ased forward genetics approach using random chemical muta-
genesis (EMS), whilst Perry et al. undertook a deficiency based
approach, screening hemizygous D. melanogaster lacking known
nAChR subunit genes.!*>!%9 Both methods identified that an
alteration (mutation or chromosome deficiency) in Dma6 re-
sulted in D. melanogaster strains that had high level resistance
to spinosad (Fig. 9). Validating the significance of the Dma6
subunit for insecticidal toxicity, introduction of an EMS-isolated
mutation into a controlled genetic background via the CRISPR/
Cas9 system was itself sufficient to generate resistance to spi-
nosad in D. melanogaster.'”) These findings from the model
organism Drosophila, are in line with investigations of spino-
syn resistance in agricultural pests. High-level resistance in the
diamond back moth Plutella xylostella was widespread in Hawaii

148) and is associated with a mutation

within 2 years of first use
within an intron region of Pxa6, leading to gene mis-splicing
and a predicted truncated Pxa6 nAChR subunit.'*®) Spinosyn-
resistance in western flower thrips Frankliniella occidentalis has
been identified to a point mutation G275E located at the third
a-helical TMD of Foa6.'*” Laboratory selection of the orien-
tal fruit fly Bactrocera dorsalis generated high-level spinosyn re-
sistance also associated with non-functional a6 subunits due to

151

truncated transcripts.'V Given these observations it has been

suggested that any mutation that causes a loss of a6 will confer

resistance to spinosad.'*” In all cases so far though, spinosyn re-
sistance has been incompletely dominant. However such altera-
tions in a6 invertebrate nAChRs are without any serious or even
no observable fitness penalty associated.'*!*”) This may be a re-
sult of receptor redundancy, as the Dma6 subunit shares a high
degree of homology to the Dma5 and Dma?7 subunits, which are
known to be required for the formation of a-BGTX-sensitive
but IMI insensitive nAChRs.**? Biochemical, electrophysiologi-
cal and resistance based-approaches tie in to collectively imply
that the spinosyns act as allosteric modulators, at a binding site
located within the TMD of a-BGTX-sensitive a6 containing in-
vertebrate nAChRs.!*”) The vertebrate a7 is the closest vertebrate
orthologue of Dma6 and there are now many synthetic small
molecule allosteric modulators identified. Thus it is reasonable
to expect identification of fully synthetic low molecular weight
allosteric modulators of invertebrate nAChRs is feasible. Cheap-
er synthetic allosteric modulators may open up low-cost volume
markets currently not commercially viable for the spinosyns.
Introduction of such compounds must be accompanied with
strict IRM programs to minimize the onset of resistance given
the apparent low-fitness penalty of altered a6 function, in order

to maintain the durability and efficacy of any such products.'**)

4. nAChR channel blockers

4.1. Nereistoxin analogues (Fig. 10)

Nereistoxin (NTX) is derived from the marine annelid worm
Lumbriconereis heteropoda and is potently toxic to insects via
blockade of nicotinic synapses.'™¥ A number of synthetic deriva-
tives have been approved for use (cartap, bensultap, thiocyclam
and thiosultap) although the spectrum of such compounds is
broad, crop selectivity issues means these compounds only oc-
cupy a niche market and have low commercial success. NTX
acts as an antagonist of the nAChR at both vertebrate and Dro-
sophila/vertebrate hybrids when expressed in Xenopus oocytes.
In these studies there was little evidence for differential selectivi-
ty between insect and mammal forms, but as with neonicotinoid

SN I N N SN
2_5 N - H\ H\ H\
S-S B \n,s s\n, 2 Nao‘gs S~.§.,ONa Ph\'g,s S\'§‘,Ph S.g-S
e} 0 [eNe] O 0 O 0 [elNe]
nereistoxin cartap thiosultap sodium bensultap thiocyclam

Fig. 10. Structure of nereistoxin and its analogues.
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studies, the influence of native insect 3 receptors is not directly
known.'™ Blockade of the nAChR by NTX is non-competitive
in nature and at a site distinct to that of the agonist binding
site or the a-BGTX binding site. Cartap is generally regarded
as a procide of NTX. However, studies on rat PCI12 cells have
suggested that cartap can act directly at the nAChR as an open
channel blocker.'®® Although a binding assay with a tritiated
version of NTX has proven challenging to develop, studies have
investigated the relationship of NTX and cartap at the IMI bind-
ing site and at the phenycyclidine (PCP) channel blocking site
within the nAChR. Both cartap and NTX displace tritiated-thie-
nylcyclohexylpiperidine ([*H]-TCP) (a close analogue of PCP)
with similar affinity and the interaction between TCP and cartap
is competitive in nature, however cartap has little ability to dis-
place [*H]-IMLI, identifying differences between NTX analogues
and neonicotinoids. These in vitro studies supported the hypoth-
esis that cartap is active in its own right and that since the reac-
tion was reversible, also ruled out the reduction of disulphide
bonds that lie near the agonist binding site, as a mechanism of

channel antagonism.!*®

However, a follow up study noted that
cartap was very unstable in water/pH 7.4 and the actual com-
pound responsible for the actions assigned to cartap in vitro is
likely instead to be due to the dithiol derivative.'” The situation
in whole insects is expected to be more complicated since cartap
is converted to NTX in plants, so the lethal effects are likely to
be delivered by NTX rather than cartap or immediate deriva-

tives.!58)

5. Future research directions

The future research for insecticides acting at the invertebrate
nAChR can be split into two related directions: receptor phar-
macology and metabolising systems. A focus for industrial ag-
rochemical research will be on hemipteran pests as there are
no trait solutions and the current commercial insecticide tool
kit for their control is dwindling. From the nAChR perspective,
hemipteran insects clearly display stark pharmacological differ-
ences to other insects and the sequencing of further hemipteran
genomes, will start to piece together the uniqueness of this in-
sect order. A clear breakthrough would be the ability to express
native insect § nAChR subunits in vitro. This has been a long
standing goal and there are thoughts as to the challenges that
lie ahead on this front.?") In addition, the further identification
of subunits that contribute actual nAChRs in vivo will aid ex-
pression studies to truly understand the pharmacology of native
insect nAChRs. The recent findings of aphids with target site-
resistance to neonicotinoids poses new challenges for nAChR-
modulating chemistry. Whether alterations in gene expression/
nAChR point mutation have a restrictive fitness penalty is not
yet clear.

Improving knowledge on insect xenobiotic metabolism, par-
ticularly in Hemiptera and pollinating insects, will provide new
information for the rational design of next generation insecti-
cides. As demonstrated by the recent market introduction of
SEX and flupyradifurone, there is still potential for novel chem-

istry classes within the neonicotinoid mode of action display-
ing desirable features over earlier commercialised chemistry. A
key challenge for any future insecticide chemistry is that it must
combat resistance in key insect pests whilst satisfying the in-
creasingly challenging regulatory environment in multiple glob-
al regions. It is clear that our overall knowledge on Hemiptera
needs to be improved if effective new chemistry for sucking pest
control is to be discovered.
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